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The last months and years have been dif ferent from what we 

had expected at the beginning of 2020. The pandemic situat ion 

is not completely solved yet, but we are happy that the situat ion 

allows us to meet in person in Aachen. We have faced months of 

reduced personal contact and are eager to gather, exchange and 

travel again. And we have a lot of things to discuss: Availabil i t y 

of products, resil ient supply chains, digitalizat ion, energy 

ef f iciency, carbon footpr int, sustainabili t y, new applicat ions, and 

many more.

I welcome all par t icipants to Aachen and to the 13th IFK to 

discuss the future of Fluid Power Technology!

The IFK – the Internat ional Fluid Power Conference is one of 

the world’s largest scient i f ic conferences on all aspects and 

applicat ions of f luid power and unites scient ists with industr ial 

delegates at an internat ional forum to exchange knowledge.

The f irst conference (1. AFK, Aachener Fluidtechnisches 

Kolloquium) was organized in 1974 by Prof. Wolfgang Backé. 

Since 1998 the research inst i tutes for f luid power from RWTH 

Aachen Universit y and from TU Dresden alternately organize the 

Internat ional Fluid Power Conference (IFK) every two years. 

This year we host 7 plenary lectures, 16 keynote lectures and 

93 scient i f ic presentat ions. Even with the pandemic situat ion, 

at tendees from 21 countr ies are registered. 17 companies 

exhibit their products in a designated f loor area in the Eurogress. 

The conference star ts on Monday morning with the symposium 

where researchers from academia and industry have the 

oppor tunit y to present their research-related work to a wide 

internat ional community of scient ists and exper ts. On the evening 

of the f irst day, all par t icipants are invited to the laboratory par ty, 

held within the research facil i t ies of the Inst i tute for Fluid Power 

Drives and Systems ( i fas) at RWTH Aachen Universit y. 

The second day begins with the opening ceremony with 

welcoming addresses from Prof. Bret tel – Vice Rector of RWTH 

Aachen Universit y, Ms. Keupen – Mayor of Aachen and Mr. 

Haeusgen – President of VDMA. In addit ion, the exhibit ion is 

opened with this ceremony.

The opening is followed by three plenary lectures focusing 

on the topic of the conference “Fluid Power: Digital, Reliable, 

Sustainable”.

On Tuesday, there are six groups in three parallel sessions 

of presentat ions cover ing a wide var iety of applicat ion and 

technology or iented topics. Tuesday evening, the Get-together 

of fers a great oppor tunit y to gather and deepen discussions 

within the exhibit ion at Eurogress Aachen. On Wednesday, the 

program cont inues in three parallel sessions alternat ing with 

three plenary lectures in the middle of the day. Again, the urgent 

topics of enlarged energy ef f iciency and the transformat ion to 

more sustainable products and systems are in focus.

Finally, we would like to express our thanks to all members of the 

program and organizing commit tee, scient i f ic advisory board, 

plenary and keynote speakers, speakers, reviewers, chairs and 

exhibitors for their t ime and commitment helping to conduct 

another successful conference. We hope that you enjoy the 13th 

IFK in Aachen.

WELCOME TO THE 13th IFK!

Univ.-Prof. Dr.-Ing. Katharina Schmitz
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Many public institutions that support research projects require a regular publication of their results. To ensure that these results are in fact of scientific 

value, the assessment by a third party is often required. This process is known as peer-review and due to its demanding logistics is increasingly rare. The 

Institute for Fluid Power Drives and Systems (ifas) and organizers of the 13th IFK in Aachen wanted scientists to have the opportunity to have their work 

reviewed accordingly, so as to demonstrate its scientific value. 

By tradition, the IFK unites scientists with industry in an international forum to exchange their knowledge. Therefore, a peer-review only makes sense for 

some of the authors. At this juncture, the ifas would like to point out that the peer-review is intended in no way to classify the papers, but only to support 

the need for review.

The reviewed papers and the corresponding presentations are tagged with the sign below in the Scientific Programe.
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Tribological analysis of the plain bearings in an external gear pump considering 
separate bearing bushings 

Lars Brinkmann*, Johannes Schwalm* and Stefan Kock* 

Bosch Rexroth AG, Advanced Engineering External Gear Units DC-MO/EGE3, Dieselstraße 10, D-90441 
Nürnberg, Germany* 

E-Mail: lars.brinkmann@boschrexroth.de 

Plain bearings in external gear pumps are exposed to high tribological loads. For example, the deformation of the 
pump housing leads to peak loads in the axial plain bearing. The optimization of the microgeometry is one way to 
reduce these local peak loads (e.g., through a contouring of the sliding surfaces). The objective of this paper is to 
investigate the effect of various optimization measures using an MBS/EHD (multi-body/elastohydrodynamic) 
simulation. As a novelty, the paper investigates the tribological difference between the two design principles 
double gland bearing and separate bearing bushings. Both design principles are common to external gear pumps. 
Nevertheless, they have not yet been compared by means of an MBS/EHD simulation. The simulation shows 
negligible differences between these design principles. Furthermore, the paper investigates two possible 
optimization measures with focus on the axial plain bearing. The authors were able to show that conical bearing 
bushings reduce local peak loads in the axial plain bearing. Moreover, a certain contouring of the gear front face 
is investigated, which does not show any reduction of the tribological load. The paper also introduces a validation 
approach of the simulation. 

Keywords: External gear pumps, plain bearings, MBS/EHD simulation, tribology 
Target audience: Mobile hydraulics 

1 Introduction 

External gear pumps are used in a wide variety of applications in mobile hydraulics. Emerging electrification 
trends are increasing the technical requirements on these pumps in terms of acoustics, efficiency, and the 
achievable speed range. These increasing requirements exceed the current state of technology [1]. The tribological 
contacts (radial and axial plain bearings of the gear shafts) are of central importance in this regard, as they highly 
affect frictional losses and wear in critical operating points like in low- and high-speed applications.  

The optimization of these tribological contacts requires a deep understanding of the system. In particular, the 
influences of deformations and microgeometry on the tribological loads must be examined thoroughly. MBS/EHD 
tools help to investigate these influences, as they provide the opportunity to vary different parameters in isolation 
from one another. Therefore, the authors built up a model of a specific external gear pump using the MBS/EHD 
tool FIRST developed by IST [2]. 

MBS/EHD models of external gear pumps are already described in literature. However, they do not consider a 
deformable pump housing [3]. Therefore, the first step was to investigate the influence of a deformable pump 
housing on the tribological loads in the plain bearings. In a previous work, the authors showed that the housing 
deformation especially influences the tribological load in the axial plain bearings [4].  

In this first modeling approach, the bearing bushings providing the radial and axial support of the gear shafts were 
considered as one part – named as double gland bearing, see figure 1 a. The reason for this is that double gland 
bearings reduce the complexity of the model since they combine two bearings in one part. Double gland bearings 
and separate bearings bushings are both commonly used construction principles in external gear pumps. Opposed 
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to double gland bearings, separate bearing bushings are able move relative to one another, which could cause an 
edge formation in the lateral contact between bushings and gears.  

This possible effect has not yet been investigated in an MBS/EHD simulation. Therefore, the authors compared 
both design principles regarding the tribological load (i.e., gap height and forces from solid body contact) in the 
axial plain bearing. The axial plain bearing is defined as the tribological contact between bearing bushing (or 
double gland bearing) and gear front face, see figure 1 b.  

 

Figure 1: a) Double gland bearing and separate bearing bushings, b) Axial plain bearing. 

In previous work the authors showed that the deformation of the pump housing leads to a nonuniform distribution 
of mixed friction areas (i.e., areas with small gap heights and solid body contact) in the axial plain bearing [4]. 
Therefore, two following optimization measures to reduce these local peak loads are investigated: 

1. conical bearing bushings, see figure 2 a  

2. a specific contour on the gear front face, see figure 2 b 

Investigations 1 and 2 are carried out using the model with separate bearing bushings, because it corresponds to 
the specific external gear pump on which the simulation model is based. 

 

Figure 2: a) Conical bearing bushing, b) Contour on gear front face. 
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2 Modeling 

The following chapter deals with certain aspects regarding the modeling. 

First, a rough explanation of the MBS/EHD model is given; further information hereof can be found in [4]. 
Moreover, the modeling of double gland bearings and the novel modeling of separate bearing bushings is 
compared. Subsequently, this chapter states important simplifications and assumptions of the simulation. 

2.1 MBS/EHD model 

In this subchapter double gland bearings and separate bearing bushings are both named as bearings. The model 
includes the pump housing, both gear shafts, and the bearings. All bodies are modeled deformable. The radial and 
axial contacts between gear shafts and bearings are modeled as EHD contacts as well as the contacts between 
bearings and housing. The forces resulting from the pressure build-up in the tooth chambers are applied to the gear 
shafts. The pressures in the tooth chambers are considered as pressure boundary conditions in the EHD contact 
between bearings and gear front side. 

2.2 Design principles of the bearings 

Figure 3 shows the modeling of double gland bearings and bearing bushings. In case of the double gland bearing, 
the bearings of both gear shafts are made in one part, see figure 3 a. In case of separate bearing bushings, these 
bearings are made in two parts, see figure 3 b. The model considers the tribological contact between both bushings 
as an EHD-contact. This means that tribological parameters like fluid pressure, contact pressure and gap height 
are calculated on a calculation mesh between both bearing bushings. The fluid can flow into the gap between both 
bearing bushings. Therefore, the fluid pressure prevailing on the pressure- and suction side is considered on the 
edge nodes of the mesh (cf. red marked nodes in figure 3 b). 

 

Figure 3: a) Modeling of double gland bearing, b) Modeling of separate bearing bushings. 

2.3 Assumptions and simplifications 

For the calculation of the hydrodynamic pressure build-up, the Reynolds equation is used. The viscosity of the 
pressure medium is assumed to be pressure independent and results from a temperature, which is assumed to be 
constant in time and location independent. Furthermore, it is assumed that the pressure medium is free of particles 
and that there is no cavitation. Pressure and shear flow factors are not considered. The roughness of the sliding 
surfaces was selected within the production tolerances. Rigid body contact is modeled according to Greenwood 
and Tripp [5]. The calculation of wear is not implemented in the model. This also means that the sliding surfaces 
cannot be smoothed as part of a run-in process in the simulation. 

The rotation angle dependent tooth chamber pressures as well as the resulting radial forces acting on the gear shafts 
are calculated using an established lumped parameter methodology as discussed in [6]. This means that these are 
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input parameters for the MBS/EHD simulation in FIRST. Hence, the influence of changing sealing gaps (e.g., 
between gear front face and bushing) on the pressure build-up in the tooth chambers and resulting radial forces is 
not considered. 

Furthermore, the model assumes ideal microgeometries of the pump components. Different microgeometries and 
critical combinations of these could affect the tribological load in the plain bearings. One example is that the 
clearance of all four radial bearings is assumed to be identical. Different radial bearing clearances within the 
manufacturing tolerances could lead to a misalignment (tilting) of the gear shafts. Another example is that the front 
face of the bearing bushings (contact area to gears) is modeled as completely even. 

3 Results 

3.1 Comparison parameters 

Two comparison parameters are used to evaluate the tribological load in the axial plain bearing. One of these 
comparison parameters is the relative gap height hrel. It is the absolute gap height h in relation to the critical gap 
height hcrit. The critical gap height hcrit is the gap height from which solid body contact occurs. It depends on the 
roughness of the sliding surfaces. The relation between relative-, absolute- and critical gap height is given by 
equation 1. A relative gap height hrel less than 100 % implies solid body contact. Solid body contact causes wear 
in the plain bearing. 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
ℎ

ℎ𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
∙ 100�% 

(1) 

The second comparison parameter is the proportion of the total external force fcontact that the bearing takes through 
to solid body contact, given by equation 2. Ftotal is the total external force acting on the bearing. Fcontact is the 
contact force generated through to solid body contact. The higher fcontact, the higher the tribological load in the 
plain bearing is rated, given that solid body contact causes wear. 

𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟

∙ 100�% (2) 

The rest of the external force is Ffluid. The bearing takes this proportion of the external force through to 
hydrodynamic and/or hydrostatic pressure build-up. The ratio between Ffluid and Ftotal is ffluid, given by equation 3. 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 =
𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟

∙ 100�% = 100�% − 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  
(3) 

All results are given for an axial plain bearing of the driven gear shaft because it takes higher forces than the 
driving gear shaft [4]. 

3.2 Basic conditions in the simulation 

The simulations were carried out for the basic conditions given in table 1. In the investigated operating point, a 
radial force up to 13.5 kN acts on a radial bearing of the driven gear shaft (middle surface pressure of 45 MPa). 
The axial bearing takes an axial force Ftotal of around 7 kN (middle surface pressure of 17 MPa). 
 

Rotation speed n 3000 rpm 

Operating pressure poperating 280 bar 

Viscosity of the pressure medium η 25 mPa∙s 

Temperature T 50 °C 

Table 1: Basic conditions. 
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3.3 Double gland bearing vs. separate bearing bushings 

Figure 4 shows the relative gap height hrel in the axial plain bearing for a double gland bearing and separate bearing 
bushings. The grey areas in the color plots show a relative gap height hrel equal to or greater than 100 % (full fluid 
lubrication). The colored areas show a gap height hrel smaller than 100 % (mixed friction with solid body contact).  

 

Figure 4: Relative gap height hrel in the axial plain bearing of the driven gear. Comparison between double 
gland bearing and separate bearing bushings.  

The gap heights are almost the same for the double gland bearing and separate bearing bushings. The simulation 
shows a small edge formation between the bearing bushings, which results from a relative rotation of both bushings 
to each other (the rotation axis is shown in figure 4). It is assumed, but not yet verified that this relative rotation 
is caused by a different radial force and pressure build-up between driving and driven gear shaft. The described 
edge formation leads to mixed friction marked by the red circle. In comparison to other mixed friction areas in the 
bearing showing minimum gap heights (marked by red and yellow areas) the stated effect is negligible. 

Figure 5 shows the proportion of the contact force and the force from hydrodynamic and hydrostatic pressure 
build-up on the total external force. There is no significant difference between the design principles double gland 
bearing and separate bearing bushings. The fluid pressure bears a large part of the external force, since the bearing 
is hydrostatically supported by the fluid pressure in the tooth chambers. 

The results indicate that the tribological bearing load marginally differs between both design principles. The 
following investigations in 3.4 and 3.5 are carried out using the model with separate bearing bushings 
corresponding to the specific external gear pump on which the model is based. 

 

Figure 5: Proportion of forces in the axial plain bearing of the driven gear. Comparison between double gland 
bearing and separate bearing bushings.  
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3.4 Conical bearing bushings 

In previous work the authors showed that the deformation of the pump housing leads to a tilting of the bearing 
bushings, which causes mixed friction on the suction side of the axial plain bearing [4]. It is therefore investigated 
whether conical bushings can reduce this tilting. Figure 6 shows the relative gap height hrel in the axial plain 
bearing for cylindrical and conical bearing bushings. The simulation with conical bearing bushings leads to a 
comparably more uniform distribution of areas with mixed friction. The conical bearing bushings tilt into the 
direction of the discharge side because of their angled contact face to the housing. 

 

Figure 6: Relative gap height hrel in the axial plain bearing of the driven gear. Comparison between cylindrical 
and conical bearing bushings. 

Figure 7 shows that the more uniform distribution of areas with mixed friction reduces the contact force in the 
axial plain bearing by increasing the minimum gap heights. 

The results indicate that conical bushings can reduce local peak loads in the axial plain bearing.   

 

Figure 7: Proportion of forces in the axial plain bearing of the driven gear. Comparison between cylindrical and 
conical bearing bushings. 
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3.5 Contour on gear front face 

A possible contour on the gear front face is investigated below. The simulation without this contour shows a 
minimum gap height at the tooth tips. Therefore, the investigated contour provides a bevel at the tooth tips, shown 
in figure 8. This bevel is intended to prevent excessive wear at the tooth tips. Furthermore, it is possible to bevel 
the tooth base, which could help to reduce wear in the vicinity of the bearing journal. Figure 8 shows the relative 
gap height hrel in the axial plain bearing without and with the stated contour. The contour reduces the load-bearing 
area of the axial plain bearing. This leads to small relative gap heights far below 100 %, marked by the red area in 
the middle of the teeth. 

 

Figure 8: Relative gap height hrel in the axial plain bearing of the driven gear. Comparison between gear front 
face without and with contour. 

Figure 9 shows the proportion of the contact force and the force from hydrodynamic and hydrostatic pressure 
build-up on the total external force. In case of the contoured gear front face, the small relative gap heights shown 
in figure 8 lead to a high contact force. Hence, the proportion of the contact force on the total external force 
increases with the contour.  

 

Figure 9: Proportion of forces in the axial plain bearing of the driven gear. Comparison between gear front face 
without and with contour. 
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The simulation shows no positive effect of the contour on the gear front face under the simplifications stated in 
2.3. However, it cannot be ruled out that the contour can have positive effects in certain critical cases. For example, 
different radial bearing clearances within the manufacturing tolerances could lead to a misalignment (tilting) of 
the gear shafts. A tilting of the gear shafts in relation to the bearing bushings could lead to increased mixed friction 
at the tooth tips. In this case, the bevel at the tooth tips could help to reduce mixed friction in this area. These 
possible effects must be investigated in future work. 

4 Validation approach 

In a first exemplary validation approach it should be verified whether the simulation shows realistic mixed friction 
areas. Therefore, the sliding surfaces of the bearing bushings are covered by a certain paint. The paint is removed 
in areas with mixed friction (i.e., where the solid bodies get in contact). The painted bushings are mounted 
exemplarily in a pump with contoured gear front faces as described in 3.5. The pump is subjected to a short system 
test for 5 h under the conditions stated in 3.2. First tests show good correspondence between areas with paint 
removal and calculated mixed friction areas, see figure 10. However, the surface topography of bushing and gear 
affects size and location of mixed friction areas. Different surface topographies within the production tolerances 
are not yet considered in the simulation and must be investigated in future work. 

 

Figure 10: Validation of the mixed friction areas calculated in the MBS/EHD simulation. 

5 Summary and Conclusion 

Electrification trends emerging in mobile hydraulics are increasing the technical requirements on external gear 
pumps in terms of acoustics, efficiency, and the achievable speed range. The tribological contacts (radial and axial 
plain bearings of the gear shafts) are of central importance here, as they highly affect frictional losses and wear in 
critical operating points like low- and high-speed applications. MBS/EHD models offer the possibility to 
investigate a wide variety of influences on the tribological loads in the radial and axial plain bearings. Based on 
the gained knowledge it is possible to derive optimization measures increasing the robustness of the bearings.  

Therefore, the authors built up an MBS/EHD model of an external gear pump. As part of the model build-up, two 
possible construction principles of the bearings were investigated. The authors showed that there is no significant 
tribological difference between the construction principles double gland bearing and separate bearing bushings. 
Furthermore, it has been demonstrated that conical bearing bushings reduce local peak loads in the axial plain 
bearing. A certain contour on the gear front face did not reduce local peak loads. All shown results are valid for 
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the specific simulation of a certain external gear pump under the corresponding simplifications. Major 
simplifications are the neglection of wear and a run-in process of the sliding surfaces as well as an isothermal 
simulation. Moreover, the model assumes ideal microgeometries of the pump components. Different 
microgeometries and critical combinations of these could affect the tribological load in the plain bearings and must 
be investigated in future work. 

A first exemplary validation approach indicates that the simulation shows realistic mixed friction areas regarding 
size and location. 

Nomenclature 

Variable Description Unit 

𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 Operating pressure [bar] 

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 Suction pressure [bar] 

𝑛𝑛𝑛𝑛 Rotation speed [rpm] 

𝜂𝜂𝜂𝜂 Viscosity [mPa∙s] 

𝑇𝑇𝑇𝑇 Temperature [°C] 

ℎ Absolute gap height [m] 

ℎ𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  Critical gap height [m] 

ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟  Relative gap height [%] 

𝐹𝐹𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟  Total external bearing force [kN] 

𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜  Contact force [kN] 

𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓  Force from pressure build-up in the fluid [kN] 

𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜  Ratio between Fcontact and Ftotal [%] 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓  Ratio between Ffluid and Ftotal [%] 

References 

[1] Roth, D., Jacobs, G., Pietrzyk, T. et al., Dezentrale kompakte Hydraulikversorgung durch High-Speed-
Komponenten, In: ATZ Heavy Duty, Vol. 12, No. 1, pp. 68–73, 2019. 

[2] IST, Simulationstechnische Auslegung, Optimierung und Schwachstellenanalyse thermo-
elasto-hydrodynamisch gekoppelter Mehrkörpersysteme, https://www.ist-aachen.de/, visited on October 
4, 2021. 

[3] Dhar S., Vacca A., A fluid structure interaction – EHD model of lubricating gaps in external gear machines: 
Formulation and validation, In: Tribology International (Elsevier), Vol. 62, pp. 78–90, 2013 

[4] Brinkmann, L., Kock, S. et al., Tribological analysis of the plain bearings in an external gear pump, In: 
IOP Conf. Ser.: Mater. Sci. Eng., Vol. 1097, 2021 

[5] Greenwood J. A., Tripp J. H., The contact of two nominally flat rough surfaces, In: Proceedings of the 
Institution of Mechanical Engineers, Vol. 185, No. 1, pp. 625–634, 1970 

[6] Vacca A., Guidetti M., Modelling and experimental validation of external spur gear machines for fluid 
power applications, In: Simul. Model. Pract. Theory, Vol. 19, No. 9, pp. 2007–31, 2011 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

25

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

25



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 
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New application areas such as compact drives and displacement control using variable electric motors require that 
hydrostatic machines exhibit good performance also at very low relative speeds without being damaged during 
critical mixed friction conditions. Low relative speeds result in a drop of the hydrodynamic pressure in the 
lubricating gaps and therefore to friction losses, wear and a higher probability of failures. The aim of this paper is 
to present a novel approach to reduce the viscous friction losses and wear during critical operating conditions, by 
increasing the hydrodynamic pressure build-up of the slippers of an axial piston pump. In order to achieve this 
goal structured surface profiles are investigated to be adapted to the slipper surface, both in simulation and 
measurement. The simulation results and design process are shown in this paper. 
 
Keywords: axial piston pump, slippers, surface structures, lubricating gap, numerical simulation, tribology  
Target audience: Tribology, Components, Pumps 

1 Introduction 

More and more working machines have automatic start-stop systems installed, which cause the pumps to 
increasingly run through critical start-up speeds. Electrification and compact drives are becoming popular due to 
environmental benefits and their ease of operation and plug-and-play. However, the pumps in these drives are 
exposed to very critical mixed friction conditions, especially at low speeds and high pressures. Low relative speeds 
result in a drop of the hydrodynamic pressure in the lubricating gaps and therefore to friction losses, wear and a 
higher probability of failures. Usually material combinations of leaded bronze or brass and steel are used to ensure 
good run-in behaviour and thus good dry-running performance under mixed friction. However EU regulations 
require that lead-containing materials should no longer be used in the future. This makes it necessary to find other 
materials and structures that can withstand the tougher operating conditions despite the absence of lead containing 
metals.  

The aim of this paper is to present a novel approach to reduce the viscous friction losses and wear during critical 
operating conditions, by increasing the hydrodynamic pressure build-up of the slippers of an axial piston pump. In 
order to achieve this goal structured surface profiles are investigated to be adapted to the slipper surface, which is 
one of the three main lubricating interfaces (shown in Figure 1) and significantly contributes to the pumps power 
losses. In cooperation with the Fraunhofer IWU Chemnitz the manufacturing limitations for series production of 
the structured surface are analysed for different materials. The boundary conditions for the design space were set 
with the constraints determined from their studies which are also presented at IFK2022 in the paper „Surface 
functionalization of hydrostatic pump components - insight into the manufacturing concept of meso-structures and 
their tribological evaluation“.  

On the right side of Figure 1 the optimization problem of the lubrication interfaces is shown. A trade-off arises 
due to the conflicting requirements on the gap to allow good bearing properties while reducing leakage at the same 
time. The powerloss curve in the lower right of the figure depicts this correlation with a theoretical parallel gap 
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height. Unfortunately, the optimum gap height regime changes with each operating condition, further increasing 
the complexity of the design process. 

 

Figure 1: Sliding interfaces of the axial piston pump and calculation of the powerlosses of a single slipper 

2 Research goal and approach 

There are two main physical mechanisms that affect the gap height that occurs at a certain operating point (OC), 
that are also valid for the valve plate/cylinder block interface. First the hydrostatic pressure that is directly 
correlating to the pressure in the piston and second the hydrodynamic pressure that is essentially resulting from 
the rotational speed. However, this implies that for operating points (OCs) with low pressures and low speeds, 
insufficient hydrodynamic and hydrostatic forces are present to ensure an adequate fluid film to be formed. As 
shown in Figure 2, this can lead to mixed friction and wear. Using traditional approaches, such as increasing the 
pocket size or changing the orifice of the slipper, one can change the distribution of the power losses, either having 
a well performing slipper at low speeds and pressures or having optimal power losses at high speeds and high 
pressures. Surface structures open-up the possibility to perform well at both. 

 

Figure 2: Research goal: Increase of load capacity especially at low speeds without worsening at high speeds 
and pressures 

Goal of this investigation is to increase the load capacity especially at low speeds without any compromise at high 
speeds and pressures. For this purpose several structures in the micrometer range should be designed on the slipper 
sliding interface to improve the hydrodynamic behavior as well as to reduce wear, run-in and mixed friction. It is 
to understand how the structure influences the hydrostatic behavior and pressure distribution as well as the 
hydrodynamic slipper performance. Furthermore, the effects of different designs and the influence of different 
OCs should be investigated with simulations and validated with tribological and pump measurements. 

Requirements: 

Focus:
Slipper / Swashplate

Slipper

Swashplate Cylinder 
block

Valveplate

Piston

Sliding 
interfaces

Bearing: h     (low friction)
Sealing:  h     (low leakage)  

@500rpm, 350bar
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3 Literature 

Various approaches to solving the problem exist. The use of a surface coating, for example, can also improve 
running-in and abrasion, as [1] notes investigating a diamond-like-carbon-coated slipper in combination with 
biodegradable oil. In [2] a nanocoating is applied to the slippers showing reduced friction on a dedicated test bench. 
However, the additional costs of applying a coating and the change in performance due to different oils is a 
downside of this approach. There is also the presumption that coatings alone cannot prohibit inadequate fluid films, 
therefore with time they could wear off due to high contact forces especially during high pressure conditions. The 
best approach is to first reduce contact forces in steady state conditions using geometrical measures, and then use 
coatings to prevent wear during dynamic conditions or start-up from static friction conditions.  

An established concept that has been successfully applied in various industries is the use of surface structures. 
Relatively large profiles in the macro-scale are used in journal bearings to increase load carrying capacity and to 
reduce wear [3]. Smaller structures so called “dimples” in the micro-range on the pistons are used to today in high 
end combustion engines and can reduce friction by up to 55% [4]. In the research project “TriboStruk” the 
hydrodynamic performance of different micro-structures on journal bearings showed great potential as it was 
validated on a tribometer [5]. With the follow-up project “OptiKonS” those results were transferred to different 
pump parts and also tested on a pump test-rig [6]. For pistons good results could be achieved while for parts that 
also are subject to additional hydrostatic forces, e.g. a valve plate, the transferability was unsuccessful. In contrast, 
Baker used different shaped micro surfaces in wave form, which have a different length to depth ratio as the 
previously used “dimples”. With these wave-shaped structures he was able to demonstrate a valve plate design 
that achieved up to 10% decrease in powerlosses while also showing almost no wear [7]. He used an early version 
of the simulation tool Caspar FSTI for his design study, which is the same tool used in this paper. The wave-like 
structures Baker used were in the meso-region, meaning surface heights are in micrometer range but wave lengths 
in millimeter. This ratio turned out to be more successful with hydrostatic sealings than with shorter wavelengths. 
Concerning the piston-cylinder interface several simulations with different designs have been made by 
Ivantysynova and Lasaar [8] using a rounded piston. Ivantysynova [9] designed a sine-wave piston which was 
further improved by Wondergem [10] comparing different piston designs also on a test-rig. An analytical 
investigation on the effects of conical slippers was already investigated from Hooke in 1983 [11]. In 2009 Borghi 
[12] studied different slipper surface profiles. The first publication on slipper surface optimization considering the 
elastic deformation due to pressure and temperature is from Darbani [13] proposing a convex shape of the sealing 
land. He concludes that it is essentially for a realistic slipper design to use a very exact gap simulation as the 
deformation plays an important role and mainly influences the leakage and friction losses. Unfortunately Darbani 
has not published any geometric slipper data like the inner and outer sealing diameter nor changed them in his 
publicized optimization nor has shown any measurements thus far. Thus his results are difficult to compare or 
transfer as the influence of the balance factor was not taken into account. Due to his results this paper repeated his 
studies on a different slipper and compared them to a wave and step design. Additionally in cooperation with the 
IWU the manufacturing of the simulated profiles as well as their performance on a tribometer test-rig are 
investigated supplemented by extensive pump measurements. 

4 Analytical Analysis of Slipper Lubrication 

4.1 Hydrostatic slipper design 

In industrial practice, there is usually no numerical fluid-structure-thermal-interaction (FSTI) simulation available. 
Therefore, the design of the slipper is based on the standard practice, which is the calculation of the balance factor. 
This approach has to be accompanied by many trial and error tests until a final design is found. In the next section 
this approach is explained in more detail. Firstly, the most important forces acting on the slipper and the balance 
factor are explained and illustrated in Figure 3. 
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Due to the displacement chamber pressure pDC, the largest force FSK is coming from the piston and is calculated 
with dK as piston diameter, ddG as diameter of the slipper nozzle, 𝛽𝛽𝛽𝛽 as inclination of the swashplate and FHD as 
spring force of the hold down system, if applicable. 

𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜋𝜋𝜋𝜋(𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆
2 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

2) ∙ 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
4 cos 𝛽𝛽𝛽𝛽 + 𝐹𝐹𝐹𝐹𝐻𝐻𝐻𝐻𝐷𝐷𝐷𝐷 

(1) 

The fluid is then lead through an orifice in the slipper into the gap and due to the throttling losses resulting to pG 

in the fluid pocket. In case of a flat slipper that is parallel to the swashplate a logarithmic pressure drop arises over 
the sealing land of the slipper. This counter pressure also generates a counter force Ffz contrary to the piston force 
FSK. The Reynolds equation can be simplified assuming a parallel, flat slipper and the inner and outer radius of the 
sealing land rinG and routG determine Ffz: 

𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜋𝜋𝜋𝜋𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑
2 ∙ 𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑 + ∫ 𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑 ∙

ln ( 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑

)

ln ( 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑
𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑

)
∙ 2𝜋𝜋𝜋𝜋𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 = 𝜋𝜋𝜋𝜋 ∙ 𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑(𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑

2 − 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑
2 )

2 ∙ ln (𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑/𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑)
𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜
 

(2) 

The balance factor is calculated by dividing those two forces and it is usually given as percentage value. 

𝐵𝐵𝐵𝐵 =
𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 
(3) 

A balance of 100% indicates that the forces are in equilibrium. This hydrostatic bearing system is self-adjusted for 
a wide range of external loads, provided the piston pressure is high enough to achieve bearing lift off. Balance 
values in industry usually vary between 90 and 100% in order to allow for additional forces due to hydrodynamics. 
However, those calculations are only a simplified analytical way to achieve a rough estimation for a slipper design. 
It is not including the elastic deformation nor the influence of slipper tilt. For example the centrifugal force FωG 

increases with the rotational speed of the pump, tilting the slipper inwards to the shaft such that the film thickness 
is increasing in the direction of yG. This micro motion and deformation of the slipper changes the pressure profile, 
which in turn leads to a deviation of the assumed logarithmic pressure drop across the gap (see eq. 2). The larger 
this discrepancy is the further off the balance factor estimation is from the actual force balance of the slipper.  

 

Figure 3: Important forces for the hydrostatic slipper design (after [14]) 

4.2 Hydrodynamic lift explanation 

Compared to hydrostatics, the hydrodynamic part of the pressure build-up in the lubrication gap is much lower. 
Nevertheless, especially in the case of slipper tilting, an increase in hydrodynamics can have a stabilizing effect 
by means of specific geometry changes. There exist two major pressure generation effects on the hydrodynamic 
part, the physical wedge effect that is directly correlating with the pump rotational speed, and the normal squeeze 
effect, both illustrated in Figure 4. For the physical Wedge effect the actual volume of oil carried into the control 
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volume through A1 must equal the volume discharged from it through A2. Since the surface of A1 is greater than 
the surface of A2 a pressure is build-up in the lubricating film to satisfy flow continuity [15]. The normal squeeze 
effect appears when the slipper is pressed onto the swashplate and a cushioning effect occurs. An additional 
pressure is generated each time the gap height is decreasing as the smaller gap acts as an orifice. 

 

Figure 4: Hydrodynamic pressure build-up mechanism  

4.3 Calculation of powerlosses 

Crucial for a good slipper design are the powerlosses that can be divided into losses due to friction and losses due 
to leakage depending on the resulting gap height (compare Figure 1). The friction losses are calculated by 
multiplying the viscous friction FTG with the rotational speed 𝜔𝜔𝜔𝜔 and the pitch diameter RB.  

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ⋅ 𝜔𝜔𝜔𝜔 ⋅ 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵 = 𝜋𝜋𝜋𝜋(𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
2 − 𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

2 ) ⋅ 𝜇𝜇𝜇𝜇 𝜔𝜔𝜔𝜔2 ⋅ 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵
2

ℎ𝑇𝑇𝑇𝑇
 

(4) 

It is worth to mention, that while the friction losses are correlating with 1/ℎ𝑇𝑇𝑇𝑇, the leakage losses vary with the 
factor ℎ𝑇𝑇𝑇𝑇

3 . The leakage losses can be calculated by multiplying the slipper leakage QSG by the pocket pressure, see 
equation 2, with 𝜇𝜇𝜇𝜇 as dynamic viscosity. Therefore, the gap has to be very small in order to minimize leakage 
losses, especially during high pressure operating conditions (OCs). 

𝑃𝑃𝑃𝑃leak = 𝑄𝑄𝑄𝑄𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇 ⋅ 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇 = 𝜋𝜋𝜋𝜋 ∙ ℎ𝑇𝑇𝑇𝑇
3 ⋅ 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇

2

6 ∙ 𝜇𝜇𝜇𝜇 ∙ ln (𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

)
 

(5) 

Aim of the slipper design development is to minimize the total powerlosses as sum of friction and leakage for a 
broad number of OCs. 

𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑇𝑇𝑇𝑇 = 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑃𝑃𝑃𝑃leak = 𝜋𝜋𝜋𝜋ℎ𝑇𝑇𝑇𝑇
3 ⋅ 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇

2

6𝜇𝜇𝜇𝜇ln (𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

)
+ 𝜋𝜋𝜋𝜋(𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇

2 − 𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇
2 ) ⋅ 𝜇𝜇𝜇𝜇 𝜔𝜔𝜔𝜔2 ⋅ 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵

2

ℎ𝑇𝑇𝑇𝑇
 

(6) 

5 Virtual Design Optimization for a Structured Slipper using a Fluid-Structure-Thermal 
Interaction Model 

5.1 Simulation software 

The fluid film between the slipper and swash plate is a highly complex one, as it ranges from very small gap 
heights (<5 μm) on the high pressure side, to rather large gap heights (20 – 100 μm) on the low pressure side. In 
addition to the hydrostatic and hydrodynamic forces multifaceted deformation, due to changes in pressure and 
temperature, can influence the gap heights significantly. To calculate all these complicated processes in the gap as 
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realistically as possible the numerical simulation program Caspar FSTI was used. The tool is explained in detail 
in [14], [16], where the slipper calculations are described in full detail in Schenk [14]. The simulation model was 
verified through many extensive measurements of the slippers gap heights and temperature fields in independent 
publications by Schenk [14] and Ivantysyn [17], [18]. Although the pump designs of Schenk and Ivantysyn were 
very different, both confirmed very good agreement between simulation and measurement, resulting in a high level 
of confidence in the simulation tool Caspar FSTI. For the presented paper the same pump as in [17], [18] is used 
such that the only changes to the already validated simulations is the additional structure on the slipper surface and 
the slippers dimensions both in inner and outer diameter. Next to the losses due to friction and leakage some 
important outputs of the simulation are shown in Figure 5 depicting the gap height and the pressure and 
temperature field of a tilted slipper. On the left side of Figure 5, the sealing gap between slipper and swashplate is 
given for an exemplary OC, demonstrating a minimum gap height of 0.3 µm, which represents the minimal gap 
height before the surfaces touch due to surface roughness. Thus contact between the two components on the outer 
right side can be expected. The middle figure presents the corresponding pressure field in the gap with the highest 
pressure over 400 bar at exact the same contact region on the outer right side of the sealing land. Additionally, the 
pressure field on the swashplate shows the spots of the pressurized slippers on the high pressure side of the pump. 
In the right picture the temperature field of slipper and swashplate gives an impression of the thermally loaded 
sections. 

 

Figure 5: Important simulation outputs: gap height (left), pressure field (middle) and temperature field (right) 

5.2 Methodology and Definitions 

In order to find the optimal solution set for various chosen surface shapes, it was first necessary to decide on an 
optimization methodology. A manual DOE type optimization strategy was chosen over an automated approach 
(AI), as one goal of this research is to understand each design decision and its influence on the hydrostatics and 
hydrodynamics. In order to cope with such a manual DOE style, the design variations were judged in four distinct 
and carefully chosen operation conditions (OCs). For these OCs the parameters for each surface shape, for example 
the dimensions of the wave structure (e.g. amplitude, frequency, phase shift) and the main dimensions of the slipper 
(e.g. the pocket and orifice) were varied in a reasonable range, initially with a coarse incrementation. The 
performance was judged by the powerlosses in all four OCs combined, all equally weighted. In order to judge the 
results a reference needed to be established. Rather than choosing the standard slipper of the test pump, a new fully 
optimized non structured reference slipper was designed. This was done in order to compare the very best 
structured with the very best flat design, rather than comparing the structured to a seemingly random slipper from 
an OEM.  

The DOE simulations yielded trends as to which parameters were very sensitive and which had little effect on the 
performance. After several iteration loops, which also included finer grids around important but sensitive 
parameters such as the inner diameter of the slipper or the phase shift of the waves, potentially viable candidates 
were chosen. These were then simulated across a wide range of operating conditions, and then compared to the 
reference. If the new design indicated lower powerlosses in all or almost all important operating conditions, 
additional studies such as manufacturing tolerance studies were performed in order to create engineering drawings 
for manufacturing. This approach was repeated for three different design shapes, a waved design, a spherical 
design, and a step design, which were then compared to each other. 
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5.2.1 Selected Operating Conditions (OCs) 

In order to reduce simulation time while retaining a representative operational space, the number of investigated 
OCs were limited to a distinct selection. Table 1 shows the selected four OCs inducing critical conditions in the 
operation of a pump. OC1 with low speed and working pressure represents start-up or idle situation. During these 
conditions it is most likely that mixed friction and abrasion can occur due to insufficient hydrodynamic pressure 
built up. OC2 with low speed but high pressure is typical for load hold situations in low flow conditions, a typical 
condition for high leakage values, which need to be prevented. High speed and low pressure for OC3 result in high 
centrifugal forces that tend to tilt the slipper such that wear is to be feared. An additionally low swashplate angle 
induces lift off and high leakages, which needs to be prevented. OC4 with maximum power from high speed and 
high pressure is usually resulting in higher leakage values and often generates high thermal load, making it prone 
to temperature and pressure deformations, which need to be accounted for. OC4 also represents a very significant 
OC for the OEMs and their customers.  

 

OC 
n 
[rpm] 

Δp 
[bar] 

𝛽𝛽𝛽𝛽 
[%] 

represents 

1 500 50 100 Idle 

2 500 350 100 low flow high load 

3 1800 50 20 Prevent slipper lift-off 

4 1800 350 100 Max. power  

Table 1: Definition of OCs 

5.2.2 Reference design 

To compare and evaluate the results a reference design of a flat slipper without structured sliding surface is chosen. 
In order to make the statements generally valid and not related to a pump design of a specific manufacturer, the 
existing slipper design of the 92cc Parker test pump was not used but a new design was developed. The outer 
diameter was set to 30 mm as it represents a mean of industrial pumps with similar piston diameter (21 mm) sizes 
and therefore relate to a wider scope. All other aspects, such as pocket size, orifice diameter, hold down, land 
design etc. were considered variable. With the aim of selecting a reference design with minimum sum of 
powerlosses over all OC the inner diameter and thus the balance factor was varied. Derived from Figure 6 a 
reference design with a balance of 99% is chosen. This design represents the very best possible solution without 
any running surface modifications and is hence a better reference than a typical trial-and-error slipper design. The 
transparent bars of OC4 in Figure 6 are estimated values for crashed simulations, an indication for friction, abrasion 
and poor designs, which usually lead to highly worn in shapes. A wide variety of simulations were performed to 
choose the very best parameters in terms of orifice diameter, slipper hold down and edge design. In order not to 
exceed the length of this paper, these studies are not shown. 

 

Figure 6: Choosing a flat slipper reference design with minimum sum of power losses over all OC 
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5.2.3 Design spaces 

In general, there are an infinite number of possible shapes and structures that could be applied on the slipper sliding 
surface. As a beginning, two promising designs approaches A and B in Figure 7 were derived from the literature 
(compare to Baker [7] and Darbani [13]) and a third concept C was developed from analytical considerations and 
an extensive analysis of the trends from the results of A and B. For example, by modulating the sinus wave, it was 
derived that the leakage decreases with the wave minima, i.e. the smallest sealing points, being located further 
inwards on the sealing land. Section 6.3.2 and Figure 14 demonstrate that his theory could be confirmed. Figure 7 
shows the varied design parameters for each concept, that also build the coarse and fine grid DOE. In this paper 
approach A and C (red edging) are presented and discussed as they provide the most promising results at the 
present time. Since the simulations are not yet completed, the results of design B will not be discussed in this 
paper, but shown in the final presentation.  

 

Figure 7: Overview of design spaces of the three investigated geometries; concepts presented in this paper 
outlined in red 

6 Simulation Results and Discussion 

6.1 Trends of coarse grid investigation 

The evaluation of the trends is explained in the next section using design C as an example. Figure 8 shows the 
sum of powerlosses of all OCs vs. the balance of the slipper for three different amplitudes (4µm, 6µm and 8µm). 
The different colored lines represent the three different step positions (34%, 48% and 62%, compare the illustration 
on the right side in Figure 8).  

 

Figure 8: Evaluation of the trends of the Full DOE of structure C showing the influence of height and position of 
the step and balance on the power losses 
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An amplitude of 4μm has the highest power losses, while an amplitude of 6μm produces the lowest power losses 
for balance values of 102-106%. For an amplitude of 8μm the powerlosses are decreasing until 108% and will also 
increase again with higher balance values like the typical bathtub curve. One simulation for Pos=34% crashed for 
A=8μm and B=108% that indicates a poor design. The flattening of the curve for A=6μm between 103-105% 
implies a robust, stable design such that this region was chosen for the further fine grid investigation. The selection 
of the step heights was based on the results of DOE studies with larger and smaller structures (1-20 µm) for Design 
A and may not represent the overall optimum for the step design. In comparison to the results of the flat profile it 
can be concluded that a higher balance is more beneficial for a structured design. The reason for this will be 
explained in more detail in the next section. The implications of this however, indicated the potential this design 
has to improve OCs with lower speeds and pressures without high friction losses. 

6.2 Final designs and comparison to reference 

Figure 9 presents an overview of the final designs and their optimized parameters that will be manufactured and 
extensive tested on a tribometer as well as on a pump testrig.  

 

Figure 9: final structured designs with optimized parameters and reference design for manufacturing  

In Figure 10 the powerlosses of the structured wave and step designs are compared to the reference design. In sum 
over all four OCs the wave design shows powerloss reductions by 9% and the step design by even 38%. The aim 
of the study, to improve OC1 without a significant efficiency decrease at the other OCs, has already been reached 
with the wave design. This is indicated by the plot in the middle of Figure 10, which shows the individual 
powerlosses at each OC, showing that an 85% reduction in powerlosses can be achieved by adding a waved surface 
to a slipper. The step design achieves a similar powerloss reduction of 88%, while performing better at the other 
OCs as well, which greatly surpasses the initial goal. Both, wave and step design achieve an improvement of over 
10% of the total pump efficiency for OC1. One reason for the great performance of both the waved and step design 
at low speeds and low pressures (OC1) is that in addition to the structurally increased hydrodynamics the designs 
also have larger pocket sizes (indicated by the balance B in Figure 10), generating more hydrostatic lift at lower 
gap heights, resulting in significantly less friction.  

 

Figure 10: Comparison of powerlosses for the final designs and the reference in cumulation (left) and 
individually by OC 
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A rather surprising trend is that despite the larger pocket diameter the step design has significantly lower leakage 
losses at the high pressure OCs 2 and 4, suggesting that the design also affects the hydrostatics, e.g. the pressure 
profile. In order to better understand the influence of hydrostatics and hydrodynamics the next section compares 
the designs with equal pocket sizes (the same balance). 

6.3 Impact Study: Explanation of the effects that characterize a structured vs. flat slipper design 

In order to evaluate the direct impact of different structures on the powerlosses in comparison to the flat reference, 
the same balance factor (pocket size) is chosen for all designs for this Impact Study. The value of B=102.3% of 
the wave design was chosen, as this balance is low enough for the step design to perform well and without having 
excessive leakage for the flat design. The new simulation designs used for this study are named reference* and 
step* in order to distinguish them from the previous results, where they all have their individually chosen pocket 
size to maximize their performance. Figure 11 shows a comparison of the powerlosses of the results. Figure 11 a) 
and b) illustrate that the new reference* design with a higher balance reduces losses strongly for OC1, while 
increasing losses in the remaining OCs in comparison to the optimal reference design in Figure 10. This was 
expected as illustrated in Figure 2. It can be concluded that the balance factor is significantly responsible for this. 
The step* design retains its great performance at OC2 and OC4, even with this smaller pocket size as compared to 
the optimal step design as shown in Figure 10. This study illustrates, that when trying to increase the performance 
of the slippers at low speed for a flat design, one will inherently increase power losses at the higher speeds and 
pressures. However, by adding a surface structure, it is possible to mitigate these effects.  

 

Figure 11: comparison of powerlosses for the final designs all having the same balance of B=102.3% 

When dividing the powerlosses in the volumetric and frictional losses portions, it becomes apparent what effect 
the balance factor has both on leakage and friction. When comparing the reference Figure 10 to the reference* in 
Figure 11 c) and d) the leakage for OC2 and 4 increases significantly, while the frictional losses increase at OC3. 
The graphs also show why the structured designs perform that much better. Adding a surface structure to an 
overbalanced slipper will lead to: 

1. a significant reduction (more than half) in frictional losses for high speed, low pressure OCs (OC3), 

2. while the volumetric losses in high pressure applications decrease (OC2 and OC4). 

A step design decreases the volumetric losses even further. These phenomena will be discussed in more depth in 
the next section. 
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6.3.1 Tilt reduction through surface structures 

OC3 is characterized by a high speed, low pressure and low swashplate angle, decreasing FSK and therefore 
increasing the balance. The high relative speed is generating a high centrifugal force pushing and tilting the slipper 
outward such that a higher gap occurs at the outer swashplate radius, while there is a very small fluid film at the 
inner swashplate radius. Figure 12 illustrates this effect for the reference* and the wave design in comparison in 
a 3D visualization of the fluid film at the high pressure stroke (𝜙𝜙𝜙𝜙 = 120˚) on the right and the min-max trend of 
the slipper over one revolution on the left, represented by 𝜙𝜙𝜙𝜙 from 0° to 360°. The graph shows that the minimum 
gap heights of the reference* design are almost exclusively at 0 µm throughout the entire shaft revolution thus an 
excess of friction and possibly abrasion occurs. For the wave design a significantly higher minimum gap of around 
20 μm in the high pressure region prevents abrasion. The 3D fluid film illustrates where this low gap height occurs. 
The reference* design shows a high pressure region at the inner edge of the slipper (movement in xG, centrifugal 
force acts in yG), with local pressure spikes of more than 300bar. This high local pressure spike is caused by 
extremely low gap heights, which lead to metal-to-metal contact and high friction on the outer edge of the slipper. 
Also, the wave structured slipper is tilted, illustrated both by the min/max difference and the 3D fluid film. 
However, the wave structuring appears to generate an additional hydrodynamic lift force for very small gap heights 
further outward in the gap, causing a stabilizing effect. Comparable results are achieved for the step* design which 
is causing the same hydrodynamic lift for very small gaps.  

 

Figure 12: OC3 (1800rpm, 50bar, 20%): High speeds at low pressures cause high centrifugal forces and thus 
slipper tilting, which can be stabilized by the wave and step structure 

6.3.2 Hydrostatic improvements by surface structures 

For OC2 and OC4, which are predominantly hydrostatic, a decrease of leakage is found for the structured designs. 
At first this seems rather unexpected, as surface structures were introduced to affect hydrodynamics, however they 
do also affect hydrostatics as will be explained in this section. As the responsible effects are the same for both OC, 
the following part explains the improvement in the leakage values using OC2. Figure 13 graphs the mean gap 
height as well as the friction and the leakage losses over one shaft revolution for one slipper for OC2 and all three 
designs. Generally there is a clear correlation between the friction and leakage curves and the gap height. As the 
gap height increases leakage also increases, while friction decreases at the same time. The step* design shows a 
significantly lower mean gap height than the reference* and the wave design. Since there is a slight tilt for all 
designs, the minimum gap height for the step* design is very small, which allows for extremely low leakage. The 
step* design only shows leakage at the beginning of the high pressure stroke (between 𝜙𝜙𝜙𝜙=0° and 𝜙𝜙𝜙𝜙=10°) where 
the slipper transitions from low to high pressure. Throughout the remaining shaft revolution, the leakage is 
insignificantly small. On the other side, the friction losses for the step* design are the highest, associated to the 
small gap. However, compared to the magnitude of the leakage powerlosses the 35 W peak is one order of 
magnitude lower than the 350 W peak leakage loss of the reference* design. Therefore, the total powerlosses are 
the lowest for the step* design (compare to Figure 11). For large gaps as they occur in the reference design, it 
becomes even more apparent that the gap height enters linearly into the friction losses but cubed into the leakage 
(compare to formula 4 and 5). 
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Figure 13: OC2 (500rpm, 350bar, 100%): Mean gap height (left), friction losses (middle) and leakage losses 
(right) over one pump revolution and for one slipper to compare the designs 

Figure 14 shows the 3D fluid film for OC2 and 𝜙𝜙𝜙𝜙=120° with an enlarged height for illustration for all three 
designs. As already shown in Figure 13 the gap height reduces for the structured designs. For all designs the 
pressure deformation creates a convex gap shape resulting in different positions of the minimum gap. While the 
minimum gap is at the outer edge of the slipper for the reference* design, both the wave and the step* design show 
their respective minimums further inward, being at the second wave valley and at the position of the step 
respectively. The further inwards the smallest gap height occurs, the smaller the leakage, since the smallest gap 
acts as a restricting orifice. Its area increases with radius as long as the gap is uniform in height in circumferential 
direction. Regarding the pressure profiles (bottom of Figure 14) the reference* looks quite similar to the wave. 
The step* design however produces a completely different pressure profile with an overlaying hydrodynamic field 
in x-direction and a local pressure peak of 420bar. This results from the slipper rotation in combination with very 
small gap heights. In fact, the pressure distributions for the other OCs for the step* design all contain the additional 
hydrodynamic field and all have very low gap heights. 

 

Figure 14: OC2 (500rpm, 350bar, 100%): Sectional view through the fluid gap with enlarged height (above) 
and pressure distribution fields (below) during high-pressure (𝜙𝜙𝜙𝜙=120°) 

In summary, the structured designs produce a different pressure field and smaller gap heights although having the 
same balance factor (the same inner and outer diameters) as the reference*. Thus, it can no longer be assumed, 
that the theoretical logarithmic pressure distribution applies also for structured designs. This is illustrated in 
Figure 15, which compares the cross sections of the pressure profiles in the leading edge (right) and trailing edge 
(left) of the slipper. In the middle of Figure 15 the same pressure distribution of the step* design of Figure 14 is 
used to illustrated the cross sections drawn in an orange dashed line. The pressure profile plots show the pressure 
drop over the slipper sealing length for the three designs. For reference the theoretical hydrostatic pressure drop 
based on equation 2 of the balance calculation is shown as well (depicted as black dashed line), in order to 
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emphasize the deviations from analytical to numerical results. As reminder, this theoretical pressure drop assumes 
a parallel, flat and undeformed slipper. The curves show a slight deviation from the wave design to the reference* 
and a strong difference of the step* design to the others. The strong non-linearity of the step seems to influence 
the pressure distribution in such a way that the gap heights and thus the leakage losses decrease.  

 

Figure 15: OC2 (500rpm, 350bar, 100%), 𝜙𝜙𝜙𝜙=120°: Comparison of the simulated pressure profiles and the 
theoretical calculation of a flat, parallel slipper 

7 Summary and Conclusion 

The presented study describes the development of two different meso-structured slipper designs by the simulation 
software Caspar FSTI. The idea of the wave design was derived from the literature, while the non-intuitive step 
design was derived analytically and by assessing numerous trend evaluations. A reference slipper was designed 
based on the same approach, yielding an optimized flat slipper design that is universally applicable to all axial 
piston pumps of swash plate type with similar piston sizes. The final designs indicate a significant improvement 
of over 85% at low speed and low pressure operation conditions, while either performing similar or better at high 
pressure and high speed conditions. The step design shows significant improvements at all operation conditions 
decreasing both friction and leakage. In order to understand the underlying physical phenomena that these 
structures induce, both the reference and step design were adapted to match the pocket size of the wave design, 
being overcompensated at 102.3% balance. In this study it was found that surface structures act stabilizing at low 
gap heights especially high tilt slipper situations (low pressure, high speed). It could also be demonstrated that the 
pressure field varies drastically between flat and structured designs, deviating strongly from the logarithmic 
approximation that is used in the balance factor calculations, rending them essentially useless for structured slipper 
designs. This finding is especially important, as previously it was assumed that surface structures affect the 
hydrodynamic pressure built up only. To what extent the simulation is able to match the reality the upcoming 
measurements will show. 

The meso-structured slippers are currently being manufactured and tested both on a novel tribology test rig as well 
as on an extensive pump test rig, which will be used to validate the presented results. First results confirm the 
findings of the wave design, reducing friction at low speeds in an order of magnitude, while keeping powerlosses 
unchanged at high speeds. These measurement results will be presented orally in the presentation of this paper. 
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Nomenclature 

Variable Description Unit 

𝐴𝐴𝐴𝐴 Amplitude [μm] 

𝐴𝐴𝐴𝐴2 Area [mm2] 

𝐴𝐴𝐴𝐴1 Area [mm2] 

𝐵𝐵𝐵𝐵 Balance [%] 

𝑑𝑑𝑑𝑑𝐾𝐾𝐾𝐾 Piston Diameter [mm] 

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  Inner diameter of the slipper sealing land [mm] 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖  Diameter of slipper orifice [mm] 

𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 Outer diameter of the slipper sealing land [mm] 

𝑓𝑓𝑓𝑓 Frequency [1/mm] 

𝐹𝐹𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 Spring force [N] 

𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝐾𝐾𝐾𝐾 Piston force [N] 

𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Counter force [N] 

𝐹𝐹𝐹𝐹𝜔𝜔𝜔𝜔𝑖𝑖𝑖𝑖 Centrifugal force [N] 

𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 Friction force [N] 

ℎ𝑖𝑖𝑖𝑖 Gap height [μm] 

𝑛𝑛𝑛𝑛 Speed [rpm] 

𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝐷𝐷𝐷𝐷  Displacement chamber pressure [bar] 

𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖  Slipper pocket pressure [bar] 

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖 Slipper friction powerloss [W] 

𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Slipper leakage powerloss [W] 

𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖  Total slipper powerloss [W] 

𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜ℎ𝑙𝑙𝑙𝑙𝑜𝑜𝑜𝑜 Theoretical power [W] 

𝑝𝑝𝑝𝑝ℎ Phase [°] 

𝑄𝑄𝑄𝑄𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖  Slipper leakage flow rate [l/min] 

𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  Inner radius of the slipper sealing land [mm] 

𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖  Outer radius of the slipper sealing land [mm] 

𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵 Pitch Diameter [mm] 

𝑉𝑉𝑉𝑉 Control volume [mm³] 

𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖, 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖, 𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 Coordinate system of slipper [mm] 

𝛽𝛽𝛽𝛽 Swashplate inclination angle [°] 

𝜙𝜙𝜙𝜙 Rotation angle [°] 

𝜔𝜔𝜔𝜔 Rotational speed [rad/s] 
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μ Dynamic viscosity [Nmm] 
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This paper proposes an electro-hydraulic actuator (EHA) system, and two novel-designed electro-hydraulic units 
(EHU) consisting of a fixed-displacement hydraulic pump and a variable-speed electric motor. Both the novel 
EHU designs integrate an electric machine and a hydraulic machine in a single unit, featuring compactness and 
power density. However, they differ for salient aspects such as power and electric machine cooling system. The 
EHA system features an open circuit design, where hydraulic hoses connect the EHU with a tank, a valve manifold, 
and the hydraulic cylinder. In this way, the proposed EHA technology can be used to implement distributed 
hydraulic actuation in a vehicle without requiring changes to the hydraulic actuators or at the overall layout of the 
hydraulic components with respect to the original vehicle design. A dedicated test rig is developed to verify the 
performance of the proposed EHA system. The efficiency of the EHA is measured in a steady state and under a 
realistic duty cycle of a commercial compact loader. The measured efficiency of the system can reach 54% with 
up to 20kN load and 6kW power level. 

Keywords: Electro-hydraulic actuator, Electro-hydraulic unit, Throttle-less actuation, Energy recuperation, Four-
quadrant linear actuator. 
Target audience: EHA, EHU, Mobile Hydraulics. 

Introduction 

The recent electrification trend affecting off-road vehicles is providing a push towards dedicated electrified 
hydraulic actuation systems. Although in many cases traditional centralized fluid power architectures are still used 
in electric vehicles, there is an increasing interest for electro-hydraulic actuator (EHA) solutions that can avoid 
throttling losses. EHAs enable energy recuperation during overrunning loads and have in general higher 
transmission efficiency, thus reducing energy consumption, which is important to meet regulations in emissions 
or to increase battery autonomy in the case of electric vehicles. Compact and self-contained EHA is one of the 
most attractive solutions, which was first adopted in aviation control [1]-[4], (e.g., flight actuation, landing gear, 
seat adjustment). In recent years, the self-contained EHA attracts the attention of industrial applications [5]-[6], 
and mobile hydraulics [7]-[8]. However, particularly for mobile applications, self-contained EHAs are still at the 
research stage, due to the cost and other technical challenges, such as providing sufficient cooling. 

Figure 1a depicts a modular view of self-contained EHA based on a commercial product, for industrial applications 
[9]. The EHA integrates the entire fluid power system, with a well recognizable layout for the components, i.e., 
the actuator, the valves, the reservoir-accumulator, and the power drive. This kind of EHA is a popular solution 
due to the modularity and the reduced chance of leakages. Nevertheless, the adoption of self-contained EHAs in 
off-road vehicles is challenged by the cost and space requirement, which in many cases requires modification of 
the mechanical structures. The thermal behavior of the self-contained EHA could be another concern based on 
some previous studies [10]-[11]. 
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To address the above challenges, this paper investigates an alternative method for implementing EHA actuation in 
a more practical non-self-contained concepts, as shown in Figure 1b. Hydraulic hoses are used to connect the 
electro-hydraulic unit (EHU) with the tank, a valve manifold, and the hydraulic cylinder to implement an EHA. In 
this way, the EHA technology can be implemented in a vehicle by keeping the same layout for the hydraulic 
components as in the original mechanism. The EHU is an integration of a hydraulic machine and an electric 
machine, with higher compactness and power density. The valve manifold includes the required electro-hydraulic 
components to control the cylinder actuation along with the EHU control. From the implementation perspective, 
the proposed system can offer a high degree of flexibility with respect to the layout and does not require use of 
non-standard cylinders. Additionally, the system can leverage the well-consolidated layout of the hydraulic 
reservoir, cooling and filtration system. Decentralizing such components could increase costs and complexity of 
the system. Therefore, the proposed system still allows centralized tank, thermal and filtration approach, while 
having an energy efficient de-centralized actuation. 

 

Figure 1: Comparison of the classical EHA configuration and the proposed EHA system. (a) classical self-
contained EHA. (b) proposed EHA configuration, flexible to be implemented on mobile applications. 

The hydraulic system under study in this work builds upon previous research done on a four-quadrant EHA that 
was developed by the authors’ team by using commercial hydraulic components [12]-[14]. In previous studies, the 
energy performance was studied in terms of the four-quadrant EHA using commercial drives [15]. The thermal 
analysis of the proposed EHA system was also conducted, aiming to predict the steady-state temperature under 
intense duty cycles [16]. Figure 2 shows the four-quadrant operation in terms of load force and actuation velocity. 
Taking a compact loader as a reference machine, the four-quadrant operation corresponds to the boom 
raising/lowering and tilting bucket up/down.  

 

Figure 2: Four-quadrant operation in terms of load force and actuation velocity 
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In this paper, two novel EHU are specifically designed to drive the actuators. Both designs embed a hydraulic 
machine coupled with a permanent magnet type electric machine without any external shaft. The first unit, which 
is described in [17] and hereafter referred as the 1st Generation EHU, uses an external gear type hydraulic machine 
with a maximum power of 15 kW. This unit is air-cooled using fans, mounted on the rotor of the electric machine. 
The second unit, named as the 2nd Generation EHU, utilizes an internal gear type hydraulic machine with a peak 
power of 30 kW. Moreover, the 2nd Generation EHU is liquid-cooled, i.e., using the working hydraulic fluid to 
cool the electric machine. The fluid for cooling is recirculated by the differential pressure built inside the hydraulic 
machine. The liquid-cooling design. Both units are exceptionally compact and power dense, while the liquid-
cooled one has the advantages of efficiency and power density. Regarding the dimensions, the 1st Generation EHU 
is 230 mm in diameter with an axial length of 175 mm, and the 2nd Generation EHU diameter is 300 mm and it 
has an axial length of 255 mm. 

This study will focus on the testing and validation of the 1st Generation EHU as well as on the energy performance 
of the EHA considering four-quadrant operation. Both resistive loading conditions and assistive loading conditions 
(i.e., energy recuperation) are investigated, and the efficiencies in the steady state are analysed. The experimental 
verification of the proposed EHA system in a controlled environment is important to gather more information 
about the system behavior, which is a giant step forward towards implementation in a vehicle. 

The paper is structured in the following order: Section 2 introduces the EHA system configuration. Section 3 
describes the dedicated test rig to verify the performance of the EHA. Section 4 shows the experimental results 
and outlines the energy performance of the proposed system and novel EHU. Section 5 concludes the work with 
final remarks.  

Proposed EHA system 

Figure 3 shows the open-circuit ISO schematic and significant images of the novel EHU implemented in the EHA. 
The main specifications of the EHU are also provided in the figure. The EHU structure highlights how the design 
places the hydraulic machine inside the rotor of the electric machine. This sort of implementation provides a high 
radius to the electric machines to favour the torque ability, while the more power-dense hydraulic machine is not 
negatively affected by this arrangement. The EHU also integrates an air-cooling system for the electric motor, with 
blades fixed with the rotating assembly. The EHU symbol varies from conventional ones to highlight the shaftless 
structure, which integrates the hydraulic machine inside the electric machine. The EHU is powered by an external 
electric supply and simplified as the symbol with capital E. 
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Figure 3: Configuration of the proposed EHA system. (a) schematic of the hydraulic system (b) picture of the 
EHU prototype. (c) cross-section to show the EHU inner structure 

Figure 3a shows the schematic of the hydraulic circuit, which was already presented in previous work of the authors 
[13]-[14], even if never tested with in combination with the EHU. This design adopts an open circuit, in which the 
EHU is operated in two quadrants in terms of speed and pressure, and one port of the EHU is always connected to 
the hydraulic tank. By switching position of the 4/3 directional valve, the circuit can achieve four-quadrant 
actuation and allows energy recuperation under overrunning load conditions. The bypass valve parallel to the 
cylinder plays a key role in the design. For instance, when requiring the low-speed actuation, the bypass valve can 
recycle flow to regulate the actuation velocity. In other words, using hydraulic machines with minimum speed 
limit (e.g., fixed-displacement pump) does not impact velocity range of the cylinder. The bypass valve gives more 
flexibility to the type and size of the EHU with a given operation request. More details on the working principles 
of the hydraulic circuit can be found in ref [13]-[14]. 

In this paper, the experiments utilize the 1st Generation EHU due to its more advanced status of development. The 
EHU consists of an external gear type hydraulic machine integrated into the inner diameter of a permanent magnets 
synchronous electric machine, as represented in Figure 3b and Figure 3c. According to the application 
requirements, the EHU is designed in a single optimization procedure. The synchronous optimization allows the 
the best coupling between the hydraulic and electric machines. Moreover, the use of a dedicated model for each 
machine allows a thorough prediction and perfection of their performance. For the hydraulic machine the fluid 
dynamic model described in [18] and [19] was used. After the definition of the gear profile the axial balancing 
system design was refined using the model that was first described in [20], and then perfectioned with the addition 
of the fluid-structure interaction [21] and the thermal effects [22]. The whole procedure and the outcome of the 
design effort is described in [23]. The electric machine model is described in [24]. The optimization of the EHU 
aims to maximize the total efficiency and the power density. The details of the 1st Generation EHU inner structure 
are provided in Figure 4a. The 1st Generation EHU is enclosed by a cylindrical external casing. The stator of the 
electric machine, that is adapted to remain stationary within the casing, surrounds the rotor mounted by permanent 
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magnets. The rotor is supported by a flange and a drive gear shaft. This is the mechanical coupling that transfers 
power between electric and hydraulic machine. The hydraulic machine is embedded into the electric machine inner 
diameter and is connected to the casing of the EHU via the hydraulic ports. An encoder is connected to the other 
end of the drive gear shaft to provide the position feedback for control purposes. The fan blades attached on the 
rotor work together with the openings machined in the casing for the air-cooling system of the unit. More details 
on this design are provided in [17]. 

As for the 2nd Generation EHU, Figure 4b shows a partial cross section. The design of this unit uses a similar 
optimization procedure with a permanent magnets electric machine model and a hydraulic machine model. The 
base model of the internal gear type hydraulic machine is described in [25]. Some modifications were made to the 
base model to allow the analytical calculation of the leakages and shear torque losses. In terms of the electric 
machine the same model to design the previous generation was used. As given in Figure 4b, the 2nd Generation 
EHU is enclosed into a cylindrical casing. The stator and the rotor constituting the electric machine are in the outer 
region of the casing. Because of the compactness and morphology of the gear sets, the hydraulic machine is located 
entirely within the electric machine rotor diameter and axial length. The H.M. Front and Bottom Case shown in 
Figure 4b protrude toward the inside enclosing the gear set. The H.M. Bottom Case also supports the whole rotating 
assembly. Cooling ports are machined in the H.M. Front and Bottom Cases. A thorough description of the unit and 
the electric machine cooling system are contained in a patent proceeding currently under review.  

 

Figure 4: Inner structure of integrated EHUs. (a) 1st Generation EHU: external gear machine, air-cooled 
electric machine; (b) 2nd Generation EHU: internal gear machine, liquid-cooled electric machine.  

Experimental Setup  

The EHA system is verified on the test rig with a loading force being actively controlled. Such set up allows 
repeatable and accurate results before the direct testing on an actual vehicle. Figure 5 shows a picture of the 
dedicated experimental setup for the proposed EHA, located at the Maha Fluid Power Research Center of Purdue 
University. The main mechanical structure of the test rig is made of two equal cylinders: an EHA drive and a load 
drive. The cylinders are the same of a chosen reference vehicle, a Case TV 380 compact loader. In this way the 
experiments conducted on the test rig can reflect realistic duty cycles. The load drive has a hydraulic circuit that 
can pressurize the cylinder chamber so that both resistive and assistive load conditions on the EHA can be 
established. The loading force is controlled by two proportional reducing-relieving valves. The locations of the 
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EHU, the manifold, the cylinder, and the tank are highlighted in Figure 5. The EHU is controlled by a stationary 
inverter device, which will be described in the following paragraphs. 

 

Figure 5: Dedicated experimental setup of the proposed EHA system in Maha Fluid Power Research Center 

Table 1 summarizes the parameters of the reference application, which is the boom cylinder used on a compact 
loader, as shown in Figure 5. The sizing methods are detailed in the previous work of the authors [14][15]. The 
maximum load force generates a pressure of 130bar, while the system components are selected for extreme 
conditions up to 210 bar (e.g., relief valve), and the desired maximum pressure of the EHU is up to 250 bar. 

Actuation parameters Value [unit] 

Cylinder size 

Length of stroke 𝐿𝐿 0.8865 [m] 

Diameter of piston 𝐷𝐷 69.9 [mm] 

Diameter of rod 𝑑𝑑 44.2 [mm] 

Cycle time 
Extension time 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝑒𝑒𝑒𝑒 4.43 [s] 

Retraction time 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑒𝑒 2.63 [s] 

Loading condition Maximum pressure 𝑝𝑝𝑚𝑚𝑚𝑚𝑒𝑒  130 [bar] 

Table 1: Parameters of the actuation duty cycle. 

Table 2 gives the main parameters of the components used in the proposed system, such as the size of the hydraulic 
machine and hydraulic machine. 

Parameters of components Value [unit] 

EHU 
Hydraulic 
pump 

Nominal displacement 𝑉𝑉𝑑𝑑 10.69 [cc/rev] 

Maximum speed 𝑛𝑛𝑚𝑚𝑚𝑚𝑒𝑒 4300 [rpm] 

Minimum speed 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚  500 [rpm] 
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Electric 
machine 

Nominal speed 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 4300 [rpm] 

Nominal torque 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛 20.87 [Nm] 

Nominal current 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛 24.22 [A] 

Number of poles 𝑃𝑃 10 [-] 

Valve 
Check valve Cracking pressure 𝑝𝑝𝑐𝑐 0.5 [bar] 

Relief valve Relief pressure 𝑝𝑝𝑟𝑟 210 [bar] 

Reservoir  Tank pressure 𝑝𝑝𝑡𝑡  atmospheric 

Table 2: Main parameters of the components. 

Table 3 lists the product number of the main hydraulic components on the test rig. The hydraulic valves are selected 
to fulfill the actuation requirements given in Table 1. 

Component Product number 

4/3 Directional valve Rexroth 4WE10G5X/EG24N9K4/M 

Prop. 2/2 directional valve Rexroth KKDSR1NB/HCG24N0K4V 

Check valve Rexroth 043120005603000 

Relief valve Rexroth DBDH6G40012 

Filter Rexroth 50LEN0063-H6XLA00-V5,0-M-R3 

Table 3: Hydraulic component list of the EHA test rig. 

Figure 6 shows the setup of the power electronics. There are two inputs of this device: one with 120VAC which 
is further rectified to 24VDC for the low-voltage control section, the other with 3-phase high voltage (440VAC) 
to drive the electric machine. The power flow from the power source to the electric machine is indicated with red 
arrows. The inverter with the control section regulates the input voltage, so that the permanent magnet electric 
machine can be controlled properly. The ice-cube relays and contactor coils ensure the safety under high-voltage 
operation. The filters eliminate the noise from the raw input power: the mains filter is for the mains power from 
the source to the inverter, and the motor filter is for the power flow from inverter to the electric machine. The 
braking resistor works to dissipate the energy from overrunning load. This is needed because of the absence of, an 
energy storage device (e.g., battery) in this experimental set-up. When implemented in the reference machine, the 
system will use a battery to recuperate energy from overrunning load (e.g., lowering the boom). 
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Figure 6: Power electronics setup to drive the EHA system 

The control section of the inverter (highlighted in yellow block in Figure 6) has local IOs to communicate with the 
main controller developed in Compact RIO controller (CRIO), including analog and digital input/output. Thus, the 
speed command of the EHU can be given via analog joystick signals, and safety can be ensured by connecting E-
stop button to the digital ports.  

Table 4 lists the electrical component list of the inverter setup. 

Component Product number 

Inverter Rexroth HCS03.1E-W0100-A-05-NNNN 

Control Section Rexroth CSH02.1B-ET-EC-EC-NN-NN-NN-FW 

Firmware Rexroth FWA-INDRV*-MPC-21VRS-D5-1-NNN-NN 

Mains filter Rexroth HNK01.1A-A075-E0080-A-500-NNNN 

Motor filter Rexroth HMF01.1A-N0K2-D0073-A-500-NNNN 

Braking resistor Rexroth HLB01.1D-02K0-N03R4-A-007-NNNN 

Table 4: Electrical component list of the inverter setup. 

As an overview, Figure 7 gives a conceptual schematic of the overall experimental setup, (the mechanical structure 
shown in Figure 5, and the inverter setup shown in Figure 6). The data acquisition system is also included in Figure 
7: a joystick as the operator input, CRIO as the central processor and controller, and a laptop to monitor the status 
of the test rig and for data post-processing. The main sensors (e.g., position sensor, pressure sensors, encoder, etc.) 
are given this schematic as well. As now the inverter device is stationary and for industrial usage, the power is not 
from DC bus, but 3-phase AC sources. For the implementation a battery (i.e., DC power) will be utilized as the 
power source. For convenience, the input power denotes as DC bus power in the following paragraphs. 
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Figure 7: Conceptual schematic of the experimental setup 

Figure 8 gives the commissioning steps for the EHU control, particularly for the first run of the unit under speed 
control mode. At the beginning, fundamental parameters of the machine (e.g., peak current, nominal torque, etc.) 
are required, which can be provided from the designer. The temperature model prevents the machine from overheat 
by limiting the operation time under intense conditions (e.g., peak current). The encoder validation requires free 
motion with very low speed (10 rev/min). Then the machine parameters are identified. In the next step, 
commutation (encoder calibration) is conducted, which is very significant for the machine control. 

 

Figure 8: Commissioning steps for the EHU control 

The synchronous machines are only operational when the current in the stator windings is correctly assigned to 
the permanent magnetic field of the rotor. The electric machine is not able to provide the maximum torque with 
the incorrect commutation offset, even risk of moving the machine in an uncontrolled way. However, a good 
commutation usually requires the motor to spin without load, which is a challenge for the novel designed EHU. 
Because the electric machine and hydraulic machine are highly integrated, it is only possible to spin the electric 
motor with the hydraulic machine together. In this case, the starting torque due to the friction of the gears and 
mechanical couplings may impact the commutation in a negative way. Moreover, since there is no external shaft, 
it is challenging to spin the motor by applying an external torque. As a result, the commutation might be not 
optimal with the commission steps of the inverter device. The commutation offset can be adjusted manually in the 
operation, i.e., under the same working condition, setting the offset value around the initial one until the minimum 
torque command is reached. Nonetheless, in this study, the offset impact is negligible. 

After the commutation, the electric machine is fully operational, and it can be used within a speed control algorithm 
within the EHA system. The velocity loop adopts a PI controller, in which the velocity error is the input, and the 
torque command to the electric machine is the output. 

Finally, the communication step aims to integrate the electric machine control with the EHA system. In this study, 
the EHU speed can be commanded via analogy voltage signals. All control functions are achieved in real time 
within CRIO.  
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Figure 9 gives a conceptual scheme of the EHA control: a speed command is given by a joystick. By measuring 
the pressure and displacement of the cylinder, the working mode can be identified, and a desired speed is 
commanded to the EHU. A PI controller is adopted to convert speed to torque command. Hence, the EHU spins 
and deliver flow to the hydraulic system and actuator the cylinder. By the working mode identification, a digital 
signal 𝑖𝑖𝑥𝑥 is given to the directional valve to switch from different modes and on/off. 

 

Figure 9: Control of the proposed EHA system 

Results 

The tests for extension and retraction are conducted with the goal to verify the EHA performance in a realistic 
duty cycle of the compact loader. Hence, the actuation velocities are controlled to fulfill the boom raising and 
lowering cycles, and the load force is set to reflect the loading conditions of the vehicle (i.e., both resistive and 
overrunning conditions). 

Figure 10 represents the experimental results with around 20 kN load force for extension and retraction, which is 
the working condition in quadrant 1 and quadrant 4 in Figure 2. 

 

Figure 10: Experimental results with about 20kN load force applied on the cylinder 

Figure 10a shows the displacement of the cylinder and the actuation velocity. Referred to the time axis, resistive 
extension happens from about 222 s to 224 s, while assistive retraction happens from about 228 s to 229.5 s. 
Because the command is given by an operator via a joystick, in steady state the velocity is not perfectly a constant. 
In transition phases some overshoot may happen due to operator commands. 
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Figure 10b gives the power of the DC bus (demanded power by the inverter), EH unit (i.e., output power to the 
hydraulic circuit in resistive conditions, or input power from the hydraulic system in overrunning conditions), and 
the cylinder. The values are positive in resistive phase and become negative in overrunning conditions. The sign 
of the power gives the direction of the power flow, and the difference of the power reflects the losses in the system. 

The DC bus power is measured directly via the inverter device, which is the input of the overall system. The EHU 
power is calculated as the product of the pressure and flow rate at the pump outlet, as given in Equation (1). 

𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸_𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑄𝑄𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 ⋅ 𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 (1) 

The cylinder power is obtained as the product of the measured actuation velocity and the loading force. The 
formula is given in Equation (2). 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹𝑐𝑐𝑜𝑜𝑙𝑙𝑙𝑙 ⋅ 𝑣𝑣𝑙𝑙𝑐𝑐𝑜𝑜  (2) 

Figure 10c represents the EHU speed and outlet pressure. The piston side pressure of the cylinder is also plotted 
as a comparison. The different between the 𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 and 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐  is the pressure drop through the hydraulic circuit. This 
measurement is conducted with 100% speed command via the joystick, and the flow rate through the valves can 
achieve up to 45 L/min, resulting in the pressure drop of about 10 bar.  

Figure 10d gives the external load force applied to the EHA cylinder by the load module. The force is set to 20 
kN, which is close to the force of the boom cylinder with an empty bucket on the compact loader, as shown in the 
plot. Nonetheless, in a real duty cycle, the load always fluctuates, so the constant load force is not the request for 
the verification of the proposed system. 

Regarding the energy performance, analysis is conducted based on a steady state, as highlighted in Figure 10a. 
This highlighted window shows the steady state for the resistive extension phase, and other working conditions 
will follow the same principle. The recorded data within the steady-state window is averaged in the step range to 
evaluate the energy performance, such as power, efficiency, etc. 

Figure 11 represents the measurements from the inverter device, including the speed (measured from the encoder), 
torque (calculated according to the measured current) in the upper plot, and power (DC bus power, and input power 
of the electric motor) in the lower plot. The difference in the power plot is the losses of the inverter device, which 
is negligible compared to the power level in this application. The efficiency of the inverter device is greater than 
97% in steady state from the measurements. 

 

Figure 11: Power measurements from the inverter setup, cycle with 20kN load 
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Figure 12 gives a graphical representation of the power flow corresponding to the steady state highlighted in Figure 
10 and Figure 11. The numbers indicated in the figure refer to the measured power. From the power source of the 
inverter to the cylinder, the diagram shows the input/output power of each part in the system and the corresponding 
power losses. 

 

Figure 12: Power flow of the proposed EHA, extension and retraction with 20kN load 

In the resistive extension phase, the EHU has the most power losses of 2.45 kW. The overall efficiency of the EHU 
is about 60%. The throttling of the hydraulic circuit wastes 0.79 kW due to the high flow rate required in this 
phase. In assistive condition, the power flow reverses direction. The efficiency of the EHU is still around 60%. 
The throttling loss is 0.93kW, which contributes most of the losses. However, the throttling loss resulting from the 
pressure drop is only related to the flow rate, but not the load force of the cylinder. Hence, better efficiency can be 
expected with a higher load force (here the condition is representative of the empty bucket).  

It is important to observe that past results discussed in [15] showed higher efficiency, close to 70% in the same 
conditions. However, these past results were made by using commercial, non-integrated components for the EHU. 
Therefore, the current energy performance of the prototypes EHU limits the efficiency of the EHA system. This 
penalization is due to the inaccuracies of the EHU design and manufacture. In fact, the EHU is a first prototype 
made straight of the simulation, it does not adopt optimal seals and is suffers from some machining imperfection, 
which could be addressed at a second design refinement phase. According to the power flow scheme, the efficiency 
of the EHU is about 60% in both conditions, and the system efficiency is limited to about 45%.  

To further investigate the performance of the EHU, Figure 13 shows the measurements in terms of the EHU 
efficiencies. 

 

Figure 13: Measurements of the EHU regarding efficiencies 
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The upper plot gives the flow rate, from which the volumetric efficiency can be calculated, as shown in Equation 
(3) for both pumping and motoring modes. 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is obtained at the cylinder ports, so in each transition phase there 
is a delay due to the switch of the directional valve. However, focusing on the steady state this phenomenon does 
not impact. 

𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑣𝑣 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
⁄     𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣,𝑚𝑚𝑣𝑣𝑚𝑚𝑣𝑣𝑚𝑚 = 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑄𝑄𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑣𝑣

⁄ , 𝑄𝑄𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑣𝑣 = 𝑉𝑉𝑖𝑖 ⋅ 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (3) 

The lower plot shows the measured torque. The hydro-mechanical efficiency calculates as in Equation (4). This 
efficiency is for the EHU including the losses of hydraulic machine and electric machine. The electric torque is 
high during transients, because the EHU is commanded to accelerate/decelerate to reach the desired speed value 
in a fast way. 

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚ℎ,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 = 𝑇𝑇ℎ𝑦𝑦𝑖𝑖𝑚𝑚𝑣𝑣
𝑇𝑇𝑚𝑚𝑚𝑚

⁄     𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚ℎ,𝑚𝑚𝑣𝑣𝑚𝑚𝑣𝑣𝑚𝑚 = 𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇ℎ𝑦𝑦𝑖𝑖𝑚𝑚𝑣𝑣
⁄  (4) 

Table 5 summarizes the efficiencies of the EHU in the steady-state conditions. In pumping mode, the speed is 
higher than that of motoring mode due to the operator commands. The outlet pressure is also higher resulting from 
the direction of the flow and the throttling losses in the directional valve. The leakage of the unit is noticeable with 
a volumetric efficiency of 76.1%. The overall efficiency is about 60%. Instead, in the motoring mode, the hydro-
mechanical losses become more obvious, with a hydro-mechanical efficiency of 65%. 

 

 
Pumping mode 

(𝑛𝑛 = 3866𝑟𝑟𝑟𝑟𝑟𝑟, 𝑟𝑟 = 64.5𝑏𝑏𝑏𝑏𝑟𝑟) 

Motoring mode 

(𝑛𝑛 = −2901𝑟𝑟𝑟𝑟𝑟𝑟, 𝑟𝑟 = 37.1𝑏𝑏𝑏𝑏𝑟𝑟) 

Volumetric 
efficiency 𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 

76.1% 93.9% 

Hydro-mechanical 
efficiency 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚ℎ  

78.9% 65.0% 

Overall efficiency 
𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸 

59.9% 61.1% 

Table 5: The efficiencies of the EHU during the steady state operation. 

The proposed EHA system is capable of four-quadrant functionality. To verify it, assistive extension and resistive 
retraction phases are also tested. Figure 14 shows the one example with loading force of about -10kN (i.e., the 
force direction is opposite to the conditions given in Figure 10). These operation points are included in the quadrant 
2&3 in Figure 2. The definition of Figure 14(a-d) is the same with Figure 10(a-d). The analysis of the energy 
performance and efficiency calculations can be conducted with the same methods detailed in the previous 
paragraphs. The load drive of the test rig is not good at controlling relative low force (<10kN), because it is sized 
for the boom raising/lowering cycle, not the bucket cycle shown in Figure 14. Hence, the steady state is not as 
good as the one shown in Figure 10, especially during retraction. Nevertheless, regarding the energy performance 
the boom cycle is the focus because of the greater power level and more potential to recuperate energy. More 
studies would be conducted when implementing the EHA system on the reference vehicle. 
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Figure 14: Experimental results with about -10kN load force applied on the cylinder 

To summarize the energy performance in four quadrants, Figure 15 shows the efficiencies using a bar 
representation for the EHA system and the EHU. The icon of the compact loader represents the four-quadrant 
working conditions corresponding to Figure 2 (i.e., raising/lowering boom, tilting bucket up/down). As shown in 
the figure, all four-quadrant functionality of the proposed EHA is verified under realistic loading cycles. The 
system efficiency is not quite high due to the limitation of the EHU performance. The EHU under test is a 
prototype, so its performance can be improved with certain adjustment in the manufacture or assembling process. 

 

Figure 15: Energy performance in four-quadrants of the proposed EHA system 

Conclusion 

The paper presented the experimental verification of an open-circuit EHA system with a novel-designed EHU. 
The open-circuit design of the EHA represents an effective solution to implement distributed throttle-less hydraulic 
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actuation, keeping a centralized layout for the tank and the oil conditioning system. The proposed layout allows 
implementing the EHA without requiring substantial modification of existing cylinders present in a vehicle. The 
EHU integrates an external spur gear machine and a permanent magnet synchronous machine without an external 
shaft. Thus, the design has enhanced compactness and power density. The system performance is verified on a 
dedicated test rig, which can control the load force of the cylinder actively. Experimental results validate the system 
functionality for operation in four quadrants with respect to commanded speed and external load. The measured 
efficiency of the system can reach 54% and, as of now, is limited by the efficiency of the EHU prototype which is 
about 60% in pumping and motoring modes with 20 kN load. This study is a showcase of the proposed EHA 
system, thus opening new possibilities for a new generation of EHA that are more practical for implementation 
with less special requirements.  

Future work will extend the test working conditions to explore the full spectrum of loads before the actual 
implementation in the reference off-road vehicle. Refinements on the EHU design, particularly on the EHU unit, 
will be made to allow higher efficiency.  
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Nomenclature 

Variable Description Unit 

𝑝𝑝 Pressure [bar] 

𝑄𝑄 Flow rate [L/min] 

𝑥𝑥 Actuator displacement [m] 

�̇�𝑥, 𝑣𝑣 Velocity [m/s] 

F Force [N] 

𝑇𝑇 Torque [Nm] 

𝑇𝑇∗ Torque command [Nm] 

𝑛𝑛 Angular speed [rpm] 

𝑃𝑃 Power [W] 

𝑉𝑉𝑑𝑑  Pump displacement [cc/rev] 

𝜔𝜔 Angular speed [rad/s] 

𝜔𝜔∗ Speed command [rad/s] 

𝑖𝑖 Joystick command [-] 

𝜂𝜂 Efficiency [-] 

𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 Volumetric efficiency [-] 

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚ℎ  Hydro-mechanical efficiency [-] 
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In order to improve the electric driving advantage of electric construction machinery and improve the energy 
efficiency of the vehicle, the hydraulic torque converter coupled with the planetary gear transmission with low 
transmission efficiency in traditional models is cancelled, and the driving electric motor directly drives a self-
developed power shift transmission is employed. The movement state of the wet clutch in each stage is analysed, 
and a simplified dynamic model of the shift process of the drive electric motor power shift transmission is 
established. Aiming at the non-linear and time-varying system in the shifting process of the electric ideal 
transmission scheme, a non-power interruption shifting strategy of electric loader based on the coordinated control 
of driving electric motor and wet clutch is proposed. By the coordinated control of clutch pressure and drive electric 
motor speed, torque closed-loop, the ideal pressure build-up stage adaptive control is realized. In the inertia phase, 
the sliding friction controller is designed, and the PID algorithm is used to control the drive electric motor to output 
the appropriate torque, so that the engaged wet clutch speed difference can track the desired speed difference 
trajectory. Finally, the co-simulation model based on AMESim and Matlab/Simulink is studied, and the test 
platform is built to verify the effectiveness of the control theory and control strategy, which provides a reference 
for the transmission system scheme and shift control of electric construction machinery in the future. 
Keywords: Construction machinery, pure electric drive, transmission, electro-hydraulic control, power 
uninterrupted, shift quality  
Target audience: Mobile hydraulics, Travel drive, Design process 

1 Introduction 

To cope with global climate change, the "double carbon" goal of "carbon peak" in 2030 and "carbon neutralization" 
in 2060 are put forward by China at the 75th United Nations General Assembly. It appeared on the work report of 
the Chinese government during the national two sessions in 2021. The traditional off-road mobile machinery takes 
the internal combustion engine as the main driving component, which has the problems of high pollutant emission, 
high noise and low efficiency.  The industry is facing transformation, upgrading and technological innovation [1]. 
With the increasingly strict emission requirements of various countries and the rapid development of three electric 
technology, pure electric drive has become one of the ideal driving modes of construction machinery because of 
its advantages of zero emission, low noise and high efficiency [2]. Among them, the loader as a typical type of 
construction machinery, compared with electric vehicles, its working conditions are complex and diverse. To make 
sure the power system has a large torque range during working and wide speed range during transfer.  In addition, 
it is inevitable that severe vibration and poor stability during working and driving on unstructured roads. So switch 
gears frequently are needed to ensure power demand, and the electric vehicle transmission scheme of electric 
motor-driven reducer is not suitable for loaders. Therefore, using the electric motor with a wider working range 
and the power shift transmission will become one of the more reasonable driving schemes of the electric loader. 
According to statistics, the loader can shift thousands of times per hour, with an average of 3.6 seconds [3]. As 
one of the core components of its power transmission and multi plate wet friction clutch have incomparable 
advantages over other transmission components [4]. Because of its complex and uncertain dynamic engagement 
process, it has become one of the core technologies of transmission power transmission control. 
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Scholars at home and abroad have done a lot of research on improving shift quality. Oh et al. [5-7] established an 
adaptive multi observer system, and Walker et al. [8] designed a joint extended Kalman filter and a double extended 
Kalman filter to estimate and track the transmission torque of the clutch during shifting. Hu et al. [9] solved the 
internal and external interference in the shift process based on the back-stepping method, Wu et al. [10] based on 
Hamilton Jacobi inequality, Kim [11] and other adaptive controllers based on position tracking, and improved the 
robustness of the system. Gao, Chen et al. [12] proposed a reduced order clutch pressure observer, Chen et al. [13] 
established a dynamic model to analyse the shift process and proposed adaptive control. Li et al. [14] used hp 
adaptive Legendre-Gauss-Radau positive mating point method to optimize the clutch/brake oil pressure trajectory 
in the shift process. 

For electric loader, the study is few on the shift process of power shift transmission directly driven by electric 
motor.  

The traditional internal combustion engine - torque converter - transmission scheme will be replaced by the motor 
- transmission. Compared with the internal combustion engine, the electric motor does not need to idle, and it has 
the characteristics of strong overload capacity and excellent dynamic performance of speed and torque regulation, 
which provides the basis for the redesign of the electric loader transmission system scheme and will largely 
improve the efficiency of the vehicle transmission. However, due to the change of transmission mode from 
hydraulic transmission to mechanical transmission, the dynamic load in the vehicle transmission system increases 
and the adaptive control of the torque converter have to be completed by the active control of the drive motor. To 
deal with the above problems, the coordinated control of drive electric motor and wet clutch is particularly 
important, so this paper mainly focuses on the transmission scheme of power shift transmission directly driven by 
electric construction machinery electric motor. For giving full play to the advantages of electric drive speed 
regulation, excellent torque regulation performance and uninterrupted power of power shift transmission, this 
paper studies the dynamic model and shift law. It is proposed to find out the power shift strategy of coordinated 
control between the driving electric motor and the electro-hydraulic shift control system of wet clutch in the 
dynamic process of shift, so as to realize the ideal transmission scheme of electric construction machinery, shift 
process and optimize shift quality. 

2 Scheme and modelling of traveling system of electric loader 

To make the shift control strategy better applicable to electric construction machinery, this study introduces the 
principle of the proposed electric loader travel system solution and analyses and models the shift process. 

2.1 Vehicle traveling system scheme 

Figure 1 shows the schematic diagram of the traveling system of the electric loader. Its power unit includes: power 
battery, battery management system (BMS) and power distribution unit (PDU); the control unit includes: cab 
control signal, transmission control unit (TCU) and electro-hydraulic shift control system. The drive unit includes: 
electric motor controller (MCU), drive electric motor and hydraulic electric motor pump; the working unit includes: 
power shift transmission, actuator oil cylinder, etc. To realise decoupling of hydraulic and walking system, on the 
vehicle power scheme, a distributed electric motor drive scheme is proposed. The traditional internal combustion 
engine is replaced by the walking drive electric motor and hydraulic drive electric motor. After decoupling, the 
hydraulic torque converter in the traditional hydraulic transmission is cancelled by taking advantage of the 
excellent characteristics of the electric motor and the advantages of active control. The walking drive electric 
motor directly drives the independently developed four degree of freedom fixed axis power shift transmission 
without torque converter. It has the following advantages: 1) it improves the working efficiency of vehicle 
transmission and actuator; 2) It reduces the installation space of external oil circuit and torque converter; 3) 
Independent control improves the reliability of the vehicle, and provides more space for pure electric drive to give 
full play to its advantages of energy saving and manoeuvrability. 
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Figure 1: Schematic diagram of traveling system of electric loader. 

2.2 Principle of electro-hydraulic shift control system 

Figure 2 shows the schematic diagram of electro-hydraulic shift control system of electric loader. After pressure 
regulation by the overflow valve, the hydraulic oil supplies oil to the proportional solenoid valves of forward first 
gear, forward second gear and reverse gear. TCU implements the shift control strategy to accurately control the 
solenoid valve, improve the reliability and quality of shift, and realize the smooth combination of all gears. The 
clutch return oil first passes through the throttle valve, and then passes through the cooler together with the 
overflow valve outlet. The oil enters the lubricating oil circuit after heat dissipation to provide cooling oil for the 
transmission. The purpose of the throttle valve is to prevent the overlapping process between the disengaged clutch 
and the engaged clutch from being affected by too fast pressure relief. 
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1-transmission oil outlet 2-shift electric motor 3-hydraulic pump 4, 7, 25-check valve 
5-filter 6-overflow valve 8, 15, 19-pressure transmitter 9, 11, 21, 23-solenoid valve  

10-forward clutch 12-reverse clutch 14-1st clutch 18-2nd clutch 13, 17-proportional solenoid valve 
16, 20-throttle valve 22-high and low speed mode switching cylinder 24-cooler 

26-transmission lubrication return port 
Figure 2: Schematic diagram of electro-hydraulic shift control system for electric loader. 

2.3 Theoretical analysis and modelling of shift process 

Figure 3 shows a simplified dynamic model of the traveling transmission system of the electric loader. In the 
modelling process, make ideal basic assumptions for the system and ignore the factors that will not affect the shift 
dynamics analysis [15]. The model simplifies the complex shift process into the switching process between clutch 
C1 and clutch C2. In the figure, it is assumed that C1 is the disengaged clutch and C2 is the engaged clutch; C1i  
and C2i  are the transmission ratios when the C1 and C2 clutches of the transmission are fully engaged; '

1i  and '
2i  

are the transmission ratios from transmission input shaft to C1 and C2 driving ends respectively; 1i  and 2i  are the 
transmission ratio from C1 and C2 driven end to transmission output shaft respectively; vi  is the product of the 
transmission ratio of the main reducer and wheel reducer of the vehicle; mT  is the input torque of the electric motor; 

C1T  and C2T  are C1 and C2 transmission torque respectively; oT  is the transmission output torque; vT  is the 
vehicle load torque; mn , m , on  and o  are electric motor input, transmission output speed and angular speed 
respectively; mI  and vI  are the moment of inertia of the electric motor and the vehicle respectively. 
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Figure 3: Simplified dynamic model of traveling transmission system of electric loader. 

The shift process is divided into the following stages: 

(1) Pre shift stage: C1 is fully engaged, C2 is completely separated, and the vehicle is in a stable driving state with 
C1 working. The equation of this stage is as follows: 

'
C1 1 m

C2
'

o 1 1 m C1 m

0

= =

T i T
T

T i i T i T

 






 (1) 

(2) Shift torque phase: C1 oil pressure drops and C2 oil pressure rises. At this time, C1 clutch is still in the engaged 
state, C2 clutch enters the sliding friction state and transmits part of the torque. The transmission torque is 
determined by the oil pressure, the transmission ratio is still determined by C1 clutch, and there is no sharp change 
in the angular velocity of each component. The equation of this stage is as follows: 
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Where:  is the clutch friction coefficient; cS is the piston area of piston cylinder, m2; mR is the average effective 

diameter of the friction plate, m; N is the number of friction faces; clP  is the clutch engagement oil pressure, MPa. 

(3) Shift inertia phase stage: C1 enters the sliding friction state from combination, C2 is in the sliding 
friction state until the inertia phase ends and enters the combination state. At this time, the input shaft 
of the transmission changes. Under the ideal lapping, the transmission ratio gradually transitions from 

C1i to C2i . The equation at this stage is as follows: 
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(3) 

(4) Stage after shifting: C1 is completely separated and C2 is fully engaged, and the vehicle is in a stable driving 
state with C2 working. The equation of this stage is as follows:  

C1
'

C2 2 m
'

o 2 2 m C2 m

0

= =

T

T i T

T i i T i T








 (4) 

In particular, when the torque phase overlaps with the inertia phase during gear shifting, if the C1 oil pressure 
drops too fast or the C2 oil pressure rises too slowly in the torque phase, it will indicate that the torque transmitted 
by C2 is insufficient to overcome the current driving resistance when the torque phase is about to end C1 0T  . C1 
still needs to participate in transmitting part of the torque to overcome the resistance together, resulting in the 
interruption of the power part of the vehicle. Meanwhile, the overflow power will cause the input shaft to speed 
up, increase the inertia phase speed regulation range and speed synchronization time, which is not conducive to 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

109



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

gear shifting. On the contrary, if the C1 oil pressure drops too slowly or the C2 oil pressure rises too fast in the 
torque phase, it will make that the torque phase is about to end C1 0T  . It shows that the torque transmitted by C2 
is greater than the current driving resistance, and C1 will transmit reverse torque to offset part of the forward torque 
transmitted by C2, resulting in part of the power cycle. 

3 Control strategy 

The shift quality is mainly evaluated from three aspects: jerk, sliding friction work and shift time. 

For the derivation of the longitudinal acceleration of the vehicle with respect to time, the change rate of jerk and 
transmitted torque is approximately expressed as: 

22
o o

2 2
v v v

=
d dTda d v R Rj

dt i i I dtdt dt


    (5) 

Where: a is the vehicle longitudinal acceleration, m/s2; v is the vehicle working speed, m/s; R  is the wheel radius, 
m. 

During shifting, the driving and driven friction plates slide against each other. The work consumed by the clutch 
is sliding friction work, and its mathematical expression is approximately as follows: 

 2

1

'
c c c c

t

t
W T dt    (6) 

Where: 1t is the time when the engaged clutch begins to slip, s; 2t is the time when the clutch stops sliding, s; cT  is 
the clutch transmission torque, N m ; '

c is the angular speed of clutch active friction plate, rad/s; c is the angular 
speed of the clutch driven friction plate, rad/s. 

Shift time is a comprehensive index that can reflect the shift quality. On the basis of ensuring smooth shift, the 
shift time should be shortened as far as possible. Its mathematical expression is: 

3 0t t t   (7) 

Where: 0t is the time when the shift command is issued, s; 3t is the time when the clutch is fully engaged, s. 

3.1 Adaptive control strategy of wet clutch 

Through the analysis of the shift process, the following shift control strategies are proposed: it is difficult to ensure 

C1=0T  when the torque phase is excessive to the actual lap moment of inertia phase. The input shaft speed increase 
caused by C1 0T   will cause the actual transmission ratio to be greater than C1i , and the phenomenon of 
insufficient power during the vehicle shift process will be unfavourable to the shift, which should be avoided. 

C1 0T   shall be ensured at the end of torque phase, and the actual transmission ratio shall be less than C1i , which 
is conducive to gear shifting. However, the absolute value of C1T  should be kept as small as possible to prevent.  

From equations (5) and (3), it shows that the jerk is directly proportional to the derivative of oT , and the shift 
torque phase and inertia phase oT  are directly proportional to clP . Therefore, the reasonable control of clutch 
engagement pressure during gear shifting will directly affect the impact of the vehicle. Due to the poor working 
conditions and environment of construction machinery, it has a great impact on parameters such as oil pressure, 
oil temperature and wear. The system leakage and solenoid valve response lag are also having the influence, that 
the shift control is a typical nonlinear and time-varying system [16].  Designing a real closed-loop controller to 
complete the shift may not be a very ideal way, and the calibrated linear parameters of full open-loop control does 
not have the ability to adapt to the construction machinery with long-term working.  It lacks of robustness. 
Therefore, the core of control is to establish and optimize the reference model. In this paper, pulse width 
modulation (PWM) is used to control the output of proportional solenoid valve in stages. According to the 
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engagement characteristics of wet clutch, the C2 reference model of engaged clutch can be divided into four stages 
for control. Figure 4 shows the results of three shift lapping and oil pressure control. 
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Figure 4: Three kinds of shift overlap and oil pressure control.  

Rapid oil charging stage AB: after the shift command is issued, the duty cycle of the control solenoid valve is 
100%for pushing the piston to gradually eliminate the idle stroke of the clutch. 

Hold phase BC: when the volume ratio near 1t  is about to be completed, the solenoid valve duty cycle is controlled 
to fall rapidly until the pressure reaches the value at the end of the clutch filling, then it enters a holding state to 
prevent shocks caused by sudden changes in torque due to the rapid rise in pressure at the end of the filling. 

Slow boost phase CD: when TCU monitors that the speed difference '
dn  at the driving and driven ends of C2 

begins to decrease, the drive electric motor enters the inertia phase closed-loop speed synchronization phase. This 
is to ensure the smoothness of the speed difference curve during synchronization and control the duty cycle to 
maintain the current pressure. But in fact, in the process of speed synchronization, the sliding friction speed has 
an impact on the friction coefficient [17]. Therefore, the pressure in this stage has a slow upward trend. At the 
same time,   to ensure the smooth completion of the gear change process, when setting the slope of the pressure 
rise in this phase, the slope of the clutch pressure rise (i.e. the rate of change of the torque transmitted in the slip 
phase) should be initially set according to the feedback torque mT of the drive motor at the moment of the shift (i.e. 
reflecting the current load conditions of the vehicle) and the speed difference required for synchronisation in the 
inertia phase, and in accordance with the clutch pressure-transmission torque characteristics and the speed 
difference synchronisation-time characteristics. 

According to the strict requirements of construction machinery for power and the second for comfort, the impact 
shall be reduced as much as possible on the premise of ensuring the shift time. The expression of speed difference 

'
dn  in the above is: 

' m
d o 2

2 '

= nn n i
i

  (8) 

Fast boost stage DE: when '
d =0n  is detected (i.e. the speed at the driving and driven ends of the clutch is 

synchronized), the control duty cycle rises rapidly to 100% to complete the shift process. 

This stage is based not only on the clutch pressure and the drive motor torque and speed as well as the transmission 
output shaft speed sensor feedback, but also on the deviation of the reference model's output values from the actual 
values.  In this paper, the initial charge time and torque phase set by the reference model, the inertia phase lap time 
and pressure-transfer torque characteristics, and the differential speed synchronisation-time relationship are 
adaptively adjusted and stored in the TCU registers to ensure that the shift lap control principles mentioned above 
are met at the next shift and to better formulate the pressure rise ramp in each stage. Figure 5 shows the adaptive 
control strategy of wet clutch. 
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Figure 5: Adaptive control strategy of wet clutch. 

3.2 Design of inertial phase sliding friction controller 

As the wet clutch is locked (i.e. when the inertia phase speed is about to be synchronized), C2 will change from 
dynamic friction to static friction, resulting in a step change of transmitted torque. In order to avoid the impact of 
the vehicle, the driving and driven speeds of the clutch shall meet the following requirements: 

1) 2 1t t  meet the shift time requirements; 2) At the end of inertia phase, the speed change rate of C2 driving and 
driven ends is 0; 3) To make the torque of the driving electric motor smoother, the speed change rate at the initial 
moment of inertia phase should be as small as possible; 4) The speed synchronization process shall be smooth. 

In this paper, the third-order polynomial of time speed difference in equation (9) is used to meet the requirements 
of inertial phase speed synchronization, and equation (10) is its derivative. The desired speed difference reference 
trajectory is shown in Figure 6. 
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Where: dn is the expected speed difference, r/min; *
dn  is the speed difference of the engaged clutch at 1t , r/min. 

In the process of inertia phase C2 speed synchronization, this study control the output torque of the drive electric 
motor to change the speed of C2 driving end. Since this is a nonlinear time-varying control system, the PID 
controller is used to follow the desired speed difference reference track, and equation (11) is the relationship 
between input and output in the controller. Fig. 7 shows the desired speed difference reference trajectory tracking 
control algorithm. 

       '
m p i d

d
d +

d
e t

T t K e t K e t t K
t

    (11) 

Where: '
mT is the controller output (i.e. torque request value), N m ;  e t is the controller input (i.e. the deviation 

between the actual speed difference and the expected speed difference), r/min; Kp, Ki and Kd are proportional 
coefficient, integral coefficient and differential coefficient respectively. 
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Figure 6: Desired speed difference 
reference track. 

Figure 7: Desired speed difference reference trajectory tracking 
control algorithm. 

To sum up, the control flow chart developed according to the shift control strategy is shown in Figure 8. 
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Figure 8: Shift control flow chart of electric loader. 

4 Simulation research 

Based on AMESim and Matlab/Simulink, an electro-hydraulic simulation model of the walking system of a 50 
electric loader is established to verify the effectiveness of the proposed shift control strategy. Figure 9 shows the 
simulation model. Table 1~3 show the main technical parameters required for simulation. 

 

Figure 9: Electro-hydraulic simulation model of walking system of a 50 electric loader 

Parameter Company Value Parameter Company Value 

Piston outer diameter mm 185 Preload of return spring N 1200 

Piston inner diameter mm 139 
Viscous damping 
coefficient of oil 

N/m 100 

Piston stroke mm 3 Pump speed r/min 1500 

Mass block mass kg 4.5 Pump delivery cc/rev 10 

Return spring stiffness N/m 30000 
System working stability 

pressure 
MPa 1.8 

Table 1: Main parameters of wet clutch 
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Parameter Value Parameter Company Value 

Low speed mode 
1st gear 3.488 

High speed mode 
1st gear 1.126 

2st gear 1.806 2st gear 0.583 
Table 2: Transmission ratio parameters of each gear 

Parameter Company Value Parameter Company Value 

Vehicle weight kg 17400 Drive axle speed ratio - 4.375 

Motor moment of inertia kg·m2 1.650 Wheel side speed ratio - 5.154 

Vehicle moment of inertia kg·m2 22.346 Tire radius m 0.808 

Table 3: Main parameters of a 50 type loader 

Because the downshift and upshift are similar in principle, this paper only analyses the upshift process. According 
to the previous traveling system scheme, control strategy and relevant system parameters of the electric loader, the 
proposed control strategy is simulated and compared with the constant torque output strategy of the driving electric 
motor [18]. When the set speed is reached, the upshift command is issued. The simulation results are as follows: 
pressure, torque, speed, transmission ratio, sliding friction work, vehicle speed, acceleration and jerk from top to 
bottom, and given in Figure 10. 
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(b) Torque 
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(c) Speed and transmission ratio 
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(d) Sliding friction work 
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(e) Vehicle speed, acceleration and jerk 

Figure 10: Comparative simulation results of upshift process. 

As the Figure 10 shows, at 11.1 s, the upshift starts. The PWM output is controlled according to the current and 
pressure characteristics of the proportional solenoid valve to complete the phased adaptive control of the wet clutch. 
When entering the torque phase, the driving electric motor torque remains constant, the C2 transmission torque 
increases with the increase of pressure, and the C1 transmission torque decreases with the decrease of pressure. 
The transmission output torque gradually transits from the initial C1 output to C2 output, and the speed output is 
still determined by C1. At 10.6 s, the ideal lap condition C1=0T is reached. The transition from torque phase to 
inertia phase is achieved.  During the inertia phase, the drive motor is controlled by a constant torque and the C2 
active end by a slow pressure rise passively controls the drive motor speed regulation. This allows the speed to 
gradually approach the slave end and completes the speed synchronisation at the end of the inertia phase at 12.2 s. 
Under the sliding friction control of the drive electric motor, the control of C2 oil pressure can provide basic 
transmission torque. The output torque speed regulation of C2 active end is actively controlled by the drive electric 
motor. While meeting the output torque of the transmission, the speed regulation is quickly completed at 11.9 s, 
and the pressure quickly rises to the set value of the system to complete the shift. 

The designed inertia phase sliding friction controller makes the drive electric motor better follow the speed 
synchronization stage of the engaged clutch. Compared with the simple hydraulic control and the constant torque 
output of the drive electric motor, the closed-loop speed regulation of the drive electric motor can give full play to 
the advantages of electro-hydraulic cooperative control for more optimal power shifts. Under the constant torque 
control strategy, set the pressure rise slope to meet the inertia phase duration of 0.6 s, the maximum jerk amplitude 
of the vehicle in the shift process occurs in 12.2 s, the moment of dynamic and static friction state transition of the 
wet clutch is -16.74 m/s3, the sliding friction work is 1956 J, and the inertia phase duration is 0.6 s. Under the 
sliding friction control strategy, on the premise that the expected speed difference tracking duration 2 1t t－ in the 
inertia phase is set to 0.3s, the maximum jerk amplitude of the vehicle during gear shifting is -1.96 m/s3 at 11.9 s, 
the sliding friction work is 450 J, and the duration of the inertia phase is 0.3 s (since most of the time required for 
torque phase depends on the volume ratio of the clutch, only the inertia phase time is considered here) In contrast, 
when the inertia phase time is shortened by 50%, the jerk is still greatly optimized and the sliding friction work is 
greatly reduced. In conclusion, the simulation results show that the proposed shift strategy for electric loaders 
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without power interruption based on coordinated control of the drive motor and wet clutch can realise the shift 
process and optimise the shift quality of the ideal transmission scheme for electric construction machinery. 

5 Experimental research 

In order to further verify the feasibility of the proposed walking system scheme of electric loader and its 
coordinated control strategy based on driving electric motor and wet clutch, a test bench is designed and built 
independently. Figure 11 shows the comprehensive test bench of Electro-hydraulic Transmission System of 
electric construction machinery. The test bench mainly includes the previous vehicle walking system scheme and 
the eddy current brake for load simulation. 

 

Figure 11: Comprehensive test bench for Electro-hydraulic Transmission System of  

electric construction machinery. 

Figure 12 shows the test results of constant torque control upshift. Send the upshift command at 43.92 s, and the 
transmission output torque drops to near the torque required for the second gear in the torque phase. It transits 
from torque phase to inertia phase around 44.65 s. With the increase of pressure, the speed difference between C2 
driving and driven continues to decrease, the output torque also reaches the maximum value 202 near the speed 
synchronization, and ends the inertia phase stage at 45.22 s.  Then, the pressure rises to the set value of the system 
to complete the shift. Lastly, the pressure rises to the set value of the system to complete the gear shift. During the 
shift, the maximum amplitude of jerk is -12.83 m/s3, the work done by sliding friction is 1917 J, and the duration 
of inertia phase is 0.57 s. Figure 13 shows the test results of sliding friction control upshift. The upshift command 
is issued at 46.44 s, and the torque phase is similar to the above processing. At 47.23 s, the speed of the driving 
electric motor decreased and entered the inertia phase. Since there was no clear time mark between the torque 
phase and the inertia phase, it is lag to some extend in using the drive motor speed as the entry marker. So the 
sliding friction controller began to function at 47.27 s. In the inertia phase, the actual clutch speed difference tracks 
the desired speed difference trajectory, and the drive electric motor provides the required speed regulation torque 
to accelerate the process, which is completed at 47.56 s. The recommended limit value of vehicle jerk in China is 
17.64 m/s3 and that in Germany is 10 m/s3. During the shift, the maximum amplitude of jerk reaches the limit value 
of -6.15 m/s3, the work done by sliding friction is 686 J, and the duration of inertia phase is 0.33 s. Compared with 
the constant torque control, the jerk is reduced by 52.1 %, and the sliding friction work is reduced by 64.2 %. The 
duration of the inertial phase was reduced by 42.1 %. In addition, compared with the actual speed difference, the 
maximum tracking error of the expected speed difference curve of the sliding friction controller is 21 r/min, which 
is less than the steady-state error within 10 % of the tracking value. In summary, the test results are consistent with 
the joint simulation results and the established control strategy. Therefore, the walking system scheme of electric 
loader and the shift strategy of coordinated control between driving electric motor and clutch proposed are feasible. 
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(a) Pressure, speed and torque. (b) Speed, acceleration, jerk and sliding friction work. 
Figure 12: Constant torque control upshift test results. 
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(a) Pressure, speed and torque. (b) Speed, acceleration, jerk, tracking error and sliding friction work. 
Figure 13: Constant torque control upshift test results. 

6 Conclusion 

(1) The innovation of walking system scheme for electric loader is put forward. In order to take the advantages of 
electric transmission, the hydraulic torque converter scheme on the traditional model is cancelled, and the drive 
electric motor directly drives the transmission, which improves the transmission efficiency to a great extent. The 
distributed multi electric motor scheme is adopted to understand and couple the driving units of the loader, which 
makes it possible to play a better manoeuvrability and energy-saving type. 

(2) A simplified dynamic model of transmission system is established, and the shift process is analysed. Aiming 
at the system scheme of electric loader, a power uninterrupted shift strategy based on the coordinated control of 
driving electric motor and wet clutch is proposed. Finally, the joint co-simulation and platform test based on 
AMESim and Matlab/Simulink are built to verify the effectiveness of the proposed phased adaptive control and 
sliding friction controller. Compared with the uncontrolled constant torque control scheme, the jerk, sliding friction 
work and shift time in the shift process are effectively optimized, and the torque of the transmission output shaft 
changes smoothly without power interruption. Furthermore, compared with the traditional loader, the shift quality 
is greatly improved, which provides a reference for the scheme of electric construction machinery walking system 
and the coordinated control of drive electric motor and wet clutch during shift. 

(3) This paper only studies the coordinated control strategy of driving electric motor and wet clutch in the shift 
process, and lacks of the research on the optimal control of them. This part of the research content will be one of 
the key points of further research. 
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Nomenclature 

Variable Description Unit 

C1i  Transmission ratio when C1 clutch is fully engaged [-] 

C2i  Transmission ratio when C2 clutch is fully engaged [-] 

'
1i  Transmission ratio from transmission input shaft to C1 driving end [-] 

 '
2i  Transmission ratio from transmission input shaft to C2 driving end [-] 

1i  C1 transmission ratio from driven end to transmission output shaft [-] 

2i  C2 transmission ratio from driven end to transmission output shaft [-] 

vi  Product of transmission ratio of main reducer and wheel reducer of the vehicle [-] 

mT  Electric motor input torque [ N m ] 

C1T  C1 transmission torque [ N m ] 

C2T  C2 transmission torque [ N m ] 

oT  Transmission output torque [ N m ] 

vT  Vehicle load torque [ N m ] 

mn  Electric motor input speed [r/min] 

m  Electric motor input angular speed [rad/s] 

on  Transmission output speed [r/min] 

o  Transmission output angular speed [rad/s] 

mI  Electric motor moment of inertia [kg·m2] 

vI  Vehicle moment of inertia [kg·m2] 

  Clutch friction coefficient [-] 

cS  Piston area of piston cylinder [m2] 

N Number of friction faces [-] 

clP  Clutch engagement oil pressure [MPa] 

a  Vehicle longitudinal acceleration [m/s2] 

v  Vehicle working speed [m/s] 

R  Wheel radius [m] 

1t  The time when the engaged clutch begins to slip [s] 

2t  Clutch stop sliding time [s] 

cT  Clutch transmission torque [ N m ] 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

118



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

'
c  Angular speed of clutch active friction plate [rad/s] 

c  Angular speed of the clutch driven friction plate [rad/s] 

0t  Time when the shift command is issued [s] 

3t  Time when the clutch is fully engaged [s] 

'
dn  Speed difference between driving end and driven end of clutch [r/min] 

dn  Expected speed difference [r/min] 

*
dn  speed difference of the engaged clutch at 1t  [r/min] 

'
mT  Controller output (i.e. torque request value) [ N m ] 

 e t  controller input (i.e. the deviation between the actual speed difference and the 
expected speed difference) 

[r/min] 

Kp proportional coefficient [-] 

Ki integral coefficient [-] 

Kd differential coefficient [-] 
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Eva Holl * 

Johannes Kepler University Linz, Institute of Machine Design and Hydraulic Drive,  
Altenbergerstraße 69, A-4040 Linz, Austria 

E-Mail: eva.holl@jku.at 

A novel kinematic mechanism supports the movement of the elbow joint during weight lifting. The development 
focuses on a compact arrangement of the mechanism to increase the wearing comfort. The elbow mechanism is 
supported by the hydraulic drive. The backpack carries the hydraulic supply system and battery. The shoulder joint 
system realizes full three rotary degree of freedom movability centered to the shoulder joint. The hinges are 
positioned with low distal space to the shoulder joint and enable passive motion of the exoskeleton shoulder joint. 
A rotational plate close to the wrist realizes the rotation of the lower arm.  

Keywords: Exoskeleton, hydraulic actuated, novel kinematic mechanism, upper limb 
Target audience: Mobile Hydraulics, Special Applications 

1 Introduction 

Variety of human motion can be assisted by exoskeletons. The central general demands on the design of an 
exoskeleton are low weight and compact design, mainly characterized by a low distal space; both demands are 
central for the wearers comfort. Therefore, compactness is also the main objective of the presented hydraulically 
actuated upper limb exoskeleton. The unrivalled force density is the main argument to select hydraulics as 
actuation technology. The supported joint is mainly intended for heavy load lifting in occupational activities. 

The exoskeleton elbow joint is actively supported by a hydraulic cylinder. This cylinder is connected to the elbow 
joint by a special mechanism. The cylinder acts twofold by its two joints via cranks on the exoskeleton arm. At 
one side, the cylinder joint acts directly on one crank. The piston hinge on the other side, which is guided along a 
linear notch at the upper arm, pulls via a connection rod on a second crank. This kinematics achieves low crank 
lengths to reduce the space occupied by the drive system in the elbow joint area. The mechanism is optimized with 
respect to constant cylinder force and low lateral distance perpendicular to upper arm direction. A genetic 
algorithm is applied to obtain the Pareto optima with respect to these two criteria. The optimization parameters are 
the lengths of the cranks and the rod, the angular position of the cranks at a reference position, and the position 
and inclination of the guideline of the cylinder rod hinge point. 

The wearer of the exoskeleton controls the movement by its nervous system and muscles, the exoskeleton provides 
only support in load lifting by a certain percentage. A characteristic muscular force is sensed by an 
electromyography sensor and is fed as an input signal to the hydraulic actuation system. The actuator generates 
elbow torque for the motion of flexion proportional to this sensor signal. An electrohydraulic system composed of 
a speed variable electric motor and a constant displacement pump creates the cylinder pressure, which is necessary 
for generating the force needed for the desired load lifting support [1]. The actuator system constitutes a closed 
hydraulic circuit. Only off the shelf components are used. A low pressure accumulator serves as tank to compensate 
for the single rod cylinder flow mismatch and to create sufficient hydraulic force on the rod side to overcome 
resistive force due to friction in lowering motion. All hydraulic components, except the hydraulic cylinder, are 
placed in the backpack, to keep the weight of the components away from the limb. The hydraulic cylinder is placed 
on the exoskeleton upper limb in a compact arrangement. 
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2 Development of the novel kinematic mechanism 

The mechanism linking the hydraulic cylinder with the elbow joint of the exoskeleton is developed as compact as 
possible. The lower arm rotates with two cranks around the elbow joint. The cranks are linked to the hydraulic 
cylinder and the connecting rod, which are on other side assembled in a guideway. The guideway predicts the 
geometric size of the mechanism and the provided force for motion. The geometric dimensions are described as in 
Figure 1 and are optimized as a multi-criteria optimization problem. 

 

Figure 1: kinematic mechanism. 

 

2.1 Optimized elbow mechanism 

The multi-criteria optimization problem is solved with a Matlab NSGA-II (nondominated sorting genetic algorithm 
II) solver [2]. The optimization problem is described as in [3]. The optimized geometric parameters are the length 
of the cranks 𝑙𝑙𝑎𝑎, 𝑙𝑙𝑏𝑏, and the length of the connecting rod 𝑙𝑙𝑆𝑆. The angle of the pivot points 𝛼𝛼1, 𝛼𝛼2 and the gradient 
of the notch 𝛾𝛾. And for the specification of the guideway the coordinates  𝑥𝑥𝑠𝑠, 𝑦𝑦𝑠𝑠 and the bending radius 𝑟𝑟. 

The optimization criteria are the minimum of the maximal cylinder length, the minimum of the maximal cylinder 
force and the minimum of the maximal extend of the notch. These three criteria are plotted in the Pareto plane, in 
Figure 2. The used population size is 150 and calculated generations are 150 as well. The applied criteria are three 
and constraints are seven, and variables are nine [4]. 
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Figure 2: Optimized Pareto front. 

Out of the optimized Pareto plane, a parameter set is selected according to the available differential cylinder size, 
prescribing the cylinder length. The cylinder dimensions determine the maximum cylinder force and the followed 
selected Pareto point is with major compactness. 

The final mechanism has the parameters:  

Parameters Dimension in [m] Dimension in [°] 
𝑙𝑙𝑎𝑎 0.0355  
𝑙𝑙𝑏𝑏 0.0145  
𝑙𝑙𝑆𝑆𝑆𝑆 0.2500  
𝛼𝛼1  10° 
𝛼𝛼2 . 163° 
𝛾𝛾  64.69° 
𝑟𝑟 0.3157  
𝑥𝑥𝑠𝑠 0.0019  
𝑦𝑦𝑠𝑠 0.0522  

 

To increase the wearing comfort the distal space of an actuator should be lower than 30 mm according to [5]. The 
optimized kinematic has a distal space of 30 mm and the horizontal extend of the design is 60 mm beside the arm 
contour. The positon of the hinges over the motion is plotted in Figure 3. The developed mechanism is more 
compact than other mechanism as [6, 7]. Both are analysed because of enabling required degree of flexion about 
140° on the elbow joint. The new mechanism uses less components and reduces the extend of the exoskeleton. 
This leads to a lighter design and more compactness. 
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Figure3: Selected kinematic mechanism. 

 

3 Embodiment Design 

The build prototype is shown in Figure 4. The exoskeleton is tighten as a backpack to the wearer and the wrist is 
linked to the lower arm structure. The adaption time is similar to the duration needed for put a backpack on. The 
person is equipped with EMG sensors at the upper arm. These measure the muscle tension generated by the applied 
load on the hand during lifting. The signal of the muscle tension is supported by a desired degree of support and 
the electro-hydraulic drive provides the energy for elbow flexion and further supports the lifting of the load. 

 

Figure 4: Upper limb exoskeleton. 
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4 Performance measurements 

A prototype of the exoskeleton is build and placed on a test rig to analyse its performance in the lifting process. 
Tests are performed for different loads as these represent several degrees of support by the exoskeleton. First, the 
energy consumption during holding a load is measured at a bending angle of 40°, 70° and 100°, see Figure 5. For 
holding 20% of the maximum load of 20 kg an electric power of 8 W is required. 

 

Figure 5: Energy for holding a load 

Second, experiment on force measurements is performed. The arm is fixed at a certain angular positions and with 
the actuator, a lifting process is started. The generated force in the cylinder is calculated and compared. On one 
side, the force is measured by the force sensor at the hand and further calculated via the mechanism and elbow 
moment to the cylinder force. On the other side, the cylinder force is calculated from the signal of the pressure 
sensors in the system and the areas of the cylinder. The comparison of the cylinder force shows high agreement of 
the measured force of the measurement. The force measured in the hand, the rotation speed, and the motor current 
are plotted in Figure 6. 
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Figure 6: force detection 

 

5 Further actuator concept 

In a further step, the actuator can be adapted to a hydraulic actuator as for example a multi-chamber cylinder, as 
described in [6]. In this case, two cylinders in the mechanism could realize this solution, as seen in Figure 7. These 
could generate the required torque with a lighter drive, therefore the components are recently developed. 

 

Figure 7: Kinematic with a four-chamber-cylinder 
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6 Summary and conclusion 

The electro-hydraulic drive has the advantage of available components and the control is set with the motor current, 
generating the fluid pressure and further the exoskeleton force according to the measure muscle signal. Therefore, 
the human controls the movement by its muscle tension. The human starting lifting load induces the exoskeleton 
to support its motion. The degree of support is adapted by a supporting factor, which can be set to a desired level 
of support. 

The hydraulic drive in the backpack is arranged as an actuator unit. Some parts as the accumulator or motor should 
be even more lighter components. As the electric motor can be adapted because of the reduced torque requirements 
of the optimized kinematic. A lightweight one should replace the accumulator and the hoses could be more reduced 
with a hydraulic block. 

The optimized kinematic is compact around the upper limb. The pivot points of the exoskeleton structure are within 
the arm contour. The body fitting arrangement of the exoskeleton should increase the wearing comfort. 

Finally, a compact elbow mechanism is developed for supporting the lifting process with a hydraulic cylinder. The 
optimized kinematic achieves the requirements on a compact design beside the arm and natural range of motion 
of the elbow joint. 
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Nomenclature 

Variable Description Unit 

la Crank length [m] 

𝑙𝑙𝑏𝑏 Crank length [m] 

𝑙𝑙𝑆𝑆 Connecting rod length [m] 

lZyl Cylinder length [m] 

r Radius of guideway bending [m] 

𝑠𝑠 Cylinder stroke [m] 

𝑥𝑥𝑠𝑠 x-coordinate [m] 

𝑦𝑦𝑠𝑠 y-coordinate [m] 

𝛼𝛼1 Angle to crank [rad] 

𝛼𝛼2 Angle to crank [rad] 

𝛾𝛾 Gradient of the guideway [rad] 

𝜑𝜑 Angle of lower arm [rad] 
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Winch systems have a critical role in offshore operations as they are widely used in various applications. Hydraulic 
drives have been preferred for these systems, though currently, there is an increasing trend to replace them with 
fully electrical systems, mainly due to the higher energy efficiency they offer. However, hydraulic winch drives 
have several characteristics, such as robustness and the ability to produce large torques for their size, which are 
attractive to the offshore industry. This paper provides an analytical review of offshore winch drive topologies and 
their corresponding control techniques. Based on the reviewed articles, some literature gaps are identified, and 
several suggestions for future research are given. 

Keywords: Winch drives, offshore, maritime, review 
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1 Introduction 

In recent years, an increasing interest in offshore operations has been reported by a plethora of studies. This is 
driven by the current need to exploit more of the maritime environment. Such processes can include mineral 
extraction [1–3], offshore constructions [4–8], subsea exploration, and subsea lift and installations [9]. As a 
result, humanity moves away from fixed structures, such as offshore platforms, and towards vessels that 
are preferred to carry out these tasks in deep waters [10–12]. Winch systems play a pivotal role in these 
operations. They are widely used for various applications such as anchoring, hoisting and lifting, launch and 
recovery systems, towing, chain pulling, and mooring [13–15].  

Winches are actuated by the so-called winch drive, which typically consists of an electric or hydraulic 
system. Following the trending growth of the offshore industry, a considerable amount of research has been 
focused on improving winch drives.  

The focus of this work is to provide a systematic overview of publicly available articles that consider either 
a new winch drive topology or a control scheme. The review is limited to applications that require lifting or 
lowering heavy loads in the offshore environment. 

This paper is organized in the following manner. Section 2 provides a brief description of the offshore 
environment concerning how it affects the winch system. Then Section 3 presents the conventional winch 
drives along with recent developments. Section 4 reviews the various control methods available in the 
literature. Then, in Section 5, the multiple literature gaps and suggestions for future work are discussed. 
Finally, the paper contents are summarized in Section 6. 

2 Offshore Environment 

The offshore environment imposes rigorous requirements on offshore winch systems. A short description is 
presented here regarding various problems that the driver has to handle. Figure 1 shows a simplified illustration 
of an offshore operation for a crane mounted on a vessel with a winch actuating the crane load. Typically, winch 
systems are characterized by low operation speed and unidirectional loads. The wave-induced motion, which can 
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be described with six different motions, will affect the vessel and the crane throughout the operation. However, 
the three horizontal movements (yaw, sway, and surge) are usually neglected as dynamic positioning systems can 
sufficiently compensate them [2, 16, 17]. Therefore, only vertical motions are considered (pitch, roll, and heave) 
and are typically measured with a motion reference unit (MRU) [17–19]. The vertical motions can be combined 
to calculate a net heave motion [2], which is then compensated with some kind of heave compensator. Calculating 
the various motions from the MRU signals requires a considerable amount of time and introduces feedback delay 
[8]. 

 
Figure 1: Simplified sketch of an offshore crane mounted on a vessel. 

Heave compensation can be achieved either by equipping a passive heave compensation (PHC) system on the 
rope, which can generally be described as a spring and damper system, or with an active heave compensation 
system (AHC) [19]. AHC can be realized with linear actuators or by directly controlling the winch drum, though 
this paper focuses on the latter [19]. The waves acting on the vessel are naturally irregular and have varying shape, 
height, length, and propagation speed [20]. Therefore, it is vital to choose a suitable model to describe them, as 
they will directly influence the complexity of the motion that needs to be compensated. The crane itself is often 
assumed rigid and neglected. However, its dynamics can significantly impact the system, and thus methods for 
modeling these mechanical dynamics are already available in the literature [12]. Neglecting rope dynamics for 
relatively short lengths, in the order of tens of meters, can be acceptable; however, they should be considered when 
paying out several hunder meters of wire the drum’s inertia will also be affected [21]. Several external forces act 
on the load and wire, though these can vary depending on the considered lifting phase. For example, during a lift 
in the air, the load can be affected by strong winds and while underwater by sea currents [22]. Particularly during 
water entry, hydrodynamic forces caused by waves can damage the payload [11]. Finally, seabed dynamics should 
be considered when lowering a load to avoid possible damage to the load itself or any present foundations [20]. 

3 Offshore winch drives 

3.1 Hydraulic drives  

Hydraulic drives are the most commonly used for offshore winch applications [18, 23]. Typically hydraulic rotary 
drives are classified as hydrostatic (primary) or secondary controlled drives [24], where the latter are based on 
constant pressure line topology. Primary drives can be further characterized as open-circuit or closed-circuit. In 
the following, a brief description of the available topologies is given, along with recent contributions to them. 

3.1.1 Open-circuit 

An open-circuit drive system is shown in Figure 2. Here the primary unit is regarded as the supply with a 
directional valve. It is common practice that a Hydraulic Power Unit (HPU) supplies multiple actuators with 
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constant pressure. A directional valve provides each motor with a constant flow; thus, the pressure drop across the 
motor depends on the produced torque. Often a booster pump will be included to ensure a minimum return line 
pressure [25]. 

Open-circuit drives are the most widespread drives in the offshore industry and are generally characterized by low 
cost, flexibility, and low efficiency [19, 26]. Τhe most significant losses are typically attributed to the inability to 
recover energy, throttling losses, and selection of fixed-displacement machines [27, 28]. A theoretical investigation 
for the efficiency of open-circuit drives was conducted by Woodacre et al. [29]. The authors calculated especially 
low efficiencies for low speed/heavy load operations, and they also noted that the control strategy had a very low 
impact on the system's efficiency. 

 

Figure 2: Simplified open-circuit hydraulic winch driver. 

A slightly different topology was preferred by Skjong and Pedersen [21, 30, 31], Gu et al. [32], and Walid et al. 
[33], respectively. Here the 4/3 directional valve was replaced with a pair of 3/3 directional valves, which were 
actuated opposite of each other. The resulting control method was similar to using a conventional 4/3 valve but 
provided more control options. Specifically, in [31], these valves were mechanically driven by a minor hydraulic 
system with a double rod cylinder driven by a smaller solenoid 4/3 directional valve. The reason given by the 
authors for this approach was that large valves are not able to be operated using magnetic fields. Another topology 
variation can be found in Than et al. [12], where an open-circuit drive for a constant tension winch was considered. 
A compensator valve was installed prior to the directional valve and a short cut valve between the motor outlets 
to ensure a specified pressure when in constant tension mode. The short-cut valve opened only when the load 
torque was greater than the selected motor torque. As the load drove the motor, the generated flow was sent to the 
other outlet and stabilized the motor in a new equilibrium, therefore, keeping the rope tension constant. 

3.1.2 Closed-circuit 

The directional valve is absent in a closed-circuit configuration as a dedicated variable-displacement pump is 
directly coupled with a hydraulic motor, as shown in Figure 3. This setup enables flow in both directions, allowing 
the motor to operate in all four quadrants, thus enabling energy regeneration. Closed-circuit drives are 
distinguished for their very high energy efficiency [34], attributed to the absence of throttling losses and the fact 
that the pump will only supply the required flow. Unfortunately, they are penalized for low response time and 
more expensive components [24, 28]. Costs can be dramatically increased depending on the number of required 
motors, as each motor requires a dedicated pump. 

Modern closed-circuit systems can also store potential energy [35] to increase their efficiency further. Such a 
system was presented by Xiao et al. [36]. By developing a suitable flow controller, the system can recover energy 
by storing it in the accumulator through a hydraulic transformer for later usage. This method of energy recovery 
is potentially superior to sending the energy back to the grid, as hydraulic accumulators are better suited for energy 
storage than battery banks [37, 38]. Simulation results showed that the scheme could meet the performance 
requirements by containing the heave motion below 5 mm. However, faster dynamics for the heave-induced 
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motion were not considered. Unfortunately, the work was focused on proving the concept of using such a topology, 
so the authors did not investigate the system's efficiency. 

 

Figure 3: Simplified closed-circuit hydraulic winch driver. 

The drive considered by Mostlått et al. [16, 18] combined both secondary control as a passive system and primary 
control as an active system. These operate in parallel and are therefore commonly referred to as an active/passive 
hydraulic winch system. This type of driver has been in use since the 90s and is still widely used on cranes that 
lift over 100 tons due to its low cost [18]. The drive presented in the paper simulated a winch drive used by a 
National Oilwell Varco crane. A planetary gear connects multiple motors to the winch drum. The majority is used 
by the passive system, which operates with secondary control, and its only purpose is to counterbalance a 
predefined load. The rest of the motors are speed controlled by the active system and are tasked with compensating 
for the other forces e.g. friction, heave motion, and operator input. Even though, the hydraulic actuators have 
variable displacement, they are only occusionaly adjusted based on the current winch layer and depedning on 
whether the crane is lifting a heavy or light load to simplify the control task. Hence the motors always act like 
having a fixed-displacement. 

Recently, a novel topology was presented by Schmidt et al. [25] that shares some similarities with an open-circuit 
topology. The primary system consists of a dedicated variable-displacement pump equipped with a boot-strap 
reservoir and a proportional valve. Similar to a conventional closed-circuit system, the footprint of the winch driver 
on deck was significantly reduced as there was no need for an HPU or a booster pump. The system introduced 
some strong flow couplings between the valve, pump, and reservoir, which needed to be addressed by a 
compensator. A linear decoupling compensator was shown to provide sufficient reduction of these couplings. It 
should be noted that even though the removal of the boost pump is theoretically possible, there has been no 
consideration for the effects that this would have on the quality of the oil. 

Another alternative closed-circuit winch driver was proposed by Schmidt et al. [39] to improve the energy 
efficiency of winch drivers. Here, the fluid supply was provided by three pumps, two connected to the inlet of the 
motor and one at its outlet. Both outlets were also connected to the return tank through a 2/2 proportional valve. 
The pumps had variable-speed/ fixed-displacement and were actuated by a single electric servo drive. It was noted 
that this topology is only suitable for unidirectional loads driven by symmetrical motors. Even though no 
significant benefits were provided for tracking performance during heave compensation, the proposed method was 
suggested to have twice the energy efficiency of a conventional open-circuit driver. The authors suggested that 
further energy savings could be achieved if the electric motor could recover energy.  

3.1.3 Secondary-controlled drives 

Secondary-controlled hydraulic drives resemble the behavior of electrical systems. They were developed as an 
alternative to primary controlled systems that would not suffer from many of the disadvantages that come with 
them, such as low response time and throttling losses. The concept was presented first by H. Nikolaus [40], and it 
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has been widely used since 1980 [27]. As illustrated in Figure 4, the motor has to be able to alter its displacement 
as it is used to control the torque output. The motor speed then follows due to the difference between the produced 
torque and the load torque.  The hydraulic pumps produce flow only in one direction and must keep the pressure 
constant, regardless of flow, thus resembling an electric circuit's high- and low-voltage lines. 

 

Figure 4: Simplified closed-circuit system with secondary control. 

The variable-displacement motor shown in Figure 4 could be realized as a digital displacement motor (DDM). The 
primary motivation for the DDM development was its superior energy efficiency, but other benefits include 
scalability, redundancy, and four-quadrant operation [41]. As a technology, DDMs are relatively new as they were 
first introduced in the early 80s, while the first application on the offshore environment seems to be for a wind 
turbine in 2013 [42]. The first DDM was developed by Artemis Intelligent Power which is currently owned by 
Danfoss [43]. However, there are also other companies that currently work with DDM technology, such as Diinef 
A/S and Chapdrive A/S [41].  

3.2 Electric Drives 

Electrically driven winches have been in use since 1970 [44]. The first were DC-driven, whereas AC-driven drives 
first came into use in 1995 [45]. A typical electric winch drive system consists of a Variable Frequency Driver 
(VFD) that controls an induction motor with scalar or field-oriented control. A position sensor is used to provide 
feedback for the controller [46], as shown in Figure 5.  

 

Figure 5: Simplified electric driver topology. 

This topology has to be repeated for every motor in the system, thus increasing the overall cost. Furthermore, an 
electric motor will be equipped with a braking system and its own air cooling system [24], which is designed based 
on the operation of the motor. In general, increased cooling will be demanded in applications that require low-
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speed and high torque, while even water cooling can be necessary in exceptional cases. Regardless of the chosen 
cooling method, an electric motor can operate at maximum torque only for a short amount of time.  

Induction motors naturally operate in all four quadrants, meaning that they can also act as generators when driven 
by the load, as is often the case in e.g. lowering of a load. This excess energy can either be burned off using 
dynamic braking resistors or recovered through the power grid [47]. Energy recovery is an available option in the 
industry [48]; however, a present challenge is that this additional energy can also disrupt other systems connected 
to the grid if it cannot be used immediately [19]. Therefore, this requires the installation of battery or capacitor 
banks, leading to increased costs [38, 49].  

3.3 Overview of Electric and Hydraulic Drives 

Hydraulic drives are widespread in offshore winch applications [18, 23], though fully electrical drives have become 
prominent in recent years. This trend has been mainly attributed to electric drives' overall high energy efficiency, 
reaching 85 to 90% [37], though more conservative estimates report 70 to 85% [23].  The energy efficiency will 
generally be much lower for hydraulic drives and greatly depend on the application and topology. For example, 
closed-circuit and secondary-controlled systems will typically have higher efficiency compared to open-circuit 
systems. However, multiple parameters can affect the selection of an offshore winch driver. Therefore, this section 
provides some insight by presenting a general overview of electric and hydraulic drive systems.  

Reliability 

As previously mentioned, induction motors and VFDs are susceptible to failures due to overheating, especially in 
high-torque/low-speed operation, high levels of humidity, and contaminations [23, 38]. A water cooling system 
may be required for the motors, while the VFD needs to be kept in an enclosed space to accommodate these 
problems, which increases costs [24]. Hydraulic drives offer robustness as the oil can compress to absorb impacts. 
They also have reduced friction as various drivetrain components are lubricated, and the fluid removes excess heat. 
Hydraulic actuators do not suffer from fatigue during intermittent, discontinuous, or low-speed/high-torque 
operations [38]. Electric winch driver reliability can also be high when considering the total lifetime of the driver 
due to having fewer moving parts [23]. However, in some instances, various electrical system components, such 
as VFDs, power supply, and controllers, have been reported to have failures [23].  

Maintenance 

Fewer moving parts also means that electric drives do not require regular maintenance, though problems are 
significantly harder to locate, and system restoration requires highly trained personnel [23]. Their reparation time 
is often prolonged, as component replacement requires multiple spare parts limited to specific suppliers. In 
contrast, hydraulic drives require regular maintenance; however, replacement components are widely available, 
and even components from other hydraulic systems on the vessel can be used [23]. Additionally, they are more 
intuitive as technology and technicians are more familiar with them, making reparation easier. Often, electric 
drives are regarded as the most environmentally friendly option for eliminating the danger of oil spillage and 
offering higher energy efficiency and significantly lower noise levels [38].  

Performance 

Regarding performance, electric systems have a significant advantage as they allow for highly accurate torque and 
speed control. This characteristic allows electrically driven winches to lift different loads with a higher velocity 
compared to hydraulic drivers [24]. Additionally, electric actuators can operate in temperatures ranging from -40 
to +45°C [50], while the hydraulic system performance depends highly on oil conditions [38]. There are rigorous 
requirements for the oil, such as acceptable temperature and contamination. An excessive or low temperature 
changes the physical characteristics of the oil and, in turn, the overall system performance. As such, immersion 
heaters or cooling systems may be needed while the HPU may be required to be relocated inside the ship [37]. In 
the case of moving the HPU, additional pipe systems need to be installed to carry the fluid to the actuators, resulting 
in increased costs as well as installation and commissioning time. The oil needs to have a certain level of 
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decontamination from water and debris particles to prevent failures in the system; thus, the oil needs to be carefully 
filtered before entering the system [37]. 

Costs 

Hydraulic drives are suggested as having a low initial cost, while electric drives are expected to pay off their higher 
price over time [51]. Overall costs will also be affected by the weight and volume of the equipment [52]. Therefore 
manufacturers aim for lighter solutions with a small footprint on deck [22]. As such, several claims estimate that 
electric drives occupy less space when compared to hydraulic solutions [23, 38]. However, the driver size will 
depend on multiple parameters and vary depending on the application. Electric drives generally require additional 
systems for proper operation, such as mechanical brakes, cooling systems, harmonic reduction systems, 
transformers, and battery banks that occupy a lot of space [37, 38].  

Additionally, electric motors tend to be physically large and have high inertia. For this reason, there is considerable 
interest in developing methods to reduce the size of induction motors [46, 53]. Hydraulic actuators can provide 
dynamic breaking if pressure relief valves are included for that purpose [38]. Hydraulic accumulators offer a better 
alternative to battery banks for storing recovered energy as they require less space and are significantly cheaper, 
especially for storing energy temporarily [37, 38]. Hydraulic motors also produce the largest torques for their 
inertia and thus require less space at the actuation point. This also allows faster acceleration which is necessary for 
following trajectories with fast dynamics [19]. However, it should be noted that HPUs used by open-circuit systems 
typically occupy a significant deck space and have a large mass. As a result, costs increase, especially since pipe 
installation is more expensive than wires that offer minimal testing time [37]. 

4 Control Methods 

This section presents the various control schemes found in the literature used to control an offshore winch. The 
articles are presented with respect to the topology that they considered. 

4.1 Open-circuit 

One of the earliest articles to consider the water-entry phase was Svein I. Sagatun [54], who developed an AHC 
controller capable of reducing the wave forces acting on the load. Soon after, Johansen et al. [54] developed a 
feedforward compensator for a moonpool crane drive to reduce these forces. Moonpool cranes lower the load 
through an opening in the ship's hull called a moonpool. Force reduction was achieved by matching the vertical 
load speed with the wave speed and was referred to as wave-synchronization. Experimental results were obtained 
with a scaled-down model of a moonpool crane with a single electric servo motor driving the winch. The setup 
was validated with experimental data and used extensively to investigate several other controllers that considered 
the water-entry phase of lift operations [11, 55–57]. The results showed that the wire tension standard variation 
and peak values were significantly reduced across all tests. 

Skaare and Egeland [58] proposed a parallel force/position controller to reduce the hydrodynamic forces as the 
load passes the water surface. A passive heave compensation system reduced the bulk of the vertical movement 
while the controller handled the resulting differences. The scheme was compared with the wave-synchronization 
technique developed in [54] using simulations. Results here show a further reduction of oscillations in wire tension 
while maintaining similar performance for reducing hydrodynamic forces on the load, though certain large tension 
spikes were observed. The controllers were later tested in [56] on the scaled-down setup of Johansen et al. [54] 
and compared with the AHC controller of [56]. The suggested parallel force/position controller seemed to avoid 
negative wire forces altogether and generally improved the minimum wire tension, which is vital for offshore 
operations as a slack wire can lead to dangerous situations. 

Later, Messineo and Serrani [11] suggested that a model-based feedback compensator can offer better performance 
when compared to the feedforward controller proposed by [54]. For that purpose, they developed two separate 
controllers. One was tasked with reducing the wire tension variation while the load is on air, and the other aimed 
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to reduce the slamming forces on the load during water entry. As both controllers required feedback that a sensor 
could not directly provide, the necessary information was estimated by two observers. Experimental results showed 
that the feedback controller reduced the most significant hydrodynamic force on the load by 11.25% and the 
standard deviation by 8%. Similar results were shown for the tension control; the wire-tension standard variation 
dropped by approximately 18%. Similarly, the most prominent peak value was reduced by 4%, and the lowest was 
increased by about 60%. The control scheme was further developed in [57] by allowing the controller to adapt to 
system parameter variations and estimate external disturbances. The suggested technique improved overall 
performance compared to their past work. Specifically, the maximum absolute value of the hydrodynamic force 
was reduced by almost 14%, while the standard deviation was reduced to 50%. 

A modified proportional integral derivative (PID) controller was presented by Sun et al. [4, 59], where the 
proportional gain was updated regularly with a genetic algorithm. A simulation model was developed for test 
purposes. This model combined ADAMS, AMESim, and MATLAB models for the ship and crane structure and 
included the rope dynamics and coulomb friction between the cable and the winch drum. The genetic-PID step 
response was compared to that of a conventional PID, and it was shown that it could reduce the overshoot and 
oscillations in steady-state. Experimental tests were provided for the controllers. However, the results are difficult 
to evaluate quantitatively as a small electric motor was used to drive a load with a mass of 10 kg. Additionally, the 
authors did not provide evidence to show how the setup dynamics corresponded with a real system. Additionally, 
a position sensor provided direct measurements for the load, which is not typically feasible [11].  

Another PID controller with a variable proportional gain based on fuzzy logic was developed by Chen et al. [60]  
to achieve tension control. The proportional gain was regulated based on a tension sensor. The performance was 
compared to that of a regular PID-controller using a simulation model verified experimentally in previous work 
[5].  The results showed a reduction of the highest force peaks by more than 50%, while the RMS value was 
reduced by approximately 20% and 35% for two different set-point values.  

Walid et al. [33] and later Gu et al. [32] presented a methodology for modeling hydraulic draw-works with AHC 
to optimize the design before starting production. For that purpose, several parameters were considered for the 
mechanical system, such as friction on the sheave axis, wire dynamics, and the drum's inertia for the amount of 
released wire. The system was controlled using a proportional controller to regulate the position while a second 
loop velocity PI controller compensated for the heave motion of the crane. Two test cases were considered to 
verify that the rig could reject heave motion while the load remained fixed at a specified height and while being 
lowered to seabed. In both cases, the performance was satisfying as the load oscillated about 1cm from the desired 
position while the wire tension remained within the specified limits. 

Sanders et al. [61] suggested that the AHC of a winch system could be improved by supplementing a PD controller 
with a velocity feedforward and tension feedback control using measurements from an MRU and a tension sensor, 
respectively. The hypothesis was tested using simulations where the rope dynamics and drum variable inertia were 
considered. Results showed a reduction of about 75% in the produced velocity error; however, they await 
experimental validation. 

Zhao et al. [17] considered developing a simulation model for an offshore crane hardware-in-the-loop test system. 
The purpose was to test an actual controller using a simulated model and debug it prior to implementation in a real 
system. The system model was linearized and modeled using state-space equations, while a conventional PID 
controller was used to control the load position and achieve AHC. The controller showed good performance by 
reducing heave motion by about 90.3% while maintaining constant tension and 95% when lowering the load to 
the seabed. Here it should be mentioned that in real applications, the load states are usually unmeasurable, and 
therefore some kind of observer would be required to provide that information [62].  

In [63], Entao and Wenlin presented an adaptive feedforward controller that utilized least-square parameter 
identification to estimate the system's parameters and adapt the control output accordingly. Simulation tests 
showed that this method could reduce the velocity tracking error by 60% compared to a conventional feedforward 
control. 
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The effects of the wire dynamics on the system were investigated by Skjong and Pedersen [21]. By modeling the 
wire as a series of spring/damper systems, they showed that the natural frequency of the system shifts for extensive 
wire lengths. This model was later used to test a model-based controller that was suggested to be better suited for 
handling the various nonlinearities of hydraulic systems [31]. The final scheme consisted of a speed and a torque 
controller for AHC and tension control, respectively, based on backstepping and sliding mode methods. Simulation 
tests were conducted for frequencies up to 1.3 Hz and included hydrodynamic forces acting on the load and wire. 
The results showed that the robust speed controller accurately tracked the reference with a slightly reduced 
performance in higher frequencies. The performance of the tension controller seemed to be satisfying though it 
was somewhat sensitive to the load direction, which caused spikes in the order of approximately 500 N/m to 
appear. Still, they dissipated after 0.5 s. 

Woodacre et al. [29] proposed a model-predictive controller (MPC) for AHC based on the results from their review 
paper [19]. In addition to the controller itself, three supplementary techniques were applied to improve the valve's 
hysteresis, dead-band, and nonlinearity. Specifically, a small sine-wave signal was added to the valve control 
signal with a frequency of 50 Hz. This signal was suggested to reduce the valve's hysteresis and allow the spool to 
move further, thus increasing the motor's maximum speed by 15%. Additionally, the valve's input signal was 
adjusted to skip the dead-band region. Further adjustments to the signal included an algorithm to linearize the 
valve's response. The sensor delay was compensated using the motion prediction algorithm developed by Kuchler 
et al. [8]. A comparison with a conventional PID controller was carried out, using an experimental setup without 
load for two different heave-induced motions. The controller reduced the standard deviation of the heave motion 
error by 8.6 mm or 14.8 mm, depending on the considered heave motion.  Later, the authors tested the controller 
with additional experimental tests and simulations [65]. Two more heave motion trajectories were used that 
contained higher frequencies. Here the MPC showed superior performance by reducing the heave motion by 13 
cm and 26.4 cm for each case. The loaded simulation tests showed that the MPC produced a lag in its response, 
attributed to inaccurate modeling of the motor leakage, and a PI controller was added to reduce it. New simulations 
showed that the proposed MPC-PI controller significantly outperforms the MPC and PID controllers in all test 
cases. 

Recently, Li et al. [65] proposed a method for addressing the dead-band and input saturation of the valve while 
also rejecting external disturbances in the system. They suggested a cascade controller where an MPC strategy 
ensured that the motor followed the reference. An active disturbance rejection controller (ADRC) generated the 
MPC input and compensated for external disturbances and model uncertainties. The scheme was compared with a 
PID, an ADRC, and a Sliding Mode Controller (SMC) developed in past work [66, 67], and also the MPC presented 
by Woodacre et al. [64]. Simulation results showed that the ADRC and PID were very sensitive under harsh sea 
conditions. The load peak-to-peak oscillation reached 2 m, while the MPC seemed to require a significant amount 
of time (5 s) to recover after the appearance of disturbances. However, the results were based on simulation results 
only and did seem high compared to results reported by other researchers [17, 29, 32, 33]. After the 5 s period, the 
MPC performance deteriorated with peak-to-peak oscillations of almost 40 cm. The SMC was compared with the 
proposed scheme only for irregular waves and showed a similar behavior though with larger fluctuations. The 
proposed controller showed superior performance across all tests, and the authors reported load heave motion 
reduction in the order of 94.4%, 92.4%, and 85.6% for three different sea states.   

4.2 Closed-circuit 

Huang et al. [68] considered a closed-circuit drive with a variable-speed/variable-displacement pump to develop 
a Bang-Bang and PID control scheme. The authors evaluated the pump type's effect on the system performance 
using AMESim and Simulink by comparing the system step response for three different types of pumps. 
Specifically, the considered pumps could vary their speed, displacement, or both of these parameters. Utilizing a 
variable-speed/variable-displacement pump resulted in a system with a significantly reduced response time. 
However, some oscillations appeared in steady-state, which corresponded with the presented experimental 
verification results. The proposed scheme switched between the two controllers depending on the produced error. 
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A significant deviation from the velocity reference would activate the Bang-Bang, while the PID-controller took 
over for more minor errors. Simulation results showed a reduction of 50% in the response time and the elimination 
of overshoot. Experimental tests revealed that the controller could successfully track step-wise inputs and a 
sinusoidal signal of 0.1 Hz frequency. However, faster dynamics were not considered while no information was 
given regarding the motor's power rating or the actuated load. 

Zinage and Somayajula [2] presented an extensive comparison between linear quadratic integrator (LQI), PD,  
MPC, and SMC controllers to investigate their performance for a closed-circuit system. The authors calculated a 
heave net motion based on a KCS container ship which resulted in a heave motion with complex dynamics. Three 
different sea states were considered to investigate the performance of the controllers under the presence of sensor 
noise and external disturbances. Simulation results revealed that the nonlinear methods had superior performance 
only under specific conditions. Specifically, the LQI controller seemed unable to compensate for harsher sea states, 
while the SMC and MPC seemed susceptible to disturbances and sensor noise, respectively. Therefore, the PD 
controller was distinguished as the most reliable option because it could maintain an acceptable performance in all 
kinds of conditions. Based on this conclusion, Zinage and Somayajula compared a PD controller with a novel 
reinforcement learning controller (RL) [69]. This type of control did not require a model for the system. Instead, 
it used a deep deterministic policy gradient algorithm "trained" through simulations to calculate the desired control 
law. Similar to their previous work [2], the controllers were tested and compared under various sea conditions and 
the presence of external disturbances and sensor noise. The RL controller showed superior performance under all 
sea states and with high feedback noise, while the PD controller seemed better suited for low noise levels. Both 
controllers handled disturbance rejection satisfactorily though the RL controller was more capable of dealing with 
saturation dynamics. 

A semi-secondary control method for active/passive hydraulic winches was proposed by Moslått et al. [18] that 
adjusts the motor displacement during the operation. Two main issues were identified in the currently used scheme 
concerning the motor displacement control and the production of errors when changing direction at low speeds. 
The proposed method controlled the pumps with a feedforward signal and a linear feedback controller while 
adjusting the motor displacement based on the attached payload and the feedforward signal from the pumps. 
During low-speed operation, the motor displacement was kept at its maximum value. Simulation tests showed that 
the proposed strategy could increase the operation speed for specific loads up to 30% while reducing pressure 
peaks by 20% and regulation errors by 30%. The proposed scheme was further considered in later work in Moslått 
et al. [16], where its performance was verified experimentally in a full-scale crane. The experimental results 
corresponded with those shown in simulations with and without a load, though only unloaded results were 
presented analytically. When operating without a load, the proposed scheme was tested both for a low and a high 
speed as well as AHC. In all the tests, the controller achieved a smoother and more accurate control for position 
and velocity, while it was also able to reduce pressure peaks significantly. Specifically for the high-speed test, it 
was noted that the controller reduced the maximum pressure peak by over 120 bar and the control error by 50%. 

Studies done at the Institute for System Dynamics from the University of Stuttgart have focused on addressing the 
sensor feedback delay [1, 8, 70, 71]. This was achieved with controllers that rejected the wave-induced motion 
based on trajectories provided by heave motion prediction algorithms. The prediction algorithm was initially 
developed by Neupert et al. [70], later expanded upon by Küchler et al. [8], and consisted of three parts. First, the 
heave motion signal from the MRU was analyzed with FFT, and the most dominant sine waves were extracted 
using a peak-detection algorithm and parameterized a heave motion model, which was essentially a sum of the 
said sine waves. Until the next FFT was performed, a Kalman filter adapted the parameters based on online 
measurements. Based on these estimations, the future heave motion was calculated with excellent results, as it 
accurately predicted the future heave motion for a period of one second. Without using the prediction algorithm, 
the controller reduces heave motion peaks by 50%, while a 75% reduction was achieved with motion prediction. 
This improvement was also reflected by the position error RMS value, which was reduced from 34 cm to 11 cm. 
Experimental results were included that closely resembled the presented simulations. 
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Richter et al. [71] further expanded the algorithm to provide optimal trajectories based on velocity and acceleration 
constraints for the winch. A repetitive polynomial-based trajectory planner could also offer a trajectory if an 
optimum were not found in time. The method was verified with experimental data, where the proposed scheme 
generated a reference that fulfilled all the requirements. This work was extended in Richter et al. [1] to produce 
more experimental results for the AHC. The prediction algorithm was based on the superposition of sine waves 
whose parameters were estimated using the Variable Order Levinson RLS algorithm. This was suggested to 
improve accuracy during sea state rapid changes. The control scheme combined a feedforward controller with a 
PID controller while also rejecting external disturbances. Experimental results on a full-scale setup showed that 
the prediction algorithm gave excellent results for the short-term prediction of 0.5 s, while the accuracy was slightly 
reduced for a 2 s prediction. The control scheme seemed to accurately track the operator input while compensating 
for heave motion and rejecting disturbances. Though, as the authors did not include specific numbers for the 
accuracy of the prediction algorithm or the control error, the results are hard to evaluate and compare with other 
methods. 

4.3 Secondary-Control 

One of the earliest works that considered secondary control for AHC at offshore cranes was Dabing et al. [72], 
where a cascade controller combining conventional PID and fuzzy PID was presented. The simulation model was 
built with Matlab/Simulink, where the motor was assumed ideal and the pressure supply constant. At the same 
time, a single spring/damper system was used to model the rope dynamics. Specific details for the controller were 
not provided; however, from the given figure, it could be concluded that the fuzzy PID adjusted the position of the 
motor swash plate while the conventional PID controlled the motor position. The oscillations were reduced when 
the controller operated at constant tension mode but remained significantly large as a maximum peak of 1 m could 
be observed. The AHC performed better, as the maximum position error remained below 30 cm at all times, which 
could still be considered significant for an offshore lifting application [22]. 

Wu and Wu [62] considered a control scheme for secondary control with energy recovery capabilities optimized 
for improved performance and energy efficiency. Three separate controllers were proposed to control the system. 
A PI controller regulated the rotational speed of the actuator based on the combined output of a proportional load 
position controller and a feedforward controller. The latter was also designed to reject the heave motion based on 
MRU measurements.  It should be noted that since the load position could not be directly measured, an observer 
was designed to estimate its position. The algorithm used particle swarm optimization to select the pump and motor 
models based on their power output. The same technique was used to optimize the values for the control 
parameters, gearbox reduction ratio, and the accumulator pre-charge pressure and gas volume. The authors used 
the integral square of the position error to evaluate the system performance while two indexes were used for the 
energy efficiency. One index represented the power output of the supply pump, while the other index was 
calculated by dividing the amount of energy that the motor consumed by the amount of power that the accumulator 
provided. Simulations results showed that the proposed controller achieved a satisfying performance, which further 
improved by 57.8% after parameter optimization. A significant improvement could also be observed concerning 
energy efficiency, as the proposed method reduced the power consumption by 6% and 15.6% for the supply and 
actuator, respectively. 

The water-entry phase of a subsea lift was recently considered by Wu et al. [9]. They used the same topology as 
[62] and a cascade controller to reduce the hydrodynamic forces acting on the payload. Here, an indirect adaptive 
robust backstepping controller was utilized to adjust the motor's displacement while compensating for model 
uncertainties and disturbances. The input for that controller was provided by an impedance controller, which 
generated a trajectory based on the current motor displacement and a load motion estimation. The proposed scheme 
was compared with the parallel force/position control of Skaare and Egeland [56] in a simulated environment. 
Shortly after passing through the water surface, the load seemed to oscillate more with the impedance controller 
than the force/position scheme. However, after approximately 5 s, the position error was reduced and closely 
followed the trajectory, while the force/position control had a significant steady-state error. For the hydrodynamic 
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forces, the authors reported an 11.1% improvement when the maximum values were considered. Similarly, the 
force standard deviation error was reduced by 23.9%, while the load passed the surface and by 48.4% after 
submersion. A similar pattern was seen for the rope tension, with the minimum tension improving by 22.1%, while 
the standard deviation numbers showed an improvement of 9.1% and 61.4% during and after the payload was 
submerged, respectively. 

Marien and Wiig [73] investigated a secondary controlled driver with a digital displacement motor (DDM) that 
could directly drive the winch drum without a gearbox. A constant pressure supply was assumed to simplify the 
system, though several mechanical dynamics were considered, such as rope elasticity and a variable winch drum 
inertia. The proposed scheme was a cascade controller with three levels. A PID controller and a feedforward 
velocity element controlled the displacement of the DDM by adjusting the cylinder stroke volume. Then, an 
operation mode controller selected the operation quadrant for the motor, which would then activate the 
corresponding mode that generated a valve actuation sequence. Simulation results showed that the winch 
accurately tracked the reference trajectory even in the presence of heave motion though the performance 
considerably deteriorated at near-zero velocities. Therefore, the authors proposed the addition of an extra mode 
that closed all the valves when the motor had a very low speed instead of relying on the control scheme to keep 
the actuator immobile. 

A unique control method for DDMs was presented by Larsen et al. [74] that achieved excellent positioning at low 
speeds. This "creep-mode" controller activated the cylinders so that the motor moved from one equilibrium 
position to the next in a step-wise fashion. The controller was validated in an experimental setup where six DDMs 
actuated a 25-ton load while two electric motors provided dynamic loading. The installed HPU had a large energy 
capacity, allowing the motors to operate with constant pressure throughout the tests. Results with the winch 
running with half of its torque capacity showed that the controller could accurately control the load position as the 
shaft position rotated approximately 0.005 radians every 0.1 seconds. The authors outlined that this control method 
could also introduce various issues as it could fatigue the valves or other electrical components. Applications with 
fast dynamics using creep-mode could also suffer from excessive vibrations that would further increase noise 
levels or could potentially resonate with various materials on the crane, thus leading to critical situations. 

Nordås et al. [75] investigated the performance of a winch driver with digital hydraulic motors for both an AHC 
and a constant tension controller. Several parameters of the offshore environment that can affect the system 
performance were considered such as, buoyancy and drag forces that affect the load underwater. Multiple 
mechanical dynamics were also included, such as variable winch drum inertia and rope and seabed dynamics. The 
control scheme consisted of a PID for active heave motion control and a PI for constant tension control. Similarly 
to [73], the controllers generated a displacement reference that, depending on which quadrant the motor operated 
at the moment, activated the corresponding valve actuation sequence to create an equivalent displacement for the 
DDM. Various simulation scenarios were presented to evaluate the performance of the driver. When the load was 
lowered to the seabed under the effects of heave motion, the tracking accuracy seemed to be very good. The 
maximum position error was 1 cm and occurred when the AHC controller was activated. At the same time, the 
error was contained within ±3 mm afterward, even during landing. Similar behavior was noted when the load was 
lowered with tension control. Here, the maximum force peaks remained below 0.5% of the maximum safe working 
load at all times. When lifting through the air, the heave motion was neglected, and a constant disturbance force 
was added that affected the load periodically. Here, the controller achieved zero tracking error with occasional 5 
mm peaks appearing when the external force was applied or diminishing and when the motor direction changed. 
In general, the controller seemed to have an exceptional performance; however, several assumptions were made, 
such as zero feedback delay and constant pressure supply, that could significantly affect performance. 

In a later work, Nordås et al. [22] used the simulation model developed in [75] to evaluate and compare various 
control methods with respect to performance and robustness while also identifying implementation challenges. 
Three control methods were designed to be tested for lifting from the deck and lowering to the seabed, a 
conventional PD controller, a sliding mode controller (SMC), and an adaptive controller. All presented controllers 
seemed to fulfill the preset requirements for position reference tracking regardless of the case considered. The 
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SMC and adaptive controllers had a significantly smaller error when compared to the PD, which produced some 
small constant errors. These minor errors could be attributed to the absence of an integral action, as the PID 
controller presented in previous work [75] showed better performance that closely resembled that of the nonlinear 
controllers. However, the improved performance for the SMC and adaptive controller came at a high cost of control 
effort as the cylinders needed to be activated more times. The PD and SMC were concluded to be the most 
straightforward methods for implementation as they only required tuning for two and three parameters, 
respectively. However, the SMC parameters were suggested to be adjusted carefully to achieve the required 
performance to energy consumption ratio. In the case of the adaptive controller, it was noted that, depending on 
the operation, it could cause the system to become unstable and a safety function should be included to ensure 
parameter convergence. 

4.4 Electrical-Systems 

An offshore riser tensioning system for offshore drilling was considered in [10] by Yin Wu. Here, the system 
compensated for heave motion directly with an electric winch driven by a permanent magnet synchronous motor 
(PMSM) and a passive heave compensation system. A linear-quadratic Gaussian controller was proposed to 
regulate the motor's position, which was controlled using field-oriented control.  The scheme was tested with 
simulations under the presence of heave motion, caused by irregular waves with an amplitude of 4 m and an 
unmodeled disturbance force with a peak of 300 kN. The controller's performance was hard to evaluate, as no 
graphs were provided to show the resulting wire tension or the tension error. Instead, graphs showing the load 
tension and the corresponding tension delivered by the hydro-pneumatic and the electric motors were offered. It 
could be observed that the PHC could not wholly compensate for heave motion, which resulted in tension variation 
on the wire that deviated as much as 1800 kN from the required value of 15.33 MN. The electric motors could 
therefore reduce the maximum tension variation by approximately 80%. The scheme was validated on a test bench 
with a single PMSM and a DC motor acting as a load. 

Chupina and Usoltsev [50] developed a fuzzy control scheme for vessel descent-rise devices. Here heave 
compensation was achieved by an electric motor that adjusted a derrick nodding boom. As vector control was 
utilized to control the induction motor, a PID controller ensured constant flux. At the same time, the fuzzy 
controller compensated the heave motion by regulating the motor torque. Simulation tests compared the step 
response of the proposed controller with that of a modal controller. The results illustrated an overshoot reduction 
from 18% to 0%, while the settling time was reduced by 33%.  

Huang et al. [76] presented a control scheme for achieving AHC with a PMSM. The suggested strategy was a 
cascade controller for the speed, position, and current of the actuator. As the motor torque depends directly on 
motor current, a current controller with a fast response time was required. For that purpose, a PI controller was 
chosen with feedback from a hall sensor. The speed controller provided the reference and was also realized as a 
PI. A proportional position controller was included in the outer loop to ensure that the load accurately followed 
the trajectory. The control scheme was tested with simulations on three cases where the load was lifted, lowered, 
or kept fixed. Throughout all the tests, it was shown that the controller was able to reduce the load oscillations to 
near-zero values. However, it is difficult to evaluate the control performance, as there is no comparison with similar 
work. Additionally, it is unknown if several other parameters were considered for the simulation, as no information 
was given regarding wire dynamics, loading conditions, and external disturbances. 

5 Discussion 

An investigation for specific electric and hydraulic drives characteristics concerning reliability, maintenance, 
performance, and cost was presented. The results indicated that electric drives are becoming more prominent due 
to their high energy efficiency and accurate torque/speed control. At the same time, they may require less 
maintenance, but system restoration will be challenging and expensive. In contrast, hydraulic drives are still widely 
preferred for their robustness, low maintenance costs, and ability to produce large torques. When considering the 
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overall cost of a winch drive, there seems to be no consensus. Hydraulic drives are often suggested as having a 
lower initial price, while electric drives are expected to offer reduced costs over time due to energy savings. 
However, several parameters will affect the overall cost, which will significantly depend on the application. An 
analytical study that would provide an overview of the expected costs of winch drive systems is missing from the 
literature.  

Since the shift towards electric winch drives seems to be mainly motivated by the energy savings they offer, it 
could be concluded that DDMs are a strong candidate for improving the energy efficiency of hydraulic drives. 
Currently, digital displacement motors are regarded as expensive [16] and challenging to control [41]. As such, 
there has been limited research that considered them as winch actuators [22, 73–75]. 

In the reviewed literature, it was evident that the contribution towards improving winch drive topologies is limited. 
In contrast, several contributions are made towards improving the control methods, with most articles focusing on 
AHC. It was observed that hydraulic systems attracted more attention as very few studies considered electric winch 
drives. Multiple reports presented conventional PID controller alterations by adjusting the proportional gain or 
supplementing the controller with other elements such as a feedforward signal. This approach has the added benefit 
of requiring little to no changes in the systems currently used by the industry, as PID methods are widely in use. 
Several nonlinear controllers were suggested, especially for the hydraulic drives. This was attributed to the 
hydraulic systems' multiple nonlinear characteristics, which would benefit from a nonlinear controller. Even 
though numerous studies compared PID methods with more complex controllers, this was mainly limited to 
simulation tests [2, 22, 29, 65], and the results are not in agreement. Some experimental comparisons were 
provided by [64], but they were unfortunately carried out on a test bench that did not allow for load placement. A 
comparison with an advanced testing facility could provide further insight into the possible benefits of using 
advanced controllers. 

In general, experimental results were limited in the reviewed articles. Certain studies preferred scaled-down 
models such as the one used in [11, 55–57], while other experimental setups consisted of a hydraulic motor directly 
connected to a load motor [74]. Even though tests like these are an essential intermediate stage to the realization 
of a controller, they do not provide sufficient insight for control performance. On the other hand, full-scale 
experiments require a lot of space and resources. As such, full-scale results were very few [1, 16, 71], and in all 
the cases, the setup was provided by an industrial partner. It is, therefore, suggested that the development of an 
elaborate simulation model that has been verified experimentally and available publicly could offer a viable, 
affordable, and effective solution for testing winch drive controllers.  

6  Conclusions 

This paper has presented a short review of various articles found in the literature that proposed new topologies or 
control methods for offshore winch drives. The review was focused on publicly available academic papers, and it 
did not consider research conducted by the industry. A brief description of the offshore environment and its effects 
on winch drives was given, followed by a short presentation of the conventional winch drive topologies along with 
recent topology improvements. Hydraulic and electric drives were compared concerning reliability, maintenance, 
performance, and cost. Several control schemes were presented with respect to the topology that they considered. 
It was concluded that there is limited available work on winch drive topology improvement while there is a 
significant research interest on developing control methods. Suggestions for future work included an overall winch 
drive cost evaluation, experimental controller comparison, development of an elaborate simulation winch drive 
model, and further work on actuation with digital displacement machines. 

Nomenclature 

Abbreviation Full Name 
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ADRC Active Disturbance Rejection Controller 

AHC Active Heave Compensation 

DDM Digital Displacement Machine 

HPU Hydraulic Power Unit 

LQI Linear Quadratic Integrator 

MPC Model Predictive Controller 

MRU Motion Reference Unit 

PHC Passive Heave Compensation 

PID Proportional Integral Derivative 

PMSM Permanent magnet synchronous motor 

RL Reinforcement Learning 

SMC Sliding Mode Controller 

VFD Variable Frequency Driver 

References 

[1] Richter, M. et al.: Experimental validation of an active heave compensation system: Estimation, prediction 
and control. Control Engineering Practice, 66, 2017, p. 1–12.  

[2] Zinage, S., Somayajula, A.: A Comparative Study of Different Active Heave Compensation Approaches. 
Ocean Systems Engineering, 10, 2020, p. 27.  

[3] Yuan, Q.: Actively Damped Heave Compensation (ADHC) system. In: Proceedings of the 2010 American 
Control Conference Proceedings of the 2010 American Control Conference. 2010, p. 1544–1549.  

[4] Sun, Y. et al.: Dynamics analysis and active control of a floating crane. Teh. vjesn., 22 (6), 2015.  

[5] Chen, Q. et al.: Development of a dynamic model for a constant tension winch. In: OCEANS 2015 - 
MTS/IEEE Washington OCEANS 2015 - MTS/IEEE Washington. 2015, p. 1–4.  

[6] Park, H.-C. et al.: A Robust Payload Control System Design for Offshore Cranes: Experimental Study. 
Electronics, 10 (4), 2021, p. 462.  

[7] Ye, J. et al.: Robustifying Dynamic Positioning of Crane Vessels for Heavy Lifting Operation. IEEE/CAA 
Journal of Automatica Sinica, 8 (4), 2021, p. 753–765.  

[8] Küchler, S. et al.: Active Control for an Offshore Crane Using Prediction of the Vessel’s Motion. 
IEEE/ASME Transactions on Mechatronics, 16 (2), 2011, p. 297–309.  

[9] Wu, J. et al.: Impedance control of secondary regulated hydraulic crane in the water entry phase. Ocean 
Engineering, 169, 2018, p. 134–143.  

[10] Wu, Y.: Enhanced Active Heave Compensation Control Design for New Riser Hybrid Tensioning System 
in Deepwater Drilling. ASME 2015 34th International Conference on Ocean, Offshore and Arctic 
Engineering. American Society of Mechanical Engineers Digital Collection, 2015.  

[11] Messineo, S. et al.: Crane feedback control in offshore moonpool operations. Control Engineering 
Practice, 16 (3), 2008, p. 356–364.  

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

143



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

[12] Than, T.K. et al.: Modelling And Simulation of Offshore Crane Operations On a Floating Production 
Vessel. The Twelfth International Offshore and Polar Engineering Conference. OnePetro, 2002.  

[13] NOV. no date.  

[14] MacGregor. no date.  

[15] Bosch Rexroth. WE MOVE. YOU WIN. no date.  

[16] Moslått, G.-A. et al.: Performance Improvement of a Hydraulic Active/Passive Heave Compensation 
Winch Using Semi Secondary Motor Control: Experimental and Numerical Verification. Energies, 13 
(10), 2020, p. 2671.  

[17] Zhao, L. et al.: Hardware-in-the-Loop Simulation for a Heave Compensator of an Offshore Support 
Vessel. In: Volume 1: Offshore Technology; Offshore Geotechnics ASME 2016 35th International 
Conference on Ocean, Offshore and Arctic Engineering. Busan, South Korea: American Society of 
Mechanical Engineers, 2016, p. V001T01A010.  

[18] Moslått, G.-A. et al.: A Control Algorithm for Active/Passive Hydraulic Winches Used in Active Heave 
Compensation. ASME/BATH 2019 Symposium on Fluid Power and Motion Control. American Society of 
Mechanical Engineers Digital Collection, 2019.  

[19] Woodacre, J.K. et al.: A review of vertical motion heave compensation systems. Ocean Engineering, 104, 
2015, p. 140–154.  

[20] DNV-RP-H103: Modelling and Analysis of Marine Operations. 2011, p. 150.  

[21] Skjong, S., Pedersen, E.: Modeling Hydraulic Winch System. 2014, p. 7.  

[22] Nordås, S.: Using Digital Hydraulics in Secondary Control of Motor Drive. Wittusen & Jensen, 2020.  

[23] Angelis, V.D., Meeting, E.: COMPARISON STUDY OF ELECTRIC, ELECTRO-HYDRAULIC, AND 
HYDRAULIC DRIVE SCIENCE WINCHES. 2009, p. 22.  

[24] Albers, P.: Motion Control in Offshore and Dredging. Dordrecht: Springer Netherlands, 2010.  

[25] Schmidt, L. et al.: Analysis and Control of a Self-Contained Hydraulic Winch Drive. BATH/ASME 2018 
Symposium on Fluid Power and Motion Control. American Society of Mechanical Engineers Digital 
Collection, 2018.  

[26] Savi, R.V.: Development of a Test Bench for Verification of Electric Controls for Offshore Winch & 
Crane Applications. 2017.  

[27] Hydrostatic Drives with Control of the Secondary Unit: An Introduction Into the Drive Concept and 
System Characteristics. Mannesmann Rexroth, 1996.  

[28] Hydraulic Circuits, Open vs. Closed. 2017.  

[29] Woodacre, J. et al.: Coupling a Standard Hydraulic Valve and Advanced Control to Achieve a Motion 
Compensation System. 2016, p. 7.  

[30] Skjong, S.: Modeling, Simulation and Control of Hydraulic Winch System. 2014.  

[31] Skjong, S., Pedersen, E.: Model-based control designs for offshore hydraulic winch systems. Ocean 
Engineering, 121, 2016, p. 224–238.  

[32] Gu, P. et al.: Modeling, simulation and design optimization of a hoisting rig active heave compensation 
system. Int. J. Mach. Learn. & Cyber., 4 (2), 2013, p. 85–98.  

[33] Walid, A.A. et al.: Modeling and Simulation of an Active Heave Compensated Draw-works. 2011, p. 6.  

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

144



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

[34] Maximizing Hydraulic Efficiency. no date.  

[35] Primary Active Heave Compensator | Bosch Rexroth AG. no date.  

[36] Xiao, T. et al.: Simulation and control of heave compensation winch for ultra-depth floating drilling. In: 
2017 IEEE International Conference on Cybernetics and Intelligent Systems (CIS) and IEEE Conference 
on Robotics, Automation and Mechatronics (RAM) 2017 IEEE International Conference on Cybernetics 
and Intelligent Systems (CIS) and IEEE Conference on Robotics, Automation and Mechatronics (RAM). 
2017, p. 609–613.  

[37] Parks, B.: Hydraulic vs electrical rig designs: pros and cons on floater heave compensation systems. 2010.  

[38] Pawlus, W. et al.: Hydraulic vs. Electric: A Review of Actuation Systems in Offshore Drilling Equipment. 
37 (1), 2016, p. 1–17.  

[39] Schmidt, L. et al.: An Energy Efficient Hydraulic Winch Drive Concept Based on a Speed-variable 
Switched Differential Pump. In: Proceedings of ASME/Bath 2017 Symposium on Fluid Power & Motion 
Control ASME/BATH 2017 Symposium on Fluid Power & Motion Control. American Society of 
Mechanical Engineers, 2017.  

[40] Nikolaus, H.: Antriebssystem mit hydrostatischer Kraftübertragung. Germany Patent Pat. P, 27 (39), 
1977, p. 968.4.  

[41] Pedersen, N.H.: Development of Control Strategies for Digital Displacement Units. Aalborg 
Universitetsforlag, 2018.  

[42] Umaya, M. et al.: Wind Power Generation - Development status of Offshore Wind Turbines -. 50 (3), 
2013, p. 7.  

[43] Danfoss completes full acquisition of Artemis Intelligent Power. no date.  

[44] History. no date.  

[45] Active heave drilling drawworks system goes to work. 1999.  

[46] Pawlus, W. et al.: Drivetrain design optimization for electrically actuated systems via mixed integer 
programing. In: IECON 2015 - 41st Annual Conference of the IEEE Industrial Electronics Society 
IECON 2015 - 41st Annual Conference of the IEEE Industrial Electronics Society. 2015, p. 001465–
001470.  

[47] Kang, J.: Control Engineering | Regenerative power units save energy. 2013.  

[48] Drive and control solutions for marine engineering Reliable, efficient, durable.pdf. Rexroth Bosch Group, 
2014.  

[49] Huang, X. et al.: Research on the Energy Storage Device of Super Capacitor for Heave Compensation 
System. In: 2018 IEEE International Power Electronics and Application Conference and Exposition 
(PEAC) 2018 IEEE International Power Electronics and Application Conference and Exposition (PEAC). 
2018, p. 1–6.  

[50] Chupina, K.V., Usoltsev, V.K.: Fuzzy control electric drive for a vessel descent-rise device. In: 2017 
International Conference on Industrial Engineering, Applications and Manufacturing (ICIEAM) 2017 
International Conference on Industrial Engineering, Applications and Manufacturing (ICIEAM). 2017, p. 
1–4.  

[51] Hovden, E.M. et al.: Value perception on an offshore crane using electrical- vs. hydraulic main machinery 
system. In: 2016 11th System of Systems Engineering Conference (SoSE) 2016 11th System of Systems 
Engineering Conference (SoSE). Kongsberg, Norway: IEEE, 2016, p. 1–6.  

[52] Christensen, M.L., Zimmerman, D.L.: Optimization of Offshore Electrical Power Systems. IEEE 
Transactions on Industry Applications, IA-22 (1), 1986, p. 148–160.  

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

145



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

[53] EETimes: EETimes - Field oriented control reduces motor size, cost and power consumption in industrial 
applications. 2006.  

[54] Johansen, T.A. et al.: Wave synchronizing crane control during water entry in offshore moonpool 
operations - experimental results. IEEE Journal of Oceanic Engineering, 28 (4), 2003, p. 720–728.  

[55] Fossen, T.I., Johansen, T.A.: Modeling and Identification of an Offshore Crane-Rig System. 2002.  

[56] Skaare, B., Egeland, O.: Parallel Force/Position Crane Control in Marine Operations. IEEE Journal of 
Oceanic Engineering, 31 (3), 2006, p. 599–613.  

[57] Messineo, S., Serrani, A.: Offshore crane control based on adaptive external models. Automatica, 45 (11), 
2009, p. 2546–2556.  

[58] Skaare, B., Egeland, O.: Force control of a load through the splash zone. IFAC Proceedings Volumes, 37 
(10), 2004, p. 227–232.  

[59] Sun, Y.G. et al.: Genetic Algorithm-Based Parameters Optimization for the PID Controller Applied in 
Heave Compensation System. Applied Mechanics and Materials, 556–562, 2014, p. 2462–2465.  

[60] Chen, Q. et al.: FUZZY P+ID Controller for a Constant Tension Winch in a Cable Laying System. IEEE 
Transactions on Industrial Electronics, 64 (4), 2017, p. 2924–2932.  

[61] Sanders, R.V. et al.: Modelling and simulation of traditional hydraulic heave compensation systems. 2016, 
p. 45.  

[62] Wu, J., Wu, D.: Integrated design of an active heave compensation crane with hydrostatic secondary 
control. In: OCEANS 2018 MTS/IEEE Charleston OCEANS 2018 MTS/IEEE Charleston. 2018, p. 1–7.  

[63] Entao, Z., Wenlin, Y.: Research on the Motion Tracking Feedforward Control of Hydraulic Winch. 2009, 
p. 4.  

[64] Woodacre, J.K. et al.: Hydraulic valve-based active-heave compensation using a model-predictive 
controller with non-linear valve compensations. Ocean Engineering, 152, 2018, p. 47–56.  

[65] Li, Z. et al.: ADRC-ESMPC active heave compensation control strategy for offshore cranes. null, 15 (10), 
2020, p. 1098–1106.  

[66] Li, S. et al.: Nonlinear Robust Prediction Control of Hybrid Active–Passive Heave Compensator With 
Extended Disturbance Observer. IEEE Transactions on Industrial Electronics, 64 (8), 2017, p. 6684–6694.  

[67] Li, M. et al.: Study on the system design and control method of a semi-active heave compensation system. 
Ships and Offshore Structures, 13 (1), 2018, p. 43–55.  

[68] Huang, J. et al.: Study of control mode and control strategy for direct drive volume control actuating unit 
of heave compensation winch. In: 2017 IEEE International Conference on Cybernetics and Intelligent 
Systems (CIS) and IEEE Conference on Robotics, Automation and Mechatronics (RAM) 2017 IEEE 
International Conference on Cybernetics and Intelligent Systems (CIS) and IEEE Conference on Robotics, 
Automation and Mechatronics (RAM). 2017, p. 576–580.  

[69] Zinage, S., Somayajula, A.: Deep Reinforcement Learning Based Controller for Active Heave 
Compensation. arXiv e-prints, 2104, 2021, p. arXiv:2104.05599.  

[70] Neupert, J. et al.: A heave compensation approach for offshore cranes. In: 2008 American Control 
Conference 2008 American Control Conference. 2008, p. 538–543.  

[71] Richter, M. et al.: Model predictive trajectory planning with fallback-strategy for an active Heave 
Compensation system. In: 2014 American Control Conference 2014 American Control Conference. 2014, 
p. 1919–1924.  

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

146



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

[72] Dabing, Z. et al.: Ship-mounted crane’s heave compensation system based on hydrostatic secondary 
control. In: 2011 International Conference on Mechatronic Science, Electric Engineering and Computer 
(MEC) 2011 International Conference on Mechatronic Science, Electric Engineering and Computer 
(MEC). 2011, p. 1626–1628.  

[73] Marien, M., Wiig, K.E.: Secondary Control of a Digital Hydraulic Motor for Winch Applications. 2018, p. 
145.  

[74] Larsen, H.B. et al.: Digital Hydraulic Winch Drives. BATH/ASME 2018 Symposium on Fluid Power and 
Motion Control. American Society of Mechanical Engineers Digital Collection, 2018.  

[75] Nordås, S. et al.: Definition of Performance Requirements and Test Cases for Offshore/Subsea Winch 
Drive Systems With Digital Hydraulic Motors. ASME/BATH 2019 Symposium on Fluid Power and 
Motion Control. American Society of Mechanical Engineers Digital Collection, 2019.  

[76] Huang, X. et al.: Research on Heave Compensation Control of Floating Crane Based on Permanent 
Magnet Synchronous Motor. In: 2018 International Conference on Control, Automation and Information 
Sciences (ICCAIS) 2018 International Conference on Control, Automation and Information Sciences 
(ICCAIS). 2018, p. 331–336.  

 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

147



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

Investigation of an optimal design and control of digital hydraulic drive for knee 
exoskeleton 

Rituraj Rituraj and Rudolf Scheidl 

Johannes Kepler University, Institute of Machine Design and Hydraulic Drives (IMH), Altenberger Straße 69, 
4040 Linz, Austria 

E-Mail: rituraj.rituraj@jku.at 

This article presents an optimal design and control strategy for digital hydraulically driven knee exoskeletons. 
The design optimization is carried out via a multi-objective optimization technique with the goals of minimizing 
the size and weight of the exoskeleton device as well as friction losses during its operation. From the pareto front 
obtained, a design with a good compromise between these objectives is chosen. Next, an energy efficient control 
strategy is proposed which consists of using passive control during the stance phase and model predictive control 
during the swing phase. Via numerical simulations, the exoskeleton is shown to successfully track the desired 
knee motion and deliver the required torque. 

Keywords: Knee exoskeleton, Hydraulic drive, digital hydraulics, design optimization, passive control  
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1 Introduction 

Exoskeletons are wearable devices that facilitate the motion of human limbs with an enhanced strength. Such 
devices have a wide range of applications. In medical treatment, these devices help the patients in motion 
assistance and regaining the power of their limbs. In industries, they assist workers in carrying heavy loads 
without risking fatigue and injuries. Soldiers, firefighters, and rescue workers can also use these devices to carry 
heavy equipment over long distances. 

In last few decades, several exoskeletons with a wide range of designs, operating principles and applications 
have been developed [1]. Among them, the powered exoskeletons have been found to be primarily dominated by 
electro-mechanical drives [2]. However, the hydraulically actuated exoskeletons present an attractive alternative 
due to their several potential advantages: 

 High force density: This allows the reduction of the mass and space occupied by the exoskeleton 
device. 

 Easy energy recuperation: This improves the system efficiency and ensures long battery life of the 
power source. 

 Damping behavior: This allows the realization of smooth and natural motion patterns. 

 Motion locking without power supply: This further improves the operational efficiency of the device. 

Despite these potentials, the development of such hydraulic devices remains at a nascent stage with respect to the 
following key challenges: lightweight and energy-efficient design, fast and efficient control, and design in view 
of the availability of appropriate hydraulic components. 

Two of the earliest hydraulically actuated exoskeletons were developed at University of California, Berkeley 
called Berkeley’s lower extremity exoskeleton [3–5] and by Sarcos Research Corporation called XOS [6]. The 
former used linear hydraulic actuators, whereas the latter used rotary hydraulic actuators. In recent years, key 
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improvements in the design and control of hydraulically actuated exoskeletons have been made [7–9]. However, 
these exoskeleton devices use traditional hydraulic drives with resistance control which is known for its poor 
energy efficiency and thus, the device requires a larger energy source. 

In last two decades, digital hydraulics has emerged as an innovative technology that offers several advantages 
such as high efficiency, force density, precision, and robustness [10]. An early application of such a technology 
to exoskeleton devices was the ELEBOT exoskeleton developed by Cao et al. [11] which used switching 
controlled two-way valves.  

In last few years, the authors’ research group has been working on various ideas to realize a digitally driven knee 
exoskeleton device. Holl et al. proposed a knee exoskeleton design [2,12] powered by a digital hydraulic 
cylinder where 3/3 way switching valves were used to set the pressure in each of the four chambers of the digital 
cylinder. The transformation from the linear motion of the cylinder to the angular motion of the knee was 
achieved by a 4-bar linkage mechanism. The main drawback of this design is the expensiveness associated with 
the multi-chamber cylinders needed to realize the digital cylinder concept. 

In a recent work, the authors have developed a novel design of knee exoskeleton [13]. The design consists of a 
unique linkage mechanism that allows digital actuation of the knee exoskeleton with simple hydraulic cylinders 
rather than a multi-chamber cylinder. The mechanism further allows the handling of peak knee torque 
requirements in a gait cycle with moderate hydraulic system pressures. 

Nevertheless, the challenges related to compact, lightweight, and energy-efficient design, and fast and efficient 
control still need to be tackled. To this end, in this work, an optimization study is conducted to determine an 
optimal set of designs that satisfy the requirements of compactness, low weight, and high energy efficiency. 
Furthermore, an energy efficient strategy to control the exoskeleton actuation is proposed. The performance of 
this control strategy is investigated by a numerical model of the knee exoskeleton and human limb motion.  

This article is divided into 7 sections including this introduction section. In section 2, the knee exoskeleton 
design developed by the authors is presented. Next, section 3 provides the details of the optimization study 
conducted to obtain the optimal kinematic structure. In section 4, the control strategy of exoskeleton actuation is 
described. The numerical model used to analyze the behavior of the exoskeleton device is presented in section 5. 
Next, the results from the numerical model are presented in section 6. Finally, section 7 provides the summary 
and key conclusions drawn from this work. 

2 Knee exoskeleton design 

The design of the knee exoskeleton device is shown in Figure 1. The device consists of the thigh and shank 
parts. The angular motion between these two parts is accomplished via two mechanisms. Each mechanism 
consists of a hydraulic cylinder and connecting rod in addition to the thigh and shank parts. The pin joint 
between the hydraulic cylinder and connecting rod is constrained to move along a guided path. This guide curve 
is realized via grooves on the guide plate (one groove for each mechanism). The shape of this guide curve is 
influenced by the transmission ratio of the mechanism (Section 2.2) and the dimensions of the links in the 
mechanism. 

2.1 Hydraulic drive 

The digital hydraulic system driving the knee exoskeleton device is shown in Figure 2. Miniature hydraulic 
cylinders (8 mm bore diameter) from HAWE Micro Fluid GmbH [14] are used in the design. Furthermore, 2/2-
way micro-valves from Tampere University [15] are used to connect each of the chambers of the cylinders to the 
pressure source and tank.  

In this hydraulic system, there are 16 different valve configurations that result in each of the 4 hydraulic 
chambers in the two cylinders connected to either the pressure source or tank (Figure 3). Thus, there are 16 
discrete torque levels in this hydraulic drive.  
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Figure 1: Knee exoskeleton device attached to the human leg and the upper guide plate removed to reveal the 
details of its internal components. The inset at the bottom shows the guide groove and guide pin. 

 

Figure 2: Hydraulic system of the knee exoskeleton. In valve identifiers, P and T represent the valves connected 
to the pressure source and tank, respectively, and b and r represent the valves connected to the bore and rod 

side chambers, respectively.  

2.2 Transmission ratio of the mechanisms 

The transmission ratio of the mechanisms in the knee exoskeleton device is defined as the ratio of the linear 
motion of the hydraulic cylinder and the angular motion of the knee joint. There are two conditions that establish 
the transmission ratios of the each of the mechanisms.  

First, due to the digital nature of the hydraulic drive, the knee exoskeleton device provides the knee torque in a 
digital manner. To ensure that the steps in the torque generated are uniform, the area ratio of the hydraulic 
cylinders used is 4:1 and the transmission ratio of the two mechanisms in the exoskeleton differ by a factor of 2 
[13]. 
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Figure 3: Valve positions and effective force levels for 16 valve configurations. Torque is effective force times 
the transmission ratio of mechanism 1 [13]. 

The second condition is that the device should supply the required torque in a typical gait cycle. To determine 
this torque requirement, the human motion dynamics data from HuMoD database [16,17] is utilized. The motion 
data from this resource is used in a multi-body numerical model (details of which are presented in section 5.1) to 
obtain the knee torque. Figure 4(a) shows the variation of knee angle (𝜓𝜓) and torque (𝑀𝑀) over one gait cycle 
with 100 Nm being the peak torque. From Figure 4(b) and (c), this high knee torque is only required when the 
knee is close to the stretched position (𝜓𝜓 ∈ [155°, 180°]) and the knee angular speed is low. This high torque 
requirement at low speed is fulfilled by amplifying the transmission ratio of the mechanism in the 
aforementioned range of knee angles. This design strategy permits high torque delivery from the device with 
moderate hydraulic system pressures (≤ 200 bar). 

 

Figure 4: (a) Knee angle and torque over one gait cycle (b) Knee torque vs knee angle over multiple gait cycles 
(c) Knee torque vs knee angular speed over multiple gait cycles 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

151



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

Figure 5 shows the transmission ratios of the two mechanisms in the knee exoskeleton device where the 
transmission ratio amplification of 3 can be observed for 𝜓𝜓 ∈ [155°, 180°]. That is, for mechanism 1, the 
transmission ratio increases from 0.03 rad/m to 0.09 rad/m. Similarly, the transmission ratio of mechanism 2 
increases from -0.015 rad/m to -0.045 rad/m. 

 

Figure 5: Transmission ratios of the two mechanisms 

3 Design optimization study 

Design optimization study is a critical step in the design process to determine a (set of) design(s) that are optimal 
with respect to certain key factors (design criteria) while continuing to provide the basic functionalities the 
device was conceived for. This section details the optimization study performed on the knee exoskeleton device 
presented in the previous section. 

3.1 Objective functions 

For users’ comfort, the size of knee exoskeletons is a critical factor. In the exoskeleton design conceived by the 
authors, the lateral dimension (shown as 𝑤𝑤 in Figure 6) should not extend the width of the knee and ideally 
should be as small as possible. This is the first objective of the optimization study. 

 

Figure 6: Nomenclature for defining the optimization problem. 

Next, at the guide pins, the lateral components of the forces from the hydraulic cylinder (𝐹𝐹ℎ𝑦𝑦𝑦𝑦) and connecting 
rod (𝐹𝐹𝑐𝑐𝑐𝑐) need to be supported by the grooves on the guide plates (as illustrated for mechanism 1 in Figure 6). 
For compact and lightweight design, it is desirable to have relatively thin and light guide plates. To ensure this, 
the contact force (𝑅𝑅) must be as low as possible. In fact, keeping this force low also helps with minimizing the 
friction force at the guide pins (thus, improving the overall efficiency of the exoskeleton device). Thus, 
minimizing the contact force at the guide pins is the second objective of the optimization study. 

To determine this contact force, the gait cycle is divided into discrete time steps. For each time step in a gait 
cycle, using the knee torque requirement data (Figure 4(a)) and mechanism transmission ratio (Figure 5), the 
required forces from the cylinders are determined. The discrete force (that the mechanism is able to provide as 
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per Figure 3) closest to this required force is determined. If this force is 𝐹𝐹ℎ𝑦𝑦𝑦𝑦, then, the contact force at the guide 
groove is: 

𝑅𝑅 = 𝐹𝐹ℎ𝑦𝑦𝑦𝑦(sin 𝛾𝛾 + cos 𝛾𝛾 tan𝛼𝛼) (1) 

where, 𝛾𝛾 is the angle between the cylinder rod and the tangent to the guide groove at the pin-joint location 
(Figure 7). Similarly, 𝛼𝛼 is the angle between the connecting rod and the tangent to the guide groove. The 
objective function is to minimize the maximum value of 𝑅𝑅 over a gait cycle. 

 

Figure 7: Calculation of the contact force at the guide groove 

3.2 Design variables 

The design variables for the optimization study are illustrated in Figure 6 and their descriptions and bounds are 
presented in Table 1. 

No. 
Design 
variable 

Description 
Lower 
bound 

Upper 
bound 

1 𝑟𝑟1 Crank radius for mechanism 1 20 mm 50 mm 

2 𝑟𝑟2 Crank radius for mechanism 2 20 mm 40 mm 

3 𝑙𝑙1 Connecting rod length for mechanism 1 20 mm 60 mm 

4 𝑙𝑙2 Connecting rod length for mechanism 2 20 mm 40 mm 

5 𝑥𝑥𝐴𝐴1 Distance of cylinder base joint from knee joint for mechanism 1 180 mm 350 mm 

6 𝑦𝑦𝐴𝐴1 Distance of cylinder base joint from thigh axis for mechanism 1 30 mm 40 mm 

7 𝑥𝑥𝐴𝐴2 Distance of cylinder base joint from knee joint for mechanism 2 130 mm 320 mm 

8 𝑦𝑦𝐴𝐴2 Distance of cylinder base joint from thigh axis for mechanism 2 30 mm 45 mm 

9 𝜃𝜃1 Angle between the crank and the shank part for mechanism 1 0° 30° 

10 𝜃𝜃2 Angle between the crank and the shank part for mechanism 2 80° 190° 

Table 1: Design variable description and bounds 

3.3 Design constraints 

For the design to be feasible, manufacturable, and operable, the design must satisfy the following constraints: 

 The design must satisfy the transmission ratio requirements described in section 2.2. 

 The design must be kinematically feasible for the full range of knee motion. 

 During the full range of knee motion, different parts of the exoskeleton device must not interfere. This 
includes the possible interference between (a) the cylinders and the thigh part, (b) cylinder rod 2 and 
knee joint, and (c) connecting rod 2 and knee joint. 
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 It can be observed that the groove for mechanism 1 has a relatively sharp peak near the middle. If the 
curvature of the groove at this peak becomes too high, the knee motion may experience a jerky behavior 
when the guide pin passes through this region.  To avoid this, the curvature of the groove must be 
smaller than a certain value (170 𝑚𝑚−1 is considered as an appropriate limit). 

3.4 Optimization procedure and results 

This optimization problem is solved in MATLAB environment using NSGA-II, an algorithm well suited for 
multi-objective optimizations [18]. The initial design space is populated with 1000 designs and the optimization 
algorithm is executed for 100 generations. 

Figure 8 shows the approximate pareto front obtained from the optimization. It indicates that the two objectives 
(minimization of size and minimization of the contact force) oppose each other, and no single design can be 
found that performs the best with respect to both the objectives. 

 

Figure 8: Pareto front obtained from the optimization  

Three designs chosen from the pareto front are shown in Figure 9. Design A has smaller contact force (1.4 kN) 
but is much larger in size (14 cm width). On the other hand, Design C has a smaller size (9 cm width) but 
exhibits high contact force (2.8 kN). Design B is a good compromise between the two extreme designs 
(𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 =1.9 kN, 𝑤𝑤 =11.6 cm) and hence, is chosen in this work. 

It is notable that the inverse relationship between the device size and contact force is the result of the fact that as 
the size of the device is reduced, the angle between the connecting rod and guide groove (𝛼𝛼 in Figure 7) needs to 
increase, resulting in the increase of the contact force at the guide groove. This observation is illustrated for the 
three designs in Figure 9 where the value of 𝛼𝛼 for the highest knee angle configuration is reported. 

4 Control strategy 

A critical requirement of the knee exoskeleton device is that it should follow the pattern involved in the natural 
walking cycle while also providing the required knee torque. In this section, a control strategy is proposed that 
can fulfil this requirement efficiently. Different methods are used for the stance and swing phases of the gait 
cycle and these methods are described in the following subsections. 

4.1 Stance phase 

Upon careful examination of the limb motion in a typical gait cycle and the required torque at the knee (Figure 
4), it is observed that in the stance phase, the knee torque – angle characteristic resembles an elastic behavior. As 
shown in Figure 4(b), the knee torque, 𝑀𝑀 increases (approximately linearly) with decrease in the knee angle 𝜓𝜓, 
and vice versa. This peculiar characteristic allows a passive control of the knee motion during the stance phase 
with the fluid in the hydraulic system acting as the elastic element (via its compressibility).  
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Figure 9: Three designs from the pareto front: (a) Design A, (b) Design B, (c) Design C. Mechanisms 1 and 2 
are shown in blue and magenta, respectively. The guide groove profiles are shown in green. 

To achieve this, 𝑉𝑉𝑏𝑏1 and 𝑉𝑉𝑟𝑟2 chambers of the hydraulic cylinders (Figure 10) are blocked, i.e., all the valves 
connected to these chambers are turned off. Thus, at the beginning of the stance phase, when the knee angle 
decreases, these volumes get compressed, resulting in the rise of pressures in these chambers. The forces from 
these pressures support the increasing knee torque in this phase. The opposite happens when the knee angle 
subsequently decreases. 

The volume of fluid required to realize this elastic behavior depends on the bulk modulus of the fluid, the air 
content in the fluid, and the peak torque requirement in the elastic phase. To account for possible variations in 
these factors, the valve manifold design will have necessary attachments that can allow additional variable fluid 
volumes in the hydraulic circuit (𝑉𝑉𝑏𝑏1𝑒𝑒 and 𝑉𝑉𝑟𝑟2𝑒𝑒 shown in Figure 10) as per the elasticity requirement. 

A key advantage of this passive control during the stance phase is its simplicity. Furthermore, as 6 out of 8 
valves stay closed in this phase and the rest of 2 valves do not undergo any switching, the energy losses at the 
valves are significantly lower. 

4.2 Swing phase 

In the swing phase, the tracking of the knee motion does not need to be very accurate. However, it is important 
that the knee angle does not veer away so much (from the natural trajectory) to risk contact between the foot and 
the ground. Furthermore, the knee angle must reach the required angular position at the beginning of the stance 
phase. To achieve these requirements, a simplified form of model predictive control is employed. 
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Figure 10: The valve configuration during the stance phase: red valves are closed, blue valves are open  

This control method is illustrated via Figure 11. At a time 𝑡𝑡𝑛𝑛, the actual knee angle is 𝜓𝜓𝑎𝑎,𝑛𝑛 and the valve 
command 𝑢𝑢 for the next time step (𝑡𝑡𝑛𝑛 to 𝑡𝑡𝑛𝑛+1) is needed to be determined. A valve command is essentially a set 
of commands (on/off) to each of the 8 valves in the hydraulic circuit. The current knee angle state (𝜓𝜓𝑎𝑎,𝑛𝑛, �̇�𝜓𝑎𝑎,𝑛𝑛) 
and the desired knee angle state at the next time step (𝜓𝜓𝑑𝑑,𝑛𝑛+1, �̇�𝜓𝑑𝑑,𝑛𝑛+1) are used to determine a knee angle path 
described by a third order polynomial in time. From this polynomial, the knee angular position, speed, and 
acceleration at 𝑡𝑡𝑚𝑚 = 0.5(𝑡𝑡𝑛𝑛 + 𝑡𝑡𝑛𝑛+1) is used in a mechanical model of limb motion to determine the required 
knee torque. The details of this mechanical model are presented in section 5.1. From this required knee torque 
and transmission ratio information, the effective force requirement is determined. Using the effective force vs 
valve configuration ID data (Figure 3), three valve configurations are chosen, the force levels corresponding to 
which are the closest to the desired effective force. These three configurations are compared against the current 
valve configuration (i.e., at 𝑡𝑡 = 𝑡𝑡𝑛𝑛) and the configuration which requires minimum changes in the valve 
positions is selected for the next time step. 

 

Figure 11: Illustration of the simplified form of model predictive control 

This strategy of choosing the best among three valve configuration candidates helps with energy efficiency: it 
minimizes the energy required for valve switching as well as the energy losses due to short-circuited flow from 
the pressure source to the tank during the valve switching. This advantage is, of course, at the expense of less 
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accurate torque supply from the exoskeleton device. However, as it will be shown later in the results, the knee 
angle tracking is not adversely affected. 

Near the end of the swing phase (𝑡𝑡 ∈ [1 𝑠𝑠 , 1.2 𝑠𝑠] in Figure 4(a)), the knee angle increases rapidly. This results in 
a rapid rise in the volume of 𝑉𝑉𝑏𝑏1 chamber (Figure 10) and consequently, a rapid fall in the chamber pressure. At 
low pressures, the hydraulic fluid’s compressibility increases significantly. Going into the stance phase with such 
a compressible volume, the device will fail to supply the necessary torque at the beginning of the stance phase. 
To avoid this potential problem, near the end of the swing phase, the controller commands a valve configuration 
that allows 𝑉𝑉𝑏𝑏1 chamber to be connected to the pressure source for a brief amount of time, raising the pressure in 
this chamber to an appropriate level. 

5 Numerical model of the knee exoskeleton 

To study the behavior of the knee exoskeleton design and control strategy presented in the previous sections, a 
numerical model of the human limb and knee exoskeleton previously developed by the authors is used. A brief 
description of the model is provided in this section.  

5.1 Mechanical model of limb motion 

The mechanical model of limb motion consists of a planar model comprising foot, shank, and thigh (Figure 12). 
The motion of the upper body until thigh is considered to be known (from HuMoD database) and thus, the 
system has only 2 degrees of freedom: angular motion of shank and foot.  

 

Figure 12: Planar view of limb with variables present in the mechanical model 

The kinetic and potential energy of the system can be expressed as: 

𝑇𝑇 = 1
2∑(𝑚𝑚𝑖𝑖�̇�𝒙𝑺𝑺𝒊𝒊 ⋅ �̇�𝒙𝑺𝑺𝒊𝒊 + 𝐽𝐽𝑖𝑖�̇�𝜙𝑖𝑖

2)
2

𝑖𝑖=1
 

(2) 

𝑉𝑉𝑝𝑝 = 𝑔𝑔∑𝑚𝑚𝑖𝑖𝒙𝒙𝑺𝑺𝒊𝒊 ⋅ 𝒆𝒆𝒚𝒚
2

𝑖𝑖=1
 

(3) 

where, 𝑚𝑚𝑖𝑖 is the mass, 𝒙𝒙𝑺𝑺𝒊𝒊  is the position of the center of mass, 𝐽𝐽𝑖𝑖 is the moment of inertia, 𝜙𝜙𝑖𝑖 is the angular 
position of the 𝑖𝑖𝑡𝑡ℎ limb part and 𝒆𝒆𝒚𝒚 is the unit vector in vertical direction. Next, the virtual work due to the 
torques at the joints (𝑀𝑀𝐺𝐺𝑖𝑖) and the ground reaction force (𝑭𝑭𝑮𝑮) is: 

𝛿𝛿𝛿𝛿 = ∑𝑀𝑀𝐺𝐺𝑖𝑖(𝛿𝛿𝜙𝜙𝑖𝑖 − 𝛿𝛿𝜙𝜙𝑖𝑖−1)
3

𝑖𝑖=2
+ 𝑭𝑭𝑮𝑮𝑻𝑻𝜹𝜹𝒙𝒙 

(4) 
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Substituting these expressions into the Lagrange equation of motion and simplifying, the following expression 
for shank motion is obtained: 

𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒,2�̈�𝜙2 = −𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒,1�̈�𝜙1 + 𝑀𝑀ℎ𝑦𝑦𝑦𝑦 + 𝒌𝒌𝑩𝑩𝑭𝑭𝑭𝑭𝑮𝑮 + 𝒌𝒌𝑽𝑽𝒇𝒇𝒇𝒇 (5) 

where, 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒,1 and 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒,2 are the effective masses of foot and shank, 𝑀𝑀ℎ𝑦𝑦𝑦𝑦 is the knee torque (that is supplied by 
the exoskeleton device),  𝒌𝒌𝑩𝑩𝑭𝑭𝑭𝑭𝑮𝑮 is the ground reaction term and 𝒌𝒌𝑽𝑽𝒇𝒇𝒇𝒇 contains the terms related to the 
centripetal force, gravity and the force from thigh. The complete expressions are lengthy and hence, are not 
shown here. 

5.2 Hydraulic model 

The pressures in the cylinder chambers are modelled using the pressure build up equation: 

𝑑𝑑𝑝𝑝𝑖𝑖
𝑑𝑑𝑑𝑑 = 𝐾𝐾(𝑝𝑝)

𝑉𝑉𝑖𝑖
(𝑄𝑄𝑖𝑖 − 𝐴𝐴𝑖𝑖

𝑑𝑑𝑧𝑧𝑖𝑖
𝑑𝑑𝑑𝑑 ) 

(6) 

where, 𝐾𝐾(𝑝𝑝) is pressure dependent bulk modulus of the fluid, 𝑄𝑄𝑖𝑖  is the flow entering the 𝑖𝑖𝑡𝑡ℎ chamber, 𝑉𝑉𝑖𝑖 is the 
volume of the 𝑖𝑖𝑡𝑡ℎ chamber, 𝐴𝐴𝑖𝑖 is the cross-sectional area of the 𝑖𝑖𝑡𝑡ℎ chamber and 𝑑𝑑𝑧𝑧𝑖𝑖/𝑑𝑑𝑑𝑑 is the speed of the piston 
(positive for the expanding chamber and negative for the contracting chamber). 

The flow through the valves is modelled using the orifice equation: 

𝑄𝑄𝑖𝑖,𝑃𝑃/𝑇𝑇 = sign(𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑃𝑃/𝑇𝑇)𝑦𝑦𝑖𝑖,𝑃𝑃/𝑇𝑇𝑄𝑄𝑁𝑁√
|𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑃𝑃/𝑇𝑇|

𝑝𝑝𝑁𝑁
 

(7) 

where, 𝑄𝑄𝑁𝑁  and 𝑝𝑝𝑁𝑁 are the nominal flow rate through and nominal pressure drop across the valves, respectively 
and 𝑦𝑦𝑖𝑖  is the position of the 𝑖𝑖𝑡𝑡ℎ valve (0 ≤ 𝑦𝑦𝑖𝑖 ≤ 1). 

6 Results and discussion  

The numerical model presented in section 5 is used to simulate a typical gait cycle. The exoskeleton design B on 
the pareto front (Figure 9(b)) is used in the simulation study and the control strategy described in section 4 is 
employed. Limb parameters of subject B from the HuMoD database is used and the performance of the 
exoskeleton device is evaluated against the natural walking pattern of this subject. The subject is a central 
European male who is 32 years old, 1.79 m tall and weighs 84.8 kg. The details of his limb parameters are 
reported in Table 2. 

Parameters Values 

Foot: length 0.165 m 

Foot: mass 1.006 kg 

Foot: moment of inertia 0.006 kg m2 

Shank: length 0.432 m 

Shank: mass 4.037 kg 

Shank: moment of inertia 0.058 kg m2 

Table 2: Parameters of lower left leg of the subject used in the simulation study 

In the simulations, all of knee torque is assumed to be provided by the exoskeleton, i.e., the user does not 
contribute any torque. Moreover, the pressure levels at the pressure source and tank are considered to be 200 bar 
and 10 bar, respectively. 
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Figure 13 shows the results for two gait cycles. The knee angle obtained from the simulation results are shown 
to track the desired motion reasonably well. Some deviation in the swing phase is observed (𝑡𝑡 ∈ [1.8 𝑠𝑠, 2.2 𝑠𝑠]). 
However, such small deviations in the swing phase should have little effect on the walking comfort.  

 

Figure 13: (a) Knee angle comparison between the model and the desired behavior, (b) Comparison between the 
knee torque obtained from the model and the measurements, (c) Signal ID of the valve configuration commanded 
by the controller (d) Pressure in the chambers of the hydraulic cylinders, (e) Energy consumption over two gait 

cycles. 

Next, Figure 13(b) shows that the exoskeleton device is successfully able to provide the required torque over the 
gait cycle. 

Figure 13(c) shows the signal ID of the valve configuration commanded by the controller. ID value of 0 indicates 
the configuration where all the valves for 𝑉𝑉𝑏𝑏1 and 𝑉𝑉𝑟𝑟2 chambers are closed. This configuration is commanded in 
the stance phase of the gait cycle. ID values of 1 to 16 corresponds to 16 configurations described in Figure 3, 
out of which, appropriate configurations are chosen by the model predictive control algorithm in the swing 
phase. Near the end of swing phase, signal ID of 15 is commanded for 0.04 seconds that allows 𝑉𝑉𝑏𝑏1 connection 
to the pressure source to avoid the high compressibility issue (discussed in section 4.2). 

Figure 13(d) shows the pressures in the chambers of hydraulic cylinders. The stance phase is identifiable from 
the gradual rise and subsequent fall of pressures (𝑝𝑝𝑏𝑏1 and 𝑝𝑝𝑟𝑟2) in the chambers that are blocked during this phase. 

Lastly, Figure 13(e) shows the energy consumed by the exoskeleton device over two gait cycles. The energy 
consumed per cycle is 30 joules. Majority of this consumption occurs when the volume 𝑉𝑉𝑏𝑏1 is pressurized at the 
end of the swing phase. The magnitude of this consumption is dependent on the compressibility behavior of the 
fluid at low pressures which is significantly influenced by the amount of air present in the fluid. The energy 
consumption could be reduced by using a large check valve between the volume 𝑉𝑉𝑏𝑏1 and the tank to allow the 
suction of the fluid into the volume when the pressure in the volume falls below the tank pressure. However, 
such a solution will negatively impact the compactness of the device, and so, the overall advantage of such a 
solution (or other alternatives) needs to be further investigated. 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

159



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

7 Summary and Conclusion 

This article presents an optimal design of digital hydraulically driven knee exoskeleton and an efficient strategy 
to control its motion. Firstly, with the goals of minimizing the exoskeleton size, weight and improving its energy 
efficiency, a multi-objective optimization study is performed. The results indicate a tradeoff between the device 
size and contact force at the guide grooves (which influences the friction losses at this joint). From the pareto 
front of optimal designs obtained, three designs are presented and the design with a good compromise between 
the opposing objectives is chosen. 

Secondly, on the control side, a passive control of the exoskeleton device during the stance phase of gait cycle is 
proposed. This is an energy efficient strategy as the losses associated with valve actuation and short-circuited 
flow during valve position changes are eliminated. For the swing phase, a simplified form of model predictive 
control is implemented. The strategy involves choosing valve configurations with minimum changes in valve 
positions from the previous state. This strategy too helps in minimizing the energy consumption. 

The performance of the exoskeleton design and the control strategy presented in this work is analyzed via a 
numerical model of the knee exoskeleton and human limb. The results indicate that the exoskeleton device is 
successfully able to track the motion of the knee in a typical gait cycle and supply the required torque. The 
energy consumption remains low during the gait cycle. However, it jumps before the stance phase when fluid is 
supplied to pressurize one of the cylinder chambers. Strategies to mitigate this jump in energy consumption is 
being investigated. In parallel, the optimal design determined from this work is being manufactured. In near 
future, experimental tests will be conducted on this prototype to validate the performance of the proposed design 
and control strategy. 
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Nomenclature 

Variable Description Unit 

A Area [m2] 

𝐸𝐸 Energy [J] 

𝑒𝑒 Unit vector [-] 

𝐹𝐹 Force [N] 

𝑔𝑔 Acceleration due to gravity [m/s2] 

𝐽𝐽 Moment of inertia [kg m2] 

𝐾𝐾 Bulk modulus of the fluid [bar] 

𝑙𝑙 Length [m] 

𝑚𝑚 Mass [kg] 

𝑀𝑀 Knee torque [Nm] 

𝑝𝑝 Pressure [bar] 

𝑄𝑄 Flow rate [L/min] 

𝑅𝑅 Contact force [N] 
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𝑟𝑟 Crank radius [m] 

𝑠𝑠 Displacement of pistons [m] 

𝑇𝑇 Kinetic energy [J] 

𝑡𝑡 Time [s] 

𝑢𝑢 Valve command [-] 

𝑉𝑉 Volume [m3] 

𝑉𝑉𝑝𝑝 Potential energy [J] 

𝑤𝑤 Width of the exoskeleton device [cm] 

𝑥𝑥, 𝑦𝑦 Positions [m] 

𝛼𝛼 Angle between the connecting rod and the tangent to the guide groove [deg] 

𝛾𝛾 Angle between the cylinder rod and the tangent to the guide groove [deg] 

𝜃𝜃 Angle between the crank and the shank part [deg] 

𝜙𝜙 Angular position of limb part [deg] 

𝜓𝜓 Knee angle [deg] 

 Subscripts  

1 Mechanism 1  

2 Mechanism 2  

𝑎𝑎 Actual  

𝑏𝑏 Bore side  

𝑐𝑐𝑟𝑟 Connecting rod  

𝑑𝑑 Desired  

𝑒𝑒 Extra  

ℎ𝑦𝑦𝑑𝑑 Hydraulic  

𝑚𝑚 Middle  

𝑛𝑛 Time step number  

𝑟𝑟 Rod side  
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This contribution will give a broad overview on automated earth moving machinery, especially on excavators. On 
the basis of a mobile excavator with state-of-the-art flow sharing system, an analysis of the system characteristics 
is carried out. The Main aspect of this contribution will be the subsystem controls of the hydraulic system. A 
suitable control strategy is derived from the architecture of the hydraulic system. Thereby, additional safety 
components like pipe burst and suction valves are analyzed regarding their influence on the system behavior. The 
developed control strategy is included into the software architecture. Finally, the model-based validation with a 
synthetic test cycle for multiple axis is used to show the functionality of the developed algorithms.

The work of this contribution is part of the joint research project “Bauen 4.0”.

Keywords: Automation, Excavator, Flow sharing, Feed-forward velocity controller 
Target audience: Mobile Hydraulics, Construction Machinery, Cylinder Control 

1 Introduction 

The continuous digitalization of complete value chains is one of the megatrends in our socio-economic 
development. In the future, this trend will also permeate through the construction industry. One vision here is a 
central, digitalized construction management system that is connected to the outside world with its heterogeneous 
players in the construction business, which are shown in Figure 1. These can be, for example, the ERP system or 
the fleet management system of the construction companies and the OEMs. 

Figure 1 Structure for a connected construction site management system 

Starting from the central construction management, the overall construction project is structured into individual 
sub-projects and sub-tasks. These subtasks will then be handled by (partially) autonomous construction machines. 
For autonomous operation, a software-based control of the specific construction machines must be possible. Most 
earth-moving machines available use a hydraulic-mechanical pilot control for the working hydraulics. There are 
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few exceptions, like the Caterpillar grader which automatically adjusts the grading blade, so that a planar surface 
is graded at the correct height [1]. Another example is the LCi-11 excavator from Komatsu, which can 
automatically grade a planar surface[2]. In both examples, the soil which has to be removed has a low, uniform 
layer thickness and thus the occurring process forces are relatively stationary. In the case of the Caterpillar 
Bulldozer, the author is not aware of any information on the hydraulic system. The Komatsu product flyer states 
that the excavator operates with an electric load-sensing system [3]. In [2], information is given on the sensors 
used for the excavator and the automated functions are presented. Such functions are now also offered by other 
manufacturers [4], [5]. In addition, there are many retrofit solutions, which are offered as so-called 1D, 2D or 3D 
controls. They basically provide visualizations to assist the machine operator but do not interact with the machine 
control system. To do so, either an electrically pre-controlled hydraulic system is used directly by manufacturers, 
or it is retrofitted. 

The current state of scientific knowledge shows that, the THOR excavator of the TU Kaiserslautern and the HEAP
walking excavator of the ETH Zurich are examples towards automatically controlled construction machines. In all 
known publications on the THOR excavator, the focus is clearly on the movement of the kinematics, whereas the 
hydraulic drive system is only considered by behavior based control algorithms [6]–[9]. In the publications on the 
HEAP excavator, on the other hand, the hydraulic system is heavily modified to obtain a structure comparable to 
industrial hydraulic applications [10]–[12]. However, the control components used are extremely expensive and 
only to a limited extent suitable for off-road applications. In many other publications, different systems with 
independent metering (IM) are investigated as future hydraulic systems for mobile machines [13]–[18]. 

In this contribution, automated working functions based on state-of-the-art mobile hydraulic systems is presented. 
In detail, a flow sharing system is focused. Its configurations are analyzed and control algorithms are developed. 
To evaluate the system behavior, system simulations with the derived algorithms are carried out. 

2 Standard system 

The starting point for the system analysis is the excavator test rig of the chair, which uses a standard flow-sharing 
system with no additional components, so each axis has the same layout, which can be seen in Figure 2. Each main 
valve (MV) is separate controlled via individual supplied spools on the both sides, the pump also has an electric 
input to control the volumetric flow into the system. 

Figure 2: Hydraulic scheme of the excavator test rig 

The scheme of a single axis can be reduced to the flowing structure, where only active orifices are shown. This is 
shown in Figure 3, where the orifices of the MV are drawn in red, the suction valve (SV) is marked orange and 
the pressure compensator (PC) is shown as a separate component drawn in black. 
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Figure 3: Simplified standard layout for a single flow sharing axis 

2.1 Normal resistive mode 

The parameter set for the orifices and the cylinder areas are switching based upon change in motion direction, but 
they are structural identical in extension and retraction. In a case of a resistive load, the PC regulates the pressure 
drop over the inlet orifices. In a static case the velocity of the cylinder has a linear dependency to the cross-section 
of the orifice, which is shown in equation (1). 

|�̇�𝑥| = 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐴𝐴𝑐𝑐𝑐𝑐𝑖𝑖,𝑖𝑖𝑖𝑖

⋅ 𝛼𝛼 ⋅ √2𝜚𝜚 ⋅ 𝛥𝛥𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
(1)

This can be directly used to control the cylinder extension and retraction in a case of a resistive load, only a 
sufficiently accurate description of the relation between the stroke of the MV and cross-section of the inlet orifices 
is needed. This leads to equations (2) – (4) under the assumption that the pressure drop over the inlet orifice equals 
the load sensing pressure difference Δ𝑝𝑝𝐿𝐿𝐿𝐿.

𝑄𝑄𝑎𝑎𝑎𝑎𝑖𝑖𝑠𝑠 = 𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖,𝑖𝑖𝑖𝑖 = 𝐴𝐴𝑐𝑐𝑐𝑐𝑖𝑖,𝑖𝑖𝑖𝑖 ⋅ |�̇�𝑥| (2)

𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑄𝑄𝑎𝑎𝑎𝑎𝑖𝑖𝑠𝑠
𝛼𝛼 ⋅ √𝜚𝜚2 ⋅

1
𝛥𝛥𝑝𝑝𝐿𝐿𝐿𝐿

(3)

𝑦𝑦𝑀𝑀𝑀𝑀 = 𝑓𝑓(𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (4)

2.2 Normal aided mode 

In case of an aided load, the pressure on the inlet side of the cylinder can fall below the vapor pressure of the fluid, 
which can lead to cavitation. To avoid this, normally a SV is integrated on each side. If the SV opens, the 
volumetric flow on the inlet side of the cylinder consist of the flow, which the axis gets from the system over the 
inlet 𝑄𝑄𝑎𝑎𝑎𝑎𝑖𝑖𝑠𝑠 and the flow over the SV 𝑄𝑄𝐿𝐿. The flow over the SV 𝑄𝑄𝐿𝐿 is normally not controllable, so the velocity of
the cylinder cannot be set into a direct relation with the cross-section of the inlet and the stroke MV. Therefore, it
is suitable for aiding loads to control the velocity via the outlet orifice, leading to the equations (5)-(8). 

𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖,𝑜𝑜𝑜𝑜𝑖𝑖 = 𝐴𝐴𝑐𝑐𝑐𝑐𝑖𝑖,𝑜𝑜𝑜𝑜𝑖𝑖 ⋅ |�̇�𝑥| (5)

𝐴𝐴𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖,𝑜𝑜𝑜𝑜𝑖𝑖

𝛼𝛼 ⋅ √
𝜚𝜚
2 ⋅

1
𝑝𝑝𝑐𝑐𝑐𝑐𝑖𝑖,𝑜𝑜𝑜𝑜𝑖𝑖 − 𝑝𝑝𝑟𝑟𝑖𝑖𝑖𝑖

(6)

𝑦𝑦𝑀𝑀𝑀𝑀 = 𝑓𝑓(𝐴𝐴𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (7)

PC
MV

SV
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𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛼𝛼 ⋅ 𝐴𝐴𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑦𝑦𝑀𝑀𝑀𝑀) ⋅ √
2
𝜚𝜚 ⋅ 𝛥𝛥𝑝𝑝𝐿𝐿𝐿𝐿

(8)

2.3 Pump Control 

The pump control utilizes a simple flow matching algorithm, described in [19] and [20], with an additional load 
sensing pressure 𝑝𝑝𝐿𝐿𝐿𝐿 control. This is shown in the following equation (9). The individual flow requirements of the
cylinder 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are determined using the specific algorithms, represented with the equations (2) and (8).

𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
∑𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑛𝑛𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ⋅ 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃,𝑃𝑃𝑎𝑎𝑎𝑎 ⋅ 𝜂𝜂𝑀𝑀𝑉𝑉𝑖𝑖
+ 𝐾𝐾𝑃𝑃 ⋅ (1 +

1
𝑇𝑇𝐼𝐼 ⋅ 𝑠𝑠

) ⋅ (𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − (𝑝𝑝𝐿𝐿𝐿𝐿 + Δ𝑝𝑝𝐿𝐿𝐿𝐿))
(9)

3 Additional Pipe Burst Valves 

Pipe Burst Valves (PBVs) are often used to meet the requirements of section 5.5.6 - Uncontrolled movements - of 
the EN 474-1 standard [21]. For this purpose, excavators are equipped with PBVs, normally on the piston side of 
a boom cylinder, which prevents the entire excavation equipment from sinking. Another common position for a 
PBV is the rod side of the stick cylinder, which prevents the stick from sinking. Figure 4 shows the PBVs on the 
boom cylinders that are utilized in the excavator demonstrators from the Chair of Fluid-Mechatronic Systems and 
the Chair of Construction Machines at the Technische Universität Dresden. 

a)Boom PBVs from the excavator demonstrator at
the chair of Fluid-Mechatronic Systems 

b) Boom PBVs from the excavator demonstrator at
the chair of Construction Machines

Figure 4: Boom PBVs at the demonstrator excavators at the Technische Universität Dresden

Two functional types of this valve are common, the first type operates as a simple 2/2 control valve which cannot 
be controlled externally. Therefore, it has no influence on the proposed algorithms. The second type has a non-
return valve which allows free flow into the cylinder chamber. For volumetric flow out of the cylinder chamber, a
pilot-operated orifice has to be opened. The second type is normally coupled to the pilot pressure of the MV. In 
the context of automations, in this paper, a proposal for separate controllable PBV is made. While the inlet flow 
can cross the non-return valve, the focus of this paper is a PBV, which enables the controller to influence the outlet 
flow. A simplified schematic for an aided load is shown in Figure 5. 

Figure 5: Simplified layout for a single flow sharing axis with inlet and outlet PBV 

PC
MV

SV PBV
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In case of a resistive load, the outlet PBV should be opened completely to reduce pressure losses. If the load aids 
the movement, the pressure into the outlet side of the cylinder can be raised, by closing the outlet PBV, which also 
increases the inlet sided cylinder pressure. The proposed algorithm shown by the equations (10)-(15), the stroke 
of the MV 𝑦𝑦𝑀𝑀𝑀𝑀  is calculated for the normal resistive mode, with the assumption, that the SV remains closed while
the outlet PBV raises the pressure above the pressure of the return line 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟.

𝐹𝐹𝐿𝐿 = 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 ⋅ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 − 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟 ⋅ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟 = 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 ⋅ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖,𝑠𝑠𝑟𝑟𝑟𝑟 − 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟 ⋅ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟,𝑠𝑠𝑟𝑟𝑟𝑟 (10)

𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟,𝑠𝑠𝑟𝑟𝑟𝑟 = 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟 +
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟
⋅ (𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖,𝑠𝑠𝑟𝑟𝑟𝑟 − 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖) (11)

Δ𝑝𝑝𝑜𝑜𝑜𝑜𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟 = (
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟

𝐴𝐴𝑜𝑜𝑜𝑜𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟(𝑦𝑦) ⋅ 𝛼𝛼)
2

⋅ 𝜚𝜚
2

(12)

Δ𝑝𝑝𝑃𝑃𝑃𝑃𝑀𝑀,𝑜𝑜𝑜𝑜𝑟𝑟 = 𝑝𝑝𝑜𝑜𝑜𝑜𝑟𝑟,𝑠𝑠𝑟𝑟𝑟𝑟 − Δ𝑝𝑝𝑜𝑜𝑜𝑜𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟 − 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 
(13)

𝐴𝐴𝑃𝑃𝑃𝑃𝑀𝑀,𝑜𝑜𝑜𝑜𝑟𝑟 =
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟

𝛼𝛼 ⋅ √
𝜚𝜚
2 ⋅ 1

𝛥𝛥𝑝𝑝𝑃𝑃𝑃𝑃𝑀𝑀,𝑜𝑜𝑜𝑜𝑟𝑟

(14)

𝑦𝑦𝑃𝑃𝑃𝑃𝑀𝑀,𝑜𝑜𝑜𝑜𝑟𝑟 = 𝑓𝑓(𝐴𝐴𝑃𝑃𝑃𝑃𝑀𝑀,𝑜𝑜𝑜𝑜𝑟𝑟)
(15)

Equation (10) shows the static equilibrium for the force of the cylinder both with measured pressures, and with set 
pressures. Rearranging this equation to the set pressure of the outlet side of the cylinder 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑟𝑟,𝑠𝑠𝑟𝑟𝑟𝑟 , where the set
pressure of the inlet side of the cylinder 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖,𝑠𝑠𝑟𝑟𝑟𝑟  is a fixed parameter, leads to equation (11). The pressure drop
over the outlet orifice is calculated in equation (12). With these parameters the desired pressure drop over the outlet 
PBV can be calculated, as shown in equation (13) and used to determine the cross-section and the stroke of the 
outlet PBV, which is described in equations (14) and (15). 

On the one hand, cavitation can be prevented and the axis can be controlled in a targeted manner. On the other 
hand, in some applications, the volumetric flow over the SV can be interpreted as regeneration volume flow and 
may have an energetic influence. This depends mainly on how the system and its individual components have been 
matched to each other and to the work task. 

4 Regeneration orifices on the MV 

Another common modification of the flow sharing system is the addition of a regeneration orifice. The regeneration 
orifice is a suitable feature, if the axis lifts heavy parts of the work equipment, so that the potential energy in the 
work equipment supports a lowering movement of the work equipment. If parts of the work equipment store a 
large amount of potential energy, which a cylinder moves, a PBV is necessary at that side. For the regeneration 
configuration, it is assumed that an outlet PBV is included, so that the regeneration orifice both reduces the volume 
flow into the meter-out orifice and increases the volume flow into the cylinder. That means that the regeneration 
volume flow 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 must be taken into account for both the control via the meter-in orifice or for the control via the
meter-out orifice. The orifice after the PC usually has a relatively large cross-section, so that the pressure drop 
occurring there is usually relatively small. Therefore, the pressure drop across the orifice behind the PC is not 
respected in the equations and it is assumed that the same pressure present there equals the pressure on the outlet 
of the MV. For an aided load the simplified scheme for the configuration with a regeneration orifice is shown in 
Figure 6. 
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Figure 6: Simplified layout for a single flow sharing axis with regeneration orifice, inlet and outlet PBV 

In order to achieve good controllability via the orifices of the MV, the inlet side cylinder pressure 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 was raised
by means of an outlet-side PBV, (according to the system configuration with an outlet PBV) in order to keep the 
SV closed. In addition, the MV stroke 𝑦𝑦𝑀𝑀𝑀𝑀 must be set in order via for the volume flow via the metering orifice
𝑄𝑄𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎 and the regeneration orifice 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 to correspond to the required incoming volume flow into the cylinder
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖, described in equations (16) to (18), where 𝛥𝛥𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 is the assumed pressure drop across the regeneration edge.

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 = {
𝛥𝛥𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 > 0 ∧ 𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 > 0 → 𝑄𝑄𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖 + 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟
𝛥𝛥𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 ≤  0 ∨ 𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 = 0 → 𝑄𝑄𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖

(16)

𝑄𝑄𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖 = 𝛼𝛼 ⋅ √2
𝜚𝜚 ⋅ 𝐴𝐴𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖(𝑦𝑦𝑀𝑀𝑀𝑀) ⋅ √𝛥𝛥𝑝𝑝𝐿𝐿𝐿𝐿

(17)

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝛼𝛼 ⋅ √2
𝜚𝜚 ⋅ 𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟(𝑦𝑦𝑀𝑀𝑀𝑀) ⋅ √𝛥𝛥𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

(18)

It is challenging to estimate the volume flow distribution, since it depends strongly on the pressure difference over 
the regeneration edge, which in turn is influenced by the load force 𝐹𝐹𝐿𝐿, the PBV and the outlet orifice and thus the
valve stroke. If it is feasible to solve the equation for the stroke of the MV 𝑦𝑦𝑀𝑀𝑀𝑀 analytically, it should be preferred
for performance reasons. If the relationship between the MV stroke 𝑦𝑦𝑀𝑀𝑀𝑀, and the opening cross-sections of the
orifices is represented by means of characteristic curves, then it is necessary to iterate. Usually, the cross-sections 
open up steadily and monotonically increase along the stroke of the MV 𝑦𝑦𝑀𝑀𝑀𝑀, after the positive valve overlap. If
this condition is fulfilled, the bisection method for iteration with a limited number of the iteration steps is a good 
compromise between accuracy, computational performance and stability of the solution. The volume flow above 
the metering orifice 𝑄𝑄𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖  is passed on to the pump as the volume flow demand of the axis 𝑄𝑄𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎. When calculating
the stroke of the outlet PBV, equations (11) to (15) can be used, but equation (12) had to be replaced by equation 
(19).

Δ𝑝𝑝𝑜𝑜𝑜𝑜𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖 = (
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑖𝑖 − 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟
𝐴𝐴𝑜𝑜𝑜𝑜𝑖𝑖𝑐𝑐𝑟𝑟𝑖𝑖(𝑦𝑦) ⋅ 𝛼𝛼 )

2
⋅ 𝜚𝜚

2
(19)

5 Controller Structure 

The proposed controller strategies could be used for a wide range of configurations of a flow-sharing axis. In 
Figure 7 the state diagram is shown, that can be utilized to select a strategy depending on the load direction, relative 
to the direction of the cylinder movement and the system layout. Also, the equations for the volumetric demand of 
each axis 𝑄𝑄𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎, the strokes for each MV 𝑦𝑦𝑀𝑀𝑀𝑀 and the outlet PBV 𝑦𝑦𝑃𝑃𝑃𝑃𝑀𝑀  are shown.

PC
MV

SV PBV
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Figure 7: State diagram for an axis controller with the need equations for each state 

With the given algorithms, a feed-forward controller for operator guided movements can be implemented to control 
the flow sharing system with electrical controllable valves and a pump. For automated work it is assumed, that the 
trajectory generator (Figure 1), calculates a suitable path for the equipment of a machine and also for each axis of 
the work equipment. To achieve a closed loop architecture, the stroke of the cylinders also have to have an 
influence on the control signals for the valves and the pump. Therefore, not only the velocity input of the trajectory 
generator, but also the deviation of the cylinder stroke is used. The deviation of the cylinder stroke is utilized in 
order to increase or decrease the desired velocity from the feed-forward controller, which is shown in Figure 8. 

Figure 8: Closed loop structure with the Feed-Forward Controller 

The following sensors are needed for the described algorithms: system-wide pressure sensors for the pump and 
the return line of the valve block, two pressure sensors, one cylinder stroke sensor for each axis and an additional 
pressure sensor for each PBV. 

6 Modelling / System Models of the test rig and the excavator demonstrator 

To validate the control strategy, a multi-domain simulation models with lumped parameters in Simulation X has 
been used. For first tests, a validated simulation model from the excavator test rig of the chair of Fluid-Mechatronic 
Systems, was used. Because of the structure of the valve system, only the resistive mode and the aided tank mode 
can be verified. The proposed controller was developed for the automation of the excavator demonstrator of the 
chair. To test the controller for the excavator demonstrator, a validated simulation model of a similar excavator 
was used as base and then modified with OEM-data. A validation, based on measurement results, is still pending. 
However, the existing model is quite sufficient for an initial simulation study of the control concept. 

The individual components of the model are structured as follows. The valves are composed of individually
controlled orifices with specific stroke cross-section characteristics. Since the valves are operated by means of a 
secondary position control, only the approximated response behavior from the valve spool and pilot stage is 
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available in this model. The pump represents a dynamic in the control signal. In addition, the efficiency maps, 
based on manufacturer measurements, are stored in the pump model. The fluid model of Simulation X is used for 
modeling the hydraulic oil. The working equipment of the excavator was modeled using data sheets and design 
data. 

The control algorithms are implemented in plain C, which allows its use with only slight modifications to the 
control units at the test rig and the excavator demonstrator. To emulate the task cycle of the control unit, the control 
algorithm was called in a10 ms loop, of the simulation time.

7 Co-simulation of the control algorithms for multiple axes of an excavator 

To show the influence when an axis starts or stops its movement, a generic test cycle is used as profile for the 
automation. First, the boom cylinder starts extending after the acceleration and a phase of constant velocity, begins 
the stick cylinder also starts an extending movement. When both axes achieved constant velocity default, the boom 
starts to slow down. In this phase the stick is the only active axis and it also will be slowed down after a period of 
time. After a standstill phase, both axis are retracted in reverse order. This cycle is shown in Figure 9 with normed 
desired velocities. Lines for the boom always marked in red or orange and lines for the stick in blue or light blue. 

Figure 9: Velocity profile of the generic test cycle 

To compare the results of the control algorithms, a closed loop controller with only PI controllers for the combined 
control of the MV and the PBVs is used. A PI controller is also used for the pump and an open-loop path, depending 
on the valve signals, for a quicker pump control. The results of this controller have the index PICLC, which stands 
for “proportional and integral closed loop controller”. Results of the developed algorithm have the index FFSPI, 
which stands for “feed-forward velocity controller with superimposed PI controller”. Figure 10 shows the course 
of the normed actuator velocities. The FFSPI velocities show a good follow-up to the desired velocity. Only at the 
start of the boom extension, there is a larger delay, which also results in the stroke deviation of the boom. When 
observing the curves of the stick, utilizing the FFSPI, it can be observed that the slowing down in the retraction 
phase leads to a strong oscillation in the velocity curve. This leads to a peak into the stroke deviation of the stick. 
The FFSPI provides a good follow-up behavior for the desired velocity, which leads to only a small range in stroke 
deviation. The PICLC has a larger time delay, before the velocity can be reached. Characteristic behavior of a
PI-controller can be observed in the phases with constant desired velocity. In these phases, the stroke deviation in 
nearly zero, so that the proportional portion of the controller. Also, in those phases, the value of the integrator 
equals the value of the feed-forward algorithms. This can be observed by comparing the control signals in Figure 
11 during the phases of a constant extension velocity of the boom from 6 s to 8 s. When looking back to Figure 
10, a large delay can be seen for both axes, boom and stick. As mentioned, the phases of constant velocity leads 
to good performance of the PICLC, but the stroke deviation results in large peaks at the beginning of the motion.
When the desired velocity reaches zero, the integral part is not zero and leads to overshoots in the stroke deviation. 
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Between 22 s and 23 s, the integral part also leads to a short movement of the stick, because of previous 
overshooting. 

Figure 10 Normed velocity and stroke deviation of the FFSPI and PICLC 

The control signals for all valves and the pump are shown for the FFSPI and the PICLC. The FFSPI ensures a 
quick opening of the valves, which can be seen at the start of the boom extension. In contrast to this, the valves 
open slower with the PICLC, where a time period is needed, before the stroke deviation is large enough, so that 
the valve control signal is larger than the positive valve overlap. Because of the combined control between the MV 
and the PBV, the valve signals are equal in amount to the PICLC, while they are not for FFSPI. Further, there are 
more oscillations on the valve control signals with the FFSPI. Aside from this the FFSPI reacts significantly faster 
to slow down, for example, the MV of the stick is never in the neutral position between 10 s to 15s. The 
overshooting can also be seen on the valve signal of PICLC, which also has an influence on the pump control 
signal. The pump control signal contains regions that are significant lower with the PICLC, which could be an 
indicator for the opening of a SV. 

Figure 11 Normed Control Signals during the synthetic cycle 

To analyze the behavior of the SVs the normed volumetric flows on the inlet side of the cylinders 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 and
volumetric flows over the SVs 𝑄𝑄𝑆𝑆 are shown in Figure 12. In case of the FFSPI, the boom SV has only a short
peak between 9 s and 10 s, but the stick SV has also a short peak at about 11 s, which is when the stick shows the 
strong oscillation. The PICLC has longer phases where the SV is open. On one hand, this could be interpreted as 
a regenerative volumetric flow, on the other hand it could be an indicator for cavitation issues. 
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Figure 12: Normed volumetric cylinder inlet and SV flow 

Figure 13 shows the normed hydraulic power output of the pump. The delay in PICLC, also causes a delay in the 
pump control signal. This delay in the control signal also generates a delay in the delivering of volumetric flow. 
This results in an effect to the normed power output of the pump. That means that peaks with high-power demand 
are critical for mobile machines, which normally utilize a combustion engine as an energy source. Integrating the 
power output over the time, shows that the energy over the cycle differs only about 2 % between FFSPI an PICLC, 
so that there is no significant difference in the energy consumption. 

 

Figure 13: Normed hydraulic power output of the pump 

8 Conclusion and Outlook 

In this contribution, control algorithms for a flow sharing systems are developed. Based on the current system 
configuration, a state machine is used to calculate the proposed algorithm for each axis individually. The 
volumetric demand of all axes is used for a feed-forward control of the pump. At this stage, the control could be 
used for operator guided control. For an automated controlled machine, it is necessary to add cylinder stroke 
sensors. The feed-forward control is extended with PI controllers, which are used to adapt the velocity input in the 
feed-forward controller by using the deviation of the cylinder stroke (FFSPI). This concept was tested with a 
simulation model of an excavator and compared with simple PI based control (PICLC). During the simulation, the 
FFSPI shows a better dynamic performance and a lower stroke deviation in the critical operating points compared 
to the PICLC. The next step will be the implementation of a trajectory generator for digging tasks and the 
implementation of the control unit algorithms for the excavator demonstrator at the chair of Fluid-Mechatronic 
Systems at the Technische Universität Dresden. 
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Nomenclature 

Variable Description Unit

𝐴𝐴 Area [m²]

𝑓𝑓(   ) Function various

𝐹𝐹 Force [N]

𝐾𝐾 Coefficient various

𝑛𝑛 Rotational speed [rpm]

𝑝𝑝 Pressure [Pa]

𝑃𝑃 Power [W]

𝑄𝑄 Volumetric flow [m³/s]

𝑡𝑡 Time [s]

𝑇𝑇 Time constants [s]

𝑥𝑥 Cylinder Stroke [m]

�̇�𝑥 Cylinder Velocity [m/s]

𝑦𝑦 Valve Stroke [m]

𝛼𝛼 Pump stroke angle [-]

𝛼𝛼 Flow coefficient [-]

Δ Deviation, difference various

𝜂𝜂 Loss coefficient [-]

𝜚𝜚 Fluid density [kg/m³]
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This paper presents the design and the control method of a Multiple Pressure Rail system (MPR) with a variable 
pressure control logic that allows minimization of throttling loss, therefore, increasing the overall fluid power 
actuation efficiency. An MPR system allows controlling hydraulic actuators with a pressure control logic, as 
opposed to traditional flow control logics which are well established in mobile applications. A proper setting of 
the number of pressure rails and the pressure level in each rail permits optimizing the system efficiency of an MPR 
solution. MPR systems have been recently proposed with different purposes, but seldom adopt variable pressure 
control strategies to manage the pressure variations in the rails. Moreover, the related past work attempts to 
maximize the energy recovery during overrunning load conditions. This paper, instead, addresses the case of an 
MPR system that handles a multitude of hydraulic functions without significant overrunning loads, as it occurs in 
many mobile applications such as in agriculture.  The paper first presents the design alternatives considered for 
the MPR system, including the supply, the control valves, and the controller. Second, a dedicated test rig is 
developed to support experimental activities and validations of a lumped parameter model developed within this 
research to develop the MPR control strategy. The results describe the operating features of the proposed MPR 
solution. By considering the case of a traditional LS system, the paper results also show how system efficiency 
can be highly improved, with energy savings in the order of 49%. 

Keywords: System Efficiency, System Design, Control, Experiment 
Target audience: Agricultural Machinery, Mobile Hydraulics, Mining Industry 

1 Introduction 

Fluid power systems for off-road mobile applications typically adopt centralized architectures, such as the load 
sensing system (LS) or open center systems. In these architectures, each working line’s flow is controlled  
according to the instantaneous actuator request, and throttling losses are always present in cases of an imbalance 
in the load between actuators [1]. The energy transmission efficiency of such systems can reach values much 
higher than the 21% average found in mobile applications [2]. Significant is the case of an agricultural tractor 
investigated by the authors’ team, where efficiency values for the circuit supplying the hydraulic remotes were 
found to be up to 56% [3]. However, off-road machines using hydraulic remotes, such as tractors, often utilize 
each hydraulic remote connection to supply multiple actuators with dedicated flow control valves. In such 
condition, the LS remote valve is set to maximum opening, to ensure to fulfil the request of the downstream flow 
control valves installed in the implement. This causes the supply pump to not follow the flow command established 
by the remote valve, so that the pump enters into a pressure saturation condition determined by the absolute 
pressure limiter of the pump. In this circumstance, the supply pressure usually largely exceeds the pressure 
established by the actuators at the implement. Consequently, the power loss due to throttling becomes excessive, 
and bringing the overall system efficiency to values typically below 20%. Therefore, there is a need for higher 
energy efficiency hydraulic architectures that are suitable to power hydraulic remotes with numerous actuators. 

The literature presents several studies to improve the efficiency of a LS system. A significant example is the work 
by Tian et al. [4], which proposed a hybrid variable margin method to adjust the pump pressure and reduce the 
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throttling loss occurring at the LS valve. This method, however, does not address the problem of inefficiency due 
to load imbalance. Siebert et al. [5] proposed a method that elevates the load pressure of the low load actuators by 
connecting their outlet to a pressurized line with an accumulator. This method shows up to 44% decrease in the 
throttling loss in simulation. However, this method is penalized by a high load imbalance. Critically, the past work 
that improves the energy efficiency of LS system does not address the problem of having multiple actuators 
controlled by additional flow control valves downstream from the LS valve. Therefore, a different actuation control 
method is required. Among other methods specifically addressing energy efficiency, the displacement control 
method is probably the most attractive [6]. The displacement control strategy eliminates the need for flow throttling 
valves by directly setting the pump displacement to control the actuator. However, in principle, this method 
requires one supply unit per actuator, which is impractical for most off-road vehicles. Possible solutions for this 
problem were proposed; an example is the sharing control method [7]. Still, such a method is not suitable for 
systems that control actuators through hydraulic remotes, such as in a tractor-implement system. 
A great potential alternative to the established flow control concepts is pressure control. The basic system that 
implements this kind of control is the constant pressure (CP) system. In a CP system the supply unit provides flow 
to a pressure rail to which all the actuators are connected via hydraulic control valves (often servo valves) [8]. 
There are many advantages associated with the CP system. For example, in the CP system, the supply unit and the 
actuators are decoupled, which enables the implementation of power management strategies for the prime mover. 
This separation can also enlarge the actuator control bandwidth since the actuator response is not affected by the 
dynamics of the supply unit. On the other hand, similarly to the LS solution that is well established in off-road 
vehicles, the efficiency of a traditional CP system is limited by the large throttling losses between the supplying 
rail and the actuators with lower loads. 
To address the above issue, advanced CP systems have been recently formulated [9]. Such systems keep the 
advantages from the basic CP system while improving the system efficiency. These advanced CP systems can be 
grouped into two categories: secondary controlled-based and hydraulic transformer-based. Firstly, the secondary 
control concept [10] is a throttle-less actuation method originally formulated for hydrostatic transmissions which 
directly acts on the actuator to control its output (velocity or torque). An example in off-road application outside 
propulsion was given by Volvo [11], and proposed a novel variable area cylinder for a secondary controlled system 
and demonstrated 34-50% fuel efficiency improvement in a 30-ton excavator. Secondly, the hydraulic transformer 
is a device able to lower the pressure level from the constant pressure supply to the actuator level, without wasting 
power through throttling. The most significant designs are listed in [12], [13]. However, hydraulic transformers 
have not reached commercial success yet due to their complexity, reliability concerns, and high cost. 
The multi-pressure rail (MPR) system is a promising expansion on the advanced CP systems, but does not strictly 
fit in either of the categories above. Lumkes et al. in [14] proposed a generic design of  an MPR system with the 
goal of increasing system efficiency, control flexibility and system redundancy. In this work, the system was tested 
on a backhoe test rig, showing good functionality, though the efficiency was not specifically addressed and a 
controller design suitable for such a system was not proposed. Dengler et al. in [15] and [16] proposed a constant 
pressure system with intermediate pressure line. With the added intermediate pressure line, 20% efficiency 
improvement are predicted through theoretical calculation compared to a standard LS system. The most relevant 
past effort is represented by the STEAM excavator by RWTH Aachen [17] [18], and the hybrid hydraulic-electric 
architecture (HHEA) [19]. Both systems used pressure rail technology. The STEAM machine experimentally 
demonstrated up to a 30% reduction in fuel consumption. This improvement was achieved thanks to the energy 
recovery occurring during overrunning load conditions, and by the relatively short actuation period of each 
function, suitable to accommodate engine management strategies. HHEA system took the concept one step further 
by adding a hydraulic motor with an electric machine to each actuator that replaced the traditional metering valve 
to reduce throttling loss. In the simulation study, HHEA system outperformed the STEAM system in energy 
consumption reduction by 40%, thanks to the throttle-less design. One important observation is that the above 
works on advanced CP systems targeted construction machinery, an application that involves a dynamic working 
cycle with many instances of overrunning load. Due to the complexity of the working cycle, the pressure in the 
rails was set to be constant without reducing the control effort. Opgenoorth et al. in [20] proposed an MPR system 
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for an electrified excavator with optimized rail pressure controller that shows a 29% efficiency improvement in 
simulation. However, also this work relates to mobile construction applications; moreover, no experimental 
validation for the design and control approach was provided. 
This paper instead focuses on MPR systems with variable pressure logic conceived for reducing the throttling 
losses. The focus of this paper is not to address the case of machines with overrunning loads but is instead 
particularly convenient for replacing current systems for off-road vehicles with remote connections using multiple 
motor actuators, such as the agricultural applications mentioned above. Typically, the duty cycle for remote 
attachments, such as hydraulic implements (such as planters, baylers, seeders), present slow dynamics and very 
seldom instances of overrunning load conditions. Such implements also typically use primarily hydraulic motors 
running in one direction for actuators, and as such this paper analysis will focus primarily on motor-only 
applications. 
Figure 1 shows a generic MPR system as considered in this work. It includes a supply system, pressure rails, 
pressure selection and control valves, and actuators. The pressure selection and control valve pick the best 
combination of inlet and outlet pressure from the rails to the actuator based on the actuator load pressure to 
minimize the throttling loss through the valves.  

Figure 1: Generic MPR System Design. 

The working principle for a three rail MPR system is schematically shown in Figure 2 (there-rail MPR). For a 
hydraulic motor, the different combinations of inlet and outlet pressure create different theoretical output torque 
(shown as the dashed horizontal lines on the figure). As the flow rate 𝑄𝑄𝑄𝑄𝐿𝐿𝐿𝐿  increases, the pressure loss across the 
control valves becomes significant, varying the output torque for the same pressure difference. The curved solid 
lines correspond to the adjusted torque when accounting for the valve pressure losses. If the controlled actuator 
has a resistive torque, as in point T1, then the control system will select a torque setting just above T1, represented 
by the red line. The on/off valve set connects the motor inlet to the medium pressure-rail and the motor outlet to 
the low-pressure rail, while the metering valves control the speed of the actuator. For an overrunning load T2, the 
system instead selects a torque setting right below the actuator load.  

Figure 2: Working Principle for MPR System for motor actuator. 

In summary, this paper develops and demonstrates a new design and control method for a MPR system that fits 
the case of off-road vehicles requiring centralized architectures and multiple motor actuators. Such a system is 
appropriate for applications such as agricultural tractors and their implements. The system improves energy 
efficiency by limiting the throttling losses. This paper first describes the conceptual design of the MPR system in 
section 2, considering different implementation variants for the two main subsystems: the hydraulic supply and 
the pressure selection and control valves. Then, section 3 describes the controller used to regulate the actuator 
speeds and to determine the pressure levels. In section 4, the paper describes the design of the MPR test rig that is 
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used to validate the control strategies. Section 5 then presents presents the results collected from the test rig, using 
them to validate a simulation and generate estimated efficiency gains for the proposed system. 

2 MPR System Design 

The MPR system is divided into four parts (Figure 1): pressure rails, supply system, pressure selection and control 
valve set, and actuators.  

2.1 Number of Rail Selection 

The number of rails determines the number of different working pressure ranges for the system, referred to as 
modes in this study. The total number of possible modes for a given number of rails is calculated by Equation (1): 

#𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = #𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙2 (1) 

Take a three-rail system as an example, the total number of possible modes is nine. However, not all those modes 
are necessary. As this work focuses on the monodirectional hydraulic motor as actuators, several modes can be 
eliminated. Modes such as HP-HP, MP-MP, LP-LP that connect the same pressure level to both inlet and outlet 
will not power a hydraulic motor at all. Where the mode is defined here by inlet rail – outlet rail.  Moreover, as 
most of the hydraulic motors in agricultural applications are monodirectional, operating at fairly constant speed, 
with no significant overrunning loads, modes LP-HP, MP-HP, LP-MP are not needed. As a result, the relationship 
between the number of rails and the number of modes is modified as stated in Equation (2). 

#𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
#𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙(#𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙 − 1)

2
(2) 

As shown in Figure 3,  more rails in the system allow for more modes for the actuators to choose from, and less 
throttling loss. Throttling loss could be eliminated entirely if the number of rails matched the number of actuators. 
However, the system cost control complexity increase greatly with the number of rails. 

Figure 3: Number of Modes w.r.t Number of Rails and Its Throttling Loss. 

The optimal number of rails results in a compromise between cost and energy savings, depending on the particular 
application. As the representative of an application with numerous functions under resistive loads suitable for MPR 
implementation, the authors considered the case of an agricultural planter. By considering typical working cycles 
for a planter, Table 1 summarized three operating conditions for four selected high-power actuators in the planter. 

Operation 
Condition 

Actuator 1 Actuator 2 Actuator 3 Actuator 4 

𝒒𝒒𝒒𝒒1
𝒒𝒒𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒑𝒑𝒑𝒑1
𝒑𝒑𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒒𝒒𝒒𝒒2
𝒒𝒒𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒑𝒑𝒑𝒑2
𝒑𝒑𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒒𝒒𝒒𝒒3
𝒒𝒒𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒑𝒑𝒑𝒑3
𝒑𝒑𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒒𝒒𝒒𝒒4
𝒒𝒒𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝒑𝒑𝒑𝒑4
𝒑𝒑𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

Normal 55.1 12.5 62.0 22.8 67.4 38.9 21.4 21.3 
Fast 72.6 12.7 81.4 37.1 75.1 49.9 25.7 33.2 
Max. 90.0 15.1 99.4 54.6 83.7 67.5 30.0 45 

Table 1: Normalized Speed and Load Pressure for the Four Motors in a Planter for Different Working Cycles. 
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Random combinations of the operating conditions for all actuators are made (a total of 81 cases) for system power 
loss analysis. For such analysis, the pressure drop at the control valve for each actuator in each case needs to be 
estimated first. The pressure drop depends on which mode the actuator operates. The total pressure range is evenly 
divided by the number of modes for each rail design. The pressure that divides two different modes is called mode-
shifting pressure (MSP). A pressure margin is added to the actuator load pressure to ensure adequate control of the 
related function. The sum of the load pressure and the pressure margin is compared to the MSPs to determine 
which mode the actuator is in. Take the three-rail system as an example, if the actuator pressure is higher than the 
MSP 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿𝑀𝑀𝑀𝑀, but lower than the MSP 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿𝑀𝑀𝑀𝑀 , then this actuator will operate in mode HP-LP. When the 
modes for each actuator are selected, Equation (3) is used to calculate the power loss: 

𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿 = � �𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 − 𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖� ∙ 𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖

# 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴

𝑖𝑖𝑖𝑖𝑖𝑖

 (3) 

Then, the calculation above is run for all possible working combinations of the actuator. For the total of 81 cases, 
the calculation results are shown in Figure 4. The left plot shows the percentage of loss power reduction for all 81 
cases comparing the two-rail system to a system with a variable number of rails. The right plot shows the average 
of all the cases for each number of rails. It can be seen that the largest loss reduction occurs when increasing the 
number of rails from 2 to 3. Although the trend is clear, the plot shows scenarios where an increased number of 
rails reduces the power savings. This is a side effect of the assumption that the additional modes created by adding 
pressure levels are evenly distributed, rather than adjusting for the optimal values. This assumption greatly speeds 
up the calculations performend in this analysis. The effect is minor, and taking the average across all cases allows 
the results to be accurately interpreted. 
It is reasonable to state here that the three-rail system is the best choice considering the power loss reduction, the 
system cost and the added complexity to the system. As a result, the supply system and the pressure select and 
control valve set in this research work are designed for a three-rail system setup. 

Figure 4: Throttling Loss Reduction w.r.t Number of Rails (Left: Reduction in %, Right: Average Reduction).

2.2 Supply System Design 

The supply system is powered by a prime mover, such as an engine, to supply flow to the rails and control their 
pressure. The selected three-rail system includes a high-pressure rail, a medium-pressure rail, and a low-pressure 
rail. The high and median pressure rails are powered by the supply unit. The low-pressure level is directly 
connected to an open tank. 

Two architectures can be adopted to achieve the control of a three-rail system for the investigated application. The 
two options are illustrated in Figure 5. Option 1 includes one pump (𝑝𝑝𝑝𝑝𝑖), one switching valve (𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆), and two 
accumulators (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 ,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) . This design uses a single pump to supply both rails by switching the pump 
connection between the two pressure rails. Accumulators are used to store pressurized flow. During operation, the 
pump connects to one rail and provides the total flow for the actuators that are powered by that rail plus some 
additional flow. This additional flow is used to charge the accumulator and, when the pump is switched to the 
other rail, the stored pressurized fluid in the accumulator is released to power the actuators. 
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Figure 5: Supply System Design Options.

Option 2 includes two pumps (𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 , 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀), and two optional accumulators (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 ,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀). One pump is dedicated 
to supply flow to each rail. The accumulator is only optional and it should be adopted only if the pumps cannot 
handle the pressure variations in the rails. The medium-pressure rail pump needs to be an over-center pump. The 
reason is that there are possible instances where several actuators are in mode 2 and send more flow back into the 
medium-pressure rail than the actuators working in mode 1 need. In this situation, there is an excess of flow in the 
medium-pressure rail that needs to go somewhere. If the medium-pressure rail pump does not have the over-center 
functionality, the excess flow needs to burn through a pressure relief valve, which results in an extremely 
inefficient solution. With an over-center pump, the unit can work as a motor and handle the excess flow while 
transferring the power back to the engine shaft. 

The pump sizing for option 1 is straightforward. The pump size needs to be large enough to supply the maximum 
flow required by the system. Option 2 uses two pumps, meaning the individual units can be smaller, with the 
constraint that their combined flow exceed the maximum required flow command. Based on the representative 
working condition of the target application, the two pump sizes could be optimized based on overall system 
efficiency. A parallel working mode is necessary for the option 2 with two smaller units. During worst case 
scenario, the flow from both pumps could merge with the two pumps operating as a larger unit to fullfill the 
maximum flow request. 

2.3 Pressure Select and Control Valve Set Design 

The pressure select and control valve set is the key part for the actuator control in the MPR system. It includes two 
functionalities: direct the fluid from the rails to the actuator using the on/off valves based on its operation mode, 
and control the actuator speed using the proportional valves. The operation mode is decided based on the actuator 
load pressure and the rail pressures. This study proposes two options as shown in Figure 6. 

Figure 6: Pressure Select and Control Valve Set Design Options. 

Option 1 is the most universal alternative. It contains six on/off valves (V1 to V6) and two proportional valves (VI 
and VO) that provide all possible connections for the actuator inlet (port A) and outlet (port B). For example, if 
the actuator is determined to operate in mode 1, V2 and V4 are activated while V1, V3, V5 and V6 remain closed. 
The opening of either one of VI or VO is adjusted to regulate the flow to the actuator while the other one is fully 
opened to reduce the throttling loss. Table 2 shows the on/off valve control strategy under different modes with 
flow direction from A to B. For agricultural applications, only modes M-L, H-M, and H-L are used (red in the 
table) and they are named mode 1, 2 and 3 in this study. 
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H-H H-M H-L M-H M-M M-L L-H L-M L-L
V1 ON ON ON OFF OFF OFF OFF OFF OFF 
V2 OFF OFF OFF ON ON ON OFF OFF OFF 
V3 OFF OFF OFF OFF OFF OFF ON ON ON 
V4 OFF OFF ON OFF OFF ON OFF OFF ON 
V5 OFF ON OFF OFF ON OFF OFF ON OFF 
V6 ON OFF OFF ON OFF OFF ON OFF OFF 

Table 2: Valve Control Strategy for Pressure Select and Control Valve Set Design Option 1. 

Option 2 is a simplification from option 1 by considering the typical operating conditions for agricultural 
applications (section 2.1). Port B never needs to connect to the high-pressure rail therefore no metering control 
valve is needed for port B. As a result, only one proportional valve (V1) and two on/off valves (V2 and V3) are 
required for option 2. Option 2 cannot achieve all the modes the first variant can, but it is sufficient for agricultural 
applications. Table 3 shows the valve control strategy under different modes with flow direction from A to B. 

H-H H-M H-L M-H M-M M-L L-H L-M L-L
V1 

N/A 
Active Active 

N/A 
Active Active 

N/A 
Off Off 

V2 On On Off Off Off Off 
V3 Off On Off On Off On 

Table 3: Valve Control Strategy for Pressure Select and Control Valve Set Design Option 2. 

3 Controller Design 

The controller for the proposed MPR system has several components. It includes a supervisory controller, a pump 
controller, and the actuator controller. Figure 7 shows the control flow chart of the proposed MPR system.  

Figure 7: MPR System Controller Overview Block Diagram. 

The actuator controller adjusts the metering valve tracking the actuator performance through speed feedback. The 
actuator load pressure and flow rate are fed into the supervisory controller. The supervisory controller selects the 
necessary pressure for each rail and the operating mode for each actuator. The operating mode command is 
executed by the pressure select and control valve set, and the desired rail pressure is sent to the pump controller. 
Finally, the pump controller regulates the supplying pumps to reach and maintain the desired rail pressure. 

3.1 Actuator Controller 

As the operating mode is determined by the supervisory controller, the actuator controller only regulates the 
opening of the proportional metering valve(s). For this research, this controller is a PI controller with an anti-
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windup that performs a speed control loop with the error between commanded and measured speed as input. The 
output of the speed controller is the actual valve opening command to the metering valve.  

3.2 Supervisory Controller 

The supervisory controller has two missions to accomplish. The first task is to determine the operating mode for 
each actuator. The second task is to determine the best rail pressures that minimize the throttling loss in the system. 
An optimization algorithm is adopted in this study to find the best high-pressure and median-pressure levels with 
the corresponding actuator operating mode combination. 
The high-pressure rail pressure 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻  is determined using Equation (4). Δ𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖  is the actuator load pressure and 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  is 
the pressure margin that ensures the control valve has sufficient pressure drop to operate. 

𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 = max(Δ𝑝𝑝𝑝𝑝1,Δ𝑝𝑝𝑝𝑝2, … ,Δ𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛) + 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  (4) 

The total power loss in the system is defined as in Equation (5). 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  is the total power loss in the system, 𝑟𝑟𝑟𝑟 
represents the related actuator, 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖  is the inlet pressure for 𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡 actuator before the control valve, 𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 is outlet 
pressure of the 𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡  actuator, Δ𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖  and 𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖  are the load pressure and flowrate for the 𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡  actuator, 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻/𝑀𝑀𝑀𝑀/𝑀𝑀𝑀𝑀  are the 
pressure in the three rails. 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the surplus flow in median-pressure rail, and 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉 is the volumetric efficiency of 
the median-pressure rail pump when it is acting as a motor. The first part of Equation (5) includes all the throttling 
loss from the control valves, and the second part corresponds to the power loss for any surplus flow in the median-
pressure rail that goes through the over-center pump. 

𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = ��𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 − 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 − 𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖�𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖1

+ (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀)�1 − 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉�𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (5) 

The challenge here is that the function is discontinuous as 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 depends on the mode the actuator operates in. 
For a three-rail-three-actuator MPR system, there are 27 possible actuator-mode combinations, which are called 
cases in this study. 
Fortunately, some of the cases can be excluded from the calculation of the total power. First, the actuators are 
sorted in descending order of their load pressure (Aa, Ab and Ac). This means Aa should always be in mode 3 as 
it is the highest load pressure among all actuators. This leaves only nine cases left. Among these nine cases, five 
of them always result in higher power consumption when compared to the other four. For example, the case with 
operating mode 3-2-2 for actuators Aa to Ac is always worse than the case 3-1-1. The reason is that the first case 
requires the medium-pressure pump to take the flow from all the actuators while working as a motor. This 
configuration introduces more losses than the other case because of the pump efficiency. Similar conclusions can 
be drawn from the comparison of the other cases. 
The corresponding power loss equation for the four remaining cases is listed in Table 4. 

Case 
Actuators 

Power Loss 
a b c 

1 3 1 1 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀1 = [(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + [(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏]𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + [(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴  

2 3 1 2 
𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀2 = [(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + [(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏]𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + [(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴

+ (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) max(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 − 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 , 0)�1 − 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉� 

3 3 2 1 
𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀3 = [(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + [(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏]𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + [(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴

+ (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) max(𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 − 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 , 0)�1 − 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉� 

4 3 3 1 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀4 = [(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + [(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏]𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + [(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴]𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 

Table 4: Power Loss Calculation for All Cases. 
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By rearranging the equations and cancelling out the common terms in all cases, Table 5 shows the final power 
loss equation for the four cases. The same table in the right column shows the constraints for each case. These 
constraints restrict the available pressure levels for the medium pressure rail. For example, in Case 1, the constraint 
is that the medium pressure be higher than the load pressure of actuator 1 and 2, plus the pressure margin (𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴). 
In Case 2, however, because mode 2, connecting HP to MP is included, the medium pressure must also be low 
enough that the pressure drop from HP to MP exceeds the load on the mode 2 actuator plus the pressure margin. 
If these constraints cannot be met in the selected case, the case is excluded from the rest of the calculation. The 
objective here is to find the value of 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 within the constrains for each case that minimizes the power loss. The 
partial equation in red for each case is not relevant to 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 and can be treat as constants. Then, the equation becomes 
a simple linear r be select and vise versa. Finally, the lowest possible power loss out of the four cases will be 
chosen as the control strategy. 

Case 
Actuators 

Power Loss Constrains 
a b c 

1 3 1 1 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿1 = 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀(𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) + 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏 > 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

2 3 1 2 
𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿2 = 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀(𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 − 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) + 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿(𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴)

+ (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿)𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 − 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 , 0) �1 − 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉� 

(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏 > 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  
(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 > 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

3 3 2 1 
𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿3 = 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 − 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏) + 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏) − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴)

+ (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿)𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚(𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 − 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 , 0) �1 − 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉� 

(𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀) − Δ𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏 > 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  
(𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 > 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

4 3 3 1 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝐿𝐿𝐿𝐿4 = 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) + 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏) − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿(𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴 + 𝑞𝑞𝑞𝑞𝑏𝑏𝑏𝑏 + 𝑞𝑞𝑞𝑞𝐴𝐴𝐴𝐴) (𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝑝𝑝𝐿𝐿𝐿𝐿) − Δ𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 > 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

Table 5: Final Power Loss Equation for the Four Cases and Their Constraints. 

If the power loss difference between each case is small, a minor disturbance can change the selected case. This 
can result in excessive case switching, which is not ideal because it will make the system less stable. A simple 
switching resistance strategy can be achieved by setting a loss margin  𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 . If the power loss in the current time 
step is not better than the last time step plus this margin, the algorithm does not command to switch the operating 
case. This strategy imposes a small sacrifice on the power loss reduction to prevent excessive case switching. 
During transient stage, the system pressure and flow varies very fast. As a result, the power varies largely during 
the transient period, and the loss margin is unable to prevent excessive switching. To prevent excessive case 
switching specifically during the transient period, a debouncing time margin (𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) is added that prevents the 
system case from switching until the the specified time between switches has elapsed, or there is a command 
change. 

3.3 Pump Controller 

The control strategy developed for the supply system varies depending on the selected variant of the supply system, 
single pump (Option 1) or multiple pumps (Option 2). Both strategies make use of the reference pressure command 
provided by the supervisory controller in addition to a pressure feedback controller. The pump controller 
eventually acts on the pump(s) displacement and regulates the opening of the switching valve 𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 to regulate the 
pressure in each rail.  

3.3.1 Single Pump Controller 

Figure 8 shows the structure of the controller adopted for a supply unit composed of a single pump, a switching 
valve and one accumulator for each rail. This variant of the supply unit is labelled as Option 1 in this document. 
p*h and p*m  refer to the high and medium pressure setpoints respectively selected by the supervisory controller, 
while ph and pm  refer to the measured high and medium pressure rail pressure levels. 
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Figure 8: Single Pump Controller Block Diagram. 

The duty cycle S of the switching valve is regulated based on the calculated error of the commanded pressure 
levels (eh, em.) averaged with the ratio of flow commands between the medium and high pressure rails. The integral 
of the error between commanded and measured pressure 𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 over a specific period of time 𝑡𝑡𝑡𝑡 is used rather than the 
error itself. Because of the constant oscillation of the pressure in the rails, the accumulated error provides a better 
estimate of the error over the analysed period of time. A ratio 𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝 is defined as in Equation (6). An  𝑚𝑚𝑚𝑚𝛽𝛽𝛽𝛽 term is also 
generated as shown in Equation (7). This term acts similarly to a feed forward term. These terms are averaged to 
get �̅�𝑚𝑚𝑚. This term corresponds to the percentage of the defined period the supplying pump spends connected to each 
rail. The ratio ranges from 0 to 1, which means that the pump is providing flow to only the MP rail, if �̅�𝑚𝑚𝑚 = 0, or 
to only the HP rail if �̅�𝑚𝑚𝑚 = 1 

𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝 =
∫ 𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻
𝑡𝑡𝑡𝑡1
𝑡𝑡𝑡𝑡0

𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

∫ (𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑚𝑚𝑚𝑚𝑀𝑀𝑀𝑀)𝑡𝑡𝑡𝑡1
𝑡𝑡𝑡𝑡0

𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
(6) 

𝑚𝑚𝑚𝑚𝛽𝛽𝛽𝛽 =
𝑞𝑞𝑞𝑞𝐻𝐻𝐻𝐻∗

𝑞𝑞𝑞𝑞𝐻𝐻𝐻𝐻∗ + 𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀∗
(7) 

The duty cycle 𝑆𝑆𝑆𝑆 corresponds to a square command with a ratio equal to �̅�𝑚𝑚𝑚 and period 𝑡𝑡𝑡𝑡 as in Equation (8). 

𝑆𝑆𝑆𝑆 = 𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡, �̅�𝑚𝑚𝑚 ) (8) 

If 𝑆𝑆𝑆𝑆 = 1 the pump delivers flow to the HP rail while if 𝑆𝑆𝑆𝑆 = 0 the flow is directed to the MP rail. 
The feedback controller is a traditional Proportional-Integrative (PI) controller with an anti-windup strategy whose 
parameters were manually tuned based on the pump response to the given commands. Equation (9) summarizes 
the feedback terms 𝛽𝛽𝛽𝛽𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝐻𝐻𝐻𝐻 and 𝛽𝛽𝛽𝛽𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝑀𝑀𝑀𝑀 in function of the calculated error. 

𝛽𝛽𝛽𝛽 = �
𝛽𝛽𝛽𝛽𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝐻𝐻𝐻𝐻 = 𝑘𝑘𝑘𝑘𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻 + 𝑘𝑘𝑘𝑘𝐼𝐼𝐼𝐼 � 𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻 𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆 = 1

𝛽𝛽𝛽𝛽𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝑀𝑀𝑀𝑀 = 𝑘𝑘𝑘𝑘𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑀𝑀𝑀𝑀 + 𝑘𝑘𝑘𝑘𝐼𝐼𝐼𝐼 � 𝑚𝑚𝑚𝑚𝑀𝑀𝑀𝑀 𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆 = 0
(9) 

3.3.2 Multi-Pump Controller 

The multi-pump controller is also based on a pressure feedback strategy with a flow feedforward term. In this case, 
both pumps are controlled entirely independently. The overall structure of the controller is outlined in Figure 9. 
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Figure 9: Multi-Pump Controller Block Diagram. 

4 Test-rig Design and Simulation Model 

Due to the multiple supply configurations being considered, 
the architecture selected for the test rig was designed with the 
goal of being switchable between the two configurations. A 
significant portion of its hydraulic architecture is shown in 
Figure 10. The core of this flexibility is found in the supply 
system, which can operate in three modes. The first 
configuration uses both pumps (item 2) to represent supply 
option 2 with optional accumulators (item 5). This is the 
default configuration of the system. The second configuration 
uses only the pumps, with the accumulators isolated by 
shutting off the valves at the ports, which also represents 
supply option 2 but without accumulators. The final 
configuration uses only one pump, switched between the high 
and medium pressure rails using the switching valve (item 3), 
which represents supply option 1, with the pressure level 
stabilized by the accumulators and the unused pump set to 
zero displacement and routed to tank through the unloading 
valve (item 4).  

The required flow for any specific work cycle does not affect 
the sizing of the accumulators because the accumulators will eventually run dry for typical long actuation periods 
of the motoring functions, regardless of the volume of the hydraulic capacitance. For this reason, the maximum 
allowed pressure variation for a specific working condition is the only determining factor in the sizing of the 
accumulators. In this study, the known Equation (10) is used to calculate the size of the accumulators [1]. 

𝑉𝑉𝑉𝑉 =
�𝑝𝑝𝑝𝑝2𝑝𝑝𝑝𝑝1

�
1
𝛾𝛾𝛾𝛾 Δ𝑉𝑉𝑉𝑉

�𝑝𝑝𝑝𝑝0𝑝𝑝𝑝𝑝1
�
1
𝛾𝛾𝛾𝛾 [�𝑝𝑝𝑝𝑝2𝑝𝑝𝑝𝑝1

�
1
𝛾𝛾𝛾𝛾 − 1]

(10) 

Figure 10: Supply Section of MPR Test Rig 
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Where 𝑉𝑉𝑉𝑉 corresponds to the calculated volume. 𝑝𝑝𝑝𝑝1  and 
𝑝𝑝𝑝𝑝2   are the minimum and maximum pressure of the 
allowed oscillation range. Δ𝑉𝑉𝑉𝑉  is the difference in gas 
volume from 𝑝𝑝𝑝𝑝1 to 𝑝𝑝𝑝𝑝2. 𝑝𝑝𝑝𝑝0 is the gas pre-charge value of 
the accumulator and 𝛾𝛾𝛾𝛾  corresponds to the polytropic 
exponent. 
The implement control valve was implemented with the 
schematic that is shown in Figure 11, for one actuator. 
The schematic shown in this figure is repeated for the 
other two actuator and control valve assemblies, attached 
to the high, medium, and low-pressure rails as shown.  
To simulate the load on the system, a compact load unit 
is used, consisting of a gear motor connected directly via 
an internal shaft to a gear pump. The gear pump is loaded 
through an electronically controlled proportional relief 
valve.  
The architecture outlined above was implemented on a test stand at Maha Fluid Power Research Labs, using 
components provided by Bosch Rexroth, and with component selection assistance from them. In addition to the 
hydraulic components, Bosch Rexroth also supplied the BODAS software for the pump controller that 
automatically regulates the actual displacement angle, following the given command. Control and data acquisition 
was done using a National Instruments CRio 9024, outfitted with the necessary IO cards. The controller was 
implemented using Simulink and was connected to the CRio using NI Veristand. Figure 12 shows images of the 
completed test rig, and Table 6 provides information on the hydraulic components. 

Figure 12: Physical Implementation of Hydraulic Circuit 

Table 6: Hydraulic Components Used in Construction of Test Stand 

Component Quantity Manufacturer Model Number Specifications 
Axial Piston Pump 2 

Bosch Rexroth 

R902578344 45 cc/rev 
Switching/Unloading Valve 2 R933001723 2 – 140 lpm 
High Pressure Accumulator 1 R901435307 32 L 

Medium Pressure Accumulator 1 R901435305 20 L 
Accumulator Shutoff Valve 2 R930067154 2-way on/off
Implement Control Valve 3 Custom Assembly 0 – 70 lpm 

Load Unit 3 R979PT1067 8 cc gear motor 
8 cc gear pump 

El. ctrl. Pressure Relief Valve 3 R934001537 20 – 220 lpm 
8 – 150 lpm 

BODAS Pump Controller 2 - CAN J1939 Protocol 

Figure 11: MPR Test Rig Load Unit and Control
Valve Assembly 
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5 Simulation and Measurement Result 

The target of the test setup is to investigate the controllability, tracking performance, and energy consumption of 
the MPR architecture with several motoring functions. The MPR system was first simulated by providing the values 
of pressure and flow of each actuator to the supervisory controller. The supervisory controller provides the optimal 
modes and related estimation of the power consumption for the different working conditions. Such power 
consumption calculation also takes into account fixed restrictions, fittings and length of the lines on the actual 
stand alone test rig. An additional pressure drop is therefore calculated as a function of the flow across each 
hydraulic line and added to the defined pressure margin 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 . The simulated system is advantageous as it provides 
guidelines to identify the mode switching points and can be used to estimate the hydraulic power consumption for 
several working conditions. 
Figure 13 shows the mode selection strategy for a specific range of working conditions taken as reference. The 
range of working conditions shown in the maps consider the case where actuator 1, has the highest load, held 
constant (𝑝𝑝𝑝𝑝1 = 150 𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑞𝑞𝑞𝑞1 = 10 𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚). The other two functions (2 and 3) vary in pressure, from 5 to 150 bar, 
and are considered for two different flow rates. In Figure 13 𝑞𝑞𝑞𝑞2 corresponds to 5 lpm (left maps),  and 10 lpm 
(right maps). 𝑞𝑞𝑞𝑞3 is equal to 5 lpm in the top maps and to 10 lpm in the bottom ones. 

Figure 13: Mode map for varying operating conditions. 

In Figure 13, the modes that are selected define the case for each operating point. The mode configurations 
corresponding to each of the cases above are shown in Table 7. 

 Actuator 
Case 

1 2 3 
Mode 

1 3 1 1 

2 
3 3 1 
3 1 3 

3 3 2 1 
4 3 1 2 

Table 7: CASE options in reference to Figure 13. 

A conceptual LS system is adopted for comparison on the estimation of hydraulic power consumption 𝑃𝑃𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦. The 
power consumption corresponds to the power provided by the hydraulic supply units and is calculated as stated in 
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Equation (11) based on the pumps outlet flow 𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀,𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 and 𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀,𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 and pressures 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 and 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 . The power calculations 
for the LS system are instead estimated by summing the overall flow delivered by the supply unit while the high-
pressure rail is considered. 

𝑃𝑃𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 =  
𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀,𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 ∗ 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 + 𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀,𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑝𝑝𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀
�𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀,𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 + 𝑞𝑞𝑞𝑞𝑀𝑀𝑀𝑀,𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀� ∗ 𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆 (11) 

The model above was used to simulate the performance of the system across a range of operating conditions. Figure 
14 shows a power consumption mesh generated for a fixed load on actuator 1, and varied loads for actuators 2 and 3. 
Similar meshes were generated for a variety of loads on actuator 1. This simulation was then validated by taking 
steady state measurements at a variety of points around the map. These are indicated by the red circles. As can be 
seen, the experimental and simulated power consumption values track quite closely with one another, meaning the 
simulation is valid for estimating power consumption values.  

Figure 14: MPR Experimental Validation of the Hydraulic Power Consumption Map. 

After validating the simulation, it was compared against a theoretical load sensing system, modeled as shown 
previously in Equation (5),  and the improvement in efficiency was calculated. Figure 15 below shows the resulting 
surface for the same configuration as the power consumption validation map. The map shows that the highest 
improvement in efficiency occurs at low load conditions for actuators 2 and 3. This makes sense, as this is the most 
inefficient condition for a conventional load sensing system to run in. Conversely, savings are lowest at high loads, 
where the MPR system functions similarly to a conventional load sensing system, and where throttling losses are the 
smallest. As before, these calculations were performed for several load settings for actuator 1. Averaging across all 
the cases led to an average efficiency gain of 45%.  

Figure 15: Simulated Efficiency Gain of MPR System Over Theoretical Load Sensing System. 
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In addition to power consumption, it was neccessary to validate the controllability and stability of the system. To 
this end, a test drive cycle was developed. The drive cycle is divided into four sections, from (A) to (D) as shown 
for the one pump configuration in Table 9. The first switch, from operating condition A to B simply involves 
increasing a single load unit commanded load while holding the commanded speed constant. The medium pressure 
rail rises to meet the demand of this user, while the speed holds constant. The first step induces the variation of 
mode of only one actuator. Another simple load increase from section (B) to (C) results in the mode switch of two 
actuators. The third step is even more complex as all three actuators switch modes at once. For the two pump 
system, modified drive cycle had to be devised, as shown in Table 9. This is because, while the two pump system 
could run the one pump drive cycle without issue, its lower pressure margin meant that the system did not need to 
perform all mode switches to be in the optimal operating condition. This was resolved by lowering several of the 
load pressures slightly, and resulted in both tests performing the same switches. 

Time 
(A) 0-10s (B) 10-50s (C) 50-90s (D) 90-130s

Command Mode Command Mode Command Mode Command Mode 
𝜔𝜔𝜔𝜔1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  [𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 1200 

3 
1200 

3 
1200 

3 
600 

2 
𝑝𝑝𝑝𝑝1𝐿𝐿𝐿𝐿  [𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 160 160 160 40 

𝜔𝜔𝜔𝜔2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  [𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 800 
1 

800 
1 

800 
3 

800 
1 

𝑝𝑝𝑝𝑝2𝐿𝐿𝐿𝐿  [𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 40 80 140 80 
𝜔𝜔𝜔𝜔3𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  [𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 600 

1 
600 

2 
600 

1 
1200 

3 
𝑝𝑝𝑝𝑝3𝐿𝐿𝐿𝐿  [𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 40 40 40 160 

Table 8: Test Drive Cycle for One Pump Configuration. 

Time 
(A) 0-10s (B) 10-30s (C) 30-50s (D) 50-70s

Command Mode Command Mode Command Mode Command Mode 
𝜔𝜔𝜔𝜔1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  [𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 1200 

3 
1200 

3 
1200 

3 
600 

2 
𝑝𝑝𝑝𝑝1𝐿𝐿𝐿𝐿  [𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 160 160 160 20 

𝜔𝜔𝜔𝜔2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  [𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 800 
1 

800 
1 

800 
3 

800 
1 

𝑝𝑝𝑝𝑝2𝐿𝐿𝐿𝐿  [𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 20 100 140 100 
𝜔𝜔𝜔𝜔3𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  [𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 600 

1 
600 

2 
600 

1 
1200 

3 
𝑝𝑝𝑝𝑝3𝐿𝐿𝐿𝐿  [𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 20 20 20 160 

Table 9: Test Drive Cycle for Two Pump Configuration 

The one pump configuration test results are shown in Figure 16. The plot on the top shows the speed tracking of 
the three actuators, the central plot shows the actuator load tracking, and the bottom plot shows the mode for each 
actuator.  

For the first two simple shifts, as the actuator 2 command load incrases, the mode switcing is clean. For the third, 
complex switch, a debounce logic prevents chattering by performing the switch in two stable steps. The steady 
state behaviour of the one pump system is acceptable, although oscillations due to the constant switching of the 
pump between rails are visible. The accumulators serve to stabilize this somewhat, but in high flow command 
situations, such as for actuators 1 and 2, they cannot entirely dampen the effects of the pump switching. They also 
come at the cost of slow load tracking rise times, as seen at 50 and 90 seconds, where the accumulators must charge 
before reaching full torque across the motors. In spite of this, however, the system behaves stabily and predictable, 
and the switches, including the complex one at 100 seconds are performed reasonably cleanly.  
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Figure 16: Drive Cycle Tracking Results – One Pump Configuration 

Figure 17 below shows the results of the two pump test. It is clear that the performance, both steady state and 
dynamic of the two pump configuration is far cleaner and less prone to instability. Transient oscillations settle 
out quickly and steady state tracking is nearly perfect. The switching logic also prevents chattering and 
instability in complex switches such as the one occurring at 55 seconds. This set of results demonstrates well the 
effectiveness of the architecture and control strategy previously outlined. 

Figure 17: Drive Cycle Tracking Results – One Pump Configuration 
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6 Conclusion 

This paper presents the design of a Multi-Pressure Rail (MPR) system suitable to power multiple hydraulic 
functions with a centralized supply system. The target of the system is to minimize throttling losses and be 
applicable in systems with a large number of functions with no significant opportunity for energy recuperation. 
Such system could effectively replace the conventional load sensing systems that are used to power hydraulic 
remotes in off-road vehicles, such as in agricultural tractors. 

The paper discusses a design based on three pressure rails, representing the optimal compromise for systems such 
as agricultural tractors and implements such as planters. Different alternatives for implementing the MPR system 
are presented, including different layouts to control the rails: one layout is based on two pumps, each one dedicated 
to a single pressure rail, and the other layout utilizes a single pump connected to two accumulators. A controller 
that manages the pressure in the rail based on the load pressure (supervisory controller) is discussed, along with a 
controller designed to select the rail configuration and control the valve set connected to each actuator. The specific 
design of these valve sets is discussed. 

A stationary test rig is developed at the Maha Fluid Power Research Center of Purdue University to demonstrate 
the performance of the MPR solution and its controller with actual components. The paper illustrates the test design 
and results in both steady state and transient operation. 

For the steady state results, the modes of operation of the system are illustrated. For the sake of showing the energy 
efficiency potentials, these results are compared a theoretical traditional load sensing system for the same working 
conditions. These results show an average efficiency improvement across all operating conditions of 45%.  

The transient results are shown to assess the validity of the formulation of the controller. These results show the 
ability of the MPR system to properly modify its configuration to follow the commands and the load variation 
while maximizing efficiency. Overall, the simulation and experimental results show success in the system’s 
goals of reducing throttling losses by varying the pressure setting of the medium pressure rail.  
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Nomenclature 

#𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 Number of modes 
#𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙 Number of rails 
𝑃𝑃𝑃𝑃 Power 
𝑝𝑝𝑝𝑝 Pressure 
𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝 Pressure difference between the inlet and outlet of the actuator 
𝑞𝑞𝑞𝑞 Flowrate 
𝛽𝛽𝛽𝛽 Hydraulic Unit Displacement 
𝜂𝜂𝜂𝜂 Efficiency 
V Switching Valve 
𝜔𝜔𝜔𝜔 Rotational speed 
𝑚𝑚𝑚𝑚 Time ratio 
𝑆𝑆𝑆𝑆 Duty cycle 
𝑉𝑉𝑉𝑉 Volume of the Control Volume 
𝑡𝑡𝑡𝑡 Time 
p* Commanded Pressure 
𝛾𝛾𝛾𝛾 Isotropic Expansion Constant 
k Constant, usually application tuned 
e Error from a measured value to a setpoint 
Subscripts 
𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 Margin 
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Command 
𝐻𝐻𝐻𝐻/𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃 High pressure rail 
𝑀𝑀𝑀𝑀/𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃 Median pressure rail 
𝐿𝐿𝐿𝐿/𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃 Low pressure rail 
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 Power Loss 
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 Actuator inlet 
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 Actuator outlet 
𝑟𝑟𝑟𝑟 Actuator 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 FeedForward control 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 Feedback control 
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Mobile off-highway machines are equipped with various internal and external sensors and continuously record 
data such as position, angle of inclination, drive power or indications of surrounding obstacles. Internal sensors 
are installed by the manufacturer, as they are essential for the operation of the machine, whereas external sensors 
are supplementary and used for example for environmental detection. By means of sensor data fusion and 
modelling, semantic information about the environment can be derived from these data and further linked to 
existing geodata in off-highway areas. This allows the creation of a digital twin of the environment, which for 
example can provide details about the soil conditions of the traversed environment or the surrounding surface 
geometry. Hereby, this approach supports e.g. the digital planning process on a construction site or other processes 
that are based on geodata.
Keywords: mobile machinery, geodata, digital twin, data fusion
Target audience: Geodata, Construction, Design Process

1 Introduction

Geodata is defined as “information about geographical phenomena that are directly or indirectly connected with a 
position on earth” according to DIN ISO 19101. [1] These geographic phenomena or geo-objects, such as for 
example “Aachen City Hall”, therefore not only have the commonly used thematic and temporal characteristics, 
but also geographic characteristics (i.e. a unique location, e.g. via XY-coordinates) and topological characteristics 
(i.e. spatial relationships to other objects, neighbourhood relationships).

Nowadays, state authorities increasingly provide geodata that are of central importance for work tasks of off-
highway machines in areas of agriculture, forestry or construction. However, these data frequently shows 
insufficient quality, as updates are made only every few years and some areas offer varying resolutions and 
coverage. This significantly reduces the usefulness of data for tasks as planning, execution, and documentation. In 
addition, many data sources focus on urban areas, traffic routes and their immediate surroundings making their 
area coverage inadequate for many tasks in rural areas and of the paved road. Moreover, these data often become 
outdated and cannot be used for reliable planning and management tasks in the long term.

The goal of this paper is to show the use of a mobile working machine for the acquisition and updating of geodata. 
In addition to the analysis of the integrated machine sensors, additional external sensors are added to support and 
extend the capabilities for data acquisition. The results are combined with existing geodata to create a digital twin 
of the working environment. This approach is demonstrated using data from test runs, which shows the potentials 
of this method of sensor data fusion in the field of construction projects as well as other off-highway projects.

The paper is structured as follows: First, the current quality and distribution of geodata of the state of North Rhine 
Westphalia is explained. Subsequently, projects, which already used sensor to enhance existing geodata, are 
discussed. Then, the methodology and the sensor technology used for the test runs are presented. The results of 
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the data acquisition, data fusion and the modelled digital twin are then presented on the basis of representative test 
drives. Finally, a summary and an outlook on further research work are given.

2 State of the art

Public authorities provide a variety of different geodata, which are also of central importance for digital planning 
processes for example on construction sites, in agriculture or in forests. Geodata contains diverse information, 
which can be referenced by a certain position in the geographic environment. For example, aerial photographs,
information about the relief, forest occurrences or the road network can be referenced via geodata. Most common
public geodata are acquired by means of aerial images from overflights, drones or satellites. However, the 
timeliness of this data varies significantly. Aerial photos are often not up to date and can be several years old and 
no longer reflect the current geographic conditions. The actuality of this varies greatly according to region. 

In terms of resolution, these data are in the sub-meter range. Aerial photographs are available up to a resolution of 
few centimetre per pixel [2]. Other data sources, such as the soil map, are not sufficiently resolved in all regions. 
In addition, for more advanced software systems, semantic information is missing. This means the current state of 
publicly available geodata can be hardly used for an updated daily process planning. [3] In the area of civil 
engineering, terrain measurements are carried out several times a day in certain cases. 3D scanners, both stationary 
and mounted on drones, are deployed. However, these methods are still time consuming, even though they are 
increasingly used for surveying and can significantly reduce the effort required compared to conventional methods
like the use of satellite data. Especially when daily updated information is needed, they may reach their limits. 
Furthermore, the derivation of additional information such as soil characteristics from pure 3D data is hardly 
possible, so the creation of comprehensive semantic environmental models is barely achievable. Figure 1 shows 
an example of the different resolution of a the publically available geodata and a drone overflight of a test site 
belonging to RWTH Aachen University. It can be seen here that the drone overflight image achieves a significantly 
better resolution and individual objects like cargo container can be depicted based on their structure. In addition, 
it is possible to identify some of the characteristics of the ground, such as small mounds and ruts. However, despite 
the better resolution of the drone image, it is not possible to determine the characteristics of ground waves or 
ground conditions.

Public geodata Drone

Figure 1: Difference in geodata quality.

Approaches to use the existing measurement sensor technology of mobile machines to update digital localisation 
data has already been considered in some research. Lange considered large amounts of GPS data and D-GPS data 
from vehicles to improve digital maps in terms of their precision, descriptions of roadway structure, number of 
lanes and structure of intersections [4]. The chosen approach filtered all vehicle trajectories, segmented them and 
placed them on a base map. An assessment of the soil properties was carried out by [5]. For this purpose, a 
parameter estimate of the soil properties was made based on the measured force on the bucket. This served as a 
basis for adjusting the digging trajectory of the bucket depending on the soil degradation in real time, during 
excavation. The use of cameras for the reconstruction of terrain was illustrated by [6] with the help of drones. 
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Using high-resolution georeferenced overview images from a drone equipped with a rangefinder camera, it was 
possible to better locate excavation sites. Multiple overlaps of the images increased the reliability of a created 
digital surface model (DSM). Resolution was up to 2.5 cm/pixel in three dimensions.

The fusion of different data of different measurement methods allows the creation of a qualitatively improved and 
updated representation of the environment. By linking external and internal sensor data with geodata. Mobile off-
highway machines already collect a large amount of measurement data with the aid of internal sensors, which also 
offers the potential of gaining information about their environment. This data is currently not being exploited and 
existing geodata are not yet being updated and improved with this data. This approach is described in more detail 
below.

3 Method

In this paper, a methodology for improving geodata with sensor data collected from off-highway machines is 
presented using the example of a wheel loader. The approach is visualized in Figure 2.

Modern mobile machines have, as described before, a multitude of sensors and will be increasingly equipped with 
new sensor types in the future, e.g. for environment recognition. Thus, machines themselves continuously collect 
data. This raises the question to the extent and conditions under which the quality of geodata and the semantic 
information can be improved by the fusion of existing geodata with the data of off-highway machines’ internal 
and external sensors. To answer this question, the authors present new approaches for obtaining information about 
the environment from the fusion of sensor data and geodata. These methods will be demonstrated using test runs 
recorded in field with a 9 t wheel loader. As sensors, a light detection and ranging sensor (LIDAR), cameras, 
sensors for acceleration, pressures, steering angles or vibrations provide all the relevant quantities for deriving 
semantic information from the recorded measured values. During test-drives on a construction site-like terrain 
these recorded data sets used in the following to derive information about the environment. Hence, a method is 
developed to perform sensor data fusion from these datasets and update the geospatial data with, for example, 
more accurate topological data, information about obstacles, daily earth movements, or ground conditions.

Figure 2: Concept architecture.
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3.1 Measurement Infrastructure 

A Claas KGaA mbH Torion 956 Sinus wheel loader was equipped with the appropriate measurement electronics 
to record relevant measurement data for data fusion with existing geodata. The respective measurement equipment 
and its position at the wheel loader is shown in Figure 3. The measurement equipment includes on the one hand 
sensors for recording the environment, such as cameras or Light detection and ranging (LIDAR) scanner, as well 
as sensors for machine data, such as pressures, wheel revolutions, displacement, acceleration or GPS data. In the 
following, the use of the sensors employed is explained in the context of updating and improving geodata. 

3.1.1 LIDAR  

LIDAR scanners work according to the so-called time-of-flight principle. This means that the sensor emits infrared 
laser beams and the same time measures how long it takes the light to be reflected back by objects in the 
environment. In this way, the distance can be measured in fractions of a second. With the use of evaluation software 
the surrounding structure can be displayed in form of 3D point clouds. The LIDAR sensor used is an Ultra-Wide 
View High-Resolution Imaging LIDAR by Ouster Inc.. The sensor has a range of 0.25 to 55 m at 80 % reflectivity. 
The range accuracy is 0.05 m. 

Using the LIDAR scanner in combination with the current GPS position, an image of the environment can be 
displayed and the position of the objects in the environment can be determined. In the project, two scanners are 
installed on the right and left side of the boom. 

3.1.2 Acceleration 

Inertial measurement units (IMU) are electronic components that measure the sensor´s acceleration, angular 
velocity and orientation using a combination of accelerometers, gyroscopes and magnetometers. The measuring 
units used have different measuring ranges and resolutions in relation to their individual integrated sensors. The 
integrated accelerometer achieves a span of ± 2 g at a resolution of 76 µg. The gyroscope can identify a velocity 
of ± 400 °/s at a maximum resolution of 0.002 °/s. The magnetometer builds up a magnetic field of 5.5 G at a 
resolution of 3 mG. 

One of the measuring units is installed in the driver´s cab in order to identify the accelerations that act on the 
machine during travel. In addition to the machine’s own acceleration, this allows the accelerations to be measured 
transversely to the direction of travel in order to identify irregularities in the ground. 

Another IMU is located on the bucket of the wheel loader. This indicates the position and acceleration of the 
bucket. This signal can be used to infer different soil hardness based on variations in vibration amplitudes of the 
bucket hitting the ground. 

3.1.3 Pressure 

The pressures on the cylinders are recorded with aid of pressure sensors. The pressure transmitters operate in the 
pressure range from 0 to 400 bar and have an accuracy of 0.5 %. The sensors are mounted in the hydraulic system 
on both the piston and rod sides of the cylinders that raise the boom and tilt the bucket. Another sensor of the same 
type is also a cylinder for steering the wheel loader in the pivot point, which is equipped with pressure sensors. 
The measured pressures can provide information about the moved bulk material.  

Furthermore, the pressure of the pump for the drive is recorded. This provides information about the power called 
up at the drive as well as the condition of the ground. 

3.1.4 Cylinder length 

In addition to the cylinder pressures, the stroke of the cylinders is also recorded, which provides the position of 
the boom and the inclination of the bucket. This is done via draw-wire displacement sensors. The sensors have a 
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maximum measuring range of 2300 mm with a linearity of ±≤ 3.45 mm and are designed to be shock and vibration 
resistant.

Based on this, the digging depth as well as the unloading position can be determined and the volume flow of the 
bulk material can be identified.

3.1.5 Wheel speed

Rotary encoders are mounted on the inside of the wheel rims to measure their revolutions. This is used to deduce 
wheel speed, which in turn helps detecting possible wheel slippage due to irregularities between different wheel 
speeds, allowing conclusions about the condition of the ground.

3.1.6 Global navigation satellite system (GNSS)

A Global navigation satellite system (GNSS) is integrated into the measuring system of the wheel loader to 
determine the position of the measured data. Thus, the data on the global positioning can be merged with the 
existing geodata. The horizontal positioning accuracy is 0.01 m at a sampling rate of 20 Hz. 

Figure 3: Measurement infrastructure

3.1.7 Data handling

The resulting dataset is stored in a 34-dimensional array, each line representing a single measurement vector, 
containing 8 different pressure values, 3 hydraulic cylinder displacements, 8 GPS values such as longitude, 
latitude, altitude, ground speed and the corresponding dilution of precision and readings from the accelerometer, 
gyroscope and magnetometer in all 3 spatial directions. Additionally both LIDAR-streams and camera recording 
were captured separately. Each measurement vector and LIDAR or camera frame is unambiguously indexed be a 
UNIX timestamp of its recording. 

GPS position was further improved by applying extended Kalman filtering to add information from odometry and 
the IMU. IMU signals were filtered using segments at the beginning of a test run when the motor is turned on, but 
vehicle is still stationary.

Pressure

Acceleration

LIDAR

Wheel speed
Cylinder length

GPS
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4 Results

For the test drives, a test site was chosen that allows the creation of different landscape scenarios. The test area 
shown in Figure 1 was used for this purpose. The overview of the various digging and driving processes and their 
available measurements durations can be seen in Table 1.

Scenario Surface Comments Duration

Idle Flat soil Used for calibration purposes 10 min

Linear movement Flat soil

Uneven soil

Flat paved road

Uneven dirt road

-

Artificially dug bumps

-

Natural pothole patterns

10 min

2 min

7 min

4 min

Circular movement Flat soil Circular arcs between straight segments 5 min

Digging Flat soil V-Pattern

Linear pattern

8 min

5 min

Table 1: Captured scenarios.

In the following, two significant test scenarios are presented in detail as examples for the variety of different 
processes done in the project. These examples represents the possibilities of data fusion with the existing geodata 
and the measurement data recorded by the wheel loader.

4.1 Digging process

To illustrate a practical excavation process, a short loading cycle was carried out in V-patterns. The execution of 
the process is shown in Figure 2. In the first work step, the bucket of the wheel loader is filled with material. It is 
then driven backwards to the reversal point and deflected to achieve the characteristic V-pattern. The wheel loader 
is then steered to the desired unloading point and the bucket is emptied. The wheel loader finally returns to the 
starting position.

Figure 4: Short loading cycle in V-Pattern

1

1 Bucket filling

2 Leaving the digging point

3 Reversal point

4 To unloading point

5 Bucket emptying

6 Reversing to starting point

2
3

4

5

6

Unloading point

Wheel loader

Material
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4.1.2 Estimation of the handled material

The test machine is equipped with pressure sensors and displacement transducers on the boom cylinders, which
allow estimations about the material handled during the cycle. For this purpose the pressure in the boom cylinders 
is recorded when the boom is extended and thus raised. The process and the relevant parameters are shown 
schematically in Figure 5. The decisive measurement variable her is the pressure in the piston side. The lifting of 
the empty bucket serves as reference measurement for this scenario. The extension speeds ẋ of the tow processes 
are identical in the two measurements. From the difference in pressure when lifting the loaded and empty bucket,
the force required and the weight of the bucket content can be estimated via geometry. The pressure on the piston 
side ppiston in the lifting process with material in the bucket is about 88 bar and with the bucket empty it is 62 bar.
This results in a difference of 26 bar. In both cases, the pressure on the rod side prod is 3 bar. Two identical cylinders
with a piston diameter of 110 mm are used for lifting the arm. Based on this, the geometric relationships of the 
lifting arm and the force to be applied compared to the empty shovel can be used to identify the material being 
moved. It is estimated that a mass of 771 kg is moved in the digging cycle shown. 

Figure 5: Lifting process

4.1.3 Estimation of the position

Based on the measured position and the known geometries of the vehicle, it is possible to estimate the positions of 
the removed or added material. Starting at the GPS position of the sensor mounted on the driver’s cab, its 
orientation is filtered from the IMU readings. The kinematic chain continues to the bucket via the vertical hinge 
between the two parts of the vehicle. By measuring the pressures of the steering cylinders, the end position of the 
bucket is known. The linear transformations can be summarized with Eq. (1).

𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑥𝑥𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜(𝑡𝑡ℎ𝑚𝑚𝑜𝑜𝑖𝑖𝑚𝑚 + 𝑅𝑅𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑖𝑖  ∙  𝑡𝑡𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚) (1)

X are the locations of the GPS and the material, R are rotations and t are translations to the respective parts.

Figure 6 illustrates this with real spatial data from the scenario. The red line shows the movement the GPS sensor 
on top of the vehicle – one instance of 𝑥𝑥𝐺𝐺𝐺𝐺𝐺𝐺 is denoted with the orange cross. Blue arrows are the translations to
the hinge and the shovel. The blue star is the final position of the vehicle after one V-Pattern. Using this approach,
the final location of the material, symbolized by the brown ellipses, is estimated. The decision whether material 
was added or removed at a certain position can be derived from the movement of the bucket and by extension from 
the corresponding pressures.

prod

ppiston
Lifting
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Figure 6: Measured vehicle path and estimated material locations.

4.2 Crossing a bump

The second scenario considered is driving over an uneven terrain. For this purpose, holes are dug in advance, 
through the wheel loader subsequently drives. In this case, the test drive starts on a level surface, passes through 
several bumps and ends again on the level surface. Figure 7 shows the schematic representation of the test section 
with the differently structured bumps.

Figure 7: Crossing a bump

Terrain analysis is done by combining available information from the GPS and IMU sensors. Qualitative analysis 
shows that accelerations (Acc) in x and y-directions as well as angular rates (Ang) around x and z-directions provide 
good indicators for detecting areas with uneven terrain. In the example in Figure 8 three bumps are crossed, two 
larger which are indicated by the red vertical lines and one smaller in between, shown with the black vertical lines. 
In general, uneven terrain is hinted at by decrease in speed, as the driver must slow down to safely cross the hole.
Furthermore, oscillations of the angular rate around the z-axis indicate uneven ground, as the wheels have changing 
contact heights with the ground. It should be noticed, that the large amplitudes of the angular rate around the z-axis
are caused by the circular path segments during the trial run. The increased amplitudes in the angular rate around 
the x-axis and the acceleration in y-direction resulting from strong rocking of the vehicle, especially when the 
holes are not perpendicular to the direction of its motion.

The steepness of the bump can be then estimated by the contributions of acceleration in x-direction and angular 
rate in y-direction. As steeper descends apply more forces on the wheels, the vehicle is stopped more suddenly 
resulting in stronger vibration/rotation in the direction of the movement. The smaller bump (between black vertical 
lines) shows weaker oscillations in the Acc x and Ang y signals, than the bigger bumps (between red vertical lines). 
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The approximate location of the detected holes can then be again deduced from the current GPS location and the 
geometry of the vehicle.

Figure 8: Selected sensor readings while crossing three bumps.

5 Conclusion and Outlook

The research work described in the paper shows a first promising approach to data fusion in the field of geodata. 
It could be shown that an update as well an extension of existing geodata is possible by determining measurement 
data of a mobile working machine. Two different scenarios were described as examples, which illustrate which 
sensor types can be used in different applications to supplement and update the existing geodata. This approach 
represents an approach for an establishment of existing measurement sensor technology used today in mobile 
working machines. Furthermore, an improvement of the level of detail as well as the topicality of geodata are 
fundamental for the implementation of autonomous construction processes, which will be an important field of 
research in the next years.

Planned research work intends to carry out the project tests in real working environments. This will make it 
possible, for example, to represent the communication and detection of additional construction vehicles, people 
and objects. Another aspired goal is to perform data fusion in real time, so that extensive post-processing of the 
data is no longer necessary and the geodata can be updated while the machine is in operation. To achieve this, a 
suitable real-time architecture must be implemented. Further development potential arises from the recording of 
data of digital twins of the environment and construction machinery. This makes it possible to track the 
construction processes that have been carried out as well as machine data, which helps to optimize future 
construction processes.
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Nomenclature

Variable Description Unit

𝐴𝐴𝐴𝐴𝐴𝐴 Acceleration [m/s²]

𝐴𝐴𝐴𝐴𝐴𝐴 Angular rates [1/s]

𝑝𝑝Piston Pressure at piston site [bar]

𝑝𝑝Rod Pressure at rod site [bar]

𝑅𝑅 Rotation [m/s]

𝑡𝑡 Translation [rad]

𝑥𝑥 Location [m]

�̇�𝑥 Velocity [m/s]
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This paper deals with model-based fault detection based on parity equations for a mobile hydraulic system with 
independent metering. Considering the associated limitations of mobile systems, different operating points, and a 
variety of fault scenarios, a set of parity equations is created and investigated by simulation. By analyzing the data 
generated from the simulation study, the suitability of the parity equation set can be evaluated and thresholds for 
robust fault detection are determined. The features derived from the equation sets are relevant in the localization 
of the faulty component.

Keywords: model-based fault detection, independent metering
Target audience: Mobile Hydraulics, Safety and Reliability

1 Introduction

Systems with independent metering (IM systems) have many well-known advantages, such as reduced energy 
losses and increased structural flexibility. The implementation of these systems requires the consistent 
implementation of electrohydraulic drive systems and an expanded use of sensors. Due to the progressing
digitalization and automation of machines, mechatronic drives are finding their way into machines anyway. 

Nevertheless, there are only a few market-ready implementations of IM systems to date, e.g. [1], [2]. The increased 
system complexity in combination with extensive control algorithms, software architectures and safety aspects 
may be the reasons for this. Previous work shows that IM systems are able to meet high security requirements if 
the necessary diagnostic coverage is ensured [3]. To achieve the required diagnostic coverage, model-based fault 
detection methods are a promising approach for monitoring hydraulic drive systems in general [4] and also mobile 
hydraulic drives in particular [5]. Especially for mobile hydraulic applications and the associated limitations, a 
simple and robust method is advantageous. Parity equations fulfill these conditions and have already proven their 
potential [6]. The use of different parity equations with different balance limits makes it possible to determine the 
location of the occurring fault in addition to pure fault detection. This leads to a better and quicker maintainability.

Mobile machines are mostly operator-controlled systems whose operating cycles are highly variable. In addition, 
IM systems have more potential failure sources than a conventional hydraulic system due to the larger number of 
used components. This results in a large number of system states that must be considered when implementing and 
designing a fault detection system. A simulation-based variant analysis takes this large number into account and 
makes it possible to consider this multitude of influences. Features derived from the residuals of the parity 
equations provide information about the possibilities of error detection as well as for the selection of suitable limit 
values.
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2 Subject of investigation

Basis of the design of the fault detection is the excavator test rig at the research centre. The system consists of the 
working equipment and its electro-hydraulic actuation. An IM system with two pilot-operated 2/2 proportional 
valves (see Figure 1, Vprop,A, Vprop,B) and four 2/2 switching valves (Vsv,AP, Vsv,AT, Vsv,BP, Vsv,BT) each controls the 
boom and the stick cylinder. The proportional valves control the flow rate or the pressure; the switching valves 
define the operating mode of the IM structure. The underlying control algorithms follow the approach published 
in [7]. By means of static decoupling, the cross influences in the MIMO-system are reduced and the IM system 
can be controlled more easily. An electronically controlled variable displacement pump, operated in closed-loop 
control, supplies the system. The test stand has extensive sensory equipment. In addition to the pressures before 
and after the proportional and switching valves, the velocities of the cylinders and the positions of the proportional 
valves are also measured. This makes it possible to create a set of different parity equations and to evaluate the
achievable diagnostic coverage depending on the sensors used.

Figure 1: Design of the investigated independent metering system.

A validated simulation model of the demonstrator, implemented in SimulationX, exists at the research centre. [8].
This model is part of a Software-in-the-loop environment and provides the basis for the simulation-based variant 
analysis.

3 Model-based fault detection based on parity equations

A detailed description of the parity equations can be found in [6]. Therefore, only the basic aspects as well as the 
extended considerations of these basics shall be dealt with here. The goal of parity equations is to generate residuals 
by comparing measured and calculated output variables. The outputs considered here are the cylinder speeds and 
the positions of the proportional valves.

Considering a cylinder chamber, the volume flow through the proportional valve 𝑄𝑄V leads both to a pressure build-
up �̇�𝑝cyl in the associated volume 𝑉𝑉cyl and to a movement of the cylinder. As seen in Equation (1), this volume flow
balance can be resolved according to the cylinder velocity �̇�𝑥cyl .

�̇�𝑥cyl(𝑇𝑇oil, 𝑖𝑖V, 𝑝𝑝cyl, 𝑝𝑝V, 𝑥𝑥cyl, 𝑡𝑡) = 1
𝐴𝐴cyl

∙ (𝑄𝑄V(𝑡𝑡,𝑇𝑇oil, 𝑖𝑖V, 𝑝𝑝cyl, 𝑝𝑝V) − 𝑄𝑄dp(𝑡𝑡,𝑇𝑇oil, 𝑝𝑝cyl, 𝑥𝑥cyl))

= 1
𝐴𝐴cyl

∙ (𝑄𝑄V(𝑡𝑡,𝑇𝑇oil, 𝑖𝑖V, 𝑝𝑝cyl, 𝑝𝑝V) − �̇�𝑝cyl(𝑡𝑡) ∙
𝑉𝑉cyl(𝑥𝑥cyl)

𝐾𝐾oil′ (𝑇𝑇oil, 𝑝𝑝cyl)
)

(1)
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The volume flow through the proportional valve 𝑄𝑄V is approximated by a fourth degree polynomial (Equation (2)).
Existing measured values for the flow characteristics and the valve dynamics are the basis of the parameterization.

𝑄𝑄V(𝑇𝑇oil, 𝑦𝑦V, 𝑝𝑝cyl, 𝑝𝑝V, 𝑥𝑥cyl, 𝑡𝑡) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝V − 𝑝𝑝cyl) ∙ √|𝑝𝑝V − 𝑝𝑝cyl| ∙∑𝑎𝑎k
4

k=1
∙ yV𝑘𝑘(𝑡𝑡)

(2)

The evaluation of measurement results also suggests the assumption of a PT2Tt transfer behavior for the valve 
dynamics (Equation (3)).

�̈�𝑦V(𝑡𝑡) + 2𝐷𝐷V𝜔𝜔V�̇�𝑦V(𝑡𝑡) + 𝜔𝜔V
2𝑦𝑦V(𝑡𝑡) = 𝜔𝜔V

2 ∙ 𝐾𝐾V ∙ 𝑠𝑠(𝑡𝑡 − 𝑇𝑇t) (3)

Another essential model aspect is the hydraulic fluid. The description of the oil behavior is often accompanied by 
the greatest uncertainties. According to Kim [9] and Karjalainen [10], the temperature as well as the pressure 
dependency of the fluid bulk modulus can be described as a proportional relationship. Deviations in the range of 
low pressures are accepted here. By measuring the speed of sound 𝑐𝑐oil and the density of the fluid 𝜌𝜌oil and their
relation to the adiabatic compression modulus 𝐾𝐾oil (4) the model parameters are determined.

𝑐𝑐oil(𝑇𝑇oil, 𝑝𝑝oil) = √𝐾𝐾oil(𝑇𝑇oil, 𝑝𝑝oil)𝜌𝜌oil(𝑇𝑇oil, 𝑝𝑝oil)

(4)

An existing test rig allows the measurement of sound velocity as a function of pressure and temperature. The 
density was determined as a function of temperature and extended with an empirical pressure-dependent 
approach [11]. An equivalent bulk modulus 𝐾𝐾oil′ can be estimated from the bulk modulus of the oil 𝐾𝐾oil, taking into
account cylinder and line elasticities [11]. For the simulative variant study, these housing elasticities are initially 
not considered due to insufficient parameterization basis. This will be adjusted during the practical tests.

In order to solve the resulting differential equation system on a mobile controller, a time discrete solver is required.
The forward Euler method, as an explicit one-step method, is particularly suitable. For this purpose, the introduced 
differential equations are transformed into a system of first order differential equations (5). For simplification, the 
functional dependency of parameters will not be shown in the following.

𝑦𝑦Pari_4 : 𝑑𝑑
𝑑𝑑𝑡𝑡 ∙ (

𝑦𝑦V
�̇�𝑦V
𝑥𝑥cyl

) =

(

�̇�𝑦V
𝜔𝜔V
2 ∙ (𝐾𝐾V ∙ 𝑠𝑠(𝑡𝑡 − 𝑇𝑇t) − 2 ∙ 𝐷𝐷V𝜔𝜔V

∙ �̇�𝑦V − 𝑦𝑦V)

1
𝐴𝐴cyl

∙ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝V − 𝑝𝑝cyl) ∙ √|𝑝𝑝V − 𝑝𝑝cyl| ∙∑(𝑎𝑎k ∙ yV𝑘𝑘)
4

k=1
− �̇�𝑝cyl ∙

𝑉𝑉cyl
𝐾𝐾oil′

)
)

(5)

This system of equations calculates the cylinder velocity �̇�𝑥cyl based on the measured pressures 𝑝𝑝V and 𝑝𝑝cyl and the
input signal 𝑠𝑠 (valve current). Minor modifications to Equation (5) allow the derivation of additional parity 
equations. If, for example, a position-monitored proportional valve is used, two additional parity equations can be 
generated in which valve dynamic and flow behavior are no longer coupled, but are each considered as independent 
parity equations with their own residuals:

𝑦𝑦Pari_2 : 𝑑𝑑
𝑑𝑑𝑡𝑡 ∙ (

𝑦𝑦V
�̇�𝑦V) = (

�̇�𝑦V
𝜔𝜔V
2 ∙ (𝐾𝐾V ∙ 𝑠𝑠(𝑡𝑡 − 𝑇𝑇t) − 2 ∙ 𝐷𝐷V𝜔𝜔V

∙ �̇�𝑦V − 𝑦𝑦V)
) (6)

𝑦𝑦Pari3: �̇�𝑥cyl = ( 1
𝐴𝐴cyl

∙ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝V − 𝑝𝑝cyl) ∙ √|𝑝𝑝V − 𝑝𝑝cyl| ∙∑(𝑎𝑎k ∙ yV𝑘𝑘)
4

k=1
− �̇�𝑝cyl ∙

𝑉𝑉cyl
𝐾𝐾oil′

)) (7)

If the system pressures 𝑝𝑝0or 𝑝𝑝T are used instead of the pressure 𝑝𝑝V between the switching and proportional valve,
a further equation is also obtained. For this, a known pressure loss behavior ∆𝑝𝑝sv of the switching valve is assumed.
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𝑦𝑦Pari_1 : 𝑑𝑑
𝑑𝑑𝑑𝑑 ∙ (

𝑦𝑦V
�̇�𝑦V
𝑥𝑥cyl

) =

(

�̇�𝑦V
𝜔𝜔V
2 ∙ (𝐾𝐾V ∙ 𝑖𝑖(𝑑𝑑 − 𝑇𝑇t) − 2 ∙ 𝐷𝐷V𝜔𝜔V

∙ �̇�𝑦V − 𝑦𝑦V)

(𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠(𝑝𝑝S − 𝑝𝑝cyl) ∙ √|𝑝𝑝S − 𝑝𝑝cyl| − ∆𝑝𝑝sv ∙ ∑ (𝑎𝑎k ∙ yV𝑘𝑘)4
k=1 − �̇�𝑝cyl ∙

𝑉𝑉cyl
𝐾𝐾oil′

)

𝐴𝐴cyl )

(8)

with: 𝑝𝑝S = {
𝑝𝑝0, for �̇�𝑥cyl > 0 (without regeneration modes) 
𝑝𝑝T, for �̇�𝑥cyl < 0 (without regeneration modes)

In the controller of the demonstrator application, the operator request is converted into a set point value of the 
valve volume flow, taking into account the performance limits of the machine. If the calculated volume flow is 
replaced with this setpoint, another evaluable relationship is obtained (Equation (9)).

𝑦𝑦Pari_5: �̇�𝑥cyl = ( 1
𝐴𝐴cyl

∙ (𝑄𝑄V,set − �̇�𝑝cyl ∙
𝑉𝑉cyl
𝐾𝐾oil′

)) (9)

If one carries out this consideration for each cylinder side separately, ten available parity equations result. Even if 
there is a high dependency between the parity equations (5), (7) and (8), these equations increase the diagnostic 
possibilities. Another equation at the overall system level completes the set of parity equations. Based on the 
measured consumer movements in connection with the circuit configuration of the IM system, a comparison with 
the supplied pump volume flow 𝑄𝑄P is possible. Equation (10) describes this relationship, where l stands for all
volumes and j represents all consumers whose cylinder chambers are connected to the pump.

𝑦𝑦Pari_S1:  𝑄𝑄P = (∑( 1
𝐴𝐴cyl,n

∙ �̇�𝑥cyl,n)
n

j=1
+ ∑(�̇�𝑝l ∙

𝑉𝑉l
𝐾𝐾oil,l′ )

m

l=1
) (10)

Table 1 summarizes the signals needed to generate residuals for each parity equation. The naming of the parity 
equations results from the balanced cylinder side. Therefore, parity equation A1 indicates equation
𝑦𝑦Pari_1 for the piston side. The difference between the calculated 𝑦𝑦Pari_i and measured value 𝑦𝑦Pari_i,meas is the
residual 𝑟𝑟Pari_i and is equal to zero in the fault-free ideal system.

𝑟𝑟Pari_i = 𝑦𝑦Pari_i − 𝑦𝑦Pari_i,meas (11)

Parity equation Input signals for parity equation
Measured values for 
comparison

Name Eq. 𝑖𝑖 𝑦𝑦V 𝑝𝑝V 𝑝𝑝cyl 𝑝𝑝0, 𝑝𝑝T 𝑄𝑄V,set �̇�𝑥cyl �̇�𝑥cyl 𝑦𝑦V 𝛼𝛼P 𝑠𝑠P

A1, B1 𝑦𝑦Pari_1 x x x x

A2, B2 𝑦𝑦Pari_2 x x

A3, B3 𝑦𝑦Pari_3 x x x x

A4, B4 𝑦𝑦Pari_4 x x x x

A5, B5 𝑦𝑦Pari_5 x x x

S1 𝑦𝑦Pari_S1 x x x x x x

Table 1: Required measured signals for generating residuals based on the parity equations.
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4 Simulation-based variant study

For a working error detection, it is necessary for each individual parity equation to have a significant residual only 
when an error has an effect within the balance limits of that equation. Otherwise, false alarms can be expected
during operation. In order to evaluate the suitability of the parity equations for fault detection, it is mandatory to 
consider different operation and load conditions as well as various fault scenarios. The resulting multitude of 
system states can only be handled with the help of a simulation-based variant study. Initially, only a single 
consumer movement of the boom is considered.

The fault scenarios investigated include all electrical and electrohydraulic components. Every proportional and 
switching valve as well as every sensor is regarded as potentially faulty. Inserting synthetic faults into the 
components results in different fault conditions. The synthetic errors cause a modified component behavior, e.g. 
by a value offset, a changed signal amplification or switching to the operating limits of the component. The 
technical-physical cause of the error is not relevant. Only the effect of a faulty state on the system behavior is 
important. By varying the error intensity, we try to evaluate the sensitivity of the parity equations. This results in 
a total of approximately 540 different single fault scenarios, which are examined at each operation point. The 
influence of different operation points is taken into account by varying the time of failure within a reference cycle.
In this way, the failures are inserted during standstill, extension and retraction of the boom at constant speed, as 
well as during acceleration and deceleration phases. For reasons of consistency, all results are presented only at 
one fault time (𝑡𝑡F = 7.2 s) . In this operation point the cylinder is actively retracted against the external load and
raises the boom.

Figure 2: Structure of the variant simulation

The basis of the variant study is a simulation model of the demonstrator in SimulationX and a Simulink model,
which provides the required algorithms and state machines for valve and pump control (see Figure 2). Model-
based fault detection in the form of discrete parity equations is also implemented. The exchange of control and 
sensor signals takes place via the TCP/IP network protocol. This co-simulation can be considered as validated. A
freely configurable fault insertion unit (FIU) extends the existing demonstrator model and realizes the 
implementation of the synthetic faults. The superordinate simulation control and residual evaluation was realized 
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in MATLAB. Via MATLAB and a COM (Component Object Model) server, specific model parameters can be 
changed and the resulting signals can be accessed.

Starting point of the further consideration is the assumption that different parity equations react differently to faulty 
states and therefore the time as well as the location of a fault can be detected. A preliminary study with the created 
test environment shows the potential of the designed model-based fault detection. Assuming a known fault time, 
the responses of the implemented parity equations are determined, normalized to the error-free case and plotted in 
a parallel coordinate system. Figure 3 shows for the known fault time 𝑡𝑡F = 7.2 s the determined residuals ∆𝑟𝑟norm
of the different parity equations (A1 to S1) for all imprinted fault states, grouped by the location of the occurring 
fault. For better clarity, a distinction is made here only between faults (valve and sensor faults) on the piston and 
rod side of the cylinder and non-assignable sensor faults on system level. The representation proves the selective 
behavior of the parity equations, and the generation of significant residuals in the error case. For example, 
imprinted errors on the rod side of the cylinder are only visible in the associated parity equations on the rod side. 
Faults at the whole system level (e.g. the velocity sensor �̇�𝑥cyl) change the residuals in both the rod and piston side
parity equations.

Figure 3: Sensitivities of the parity equations to faulty states in the subsystems of the valve-controlled actuator in 
parallel coordinate representation.

5 Determination of robust limit values

Obviously the primary goal of fault detection is the safe detection of dangerous failures. However, for practicable 
and economic use, it is just as important to exclude false alarms as far as possible. This contradictory demand for 
sensitivity and robustness is expressed in the search for suitable limit values for permitted residuals of the parity 
equations. If the residuals exceed the limits, features (symptoms) are generated that indicate the occurrence of an 
error.

A pragmatic approach to this optimization problem is to determine the limit values under the condition of the 
highest possible robustness, namely the avoidance of false alarms. Subsequently, the quality of the achievable 
error detection must be determined.

The simulatively generated database is basis for determining the limit values. Causes for deviations between the 
calculated and measured variables are model inaccuracies (e.g. fluid model, valve map) and the limitations of the 
hardware-related implementation (e.g. cyclic program processing, resolution of the variables). In the error-free 
case, but also in the case of faulty states outside the balance limits of the respective parity equation, these deviations 
must not lead to exceeding the threshold values. Only then, false alarms and detections are excluded. Dynamic 
processes and states may cause temporary exceeding of threshold values. These must also not lead to a fault 
symptom. The determination of the thresholds therefore takes into account that exceedances of thresholds must 
persist for a minimum period of time, the observation time 𝑡𝑡O. This time dimension as well as the necessary signal
filtering of the measured values reduces the influence of dynamic model inaccuracies in the threshold choice. Static 
model deviations, such as deviations in the flow rate description of the valve, become the determining factor. These 
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deviations are dependent on the operation point, but cannot be described by a simple functional relationship. 
Furthermore, an operating point-dependent determination of the static deviations is costly to realize in practice. 
For this reason, adaptive thresholds are not used and only one global threshold is determined for each parity 
equation. These are much easier to determine in practice.

6 Evaluation of the effectiveness of fault detection

A second variant study, with implemented thresholds, forms the basis for the evaluation of the error detection 
potential. This involves a permanent check of whether the residuals of the parity equations exceed the specified 
threshold values and whether this exceedance is maintained for a minimum period. Symptom generators fulfil this 
task. They generate evaluable features from the residuals.

The evaluation of the symptoms provides information about detected faults and which parity equations actually 
generate a symptom as a result of an imposed fault. A faulty condition is considered to be detected if at least one 
symptom is generated.

Figure 4: Generated residuals at different fault states.

Figure 4 shows the result of the variant study, exemplified by the generated symptoms of selected fault cases in 
the considered operation point. The diagram shows the measured variables and control variables that are influenced 
by the FIU. Manipulation of the valve current 𝑖𝑖V,A emulates a faulty opening position or a stuck valve spool.
Damaged sensors or faulty signal transmission lead to incorrect signals of valve position 𝑦𝑦V,B and cylinder
velocity �̇�𝑥cyl. Each diagram represents different fault states and intensities of one faulty component. Since different
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temporal fault characteristics occur depending on the fault state (offset fault, amplification fault, etc.), the fault 
intensity averaged over time 𝑓𝑓̅ is plotted on the ordinate. If a symptom occurs in one of the parity equations plotted 
on the abscissa at this averaged error intensity, this is marked according to the legend. Exceeding the upper 
threshold leads to a positive symptom (+), falling below the lower threshold produces a negative symptom (-). For 
example, the middle symptom plot shows generated symptoms in case of faulty sensor information of the valve 
spool position 𝑦𝑦V,B. According to the expectation, only parity equations B2 and B3 generate a symptom. Equation
B2 is more sensitive to the error and detects lower error intensities. Equation B3 requires larger error intensities to 
provide a symptom. The intensities of detected faults are asymmetrical to the axis origin. Model assumptions 
within the parity equations lead to a residual 𝑟𝑟Pari_i ≠ 0 even in the error-free case. Depending on the error
expression, the amount of the residual is amplified or initially even reduced. This effect and the strongly nonlinear 
system behavior lead to the asymmetric detection behavior.

Only symptoms that are generated immediately after the fault has occurred (maximum 2 seconds after fault 
occurrence) are evaluated. Since in many cases a quick detection of faults is necessary to avoid hazardous 
situations, symptoms that occur later are not considered in the potential evaluation of the fault detection. Faulty 
states for which no valid symptom is generated within 2 seconds are therefore treated as undetected faults.

The selected thresholds prevent the spurious development of symptoms. However, the sensitivity of the parity 
equations to the relevant error cases remains. Thus, many fault cases lead to the generation of symptoms. As
expected, sufficiently different characteristics are formed that suggest the possibility of localizing the faulty 
component.

If one takes a holistic view of the investigated operation point, the model-based fault detection generates at least 
one symptom in 70% of the imprinted fault cases (see Figure 5). Accordingly, 30% of the faults remain undetected. 
In order to be able to evaluate the quality of the fault detection, it is necessary to assess the detected or undetected 
faults with regard to their potential hazardousness. The faulty movement of the cylinder in relation to the fault-
free case is the criteria for this. The greater the position difference in the error case, the more the cylinder movement 
deviates from the operator's expectation. The histograms shown in the figure provide information about the 
frequency of position deviations. If faults are detected, the position deviation up to the point of detection is 3 cm 
at the most. If no reaction measure is initiated, the position deviation increases sharply within 2 seconds for the 
majority of the errors and in some cases leads to movement into the end position of the cylinder (∆𝑥𝑥cyl = 44 cm).
These errors are potentially dangerous. In the case of undetected errors, the position deviation on the cylinder is 
3 cm at most after 2 seconds. The undetected faults therefore do not lead to a hazardous situation at considered 
operation point.

Figure 5: Amount of detected errors and their impact on the cylinder position.

This observation was repeated in different operation situations. The resulting detection rates vary widely in some 
cases. For example, during standstill of the demonstrator, only about 25% of the imprinted faults can be detected. 
However, all dangerous faults are detected for all points investigated.
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The analysis can also be used to identify the most critical error cases. For example, an incorrectly opened drain 
valve Vsv,BT short-circuits the pressure connection of the pump against the reservoir. The resulting system pressure 
is not sufficient to move the equipment and the boom lowers due to gravity (see Figure 6). However, less obvious 
faults also cause a potentially dangerous malfunction. For example, errors at the pressure sensors 𝑝𝑝0, 𝑝𝑝cyl,A and
𝑝𝑝V,B also cause larger position deviations of up to 12 cm. The strategy for controlling the IM system is based not
only on the desired target velocity but also on the various pressure signals. Incorrect sensor information may 
therefore also be a potential hazard.

Figure 6: Examples of identified critical failure cases.

7 Potential for error identification

The parity equations (5) to (8) have very close and clear balance limits. Equations (9) and (10) use setpoints from 
the machine controller to calculate the residuals. Since various system information are taken into account of this 
setpoint calculation, the balance limits cannot be trivially specified here. For this reason, the fault state 𝑖𝑖V,A in
Figure 4 also causes symptoms of parity equation B5. Nevertheless, an expectation exists for the created parity 
equation set due to the used measured values (see Table 1) and the corresponding balance limits, which equation 
should theoretically generate a symptom in case of a certain error. When comparing the real occurring symptom 
pattern with the expectation, the fault location can be concluded [12]. With a few exceptions, the expected patterns 
are characteristic of individual faulty components. Figure 4, however, illustrates the existing challenge. Different 
symptoms occur depending on the fault cause, but fully developed symptom patterns are not always present. 
Moreover, symptoms do not occur synchronously.

Figure 7: Fault tree for the considered operating point.
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A simple way to determine the cause of faulty systems is the fault tree analysis. The data from the variant study is 
used to train a corresponding fault tree model. Figure 7 shows the resulting fault tree. This model consists of up 
to 6 decision levels and achieves an accuracy of approximately 94% at the considered operating point. The majority 
of detected faults can therefore be correctly localized. Since only 2 possible fault scenarios were considered at the 
switching valves (faulty open, faulty closed), only few training data are available for these faults. The resulting 
fault tree therefore does not allow localization of these faulty components.

8 Summary and Conclusion

In this paper, a model-based fault detection for an independent metering system based on parity equations was 
presented. A software-in-the-loop approach supported the development and implementation of the parity 
equations. A simulative variant study enabled the testing of the model-based approach in a variety of different 
operational and fault scenarios. To validate the results of the variant study, a demonstrator test rig with the 
investigated IM system is available at the research center. This was equipped with additional sensor technology in 
order to be able to fully implement the parity equation set. The commissioning of the model-based fault detection 
is currently the focus of the work.

As a result, it could be shown that all critical faults can be detected with the set of parity equations used. For a 
high robustness, however, it is necessary to use certain temporal smoothing mechanisms, such as filtering the 
measured values or the occurrence of threshold crossings for a minimum period of time. Whether the detection 
performance that can be achieved in this way is sufficient must be checked in each individual case.

Fault localization on the basis of a fault tree delivers very good results. However, a systematic weakness of this 
approach lies in the hierarchical and binary approach. This results in a very high dependence on a few symptoms. 
Therefore, further variants for fault localization are being worked on.
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Nomenclature

Acronyms Description

COM Component Object Model

FIU Fault Insertion Unit

IM Independent metering (system)

TCP/IP Transmission Control Protocol/Internet Protocol

Vprop,A / Vprop,B Proportional valve on the piston / rod side

VsvAP / VsvAT Switching valve to connect the piston side with pump / reservoir
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VsvBP / VsvBT Switching valve to connect the rod side with pump / reservoir

Variable Description Unit

𝑎𝑎k Coefficient for valve description as 4th degree polynomial [l/(min·√bar · 𝑚𝑚𝑚𝑚𝑘𝑘)]

𝐴𝐴cyl Cylinder area [mm²]

𝛼𝛼Pump Swivel angle of pump [%]

𝑐𝑐oil Speed of sound in oil [m/s]

𝐷𝐷V,𝐾𝐾V,𝜔𝜔V,𝑇𝑇t Parameters of valve dynamic: damping coefficient, gain, natural 
frequency, delay time

𝑓𝑓 ̅ Fault intensity averaged over time

𝑖𝑖𝑉𝑉 Valve current [mA]

𝐾𝐾,𝐾𝐾´ Bulk modulus, Effective bulk modulus [bar]

𝑛𝑛 Rotational speed [rpm]

𝑝𝑝,∆𝑝𝑝, 𝑝𝑝0 Pressure, pressure difference, system pressure [bar]

𝑄𝑄,𝑄𝑄dp,𝑄𝑄V Volume flow, volume flow for pressure build-up, Volume flow 
through the proportional valve

[l/min]

𝜌𝜌 Density [kg/m³]

𝑟𝑟Pari_i Residual of parity equation i

∆𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  residual, normalized to the error-free case

𝑇𝑇 Temperature of fluid [K]

𝑡𝑡,𝑡𝑡F, 𝑡𝑡O, 𝑡𝑡sim Time, time of fault insertion, observation time, simulation time [s]

𝑉𝑉 Volume [m³]

𝑥𝑥 displacement [m]

�̇�𝑥 velocity [m/s]

𝑦𝑦V Valve displacement [mm]

𝑦𝑦Pari Result of the parity equation

Subscript Description

A Piston side of the cylinder

A1 … A5 Parity equation A1 … A5

B Rod side of the cylinder

B1 … B2 Parity equation B1 … B5

cyl Boom cylinder

meas Measured value
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oil Oil

P Pump

S1 Parity equation S1

set Set point

sv Switching valve

T Reservoir
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Modern aircraft like the A380 use electro-hydrostatic actuators (EHAs) as backup in their flight control system. 
The future goal is to solely rely on EHAs for frontline flight control and thereby replacing the classic centralized 
system. However, as of now, the life expectancies of EHAs do not meet the requirements for frontline application.
Difficult operation conditions result in wear in tribological contacts of the high dynamic axial piston pump. In this 
paper, an endurance test rig for analysing the impact of different operation modes as well as first results of long-
term endurance test are presented. Lastly, the results are discussed and a conclusion is drawn. 

Keywords: Electro-hydrostatic actuator, endurance test rig, connectivity, flight control, tribological  
Target audience: Mobile Hydraulics, Aviation Industry, Design Process  

1 Introduction 

To achieve the goal of a more electric aircraft current research investigates the substitution of the conventional 
control system with electro-hydrostatic actuators (EHA). The conventional, valve actuated pressure-constant 
hydraulic system consists of a centralized architecture, presenting high robustness and dynamic properties [1]. 
While it meets all safety requirements, it bears some major disadvantages:  

 Voluminous and heavy components

 Noisy operation

 Inefficiency 

 Multiple installation of all components to achieve redundancy

 Necessity of highly skilled maintenance personal

Additionally, but not solely attributed to the flight control system, a flame-inhibiting, highly hazardous hydraulic 
fluid is used to lower the risk of explosion. This increases costs but more importantly increases the risk of physical 
harm of the maintenance personal. The inefficiency mainly results from the use of a pressure-constant hydraulic 
system, whose durability is proven ideal for the use in aviation, yet, the constant need to uphold significant power 
reserves in case of emergency like turbulences result in high idle power consumption [1]. 

Modern aircraft deploy electro-hydrostatic actuators to counter the aforementioned disadvantages of the classical 
control system. An alternative solution to EHA are electro-mechanical actuators (EMA), but EMAs are known to 
be more prone to overload, wear and jam in direct comparison [2]. Thus making EHAs the suitable selection for 
application in aviation. The design is shown in Figure 2. 
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Figure 1: State of the art Liebherr-Aerospace EHA [3]. 

Each unit is equipped with its own high dynamic e-motor, which powers a small fixed displacement bi-directional 
axial piston pump to allow for fluid flow in both direction. This enables a small design without additional valves 
for flow control for extracting and retracting movement of the linear drive. The control electronic converts the 
electrically transmitted signals to power commands for the motor, replacing long hydraulic tubing and thereby 
decreasing risks like hydraulic bleed [4]. Additional pressure relieve valves are included to protect against 
overload, as well as a small preloaded reservoir to prevent cavitation in the suction port of the pump. By placing 
two EHA in close proximity to another, the small design makes it possible to achieve a redundant setup within the 
wings of an airplane. Furthermore, the lower complexity of the capsulated architecture reduces the maintenance 
efforts, needed skills, and thus costs. Lastly, EHAs are more efficient compared to classical hydraulic systems as 
the pressure-overhead for emergencies is reduced. In summery, the smaller, capsulated design combined with the 
lower power consumption increases the airplanes efficiency, allowing for higher load capacities and more effective 
use of fossil fuels.  

Nevertheless, EHA are currently only deployed as backup. This is due to the limited life expectancy of the small 
axial piston pump. Especially the challenging bi-directional operation modes are reason, why the axial piston pump 
is unable to meet required durability standards. At ifas, a test rig designed and lend by Liebherr-Aerospace is used 
to investigate the robustness of axial piston pumps of EHAs by separating the operation states known from air 
travel to identify individual impacts on the pump component wear.

In this paper, the challenging operation states and the critical wear parings are explained in chapter 2. Chapter 3 
presents the test rig, test cycles and results. Chapter 4 displays the identified wear on the pump components. Lastly, 
a conclusion is drawn and the findings summarized.  

2 Operation States and Wear 

In general, axial piston pumps operate ideally in constant speeds above mixed friction and below defined speed 
limits. On the contrary, in case of EHAs in aviation, the used axial piston pumps are exposed to much harsher
conditions. Due to the nature of air travel the control system is constantly adapting to the wind current. The 
actuators of the control surfaces like aileron, rudder and elevator are keeping the airplane steady by extracting and 
retracting, resulting in continuous load-holding state of the pump including thousands of small dynamic changes
and necessary rotary direction changes. Prior investigation have estimated, that about 71% of all deflection of an 
aileron are within a range of 2% of the maximum deflection [5][6]. In this operation state, the pump is rotating a 
slow speed solely to counter leakage while retaining high loads of the actuator. The adjusting fluid flow is small,
which next to the capsulated design decreases the ability to cool the pump. However, the bi-directional operation 
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presents the biggest challenge for the axial piston pump, as short states of zero rotary speeds occur. Here, the 
lubrication film is decreasing, resulting in mixed- and dry-friction.   

To explain the areas of high wear occurrences, a basic axial piston pump design and contact parings are shown in
Figure 3. The pump consisting of cylinder block, slipper, piston, swash plate and valve plate. During operation 
swash plate and the valve plate remain stationary. The piston are moving linearly within the bores of the rotating 
cylinder block. The slippers are connected to the piston and are pressed against the swash plate. The slippers allow 
to increase the load capacity by distributing the load and creating a partial hydrostatic relive. On top of the pressure 
forces in the cylinder chambers a spring is installed between the axis and the cylinder block to ensure a constant 
pressure between cylinder block and valve plate, thus minimizing internal leakage by ensuring a separation of the 
suction and high-pressure port. 

Figure 2: Schematic display of an axial piston pump. 

Especially the contact parings of swash plate and slipper, as well as valve plate and cylinder block are exposed to 
mixed- and dry friction, however the later one has displayed minor impact on the durability and is therefore not 
mentioned in more detail in this paper. Prior longevity test runs at Liebherr-Aerospace have shown significant 
wear of the slippers. After 35.000 h the stems of the slippers were completely degraded [3]. Thus, the lubrication 
film and hydrostatic relieve capabilities are non-existing and dry friction increases the wear level constantly, 
subsequently ending the pumps pressure build up functionality [7]. 

3 Experiments 

3.1 Test rig

The experiments presented in this paper are conducted at the endurance test rig for the Liebherr-Aerospace 
Lindenberg GmbH introduced in [3]. The layout of the test rig is given in Figure 3. The tested pump is called unit 
under test (UUT). It is driven by a variable speed motor and directly cooled. The load pressure is applied via a 
hydraulic rectification with the check valves 7.1 to 7.4 and an electrically operated pressure relieve valve mounted 
at 6.3. The ball valves 8.1 to 8.4 allow the testing of the load holding capabilities of the pump. The complete 
hydraulics is preloaded with a low-pressure accumulator and degassed before filling in order to avoid cavitation 
in the test runs. 

slipper

swashplate

axis

cylinder block

piston

valve plate
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Figure 3: Layout of the Liebherr-Aerospace endurance test rig [3]

3.2 Test cylces

Dynamic test profiles allow for an evaluation of the impact of variable speed operation on pump wear. The use of 
three different test cycles make it possible to distinguish between effects from different operating points of the 
variable speed pump. Figure 4 depicts the test cycles used. 

Figure 4: Load profiles for evaluation of low speed operation, accelerations and high speed operation (from top 
to bottom) [8]

The first cycle includes effects from low-speed operation. A slow sine around zero speed under load simulates low 
speed variable speed operation as well as zero crossings. Load holding stages regularly interrupt the speed sine. 
During load holding the pressure port of the pump is completely closed and pump speed slowly rises until a limit 
pressure is reached. This operation point serves two purposes: Firstly, load holding operation is taken into account 
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for the regard of wear. Secondly, the speed at which a certain pressure is reached, correspondents well with the 
leakage of the pump and is thus an indicator for overall pump wear. 

The second cycle regards effects from high accelerations on the pump wear. High accelerations appear often in 
actual service live due to the constant control movements of the EHA actuator. In the test cycle, the pump runs at 
speeds well away from the upper and lower speed limits of the pump in order to avoid mixing of effects. In this 
speed range, the pump constantly accelerates and decelerates under load at high acceleration rates. 

The third and last cycle takes into account the effects of high-speed variable speed operation. It again incorporates 
a slow speed sine under load, this time in the high-speed range of the pump. In the experiment, the pump operates 
in one of the test cycles for a certain percentage of the expected service live. Afterwards, the pump is disassembled 
and evaluated for signs of wear. Wear measurement takes place with an optical 3D measurement method. 

After measuring of the wear progress, the pump is reassembled and the experiment continues with the next test 
cycle. This way, wear is monitored in regular intervals of the pump life and clear allocation of the wear contribution 
of the different test cycles is possible.  

The test cycles have been introduced and discussed in more detail by the authors in [8]. 

3.3 Results 

An evaluation of the first results shows highly interesting effects. Figure 5 shows exemplary results from optical 
measurements of the slipper surface after the test cycles. Shown are the measurements after three consecutive 
cycles and the first measurement of the subsequent cycle for reference. A change in the surface quality is apparent 
at first glance. 

After a low speed cycle, slipper surfaces are flat, visible scratches are few and there are areas with no apparent 
scratches at all. This changes for both high speed and acceleration cycles. During a high-speed cycle, significantly 
more scratches appear on the slipper surface and no larger areas without scratches are present anymore. This trend 
continues for operation in acceleration cycles. However, for operation in acceleration cycles, very fine and even 
new scratch patterns appear on the outer edge of the sealing land of the slipper. Figure 6 shows the described 
scratch patterns in a detailed comparison of a section of the slipper sealing land after a high speed cycle and after 
an acceleration cycle. 

Figure 5: Typical surfaces corresponding to the test cycles 

Low Speed High Speed Acceleration Low Speed
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Another effect apparent both in Figure 5 and Figure 6 is an increased edge abrasion in the area of the pressure 
grooves in the stabilizing land. The edge abrasion appears in all operation states and thus cannot be clearly 
attributed to a specific operating point.

Figure 6: Detailed comparison of the scratch marks between high speed and acceleration cycles

In the tests an additional interesting effect could be observed: it appears a surprisingly strong wear on the inner 
edge of the slipper sealing land, as depicted in the cross section of a slipper in Figure 7.  

Figure 7: Cross section of a slipper after a high speed test cycle

An explanation for this behaviour can be found from the slipper deformation under load. Figure 8 gives the result 
from an FEM simulation of the slipper used in the experiments. Shown is the deformation in millimetres under 
250 bar load for the static case. As can be seen, the slipper deforms under the pressure in the pressure pocket and 
on the slipper land, leading effectively to a slightly convex slipper surface with an additional bulge on the inner 
edge of the slipper sealing land.

Figure 8: Slipper deformation under 250 bar static pressure

High Speed Acceleration

scratch pattern

Edge abrasion
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4 Summary and Conclusion 

This paper gives an introduction to the use of EHAs in primary flight control and highlights the need to regard 
pump wear for this special application. For this purpose, a test rig and test cycles are introduced. The first results 
underline the dependency of wear behaviour of the pump to the operating state. First physical explanations for the 
resulting wear can be found in the elastic deformation of the slipper under load. In future works, the dependency 
between pump wear and operating state will be regarded in larger scale by the authors, aiming to achieve full 
understanding of the physics determining the wear behaviour. A further step will be the research on the impact of 
the different wear profiles on the load carrying capabilities and dynamic behaviour of the slipper-swashplate 
interface. 
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Sustainable Systems Design (SSD) is a new engineering design paradigm that follows the maxim “maximise 
quality subject to functionality” developed and validated as an evolution of Taguchi’s systems design method by 
the authors in the last decade of the DFG CRC 805 “Mastering Uncertainty in Mechanical Engineering” [1]. Its 
leading principle is the clear distinction between quality and function. SSD provides a framework for formulating 
constraint optimisation problems in which quality corresponds to three objectives: minimising effort and 
maximising availability as well as acceptability. SSD requires and provides clear, concise and consistent quality 
metrics, FAIR quality KPIs, that are negotiated and accepted by all stakeholders. SSD points out the need for a 
second negotiation process between the three essential stakeholders – the customers, the suppliers and the society: 
the mapping of function and quality to objectives and constraints. By solving the constraint optimisation problem 
SSD provides, thirdly, transparency on quality by providing upper limits in the sense “as good as it can be” in form 
of Pareto surfaces. As such, the SSD framework is a methodologic answer to two of five opponents of 
sustainability: (i) unlimited needs and ideas of single humans, (ii) scaling of these needs by the world-population, 
(iii) causing ultimate waste such as entropy production in every resource supply or usage process, (iv) lack of 
making costs to society transparent, (v) unable to master structural uncertainty when asked to suggest technical 
solutions of the type “as good as it can be”. SSD gives an answer to the fourth and fifth opponents of sustainability.   

Keywords: Sustainable Systems Design, sustainability, quality, function, costs to society  
Target audience: Systems Engineering, Industrial Applications, Efficient Components 

1 Introduction 

Before we introduce the principles of Sustainable Systems Design (SSD) in Section 2 we shall first derive a picture 
of our socio-technical world as a dynamic process with (i) the two drivers, i.e. needs and ideas; (ii) the two impacts, 
i.e. functions and social costs where social costs are composed of the consumption of limited resources, disposal 
of ultimate or harm full emissions and (iii) the flow of the four resources (energy, material, data, money) serving 
as enablers. This picture goes beyond the common and popular picture of a closed circular economy.   

1.1 Needs, Solutions, Social Costs as The Drivers and Impacts of the Circular Economy  

The promise of a Circular Economy as an ideal sustainable system is the satisfaction of functional needs without 
social costs. Reflecting this modern narrative of the Circular Economy in the light of the 18th century’s question 
about the existence of a perpetuum mobile prevails the misguiding. Sadi Carnot’s “reflections on the motive power 
of fire” published in the year 1824 shows us: a perpetuum mobile is impossible and ideal sustainability is 
unachievable. The task is not having a system without impact – which is impossible. Instead,  

Sustainable Systems Design gives the frame work to satisfy a functional need at minimal social costs. 

Hence, sustainability is measured as social costs and social costs are the aggregation of a) the usage or spoiling of 
limited resources or causing ultimate waste and b) harmful emissions like CO2-equivalent but also noise emissions 
or any other emissions causing harm to society and nature. We avoid using the splitting of sustainability in the 
three branches environmental, economic and social sustainability as it is common in the industry since we believe 
that clear and transparent KPIs, we name them FAIR quality KPIs, are essential for the transparent of sustainability.      
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The needs may be specified as desired functionality 𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠. The resources are the enabler. In fact, only the flow of 
resources (cf. "Parable of the Talents", in Matthew 25:14–30) enables the realised functionality 𝑔𝑔𝑔𝑔 which may differ 
from the specified functionality. The difference between specified and realised function is known as functional 
quality 𝛿𝛿𝛿𝛿𝑔𝑔𝑔𝑔:= |𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠 − 𝑔𝑔𝑔𝑔|. Robust Design aims for the minimisation of this functional quality either by a constraint 
optimisation or by a cybernetic approach “measuring” the functional quality and feeding this information back to 
the design process [1]. With money as an exchange medium the flow of money is in the opposite direction and 
connected to the other flows by a price. In Sustainable Systems Design not only the functional quality 𝛿𝛿𝛿𝛿𝑔𝑔𝑔𝑔 is 
evaluated and feed-back to the design process but also the quality 𝐹𝐹𝐹𝐹 = ∑ 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖3

𝑖𝑖𝑖𝑖𝑖𝑖  with the quality dimensions effort 
𝐹𝐹𝐹𝐹𝑖, availability 𝐹𝐹𝐹𝐹2, and acceptability 𝐹𝐹𝐹𝐹3, cf. Section 2.  

For robustness and resilience [1] there are also stocks of resources in each processing unit forming the capacitances 
𝐶𝐶𝐶𝐶 of the Circular Economy. The inertances 𝐿𝐿𝐿𝐿 of the system come from delayed trading and communication. I.e. 
customers and supplier have a “fading memory” and a reaction time. The system’s nonlinearity is due saturation 
of stocks, needs, solutions or other nonlinear effects.  
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Figure 1: Circular Economy presented here as a consistent dynamic model of a socio-technical system; the 
drivers are needs and ideas, central is the flow of the resources energy, material and data as well as money and 

their processing in usage and supply input-output units, and finale the impact i.e. value and costs to society.  
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Figure 2: Where market and impact control affect the circular economy: if 1) driver and 3) impact are 
controlled, this is technology-neutral; if 2) resources are controlled, this is usually not technology-neutral. 

The system’s dissipation 𝑅𝑅𝑅𝑅 comes from takes and interest rates but also from physical dissipation. Hence, as each 
dynamic system, the Circular Economy shows three characteristic intrinsic time scales √𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶, 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶, 𝑅𝑅𝑅𝑅 𝐿𝐿𝐿𝐿⁄  which 
corresponds to the time scales of the transient driving forces, i.e. the needs and the ideas. 
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The nonlinearities, the complexity i.e. the coupling of many supply and usage processes by fluxes and the different 
intrinsic time scales results in a most difficult to control cybernetic system for which instability and resonances 
are not the exception but the rule. Figure 2 shows on the left side means of market and impact control. From a 
cybernetic point of view and also learned by nature, it is most advisable to regulate 1) the driving “forces” and/or 
the 3) impact, i.e. the costs to society. The complexity of the socio-technical system as a whole is so nonlinear and 
shows so many interdependencies – that regulations on the usage and supply of resources are extremely difficult 
for politics and other people.  

1.2 Processing of Resources in Usage and Supply Input-Output-Units  

The resources are processed in two input-output processing units: one for resource usage and one for resource 
supply. Hence, the dynamic system has a right half where the resources are unqualified or raw and a left half where 
the resources are qualified and hence usable in the usage processes, cf. Figures 1, 2. The supply processes are 
generalised power-plants in the sense that, firstly, chemical bounded energy is processed to electrical energy; 
secondly, raw material is processes to semi-finished products; and thirdly, in the data power-plant, the Daten-
Kraftwerk, unqualified raw data are processed to FAIR data where FAIR is the acronym formed from the initials 
of the adjectives findable, accessible, interoperable, reusable.    

The usage units represent manufacturing plants, infrastructural systems such as public transportation or 
communication systems but also consumer goods such as private vehicles. Only the resource usage units finally 
satisfy the customer needs by means of operation technical systems, i.e. solutions. This usage processes gives the 
customer value. The supplier value is related to the customer value. Here the term need-solution pairs prevail its 
nature and function for a targeted innovation process.  

1.3 The Five Opponents of Sustainability  

In the following we give the five opponents and challenges for sustainability: (i) unlimited needs and ideas of 
single humans, (ii) scaling of these needs by the world-population, i.e. by the factor 1010, (iii) causing ultimate 
waste such as entropy production in every resource supply or usage process, (iv) lack of making costs to society 
transparent, (v) unable to master structural uncertainty when asked to suggest technical solutions of the type “as 
good as it can be”. SSD gives an answer to the fourth and fifth opponents of sustainability.   

(i) unlimited needs and ideas of individual humans. Ideas are the counterpart of needs. Ideas results 
in market push, while needs result in market pull. Ideas and thus innovations are fostered by 
creativity, education, curiosity but also by the pursuit of profit. It is good and bad at the same time 
that the needs and ideas of humans are unlimited. This is the first major challenge to gain 
sustainability. As Figure 2 shows, the needs may be restricted by a self-restraint of the customer or 
by written, legal or nonwritten regulations by society regarding the needs.  

(ii) scaling the individual needs by the magnitude of the population of the socio-technical system. 
Given the enormity of the world population and the interaction between the individuals or social 
groups, scaling the individual needs bring about further challenges. For example, satisfying the need 
of safe drinking water for a village of 200 people is a completely different problem than satisfying 
the same need for a multimillion city.  

(iii) limitation of natural resources and ultimate waste. The third major challenge for sustainability is 
the limitation of natural resources on the supply side and an expected critical impact of the ultimate 
waste emitted into the environment. Ultimate waste is, for example, entropy production which is 
inevitable in every resource supply or usage process. Referring once more to Figure 2: The impact 
or more general the social costs can be regulated.  

(iv) missing transparency and lack of metrices to measure costs to society. This becomes clear in 
Figure 5 where a different representation of nested systems is given, associated with the system-
specific tasks: cyber-physical components or modules are made out of materials. Technical systems 
are composed out of components resulting in a techno-economic system with impact to the socio-
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technical system all driven by the needs and ideas as depicted in Figure 2. Moreover, it is necessary 
to be able to measure costs to society by suitable metrices that need to be negotiated and agreed upon 
by all stakeholders. The metrices originate from the socio-technical system level and must be 
transferred to the component level. In the design and operation phase of the system, the quality 
measures based on the agreed metrices have to by aggregated from the inside towards the outside in 
order to make the costs to society transparent and FAIR (see the acronym above) to all stakeholders. 
At TU Darmstadt we developed the concept of FAIR quality KPIs to foster this process.  

(v) mastering complexity of engineering problems. The fifth challenge is to master structural 
uncertainty when asked to suggest technical solutions of the type “as good as it can be” even in 
complex engineering problems. What is finally needed is SSD as a consistent evolution of Taguchi’s 
Robust Design [1].  

The focus of this paper is on usable and validated methods to master the last two opponents of sustainability. But 
when discussion about sustainability the first three opponents are always present. The good part of the story is that 
there are methods available and indeed developed and validated such as FAIR quality KPIs and Sustainable 
Systems Design ready to be applied in the fluid power industry and community.  

2 Guiding Principle “Maximise Quality Subject to Functionality”   

One of the essential principles of our SSD approach is the distinction between function and quality. It combines 
two principles that have shaped architecture, industrial and engineering design since the late 19th century. The first 
one was coined by the architect Louis Sullivan: “form […] follows function […]”. The second one is the brief yet 
powerful “less but better” which the German industrial designer Dieter Rams formulated in the 1990’s, which 
continues to influence the design of industrial products up to this day. Sustainable Systems Design [1] connects 
the two principles into the maxim “maximise quality subject to functionality”. 

availabilty = 𝐹𝐹𝐹𝐹2

𝑔𝑔𝑔𝑔   0

𝐹𝐹𝐹𝐹  =      .

optimal design 
point

admissable design 
space

maximise quality, i.e. minimize effort, maximise
availability & acceptability,     𝐹𝐹𝐹𝐹 = −𝐹𝐹𝐹𝐹1, 𝐹𝐹𝐹𝐹2 , 𝐹𝐹𝐹𝐹3

𝑔𝑔𝑔𝑔   0 

system‘s
functions

effort = 𝐹𝐹𝐹𝐹1

acceptability = 𝐹𝐹𝐹𝐹3

the system are fulfilled, i.e.

objective function

𝑔𝑔𝑔𝑔   0.

(a) (b)  

Figure 3: Sustainable Systems 
Design: Optimal quality 
subject to functionality. The 
optimal assignment of the 
design variables x has to be 
found so that the quality, 
described by the sub-objectives 
𝐹𝐹𝐹𝐹1, 𝐹𝐹𝐹𝐹2, 𝐹𝐹𝐹𝐹3 (effort, availability 
and acceptability), is 
maximised. [1]. 

 

2.1 Quality and Functionality 

The terms quality and functionality are the central terms of SSD, each of them representing one of the 
aforementioned principles. They are elaborated in the following two sections. 

SSD gives a framework for making costs to society transparent in form of pareto surfaces and upper limits for a 
given design space. The framework of SSD makes conflicts of interests between the three stakeholder groups 
supplier, customer, society transparent and supports the solving of those conflicts by  

(1) Negotiation of quality metrices for costs to society, eq. by CO2 pricing.  
(2) Allowing transparency of component and system quality by means of FAIR quality KPIs.  
(3) Assigning quality and functionality to objectives and constraints.  
(4) System design Making pareto-quality-surfaces and upper limits visible to decision makers.  
(5) Realisation of the system and monitoring of realised systems with respect to costs.  
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Solving a constraint optimisation problem as depicted in Figure 3 is only the mathematical or methodical part of 
SSD that requires a clear assignment of quality and functions to objectives and constraints. [1] Often much more 
difficult is transparency in SSD. Transparency needs two steps. First, the negotiation and agreeing on defined 
metrices to costs to society. It would be naïve to say that costs to society can be anticipated today without 
uncertainty for the future. Hence, this negotiation, agreeing and definition step depicted in Figure 4 is crucial.  

objectives and 

constraints
agreed metrics for 
costs to society

general negotiation 
of industry and 
society for 
framework

system specific 
negotiation 
between customer 
and supplier 

Sustainable Systems Design 

aggregation FAIR quality KPIs

𝑔𝑔𝑔𝑔, 𝐹𝐹𝐹𝐹1, 𝐹𝐹𝐹𝐹2, 𝐹𝐹𝐹𝐹3

   
 

𝐹𝐹𝐹𝐹        𝑔𝑔𝑔𝑔   0
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𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠 𝛿𝛿𝛿𝛿𝑔𝑔𝑔𝑔

−

𝐹𝐹𝐹𝐹1𝑠𝑠𝑠𝑠

tolerated costs 
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societycustomersupplier
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Figure 4: Framework of 
Sustainable Systems 
Design with two 
negotiation rounds 
between supplier, 
customer, society; 
sustainability needs two 
nested closed-control-
loops with SSD und FAIR 
quality KPIs as essential 
methods 

Second, quality shall become transparent in all phases of the product lifecycle from sourcing through 
manufacturing and using to the recycling phase. 
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Figure 5. Nested systems and system related tasks to 
make costs to society measurable and transparent for 

all stakeholder by means of FAIR quality KPIs  
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Figure 6: The wool thread illustrates the connection 
of aggregated quality KPIs with the underlying data 

and represents the sequence of methods used to 
process the data (data collection methods, 

calculation and aggregation rules, statistical 
procedures and algorithms represented by software 

modules and linked by data pipeline)  

2.2 Quality 

Quality corresponds to the following three objectives, cf. Figure 3: 1) minimise effort 𝐹𝐹𝐹𝐹1, 2) maximise availability 
𝐹𝐹𝐹𝐹2, 3) maximise acceptance 𝐹𝐹𝐹𝐹3. [1] 

Effort is a measure of economic, environmental and social costs that are necessary for the production and/or 
operation of a system. It is expressed, for example, by the total cost of ownership, the material or energy 
consumption. In the usage phase of lightweight structures, the weight is the determining factor for the effort. [1] 

Availability is a measure of time during which the system can be fulfilling certain functions. It can be measured, 
for example, by the sum of the mean time between two failures and the repair time relative to the total time. 
Alternatively, the anticipated remaining service life can also be specified. For this purpose, an assumption 
regarding future usage and an ageing model are necessary. [1] 
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Acceptability is the most difficult measure from the perspective of quantifiability. Acceptability has two sides: 

▪ conformity with regulations, such as the Product Safety Act [2]. For example, an ordinance can be the 
function of an electronic stability control system (ESP) mandatory for vehicles. For formal acceptability, 
the politically consented society needs are cast into regulations. Either products have to meet the 
regulations or the regulations demand defined technologies. [1] 

▪ informal acceptance is gained through positive user experiences. The user may be a consumer in the 
consumer goods market, but also a company in a business-to-business market. This user experience has 
many facets and it would go far beyond the scope of this handout to fully immerse into this field. Schmitt 
coined the term perceived quality in this context [3]. Instead, we focus on the facet product quality being 
important for informal acceptability. [1] 

Quality is measured on the one hand by the expected functional performance or functional quality is given by the 
deviation 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿 = |𝛿𝛿𝛿𝛿𝑠𝑠𝑠𝑠 − 𝛿𝛿𝛿𝛿| from the expectation, where 𝛿𝛿𝛿𝛿𝑠𝑠𝑠𝑠 is the expected (specified) function and 𝛿𝛿𝛿𝛿 is the realised 
function, and on the other hand by the expected effort and by the expected availability. Customer expectations 
must match the quality promise. This is either explicitly given by the manufacturer or it must be consistent with 
the usual market quality. If necessary, the quality is also defined by conformity with regulations. Here, too, it can 
be seen that the various aspects of a product depend on each other: formal and informal acceptability overlap in 
parts. [1] 

From the linguistic point of view, quality is often captured by an adverbial to a predicate, e.g. “the pump supplies 
the required pressure 90% of the time” (availability), “the pump operates with the efficiency of 70%” (effort), “the 
pump is preferred by most potential customers” (acceptability).  Ram’s “less but better” can thus be linked to the 
system’s quality. [1] 

2.3 Functionality 

The function of the system is a set of constraints in the form 𝛿𝛿𝛿𝛿    0, where   denotes design variants. The 
constraints are mathematical expressions of design requirements on the system, such as “the pump must weigh 
less than 2kg” or “the power consumption of the pump must not exceed 100 kW”. The function can also be given 
by a load profile. These constraints can be economical (capital or operational expenses), environmental (emissions, 
power consumption, material selection) or social (compliance with legal and normative restrictions). In this sense, 
Sullivan’s “form […] follows function” is interpretable as a constraint. [1] 

2.4 Interaction Between Quality and Functionality 

“Maximise quality subject to functionality” thus summarises the core principle of SSD and amounts to a constraint 
optimisation problem of the form: 

Consequently, Sustainable Systems Design is nothing else than a restricted optimisation problem characterised by 
constraints and objectives. While functionality and quality have been discussed as the prime characteristics of 
SSD, their mapping to constraints and objectives of optimisation problems  

fu   i   li y, qu li y ⟶       r i   ,  bje  ive  

will be explained below. Functionality can be represented by constraints that will be referred to as functional 
constraints. Quality is depicted by objectives as well as by constraints – these will be referred to as quality 
objectives and quality constraints, respectively, cf. Figure 7. Each of them is defined individually by each 
stakeholder. [1]  

   
 

  𝐹𝐹𝐹𝐹   = {−eff r ,  v il bili y,    ep  bili y}     qu li y 
 ubje         𝛿𝛿𝛿𝛿    0  fu   i   li y 

 

 

 (1) 
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Quality objectives (a) are specified by weighted sub-objectives. Weights are impact-specific weighting factors 
often known as cost factors (e.g., pricing the environmental impact by taxation). Moreover, impact-specific 
incentives (e.g., financial subsidies for improvement) can be used as weights. The sub-objectives are the three 
quality directions minimal effort, maximal availability, maximal acceptability,  (1). [1] 

The three quality directions are in agreement with Taguchi’s quality engineering methodology [4]. Taguchi 
demands that manufacturers also consider the effort, i.e., the economic costs and the costs to society, as a quality 
measure. The weighted sub-objectives are approximated by agents (humans and/or machines) in an incremental 
Continuous Improvement Process (CIP) controlled by the target and impact-specific weighting factors. Hence, a 
quality objective defines a direction and not the required quality level. [1] 

Quality constraints (b) ensure reaching the required quality level. The advantage of quality constraints vs. quality 
objectives is the clear commitment, e.g., limiting the CO2 emissions to a certain value. The disadvantage is that 
constraints are fixed and not optimised. Hence, optimal quality and sustainability cannot be reached solely by 
quality constraints. A typical quality specification is a cost limit to be reached in a design-to-cost engineering 
process or the setting of a pollution limit. [1] 

Functional constraints (c) are specified on the basis of expressed or anticipated customer needs.  

restricted design space

restricts possible
technologies, resources, 
operating modes, 
services:

e.g. carbon-free energy
- restricted by banning

quantified
constraints

that must be archieved
in the design process

- expanded by innovation

functional constraintsquality constraints

multicriterial sub-
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Figure 7: Assignment of quality and functionality to 
objectives and constraints, whereby these are influenced 

by the stakeholder's goals and functional specifications [1] 
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viablebearable

sustainable

economic

 

 

Figure 8: A common way of visualising the 
three pillars of sustainability: a Venn diagram 
in which each circle represents one pillar. The 

pillars overlap; sustainability is the intersection 
of all three pillars. Adapted from [8] 

 

A further constraint in an optimisation problem is the restricted design space (d). It is given by available 
technologies, resources, operating modes, services. The design space may be extended by innovations or restricted 
by banning technologies, such as demanding carbon-free energy supply. [1] 

Against this background, the questions arise how the process of specifying objectives and constraints works and 
how quality directions are given and assigned to the different stakeholder groups. 

The answer is that product functionality and quality is negotiated in a cybernetic system of the three external 
stakeholder groups (i) supplier, (ii) customer, (iii) society. Internal stakeholders, i.e., the employees of a company, 
do also exist and may need to be considered. To understand the basic dynamics and outcome of this negotiating 
process, the external stakeholders can be modelled as agents in a cybernetic control system. To learn more about 
stakeholder interaction, an interested reader can discuss the open-access book “Mastering Uncertainty in 
Mechanical Engineering”, Chapter 5.1.1 [1]. 
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2.5 What is the “sustainable” in Sustainable Systems Design? 

Sustainability is an important part of SSD. In the following, it will be illustrated how the concept of sustainability 
is understood within SSD. Sustainability is a broadly used term that has gained a great increase of popularity since 
the second half of the 20th century. The concept originates in the 17th century when it was applied to forestry by 
Hans Carl von Carlowitz as Saxony faced an acute scarcity of timber due to intensive mining activities. The term 
was popularised again the document Our Common Future was published by the United Nations (also known as 
the Brundtland Report, after Gro Harlem Brundtland), which states that sustainable development is such that 
‘meets the needs of the present without compromising the ability of future generations to meet their own needs’ 
[5]. In engineering design anticipating all phases of the product life cycle including sourcing, production, operation 
and second-use of recycling, sustainability is linked to using energy and materials a rate that does not compromise 
society, economy nor the environment. We bring this to the point  

sustainable design = design with minimal costs to society. 

This requires first, a negation about cost metrices between all stakeholders (suppler, customer, society) and second 
the presentation of the pareto surface in the different dimensions. This paradigm also requires transparent 
asymptotic limits in the sense “as good as it can be” for a given design space where the design space is given by 
available technologies, materials, physical laws as well as regulations.  

In business economics Cooperate Social Responsibility (CSR) becomes more and more popular. In CSR 
sustainability is often viewed as having three dimensions: the economic, the environmental and the social one – 
these are known as the triple bottom line [6]. They are often depicted as seen in Figure 8. Sustainability in CSR is 
usually be addressed within the quality direction of effort: Minimising social, environmental and economic costs 
is equivalent to maximising sustainability.  

2.5.1 Economic Sustainability 

Economic sustainability refers to the business practices of an organisation and their impact on the economic system 
[6]. It recognises the importance of economy to survive and evolved in order to support future generations. It 
considers the growth of an organisation to go hand in hand with the growth of the economy. Hence, it addresses 
the economic value created by an organisation to the system it is embedded in in a way that helps it prosper and 
support future generations. [9] 

To consider economic aspects, the Life Cycle Costing (LCC) or the ecoefficiency analysis. Both of these methods 
relate environmental impact to economic quantities such as costs of production, operation and recycling [10, 11].  

2.5.2 Environmental Sustainability 

Environmental sustainability refers to practices that do not compromise environmental conditions for future 
generations. This includes, for example, energy and material resources, quality of air and drinking water, 
ecological footprint etc. [9] 

Environmental sustainability can be evaluated for example using the life cycle assessment (LCA) [10, 11]. It is a 
technique to assess the environmental aspects and potential impacts associated with a product, process, or service.  
The term “life cycle” comes from the field of biology [12]. It can be used to assess environmental impacts that a 
product, process or service has during all stages of its “life”, including, i.e., from extracting the necessary raw 
materials through the manufacturing process to the usage, maintenance and disposal or recycling. The life cycle 
perspective enables to identify and prevent the so-called burden shifting between various processes. Burden 
shifting refers to a process in one stage of the life cycle unintentionally creating environmental impacts (burdens) 
in processes in other stages of the life cycle [12]. 

The underlying principle of LCA is to comprehensively cover processes as well as their impact on a wide variety 
of environmental issues. LCA does not exclusively focus on one issue such as climate change – instead, it covers 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

269

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

269



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

typically around fifteen issues that include climate change and range from freshwater use, land occupation through 
toxic impacts on human health to depletion of non-renewable resources [12]. 

2.5.3 Social Sustainability 

Social sustainability refers to beneficial and fair business practices to the labour, human capital, and to the 
community or society [6]. Issues related to community involvement, employee relations and fair wages can be 
addressed in this context. [9] 

Assessing social sustainability is a relatively new broad and complex domain. There are ongoing efforts to develop 
a Social-LCA (S-LCA) which would entail social aspects such as working conditions, preservation of cultural 
heritage, equity etc. [10, 11]  

3 Quality Metrics  

“Measure what is measurable, and make measurable what is not so.” 
 Antoine-Augustin Cournot and Thomas-Henri Martin 

With the understanding that SSD is nothing else than a restricted optimisation problem characterised by constraints 
and objectives, it is obvious that SSD requires the quantification of quality objectives and quality constraints. This 
is a perquisite for the formulation of an optimisation problem in the form of the constraint optimisation problem,   
(1). For this purpose, suitable metrics for the three quality directions effort, availability and acceptability have to 
be selected. Following the IEEE Standard 1061 [13], a metric is a function whose output is a single numerical 
value usually, but not necessarily, complemented by a unit quantifying a characteristic of a socio-technical 
systems. These characteristics are measurable directly or calculable based on the function and measured quantities. 
e.g., the European Commission’s Ecodesign Directive [7], or compliance with ISO norms. Assigning these 
characteristics to one of the quality directions, we obtain quality metrics. There exist countless metrics which are 
developed for assessing all kind of aspects of the three quality directions. 

Hence, it must be emphasised at this point that a metric cannot be right or wrong. Instead, there are two suitable 
criteria to be considered. Firstly, it is their conciseness, clearness and consistency with definitions, regulations, 
directives or physical axioms, [14]. The second criterium includes the usefulness for and acceptance by all 
stakeholders, ensuring that are commonly used and applicable within a broad scope of problems.  

In this context, two questions arise: Do the stakeholders share a common understanding of the quality objectives 
and quality constraints? Is the weighting of the quality objectives comprehensible and traceable for all parties 
involved? Usually, the answer to both of these questions is no. Consequently, the acceptability and the trust of the 
stakeholders may decrease. To provide a comprehensible basis for decision-making, chosen quality metrics must 
be agreed by all stakeholders. Agreed metrices are called Key Performance Indicator or quality KPIs. At the same 
time, the realization of traceability of a quality KPI, i.e., knowledge of the provenance of data used by the metrics 
is still an open question. Quality KPIs are often presented in diagrams in reports or presentations. Information 
about their data basis, data processing and aggregation algorithms is usually unavailable or incomprehensible. This 
is why we at the Chair of Fluid Systems developed a new approach for FAIR quality KPIs. It combines the 
understanding of quality KPIs with the well-known FAIR principles. FAIR means data and information must be 
Findable, Accessible, Interoperable and Reusable. In this way, quality KPIs become an essential basis for SSD.  

FAIR quality KPIs can be illustrated by a picture of a wool thread that connects the aggregated quality KPIs with 
the underlying data, Figure 6. The wool thread represents the sequence of methods used to process the data. These 
are data collection methods, calculation and aggregation rules, statistical procedures and algorithms represented 
by software modules and linked by data pipelines. If the wool thread is unwound and literally walked along, both 
data and data processing methods become traceable. This enables to disaggregate the FAIR quality KPIs and to 
make their main influencing factors transparent. The traceability of data and processing methods succeeds through 
the use of Persistent Identifiers (PIDs). They reference each other and provide the direction of the wool thread. 
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Accessibility to data is regulated by protocols and is quite limited. Traceability and transparency are case-specific, 
context- and user-dependent. Interoperability of data and methods requires a formal notation for knowledge 
representation. Data formats and software must be as open source and established as possible. In this way, data 
becomes readable and processable by both humans and machines. Reusability of data and methods is achieved by 
describing them using domain-specific and relevant metadata. The realization of this image of a wool thread leads 
to FAIR quality KPIs, achieves traceability and transparency and thus acceptance.  

4 Applying Sustainable Systems Design  

In this closing section we give two examples of SSD in the fluid power context. For each example we distinguish 
between quality and function and for each example we derive solution of the kind “as good as it can be” with 
regards to effort or availability. The first example is the TU Darmstadt active air spring for which we prevail the 
relation conflicting tasks of optimal functional performance (=functional quality) and effort measured in energy 
consumption. The second example is a hydrostatic power transmission for which we seek and find an optimal 
structure with respect to availability. We mastered structural uncertainty arising from the combinatoric explosion 
by means of discrete exact optimisation methods for which we established the methodology TOR standing for 
Technical Operations Research.  

4.1 TU Darmstadt Active Air Spring 

The suspension system of a passenger vehicle fulfils four main functions: (i) carrying vehicle load, (ii) levelling 
the distance between the vehicle body and the road, (iii) isolating the body from dynamic excitations, i.e., driving 
comfort and (iv) limiting dynamic wheel force, i.e., driving safety [1]. In the sense of Section 2, the first two 
functions (i) and (ii) are functional constraints when designing a suspension system. Driving safety and driving 
comfort are, on the other hand, functional constraints as well as quality objectives: while a certain driving safety 
has to be reached, it is sensible to aim for the maximum possible safety during the design process. Both driving 
safety and driving comfort can be considered a part of acceptability, cf. Figure 7. Generally, these two functions 
are in conflict with each other, cf. Figure 9. The driving safety is measured and evaluated by the wheel force 
fluctuations 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎w . Driving comfort is measured and evaluated by the acceleration of the vehicle body 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎b . The 
optimum is reached when both wheel and body are at rest 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎w → 0, 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎b → 0.  

Figure 9 shows the Pareto line of driving comfort and safety for a state-of-the-art passive suspension system. Only 
active suspension systems, e.g., Daimler electronic Active Body Control (eABC) [15] are able to overcome the 
limitations of the passive system, cf. the Pareto line for an ideally controlled active suspension system. 

Therefore, we designed the TU Darmstadt Active Air Spring combining an Air Spring with high comfort and an 
active system. Pelz et al. show the details of the concept and the design of the Active Air Spring [1]. 

The gain in acceptability of the system goes hand in hand with an increased energy demand. In the sense of 
Section 2, energy demand is considered a part of the quality objective effort. Hedrich [16] and Rexer et. al. [17] 
show that, starting from a passive system, both driving safety and driving comfort can only be increased if the 
energy effort is increased. Based on the customer's desire for more comfort, Figure 10 shows the Pareto surface 
degenerated here to a line for the gain in comfort over the energy demand while maintaining the constant driving 
safety of the passive system. 

This investigation gives two main findings: (i) The acceptability (here driving comfort and safety) and the effort 
are in conflict with each other. (ii) There is a saturation of the energy demand of the active system, therefore: much 
does not help much. Rexer et al. [17] provide more detailed investigations on the simulation and the results [17]. 
Beside energy effort, there is an increased cost effort and the availability of the system will decrease as a result of 
the system becoming more complex.  
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Figure 10: Improvement of functional quality against 
energy effort for an Active Air Spring suspension system 

when driving on a country road at 70 km/h on a 
hardware in the loop test rig [15] 

 

4.2 Hydrostatic Transmission System 

The sustainability of a system is substantially determined by its service life. It can be increased by distributing the 
load, but this in turn leads to increased system complexity and investment costs. This conflict will be examined in 
the following using the example of a hydrostatic transmission according to [18] and [19].  

The design task is to select and arrange the valves to actuate a piston. The functionality of the system is the 
fulfilment of a specific load profile. This must be fulfilled by the actuation at each operating point and corresponds 
to a functional constraint (c), cf. Figure 7. To model this, a physical model must be taken into account; for instance, 
the conservation of mass and energy. Furthermore, the design space is restricted (d), in this example by allowing 
only up to 4 proportional and 4 shift valves, cf. Figure 11 left.  

Given these constraints, the goal is to minimise the effort and at the same time maximise the availability. 
Acceptability is left aside at first.  A corresponding quality-KPI must be defined for each goal and assigned to the 
quality objectives and quality constraints.  The effort is evaluated based on the investment costs for the selected 
valves, whereby – in our example – proportional valves are twice as expensive as switching valves. An upper 
bound, i.e., a quality constraint, is implied by the restricted design space: A maximum of 8 valves can be selected.  

Availability, on the one hand, can be represented by the mean time between failures. Failure here is defined as a 
loss in functionality as a consequence of erosive wear that only affects the proportional valves. On the other hand, 
for several operating cycles — each with a maintenance cycle in between — it can be determined how often valves 
have to be replaced. This can then be reflected in the costs. For both, an appropriate wear-model has to be included 
in the physical model. 

In general, the following design optimisation problem can be derived: 

   {−eff r , i e −i ve   e        ;   v il bili y, i e  i e    f ilure  r   i   i    e     }
     i    fu   i   li y    , i e ,  fullfill e    f  he l  d pr file

 ii   re  ri  ed de ig   p  e  d , i e ,  4  hif    d  4 pr p  i   l v lve 
 iii   phy i  l   del,  e g ,           erv  i     d we r   del 

  

This problem is not trivial to solve due to the large number of variants in selection and interconnection. This is 
why it was formulated as a mixed-integer linear programme in [18] and [19], i.e., as a mathematical optimisation 
problem, and solved with the help of algorithms. The clear and unambiguous representation ensures that the result 
is transparent and the use of algorithms makes the decision objective; important properties for obtaining acceptable 
solutions. 
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The quality dimensions can be considered as quality objective or quality constraint, using different weightings. 
Figure 12 shows the optimisation problem and the corresponding solution. 

 

Figure 11: left: restricted design space and design task. right: load profile consisting of volumetric flowrate 
and force demand that has to be fulfilled. [18] 

  
 

(a) minimisation of investment 
costs without the consideration of 
wear [19]: 

 

 i i ve   e        
     i −  iii 

  

(b) maximisation of service life without 
failure, implicitly bounding the 
investment costs due to the restricted 
design space [19]: 

    i e    f ilure
     i −  iii 

  

(c) minimisation of total costs, i.e. 
balancing availability and effort 
considering three operating cycles [18]:  

 

 i i ve   e  +   i   i    e 
     

     i −  iii 

  

Figure 12: Optimised transmission system and corresponding optimisation problem, [18, 19] 

The results show that the different weighting and assignment leads to completely different solutions. In (a), a 
simple system is achieved with few valves, which, however, have to be replaced quickly. In (b), on the other hand, 
a very complex system is achieved with the maximum permitted number of proportional valves, whereby the wear 
is evenly distributed and the availability is very high. The cost is 83% higher compared to (a) which is constrained 
by the implicit quality constraint "   i u  i ve   e        𝑋𝑋𝑋𝑋". In (c) a trade-off is made and three valves 
are replaced within the three operating cycles. 

It remains open why the variants shown here are still rarely used compared to classical 4/3-way valves: On the one 
hand (i) due to the high complexity, such designs are not easy to develop and special optimisation methods for 
system synthesis are needed. Moreover, due to the increased system complexity, the effort may be further 
increased, e.g., by additional piping, which is not modelled here. On the other hand, this (ii) can be explained in 
terms of acceptability: The shown variants deviate from the state of the art, which may lead to various concerns 
and doubts. The shown transparent representation now allows an objective comparison: The advantages of solution 
(a) is that only 1/3 of the replacement valves are needed within the lifetime in highly abrasive applications 
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compared to a 4/3 proportional valve and (b) has a 16 times higher lifetime. Only a design engineer having this 
information can make a fair and objective comparison, which is supported by the presented method. 

5 Summary and Conclusion 

With the maxim “maximise quality subject to functionality”, Sustainable Systems Design (SSD) clearly 
distinguishes between quality and functionality. SSD amounts to a restricted optimisation problem. Quality 
generally corresponds to three objectives: minimising effort and maximising availability as well as acceptability. 
Functionality is generally expressed in the form of constraints. To be able to formulate the optimisation problem, 
clear, concise and consistent metrics must be selected. Ideally, the metrics should be accepted by all stakeholders. 
The metrics should include aspects of sustainability. SSD recognises three dimensions of sustainability: the 
economic, environmental and social one. 

The SSD framework has been illustrated on two examples: (i) TU Darmstadt Active Air Spring and (ii) hydrostatic 
transmission system. In the example (i), driving comfort and driving safety correspond to acceptability and the 
energy consumption corresponds to effort. The example (ii) expresses effort as investment and maintenance costs 
and availability as mean time between failures. Both examples amount to restricted optimisation problems in the 
sense of SSD that can serve as a basis to make informed, fair and objective engineering decisions under the 
consideration of sustainability. 
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By using built-in or cartridge valves, it is possible to realize cheaper hydraulic systems, which need less space, 
have a short switching time and less fluid leakage, less time for assembly and installation, and give a better 
appearance of the hydraulic system, because they are usually installed in an aluminium block. The paper presents 
a laboratory setup of a hydraulic servo system using cartridge 2/2 valves to achieve precise positioning of the 
hydraulic cylinder, with the aim of clearly demonstrating the application of these valves in industrial plants, as 
well as their use in various mobile systems. The article describes the implementation of a control algorithm for 
the realization of manual and automatic mode of operation of the system and several ways to realize the precise 
movement of the hydraulic cylinder and simulation of the actuator load. 

Keywords: Position control, cartridge valves, hydraulic actuator, control device 
Target audience: Automation & Control Design, Smart Integration, Control Strategies 

1 Introduction 

Realization of various functions in hydraulic systems are usually achieved by using solenoid operated directional 
control valves or valves to control the pressure and flow of the working fluid. It is well known that high-
bandwidth servo valves give better dynamic characteristics of controlled systems, but they are more expensive 
and more sensitive to fluid contamination than solenoid valves. In less demanding applications proportional 
valves can be an economical solution for the realization of closed-loop control tasks, which have been dominated 
by costly servo valves. However, proportional valves have similar requirements and operating problems as servo 
valves [1-3]. To achieve high system characteristics, control techniques that can provide the required features 
despite significant nonlinearities and uncertainties of the system, are essential for successful operation of modern 
hydraulic systems [4-7]. The directions of development of modern hydraulic systems are towards greater 
involvement of microprocessors, sensors as well as communication components, which enables the realization of 
advanced control methods [8-10]. 

Built-in or cartridge hydraulic valves (also known as 2/2 – way valves or logic valves) are control elements that 
are increasingly used to perform various functions in hydraulic systems, because they are smaller in size and 
allow the realization of compact systems. Cartridge valve elements do not have integral housing, so they can be 
considered as "bodyless" valves because they consist of only the internal moving elements of the valves. The 
cartridge valve must be inserted into a cavity in a manifold and connected with appropriate flow paths to perform 
the desired function. Cartridge valves have been known for a long time and were mainly created as a solution to 
the problem of working with large volumetric flows, where the use of conventional valves is accompanied by 
overcoming large forces acting on spool and poppet, and consequently large springs are necessary, so valves 
become too expensive and rather inefficient. A cartridge valve is a logic element, which basically consists of a 
spool inserted in a main block, where fluid pressure acts on both sides of the spool and generates a hydrostatic 
equilibrium. A small spring inside the valve ensures the spool position at rest. If the hydrostatic equilibrium is 
being modified, the spool displaces and opens the passage between the two ports. By using cartridge valves, it is 
possible to realize cheaper hydraulic systems, with less leakage when compared to spool-type valves, with fast 
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actuator response, realizing many control functions, while significantly reducing the control circuit piping and 
saving space. Built-in valves are widely used in working hydraulic circuits on a variety of mobile machines: such 
as multifunctional municipal vehicles, various construction, and agricultural machinery [11-15]. Although 
cartridge valves have been present in the fluid power industry for many years, their application has been mainly 
based on applications in which they have replaced standard versions of check, directional, pressure or flow 
control valve functionality.  

Cartridge valves are usually built into drilled manifold, but they can also be available in individual bodies and 
currently they play an important role in many fluid power systems across a broad spectrum of industries. There 
are two types of cartridge valves: screw-in cartridges and slip-in cartridges. Directional screw-in cartridge 2/2 
valves were used to make a functional hydraulic circuit on the realized experimental setup presented in this 
paper. With comprehensive experience in the application of these valves as well as with the improvement of 
valve manufacturing technology, many specialized and high-performance fluid power systems in the form of 
hydraulic integrated circuits have been realized. However, to use them properly, it is necessary to know and 
understand how they work. Therefore, we have developed a laboratory setup of a hydraulic servo system using 
cartridge 2/2 valves to achieve precise positioning of the hydraulic cylinder, to clearly demonstrate the 
application of these valves in industrial plants, as well as their use in various mobile systems for tasks of precise 
control of actuator motion. 

The paper describes the features of cartridge valves and other components within the power unit, control and 
measuring system used in the experimental laboratory setup. Furthermore, various variants for realizing the 
movement of the hydraulic cylinder and simulating the actuator load are described. 

2 Experimental test device 

The designed experimental system is shown in Figure 1, and the simulation scheme of the system is shown in 
Figure 2. The experimental system consists of a hydraulic power unit used to supply the working fluid, a control 
part containing valves for controlling the flow and pressure of the fluid, and a hydraulic actuator for achieving 
translational motion. For the realization of controlled movement of the cylinder, a control device is needed, as 
well as a measuring system for achieving feedback. The setup is composed of a top plate on which are placed a 
hydraulic cylinder, four cartridge valves of different flow rates, throttle valves, manometers and valves for load 
simulation. The power unit is located on the bottom panel. The flow control valve in the bypass line and a relief 
valve are in the central part of the system. 

The hydraulic power is provided by a hydraulic gear pump (Hydronit, model E60306010, where volumetric 
displacement of the pump is VD =6 cm3/rev, and maximum nominal pressure p=30 MPa), with a tank containing 
15 litres of oil and a suction filter (Filtrationgroup Pi 1710). The oil pump is driven by a four-pole single-phase 
electric motor (Končar, 5AZCD 90LB-4, power P=1.5 kW and speed n=1410 min-1) with B14 flange shape 
adapted for mounting on a Hydronit central block. The pressure relief valve (Hydronit, type VMDC20B) marked 
with 1.5 in Figure 2 is used to keep the pressure in the system pressure line and consequently in the cylinder 
chamber within the pre-set value and to allow the excess flow to be released to the tank. The foot mount 
hydraulic cylinder (1.0) which is used as an actuator is a double acting 300 mm stroke cylinder with 40 mm bore 
and 22 mm diameter rod. The cylinder has an internal M8 thread on the connecting rod and it has 3/8'' 
connections. Two single locking cartridge valves (Hydronit MSV30E) of higher flow and two double locking 
cartridge valves (Hydronit MDV30E) of lower flow, all 2/2 NC 24VDC are used to control the movement of the 
cylinder. The tapered poppet on these types of valves ensures an extremely low leakage. A rotary encoder with 
600 digital pulses per shaft revolution was used as a displacement sensor. To measure the linear displacement of 
the piston rod of the cylinder, the incremental encoder is connected by a toothed belt to the pulley, and the belt is 
connected to the piston rod of the cylinder. In this way, the linear displacement of the cylinder is converted into 
the rotational motion of the encoder shaft. The translational movement of the cylinder is driven by the belt 
(number of teeth z=30 and belt pitch T=2.5 mm) which causes the rotational movement of the pulleys and thus 
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the encoder shaft and gives a position measurement resolution of 0.125 millimetres per pulse. Therefore, a 
translational shift of 1 mm will correspond to 8 encoder pulses. With the installation of the displacement sensor 
in the system, the possibility for the realization of the position control algorithm was obtained. The pressures in 
the cylinder chambers are measured by two manometers, with a measuring range 0 to 100 bar. 

Data acquisition and control of the system is handled using the Controllino Maxi Automation device. The 
program code is written in the Arduino software. In addition to programming in the Arduino IDE, other software 
such as Matlab or Atmel Studio are also supported. In general, if the software is compatible with traditional 
Arduino boards and controllers, it can also be used for Controllino devices. It can be used in almost all types of 
control and automation like classic PLC devices. Thus, the Controllino device combines the flexibility and 
advantage of open source like Arduino software with the reliability of PLC’s industry standards. During the 
operation of the device, USB communication will be used to transfer the program code, digital or analog inputs 
and relay outputs to activate the cartridge valve to achieve the movement of the cylinder. 

The experimental system can be operated manually using the buttons located on the top panel, but it is also 
possible to switch the system to automatic mode, whereby the movement of the cylinder follows the reference 
value set within the control program. 

 

 

 

 

 

 

Figure 1: Photo of the experimental setup. Figure 2: Simulation scheme of the system. 
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3 Control program  

The program code written in Arduino software is used to manually control the movement of the cylinder as well 
as to automatically control the position of the hydraulic cylinder. The program code is divided into several 
sections that explain how the experimental setup works. The first step in the program code is the initialization of 
inputs and outputs to which certain setup elements (valves, electric motor and rotary encoder) will be connected, 
as well as defining the variables needed for the realization of the program code. Inputs are signals from the 
encoder, manual control buttons, a switch that starts automatic mode, while the outputs include relays by which 
the logic valves of the system are activated. Also, it is necessary to activate the relay output on the Controllino 
device that starts the electric motor. 

The main loop of the program consists of two parts: the first part, which is constantly executed during system 
operation, even during manual mode, and the second part, which is executed only during automatic mode. The 
part of the program that runs during both manual and automatic modes is used to count the pulses and determine 
the direction of movement of the cylinder. It is necessary to monitor the number of pulses during manual control 
of the system in order to know the current position of the cylinder when the user switches the system from 
manual to automatic mode at any time. 

The rest of the program code is divided into two while loops, one for manual control and the other for automatic 
mode. Which of these two loops will be active depends on the state of the switch that starts the automatic mode. 
If the automatic mode is not activated, then the first loop is active which allows to activate certain logic valves as 
long as the corresponding button is pressed. If the button is not pressed, then the logic valve is deactivated. Since 
the position of the cylinder piston is constantly monitored by the encoder and program code, by starting the 
automatic mode, the second while loop is activated, and the control program already has a value indicating the 
current position of the cylinder. The current cylinder position will be different from the reference value in 
practically all cases, and the control error calculation follows. The control error can be positive or negative, so 
the logic valves are activated to move the cylinder to one side or the other. When the piston comes close to the 
set position, the logic valve with lower nominal flow is activated which ensures a lower speed of the cylinder 
piston, and at the same time logic valves with higher rated flow will be deactivated. In this way, very precise 
positioning of the cylinder is ensured. When the cylinder piston has reached the set position, all logic valves are 
turned off until a new desired arbitrary position is set within the program code. In this way, the control algorithm 
will be executed until the manual mode is reactivated. As mentioned, by interrupting the automatic mode, the 
generated pulses are still monitored in the program if the user decides to return to automatic mode. 

 

a) 
 

b) 

Figure 3: a) Controllino Maxi Automation device, b) Interior of the control cabinet. 
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All components are connected to a Controllino device mounted in the control cabinet, Figure 3. On the top panel, 
next to the buttons that activate the valves, there is a switch to start the system in automatic or manual mode. 

4 Experimental results  

The developed control programs were tested on the experimental setup of a hydraulic cylinder controlled by 
cartridge valves. In the control algorithm, the sign of the control error is first determined, and two logic valves 
with a higher nominal flow are activated, which causes the cylinder piston to move in a certain direction. When 
the piston comes close to the set position (according to the control algorithm, this is the range between 250 and 
50 pulses on the encoder), logic valves with a lower rated flow are activated and the movement of the cylinder is 
slowed down. Furthermore, when the cylinder comes very close to the reference value (less than 50 pulses), the 
bypass logic valve (1.12) is activated, directing a certain amount of fluid through the flow control valve (1.7) and 
ensuring a very slow speed of the cylinder piston. This achieves the exact desired position without overshoot. 
Unloading of the system is enabled using 2/2 valve (marked with 1.10) in the second bypass line.  

 

Figure 4: Experimental results for position control. 

 

Figure 5: Experimental results for position control. 
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By changing the time period at which the flow is redirected to certain valves, it is possible to obtain a different 
transient response to the given step functions. An almost ideal response is shown in Figure 5. In this experiment, 
flow is directed to logic valves of higher nominal flow as long as the control error is greater than 50 pulses, then 
in the range of 50 to 10 pulses fluid flow is directed to valves of lower nominal flow. and below 10 pulses, the 
bypass logic valve (marked with 1.12) is activated, which removes part of the fluid through the flow control 
valve and the cylinder very accurately reaches the desired position. 

5 Summary and Conclusion 

Cartridge valves are commonly used in hydraulic integrated circuits (HIC) which are actually valve packages 
containing combinations of screw-in cartridge valves in a manifold block that allow rapid construction of valve 
packages, as well as quick maintenance, replacement, and testing. Their use is a challenge for designers and 
users during operation because they are difficult to identify when installed in a block used to interact with built-
in valves. Modular systems allow the application of different valve types within a leakproof, which gives 
designers the ability to reduce hydraulic circuits down into compact subassemblies, leaving more space for other 
components in the system. It was shown in the article that by applying modern control devices and advanced 
control algorithms adapted to the control task, it is possible to achieve precise positioning of the hydraulic 
actuator using robust, compact and inexpensive cartridge valves.  

The work emphasizes and clearly demonstrates a new possibility of using cartridge valves in servo applications, 
which opens new areas for the use of compact and cheap solenoid valves in applications that have traditionally 
been dominated by more expensive proportional and servo valves. The developed system is a useful educational 
setup where various experiments in the field of electro-hydraulics and programming can be conducted, and the 
proposed system has great potential for further development and upgrading. 
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Complex and interdependent manufacturing demand have led to a shift towards the development of modular, 
updatable and reconfigurable solutions for hydraulic systems using modern technologies in order to participate in 
smart factories. In this paper, a sophisticated graph theory approach is described as innovative approach to 
introduce the concept of a multi-agent system for smart hydraulic presses. Unlike conventional hydraulic systems, 
the concept proposes a methodology to overcome uncertainties and disturbances in the manufacturing system. 
Furthermore, an approach of rapid solution deployment of hydraulic systems is presented to increase system 
certainty and overcome safety and fault recognition triggers. 

Keywords: Smart hydraulic press, Digitalization, Multi-Agent system, Forming cycle, Industry 4.0 
Target audience: Digital Transformation, Systems, Industrial Applications  

1 Introduction 

Smart factories, also referred to as factories of the future, aim to achieve process transparency, connectivity and 
autonomy during the manufacturing execution. A holistic view of asset health, environment functionality, and the 
ability to identify root causes of failures will enable factories to increase their competitiveness in product 
manufacturing. Current approaches and tools used to assess manufacturing productivity provide limited 
information on manufacturing performance and are often evaluated after a period of time. Overall Equipment 
Effectiveness (OEE) is a universally used approach to measure the improvement potential of a manufacturing 
process. Performance indicators used in a statistical analysis are able to provide overall detailed information about 
the manufacturing process. Modern factories are building blocks of so-called Cyber-Physical Systems (CPS) to 
add a contribution of collaborating computational entities which are in intensive connection with surrounding 
physical world and its ongoing processes, while providing and using data access and processing services available 
in the cloud [1]. Here, the Internet of Things (IoT) represents a dynamic global network infrastructure with self-
configuring capabilities based on standardized and interoperable communication protocols in which physical and 
virtual "things" have identities, physical attributes, and virtual personalities, use intelligent interfaces, and are 
seamlessly integrated into the information network [2]. The Industrial Internet of Things (IIoT) refers to a 
distributed architecture network that connects various devices to the system and gather information from multiple 
devices (actuators, sensors, controllers, etc.) in the industrial environment [2]. 

IoT decision support systems will contribute to hydraulic systems where expected condition monitoring and 
control mechanisms for pressing movements can be performed. By monitoring the pressing force, the control 
system is able to control the fracture limit of the specimen and adjust the deep drawing blank holding pulse motion 
to increase the formability of the product [3]. The control system is able to detect the condition of exceeded 
operating temperature in the hydraulic system and send a warning to the operator [4]. Autonomous subsystems, 
i.e., the hydraulic system, form a distributed network of IIoT, where Edge Devices (ED) provide computing power 
and offer services within the CPS. While distributed networks of edge devices form an interconnected graph of 
nodes and provide an optimization solution to find near optimal solutions, an innovative approach of graph theory 
can be used [5]. Edge computing is a computing ecosystem where the services (provided by artificial intelligence 
and machine learning) and computing power of the cloud are closer to the device located on the edge and are 
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characterized by fast application response times and high computational performance [6]. Within CPS, digital 
twins help to understand the physical behavior of products, processes, or systems by modeling the properties of 
the physical world and performing simulation analysis [7]. Control devices provide the necessary data for digital 
models, so digital twins provide simulation analysis results to predict future behavior. The IoT support system 
provides automated solutions and increases the agility of CPS, so that CPS works more efficiently. 

Current hydraulic systems and hydraulic components such as proportional valves, hydraulic cylinders, hydraulic 
pumps, etc. suffer weaknesses in system adaptation in the event of failure. This makes hydraulic systems yet 
unsuitable to be integrated into the concept of smart factories. However, smart hydraulic components with 
associated control systems are already being introduced. A Moog smart hydraulic actuator, which includes a 
hydraulic cylinder, servo valve, and pressure, position, load, and temperature sensors, provides high-bandwidth 
force control and overload protection with a custom-designed force control and communication system [8]. Smart 
sensors for hydraulic systems enable integrated artificial intelligence and local data analytics, self-calibration, and 
data exchange with other devices at CPS [9]. Innovative methods of adaptive motion control for hydraulic cylinders 
detect the effects of seal failure on static and dynamic friction characteristics and are able to prevent cylinder 
jamming and reduce internal leakage due to wear [10], [11]. The effects of flow characteristics of hydraulic valves 
are also considered, due to the wear of control valves and valve bodies [12], [13].  

Hydraulic systems are dynamically dependent systems where many disturbance effects (component wear, change 
in properties) lead to unpredictable events. In previous work [14], a concept of smart hydraulic press was presented 
as a solution to upgrade conventional systems into smart systems. In this paper, we consider CPS, where the 
hydraulic system is integrated as a device in the Cyber Physical Hydraulic System (CPHS) to provide an initiative 
for further development and possible integration in smart factories.  

2 Cyber physical hydraulic system 

The frequency of changes is continuously increasing due to economic volatility, shorter production cycles, product 
life cycles etc. Thereby the modern manufacturing paradigm is transitioning from conventional to smart 
manufacturing and uses the industrial automation approaches to offer better response to customer requirements 
[15]. Targeting innovation, the smart factories will be dominated by CPS. These enable the production systems to 
implement the degree of intelligence that may vary significantly in its manifestations [16]. Reconfiguration 
management of the production process, already in operation, enables to adapt the production process to new 
requirements within CPS and improve quality characteristics, extend functionality, eliminate errors etc. [17].  

Metal forming processes and, consequently, hydraulic systems (hydraulic presses, tools and other peripheral 
equipment) are drastically changed to meet the demands of the modern production and enable successful 
integration into the "factories of the future". Mass production is transforming into mass-variant production, which 
requires flexible and agile hydraulic systems capable of self-configuration, self-awareness and adaptation to the 
current situation. In the context of the Industry 4.0 initiative, the digitization of real systems using digital twins 
with integrated digital agents and advanced control with decision algorithms is a promising solution to increase 
adaptability and achieve reliable and agile hydraulic systems.  

The proposed Cyber-Physical Hydraulic System (CPHS), shown in Figure 1, is an emerging computing 
technology between physical devices and cyber devices. A proposed methodology of CPHS is suitable for 
upgrading conventional hydraulic systems and associated automation devices with the approaches described in 
this paper (decision making approach, rapid data exchange approach, configuration and recognition approach, 
safety approach, tool selection approach and forming cycle generation approach). The integration of 
Manufacturing Execution (MES) system and Enterprise Resource Planning (ERP) systems enables CPHS to 
benefit from forward-looking paradigms of manufacturing and logistics to improve productivity, as suggested in 
previous study [16].  
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The structure of CPHS is divided into 3 layers: 

 Physical environment or physical layer,  

 Cyber environment or cyber layer,  

 Cloud services. 

The integrated devices and subsystems within the layers cooperate with each other (Machine-to-Machine (M2M) 
communication) via standardized communication protocols (OPC UA, Ethernet, ADS, HTML, TCP/IP, etc.) to 
provide a certified cooperative function so that devices and subsystems can establish a high-quality task realization. 
Within the CPHS, Human Machine Interface (HMI) is established, to implement an automated decision-making 
approach, human knowledge and actions. The Multi-Agent System (MAS) is designed in a way to perform the 
required tasks to improve the functionality of the hydraulic system. The proposed MAS in CPHS (described in 
more detail in Chapter 3) is able to detect and prevent failures during the manufacturing process. Moreover, MAS 
is responsible for the smart die tool selection and forming cycle generation considering the influence of sample 
variability. Figure 1 shows the overall structure of the CPHS, while this paper discusses the impact of distributed 
subsystem structure for the hydraulic system, digital twins contribution, edge computing solution, cloud services 
integration, die tool set-up and recognition, data exchange between layers and networking of MAS on the 
functionality of the hydraulic press. 

 

Figure 1: The concept of smart hydraulic press within Cyber-Physical Hydraulic System. 

2.1 Physical environment  

The physical objects of the real system, such as the hydraulic system and optionally other devices that perform the 
process automation function, e.g. the product warehouse, the tool manipulator, the robots and manipulators, the 
AGVs, form the structure of the physical layer of the CPHS. Here, the hydraulic system is treated as a distributed 
system with local intelligence, where subsystems take control of interoperable collaborations with appropriate 
connectivity and information processing capabilities. The realization of subsystems is used to enable machine 
intelligence while crediting the human factor as the first instance that controls the production process [18]. Our 
case study focuses on inlet material recognition, which is the basis for the die tool setup and automatic press cycle 
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generation to provide an overall functioning solution for the hydraulic press system. Control and optimization 
system referred as the subsystem 1 controls the servo valve to meet the requirements of the forming cycle during 
the execution of the forming process as shown in Figure 2. Data analysis and smart data storage, referred to as 
subsystem 2 takes place in the local database or so-called local cloud, where filtered and processed data can be 
accessed. Lastly, subsystem 3 takes care of PLC control, data acquisition and monitoring. The integration of 
carefully selected sensors at appropriate locations in the hydraulic system enables the acquisition of the required 
data, which are used as inputs to the cyber environment. Radio Frequency Identification (RFID) tags are used as 
material tracking devices as data carriers for information (production plan, input material data, and die tool 
characteristics/setup). In addition, the HMI is developed to monitor the behavior of the hydraulic system, alert the 
operator and suggest optimal solutions.  

 

Figure 2: Distributed hydraulic system. 

2.2 Cyber environment  

The hydraulic system and other physical devices are supposedly supported by digital models and advanced 
decision-making solutions provided by control algorithms at the cyber layer of the CPHS. Here, the concept of 
distributed system is used to develop a MAS that includes the control system shown in Figure 1. At the cyber layer, 
each physical device can have its own digital twin or a few of digital twins that compare the data from the physical 
layer (current state measured by sensors and actuators) with the data from the simulation analysis (predicted state). 
The digital twin is able to detect device malfunction in case of anomalies in the CPHS, so that MAS can react and 
achieve better CPHS performance. Here, the digital twin of the product warehouse is meant for monitoring the 
incoming material. In the event that the supplied material is insufficient or has defects, the digital twin of the 
product warehouse predicts the number of products that will be produced from the currently available material. In 
the event of unplanned delays in product pickup, the product warehouse's digital twin is able to determine the 
quantity of products until the warehouse is replenished. The digital twin of the tool manipulator may predict the 
advantages of the selected die tool for forming in terms of tool suitability, change time, errors due to tool geometry, 
etc. The digital twin for handling and assembly can determine the most suitable traverse pattern for robots, thus 
shortening the tool change, assembly process, and product presence. The digital twin for automated guided vehicles 
is meant for determining the optimal travel route and recalculating the alternative shortest route in case of 
obstacles. 
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Our case study focuses on a solution for a hydraulic system where automated product manufacturing method is 
used during the execution of the production plan. The local network of interconnected devices describes the IIoT 
ideology, as the data flows between devices in the CPHS. The data identifying the object parameters and the signals 
detected by the sensors represent smart data needed for sufficient decision-making activities of MAS. Here, the 
focus is on developing the concept of MAS for CPHS to provide adequate decision-making services based on the 
data obtained from the simulation and the data obtained from the real systems. The digital twin platform of the 
hydraulic system with integrated digital agents (the control system) is responsible for anomaly detection and 
continuous correction of the real (physical) process in the improvement loop. 

2.3 Cloud services 

The cloud services or the service layer is responsible for managing, monitoring and assigning activities to the 
digital agents at the edge of the smart factories. This shows the trend of having information and services at hand 
everywhere, where the digital agents can access the necessary data in the local cloud (local database) to complete 
the identification and execution process [19]. The production plan for the proposed CPHS is analyzed by the digital 
twin of the production process, which determines the need to change the forming tool type, generates the 
appropriate press cycle for the selected tool and plans the product's forming sequence. The digital twin of the 
hydraulic system is also responsible for monitoring the state of the hydraulic press (via sensors and actuators) and 
plan the workflow based on the production schedule. In our case, an HMI for the monitoring and control function 
was developed on the TwinCAT 3 platform using the Ethernet communication protocol. The proposed CPHS and 
the concept of MAS, where edge devices are used to perform automated forming operations during the production 
process, applies the paradigm of edge computing as the subsystems (intelligent algorithms integrated in edge 
devices) of self-identification, self-reconfiguration and self-execution are presented [20]. 

2.3.1 Smart hydraulic press cloud service system 

Project requirements identified by the MES and ERP systems are forwarded to CPHS, where the production 
workplan is created for each device and subsystem in the physical layer. As part of the cloud services at the service 
layer, a smart hydraulic press cloud service system is proposed in Figure 3, which describes the intelligent 
manufacturing system of cloud computing where services for reconfiguration, validation, verification and safety 
triggers for smart hydraulic presses are proposed. Service-oriented manufacturing in the proposed structure is 
based on simulation models to represent the characteristics of services, virtual visualization and augmented reality, 
considering three digital twins for a smart hydraulic press: 

 Digital twin of the hydraulic system (DSHPlus), 

 Digital twin of manufacturing process (Visual Components), 

 Digital twin of product (Solidworks).  

Digital agents associated to digital twins act as service providers to perform tasks of service interaction, 
collaboration, composition and information trading (data acquisition, data transmission, data integration and 
processing). The cloud manufacturing simulation platform is a virtual manufacturing resource used to simulate the 
real physical state and provide the simulation analysis as output data. Thus, service-oriented agents define the 
requirements and service conditions given by human knowledge based on previous similar states of smart hydraulic 
press and simulation analysis feedback. The input data required for the proper operation of the proposed cloud 
service system are production plan, energy consumption and material properties. Proposed cloud service system 
is suitable for integration with an expert system, in which an algorithm for the automated generation of a hydraulic 
press cycle uses input parameters such as product type, material required and process parameters (bending angle, 
product dimensions, etc.) to execute the production plan as presented in previous work [14]. Services such as die 
tool selection, automatic generation of the forming cycle for hydraulic press, condition monitoring, and system 
optimization are provided within the MAS described in chapter 3 to ensure the functionality of the hydraulic press.  
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Figure 3: Smart hydraulic press cloud service system. 

The necessary information is filtered from the local cloud where the real-time data is stored. The input parameters 
are sent to the digital twin platform, where: 

1. The digital twin of the hydraulic system, developed in the DSHPlus software, is able to detect the condition 
and determine faults in the hydraulic system and report the problem to the service agent, i.e. when the 
main control actuator (servo valve) stops working, the hydraulic cylinder is seized (movement restriction), 
excessive pressure is present in the hydraulic system, internal leakage occurs (due to component wear). 
If reconfiguration of control parameters is required, the service agent will respond and redefine the 
parameters to create better working conditions for the hydraulic system.  

2. The digital twin of the manufacturing process is able to control the manufacturing operations in a virtual 
environment such as Visual Components, where human-robot collaboration is monitored. During the 
manufacturing process the digital twin: 

 Sends request messages, warnings and complete failure messages to the HMI in case of unexpected 
events, depending on the extent of the irregularity (if the operator is able to achieve the previous 
operating system and eliminate the fault in the hydraulic system, the execution of the work plan can 
continue). In case of machine downtime, the manufacturing process can be adapted (other devices or 
operator takes the role of completing the missing production phase) to execute the production order,   

 Immediately stops the forming process and slowly raises the ram when operator safety issues occur 
(for example when the safety door opens safety switch is triggered which is potential danger). 

3. The digital twin of the product is used to detect the most common problems during the forming cycle, 
such as springback effect during bending process. A Finite Element Method (FEM) analysis of the 
forming process can be performed to determine the cause of the product defects. The service agent uses 
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improvement loops in which the previous state and the current state can be compared using the intelligent 
algorithms provided for this purpose. A simple solution such as adjusting the ram speed during the 
forming phase (reduces material fatigue) can lead to higher productivity. During the execution of the 
forming cycle, a hydraulic press frame deforms due to the forming resistance of the material, which 
directly affects the adequacy of the product tolerance and can be eliminated by the FEM analysis. Material 
properties vary in many cases depending on the batch material and can be determined by simulation 
analysis in our case of sheet metal bending.   

2.3.2  Die tool set-up and recognition 

The variability of the product design influences the choice of the die tool required for the forming process. The 
proposed concept of smart hydraulic press presented in a previous work [14] describes the possible integration 
technologies that can be used for die tool set-up and integration. In this case study a cost-effective solution 
microswitch technology was integrated on smart hydraulic press to provide die tool setup information to a cloud 
service system, as shown in Figure 4. The Beckhoff EL1008 module was used to monitor the switch opening and 
control the installation procedure of the die bending tool via HMI. Signal obtained from the microswitches provide 
information about the current position of the die tool, considering three different setup positions depending on the 
requirements of the workpiece (length, width, bending angle, etc.). Purposely developed algorithm determines the 
die tool set-up required for different workpieces according to the production plan, detects whether a specimen is 
present (force signal feedback), define and monitors the installation process of the selected die tool for required 
forming operation and monitor the position of the die tool during the forming process (feedback via the 
microswitch when the die tool supports move resulting axial forces). Algorithm recognizes the set-up of the die 
tool when different pairs of microswitches are activated, in our case: 

 Set-up 1 is detected when the inner microswitch pair 1 is activated, 

 Set-up 2 is detected when microswitches pairs 1 and 2 are activated, 

 Set-up 3 is detected when microswitches pairs 1,2 and 3 are activated. 

 

Figure 4: Die tool set-up, recognition and dataset transfer to cloud service system. 

Service agent responsibility as the task operator is to self - reconfigure the requirements needed to execute the 
production plan. For a selected product being manufactured from the production plan, the input data such as the 
tool geometry (die tool radius r and R, distance between supports L), the material properties of the specimen 
(density, Young's modulus, Poisson's ratio, tensile strength, strain hardening exponent etc.), the product shape 
requirements (length, width, thickness, bending angle) and the hydraulic press characteristics (null position of the 
ram, maximum press force, maximum cylinder velocity, ram movement, press frame deformation due to the press 
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force, etc.) are determined and as inputs provided to the purposely developed algorithm for die tool determination 
and forming cycle generation as shown in Figure 5. Algorithm defines the six - phase hydraulic press cycle for 
the bending operation by providing characteristic points of press cycle [14]. The characteristic points are forwarded 
to the algorithm for die tool monitoring and production plan execution. Purposely developed algorithm is divided 
into three sub-algorithms: 

 The TwinCAT measurement project monitors the opening of the microswitches and provides information 
about the die-tool setup, as well as gather data via sensors and actuators, 

 The TcHmi project serves as an interface for other edge devices (Raspberry Pi) and as a Human Machine 
Interface (HMI). This is where the local database is set up.  

 The TwinCAT project defines the variable data type (Boolean, Integer, String) and variable conversion. 

 

Figure 5: Edge computing integration. 

3 Graph theory-based concept  

The proposed multi-agent system structure for hydraulic presses include devices described as nodes integrated on 
the hydraulic press. Nodes perform the data flow of thoughtfully selected information to predetermined devices 
and execute the decision-making functions, as proposed in previous study [21]. The structure and operation of the 
developed concept of an intelligent IoT network for hydraulic system is based on graph theory, which allows 
devices to form a spanning tree, thereby reducing the response time of services. Monitoring and calculation centers 
act as a network of nodes and are able, as suggested in previous studies [1], [2], [5], [21]: 

 reduce the amount of computation,  

 reduce the interaction between nodes,  

 find the source of the issue trough spanning trees, 

 predict the average distance between nodes, 

 investigate data flow via observers, 

 increase the robustness of the hydraulic press.  
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Edge computing is performed on edge devices, reducing central processing power, providing faster responsiveness, 
and most importantly, actively integrating edge devices into CPS. The task was to improve the process 
performance by using affordable microcontrollers as proposed in previous studies [6], [21] and a router that forms 
the data transmission over a local area network data transfer. The method used in this case study is an innovative 
solution where the multi-agent system is divided into several groups with three main agents, shown in Figure 6 as 
local personal computer, Raspberry Pi 3 and Beckhoff CX 9020 Programmable Logic Controller (PLC).  

 

Figure 6: Service oriented IIoT architecture network. 

The multi-agent system integrated into the smart hydraulic press consists of multiple nodes (edge devices) with 
integrated digital agents which are intended to monitor data transfer and perform computing services. Each node 
uses different types of digital agents that observe and use abstract findings to model entities from the problem 
domain. However, the data gathered from various sources often needs to be shared with other devices, where 
agents for communication and data analytics handle a large amount of data, extract the necessary information and 
send it to the edge devices. Edge devices later use the received data and perform the tasks required to fulfill the 
requirements and successfully complete the desired operation in the production process or smart factory [6]. The 
proposed concept of MAS, where nodes are connected in an interconnected graph, as shown in Figure 6, is able to 
trace the root cause of the problem (miscommunication, incomplete operation) and automatically act to adjust the 
system function in case of undesirable scenarios. Such scenarios, in the case of a smart hydraulic press, may include 
an incorrectly selected die tool, incorrect tool position, incorrect input material, internal leakage in the hydraulic 
system (hydraulic cylinder, proportional valve), a clogged pressure filter, and other unpredictable wear indicators 
in the hydraulic system.  

Digital agents manage the efficiency of the selected node and make multiple decisions during operation, such as 
warnings, suggestions, messages, and even automatic corrections to improve the forming process. The tasks of 
multi-agent system nodes is to act as multi-purpose agents:  

1. Node 1 represents the personal computer, where digital agents are responsible for real-time data gathering 
from sensors and actuators, data analytics and monitoring, storage of real-time and historical data, and 
comparison of simulation analysis results with measured data (see Figure 7). Required data from other 
devices is formatted and sent to the edge device in an estimated time.  
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Figure 7: Node 1- Personal computer. 

2. A Raspberry Pi combined with an RFID reader acts as node 2 where integrated digital agent is responsible 
for data gathering from RFID tags (input material pallet), die tool configuration, and workplan 
productivity monitoring, as shown in Figure 8. The algorithm uses the data collected from the production 
plan (product shape, product dimension and quantity) to determine the die tool required for the bending 
operation, and generate the proper forming cycle (the characteristic points) for the current product plan.  

 

Figure 8: Node 2 - Raspberry Pi 3. 

3. The Beckhoff CX9020 PLC represents node 3, where closed-loop control is performed by PID algorithm 
and where the digital agents are used for analogue data gathering, transformation, structuring and 
analytics, as shown in Figure 9. The input data is acquired in real time from the sensors located in 
hydraulic press (pressure sensors UpA, UpB; force sensor UF, displacement sensor UXC, strain gauge UXV). 
In the next step, the analogue signals are converted into a digital signal. The communication digital agent 
is used to synchronize the communication between the edge devices and takes care of structuring the data 
in a proper format for sending and reading capabilities. The feedback loop system performs a comparative 
analysis between the desired and the actual state of the hydraulic system and adjusts the control signal as 
needed. Within the smart hydraulic press cloud service system, an algorithm examines the simulation 
data and predicts possible improvements during the forming cycle (quality of the product, more stable 
hydraulic system, etc.). The output signal Uref is therefore the continuously improved reference signal 
used to determine the control signal for the servo valve to control the hydraulic cylinder and execute the 
forming cycle.  

 

Figure 9: Node 3 - PLC Beckhoff CX 9020. 

3.1 Proposed data transfer concept 

Interoperability and the data flow exchange, where only the necessary information is sent to the edge devices, must 
be well thought out for smart devices. Using the concept of a smart hydraulic press, an example of the workplan 
execution and the established method of information exchange between edge devices is presented using MAS, in 
which multiple agents perform operations to successfully complete the specified tasks.  

In step 1, a production plan data gathered from the central ERP and MES information systems, is read via RFID 
on the Raspberry Pi (node 2). The information is recognized by a digital agent, which uses a hexadecimal notation 
code read via RFID to determine the product type, forming parameters, and required product quantity. The digital 
agent starts at the beginning of the production schedule in case of product variability and determines the first 
product in a series to be produced. The algorithm in node 2 determines the characteristic points for the forming 
cycle from known input data, as shown in Figure 10. The data exchange is handled by the communication agent, 
which forms a data packet from the production plan request and the predicted characteristic points in a suitable 
format (matrix) and sends the data to the Beckhoff PLC (node 3). The observer confirms the functionality of the 
algorithm and the data transmission. After completion of the product manufacturing, a feedback is sent from node 
3. Execution of the work plan continues until the products have been manufactured within the production plan. 
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Figure 10: Data transfer between Node 2 and Node 3. 

In step 2 (Figure 11), the communication algorithm in the Raspberry Pi (node 2) sends the gathered production 
plan data and characteristic points to the local database (node 1). The data is stored and prepared for the future 
analysis.  

   

Figure 11: Data transfer from Node 2 to Node 1. 

In step 3, the execution of the manufacturing process is monitored using the TwinCAT 3 software tool on the 
personal computer (node 1). The data transfer between the personal computer (node 1) and the Beckhoff PLC 
(node 3), as shown in Figure 12, is carried out via a communication agent that sends data such as the requirements 
of the production plan, the die tool required and parameters measured in real time to the personal computer. The 
received data is stored in the Beckhoff online database in a Structured Query Language (SQL) and finally 
permanently in the local cloud (local database) on the personal computer. Proposed MAS integrated within the 
digital twin platform, where a digital agent performs system response performance improvement, uses the data 
collected from node 1 that provides the necessary information about the future events (simulation analysis data) 
and the past events (historical data). The digital agent performs detailed data processing and corrects the system 
functionality. 

  

Figure 12: Data transfer between Node 1 and Node 3. 

4 Summary and Conclusion 

The research paper gives an overview of the concept of the CPHS and discusses the improvement possibilities to 
achieve the desired functionality of hydraulic systems and other included devices (AGVs, robots, product storage, 
tool exchanger, ...) incorporating multi agent systems to the distributed distribution structure of CPHS. This 
research work utilizes a smart hydraulic press cloud service system to develop a novel control platform using 
technologies such as edge computing, digital twin, and digital agent to yield a satisfactory decision-making 
mechanism that enables human operators to control the complexity of work plan execution at their own discretion, 
thus reducing manufacturing time. In the previous work we have presented the ideas of designing the smart 
hydraulic systems as well as partially solving the issues relating hydraulic systems. The concept presented in this 
case study is a perfect example of how an IoT network with three separate control components (Raspberry Pi, PLC 
Beckhoff and personal computer) enables a smart hydraulic press to provide a high level of networking and data 
availability in order to respond faster in case of malfunctions. CPHS validated platform demonstrates approaches 
to higher functionality provided by machine learning and artificial intelligence to make the hydraulic system self-
configurable, flexible and agile. Research has proven that it is possible to bring certainty into the manufacturing 
processes where hydraulic systems act as manufacturing devices. Therefore, further enhancements can be 
implemented in the IIoT support and control system to greatly impact the efficiency of smart service providers. 
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The goal of CPHS-based hydraulic system is to provide the hydraulic press with the human's wisdom. One 
highlight in dealing with hydraulic systems is the fact that hydraulic systems are classified as nonlinear systems 
as they are sensitive to small changes such as oil aging and contamination, internal leakage, component wear, 
valve pressure and flow characteristics due to control valve dynamics and transients, oil properties, flow and 
pressure characteristics, and others. However, the developed CPHS provides limited agility in detecting the 
dynamic response of the hydraulic system and can still be improved. Although the CPHS platform is able to 
provide a solution response for executing work plans, it is still necessary to compare the research results with other 
researchers and implement even better control solutions to adapt hydraulic systems to situations excluded in this 
case study. The approach developed in this work could support online operation optimization of multi-agent 
systems covering the field of data justification, where big data transfer and higher processing power are required. 
In addition, future work will focus on the development of a cloud service system within a hydraulic system that is 
able to detect the change in hydraulic component characteristics, incorporate simulation data and adjust control 
parameters in real time. 
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Nomenclature 

Variable Description Unit 

r Lower die tool radius [m] 

R Upper die tool radius [m] 

L Distance between supports [m] 

Xp Required forming depth [m] 

XC Cylinder displacement [m] 

XV Hydraulic valve spool displacement [m] 

p Pressure [bar] 

pA Pressure in cylinder chamber A [bar] 

pB Pressure in cylinder chamber B [bar] 

F Press force [N] 

α Bending angle [°] 

UpA Measured voltage signal of pressure in cylinder chamber A [V] 

UpB Measured voltage signal of pressure in cylinder chamber B [V] 

UF Measured voltage signal of pressing force [V] 

UXC Measured voltage signal of hydraulic cylinder movement [V] 

UXV Measured voltage signal of hydraulic valve movement  [V] 

Uref Reference voltage signal  [V] 
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Integration of a Safety Function-FMEA into a Professional FMEA-Software 
Tool to meet the New Draft of ISO 13849 
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E-Mail: duesing@xcmg-erc.com 

Implementation and stepwise processing of the FMEA are mainly carried out with specialized FMEA software 
tools (FST), which can map the system architecture with its process structures. FST and special analysis tools 
cover Safety Functions (SF) for automotive applications, so they map system architectures according to 
ISO 26262-5:2018-12 [2]. Industrial and mobile hydraulic system SF must follow DIN EN ISO 13849-1:2021-
08(E) [1], but FST does not provide any support and structures for such safety-related architectures like hydraulic 
control systems in mobile machinery. A loader crane example presents the direct integration of SF into FST to 
benefit from significant shortenings in the development process and gain cost savings and smoother series start-
ups with fewer / less critical operation faults. 

Keywords: Mobile hydraulic machine, DIN EN ISO 13849-1:2021-08(E), Failure Mode and Effects Analysis 
(FMEA), Functional Safety, Safety Function-FMEA 
Target audience: Systems: Reliability, Robustness & Safety, Mobile Applications 

1 Introduction 

 

Figure 1:Functional Safety Concept for FMEA approach 

In order to achieve the highest quality, the highest possible safety and optimum machine safety for mobile 
machinery, the proposed solution focussed by this article aims to combine and implement work steps based on the 
functional safety of the automotive industry. The proposed solution complements the standardised FMEA structure 
with modules for the corresponding categories according to DIN EN ISO 13849-1:2021-08(E) [1], see Figure 1. 
The required calculations with the validations and verifications and the target-actual comparison can be carried 
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out directly into the FMEA software. A traffic light indicator shows whether the system meets the criteria of the 
risk assessment. The integration of the procedure into a single tool benefits adjusting the individual system 
elements or components directly during the project's development phase and enables a direct re-evaluation. The 
linking of the safety processes and the Safety Functions with the FMEA supports the engineering and thus secures 
the life cycle of the products, respectively mobile hydraulic machines. The technical realisations can be 
summarised in an expandable library, forming an information basis to support future development projects for 
mobile hydraulic systems. 

 Functional Safety System of First Boom hydraulic of a Loader Crane 

Figure 2 shows the SF Overloading Protection as an example system of a Loader Crane. According to the rated 
capacity load chart, the control system shall limit the total lifting torque of the 1st Boom to avoid overloading of 
the structure. The total lifting torque 𝑻𝑻𝑻𝑻𝑻 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 (1) is calculated by the product of force 𝑭𝑭𝑭𝑭𝑳𝑳𝑳𝑳𝟏𝟏𝟏𝟏, see Equation (3), 
transmitted to the Boom and the Arm lengths 𝒃𝒃𝒃𝒃 𝑻 see Equation (2), relatively  to the revolution point O1, see 
Figure 2. For the given crane, the force 𝑭𝑭𝑭𝑭𝑪𝑪𝑪𝑪 Equation (4) is transmitted to the arm from the 1st boom cylinder 
through a linkage.  

Exceeding the safe 1st Boom total lifting torque shall lead to a complete stop of all the crane movements. The 
single-motion safety actuation must block the load-increasing movements. The reset can then be carried out via an 
acknowledgement button. 

 

Figure 2: 1st Boom Cylinder with and corresponding circuit diagram 

 

The safe pressures of the 1st Boom Cylinder are calculated with the following set of equations: 

𝑇𝑇𝑇𝑇 = 𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1 ∙ 𝑏𝑏𝑏𝑏 (1) 

𝑏𝑏𝑏𝑏 =
|(𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 − 𝑧𝑧𝑧𝑧𝑈𝑈𝑈𝑈) ∙ 𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂1 + (𝑥𝑥𝑥𝑥𝑈𝑈𝑈𝑈 − 𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿1) ∙ 𝑦𝑦𝑦𝑦𝑂𝑂𝑂𝑂1 − 𝑧𝑧𝑧𝑧𝑈𝑈𝑈𝑈 ∙ (𝑥𝑥𝑥𝑥𝑈𝑈𝑈𝑈 − 𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿1) − 𝑥𝑥𝑥𝑥𝑈𝑈𝑈𝑈 ∙ (𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 − 𝑧𝑧𝑧𝑧𝑈𝑈𝑈𝑈)|

√(𝑥𝑥𝑥𝑥𝑈𝑈𝑈𝑈 − 𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿1)2 + (𝑧𝑧𝑧𝑧𝑈𝑈𝑈𝑈 − 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1)2
 (2) 

𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1 = −𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶 ∙
𝑠𝑠𝑠𝑠𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻(𝜑𝜑𝜑𝜑𝐶𝐶𝐶𝐶𝑈𝑈𝑈𝑈 − 𝜑𝜑𝜑𝜑𝐿𝐿𝐿𝐿2𝑈𝑈𝑈𝑈)
𝑠𝑠𝑠𝑠𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻(𝜑𝜑𝜑𝜑𝐿𝐿𝐿𝐿1𝑈𝑈𝑈𝑈 − 𝜑𝜑𝜑𝜑𝐿𝐿𝐿𝐿2𝑈𝑈𝑈𝑈) 

(3) 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶 = 𝑝𝑝𝑝𝑝𝐵𝐵𝐵𝐵 (𝜋𝜋𝜋𝜋
4 𝐷𝐷𝐷𝐷2) − 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟 [𝜋𝜋𝜋𝜋

4 (𝐷𝐷𝐷𝐷2 − 𝑑𝑑𝑑𝑑2)] (4) 
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The resulting chart, Figure 3, demonstrates that the overloading lifting torque ��, see Equation (1), is only a 
function of the current Boom angle α1 and the reduced pressure ��**, see Equation (6). Thus, there is a possibility 
to implement the overload protection with a look-up table of maximum reduced pressure ��*������. versus Boom 
angle α1.  

 

Figure 3: Overload protection chart 

The required Performance Level (PLr) according to ISO 13849 [1] was chosen based on the classification of the 
following defined hazard: 

 Insufficient strength of the mechanical crane structure and stiffness in the corresponding hydraulic 
drives 

The risk parameters S (Severity of injury), F (Frequency of exposure) and P (Possibility of controllability) can 
only take two values each and directly specify the required Performance Level.  

Severity of injury 

 S1: Slight (normally reversible injury) 

 S2: Serious (normally irreversible injury or death) 

Exposure: Frequency and time of exposure to hazard 

 F1: Seldom-to-less-often and/or exposure time is short 

 F2: Frequent-to-continuous and/or exposure time is long 

Controllability: Possibility of avoiding hazard or limiting harm 

 P1: Possible under specific conditions 

 P2: Scarcely possible 

 

�� � �� � � � �� � � � � (5) 

�� � ��
� � �� � �� � �� (6) 
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Figure 4: Determination of required Performance Level with Risk Graph according to ISO 13849 [1] 

As a result of the defined hazard, the SF Overloading protection is classified with the risk parameters S2, F2 and 
P1 and leads to the determination of the required Performance Level, see Figure 4, PLd. 

2 Methodology 

The FMEA method aims to address the technical aspects of risk mitigation, to evaluate the potential technical risks 
of failures of a product, as shown in the mobile hydraulic Loader Crane example in Figure 2. The main steps of 
evaluating potential risks of failures are to analyse the causes and effects, documenting the preventive and detection 
measures and recommended actions to reduce risk. Proceeding with the seven main steps of FMEA shown in 
Figure 1, the methodology of the FMEA is to assure products quality & to support, means to improve the 
operational performance of the product and the processes [3], [6], [7]. The results of the study published in advance 
on the 12th International Fluid Power Conference in Dresden [5] suggested the integration of SF as an Add-On in 
the FMEA. It will be shown that this approach can be supported using FMEA Standard software. 

The proposed FMEA Structure for a SF-FMEA [5] and the characteristic values for the example system are 
described below. Figure 5 shows a graphical representation of the integrated SF into a standard FMEA System 
structure with additional operative functionality. The risk reduction is achieved by activating SFs performed by 
Safety-Related Parts of the Control System (SRP/CS). The identified SF are listed with their properties in the 
Safety Requirements Specification (SRS) according to ISO 13849 [1]. 

 

Figure 5: Graphical representation of FMEA System Structure with SFs 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

300

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

300



 
 

5 
 

According to ISO 13849 [1], the following hardware architectures for the defined SFs can be validated. 

For the non-safety related parts, the structure of hardware architecture Category B, shown in Figure 6, assumes 
that basic safety principles must be applied. For the hardware architecture of Category 1, the customer requirement 
is mainly the use of proven state-of-the-art components. Applying the standards guides manufacturers on how to 
confirm the achievement of well-tried components.  

For the safety related parts, more effort is needed. If the occurrence of a failure can leads to the loss of the SF, it 
is mandatory to equip the system with continuous monitoring, see Figure 6. Category 2 corresponds to a 
Functional Channel system supplemented by a Test Channel with test equipment and an additional shutdown path. 
If a performance level b or c is defined for Category 2, a system warning must be delivered and restarting must be 
prevented. At level d, a shutdown must take place. Depending on the test rate, the Category 2 architecture reduces 
the possible occurrence of dangerous failures. The architecture for SFs of categories 3 & 4, detects individual 
failures via a two-channel structure (redundant). However, not all failures, since the loss of an SF can also result 
from the accumulation of undetected failures. With Category 4, extensive monitoring is additionally used to 
minimize the accumulation of undetected failures. Regardless of the frequency failures, the query of the SF is 
always used when the machine switched on or during work cycles. 

The graphical representation of the system structure and characteristic values with the corresponding Categories 
of the example system are described below; see Figure 6. 

 

Figure 6: Graphical representation of FMEA System Structure with corresponding Categories according to  
ISO 13849 [1] 

3 Work steps to create the required conditions for the integration into a professional 
FMEA Software tool 

The proposed work steps to create the required conditions with the architectures, parameters and values according 
to ISO 13849 [1] for the integration into a professional FMEA software tool and FMEA-focused analysis software 
have integrated the functional safety according to IEC 61508-5:2011-02 [4]and ISO 26262-5:2018-12 [2] for the 
automotive industry into the FMEA structure, so they record the system architecture for the ISO 26262 [2], 
illustrated in Figure 6 Categories B&1. Since the characteristics, categories and calculation values of the relevant 
standards for functional safety in the automotive sector and mobile hydraulics overlap, the following steps are 
based can be applied to existing structures: 
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1. Structure modelling with function and failure nets and the required architecture of the SFs 

2. Complement the failure nets with failure detection and failure response 

3. Determination of the SF with claim level of MTTFD, λD, FIT, PFHD, T10D and DC and DCavg. values 

4. Recording of the SF values e.g. in form of an FMEDA (Failure Mode Effect and Diagnostic Analysis), 
a quantitative inductive safety analysis 

5. Check all calculation for the different architecture of the SFs of completeness 

6. Comparison of target and actual values 

7. Generate a FMEDA-Failure table for each Safety Function 

At first, the process starts with the structure modelling with the functionalities and the failure possibilities of the 
Product, the System and the required architecture of the SFs proposed in a new Module form with associated 
Single Components into the professional FMEA software tool. The fundamental rules of the FMEA process 
according to AIAG & VDA [3] are described with the 3rd step, the Function Analysis, and the 4th step, the Failure 
Analysis. The Function and Failure Analysis aim to identify one or more functions respective failures for the 
Product, the System and each Subsystem. 

The graphical representation of Figure 7, covers the Structure Tree with the defined functionalities and failure 
possibilities of the Product, the System and the Subsystems and the integrated SFs as a Module form following the 
rules of an FMEA software tool. This structure can be modelled as an example in a professional software tool 
without ISO 13849 specific libraries to model an ISO 13849 conform detailed representation of the Structure Tree, 
Figure 8. 

 

Figure 7: Graphical representation of a Structure Tree with function and failure possibilities & with 
corresponding categories according to ISO 13849 [1] 
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Figure 8: Detailed representation of Structure Tree with function and failure possibility from the  
FMEA software tool 

The definition of all functionalities and failure modes, respectively, the failure possibilities into the Structure Tree 
is the fundamental basis for building up the Function Net and the Failure Net formation. 

The Failure Net is formed from right to left so that the Failure Causes and Failure Effects can be clearly shown 
depending on the Failure Mode. A "Failure Effect" is the consequence of the failure on the system or end-user 
with the questions "what happens", the definition of a "Failure Mode" is how the item or operation potentially fails 
to meet or deliver the intended function and associated requirements and a "Failure Cause" is the specific reason 
for the failure, preferably found by asking "why does this happen" until the root cause is determined. 

The linking of the Failure Net shows the Effects that Failure Causes resulting from Input, Logic, or Output and the 
linking also shows how can influence the SF and thus on the System and the Product. Figure 9 shows a detailed 
section of a Failure Net from the Structure Tree above. Some professional FMEA software tools can automatically 
generate the Function Net if the Failure Net is developed, see Figure 10. 

 

Figure 9: Graphical representation of a Failure Net with integrated SF, Failure detection & Failure response 

 

Category 2 

Category 3 

Category B 
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Figure 10: Detailed representation of the Failure Net with integrated SF, Failure detection & Failure response 

The next step is to Complement the Failure Nets with Failure detection and Failure response, see Figure 9 and 
Figure 10. Failure detection for the controller (Logic/PLC) and the client is the time it takes to detect that failure 
has occurred. 

Failure detection consists of two main phases: 

 The Controller, the Logic/PLC, detects that the upcoming function is at fault and gives the signal to the 
corresponding Actuator to shut down the functionality. 

 The Test Equipment detects that the upcoming function is at fault and the mobile hydraulic working 
machine is in a Failure Mode; the fault functionality shut down with a separate signal shutdown. 

Each Failure response Mode of architecture Category 2 for a SF is the failure rate as a function of the test rate 
and the defined time. As an example, one of the responses for a vehicle could be: 

Bring the machine into a safe state  

The Determination of the SF with claim level of MTTFD, λD, FIT, PFHD, T10D and DC and DCavg. values are 
performed for every component like Sensors, Logic and Actuators. The. values must be calculated and integrated 
into the generated Failure Net. 

The further step in the detailed representation of the Failure Net is defining the SF, calculating the values for the 
Function Channel, and checking whether the Test Channel fulfils the prescribed condition (∑MTTFD > ½ * MTTFD 
of Function Channel) according to standard ISO 13849 [1]. Figure 11 shows all values to be calculated for all 
components Function Chanel and Test Channel of Category 2. 

In this case, the safety-relevant Logic/PLC has already integrated the SFs according to ISO 13849 [1] in its 
algorithms. The required values for the Logic/PLC can only be specified from the manufacture. 

After calculating the values for the Multi-Channel, illustrated with Figure 12, the initial comparison of the target 
and actual values of the Function Channel and the Test Channel with the risk mitigation via the risk graph is 
possible. A traffic light symbol immediately informs about the comparison status and whether all values necessary 
for the calculations are available. The developer must optimise the system if the defined target value is not achieved 
with the selected components, categories, and values. An important aspect here is that a system can be optimised 
interactively by integrating this process into a professional FMEA software tool during the development phase. To 
simplify the scope of the Failure Net, only Category 2 is shown in the example, Figure 12. 

Category 2 

Category B 
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Figure 11: Hardware architecture according to Category 2 [1] with calculated values 

 

Figure 12: Failure net with Safety Function Overloading protection 

The result of the Failure Net example with the calculations of the Multi-Channel for the SF Overloading protection 
shows a performance level of b as a result. 

However, since the PL b is ≤ the PLr during the risk assessment, it is necessary to look at the components again 
and make the appropriate adjustments. 

The results of the design should confirm the result of the risk assessment. 

The Recording of the SF values e.g. in form of an FMEDA (Failure Mode Effect and Diagnostic Analysis), a 
quantitative inductive safety analysis, is most appropriate, because the recording of safety target values into the 
form of an FMEDA according to ISO 26262 [2] is already integrated into some professional FMEA software 
tools. Therefore, the proposal is made to record the parameters, categories and safety target values according to 
ISO 13849 [1] via a program adaptation in the form of an FMEDA.  
With the FMEDA-Form sheet, safety-critical components can be validated and analyzed during the development 

Category 2 
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phase of the systems. Once the setpoints for mechanics, hydraulics and electrics have been defined, they can be 
entered directly in the FMEDA form or calculated using a pop-up window. The automatic display of the values 
for the respective components and channels, a detailed example shown in Table 1, including the calculation 
results for the related SFs, into the failure net, is a significant benefit for the user. In order to demonstrate the 
possibilities of calculation for the integration into a professional software tool, the programming was carried out 
using Excel-VBA (Visual Basic for Applications) as an example. For this purpose, corresponding macros were 
written, the calculation formulas from the ISO 13849 were integrated, codes were added for the corresponding 
functions, and libraries for component selection were inserted as examples. 

 

Table 1: FMEDA-Form sheet of Category B according to ISO 13849 [1] 

The failure rates of components or parts form the basis for calculating the reliability of systems. To determine the 
required failure rates and necessary parameters, own standards can be created, and/or common standards can be 
used. 

An important work step is to Check all calculations for the different architecture of the SF for completeness 
with the FMEDA-Form sheet for each SF and the proposed integrated traffic light into the failure net and reflect 
the results.The classification of the risk graph according to ISO 13849 [1] the following values provides the level 
of details and shows the possibilities for the risk mitigation. With the deviation analysis using the Comparison of 
target values and actual values of the determinate performance level from the corresponding SF, the risk reduction 
can be validated using the risk graph, illustrated with Figure 4. 

The proposed essential feature of a professional FMEA software tool is a new module to Generate a FMEDA-
Failure table for each SF. The algorithm sums up the additional information on functional safety for the entire 
system according to ISO 13849 [1] into a table form similar to a FMEDA-Form-sheet, see Table 2. The systematic, 
uniform documentation of project-relevant considerations, events and results allow engineering teams to access 
up-to-date information at all time about the complete system approach.  

This grants all decision-based influences to be tracked, checked, and monitored during the project time and is a 
prerequisite for efficient development and engineering. 

 

Table 2: Software generated FMEDA-Failure table of Category B according to ISO 13849 [1] 

4 Results and Summary 

This paper presents the possibility of combining the standard FMEA procedure for mobile hydraulic working 
machinery and the requirements of the functional safety conditions according to the new Draft ISO 13849 [1]. In 
previous solutions of integrating SFs, presented in [5], SFs are considered or integrated as prevention and detection 
measures. The proposed solution shows the integration of SF in a module form directly in the standard FMEA 
structure on the same level as operational functions. Thus, the SF can be integrated directly as an Add-On and 
fulfil the structure requirements of ISO 13849 [1], as shown in the example in chapter 5.5, decomposition of an 
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SRP/CS into subsystems. This integration approach also enables the use of standard FMEA software to cover the 
ISO 13849 [1] needs.  

This proposal shows that functional safety analysis can be implemented efficiently and effectively in developing 
software, hardware and systems of mobile machinery into a single tool. By embedding functional safety in the 
FMEA structure and thus in the entire product life cycle, this approach supports the build-up of competence of 
designers and developers towards verifiably safe systems of mobile machinery, see Figure 13. Furthermore, the 
early avoidance of potential systematic risks of product and process failures, assessing them and investigating their 
causes and consequences. An additional major advantage of combining development, design and functional safety 
in one tool are cost and time savings, illustrated in Figure 13. 

 

Figure 13: New Proposal Safety Function-FMEA 

The presented example of the SF overloading protection of a loading crane has shown that it is possible to integrate 
the SF with the corresponding category into a professional FMEA software tool. Since the functional safety 
according to ISO 26262 [2] and ISO 61508 [4] is integrated into some professional FMEA software tools, the 
following suggestions for adaptation are made: 

 Integration of the risk graph with the corresponding risk parameters to determine the required 
performance level. 

 To map the categories B, 1, 2, 3 and 4 in the form of a module in the functional and failure analysis, so 
that the modules can be filled with components accordingly and that the respective parameters of the 
categories can be calculated automatically, entered directly or selected from individual tables. 

 After entering the values, an automatic calculation of the function channels and the test channel takes 
place and a target-actual comparison of the risk assessment is possible via a traffic light display. 

Nomenclature 

Variable Description Unit 

𝑇𝑇𝑇𝑇 Total lifting Torque [Nm] 

𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1 Force transmitted to the Boom [N] 
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𝑏𝑏𝑏𝑏 Arm [m] 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶  Cylinder Force [N] 

𝑝𝑝𝑝𝑝B Cylinder Bore Pressure [bar] 

𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟 Cylinder Rod Pressure [bar] 

𝐷𝐷𝐷𝐷 Cylinder Bore Diameter [m] 

𝑑𝑑𝑑𝑑 Cylinder Rod Diameter [m] 

𝛼𝛼𝛼𝛼1 1st Boom Angle [rad] 

𝐴𝐴𝐴𝐴 Surface Cylinder Bore [m²] 

𝑎𝑎𝑎𝑎 Surface Cylinder Ring [m²] 

𝑝𝑝𝑝𝑝∗ Reduced Pressure [bar] 

MTTFD Mean Time To Dangerous Failure [years] 

λD Dangerous Failure Rate [1/h] 

Fit Failure in Time [1/h] * 10E-9 

DC Diagnostic Coverage [%] 

DCavg. Average of Diagnostic Coverage [%] 

T10D Time until 10% of components fail dangerously [years] 

PL Performance Level [letter] 

PLr Required Performance Level [letter] 
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Abstract: 
Linear motors have advantages over conventional proportional magnets in high dynamics and power. They require 
a strong and compact return spring, for which the standard coiled wire design is not sufficient. These springs had 
to be manufactured by standard machining. Due to the complexity of production and the cost, we were looking for 
a more suitable production technology.  
Additive manufacturing proved to be the best alternative. This technology allowed us to use previously 
unmanufacturable shapes and even merge the spring and washer together. 
Based on FEM analysis, we changed the shape of the spring and reduced the maximum spring tension to a usable 
value. Tests have verified the lifetime of the springs to at least 10 million cycles. 
By optimizing the position in the printer and postprocess annealing, we achieved an acceptable dispersion of spring 
stiffness for each print layer. 
This technology allowed us greater flexibility in production and even reduced the cost of the spring. 
 
Keywords: Additive manufacturing, high stiffness steel springs, FEM Stress analysis, synthesis of two parts, 
postprocessing technology. 
Target audience: Manufacturing - Additive manufacturing topic 

1 Introduction 

High dynamic response hydraulic proportional directional valves use linear permanent magnet motors, see cross-
section in Figure 1. Even though they are small size, these motors offer high power and high dynamics due to the 
use of rare earth permanent magnets. The maximum force of these motors is 120 N at stroke of ± 0.6 mm, in 
assembly with springs. See Figure 2. 

    

Figure 1: Proportional linear motor    Figure 2: Force/Stroke diagram 
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To take advantage of their high force without increasing their size, we must use springs with small dimensions and 
high stiffness. Build space of the springs is: Outside diameter De = 18 mm, Inside diameter Di = 12 mm, Preloaded 
length L1 = 11,5 mm. Stiffness of the spring R = 62,5 N/mm. These parameters, together with the required force 
accuracy, do not allow us to use standard coil springs with a circular wire cross-section. We must use springs with 
special design see Figure 3. The absence of the springs radial forces has a positive effect on the hysteresis of the 
linear motor. 

 

        

    Figure 3: Old design of the spring 

 

These springs are made by CNC machining. Machining times are huge, making these springs very costly. After 
machining, the spring is deburred by sandblasting and heat-treated by hardening and tempering. To understand 
how the old spring works, we made a 3D model of the spring and simulated the spring load using FEM Stress 
analysis. Thanks to this calculation, we discovered the places with the highest mechanical stress, which is up to 
1755 Mpa see Figure 4. 

 

 

    Figure 4: Maximal stress of old spring 
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2. Design and technology 

The new version of the spring cannot be larger than the previous version, but has to maintain strength and 
durability, so it must be 1:1 interchangeable in the existing linear motor design. The new spring also requires a 
lower price, shorter machining time and improved mechanical parameters. 

3D SLM (Selective Laser Melting) additive manufacturing proved to be the most suitable technology for the 
production of new springs. Maraging steel MS1 metal powder also proved to be the best material for our spring. 
The printing powder grains of this material are size of 15-25 μm, which allowed us to use a layer 40 μm high and 
thus achieve high accuracy and repeatability of the spring dimensions during its printing. The ability to achieve 
shapes that cannot be produced by standard machining methods allowed us to combine the two parts together - the 
washer and the spring into one unit, see Figure 5. This also reduced the cost of the entire assembly. 

         

   Figure 5: Synthesis of parts and placement in a linear motor 

Thanks to the possibility of adjusting the shapes, given by use of 3D additive technology, we were able to change 
the shape of the spring so that there are significantly lower local stress concentrations. By gradually detecting 
concentrations and changing shapes from sharp edges to radiuses, we have achieved a spring design with a 
maximum stress of 627 Mpa see Figure 6, which is almost 3 times lower than the maximal stress of the old version 
1755 MPa. 

 

Figure 6: Maximal stress of new spring 
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The shape of the spring has been modified so that we can produce springs with as few supports as possible. The 
location of the support on the spring is always only in one surface so that they can be easily separated using the 
wire cutter during the post-processing operation. Flattening the springs on both sides also allows us to print the 
springs in several rows on top of each other. This arrangement of the printed volume allowed us to maximize the 
number of springs printed in a single batch up to a theoretical 4128 pieces, see Figure 7. However, so many pieces 
require very long production times. This also entails a high possibility of printing error. For our application we 
chose a compromise between the number of pieces per batch, the cost of production time and minimizing printing 
errors which is 256 springs per batch.  

The position of the printed shape relative to the recoater blade is very important for the accuracy of the final 
product [1]-[4]. We performed tests to verify that the correct position of the spring when printing is with the coils 
perpendicular to the recoater blade. 

 

 

Figure 7: Arrangement in printing space 

 

3D SLM additive manufacturing of metal powders allows the printing of a horizontal hole with a circular cross-
section up to 8 mm without the need of supports. Therefore, we replaced the circular shape of the main hole ø 12 
mm with a square profile 9,9 x 9,9 mm oriented with the corner facing down towards the print base. Changing the 
shape of the inner hole increases the stiffness of the spring, so we had to reduce the thickness of the coil to return 
to the required value of R = 62.5 N/mm. The final design of the new spring can be seen in Figure 8. 

 

             

Figure 8: Final design of the new spring 
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We chose the MS1 (1.2709) Maraging steel [5] material for spring printing. This material has an acceptable 
hardness of 33-37 HRc after printing and can be standardly machined. The low hardness allowed us to drill a guide 
hole in the bottom of the spring to the required size of ø 4.6 + 0.1 mm. Post-processing work such as wire cutting 
and ballot blasting is also easier. 

However, the MS1 material has a yield strength of YTS = 815 ± 5 MPa [6] after printing, without heat treatment, 
it is not enough for our spring. We performed heat treatment of the material, using the Precipitation hardening 
method: The finished, machined springs are placed in a furnace and left at temperature of 490 °C in an inert 
atmosphere for 6 hours. This increased the hardness to 50-56 HRc and the yield strength to YTS = 1720-1960 Mpa 
[6]. 

During the printing tests, we found that if we print in multiple layers on top of each other, the stiffness of the 
springs differ depending on the distance from the basic printing platform see Figure 9. If we print 2 or more layers, 
the heat dissipation is different for different layers. The layer that is in direct contact with the platform dissipates 
heat faster than the layer above it. This is due to the high heat radiation of the platform. This results in an increased 
internal stress in the lower layer, which causes deformation of the spring shape after separation from platform. We 
minimized this problem by inserting another technological step – Annealing, between printing and separating parts 
from the platform, to eliminate internal stress. 

 

Figure 9: Stiffness difference caused by internal stress 

3. Measuring and results 

During the development of the spring, the force measurement was performed on each batch. Measuring was 
realised on an electromechanical force measuring device using a 0-500 N force sensor with an accuracy of ±0.5% 
of the measured value. You can see the final measurement in Figure 10. 

 

Figure 10: Final measurement of Annealed springs 
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As you can see, the stiffness dispersion of all rows placed on top of each other is less than F = 10 N at 1 mm of 
compression, which is already an acceptable value for us. You may also notice a decrease in the stiffness of all 
rows compared to older batches, which is caused by poor correction of the printer and thus non-compliance with 
the thread thickness dimension. 

For the springs, we also performed a lifetime test, where we looked for the compression limit of the spring to create 
a Goodman diagram. Even though we pressed the spring to the seat coil to coil, we did not manage to destroy it 
even with 10 million cycles. You can see the course of the lifetime test in Figure 11. You can see the table of 
performed lifetime measurements in Figure12. 

             

Figure 11: Course of the Lifetime test  

 

 

 

 

 

 

 

 

 

 

          Figure 12: Performed lifetime measurements 

4. Summary and conclusion 

In this paper, the design and manufacturing technology of 3D Additive manufactured High stiffness spring for 
Linear proportional motors was presented. The way we came to the final form, the reasons that led us to the 
technologies used and the ways of solving the problems that we had to overcome during the project are described 
in the text. In particular, the use of 3D Additive technology, which allowed us to achieve the required spring 
stiffness while maintaining compact dimensions and even reduce the number of parts in the assembly by merging 
the washer and spring together. Thanks to this, we have achieved a 22% reduction in the price of the spring and a 
75% reduction in production time. The performed life tests prove that the spring can work in the application for a 
long time even under much higher loads. 

Spring 
No. 

Stroke 
[mm] 

Cycles 
survive 

1 1 10 000 000 

2 1.25 10 000 000 

3 1.35 10 000 000 

4 1.35 10 000 000 

5 1.5 10 000 000 

6 1.5 10 000 000 

7 2.2 10 000 000 
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Nomenclature 

Variable Description Unit 

YTS Yield tensile strength [MPa] 

𝑇𝑇𝑇𝑇 Temperature [°C] 

𝐹𝐹𝐹𝐹 Force [N] 

R Thickness [N/mm] 

ℎ  Hardness [HRc] 

s Stroke [mm] 
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In pumps and motors that are based on the floating cup type principle, the cylinder, or cup, is sealed by a line contact
between the pistons and the cylinders. Due to the strict manufacturing tolerances that are required to obtain such
a contact, and the high number of pistons and cups, the production costs of these components will make up a
significant part of the production cost of the total machine. In an attempt to lower these costs, pistons and cups
were formed from thick sheet metal, using multiple consecutive steps in a progressive die forming process. The
advantage of such a process is that it can easily be automated and upscaled for mass-production.

A dedicated testbench was designed and used to measure the friction and leak flow at the line contact between the
piston and the cup. Both traditionally manufactured components, and components that were made using the new
process were tested. After determining optimal component specifications, a prototype floating cup type pump was
equipped with the newly produced pistons and cups. A comparison shows, that this pump performs similar to a
pump with traditional components. Therefore, the proposed production process appears to be a possible option for
the production of less expensive pistons and cups, without decreasing the overall performance of the pump.
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1 Introduction

Floating cup type pumps and motors are hydrostatic piston machines, which means hydraulic fluid is moved by
means of a piston that reciprocates inside of a cylinder. One of the main functions of a piston in any piston
machine is to seal the cylinder chamber, in order to ensure that the chamber content cannot leave the cylinder
during operation. In a floating cup type machine, the cylinder, or cup, is sealed by a line contact between the
piston and the cup. This contact plays a crucial role in the low torque loss that such machines can achieve [1].
However, such a line contact also means that the leak path between the piston and cylinder is very short, potentially
increasing the amount of leak flow rate.

The manufacturing tolerances that are required to obtain a decent line contact are found to be very strict [2],
which means that pistons and cups are relatively expensive components. Furthermore, a typical floating cup type
machine has 24 or more pistons and cups. As a result, the total production costs of these components will make up
a significant part of the costs of the total machine.

Traditionally, the pistons and cups are manufactured from full material, using traditional machining techniques. In
an attempt to lower the production costs of these components, an alternative production process is investigated in
collaboration with the Dutch company ART. This company is specialized in making tools for high-end progressive
stamping dies.
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The goal of the current study is to determine whether it is possible to manufacture pistons and cups using a
progressive die forming process. In such a process, components are formed from sheet metal using several
consecutive die forming steps on an eccentric press. The advantage of such a process is that it can easily be
automated and upscaled for mass-production.

2 Component design

This study focusses on a piston and cup for a prototype 45 cc floating cup pump. On the left of fig. 1a, a cross-
section of the current piston and cup is shown. In the actual pump, the piston (shown in orange) is fixed to a
rotating axle by means of a bolt (shown in gray), and a piston nut (shown in lighter orange). In the figure, the cup
(shown in green) is pushed upwards as a results of oil pressure inside the cup. An angled plane behind the cup base
ensures that the cup sits at a swash angle (8◦ in this case). Since the top of the piston is of a spherical shape, the
cup can pivot around the piston. The cup itself is not fixed but "floating" (i.e. it can move freely along the plane).
The spherical piston shape determines the position of the cup on the angled plane.

Cup

Piston

Piston nut

Traditionally manufactured New production process

Piston pillar

Bolt

Piston crown

Cup base

Contact

(a) Cross-section of the designs. (b) Actual components.

Figure 1: Comparison between the traditionally manufactured components and the new components.

2.1 Material deformation

The contact between the piston and cup is crucial for the performance of the pump. In fig. 1a, the location of the
contact is highlighted with small white circles. Passing through these points, there is a full circular line contact
between the piston sphere and the inside of the cup, parallel to the angled plane. When the piston moves back and
forth inside the cup, the location of the contact line on the piston will remain the same, while the location of the
contact on the cup will move along the inside of the cup. During operation, there will be pressurized oil inside of
the cup, which will lead to material deformation of both the piston and the cup [2, 3]. At any piston position, the
deformation of the cup should be more or less equal to the deformation of the piston. If this is not the case, it can
lead to:

• high friction losses, for example, when the piston sphere radius expands more than cup radius, the piston
will exert a contact force on the inside of the cup, or

• high leakage losses, for example, when the cup radius expands more than the piston radius, there will be a
gap between the two components.

An important part of the current study is to determine the manufacturing tolerances on the piston and cup that are
required for an optimal contact between the two deformed components during the full piston stroke, at all possible
pressure levels.
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2.2 Design changes

The solid shape of the traditional design of the piston (left of fig. 1a) will be impossible to manufacture using a
progressive die forming process. Therefore, the right side of fig. 1a shows a cross-section of a new piston design.
The main difference is that the piston is split into a piston crown (darker orange) and a piston pillar (lighter orange).
In this case, the spherical shape is now found on the piston crown, while the piston pillar only functions as a base
for the crown to rest on. Note that the material thickness of the piston crown makes it possible to produce this
shape using a stamping process.

Next to the design of the piston, the design of the cup also differs from the traditional design. The main difference
is found in the design of the cup base. Due to the additional material at the base of the cup, the stiffness of the cup
is higher near the cup base. As a result, the material deformation of the cup will not be equal for every position
of the piston. In order to reduce this stiffness, some material is removed from the inside of the traditional cup.
However, this in not possible in die forming, as the formed parts need to be releasing. This is why in the new
design, material is removed from the outside of the base of the cup. Figure 1b shows a picture of the produced
components.

3 Production process

For this project, ART has developed a production process for both the piston and the cup, which consists of
multiple consecutive die forming steps, or phases. Each step has a specific product deformation mechanism, with
processes like deep drawing, coining, bending, cutting or wiping. Some steps are a combination of these different
mechanisms. In an actual production machine, all of the tools required for each step are place in series on a single
press. This means that all steps are performed simultaneously with each punch of the press. After a punch, the
products will automatically be transported to the next step of the process. It is estimated that the designed process
can be used to output about 60 to 100 products per minute.

To validate the developed process, a prototyping crank driven eccentric press was used which could perform only
one step of the full process at a time. Figure 2 shows this press, which is equipped with the tool to perform the
first phase of the cup production process. This first phase can be characterized as a deep drawing step. After each
phase, the resulting product was inspected to see if everything went as expected. When the phase was completed
for all products, the press was reconfigured to perform the next step of the process.

(a) Before (b) After

Figure 2: First phase (deep drawing) of the production process of the cup on a prototyping press.
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3.1 Cup

The process for producing cups starts with a circular piece of thick sheet metal. Since the cup is a relatively tall
product, a high deep drawing ratio is required to achieve the total length. Figure 3 shows the product after each of
the production phases, starting with the circular piece of metal on the left, and ending with the final product on the
right.

During this stage of the process development, it was assumed that the final product would need some post-process
machining to reach the right tolerances. Therefore, the inner radius of the cup was intentionally made slightly
smaller than the design specifications. This final product was hardened and then machined to meet the specified
tolerances using more traditional manufacturing techniques. Further development of the production process and
hardening process is expected to result in a final product that is much closer to, or within the specified tolerances.
Since this development could take several years, this is outside of the scope of the current study.

Figure 3: Cup after the different phases of the production process.

3.2 Piston

Figure 4 shows the product after the different phases of the production process for the pistons. Similar to the
process for the cups, this process starts with a circular piece of metal on the left, and ends with the final product on
the right. Similar to the cup, this final product also needs some post-process machining.

As was mentioned before, the piston in a floating cup pump has a spherical shape. While it could theoretically be
possible to produce this shape in a consistent way, this would also require much more development. For now, the
radius of the piston crown was made slightly too large and the spherical shape was machined post-process.

Figure 4: Piston after the different phases of the production process.

4 Individual piston and cup test

4.1 Testbench

A separate testbench was designed to compare the friction and leak flow at the line contact between a single piston
and cup. Figures 5a and 5b show a drawing of the testbench containing all relevant parts, while fig. 6 shows a
picture of the actual testbench. The testbench, as it is shown here, can be separated into a stationary group and a
moving group. The stationary group consists of the piston holder (shown in orange) and the force sensor (shown
in yellow). Two pistons are mounted on opposite sides of the piston holder, while two rods connect the holder
to the force sensor that is fixed in place. The moving group consists of an actuator (part of which is shown in
purple), a steel frame (shown in gray), a position encoder (shown in blue), and two cup containers (shown in
green). Specifications about the used sensors can be found in the appendix.
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Actuator Force sensor

xOil in Oil out

Position
encoder

Cup container
Piston holder

Pressure sensor

Temperature sensor

Oil path

(a) Top view, with cross-section of the steel frame, showing the path of the oil.

Cup container

Piston holder

Actuator
Force sensor

(b) Front view.

Figure 5: Sketch of the testbench for testing individual pistons and cups viewed from top (a) and front (b). The

actuator (purple) moves the steel frame (gray) including the cup containers (green) and position encoder (blue) in

the direction of x, while the piston holder (orange) is kept stationary by the force sensor (yellow).

Actuator

Oil in Oil out

Piston holder
Cup container

Force sensorPosition
encoder

To pressure sensor Temperature sensor

Figure 6: Picture of the actual testbench.

Cup

Piston crown

x

Oil supply

Sealing contact
Other leak

Contact leak
Piston holder

Figure 7: Cross section of the cup container, showing the cup, the piston, and the sealing contact between these

two components. The red arrows show three leak paths.
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The steel frame is guided by two sliding bearings, which means that the attached actuator can only move the frame
in the horizontal direction, as is indicated with the x in the figure. On both sides of the piston holder, a cup container
is fixed to the steel frame. Furthermore, the position encoder is also fixed to the steel frame and is placed at a small
distance from a magnetic encoder scale that is attached to the piston holder. Since the encoder itself is moving
relative to the scale, the position of the frame with respect to the piston holder can be measured.

Figure 5a shows a cross-section of the steel frame, in which a path is made for the oil to flow through. During a
measurement on this testbench, an oil flow is directed into the steel frame, and out of the frame on the other side
(oil in and oil out in figs. 5a and 6). The pressure and temperature of this oil is monitored using two sensors, which
are connected to the oil path. During all of the measurements, the temperature of the oil is kept between 49◦C and
51◦C.

Oil can also flow in and out of the cup via the cup containers. Figure 7 shows a cross-section of the cup container
(again in green), which consists of several separate components. These components ensure that the cup itself
(highlighted green part) is held in place. The bottom of the cup is connected to the oil path in the steel frame,
which means that oil can reach the inside of the cup.

The piston holder (again in orange) is also shown in fig. 7. The piston crown (highlighted orange part) is placed in
a way that is similar to the way it is found inside of an actual floating cup pump. The contact between the piston
and cup is highlighted with the white line. When the actuator moves the gray frame in the direction of x, the cup
will move forward, and the sealing between the piston and the cup will move towards the base of the cup, as it
would in an actual pump.

4.2 Tested components

The main goal of the individual piston and cup tests is to find out how the contact between the piston and the cup
affects the performance of the full pump. To this end, a small number of pistons and cups were produced using the
new production process. These components were then machined at slightly different radii. The average radius of
the inside of these cups, and the average radius of piston spheres was measured.

Table 1 shows the measured radii of some of these components. The difference between the measured average
radius and the base radius of 6.8 mm is indicated with ∆R which is given in µm. The different combinations
of pistons and cups will result in different gap sizes between the two components, as is shown in the table. For
example, the average of the inside radius of Cup 1 is 6.8007 mm, so ∆R is +0.7 µm. The average radius of the
sphere of Piston 1 is 6.7989 mm, so ∆R is -1.1 µm. When these two components are combined on the testbench,
there will be a total average radial gap of 1.8 µm. Furthermore, this combination will be referred to as P1C1
(Piston 1 combined with Cup 1).

Table 1: Average difference in radius (∆R) of three new pistons, two new cups, and two traditional sets of pistons

and cups, with respect to a base radius of 6.8 mm. The values inside of the table indicate the radial gap between

the two components (∆Rcup −∆Rpiston). All values are given in µm.

Manufactured using new process
Piston 1 Piston 2 Piston 3

Average ∆R -1.1 µm -0.7 µm +0.7 µm

Cup 1 +0.7 µm 1.8 1.4 0.0
Cup 2 +1.4 µm 2.5 2.1 0.7

Traditional sets
Piston A Piston B

Average ∆R +0.2 µm +0.1 µm

Cup A +0.3 µm 0.1
Cup B +0.3 µm 0.2
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Apart from several of the combinations shown in the left of tab. 1, two sets of traditionally manufactured pistons
and cups were tested as well. The results from these measurements will act as a baseline for comparing the other
sets. Since these pistons and cups will not be interchanged, they are referred to as Set A and Set B. Please note that
the radial gaps of the traditional sets (0.1 and 0.2 µm) are smaller than the radial gap of most of the combinations
with components from the new production process (0.0-2.5 µm). The deformation of the new piston and cup
design, as a result of oil pressure in the cup, is different from the deformation of the traditional designs. As a
result, the optimal gap size of the new components is found to be larger than the gap size of Set A and Set B, as
will be described in the following sections.

4.3 Friction test

The tested pistons have a radius of 6.8 mm. This means that at an oil pressure of 400 bar, the piston shown in
fig. 7 will be pushed out of the cup with a force of 5.8 kN. When the frame is moving relatively slow, the piston
on the opposite side of the piston holder is pushed out with the same amount of pressure and force (fast movement
will result in a pressure difference between the two pistons, due to flow restrictions between the cup and the steel
frame). Therefore, the net force on the piston holder is zero, which means the only forces that remain are the
friction force at the contact between both pistons and cups. These forces are measured by the force sensor. Since
we are interested in the performance of only one piston-cup contact, the piston on the other side of the piston
holder is chosen such that the contact will have little to no friction (i.e. relatively large gap between piston and
cup, which will give high leakage but low friction).

In the actual pump, high operating speeds will also introduce additional forces that can have an effect on the
friction between the piston and the cup (e.g. centrifugal forces, or friction between the base of the cup and the
angled plane). In the current testbench, it is not possible to account for these additional forces. Furthermore,
friction between the piston and the cup is expected to be largest at a low operating velocity due to coulomb friction
(instead of viscous friction that will occur at higher operating speeds). Therefore, the friction force is measured
while the steel frame is actuated back and forth during a period of 60 seconds, at a velocity of 3 mm/s (corresponds
to 8 rpm of the pump). The distance that the piston travels during these tests is equal to the distance it makes inside
of the actual pump.

Figure 8a shows the measured friction force of the traditional sets, as well as three combinations from tab. 1 at
200 bar. Please note that the y-axis in this figure is split into three parts. The figure shows that the combination
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Figure 8: Friction measurements of several piston and cup combinations at 200 bar (Shell Tellus46 at 50◦C).
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with a radial gap 1.4 and 1.8 µm had similar levels of friction as the traditional combinations (which had a smaller
gap). However, the piston and cup with a radial gap of 0.7 µm had significantly more friction than the other
combinations. This is most likely caused by the deformation of the piston crown with respect to the deformation
of the cup. From the results shown here, it appears that there is a minimum gap size that needs to be achieved
between the piston and the cup to ensure low friction. When the gap size is decreased to below this minimum, the
friction will increase very rapidly.

The relation between force and the piston position can be used to estimate the amount of energy loss as a result of
friction between the piston and the cup. A standard pump cycle can be split into two phases:

• supply: cup is connected to low pressure port (pressure p1), piston is moving from top dead center (TDC,
around 0 mm in fig. 8a) to bottom dead center position (BDC, around 11 mm in fig. 8a)

• discharge: cup is connected to high pressure port (pressure p2), piston is moving from BDC to TDC.

For a linear movement, the energy consumption can be found by integrating the force with respect to the position.
The hydraulic energy, Ehyd , for a piston is thus found to be:

Ehyd =
∫

(pAp) dx = Ap

[∫ BDC

T DC
p1 dx+

∫ T DC

BDC
p2 dx

]
= Ap (p1 − p2)∆x (1)

with pressure p, surface area Ap, and ∆x the distance between TDC and BDC. The pump in which the tested
pistons and cups will be implemented, typically has a supply pressure of 4 bar. Since no friction measurements
were conducted at this pressure level, it is assumed that the friction during the supply phase will be similar to the
friction that was measured at 50 bar (Ff ,50). The energy loss as a results of friction, E f ric, is found to be:

E f ric =
∫ BDC

T DC
Ff ,50 dx+

∫ T DC

BDC
Ff ,p2 dx (2)

with Ff ,p2 the friction force measured at pressure level p2 (as shown in fig. 8a for 200 bar). This integration
was done numerically using the measured friction forces. The ratio between friction energy and hydraulic energy
(E f ric/Ehyd) can be seen as an estimation of the efficiency loss as a result of friction between the piston and cup.

Figure 8b shows the estimated friction loss as a function of the gap size between the piston and cup, at 200 bar.
The result is similar to the results from fig. 8a: a radial gap of less than 1 µm results in significantly higher friction
losses than the traditional sets. A radial gap larger than 1 µm results in comparable or less friction loss. Although
it is expected that a larger gap will result in a lower friction force, fig. 8b does not show a clearly decreasing trend
at radial gaps larger than 1.5 µm. Since the friction is already very low for these combinations, small stochastic
differences in surface roughness can have an influence on the measured friction. Such differences seem to cause
the slightly larger losses that were measured for the combination with a radial gap of 2.1 µm.

4.4 Leak test

The cross-section in fig. 7 shows three leak paths, through which high pressure oil can leave the cup container
during measurements on the testbench. One of these paths is along the sealing contact between the piston and cup
("contact leak" in the figure). This oil will leak out of the cup during operation. The two "other leak" paths are
between other components of the cup container and can leak via several leak holes. During the leak test, the piston
is kept stationary for 60 seconds, at incremental positions inside of the cup. During these 60 seconds, the oil that
leaks via the sealing contact is caught in a beaker. The other leak flows are directed away from this beaker. By
weighing the beaker, the amount of oil that has leaked via the sealing contact during 60 seconds can be measured
and converted into a flow rate using the mass density of the oil (855.1 kg/m3 was used here, for oil at 0 bar, 50◦C).

Figure 9a shows the measured leak flow rate of several of the tested combinations at different positions in the cup,
at 200 bar. In general, this figure shows that each of the combinations has a relatively small leak flow rate near
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Figure 9: Leak measurements of several piston and cup combinations at 200 bar (Shell Tellus46 at 50◦C).

BDC. When the piston moves closer to TDC, leak flow increases. The components with a radial gap of 1.4 µm had
a very similar amount of leak flow as the two traditional sets. The other two components performed as expected: a
larger gap resulted in more leak flow, while a smaller gap resulted in less leak flow. The combination with a radial
gap of 0.7 µm even did not leak a single drop of oil during the 60 seconds of the measurement, for most part of the
piston stroke.

During the discharge phase of the pump cycle, a certain amount of volume is pushed out of the cup. If commutation
is ignored, the total discharge volume, V2, is the product of the piston surface area and the full piston stroke:

V2 = Ap∆x (3)

Due to the leak flow at the sealing contact between the piston and the cup, part of V2 will flow into the pump
housing instead of the discharge line. If the pump is operated at a rotational velocity ω , the piston position x can
be described as a function of time t:

x(t) =
∆x
2

(1− cos(ωt)) (4)

Note that the piston is in BDC at time tB = π/ω , and in TDC at time tT = 2π/ω . Using linear interpolation
between the measured piston positions shown in fig. 9a, eq. (4) is used to estimate leak flow during the discharge
phase of the pump cycle. At pressure p2, this flow rate is described by Ql,p2 , which is a function of the piston
position x(t). The total amount of volume that is estimated to leak during the discharge phase of the pump cycle,
Vleak, can be fond by integration of the flow rate:

Vleak =
∫ tT

tB
Ql,p2 (x(t)) dt (5)

Since the difference between the supply pressure and the pressure in the pump housing will be very small, it is
assumed that there is no leak flow between the piston and the cup during the supply phase of the pump cycle. The
ratio between the leaked volume and the discharge volume (Vleak/V2) is an estimation of the efficiency loss as a
result of leakage between the piston and cup.

Figure 9b shows the estimated efficiency loss due to leakage as a function of the size of the gap between the piston
and cup, for a rotational speed of 500 and 5000 rpm. At 5000 rpm, the piston empties the cup in 0.006 s, which is
ten times faster than it does at 500 rpm. The leaked volume during this time is thus also ten times smaller, which
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is why the difference between total estimated losses due to leak flow between the two velocities is also a factor of
ten. It can be found that a radial gap that is larger than 1.5 µm results in more leak flow losses than the traditional
components, while a smaller gap is estimated to result in less leak flow losses.

4.5 Combined loss

The results from the friction test (fig. 8b) and the leak test (fig. 9b) can be combined into a total estimated loss.
Figure 10 shows this combined loss relative to the mechanical input power at two different rotational velocities.
The figures show the loss as a function of both the radial gap between the piston and cup, and the discharge pressure
level. As was mentioned before, friction loss is lower for piston and cup combinations with a larger radial gap,
while leak loss is lower for combinations with a smaller gap. As a result, there is an minimum total amount of loss
somewhere in the middle. Figure 10a shows that at a rotational velocity of 500 rpm, a radial gap around 1.5 µm
will be optimal. At larger rotational speeds, the effect of the leak losses will become smaller. As a result, fig. 10b
shows that at 5000 rpm the radial gap can be larger than 1.5 µm without expecting high losses. Since the pump
will need to run efficiently at the full range of rotational velocities, it seems best to select pistons and cups with a
radial gap between 1 and 2 µm.
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Figure 10: Estimated total loss as a function of gap size and pressure levels (lower is better).

5 Complete pump test

It is important to note that the testbench was designed to emulate the most predominant operating conditions of
the pistons and cups in a floating cup pump. However, it is clear that the operation in the testbench is not the same
as in an actual pump, and there are still a lot of uncertainties when it comes to the performance of the new pistons
and cups. The only way to measure the actual performance of the new components is to compare measurements
between a pump with traditional pistons and cups and a pump with new pistons and cups. Therefore, a larger batch
of components was produced using the new production process. Following the results of the analysis shown above,
these pistons and cups were machined post-process to have a radial gap between 1 and 2 µm.

5.1 Measurement setup

The results presented below compare measurements that were conducted on a 45 cc prototype floating cup pump.
This pump was first equipped with traditionally manufactured pistons and cups, and then with the pistons and cups
that were produced using the new production process. Apart from these components, the two measured pumps
were identical. The pumps were measured on the Innas testbench [4], in accordance with ISO4409 [5]. During
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this measurement, the supply pressure is set to 4 bar, and the pump is operated at all different combinations of the
following operating conditions:

• operating speeds: 500, 1000, 1500, 2000, 2500, 3000, 3500 rpm, and

• discharge pressures: 50, 100, 200, 300, 400 bar

The difference between the pump with the traditionally manufactured pistons and cups and the pump with the new
pistons and cups is discussed by looking three parameters: leak flow rate, torque loss, and efficiency. The leak flow
rate is measured directly by a flow sensor. The torque loss and overall efficiency of the pumps are calculated using
the output of several sensors [6]. Specifications about the used sensors can be found in the appendix.

5.2 Results

Figure 11a shows a comparison of the measured external leak flow rate. In this figure, the results of the pump
with the traditional components is shown with the dashed lines, while the results of the pump with the new pistons
and cups is shown with the solid lines. The different colors and markers indicate the measurements at different
discharge pressures. Looking at the 100 bar measurements, it is found that the leak flow rate at different operating
speeds is almost identical between the two pumps. However, as the pressure increases the pump with the new
components has significantly less leakage. Since the only differences between the configuration of the two pumps
are the pistons and cups, it is very likely that the reduced leak flow rate is caused by the changes that were made to
the design of these components.

Figure 11b shows the calculated torque loss of the two pumps. The results are presented similarly to the leak flow
rate results. The figure shows that there is almost no difference between the torque loss of the two pumps. The
100, 200, and 300 bar measurement all have the same amount of torque loss, which is why these lines are almost
indistinguishable from each other. Only at 400 bar, the torque loss of the pump with the new pistons and cups was
found to be slightly less than the torque loss of the pump with the traditionally manufactured components.

Figure 12 shows the overall efficiency of the two pumps. These results are presented in the form of a contour plot,
in which the values between measured operating points are estimated using interpolation. Within the measured
range, it is found that the performance of the two pumps is fairly similar. At higher operating pressures, the pump
with the new pistons and cups even achieved a slightly higher efficiency. This is mainly caused by the decreased
leak flow rate at high operating pressures, as shown before.
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Figure 11: Performance measurements of the prototype 45 cc floating cup pump with traditionally manufactured

components (dashed lines) and pistons and cup that were made using the new production process (solid lines).
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Figure 12: Efficiency field of the prototype 45 cc floating cup pump with traditionally manufactured components

(a) and pistons and cup that were made using the new production process (b).

6 Conclusion

To reduce the production cost of pistons and cups for hydrostatic machines based on the floating cup principle,
an alternative production process was designed and evaluated. For both the piston and the cup, this process
consists of several sequential phases on an eccentric press. In an actual production machine, such a process is
expected to produce 60 to 100 products per minute. Currently, the final products of this new production process
are machined post-process to meet the required tolerances. This study therefore serves as a proof of concept.
Further development of the production process is expected to result in a final product that is much closer to or
within the specified tolerance.

The new process was first used to manufacture a range of products with slightly different radii. Experimental data
showed that a combination of a piston and a cup with a radial gap of 1 to 2 µm performed best in terms of minimal
leakage and friction losses. As a results, a larger batch of pistons and cups was produced with this specification, to
equip a prototype 45 cc floating cup pump. The performance of this pump was measured and compared to the same
pump with traditionally manufactured pistons and cups. Overall, the results of these measurements showed that
the two pumps performed similarly. It is therefore concluded, that the proposed production process appears to be a
possible option for the production of less expensive pistons and cups, without decreasing the overall performance
of the pump.
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Nomenclature
Variable Description Unit

∆R Radial difference with respect to a base radius (6.8 mm in this study) [m]
∆x Distance between top and bottom dead center positions [m]
ω Rotational velocity [rad s−1]
Ap Surface area of piston [m2]

E f ric Energy loss due to friction [J]
Ehyd Hydraulic energy [J]
Ff ,p2 Friction force at pressure p2 [N]

p1 Pump supply pressure [Pa]
p2 Pump discharge pressure [Pa]

Ql,p2 Leak flow rate at pressure p2 [m3 s−1]
t Time [s]

V2 Discharge volume of a single piston [m3]
Vleak Leak volume [m3]

x Piston position [m]

Appendix

Sensor information

Specifications of the sensors used in the individual piston and cup testbench, as described in section 4:

Measured quantity Sensor Range Accuracy
Friction force HBM S2M/100N -100 to 100 N ± 0.02 N
Oil pressure Honeywell STJE 7500 psig 0 to 517.1 bar ± 0.259 bar
Oil temperature Testo type 13 PT100 class B -50 to 400◦C ± 0.3 ◦C

Resolution
Piston position RLS LM13IC10BCB incremental 1.953 µm
Weight leak flow Kern PLJ 720-3A 720 g 1 mg
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Specifications of the sensors used during the complete pump measurements, as described in section 5:

Measured quantity Sensor Range Accuracy
Torque Kistler 4541A / 4550A500 -500 to 500 Nm ±0.25 Nm
Supply pressure Honeywell TJE 500 psig 0 to 34.5 bar ±0.035 bar
Discharge pressure Honeywell STJE 7500 psig 0 to 517.1 bar ±0.259 bar
Case (leak) pressure Omega PXM02MD0-040BARGV 0 to 40.0 bar ±0.02 bar
Discharge flow rate VSE RS 400/32 1.0 to 400 l/min 0.5% MV∗

External leak flow rate VSE VSI 0.1/16 0.01 to 10 l/min 0.3% MV∗

Oil temperature (3x) Testo type 13 PT100 class B -50 to 400◦C ± 0.3 ◦C

Resolution
Rotational speed Kistler 4541A / 4550A500 60 pulses/rev

∗ accuracy for this sensor is defined as a percentage of the measured value (MV)
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On-board intelligent predictive maintenance tools to avoid sudden breakdown of components can increase the 
reliability of a system. It is often difficult to anticipate failure modes and to fabricate faults in an actual working 
system for the developing of condition monitoring. In this paper, a multi-physics co-simulation model of an electric 
reach truck is proposed as a tool for generating training data for AI based condition monitoring. The co-simulation is 
established using three different software platforms: Mevea for real-time multi-body dynamics and animation, 
AMESim for hydraulic components, and Simulink for control and electric drive model. The co-simulation model is 
successfully validated by comparing the simulation and measured data.   
Keywords: Digitalization, condition monitoring, co-simulation, reach truck, induction motor, electric drive, vector 
control 
Target audience: Mobile Hydraulics, Design Process, Condition Monitoring 
 
 

1 Introduction and Background 

Electric reach trucks are widely used in narrow aisle warehouses to carry and stack goods. Working hydraulics is an 
integral subsystem of the reach truck. However, hydraulic components (in addition to electric components) can be subject 
to failure due to wear, contamination of oil, or manufacturing errors. The typical hydraulic failure scenario of a reach truck 
includes leakages in various components such as hoses, pumps, cylinder, and valves. This affects the performance of the reach 
truck and can be detected by monitoring the pressures at actuator ports [1],  vibration response [2], friction torque [3], force [4],  
the motor speed requirement that increases when there is an internal leakage in the system, and rising motor current due to 
abnormal friction [5]. Thus, an on-board preventive/predictive maintenance tool – that is implemented on a PLC or edge 
controller – to avoid sudden breakdown of components or excessive leakages that can increase the system reliability 
and reduce downtime by indicating faulty conditions to an operator or to a supervisory level cloud like SCADA 
should be implemented. Conventional condition monitoring uses sensors extensively [6] to monitor a system in real 
time utilizing data that contains information regarding several failure modes [7]. Majority of novel condition-
monitoring methods are based on advanced control such as stochastic observers [8] and artificial intelligence (AI), 
such as neural networks (NN) and machine learning [9]. One of the most utilized advanced condition-monitoring 
methods is model-based condition monitoring. This class of condition monitoring utilizes dynamic mathematical 
models of components or whole systems, and data from sensors for determination of real-time system states. As an 
example, model-based condition monitoring of a hydraulic servo valve is represented in [10]. In this study, pressure, 
spool-position and coil-current sensor signals are used to determine several types of valve fault. Another example 
utilizes flow and pressure sensors in a hydraulic system and a mathematical estimator for calculating further system 
states, which are required for the valve-condition evaluation [11]. Such a method uses complex mathematical 
calculations. In [12], complex mathematical models are avoided by utilizing neural networks and/or fuzzy logic for 
condition monitoring; however, extensive training data is required in such a case. 

Overall, modern AI-based condition monitoring methods are data hungry. Consequently, labelled data of healthy and 
faulty conditions is required extensively. It is often difficult to anticipate failure modes and to fabricate faults in an 
actual working system to generate data for pre-set conditions. To overcome this challenge, various simulation 
software has been explored widely. An example utilizing this approach is reported in [13], training data is obtained 
from the simulation model of an electro-hydraulic servo system based on linear regression, which was validated using 
a test rig. According to [13], that model-based data can be used for training AI-based condition monitoring. 
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Drawbacks of this approach are the need for a high-fidelity model definition, long simulation times and tuned 
simulation solver parameters. 

Accurate and close to real condition simulation of hydraulic parts and systems can be realized by dedicated software 
such as Simcenter AMESim and MATLAB. AMESim is often used in hydraulic simulation tasks. Authors in [14] 
demonstrated utilization of the capability of AMESim simulating mechanics and hydraulics for hydraulic faults 
modelling . However, for certain domains such as control signal flow other software tools might be more convenient 
than AMEsim. Also co-simulation allows to combine the merits of different software tools. Such an example of 
combining AMESim and MATLAB is represented in [15]. 

Most of the existing papers describe condition monitoring of separate components or sub-system only. However, 
monitoring the whole system is not well investigated and it is required for further development of electrohydraulic 
systems and detection of multi domain faults. This paper builds on the methods established in [5] and investigates 
modelling capabilities for the establishment of multi-domain fault detection and classification methods. Exemplarily, 
this paper presents a tool based on multi-physics co-simulation that creates training data for condition monitoring of 
an electro-hydraulic reach truck. The reach truck model developed in this paper focuses on the main components of 
the reach truck and its lifting function. A co-simulation model of an electric reach truck for lift function is modelled 
using three complementing software tools: Mevea modeler for real-time multi-body dynamics simulation and 
animation, Simcenter AMESim for 1D simulation of the hydraulic system and MATLAB/Simulink for control and 
simulation of the Electric motor (EM). 

The co-simulation model is validated by comparing the simulation and experimental data. The co-simulation model 
closely represents the actual working conditions of the electric reach truck and will provide valuable data for further 
investigation and implementation of condition monitoring. The remainder of the paper is organized as follows: The 
reach truck Co-simulation model is introduced in Section 2. Section 3 describes the utilized experimental setup for this 
study case in detail and data validation. Finally, Section 4 contains concluding remarks. 

 
2 Methodology 

Condition monitoring is to be implemented by utilizing data that is generated with the proposed tool. The co-
simulation structure is depicted in Figure 1. Mevea software is assigned as the controller, while both 
MATLAB/Simulink and AMESim are agents.  

Mevea and AMESim are connected through a shared memory area and a functional mock-up interface (FMI). The 
purpose of the FMI standard is to allow simulation models to be shared across different software platforms [16]. 
Mevea and AMESim are connected through a functional mock- up unit (FMU) which is a zip archive that contains 
XML-files and compiled C-code. The C-code contains the FMI that is created in AMESim, before it is wrapped in the 
FMU and exported to Mevea. The FMU model serves as an agent software for the controller software to which the 
FMU is connected. Mevea and Simulink are connected through a TCP/IP socket interface. Mevea modeler provides 
interface as C files which are compiled in Matlab to mex-files. The mex-files work as Matlab functions which are 
used in Simulink blocks to transfer data between Simulink and Mevea. The solvers of Mevea, MATLAB/Simulink, 
and Amesim uses Runge Kutta method with a 0.2 ms, 0.1 ms and 0.05 ms timestep respectively for solving ordinary 
differential equations. 

The Mevea multibody dynamics model is introduced in section 2.1. Section 2.2 presents the electric drive model 
realized in MATLAB/Simulink and the hydraulic AMESim model is introduced in section 2.3. 
 
2.1 Multibody dynamics model 

The multibody model of the reach truck is created in the Mevea Modeler software as shown in Figure 2. It contains 
ready-made components with a list of parameters that are used to define their properties such as friction coefficients, 
stiffness, or inertia. The components are used to define the kinematic chains that are actuated by the hydraulic 
actuators. The rigid body geometries and inertia data are imported from a CAD model of the reach truck. The reach 
truck consists of chassis, mast assembly with three-part mast, forks-carriage, forks, lifting chains, pulleys, and 
hydraulic cylinders. 
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Figure 1: Co-simulation setup with Mevea as the controller; Simulink and AMESim are agents [11] 
 

  

Figure 2: CAD assembly of the electric reach truck. 
 
The kinematic chain of the reach truck is presented in Figure 3. Bodies and constraints define the kinematic chain 

which is actuated by components that contribute to load and are connected to the hydraulic model. Dummies define mass 
and inertia for hydraulic cylinders. A simple drivetrain is modelled for the reach truck as well, but it is not investigated 
in this paper. The lifting mechanism, which is the focus in this paper, consists of three-part mast – outer, middle, and 
inner mass as depicted in the Figure 2 above,– chainwheel, lifting carriage and forks and it is driven by three hydraulic 
cylinders. Rollers between inner and middle, and between middle and outer mast enable frictionless vertical movement 
of inner and middle masts, whereas the outer mast always remains fixed. The primary lifting cylinder drives the 
chainwheel in relation to the inner mast and two secondary lifting cylinders drive the middle-mast in relation to the 
outer mast. Chains are used to connect the inner mast to the carriage and the outer mast to the inner mast via pulleys. 
This has the effect of the primary cylinder indirectly driving the lifting carriage as well as the forks and the secondary 
cylinders indirectly driving the inner mast. 
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Figure 3: Kinematic chain of reach truck Mevea model 
 
2.2 Electric drive model and control 

The model of the EM as a part of electric drive and its control is created in MATLAB/Simulink software. The EM, a 
14-kW induction machine, is used to drive the hydraulic pump at a variable speed. The EM is modeled via differential 
equations. A detailed description of utilized equations is represented in [17]. The EM is fed by the frequency 
converter, which transforms the AC from one frequency and amplitude to AC with other parameters. Such 
transformation is the main principle of electric motor control. The battery is not considered in this research and 
consequently the operation is simplified by excluding DC-AC conversion which is typical for Electric reach truck. 
Amplitude and frequency of the feeding currents and voltages are calculated at every moment with the help of a 
negative-feedback control system. Vector control is used as a control system for the induction motor. Frequency 
converter, induction motor, and control system are built via MATLAB/Simulink blocks. The structure of the model is 
depicted in Figure 4. 

Figure 4: Structure of electric drive model (1-Inverter,2-Electric Motor). 
 
The model of the electric drive has two input variables, a load torque coming from the hydraulic AMESim model 
and a reference speed as a control input for the inverter. The output of the model is the simulated EM speed. Both 
the digital co-simulation model and the physical reach truck are controlled with the same on-board joystick. The 
physical reach truck is operated, and the flow, pressure, height, and joystick control values are measured with a data 
acquisition system presented in Chapter 3. The same measured joystick control values run the digital co-simulation 
through the Simulink as illustrated in Figure 5. Joystick control value is interpreted to electric motor speed in rpm 
reference value and valve reference values for the hydraulic model in the controller block.  
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Figure 5: Simulink model (electric drive control and co-simulation control) and Mevea Solver multi-body 

simulation model run simultaneously. 
 

2.3 Hydraulic Model 

Simcenter AMESim is used to develop a one dimensional hydraulic simulation model by the means of pre-defined 
hydraulic components. The simulation model developed in AMESim is illustrated in Figure 6; it represents the actual 
hydraulic setup on the reach truck. The system consists of three cylinders; one primary cylinder (PC) and two 
secondary cylinders (SC). Cylinder diameters and kinematics are such that the primary cylinder is driven on lower 
pressure than the secondary cylinders. Therefore, the primary cylinder is extending to its end position before the 
secondary cylinders start moving; for retraction/lowering, the sequence is reversed. 

The prime mover is the EM that is modelled in MATLAB/Simulink. EM is connected to a fixed-displacement pump 
with an orifice in parallel, which models internal leakage gaps. For the cylinder extension movements, the 
hydraulically actuated 3/3-directional valve is switched to connect the pump to the cylinder, and pump control is 
used; for the retraction movement, on the other hand, the pump remains still, and the directional valve is opened 
continuously for valve-control of the movement. A pressure gauge is assuring that the pressure drop across the 
directional valve remains constant during lowering, which makes the valve control load independent. The check 
valves prevent the pressure gauge from influencing the extension movement, which is pump controlled. To achieve 
control of the lifting and lowering speed, the operator signal, coming from a joystick, is used to control the electric 
motor speed for extension and the valve opening ratio for retraction. Furthermore, a relief valve limits the maximum 
pump pressure is modelled as well. 
To generate co-simulation capabilities, a functional mock-up interface (FMI) is created in AMESim to send and 
receive information between the simulation models that were built using different software. FMI is a standardized 
way of defining a model and its interface in one container. It includes an XML file which contains a description of 
the model, and the model itself is defined in C language, compiled for the target computer. 

The FMI  with eleven inputs and nine output variables is illustrated in Figure 7. The input variables of the FMI are 
generated by AMEsim and are fed to Mevea. The output variables are generated by Mevea and Simulink 
respectively and are fed to AMEsim. Motor_Control, Control_Right and Control_Left are the output variables 
generated by Simulink while the remaining output variables are generated in Mevea. The following section will 
introduce the experimental setup utilized for validation of the proposed co-simulation model. 
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Figure 6: Simcenter AMESim Hydraulic Simulation Model. 
 

Figure 7: Functional Mockup Interface Unit (FMI). “Inputs” refer to the data gathered from Amesim model, 
while “Outputs” refer to the fed into the Amesim model. 

 
3 Experimental Setup and Data Validation 

The experimental setup consists of the original electric reach truck, added sensors, and a data acquisition system. 
Figure 8 shows the photograph of the electric reach truck and the data acquisition system. The control and data 
acquisition schematics of the experimental setup are shown in Figure 9. The sensors added to the system include a 
height encoder, one pressure sensor, and two flow sensors. The height encoder is manufactured by SICK and has a 
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measuring range of 0-10 meters. The pressure sensor is manufactured by Trafag and has a measuring range up to 400 
bar. The flow sensor is manufactured by Kracht and has a measuring range between 0 – 80 L/min each.  

The data acquisition is based on a National Instruments CompactRIO 9045 alongside two NI 9229 C series modules 
with 4 channels each that are capable of simultaneous sampling at a rate of 50 kHz. The data acquisition hardware is 
programmed using LabVIEW software. A LabVIEW Field-Programmable Gateway Arrays (FPGA) module is used 
to take full advantage of the data acquisition module. The height sensor, two flow sensors, joystick control and 
pressure sensor value are recorded using the data acquisition system. The experiment is carried out under no load 
condition and with a sampling rate of 1 kHz. The duty cycle is lifting the forks of the reach truck and returning to 
home position at various velocities.  

 

Figure 8: A) The electric reach truck, B) The data acquisition system 
 

Figure 9: Structure of data acquisition. 
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The data validation is carried out by comparing the measured results with simulation for three different scenarios. 
Maximum, medium and varying velocity scenarios are utilized in this research. The height, flow, pressure, and 
measured joystick control parameters are plotted for each scenario. A positive amplitude in joystick control indicates 
lifting phase, and negative amplitude indicates lowering phase. The simulated and measured results for maximum 
velocity during lifting and lowering are illustrated in Figure 10. The simulated and measured results are well aligned 
for the height and flow. Noticeable oscillation in the pressure value before the lifting phase starts can be observed. 
However, the value stabilizes during the operating cycle. The oscillation at the start is due to the limitations in 
simulation settings which does not allow zero gauge pressure in the cylinder chamber. Overall, the simulation model 
performs well and reacts perfectly with the measured joystick control values.    

 
Figure 10: Measured and simulated results comparison for maximum velocity scenario  

 
The simulated and measured results for medium velocity during lifting and lowering are illustrated in Figure 11. A 
slight deviation towards the end of the lowering phase for the height can be observed. Overall, the simulated and 
measured results are perfectly aligned for the height, flow, and pressure. The relationship between the joystick control 
amplitude and the flow rate is nonlinear and hence accurately tuning the co-simulation model would require plenty of 
data for various joystick control amplitude. Consequently, a slight acceptable deviation is present in the height.  

 

 
Figure 11: Measured and simulated results comparison for medium velocity scenario  

 
The simulated and measured results for varying velocity during lifting and lowering are illustrated in Figure 12. The 
varying velocity is an excellent scenario as presentation of actual operating conditions, the operator will not operate 
the reach truck using constant velocity. Identical to previous tested scenarios, the measured and simulated results are 
aligned to each other for height, flow, and pressure signals. Only a slight deviation that is caused due to the nonlinear 
relationship between the joystick control amplitude and flow rate can be observed in Figure 12.   
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Figure 12: Measured and simulated results comparison for varying velocity scenario 

 
The co-simulation model can hence be used as a tool to generate data for various failure modes by changing parameters 
[5]. The generated data will be used to train a classifier that can differentiate between the type of failure modes with 
the aid of data pre-processing as well as AI algorithms.  
 

4 Conclusion 

On-board intelligent predictive maintenance tool to avoid sudden breakdown of components would increase the 
system reliability and reduce downtime. It is often challenging to anticipate failure modes and to fabricate faults in an 
actual working system to generate valuable data for preset conditions for novel condition monitoring AI-based 
methods. The presented work propose a tool based on  co-simulation multi-physics model for creating a training data 
for novel condition monitoring AI-based methods. Electric reach truck is used as study case. The co-simulation model 
was created by utilizing three software: Mevea Modeler for real-time multi-body dynamics, AMESim for hydraulic 
components and MATLAB/Simulink for electric drive and its control. The model is validated by comparing the 
simulation and experimental data. The simulation results are perfectly aligned for most of the operating cycle and 
hence can be used as a suitable tool for generating training data for AI based condition monitoring.    
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Abbreviations 
AI Artificial Intelligence 

AC Alternating Current 

CAD Computer-Aided Design 

DC Direct Current 

EM Electric motor 

FMI Functional Mock-up Interface 

FPGA Field-Programmable Gate Array 

IM Induction motor 

NN Neural Network 

PLC Programmable Logic Controller 
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SCADA Supervisory Control and Data Acquisition 

XML 

PC 

SC 

Extensible Markup Language 

Primary Cylinder 

Secondary Cylinder 
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In the construction industry, so-called site information systems are responsible for consistent end-to-end data 
utilization by connecting relevant stakeholders, which shall increase productivity and sustainability. This paper 
continues the work on OPC Unified Architecture (OPC UA) data models for mobile machinery and integrates a 
fault management system. The information model comprises two use cases, precisely machine supervision and 
machine maintenance. To demonstrate the functionality of the proposed solution, a Software-in-the-Loop 
Simulation including implemented OPC UA server and clients has been executed. The communication via OPC 
UA meets the identified requirements of the use cases. 

Keywords: machine safety, digitalization, connectivity, OPC UA 
Target audience: Mobile Hydraulics, Construction Industry 

1 Introduction 

An increase in productivity and sustainability on construction sites can be achieved with the help of consistent 
end-to-end data utilization. Therefore, the standardization series ISO 15143 deals with so-called worksite 
information systems [1-3]. A site information system shall connect all relevant stakeholders, e.g. machine 
operators, site managers or machine owners, on a construction site to support control of the finished form of work 
by mobile machinery. ISO 15143-1 [1] introduces therefore six different services with each up to four sub-services, 
which have to be covered by such a site system. 

In a previous paper [4], the author discussed the use of OPC Unified Architecture (OPC UA) regarding the direct 
transfer of telematics data defined in ISO 15143-3 [3] to such a site information system. Telematics data are typi-
cally used for the analysis of machine performance and fleet management related to operation and maintenance. 
ISO 15143-1 [1] summarizes this as the sub-service machine management. Using the industrial communication 
and data modelling standard OPC UA, an extensive middleware approach has been implemented to provide an 
interoperable and scalable interface for the digital construction site. As stated by the OPC Foundation, OPC UA 
is “a platform independent service-oriented architecture that integrates all the functionality of the individual OPC 
Classic specifications into one extensible framework [5].” All related information to OPC UA concerning its meta 
information model, communication patterns and methods, encoding standards, encryption algorithms and so on is 
released in OPC Unified Architecture Specifications [6]. Furthermore, the OPC Foundation publishes in collabo-
ration with various industrial organisations so-called Companion Specifications [7]. Companion Specifications 
(CS) describe information models for specific applications e.g. robotics or rubbery machines. Besides detailed 
explanations in form of text documents, CS are typically specified by Nodeset2.xml files. These include formalized 
description of object-, variable-, method-, event- and reference-types in xml (Extensible Markup Language) 
format. Based on existing companion specifications by the OPC Foundation, an OPC UA information model for 
mobile machinery had been developed in [4]. The information model covers the description of the kinematic tree 
of a construction machine for monitoring mobile machinery during operation. The architecture as proposed in [4], 
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contains an OPC UA Aggregating Server, which collects information of each mobile machine, which implements 
an OPC UA Server respectively. 

Within this paper, the integration of fault detection and diagnosis methods into the developed information models 
and the proposed architecture will be described and tested via Software-in-the-Loop (SiL). The implemented fault-
detection and management system is explained in [8]. The system is based on parity equations with limit checking 
and enables the detection of safety-related valve failures of an excavator test rig. Detailed information about the 
test rig, its validated simulation model and the control strategy is shown in previous publications [9,10]. A basic 
overview of the excavator test rig and the general principle of the fault-detection and management system is 
illustrated in figure 1. 

 

Figure 1: Software-in-the-Loop environment of the test rig at TUD-IMD. 

The test rig consists of a motor-pump-unit, an electronic control unit (ECU), differential cylinders connected to 
boom, arm and fourbar as well as two valve blocks with independent metering systems for controlling the actuators. 
Each block in turn contains two 2/2 bidirectional pilot-operated proportional spool valves (no. 5-6) for velocity 
and pressure control and four 2/2 bidirectional switching poppet valves (no. 1-4) for connecting each cylinder 
chamber with pump or tank line. Additional sensors measure hydraulic and mechanic states, i.e. chamber pressures 
and piston velocities. The ECU implements control algorithms for each axis, the operation mode management, the 
failure insertion algorithm for the test of system faults and the fault detection and management system. The fault 
system consists of three main steps, namely fault detection, fault diagnosis and fault management. For fault 
detection, two parity equations for each actuator calculate the cylinder position based on different measurement 
signals, mainly hydraulic pressures, and control parameters. By comparing the calculated positions with the 
measured ones and limit checking of the residuum, critical valve failures can be detected. A deep diagnosis, which 
means detecting the failed valve or sensor is not the scope of this paper, but it is investigated in the work of Fischer 
[11]. The fault management consists of an error handler, which is triggered by the fault detection and executes 
typically a safe stop afterwards. Beside safe stops, also other state changes are possible, e.g. driving the axis in an 
emergency motion mode. 

The general proceeding of this work is as follows. In section 2, the basic use cases for the integration of fault 
detection and diagnosis methods into a site information system using OPC UA is presented. Afterwards, the 
necessary data flow and interaction between the fault-management system and the site system, respectively the 
OPC UA server, is analysed. Section 3 focuses on the extension of the OPC UA information models for mobile 
machinery, whereas the implementation and SiL-tests are described in section 4. A summary of the presented work 
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and an outlook on future investigations is given in section 5. Due to the use of various standards e.g. of the section 
IT, related terms are described in a glossary at the end of the paper. 

2 Analysis of requirements 
2.1 Use case definition 

For deriving the appropriate use cases, a simple comparison between provided information by a fault management 
system and required information by machine services has to be made. As explained in the introduction, the fault 
management system provides according to [11] following information: 

 Occurrence of a safety-critical valve failure 
 Detection of failure related valves and sensors 
 Failure diagnosis of component 
 Execution of safe stop or different state changes 

By comparing these aspects with the defined services by [1], we can identify the two subservices machine 
management and safety control of the main service machine construction. In order to increase the 
comprehensibility and using general common terms, they are summarized to the two following use cases machine 
supervision and machine maintenance. Machine supervision consists mainly of top-level aspects of machine 
management, e.g. real-time machine health and status, which effect the construction progress immediately and 
respectively the operator. Machine maintenance focuses more on deeper levels, e.g. health and status of sub-
components, dedicated to a connected fleet management and maintenance systems. 

 

Figure 2: Example for entering a safe-state defined in [18]. 

Machine supervision 
Machine supervision shall provide direct information about the status of the mobile machine to the site system 
respectively the operator. [1] gives no further requirements how this supervision has to look like. [2] only names 
exemplarily related information, such as current error codes. In contrast to that, various standards deal with the 
functional safety of machines in general [18] and control units of mobile machines in particular [19]. [18] 
introduces so called safety-related stop functions. These stop functions shall set the machine as quick as possible 
into a safe state. Furthermore, related functions like manual reset, start and resume functions are introduced. These 
functions are downstream and deal with the starting of a machine after malfunction. [19] is more specific and 
explains the state flow for entering a safe-state, compare figure 2. If a valve error is detected, the mobile machine 
is set into a safe state through an emergency stop function or a substitute function. Substitute functions still allow 
a continuous process in case of malfunction. Emergency motion functions enable an emergency motion for the 
operator. [18] states, if the transition into a safe state is automatically applied, there shall be some form of indication 
to the operator. Therefore, the information model has to visualize at least the safe-states of a machine and 
additionally maybe emergency stop functions, substitute functions and emergency motion functions. For the sake 
of completeness, there has to be added, that [19] is now replaced by the standardization series of functional safety 
for earth-moving machinery DIN EN ISO 19014 [20-23]. Unfortunately, this new series does not deal with safety 
states and functions. 
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Displaying machine malfunctions is furthermore often associated with the already mentioned error codes. 
Manufacturer of mobile machinery have usually proprietary definitions. [3] defines two datasets regarding this 
issue, namely Caution Codes (CautionMessages) and Diagnostic Trouble Codes (DiagnosticTroubleCode). 
Caution codes consists of a description of the caution, date and time of the occurrence and a referencing number 
identifier. Diagnostic Trouble Codes are more extensive and include beyond that code severity, ambient air 
temperate and a description of the code source, compare table 1. The concept is adopted from SAEJ1939-73 [24]. 
As a conclusion, the information model has to cover error codes matching the diagnosed hydraulic failures of the 
fault management system. 

Manu-
facturer 

Date and time Diag-
nostic 
code 

identi-
fier 

Caution 
code ref-
erencing 
number 

identifier 

Code 
severity 

Code 
description 

Amb-
ient air 
temper-

ature 

Air temp-
erature unit 
of measure 

De-
scrip-
tion of 
code 

source 

OEMA 2015-05-
19T16:22:20Z 

123.5  Red Filter 
plugged 

  ECU 

OEMA 2015-05-
19T16:22:20Z 

 1234 Yellow Short 
circuit 

27 Celsius  

Table 1: Examples of how codes are reported by the OEM or third party telematics supplier defined in [3]. 

Machine maintenance 
Machine maintenance shall provide information concerning the maintenance of the hydraulic systems to the site 
system respectively the connected fleet management system. Again, [1] does not define further requirements, 
whereas [2] names exemplarily real-time machine heath data, such as out-of-range fluid/charge, engine speed and 
shift parameters. Nevertheless, various publications deal with this topic on different levels of consideration. Table 
2 show briefly the resulting requirements. 

Requirement Description 

Failure List 
List of potential failures for every hydraulic component, such as valves, sensors, 
pressure accumulators, filters, tubing, piping and fastener. 

Condition 
Monitoring Signals 

Reasonable monitoring variables, that means states, flows and parameters for the 
mentioned hydraulic components. 

Maintenance 
Key figures for corrective and preventive maintenance, e.g. time between failures, 
availability and results of maintenance information systems, e.g. reports of repair work. 

Identification Unique identification of all hydraulic components. 

Documentation 
Component related documents and files, e.g. operation manuals, maintenance manuals, 
circuit diagrams. 

Configuration Configuration files of adjustable hydraulic components, e.g. valves. 

Table 2: Requirements of the use case machine management. 

First of all, DIN EN ISO 13849-2 [12] defines in Annex C different detectable failures of spool, shuttle, flow 
control and pressure valves, as well as sensors, pressure accumulators, filters, tubing, piping and fastener. 
Cylinders e.g. are considered as reliable components and hence are not part of the standard. Other publications list 
typical failures of hydraulic components in general [13] or specific for valves [14] based on Failure-Mode-Effect-
and-Criticality-Analysis (FMECA). Therefore, the desired information model shall include failure lists for each 
hydraulic component representing their health status. 
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Industry 4.0 is often associated with keywords like condition monitoring or predictive maintenance. Condition 
monitoring of a hydraulic component means basically the process of monitoring states, flows and parameters. 
These values can be measured directly or calculated in turn. Considering e.g. spool valves, DIN 24311 [15] can be 
used to define reasonable monitoring variables, like load pressure or substitute time constant. The variables have 
no purpose itself, but are used for performing the detection of the mentioned failures or other post-transport 
processes. Predictive Maintenance respectively model based condition monitoring aims to minimize failures of 
machines and equipment and resulting downtimes. Independent from the concrete method, the information model 
has to cover key figures like availability or reliability, e.g. explained in [16]. Next to Condition-Based 
Maintenance, there are many different maintenance policies. Hence, a rough distinction between corrective 
maintenance, which takes place after the occurrence of a failure and preventive maintenance, which takes place 
before the occurrence of a failure, can be made. As consequence, the information model has to cover all key figures 
such as down time (DT) and time between failures (TBF), but also results, like reports of repair work, which are 
created by maintenance information systems, compare [16]. A basic prerequisite for maintenance systems is the 
unique identification of components. There has to be a unique relation between each real component and its digital 
representation. For example [17] deals with this topic in context of operating equipment of automation and process 
industry and can be used as requirement for the information model. 

Finally, OPC UA enables digital data management of all component related documents and files. Even relatively 
simple hydraulic components, like filters, consist of various different documents, e.g. operation manuals, 
maintenance manuals, circuit diagrams, and so on. Furthermore, components like valves offer different adjustment 
options, which can represented by variables or configuration files. Due to high variance of vendors and adjustment 
options, general valid variables can hardly be defined and therefore the information model shall offer the possibility 
of adding vendor-specific configuration files. 

2.2 Software interaction 

In order to fulfil the goal of this paper, i.e. enabling the interaction of a digital twin, in our case a fault-management 
system, with a site information system, an OPC UA server providing all information of a mobile machine. These 
datasets have to be readable and changeable by the OPC UA client of the fault-management system. There are 
basically two paths of interaction, which are related to the steps of the fault system, namely fault detection, fault 
diagnosis and fault management, as can be seen in figure 3. 

 

Figure 3:Required interactions of mobile machinery server and fault program. 
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In case of error detection, the fault management has to inform the OPC UA server regarding subsequent actions, 
such as emergency stops. The server has to collect this information, represent the health status of the machine and 
generate automatically corresponding error codes. Furthermore, the failure diagnosis has to share the diagnosis 
data of the hydraulic components with the server. In case of a failure, the server must generate error codes for the 
telematics data interface, conforming to [3]. 

3 Information model extension 
3.1 SafetyStates and DeviceHealthDiagnosticAlarms 

For machine supervision a  based on the  of the OPC UA Companion 
Specification for robotics [24] has been introduced. Figure 4 shows exemplarily a child of 

 called , which is exemplarily designed for the test rig. 

 

Figure 4:OPC-UA types for HydraulicSafetyState. 

The  includes as the  a  object for emergency stop 
functions and a parameter set, which shows whether such a function is active. The  object for protective 
stops, which is specific for robotics and stationary machines, compare [25], is replaced by such objects for 
substitute and emergency motion functions. Furthermore, the mentioned functions generate now so-called alarms. 
Alarms extend the OPC UA base type event and are described in detail in the OPC Unified Architecture Part 9: 
Alarms & Conditions [26]. They are quite complex, and therefore explained as shortly as possible. Alarms use 
state machines describing their states, e.g. enabled or disabled, active or inactive. Alarms are basically 
acknowledgeable conditions, which means they always maintain a state, but entering a state requires a client to 
acknowledge this state. Furthermore, they can be suppressed and shelved to avoid a huge amount of alarms in case 
of the occurrence of critical errors. Such operations, e.g. acknowledgement or suppression, have to be done by 
method calls. 
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The OPC UA core specifications for devices [27] introduces four different alarm types 
( ) for indicating abnormal device conditions together with diagnostic information 
text, namely , ,  and 

. They all have a similar variables respectively properties, compare table 3. 

Property Explanation 

ActiveState Boolean value for the active state of the alarm condition 

AckedState Boolean value whether the user has acknowledged the alarm condition 

Comment  Latest comment of the user, when acknowledgement or confirmation is done 

ConditionName Name of the  

ConfirmedState Boolean value whether the error has been solved 

EnabledState Boolean value whether the alarm is enabled 

Severity Severity of the alarm from 1 to 1000 

SourceName Name of the node, who caused the active state of the alarm 

Time Time, when alarm was set to active 

Table 3: Relevant properties of DeviceHealthDiagnosticAlarms. 

These properties cover almost all requirements of [3]. For including the recommended ambient air temperature 
and an external identifier, the mentioned four alarm types have been extended. All alarms of a machine shall be 
visible condition nodes in the telematics data interface (  of the in [4] developed 

. 

3.2 HydraulicSystems 

 

Figure 5:HydraulicSystemType. 
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For the use case machine maintenance, which basically means integrating the information of hydraulic components 
into the existing mobile machinery information model following adaptions have been made. On top level, the 

 is expanded by a  object for hydraulic circuits, called compare 
figure 5. This folder shall include objects of the , which describe all hydraulic circuits, e.g. 
working attachment, steering or cooling, of a mobile machine. The structure is similar to the , 
which describes the working attachment of a mobile machine. In concrete terms, this means the 

 consists of  objects for all relevant kinds of hydraulic components, such as 
actuators, valves, pumps and sensors. Furthermore, additional components, e.g. filters or pressure accumulators, 
can be added as desired. 

Companion specifications regarding hydraulic components were not available during the preparation of this paper. 
Additionally the most important German joint working partner of the OPC Foundation, the VDMA, does not host 
any working groups in the field of hydraulics, compare [28]. On exception is a draft version of a companion 
specification for pumps and vacuum pumps [29]. The main  of the proposed , 
namely Events, Configuration, Documentation, Identification, Maintenance, Operational and Ports match very 
well with the in section 2.1 (table 1) identified requirements. As the focus of the fault management system is on 
the detection of valve errors, only the developed  will be explained in the following due to the limited 
framework of this paper. Further object types for different hydraulic components, e.g. actuators or sensors are not 
part of this publication, whereby the structure of the  respectively the  is well transferable 
to various different hydraulic components. The , whereby the structure from  has been 
adopted, consists of different , which are listed in the following. 

ConfigurationGroupType 
The  provides static manufacturer information about a valve and its requirements 
concerning the process environment. It includes one object each of ,  and 

, similar to [29]. The  in turn consists of numerous variables regarding 
design properties, such as burst or proof pressure, valve class, type of valve actuation, and also  objects 
regarding step response or flow-pressure characteristic. The  describes the preconfiguration 
of the valve and contains properties for installation, cavity and used tool, as well as seal kits. Finally, the 

 includes static variable for the process of the valve, like permissible fluids, operating 
or pilot pressure. All variables and properties are derived as mentioned in section 2.1 from valve norms and data 
sheets of the at the test rig equipped valves [30-32]. 

DocumentationType 
[29] introduces the  for providing  objects for numerous documents and variables 
for links to documents that are used for maintenance operations of a pump. This  is due to 
the complexity of (vacuum) pumps quite extensive and therefore reduced to valve-relevant documents, e.g. 
maintenance and operating manual or maintenance service records. 

MaintenanceGroupType 
The  of the  consists of  for general maintenance and 
specific maintenance strategies, e.g. condition based maintenance and preventive maintenance. The four proposed 
object types, namely , , 

 and  are quite extensive. In fact, they are not only valid for pumps, but also 
for any hydraulic component. Together with the  (  objects concerning maintenance 
service records) they cover all requirements regarding maintenance identified in section 2.1 and that is why the 

 is completely adopted. 

OperationalGroupType 
The  shall provide process data during normal valve operation, such as measurements, 
signals and actuation. Again, the  , as proposed in [29], is very extensive due to the 
complexity of a pump. The  can be reduced to three main types, precisely , 
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 and . Due to the wide variation of possible control parameters and useful 
measuring variables, these types are , whereby each manufacturer can define these variables for 
themselves. The  includes common physical flow and state variables, such as flow, valve position or 
fluid temperature. 

SupervisionType 
The  contains collections of variables concerning monitoring the health of a valve. [29] suggests 
7 different fields to be taken into account, namely electronics, hardware, mechanics, process fluid, pump operation, 
software and auxiliary devices. As the considerations regarding possible failures in the field of electronics, process 
fluids, software, hardware and auxiliary devices are general valid, the proposed 

, , ,  and 
 have been adopted with only minor changes. The variables of 

 and  are replaced by the failures identified in the already 
mentioned publications [12-14], such as splinters or low supply pressure. The boolean variables representing the 
presence of a valve failure shall generate as recommended and conforming to section 3.1 

, whereby the conditions have to be visible nodes in the telematics data interface of the 
. Furthermore, a  object for the supervision of sensors has been added, because many 

valves already consist of integrated sensors, which have to be monitored as well. 

ValveIdentificationType 
The  shall provide capabilities for unique identification of a valve, as well as having 
access to vendor defined information. Therefore, this object type is a valve specific subtype of the general valid 

 of the OPCUA companion specification for machinery [33]. It includes two AddIns 
 and , which are subtypes of the general valid 

 and . . 

 

 

Figure 6:Hydraulic circuit focused on the boom cylinder at the test rig. 
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PortsGroupType 
[29] intended the  as a collection of objects for the representation of pump ports, such as the inlet, 
outlet, and drive.  in turn consist of objects of the already mentioned , 

 and . As this information has already been included into the 
, the  is reduced to the three properties category, direction and identifier (ID). 

Instead, a new symmetric reference  has been introduced. This reference aims to connect the ports of the 
hydraulic components to display the hydraulic circuit diagram. The procedure is adopted from the previous 
publication [4] concerning the kinematic chain of a working attachment and transferred to the hydraulic field. As 
a hydraulic connection is always bidirectional, the  reference is symmetric in contrast to the asymmetric 
mechanic  reference. Figure 6 shows exemplarily the hydraulic chain for the boom cylinder of the test rig, 
compare figure 1. The inlet and outlet ports of the equipped valves are connected to the ports A and B of the boom 
cylinder. Due to clarity, further hydraulic components like pressure or valve position sensors and the pump have 
been neglected. 

4 Implementation and tests 
4.1 Software-in-the-Loop environment 

 

Figure 7:Expanded Software-in-the-Loop environment at the research centre. 

As mentioned in the instruction, a Software-in-the-Loop Environment for testing fault detection algorithms had 
already been established at the research centre [10]. The hydraulic system, precisely the independent metering 
section, the work equipment and the inputs are modelled by using the system simulation software SimulationX. 
Control algorithms and fault management is programmed in the development environment CODESYS. The 
communication between SimulationX and CODESYS is already based on OPC UA, whereby CODESYS hosts an 
OPC UA server and SimulationX an OPC UA client. The communication step time is 10ms, which represents the 
cycle time of the real control unit. This setup is expanded by the communication with the mobile machinery OPC 
UA server. As the used CODESYS version 3.5SP8 does not offer OPC UA clients, the desired information has to 
be requested by SimulationX and then send to mobile machinery OPC UA server by an additional OPC UA client. 
This causes a delay of 10ms, which should not be problematic, as the information is only dedicated for visualizing 
respectively vertical integration. Use cases regarding horizontal integration require a direct communication 
between the server and the control unit. Concerning the communication step time, also 10ms have been chosen for 
representing the discrete cycle time of the ECU. For demonstrating the interaction with user respectively, site 
information system a GUI with a further OPC UA client is communicating with the mobile machinery server. The 
communication step time is again set to 10ms. Due to the fact, that there is only one mobile machine, the use of 
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an OPC UA aggregating server was omitted and server and clients communicate directly. The resulting Software-
in-the-Loop environment is shown in figure 7. SimulationX, CODESYS and the GUI-client are running on a 
desktop computer with Windows 10 as operating system, whereas the mobile machinery server is running on a 
separate industrial computer, dedicated to the use on a real excavator. 

4.2 Software implementations 

Mobile machinery server 
The procedure to implement an OPC-UA server as established in [4], has been continued in this paper. This means 
on top level, open62541, a C-based open source software implementation, is used. Furthermore, the information 
models are created in accordance with the OPC UA nodeset xml schema, which can be compiled to .c and .h files 
by the so-called nodeset-compiler of open62541. The  of the Equipment NodeSet2.xml file is 
enhanced by  objects regarding safety states, controllers and hydraulic systems, compare figure 7. The 
RoboticExtension NodeSet2.xml file is extended by subtypes concerning safety states, compare figure 6. A new 
DIExtension NodeSet2.xml file is generated concerning the subtypes of the . 
Furthermore, two new NodeSet2.xml files were created, which contain the  and all 
described object types regarding a hydraulic system. The server was compiled for Ubuntu 20.04, which is the 
operating system of the industrial computer. 

GUI client 
For demonstrating the two use cases machine supervision and maintenance, an OPC UA Client with Graphical 
User Interface (GUI) was developed. The framework of this project is a windows forms-app in c#. The client 
functions are integrated as a dynamic link library (DLL), which is built with the already mentioned open62541. 
The GUI is designed as typical fleet management programs. Therefore, it includes several subpages regarding 
machine information, telematics, monitoring and status data, compare figure 8. Machine information contains 
static information concerning the mobile machinery, such as machine type, serial number and manufacturer. Status 
data includes all alarms generated by the mobile machine and an overview of all existing alarms. Monitoring data 
shows the health of the hydraulic devices as well as an overview of the safety states and the related emergency 
functions. Telematics data visualizes the data provided by the interface . 

4.3 Functional tests 
For demonstrating the functionality of the proposed solution, a SiL simulation with a safety critical fault was 
performed. The scenario is adopted from [8] and describes a typical excavator working cycle consisting of a lifting 
and lowering movement of the boom, whereby the safety critical fault (a fully open valve no. 6, normal mode) 
occurs during the lowering movement. The fault system in CODESYS detects the valve error 280ms after 
occurrence of the malfunction and performs a safe stop afterwards. Thereby, the corresponding boolean variables 
of the CODESYS-server are set to true. SimulationX in turn maps these variables on the mobile machinery server, 
which generates automatically the alarms by callbacks. Due to the fact, that the fault diagnosis of [11] was pre-
implemented during the preparation of this paper, a deep diagnosis could not be reached and only the general 
variable MechanicalFault of the responsible valve is changed by the fault management. Figure 8 shows the so 
generated alarms and the overview of the machine status after malfunction presented in the GUI-client. 

The OPC UA communication time concerning variables between server and client after failure amounts 10ms, 
which corresponds to one additional OPC UA communication time step. In case of accessing these nodes via an 
OPC UA Client (GUI or SimulationX) the delay adds up to 20ms. Furthermore, variable updates and event 
generations are made in the same server cycle step. This means the GUI-client presents all alarms and related 
variables already 300ms after malfunction. It has to be noticed, that these time values are referred to the simulation 
time of the system model in SimulationX, which is running quite slower than the real system time. Due to that and 
the simple communication (two one bit boolean variables in case of an error), the results are as expected. Published 
OPC UA performance evaluations [34, 35] match quite well with the results. As the use case concentrates on data 
visualization (cycle time approx. 10-100ms), a simple server/client communication is sufficient. 
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Figure 8:GUI fleet management after detection of critical valve error. 

5 Summary and Conclusion 
This paper continues the work of [4] about the development of OPC UA information models for mobile machinery. 
Integrating an existing fault management system into the approach was investigated as an example for combining 
OPC UA with a digital twin on machine level. Two use cases, namely machine supervision and maintenance along 
with requirements were derived as a basis for this integration. The information model was adopted afterwards by 
expansions of the existing NodeSet2.xml files and the creation of new files regarding hydraulic systems and 
components. For visualizing the information model and enabling user interactions, an OPC UA Client with GUI 
had been developed and integrated together with the mobile machinery server into the existing SiL environment 
at the research centre. For demonstrating the functionality of the proposed solution, a SiL simulation with a safety 
critical fault was performed. It could be shown, that within the limitations of the SiL environment and with respect 
to requirements of the use case, the communication via OPC UA is running sufficient. Furthermore, within this 
and the previous publication, it could be demonstrated, that OPC UA is well suited for the vertical integration of 
mobile machinery into a digital construction site. Future activities should therefor focus on horizontal use cases, 
such as the automated operation of mobile machines. There are still various unsolved issues concerning e.g. the 
safety and reliability of transmission paths, guaranteeing real-time communication, which have to be investigated. 
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Glossary 

Term Acronym Description 

Callback  A Callback is a function, which is passed to 
respectively called by another function as an 
argument.  

Controller Development System CODESYS CODESYS is a development environment for 
Electronic Control Units. 

Companion Specification CS Companion Specifications describe OPC UA 
information models for specific applications e.g. 
robotics or rubbery machines. 

Dynamic Link Library DLL DLL is a Microsoft specific implementation of the 
shared library concept. 

Down Time DT DT is the time period a system is unavailable. 

Electronic Control Unit ECU ECU is an embedded system in mobile 
applications. 

Extensible Markup Language XML XML is a textual data format comparable to the 
better known markup language hypertext markup 
language (HTML). 

Failure Mode, Effects and 
Criticality Analysis 

FMECA FMECA is an analytical method for identifying 
potential failure modes in a system, their causes, 
effects and criticality. 

Graphical User Interface GUI A GUI enables user interaction with software 
programs through graphical icons  

Middleware  Middleware is a software (-layer), which enables 
the communication and data management in 
distributed applications. 
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Open Platforms Communications 
Unified Architecture 

OPC UA OPC UA is an industrial communication and data 
modelling standard. 

Site Information System  A Site Information processes all relevant 
information at a construction site. Further 
information in [1] and [2]. 

Software-in-the-Loop SiL SiL describes a test methodology for embedded 
systems. 

Telematics Data  Telematics Data is a data set of an earth moving 
machinery defined in [3] and typically provided on 
the Internet, at a known Uniform Resource 
Location (URL). 

Time Between Failures TBF TBF describes the time between the failures of a 
system. 
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In fluid power systems, the fluid conditions directly influence the proper system operation in terms of efficiency 
and reliability. Indeed, the unavoidable fluid degradation causes drops in machine efficiency and reliability up to 
system breakdown. Therefore, fluid conditions can be exploited as an indicator of the system health state in order 
to perform predictive maintenance, increasing system efficiency, reliability and sustainability. The real-time 
fluid monitoring becomes an essential task. For this purpose, a novel methodology based on fluid vapor analysis 
through nanostructured metal oxide gas sensors has been developed. This methodology combined with thick-
film technology for sensors’ realization offers the perfect solution to develop a real-time and online fluid sensor. 

Keywords: Hydraulic fluids, environmentally friendly fluids, nanostructured gas sensors, fluid condition 
monitoring, predictive maintenance 
Target audience: Fluids and eco-fluids, Sensors and predictive maintenance, Sustainability assessment  

1 Introduction 

The hydraulic fluid, in a fluid power system, is generally an oil derived from a mineral source with a set of 
specific additives [1] added to improve its performances and selected according to final application. However, in 
recent years, the growing attention to the environment protection led to the introduction of eco-friendly 
biodegradable and nontoxic fluids based on a variety of chemistries, in particular for mobile equipment operating 
in environmentally sensitive areas. 

The fluid is responsible for the lubrication and power transmission, therefore for the correct running of the 
system [2]. The principal reason of fluid failure is the unavoidable degradation caused by high operational 
temperature, friction (mechanical stress), contamination by particles, and the presence of water [2]. The 
consequence is drop in machine efficiency and reliability up to system breakdown. At the same time, the fluid 
condition can be considered as an indicator of the system health state and its real-time monitoring can allow to 
perform the predictive maintenance, in order to optimize the system operation [3]. 

The fluid condition monitoring is awkward, due to the nature of hydraulic fluid: it is a system described by 
several chemical-physical properties [2] (acid grade, oxidation level, additives concentration, density, viscosity, 
dielectric constant, etc.), which change with the fluid use [4]. Currently, the fluid analysis is performed on 
dedicated laboratory by using conventional and standardized methods and instrumentation, and the state of a 
hydraulic fluid is described by a set of specific parameters [5]. 

Starting from the empirical observations of the fluid odor change (it becomes sour and putrid) with ageing, the 
linchpin of our new methodology is the monitoring of fluid state through the monitoring of the concentrations of 
analytes in its headspace by using semiconductor metal oxides (shortened: MOX) gas sensors [6]. Our final aim 
is to realize a new low-cost, small size, easy-to-use, and online device for the fluid state monitoring. Until now, 
this device is not present in the market and this topic is not covered by the literature.  
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Metal oxide (shortened: MOX) semiconductors are materials with plenty of uses due to their optical, conductive, 
and chemoresistive properties strongly dependent on defect composition and material morphology [7,8]. The 
metal oxides (such as SnO2, TiO2, In2O3, WO3, ZnO, LaFeO3, etc.) belong to the class of wide-gap 
semiconductor oxides and they have the peculiarity of modifying the electrical resistance (or conductance) when 
their surface interacts with reducing or oxidizing gases (chemoresistivity) [9]. They are certainly the most 
convenient materials for realizing devices able to detect a gaseous compound with optimal characteristics of 
sensitivity, selectivity and electrical stability in real working conditions. Moreover, the use of thick film 
technology to prepare the MOX gas sensors ensures low cost, small size, easy use, and versatility of the final 
sensor based device [10]. 

In a previous work [6], a correlation between a specific hydraulic oil (JOHN DEERE–HY-GARD JDM J20C) 
aging and the composition of its vapors was established. Furthermore the possibility of monitoring the hydraulic 
oil ageing by using MOX gas sensors was successfully demonstrated for the selected mineral oil.  

For this work a broad investigation has been performed with the aim of validating the methodology by: 

 studying other kinds of hydraulic fluids (biological, mineral and synthetic based), 

 using different ageing methods of the fluids, 

 doing additional characterizations of the oil aged samples, and 

 testing new sensors based on different oxides.   

In the following we report, as example, the characterizations for one of the studied hydraulic fluids: ENI OTE 
32. 

It resulted that sensors based on (Ti,Sn) solid solutions, with high nominal content of Ti, for all tested fluids, 
offered the best responses toward the fluid headspace analytes with lower response and recovery times. 
Furthermore, for the same fluid different sensors responses were observed for different ageing methods. 

2 Materials and Methods 

2.1 Hydraulic fluids and ageing methods 

Many hydraulic fluids, with different base (mineral, synthetic and biological) from different supplier (Total, 
Panolin, ENI, etc.) and with different viscosity index (ISO VG 32, ISO VG 46) were selected, then aged in 
controlled conditions or sampled directly from the real systems. 

Two different methods were used to artificially age the fresh fluids in controlled conditions:  

 By using a hydraulic test bench (see Figure 1a), specifically realized to perform a continuous and rapid 
fluid ageing, at fixed temperature and pressure and excluding contamination by external agents. It is 
mainly composed by: a pump driven by an electric motor, a throttle valve, an oil cooler and an electric 
fan drive, a 30 L reservoir, a fluid level sensor, a temperature sensor and an electronic control unit. The 
electronic control provides the heat exchanger switching on/off to maintain the fluid temperature at 
about 90 °C. In this case, the fluid is stressed and heated by the pump operation and the throttling of the 
relief valve. In reference [6] is reported the schematic layout (according to ISO 1219 standard) and a 
more detailed description of the test bench.  

 By using the method and instrument (see Figure 1b) described in ASTM D 2272-14a, that utilizes an 
oxygen-pressured vessel to evaluate the oxidation stability of new and in-service turbine oils having the 
same composition (base stock and additives) in presence of water and of a copper catalyst coil at 150 
°C.  
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The total ageing performed with the test bench was fixed at 2000 hours and the fluid sampling was every 100 
hours of working by using the automatic sampler system of the test bench. By using the ASTM D 2272-14a, 2 or 
4 samples were collected depending on the total time that the fluid withstand the test. The first sample 
corresponds to the fluid after the completion of the test (that corresponds to the time for which the pressure drops 
more than a fixed value) and the others were after half, a quarter and three quarters of the maximum time. The 
samples taken from real applications depended on the factories availability. 

 

Figure 1: Images of the (a) hydraulic test bench realized to age the fluids and of the (b) instrument used for 
performing the ageing with method described in ASTM D 2272-14a. 

All the collected samples were characterized with chemical-physical conventional analysis such as the 
measurements of viscosity and total acid number (T.A.N.), the recording of FT-IR spectra, to check the state of 
the fluids before studying their headspaces with a dedicated laboratory MOX sensor system described in the 
section 2.2. 

2.2 MOX gas sensors and laboratory sensors system 

A wide set of MOX gas sensors, suitable to detect the analytes concentrations in the fluid headspace, was 
prepared starting from different functional materials (SnO2, TiO2, WO3, ZnO with different morphology, 
LaFeO3, (Ti,Sn) and (W-Sn) solid solutions). They were synthesized in form of nanopowders through wet 
chemistry methods following the procedures described in [6]. The morphology and the crystalline structure of 
the powders were analyzed by X-Ray diffraction and SEM microscopy in order to verify the obtaining of 
nanopowders with a single phase with a homogenous distribution in grain size. Afterwards, to prepare the thick 
films for the gas sensing measurements, the functional materials were added to an organic vehicle together with 
a small amount of glass frit, then they were deposited on alumina substrates with interdigitated Au contacts and 
heating element and fired at 650 °C for 1 h in a muffle furnace. A more detailed description about the thick film 
technology is reported in [11]. 

The MOX sensors are the core of the monitoring unit of the laboratory sensors system (see Figure 2). The 
sensors, up to three units, are lodged in a sealed chamber equipped with a temperature sensor and a humidity 
sensor. To manage and record the electrical signals of the sensors with a LabVIEW software, the monitoring unit 
is completed by an electronic circuitry for each sensor, the main electronic control unit, and the firmware. The 
laboratory system is provided with a pneumatic circuit managed by mass flow controls and gas taps to collect the 
fluid vapor from Drechsel bottles (volume of 250 mL) and carry it through the sensor unit. The minimum fluid 
volume in the Drechsel bottle necessary to obtain the best sensors responses by using the present system 
correspond to 1 mL. 

The electrical measurements were carried out by using the flow-through technique maintaining a flow rate of 0.5 
L/min using pre-filtered ambient air as the carrier gas at room temperature. The sensing films’ dynamical 
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responses toward the mixture of air and volatile compounds in the fluid headspace were obtained at the best 
working temperatures for each sensor (previously determined). The sensors dynamical responses in the presence 
of the fluid headspace were calculated as the ratio between the conductance in the presence of the volatile 
compound mixture (GFLUID) and the conductance in air (GAIR).  

 

Figure 2: Image of the laboratory sensors system (laptop, MOX sensors unit, Drechsel bottles, mass flow 
controllers, pump and active carbon filter) and of a MOX sensor in the inset. 

3 Results and discussion 

In this section, we report and discuss the characterizations for one of the studied hydraulic fluids: ENI OTE 32, a 
lubricant mineral based specially developed for the use in steam and gas turbine applications. In the case of the 
present oil, 4 samples were taken into account. The names and the properties of the samples are summarized in 
Table 1. 

Sample name Description  
Kinematic 
viscosity [cSt]  

T.A.N. [mg KOH/g] 

A fresh oil 32.70 0.053 
B oil from a real application 30.41 0.314 

C 
oil completely aged by using 
the method described in 
ASTM D 2272-14a 

31.97 4.87 

D 

oil aged for a half maximum 
time by using the method 
described in ASTM D 2272-
14a 

30.68 0.54 

Table 1: Names and properties of ENI OTE 32 studied samples. 
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The increasing or decreasing of the kinematic viscosity and of the acidity with ageing depends on the specific 
fluid. Regarding the ENI OTE 32 samples, it can be observed (Table 1) a decreasing of the kinematic viscosity 
with ageing with respect to that of fresh oil. In particular, sample C, corresponding to oil completely aged with 
ASTM D 2272-14a method, shows a kinematic viscosity smaller than that of fresh oil but higher than those of 
the aged samples B and D. On the contrary, the acidity increases with ageing growing up to two orders of 
magnitude for sample C.  

Concerning the MOX sensors selection, those based on the (Ti,Sn) solid solutions, with high nominal Ti content, 
offered the best responses toward the fluid headspace analytes for all tested fluids. To perform the fluid 
headspace characterizations three of them have been chosen and named Sens 1, Sens 2 and Sens 3 in the 
following. In the Figure 3, a series of four dynamical responses of the three selected sensors towards the A 
samples headspace is shown. 

 

Figure 3: Series of four dynamical responses of three selected sensors (Sens 1, Sens 2 and Sens 3) towards the A 
samples headspace. 

In Figure 4, are reported the sensors responses toward the fluid headspaces of samples A, B, C, and D. For each 
sensor, the responses showed different values and different shapes for different samples. The responses for 
sample B are lower than those of sample A, suggesting a reduction in volatile compounds concentration with 
ageing. On the contrary, the responses for samples C and D are higher than those of sample A, suggesting an 
increase in volatile compounds types and concentrations with ageing. In particular, the highest responses (about 
three times higher than those of sample A) correspond to the oil completely aged with ASTM D 2272-14a 
method.  

The present result demonstrates that different sensors responses correspond to different ageing conditions, then 
the possibility to distinguish the fluid conditions with MOX sensors. 

0

1

2

3

4

5

6

0 100 200 300 400

Sens 2
Sens 3
Sens 1

Time (min)

G
FL

UI
D/G

AI
R

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

477



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

Figure 4: Dynamical responses of the three selected sensors (Sens 1, Sens 2 and Sens 3) towards the A, B, C, D 
samples headspaces. 

4 Summary and Conclusion 

In this work, a broad investigation has been performed with the aim of validating the new methodology 
previously proposed for the monitoring of fluid state through the monitoring of the concentrations of analytes in 
its headspace by using MOX gas sensors in order to realize a new low-cost, small size, easy-to-use, and online 
device for fluid conditions monitoring.  

It resulted that sensors based on (Ti,Sn) solid solutions, with high nominal content of Ti, for all tested fluids, 
offered the best responses toward the fluid headspace analytes with lower response and recovery times. This 
result is relevant because by using the same sensor device, the monitoring of different fluids becomes possible 
by simply calibrating the sensor. 

Furthermore, for the same fluid different sensors responses were observed for different ageing conditions 
confirming the possibility to well distinguish the samples as well as their ageing process. 

The main future perspective consists in the development of a prototype to be implemented in the fluid power 
systems.  
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The paper proposes a camera-based end-to-end automatic walking system for construction machinery working in 
specific scenarios. The system uses binocular cameras to obtain environmental information, detects binocular 
targets in images, estimates the distances between objects and cameras, and predicts real-time control signals of 
construction machinery. The recognition ranging model can quickly detect objects, accurately ranging objects 
within 5m, which meets the needs of construction machinery working; the control model combines recognition 
ranging results, images features and the control signals of previous stage, the automatic walking test of electric 
crawler excavator in specific scenarios proves that the model can control machinery to smoothly and safely 
complete the walking task. 

Keywords: Construction machinery, unmanned driving, end-to-end, binocular detection, ranging 
Target audience: Mobile Hydraulics, Smart Heavy Duty 

1 Introduction 

As the important part of the equipment industry, Construction machinery has been widely used in industrial 
construction, and it also plays an irreplaceable role in earthquake, debris flow and other disaster relief work 
simultaneously. Traditional construction machinery uses fuel as its power source, which suffers from problems 
such as high pollutant emissions, high noise and low efficiency [1], the development of hybrid power and hydraulic 
energy saving technologies in the past two decades has greatly improved the efficiency of construction machinery. 
While solving the above-mentioned problems, the research of electric construction machinery also facilitates the 
application of various sensors and computing equipment in construction machinery [2]. With the gradual 
popularization of electric construction machinery, intelligence has become the new development trend of 
construction machinery.  Unmanned driving technology provides perception, analysis, reasoning, decision-making 
and control functions for construction machinery, which is completely controlled by unmanned driving system 
without operator's intervention on all kinds of roads and environments during working. 

The U.S.’s National Highway Traffic Safety Administration (NHTSA) divides autonomous driving into five 
levels: no driving automation, driver assistance, partial driving automation, conditional driving automation and 
full driving automation. Society of Automotive Engineers (SAE) divides the fifth level into highly driving 
automation and full driving automation. Highly driving automation means that the automatic driving system can 
complete all driving tasks in specific environments, and full automation can apply to all environments. The 
working environment of construction machinery is harsh, which often accompanied by vibration, high temperature 
and dust, where operators face extremely high risks in their work; some construction machinery working processes 
have high repetitiveness, and the tasks such as loading, unloading and transportation in mines or ports only need 
to repeat the same actions in a fixed area. The realization of highly driving automation and full driving automation 
of construction machinery can effectively reduce the risk during construction machinery working and save labor 
costs. At present, the main advances of unmanned driving technology are concentrated in passenger vehicle. Some 
companies and universities such as Tesla, Huawei, Google, Baidu, Carnegie Mellon University, Tsinghua 
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University have developed autonomous vehicles and successfully completed the task of driving on urban structured 
roads on various weather conditions such as hazy and rain. Construction machinery automation research includes 
two directions: automatic operation and unmanned driving, and the intelligent construction machinery system 
framework proposed by Kim of the Korean Institute of Architecture and Technology and Jeffrey of the University 
of Wisconsin in the U.S. divides intelligent construction into three parts: task identification and planning, resource 
positioning, and execution. The execution part completes automatic operations and autonomous driving tasks 
through motion models and trajectory planning after integrating resource distribution data, positioning data and 
environmental data. The framework involves multiple disciplines and multiple systems, requires high performance 
for system hardware and software [3]. Caterpillar has developed and put into use automatic bulldozers and 
automatic underground scrapers for mines. These products take full use of the characteristics of high controllability 
and fixed driving routes in mines, which reduce the difficulty of construction machinery work by curing the 
operation scenes [4]. The remote-control multi-machine coordination system proposed by Atlas Copco Rock Drills 
AB of Sweden observes position and status parameters of construction machinery such as excavators, loaders, 
forklifts and cranes in real time, which improves the operator’s safety, but the construction machinery is not well 
coordinated during working with low efficiency, as a result it has not been promoted on a large scale [5]. The 
Australian Robot Center has studied a trajectory planning and control algorithm for automatic working, and the 
test on Komatsu mini excavator has proved that the trajectory accuracy can be controlled within 20cm [6]. The 
Kom Vision system developed by Komatsu and NVIDIA uses AI technology to integrate and analyze the visual 
information of machinery and drone, and formulates construction plan after obtaining a three-dimensional map of 
the construction site. The system combining the machinery perspective and overall operating environment 
information can greatly improve the accuracy of environmental perception and provide efficient assistance for 
construction machinery, and it has been tested in more than 4,000 operation sites [7]. The University of Michigan 
uses deep-learning methods to predict and reconstruct the three-dimensional pose of the excavator, but the three-
dimensional pose estimation process relies too much on two-dimensional pose estimation, which cumulates too 
much errors, and huge amounts of neural network parameters are easy to cause a larger delay [8]. The Korean 
University of Education uses 3D laser scanner to establish global model of the construction site, and update the 
working terrain during construction machinery working through building local model with lidar, but due to the 
installation height of lidar, the environmental model's range is limited in 8 meters, and the model will be greatly 
affected if there are high obstructions in working scene [9]. In response to the accuracy problems in the automatic 
operation of construction machinery, Li Yong from Zhejiang University uses adaptive echo state network to fit the 
unknown function of system on the basis of combining neural network, adaptive control and terminal synovial 
control, so that the control model does not depend on system model's parameters [10]. 

Compared with urban environment, the construction machinery working scenes are more special, which roads are 
usually unstructured and without obvious boundaries and signs. It is difficult to define characteristics of driving 
scenes. In addition, because of the difference of control systems of vehicle and construction machinery, the control 
strategies of the two machineries are completely different.  

The paper proposes a camera-based end-to-end automatic walking system for construction machinery. The system 
consists of two parts: the binocular recognition ranging model to obtain environmental information with a 
horizontally fixed binocular cameras, detect binocular targets in images and estimate the distances between objects 
and cameras; the control model combining recognition ranging results, images features and the control signals of 
previous stage to predict the instantaneous control signals of construction machinery to complete driving tasks. 
The system can quickly detect objects, accurately ranging objects within 5m, which meets the needs of construction 
machinery working. By building autonomous driving electric crawler excavator with NVIDIA Jetson TX2 and 
testing in specific scenarios, the system can control vehicle to complete the walking task smoothly and safely, 
which lays the foundation for multi-angle cameras intelligent construction machinery. 

2 Automatic walking control algorithm based on end-to-end 
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Similar to passenger vehicles, intelligent construction machinery builds sensor platforms, computing platforms 
and control platforms for sensing, predictive decision-making and control. The sensor platform selects and 
combines cameras, infrared cameras, millimeter-wave (MMW) radar, lidar and positioning systems according to 
the characteristics of the operation scene; the computing platform integrates the environmental information 
obtained by the sensor platform and makes decisions during working, and then generates specific control signals 
during working [11]; the control platform usually relies on the existing machinery's control system.  

Decision-making is the core of automatic construction machinery, which determines the operating logic of the 
entire intelligent system. The traditional rule-based decision-making scheme relies on the behaviors rule library 
established by traffic laws and kinematic algorithm to control construction machinery, which is easy to tackle 
complex function combinations with good modularity and scalability. However, because the system lacks the depth 
of scene traversal, it is easy to ignore subtle environmental changes, and the gray area of state division is difficult 
to handle, which easily leads to decision-making errors [12]. With the development of AI technology in recent 
years, using machine learning to make decisions has become a new trend. The end-to-end decision-making method 
relies on deep learning to establish a direct mapping from environmental information to control [13], which 
simplifies the multi-step and multi-module task to a single model, but the method cannot satisfy the decision-
making’s need in complex operating environment. Reinforcement learning does not calculate the control 
information directly, the method turns decision-making into states transition problem with describing the working 
process as four elements: states, action, reward function and policy, reward function is used to modify action 
choices and strategies [14]. 

Referring to the end-to-end decision-making method, the paper proposes a binocular recognition ranging control 
system based on the YOLOv5 network structure. By improving the network structure, optimizing the candidate 
target screening method and designing the loss function, the system can estimate the distance of targets in binocular 
image and predict the real-time walking control signal of construction machinery. Figure 1 is the schematic 
diagram of end-to-end control based on neural network.  
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Figure 1: End-to-end control based on neural network. 

2.1 YOLOv5 overview 

YOLOv5 is an improved version proposed by Ultralytics LLC on the basis of YOLOv4, and it is the most superior 
one-stage detection network currently [15].  

The YOLOv5 network consists of two parts: Backbone and Head. The Backbone part is composed of CONV, 
Focus, Bottleneck CSP and SPP modules. CONV is the base layer of the entire network, consisting of a normal 
convolutional layer, a BatchNormal [16] layer and a Hardswish activation function [17]; The Focus layer slices 
and splices the input image, and expands the original RGB channels to 12 dimensions for splicing and convolution, 
which minimizes the loss of original information; The BottleneckCSP module referring to the CSPNet structure 
[18] is divided into residual and no residual. It can reduce the amount of calculation while enriching the gradient 
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combination, and avoid duplication in the information integration process by splitting and merging feature maps. 
Spatial Pyramid Pooling (SSP) structure [19] uses multi-level spatial bins features to reduce the possibility of 
information loss during image scaling, which improves the detection accuracy.  

Head refers to the FPN structure [20], transfers and fuses high-level features with low-level features through up 
sampling, and transmits high-level strong semantic features from top to bottom. The PANet [21] connected after 
FPN carries forward information flow while transmitting low-level strong positioning information from bottom to 
top. Low-level features and high-level features are concatenate finally by convolutional layers, which effectively 
solves multiple-Scale issues. 

2.2 Binocular recognition ranging control system based on YOLOv5 network structure 

Aiming at the walking characteristics of electric crawler excavator, the paper combines feature extraction and 
decision-making functions based on YOLOv5 network structure, and establishes a direct mapping from the current 
scene information and the previous cycle control information to the current control signal. 

2.2.1 Labels match with anchors 

Referring to Faster R-CNN's network structure in the prediction process, YOLOv5 not directly returns the 
bounding box position in the output layer, but predicts the bounding box by calculating the offset and matching 
with the anchor [22]. After obtaining bounding box, the model calculates the loss function, selects candidate boxes 
through NMS and finally completes detection. In the training phase, YOLOv5 projects each label box to each 
feature map's size and calculates the width and height difference between the label boxes and the corresponding 
anchor after predicting offsets. The current box will be considered matching with anchor if the difference is within 
the threshold, and the model will select the two nearest points around the box and keep current aspect ratio for 
expansion, finally obtaining 3 times the original label boxes. In the binocular detection ranging model, each 
prediction result contains five objects: category, distance, left box, right box, and confidence. The left box and 
right box correspond to the target' position in the left and right views respectively. The paper splits predictions 
during labels matching with anchors, while still using the difference of the width and height to filter the eligible 
boxes, and expands the left and right targets respectively to obtain the most candidate boxes for loss function 
calculation. 

2.2.2 Dual-target non-maximum suppression 

Non-maximum suppression (NMS) is applied to multiple feature extraction such as data mining and image 
processing, the essence is to suppress non-maximum elements and search for local maximums. As a general 
algorithm, MNS is mainly used to eliminate redundant candidate boxes and find the best box's coordinates in 
detection [23]. The algorithm is as follows:  

1. Sorts the candidate boxes according to confidence from small to large as 𝑏𝑏𝑏𝑏𝑏𝑏1, 𝑏𝑏𝑏𝑏𝑏𝑏2, 𝑏𝑏𝑏𝑏𝑏𝑏3…… 𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛; 

2. Starts from the box with maximum confidence (the box with the largest area) 𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛, determines whether 
the IoU of 𝑏𝑏𝑏𝑏𝑏𝑏1 to 𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛−1 and 𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛 is greater than the threshold respectively; 

3. If there are 𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥1, 𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥2, 𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥3…… 𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥𝑛𝑛 in 𝑏𝑏𝑏𝑏𝑏𝑏1 to 𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛−1, and these boxes' IoU with  𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛  is 
greater than the threshold, which means the candidate boxes overlap with  𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛 mostly, retain  𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥𝑛𝑛 , 
and remove  𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥1, 𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥2, 𝑏𝑏𝑏𝑏𝑏𝑏𝑥𝑥3……; 

4. Neatens the remaining candidate boxes and returns to operation 1. 

Every prediction result corresponds to two candidate boxes during binocular objects detection. Due to the influence 
of angle and light, the same object may have large difference between the left and right view in the image. The 
paper improves NMS for binocular objects detection, splits left and right boxes during filtering, and finally restores 
to the new predictions. The schematic diagram is shown in Figure 2. 
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Figure 2: Schematic diagram of dual-target non-maximum suppression 
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2.2.3 Control signals prediction 

The motion control of passenger vehicle is divided into lateral control and longitudinal control [24], which are 
usually realized by the steering angle, throttle and braking system. There are many types of construction machinery 
with different types of vehicle control systems, so it is necessary to design different control signals for automatic 
construction machinery. The paper designs a walking control signal prediction network for electric crawler 
excavator, which can predict the left and right crawler control signals and thereby complete the walking task of 
crawler excavator in fixed scenes. Figure 3 is the diagram of the control signal prediction network structure.  

 

Figure 3: Control neural network structure diagram 

The walking of construction machinery is a dynamic and continuous process. Due to the different tasks and initial 
state of construction machinery, the control signals of construction machinery at the same position in the scene are 
different. In addition to the current environmental information, the system must introduce information from the 
previous stage to assist the model in predicting the current control signal. The model integrates the shallow feature 
map, binocular detect and ranging results with the control signal of the previous stage, and inputs the control signal 
prediction network to calculate the control signal at the current moment. The data update process of prediction 
algorithm is shown in Figure 4. 
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Figure 4: Data update process  

The size of the shallow feature map extracted from the backbone network is 512 ∗ 20 ∗ 20, which is too large 
compared with the previous control signal (32 ∗ 2) and the binocular recognition ranging result (10 ∗ 27). Using 
the feature map directly will reduce the influence of the previous stage information and the detect ranging results. 
The model uses two convolutional layers with batch normalization to reduce the size of feature map to 128 ∗ 5 ∗ 5 
before fusing the three kinds of data. The previous stage control signal is control signals set, composed of the 32 
time nodes before the current moment and initialized with 0, which will be updated node by node during the 
dynamic training and prediction process to ensure the timeliness of the data. The preinstalled detect ranging data 
is the top 10 binocular predict objects sorted by confidence, which will be supplemented with 0 if the screening 
results are less than 10. 

2.2.4 Loss function 

Each layer of neural network can be regarded as a function to calculate variables. The loss function is responsible 
for calculating the difference between the predicted value and ground truth during training. Model uses the gradient 
back propagation mechanism to adjust the network parameters, reduce the size of the loss function, and optimize 
the model [25]. The loss function of the paper consists of classification loss, localization loss, confidence loss, 
ranging loss and control loss. Table 1 is the loss function method corresponding to each prediction object. 

Loss function Method 

Classification Balanced cross entropy 

Localization CIoU 

Confidence Balanced cross entropy 

Ranging Mean squared error 

Control Mean squared error 

Table 1: Loss function of binocular recognition ranging control model. 

The definition of cross-entropy loss function is shown as equation (1), where 𝑡𝑡(𝑥𝑥) is the 𝑥𝑥𝑡𝑡ℎ label, and 𝑝𝑝(𝑥𝑥) is the 
𝑥𝑥𝑡𝑡ℎ prediction. Compared with mean square error loss function, the size of cross-entropy loss used in classification 
is only related to the probability of correct category [26], which can improve the update speed of the weight matrix 
and reduce the difficulty of deducing. Balanced cross-entropy loss function used in the paper introduces α into 
cross-entropy function to solve the model optimization deviation caused by category imbalance [27], and its 
definition is shown as equation (2). 
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𝐿𝐿𝐶𝐶𝐶𝐶(𝑡𝑡, 𝑝𝑝) = − ∑(𝑡𝑡(𝑥𝑥)𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝(𝑥𝑥) + (1 − 𝑡𝑡(𝑥𝑥))log (1 − 𝑝𝑝(𝑥𝑥)))
𝑥𝑥

 (1) 

𝐿𝐿𝐵𝐵𝐶𝐶𝐶𝐶(𝑡𝑡, 𝑝𝑝) = − ∑(𝛼𝛼 ∗ 𝑡𝑡(𝑥𝑥)𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝(𝑥𝑥) + (1 − 𝑡𝑡(𝑥𝑥))log (1 − 𝑝𝑝(𝑥𝑥)))
𝑥𝑥

 (2) 

Confidence is an indicator to measure the credibility of prediction, which function in detection is similar to binary 
classification. Balanced cross-entropy loss with binary classification form can be used to handle confidence.  

Intersection over Union (IoU) is the ratio of the intersection and union of the candidate box and the ground truth, 
its optimization variants are widely used to evaluate detect results and calculate the loss function of candidate 
boxes. The calculation method is shown as equation (3), where A represents the ground truth and B represents the 
candidate box. 

𝐼𝐼𝑙𝑙𝐼𝐼 = 𝐴𝐴 ∩ 𝐵𝐵
(𝐴𝐴 ∪ 𝐵𝐵) 

(3) 

Generalized-IoU (GIoU) loss [28] pays attention to the non-overlapping area when calculating the overlap, which 
can solve the problem of IoU gradient disappearing. Distance-IoU (DIoU) loss [29] makes up for the shortcoming 
of GIoU that doesn’t consider distance, and has faster convergence speed and higher regression accuracy 
simultaneously. Complete-IoU (CIoU) introduces an impact factor 𝛼𝛼 on the basis of DIoU, which takes into 
account the length-to-width ratio of the candidate box to the ground truth, and makes the prediction regression 
better according to overlap area, center point distance and aspect ratio. The calculation method of CIoU is shown 
in equation (4-6), where 𝑏𝑏, 𝑤𝑤, ℎ, 𝑏𝑏𝑔𝑔𝑔𝑔, 𝑤𝑤𝑔𝑔𝑔𝑔 , ℎ𝑔𝑔𝑔𝑔  represent the center point, width and height of candidate box and 
ground truth. 𝜌𝜌(∙) represents Euler's distance, and 𝑐𝑐 represents the diagonal length of the smallest closed rectangle 
of the two boxes. 

Different from category, confidence and candidate box, the prediction of the distance information and the control 
signal is a regression process, using Mean Square Error (MSE) to calculate the error between the predicted value 
and the true value and training constantly can improve the predictive power of the model. The calculation method 
of MSE is shown as equation (7), where 𝑡𝑡(𝑥𝑥) is the 𝑥𝑥𝑡𝑡ℎ label and 𝑝𝑝(𝑥𝑥) is the 𝑥𝑥𝑡𝑡ℎ prediction, 𝑚𝑚 is the number of 
prediction and label. 

𝐿𝐿𝑀𝑀𝑀𝑀𝐶𝐶(𝑡𝑡, 𝑝𝑝) = 1
2𝑚𝑚 ∑(𝑡𝑡(𝑥𝑥) − 𝑝𝑝(𝑥𝑥))2

𝑥𝑥
 

(7) 

3 Scene building and data preprocessing 

Data set is the ceiling of deep learning algorithm, with the development of unmanned driving technology, a large 
number of driving environment data sets have emerged. The 100k data set of Berkeley DeepDrive[30] is the largest 
autonomous driving data set currently. The data coming from New York and San Francisco contains more than 
100,000 videos, includes more than 1,100 hours of driving data at different times of the day and weather conditions. 
Comma.ai data set includes the speed, acceleration, steering angle and GPS coordinates of car with more than 7 
hours of highway driving data. Baidu’s Apolloscapes collectes images from different cities in China, such as 
Beijing, Shanghai, and Shenzhen, and the Scene Parsing scene analysis data set divides the driving environment 
into 26 categories such as cars, pedestrians, billboards, traffic lights, and traffic signs. Compared with conventional 

𝜗𝜗 = 4
𝜋𝜋2 (𝑎𝑎𝑎𝑎𝑐𝑐𝑡𝑡𝑎𝑎𝑎𝑎 𝑤𝑤𝑔𝑔𝑔𝑔

ℎ𝑔𝑔𝑔𝑔 − 𝑎𝑎𝑎𝑎𝑐𝑐𝑡𝑡𝑎𝑎𝑎𝑎 𝑤𝑤
ℎ )2 

(4) 

𝛼𝛼 = 𝜗𝜗
(1 − 𝐼𝐼𝑙𝑙𝐼𝐼) + 𝜗𝜗 

(5) 

𝐿𝐿𝐶𝐶𝐶𝐶𝑜𝑜𝑈𝑈 = 1 − 𝐼𝐼𝑙𝑙𝐼𝐼 + 𝜌𝜌2(𝑏𝑏, 𝑏𝑏𝑔𝑔𝑔𝑔)
(𝑐𝑐2) + 𝛾𝛾𝜗𝜗 

(6) 
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roads, there are few data sets for construction machinery scenarios currently. Although the scenarios of 
construction machinery are changeable and different task scenarios vary greatly, the objects in each scenario, such 
as different types of construction machinery, pedestrians, shrubs, trees, etc., usually have a high consistency. It is 
necessary to build data sets of construction machinery working scenarios. 

3.1 Scene definition 

The paper collects images, the distance information of the objects and construction machinery walking signals in 
a construction machinery park to construct the data set. The maximum traveling speed of crawler excavators is 
below 8 km/h, while the crawler excavators are usually kept at 2~3 km/h and 4~5 km/h respectively for low and 
high-speed driving. The paper builds a data set for the tasks from different starting point to the same ending point, 
which collects data at the normal traveling speed (below 5 km/h) of a crawler excavator. The paper includes two 
datasets: binocular detection ranging set and control signal set. The binocular detection ranging set obtains the 
original label data through manual frame and laser rangefinder ranging, it contains 1007 pictures, including 11 
categories of people, bicycle, motorcycle, tree, bushes, container, door, Engineering, step, Engineering_trail, and 
first_landmark. Figure 5 is the statistical graph of label data. Motorcycle (category2) appears 28 times, which is 
not obvious in the category statistical graph in the upper left figure. The distance of the objects in the upper right 
figure is roughly calculated according to the rounding, and the distance distribution of the objects is between 0 to 
55m. The left and right lower pictures count the left and right boxes of the object respectively, and the left and 
right boxes are evenly distributed in the left and right views. The data set is divided into training set and test set 
according to the ratio of 3:1. 

 

Figure 5: Label data statistics graph 
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The control signal set is composed of 6 driving trajectories of different starting points and the same end point, the 
video information and control signals of the set have same time axis. It is divided into two parts through double 
downsampling. The first part is the training part, and the second part is the test part, the control signals are the 
CAN signals after conversion of number system and normalization. The trained model is tested on the test set. The 
destination of the vehicle is a long corridor whose size allows the crawler excavator to pass through. The entrance 
of the corridor is a large door, and the system confirms the destination direction by identifying the entrance. The 
use of the destination is limited to the scenario of this paper, but because most construction machinery parking 
points have similar "door" (this "door" is much larger than ordinary doors, which will be separated from ordinary 
doors during identification). In most cases, construction machinery needs to enter to the “door” to enter the next 
scene, so the scene constructed in this article has a certain practicality. In order to ensure the safety of the test, 
there are no dynamic obstacles on the road, and the actionless bicycles and containers were selected as obstacles 
when the vehicle was running on the road. 

3.2 Data augmentation 

Large-scale data set is the guarantee for accurate prediction of the neural network, but it is impossible to collect a 
large amount of data in some scenarios due to objective factors; building data set requires a lot of time and effort, 
which will affect the performance of model if produces dirty data during annotate dataset. Data augmentation is 
the method of obtaining a large amount of reasonable structure and diverse data through some operations on the 
original data [31]. The original images used in the paper are binocular, in addition to detection, the model also 
should predict distances and control signal, which are not applicable to augment data through common operations 
such as inversion, rotation, cropping and affine transformations. The paper performs random zooming and 
translations on the image in each round of training, and expands the diversity of the data set as much as possible 
on the basis of ensuring the spatial information of the image.  

4 Binocular detection ranging experiment 

4.1 Parameters setting 

The weight training process of the detection network is divided into two parts: pre-training and whole-training. 
Pre-training retains the backbone weight of the YOLOv5m weight and trains the head part of the network for 2000 
rounds, and whole-training retains the pre-training weight file to train the overall network for 5000 rounds. The 
training process uses cosine annealing method to adjust the learning rate, and the initial learning rate is 0.01. Each 
loss function coefficient is shown in equation (8), and each subscript in the formula represents each prediction 
object. 

𝐿𝐿2 = 0.5 ∗ 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐 + 0.05 ∗ (𝐿𝐿𝐵𝐵𝐶𝐶𝑜𝑜𝑈𝑈𝑐𝑐𝑙𝑙𝑜𝑜𝑥𝑥 + 𝐿𝐿𝐵𝐵𝐶𝐶𝑜𝑜𝑈𝑈𝑟𝑟𝑙𝑙𝑜𝑜𝑥𝑥) + 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 + 10 ∗ 𝐿𝐿𝑀𝑀𝑀𝑀𝐵𝐵𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟 (8) 

The paper splits the binocular recognition ranging data set into the left and right views respectively for comparison 
experiments with YOLOv5 algorithm, and the training process of the model is the same as the binocular detection 
network. 

4.2 Evaluation indicator 

Precision and recall are a pair of contradictory measures, which are usually used to evaluate the performance of 
detection algorithms. Precision describes how many positive samples in the prediction result are truly positive 
samples; Recall describes how many of all positive samples are detected in the prediction. The calculation formulas 
for precision and recall are shown in equation (9), (10), where 𝑃𝑃 represents precision, 𝑇𝑇𝑃𝑃 represents the number 
of positive samples predicted to be positive, 𝐹𝐹𝑃𝑃 represents the number of negative samples predicted to be positive, 
𝑅𝑅 represents the recall rate, and 𝐹𝐹𝐹𝐹 represents the number of positive samples predicted to be negative: 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

489



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

𝑃𝑃 = 𝑇𝑇𝑃𝑃
𝑇𝑇𝑃𝑃 + 𝐹𝐹𝑃𝑃 ∗ 100% (9) 

𝑅𝑅 = 𝑇𝑇𝑃𝑃
𝑇𝑇𝑃𝑃 + 𝐹𝐹𝐹𝐹 ∗ 100% (10) 

4.3 Results and analysis 

4.3.1 Loss function 

Coco[32] training set contains 80 categories and 118,000 images. The YOLOv5m weight is the weight obtained 
after training on the Coco set, which backbone network has high feature extraction capability. The paper retains 
the backbone part weight of YOLOv5m for migration learning [33] in the pre-training stage, and retrains detection 
head to obtain weight which is more suitable for binocular detection ranging. After pre-training, the model trains 
the overall network. Figure 6 is the curves of the loss functions of pre-training and overall training. Due to the 
change of network structure, the loss function of the entire network training increased sharply in the initial stage, 
and steadily decreased after about 1700 rounds of training. Classification and confidence prediction are the same 
as traditional detection tasks, and the loss functions are easier to drop. Data augmentation converts the original 
input image size of 1280 ∗ 480 (the value ranges from (1 − 640) ∗ 480 is the left view and (641 − 1280) ∗ 480 
is the right view) into 640 ∗ 640 during training and the image becomes 20 ∗ 20, 40 ∗ 40, 80 ∗ 80 after down 
sampling by 32, 16, 8, then model predicts the offsets of these three scales. The image is filled into 672 ∗ 256 in 
test and becomes 21 ∗ 8, 42 ∗ 16, 84 ∗ 32 after down-sampling. During matching the predicted offset with grid 
and converting the left and right candidate boxes to the coordinates of the original image, the 21*8 feature graph 
cannot be evenly divided into left and right views, the second half of the predicted value of the right box offsets 
obtained from the 32 down-sampled feature map should offset one grid, which leads to the right box's loss function 
always higher than the left box; The ranging loss function decreases significantly around 3000 rounds, and then 
becomes stable. The overall loss function is greatly affected by the ranging loss function.  

 

Figure 6: Loss function curve 

𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 10 ∗ 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑑𝑑 

0.05 ∗ 𝐿𝐿𝐵𝐵𝐶𝐶𝑐𝑐𝐶𝐶𝑙𝑙𝑙𝑙𝑐𝑐𝑙𝑙,  0.05 ∗ 𝐿𝐿𝐵𝐵𝐶𝐶𝑐𝑐𝐶𝐶𝑟𝑟𝑙𝑙𝑐𝑐𝑙𝑙 0.5 ∗ 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐𝑙𝑙𝑐𝑐𝑑𝑑𝑑𝑑 
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4.3.2 Precision-Recall (PR) curve and detection ranging precision  

Select different confidence thresholds from small to large to divide the sample, and calculate the accuracy P and 
the recall rate R according to formula (8-9) to obtain a set of points, connect the set of points to get a P-R curve. 
According to the formula, when R is 0, all positive examples in the system are classified incorrectly, and positive 
examples are classified as negative examples (𝑇𝑇𝑇𝑇 = 0). This situation occurs when the confidence threshold is 
high, and when the confidence threshold is high, it follows that negative cases are classified as positive cases 
(𝐹𝐹𝑇𝑇 = 0), so the P value is relatively large at this time. As the confidence threshold decreases, the recall rate 
gradually increases and the accuracy decreases. When the confidence threshold decreases to a certain level, all 
samples are classified as positive examples, so the accuracy rate remains unchanged, the cases where positive 
examples are classified as negative examples become less and less, and the recall rate continues to increase. 

Figure 7 are the P-R curves of the test set obtained after network pre-training and overall training. The pre-training 
uses the experience weight effectively through migration training, which accelerates the model fitting speed. The 
overall network training improves the ability of model prediction, and the accuracy is significantly improved under 
the same recall rate. Figure 8 is the final detection diagram of the system, the different colors in the box represent 
different categories. Table 2 is the detection and ranging’s precision of different categories under each model 
weight. The precision of model in the paper is significantly improved compared to YOLOv5 because of the dual-
target non-maximum suppression with an average precision of 69.62%. The average ranging error of the model is 
4.55m, which can meet the walking demand of construction machinery. The ranging accuracy of the binocular 
detection ranging model is related to the frequency of the category of the data set. There are more tree, shrubs and 
container in the data set, and the precision of these three categories is also higher. With the further expansion of 
the data set, the ranging precision of the system will be higher and higher. 

 

Figure 7: Precision-recall curves 

 

𝑎𝑎).  𝑇𝑇𝑃𝑃𝑃𝑃 − 𝑡𝑡𝑃𝑃𝑎𝑎𝑡𝑡𝑛𝑛′𝑠𝑠 𝑇𝑇 − 𝑅𝑅 𝑏𝑏).  𝑊𝑊ℎ𝑜𝑜𝑜𝑜𝑃𝑃 − 𝑡𝑡𝑃𝑃𝑎𝑎𝑡𝑡𝑛𝑛′𝑠𝑠 𝑇𝑇 − 𝑅𝑅 

𝑎𝑎).  𝐿𝐿𝑎𝑎𝑏𝑏𝑃𝑃𝑜𝑜𝑠𝑠 𝑏𝑏).  𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑃𝑃𝑡𝑡𝑡𝑡𝑜𝑜𝑛𝑛 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

491



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

Figure 8: Final detection diagram 

Category 
Binocular-detection&ranging YOLOv5-

Lbox(%) 
YOLOv5-
Rbox(%) Pre-train(%) Whole-train(%) Ranging error(m) 

Person 66.03 70.10 3.94 56.95 58.59 

Bicycle 13.47 56.13 7.32 55.61 43.50 

Motorcycle 21.34 29.85 4.43 33.14 30.19 

Tree 91.16 93.28 2.13 82.76 86.91 

Shrubs 54.74 70.35 3.30 54.45 53.91 

Container 83.31 88.88 3.49 67.19 62.06 

Door 84.40 86.39 4.01 77.03 77.66 

Engineering 70.19 59.90 7.28 63.44 57.10 

Step 31.23 53.87 6.16 76.94 84.09 

Engineering_trail 38.89 65.43 3.78 50.14 45.76 

First_landmark 87.22 92.00 5.29 80.38 70.38 

Average 58.36 69.62 4.55 63.46 60.92 

Table 2: Detection and ranging precision of different categories under each model weight 

5 Electric crawler excavator control signal prediction and test in working scenarios 

To verify the autonomous working model, the paper modifies an electric crawler excavator and conducts 
experiments with it. 

5.1 Automatic walking platform of electric crawler excavator 

As shown in Figure 9, the autonomous walking platform selects NVIDIA Jetson TX2 as the computing platform 
and obtains power from the inverter in crawler excavator.  

 

Figure 9:  Automatic walking platform of electric crawler excavator 

The system obtains 1280*480 binocular video stream as the input of the algorithm. In order to verify the feasibility 
of the design principle of the system and simplify the test, the system only installs the binocular camera in the 
middle of the front of the cab during the test. The control platform relies on the crawler excavator's control platform, 
which mainly includes vehicle control unit(VCU),  proportional pressure reducing valve(PPRV), multi-way 
valve(MWV) and walking motor(WM). Construction machinery uses CAN bus communication during working. 

Computing platform 
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The system converts the prediction to the left and right CAN signals, which are input to the VCU to generate PWM 
pulse signals.  PPRV outputs the pilot pressure to MWV after receiving the electrical signal, and PPRV controls 
the left and right walking motors to complete the actions such as steering and moving. 

5.2 Parameters setting 

The pre-training of control model retains the weight of binocular recognition ranging model and trains the control 
part of the network for 1000 rounds. Whole-training retains the weight file to train the overall network for 300 
rounds. The learning rate setting of this model is the same as binocular recognition ranging model. Each loss 
function coefficient is shown in equation (11), and 𝛽𝛽 is equal to 1 in pre-training, and becomes 0.24 after entering 
the whole-training. 

𝐿𝐿2 = 0.5 ∗ 𝐿𝐿𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 + 0.05 ∗ (𝐿𝐿𝐶𝐶𝐶𝐶𝑜𝑜𝑈𝑈𝑐𝑐𝑙𝑙𝑜𝑜𝑥𝑥 + 𝐿𝐿𝐶𝐶𝐶𝐶𝑜𝑜𝑈𝑈𝑟𝑟𝑙𝑙𝑜𝑜𝑥𝑥) + 𝐿𝐿𝐶𝐶𝐶𝐶 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 + 10 ∗ 𝐿𝐿𝑀𝑀𝑀𝑀𝐶𝐶 𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟 +  𝛽𝛽 ∗ 𝐿𝐿𝑀𝑀𝑀𝑀𝐶𝐶 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑟𝑟𝑜𝑜𝑐𝑐  (11) 

5.3 Results and analysis 

5.3.1 Loss function 

Figure 10 is control signal loss function curve. The control signal loss dropped rapidly during the first 500 rounds 
of pre-training, and then gradually remained stable. Due to the change of the loss parameter, the value of the 
control loss decreased after entering whole-training, but its true value is still stable with the pre-training loss after 
stabilization. 

 

Figure 10: Loss function of control signals 

5.3.2 Control signals prediction and vehicle test 

Test the model on straight line trajectory data set (test set1) and turning right data set (Test set2). Figure 11 shows 
the control signal prediction of the system, where the blue curve represents the label value, and the yellow curve 
represents the prediction. Figures 𝑎𝑎 and 𝑏𝑏 respectively represent the left and right control signals prediction of the 
Test set1. It can be seen from the figure that the left and right control signals predicted by the system have high 
accuracy and stability, and there is no forecast surge or sudden decrease. In the six driving routes in the training 
set, the image information of the vehicle at the stopping stage has a high similarity, while the stopping action is 
slightly different, resulting in different training control signals. Therefore, when the trained weight model is used 
for testing, a spike appears at the end of the track excavator's straight driving. Figures 𝑐𝑐 and 𝑑𝑑 respectively show 
the left and right control signals prediction of the Test set2.  The data set achieves a right turn through keeping the 
left control signal stable and adjusting the right control signal constantly. The model has a good restoration of the 
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relatively stable left control signal with high accuracy and stability; the overall trend of the right control signal 
prediction is the same as that of the labels, which shows the prediction has better continuity and stability. However, 
because the right control signal of labels changes too frequently and lacks continuity, it is difficult to completely 
restore the label with the predicted control signal. 

 

Figure 11: Test sets control signal prediction 

The system is tested in the operation scene constructed in 3.1, and the task is to reach first_landmark from two 
different starting points. In test 1, the cab of the electric crawler excavator is facing first_landmark, and the crawler 
excavator walks in a straight line to complete the task. The vehicle body is stable during the walking process, and 
there is no sudden acceleration or deceleration. In Test 2, first_landmark is located on the right side of the excavator 
cab, and the vehicle turns slowly during walking. The automatic walking system can identify and autonomously 
lead to first_landmark in both tests, and complete the driving task successfully. The prediction has better continuity 
relative to the collected original data, therefore the vehicle walks more smoothly, which is reducing the body 
vibration and improving the quality of images acquired by the binocular camera, and forming a closed loop to 
improve the prediction effect. 

6 Summary and Conclusion 

Intellectualization is one of the development directions of construction machinery. Automatic construction 
machinery can reduce the risks in the working of machinery and save labor costs. The end-to-end system proposed 
in the paper has good performance of obtaining environmental information effectively, which can realize the 
normal walking of construction machinery with good robustness and anti-interference. The system has not been 
run in a new scene yet, but the environmental information obtained in the paper is not the overall scene, but the 
scene object, the model can be transplanted to the scene where has same types objects of the data set in 3.2. In 
addition, if the new scene is quite different from the scene mentioned in the paper, the model can also be more 
generalized by expanding the data set. The working conditions of construction machinery are complex and 

𝑎𝑎).  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑜𝑜𝐿𝐿 𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿 𝑠𝑠𝐿𝐿𝐿𝐿1  𝑏𝑏).  𝑅𝑅𝑠𝑠𝑠𝑠ℎ𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑜𝑜𝐿𝐿 𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿 𝑠𝑠𝐿𝐿𝐿𝐿1  

𝑐𝑐).  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑜𝑜𝐿𝐿 𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿 𝑠𝑠𝐿𝐿𝐿𝐿2  𝑑𝑑).  𝑅𝑅𝑠𝑠𝑠𝑠ℎ𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑜𝑜𝐿𝐿 𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿 𝑠𝑠𝐿𝐿𝐿𝐿2  
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changeable, and the automatic technology for construction machinery is not perfect. Automatic walking function 
is the basis for the realization of automatic operation and unmanned driving. On the basis of realizing the automatic 
walking function, the follow-up work can be carried out from the following aspects: 

(1) Obtaining environment information by using multiple sensors. Different types of sensors have their own 
detection advantages. A reasonable sensor combination can improve the perception ability of intelligent system 
and reduce the computing pressure of the computing platform. Adding lidar, MMW radar, GNSS positioning 
system and other equipment to the sensor platform, and using multi-sensor feature fusion, spatiotemporal sequence 
network [34] and other technologies to process image information, point cloud information, location information 
can further supplement the spatiotemporal information of the environment, and improve the system's ability to 
perceive environmental information.  

(2) Extending data sets. Most of the currently popular environmental data sets are living environment data sets. 
There are little data sets for working environment of construction machinery. Building construction machinery 
working scenarios data sets plays a vital role to realize construction machinery automation. 

(3) Improving the intelligent system decision-making plan. The paper adopts an end-to-end decision-making 
method, which uses a large amount of data to traverse the scene deeply. The algorithm has the characteristics of 
simplified structure and strong anti-interference which can be improved by extending the data, However, the 
interpretability of this method is low, and it is difficult to modify the model. Introducing rule control and 
reinforcement learning [35] into the decision-making system can improve the logic of decision-making, make it 
easier to generalize, and have higher security.  

Nomenclature 

Variable Description Unit 

𝐿𝐿𝐶𝐶𝐶𝐶  Cross-entropy Loss [-] 

𝐿𝐿𝐵𝐵𝐶𝐶𝐶𝐶  Balanced Cross-entropy Loss [-] 

𝑝𝑝(∙) Prediction [-] 

𝑡𝑡(∙) Label [-] 

IoU The ratio of the intersection and union of the candidate box and the ground truth [-] 

𝛼𝛼 Balance Factor [-] 

𝐿𝐿𝐶𝐶𝐶𝐶𝑜𝑜𝑈𝑈 Complete-IoU Loss [-] 

𝜌𝜌(∙) Euler's Distance [-] 

𝑐𝑐 Diagonal Length  [-] 

𝛾𝛾 Impact Factor [-] 

𝐿𝐿𝑀𝑀𝑀𝑀𝐶𝐶  Mean Square Error [-] 

𝑇𝑇𝑇𝑇 The number of positive samples predicted to be positive [-] 

FP The number of negative samples predicted to be positive [-] 

FN The number of positive samples predicted to be negative [-] 

P How many positive samples in the prediction result are truly positive samples [-] 

R How many of all positive samples are detected in the prediction [-] 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

495



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

References 

[1] Ge, L., Quan, L., Zhang, X., Power matching and energy efficiency improvement of hydraulic excavator 
driven with speed and displacement variable power source, Chinese Journal of Mechanical Engineering, 
Vol. 32(2), pp. 1461-1469, 2019. 

[2] Lin, T., Lin, Y., Ren, H., Development and key technologies of pure electric construction machinery, 
Renewable and Sustainable Energy Reviews, Vol. 132, 2020. 

[3] Kim, S, K., Russell, J, S., Framework for an intelligent earthwork system: Part I. System architecture, 
Automation in Construction, Vol. 12(1), pp. 1-13, 2003. 

[4] Cannon, H, N., Extended earthmoving with an autonomous excavator, Carnegie Mellon University, 
Pittsburgh, USA, 1999. 

[5] Lundhede, O., Multi machine control, In: 6th International Platinum Conference, Johannesburg, South 
Africa, pp. 237-246, October 20-22, 2014. 

[6] Nguyen, Q, H., Ha, Q, P., Rye, D, C., Force/position tracking for electrohydraulic systems of a robotic 
excavator, In: 39th IEEE Conference on Decision and Control. Sydney, Australia, Vol. 5, pp. 5224-5229, 
December 12-15, 2000. 

[7] KOMATSU, High-precision measurement of site conditions, 
http://smartConstruction.komatsu/introduction/index.html, visited on July 8, 2021. 

[8] Liang, C, J., Lundeen, K, M., Mcgee, W., A vision-based marker-less pose estimation system for 
articulated construction robots, Automation in Construction, Vol. 104, pp. 80-94, 2019. 

[9] Yoo, H, S., Kim, Y, S., Development of a 3D local terrain modeling system of intelligent excavation 
robot, KSCE Journal of Civil Engineering, Vol. 21(3), pp. 565-578, 2016. 

[10] Li, Y., Study on bucket trajectory and swing torque control for the autonomous hydraulic excavator, 
Zhejiang University, Hangzhou, China, 2019. 

[11] Cho, H., Seo, Y, W., Kumar, B, V, K, V., A multi-sensor fusion system for moving object detection and 
tracking in urban driving environments, In: 2014 IEEE International Conference on Robotics and 
Automation (ICRA), Hong Kong, China, pp. 1836-1843, 2014. 

[12] Furda, A., Vlacic, L., Enabling Safe Autonomous Driving in Real-World City Traffic Using Multiple 
Criteria Decision Making, IEEE Intelligent Transportation Systems Magazine, Vol. 3, No. 1, pp. 4-17, 
2011. 

[13] Chen, Z., Huang, X., End-to-end learning for lane keeping of self-driving cars, In: 2017 IEEE Intelligent 
Vehicles Symposium (IV), California, USA, pp. 1856-1860, 2017. 

[14] Hubmann, C., Becker, M., Althoff, D., Decision Making for Autonomous Driving Considering 
Interaction and Uncertain Prediction of Surrounding Vehicles, In: 2017 IEEE Intelligent Vehicles 
Symposium (IV), California, USA, pp. 1671-1678, 2017. 

[15] Redmon, J., Divvala, S., Girshick, R., You only look once: Unified, real-time object detection, In: 2016 
IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Las Vegas, USA, pp. 779-788, 
June 27-30, 2016. 

[16] Ioffe, S., Szegedy, C., Batch normalization: accelerating deep network training by reducing internal 
covariate shift, In: 32nd International Conference on International Conference on Machine Learning, Lile, 
France, pp. 448-456, July 6-11, 2015. 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

496



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

[17] Tang, W., Huang, Y., Wang, L., PokerNet: Expanding Features Cheaply via Depthwise Convolutions, 
International Journal of Automation and Computing, Vol. 18, No. 3, pp. 432-442, 2021. 

[18] Wang, C, Y., Liao, H, Y, M., Wu Y, H., CSPNet: A new backbone that can enhance learning capability 
of CNN, In: 2020 IEEE/CVF Conference on Computer Vision and Pattern Recognition Workshops 
(CVPRW), Seattle, WA, USA, pp. 390-391, June 14-19, 2020. 

[19] He, K., Zhang, X., Ren, S., Spatial pyramid pooling in deep convolutional networks for visual 
recognition. IEEE transactions on pattern analysis machine intelligence, Vol. 37, No. 9, pp. 1904-1916, 
2015. 

[20] Lin, T, Y., Dollar, P., Girshick, Ross., He, K, M., Bharath Hariharan, and Serge Belongie. Feature 
pyramid networks for object detection, In: 2017 IEEE Conference on Computer Vision and Pattern 
Recognition (CVPR), Honolulu, HI, USA, pp. 2117–2125, July 21-26, 2017. 

[21] Liu, S., Qi, L., Qin, H., Path aggregation network for instance segmentation, In: 2018 IEEE/CVF 
Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, pp. 8759-8768, June 
18-23, 2018. 

[22] Ren, S, Q., He, K, M., Girshick, R., Faster R-CNN: Towards Real-Time Object Detection with Region 
Proposal Networks, IEEE Transactions on Pattern Analysis & Machine Intelligence, Vol. 39, No. 6, pp. 
1137-1149, 2017. 

[23] Neubeck, A.,Van, G, L., Efficient non-maximum suppression, In: 18th International Conference on 
Pattern Recognition (ICPR'06), Hong Kong, China, Vol. 3, pp. 850-855, August 20-24, 2006. 

[24] Guo, J, H., Luo, Y, G., Li, K, Q., Cooperative and reconfigurable lateral and longitudinal control of 
intelligent electric vehicles, Control Theory & Applications, Vol. 31, No. 9, pp. 1238-1244, 2014. 

[25] Saptarshi, S., Sanchita, B., Pallabi, S., A review of deep learning with special emphasis on architectures, 
applications and recent trends, Knowledge-Based Systems, Vol. 194, 2019. 

[26] He, K., Gkioxari, G., Mask R-CNN, In: 2017 IEEE International Conference on Computer Vision 
(ICCV), Venice, Italy , Vol. 42, No. 2, pp. 386-397, October 22-29, 2020. 

[27] Jadon, S., A survey of loss functions for semantic segmentation, In: 2020 IEEE Conference on 
Computational Intelligence in Bioinformatics and Computational Biology (CIBCB), pp. 1-7, October 
27-29, 2020. 

[28] Rezatofighi, H., Tsoi, N., Gwak, J, Y., Generalized intersection over union：a metric and a loss for 
bounding box regression, In: 2019 IEEE/CVF Conference on Computer Vision and Pattern 
Recognition(CVPR).  Long Beach, CA, USA, pp. 658-666, June 15-20, 2019. 

[29] Zheng, Z., Wang, P., Liu, W., Distance-IoU loss： faster and better learning for bounding box 
regression. In: 2020 AAAI Conference on Artificial Intelligence. New York, USA, Vol. 34, No. 7, pp. 
12993-13000, February 7-12, 2020. 

[30] Yu, F., Chen, H., Wang, X., BDD100K: a diverse driving video database with scalable annotation 
tooling, https://arxiv.org/pdf/1805.04687.pdf, visited on January 15, 2021. 

[31] Kisantal, M., Wojna, Z., Murawsk, J., Augmentation for small object   detection, ArXiv, 2019. 

[32] Lin, T, Y., Maire, M., Belongie, S., Microsoft coco: Common objects in context, In: Computer Vision–
ECCV 2014. Springer, Cham, pp. 740-755, 2014. 

[33] Jason, Y., Jeff, C., Yoshua, B., How transferable are features in deep neural networks, In: Advances in 
Neural Information Processing Systems 27, pp. 3320-3328, 2014. 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

497



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

[34] Zheng, H., Lin, F., Feng, X., A Hybrid Deep Learning Model With Attention-Based Conv-LSTM 
Networks for Short-Term Traffic Flow Prediction, IEEE Transactions on Intelligent Transportation 
Systems, Vol. 22, No. 11, pp. 6910-6920, 202l. 

[35] Tai, L., Paulo, G., Liu, M., Virtual-to-real Deep Reinforcement Learning: Continuous Control  of Mobile  
Robots  for Mapless  Navigation, In: 2017 IEEE/RSJ  International Conference on Intelligent Robots and 
Systems(IROS), Vancouver, Canada, pp. 31-36, September 24-28, 2017. 

 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

498



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

Control of a Hydromechanical Pendulum with a Reinforcement Learning Agent 
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Reinforcement learning is an emerging branch of machine learning concerned with data-driven solutions to control 
problems. The purpose of this study is the implementation and evaluation of a reinforcement learning controller 
for a hydromechanical system. The investigated system is an inverted pendulum on a cart with a hydraulic drive. 
The focus lies on the whole implementation process, especially the several parts of the controller and the 
interaction with the hydromechanical system. The control method initially tunes its parameters by training with 
the simulation and is eventually evaluated by facing two control tasks. The controller solves both challenges 
successfully; therefore, reinforcement learning presents a possibility for novel control approaches for 
hydromechanical systems.  

Keywords: Digitalization, learning control, reinforcement learning 
Target audience: Digitalization, machine learning, simulation 

1 Introduction 

1.1 Motivation 

Conventional hydraulic control is largely based on the optimal control theory [1]. Such methods require profound 
knowledge and detailed characterization of the investigated system. Especially the characterization of 
nonlinearities in the system poses a challenge in the process of the implementation of an optimal controller. 
Moreover, apart from the complex characterization, most optimal control methods lack flexibility regarding the 
adjustment of the control structure. Therefore, the maintenance of an optimal controller usually yields a high 
workload. Reinforcement learning (RL) provides a more flexible approach to the problem. Instead of providing a 
detailed mathematical characterization of the investigated system, the RL controller aims to grasp the system’s 
behavior by trial and error. Reinforcement learning is simultaneously a class of problems and of solution methods 
for these problems [2]. The problems of RL involve learning a behavior, i.e. how to map states to actions, such 
that a numerical reward signal is maximized. In comparison to the other machine learning branches, RL is highly 
focused on goal-directed learning from interaction. The challenges RL is applied to are closed-loop since the 
learning algorithm’s actions influence its further inputs. From a control systems perspective, RL is a class of direct 
adaptive optimal controllers [3] since the control is determined directly by estimating a real-valued function by 
maximizing an obtained reward and learning by the resulting system’s reaction.  

An inverted pendulum with a hydraulic drive was chosen as an exemplary system for the purpose of this study, as 
the inverted pendulum represents a classical and well-known control problem. The hydraulic drive consists of a 
valve, which determines the cart’s velocity by its opening. The RL control loop is displayed in Figure 1 and shows 
the RL controller and the investigated system. There is no reference and error signal provided to the control loop, 
instead the controller obtains the states of the current timestamp 𝑡𝑡 and sets the valve position 𝑦𝑦𝑡𝑡  based on 𝑠𝑠𝑡𝑡. 
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Moreover, the plant is computing a reward signal 𝑟𝑟𝑡𝑡+1, which is based on 𝑠𝑠𝑡𝑡 and 𝑎𝑎𝑡𝑡, in addition to the next system 
states 𝑠𝑠𝑡𝑡+1.  

RL controller

𝑦𝑦𝑡𝑡

𝑠𝑠𝑡𝑡+1

𝑟𝑟𝑡𝑡+1

𝑠𝑠𝑡𝑡

 

Figure 1: Control loop with RL controller and the investigated system. 

This paper aims to develop a control methodology based on an RL controller, which is trained and eventually 
validated in a simulation. The focus of this paper lies in the whole process of developing an RL control for the 
inverted pendulum. Especially, the reward system of the environment and the parts of the control algorithm are 
investigated. 

1.2 Challenges 

Reinforcement learning faces several challenges. Firstly, in contrast to other machine learning branches the agent 
needs to be trained with an interactive system instead of just data. Secondly, the goal is to act such that not only 
the immediate reward but also the subsequent reward is maximized. Finally yet importantly, deep reinforcement 
learning (DRL) contains neural network architectures, thus the algorithm cannot give insight into the discovered 
understanding of how to behave for improved performance (e.g. DeepMind’s AlphaZero chess algorithm [4]). 
Reinforcement learning has proven its potential as an optimal controller in a series of artificial domains [5]-[9]. 
The domain of RL control is rather new, which results in a lack of rules and regulations for the implementation. 
Especially, finding the optimal several parameters defined in the RL controller and the reward function represent 
a challenge in the development of the control algorithm. Furthermore, the optimizer is a crucial part of the 
controller, since it needs to be stable and able to obtain an optimum quickly. 

2 The Inverted Pendulum 

2.1 The Mechanical and Hydraulic Components 

The inverted pendulum is a benchmark problem in control theory. In this paper, a hydraulic double-rod cylinder 
moves the cart. Besides the cylinder, the hydraulic drive consists of a constant pressure source and a valve. Figure 
2 shows the scheme of the complete system, consisting of the hydraulic drive and the mechanical part. Regarding 
the mechanical part, an inverted pole is connected to a cart, which is moved by the hydraulic cylinder. 
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Figure 2: Scheme of the hydraulic drive with the inverted pendulum on the cart. 

2.2 Simulation Model 

In contrast to a static dataset in supervised and unsupervised learning, RL requires an interactive environment. 
Therefore, a simulation model of the system is developed. The RL agent is implemented in Python using Pytorch; 
thus, the simulation model is implemented in Python, to avoid external communication between different software. 
The modeling is done with a white-box approach, with the differential equations being solved using a 4th order 
Runge-Kutta scheme.  

The model consists of two parts. Firstly, the mechanical part, which is the pendulum and the cart, and secondly 
the hydraulic drive. The parameters of the following equations are described in the Nomenclature. The 
implemented equations for the mechanical part are the equations of motion for the cart and the pendulum [12]: 

  =
  −      cos   +        sin  

  +  𝐶𝐶
 

(1) 

  =
(  + 𝐶𝐶)  𝑔𝑔  sin  − (    cos  )(  +       2 sin  ) − (  +  𝐶𝐶)𝑀𝑀𝑓𝑓

(  + 𝐶𝐶)(    2 + 𝐽𝐽)(    cos  )
 

(2) 

The moment of friction of the joint connecting the pole to the cart is added according to the following 
equations: 

 

𝑀𝑀𝑓𝑓 =     +    
  𝑔𝑔
2 𝑠𝑠𝑠𝑠𝑔𝑔𝑠𝑠(  ) (3) 

The hydraulic part starts with the source, which is assumed to provide constant pressure. Therefore, the pump is 
modeled as a constant pressure source. The volume flow rate through the valve is modeled with the following 
equations: 

  =

{
 
 
 
 𝑦𝑦  ,𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑑𝑑√2 𝜌𝜌⁄ |  −   |        𝑠𝑠𝑖𝑖 𝑦𝑦 > 0

−𝑦𝑦  ,𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑑𝑑√2 𝜌𝜌⁄ |  −   |    𝑠𝑠𝑖𝑖 𝑦𝑦 < 0
0                                                             𝑒𝑒 𝑠𝑠𝑒𝑒

 (4) 
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  =

{
 
 
 
 𝑦𝑦  ,𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑑𝑑√2 𝜌𝜌⁄ |  −   |        𝑖𝑖𝑖𝑖 𝑦𝑦 > 0

−𝑦𝑦  ,𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑑𝑑√2 𝜌𝜌⁄ |  −   |    𝑖𝑖𝑖𝑖 𝑦𝑦 < 0
0                                                            𝑒𝑒𝑒𝑒𝑒𝑒𝑒

 (5) 

  

In order to model the hydraulic cylinder, the pressure built up in each chamber is described as: 

𝑑𝑑  
𝑑𝑑𝑑𝑑 = 𝛽𝛽

(𝑉𝑉 , +  𝐶𝐶 )
(  −  𝐶𝐶  ) 

(6) 

𝑑𝑑  
𝑑𝑑𝑑𝑑 = 𝛽𝛽

(𝑉𝑉 ,𝑅𝑅 −  𝐶𝐶 )
(  +  𝐶𝐶  ) 

(7) 

The friction affecting the cylinder and the cart movement is modeled with the Stribeck curve: 

  =     + √2𝑒𝑒1( 𝑏𝑏 −   ) (
  

√2𝑣𝑣𝑏𝑏
) 𝑒𝑒

(−( 𝑚𝑚 
√2𝑣𝑣𝑏𝑏

)
2
)
+   tanh (

10  
𝑣𝑣𝑏𝑏

). 
(8) 

The equation of motion for the piston of the hydraulic cylinder is given by: 

      = (  −   ) 𝐶𝐶 −   −    (9) 

which is rearranged to compute the linking force    of the cylinder piston and the cart. The parameters of the 
differential equations are derived from the according datasheet of the components and simulations. 

3 The Control Agent 

3.1 The Reinforcement Learning Framework – State, Action and Reward 

In reinforcement learning an agent aims to learn a behavior, or policy, such that the decisions made in a dynamic 
environment are maximizing a collectible reward signal provided by the environment. Mathematically, the agent 
remembers which actions result in a high reward in the past and further executes these actions with a higher 
probability. Due to the game-like approach of RL, these methods are much closer to human learning than the other 
algorithms of machine learning. The performance of an agent is measured for one episode, with an episode being 
a predetermined amount of time steps or interactions N. Furthermore, the environment can have constraints, which 
when violated by the agent, terminate an episode.  

At the initial starting point of the RL agent in an episode is 𝑒𝑒  and in every discrete time step 𝑑𝑑, the agent resides 
in an environmental state 𝑒𝑒𝑡𝑡 out of the set of possible states 𝑆𝑆. Receiving an observation of the current state 𝑒𝑒𝑡𝑡, the 
agent chooses an action 𝑎𝑎𝑡𝑡 ∈ A either from a discrete and finite action set or from a set of continuous-valued action. 
After taking the action 𝑎𝑎𝑡𝑡, the agent receives a scalar reward signal 𝑟𝑟𝑡𝑡 ∈ R, which determines the action the agent 
took has been good (positive reward value) or bad (negative reward value i.e. punishment), while the absolute 
value of 𝑟𝑟𝑡𝑡 indicates to what extent the chosen action was good or bad. The interaction of the environment of the 
agent can be represented by the tuple (𝑒𝑒𝑡𝑡, 𝑎𝑎𝑡𝑡, 𝑟𝑟𝑡𝑡, 𝑒𝑒𝑡𝑡+1), with 𝑑𝑑 ∈ (0, N − 1). 

3.2 Markov Decision Processes & Actor-Critic 

The mathematical foundation of RL is often represented in the form of Markov Decision Processes (MDP) [2]. 
MDPs model the dynamics between the states of a finite state space. The recent state traverses to another state or 
back to itself, depending on the chosen action. Everything that is beyond the selection of an action is modeled as 
a part of the environment in an MDP. The agent maneuvers in a dynamic environment; therefore, a selected action 
in a particular state does not only affect the immediate reward but also the subsequent states and eventually, the 
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following rewards received. Therefore, strictly learning from the immediate reward, it is unlikely that the agent 
maximizes its total reward in the end. The return function 𝑅𝑅𝑡𝑡 summarizes the future rewards when progressing 
from a certain state 𝑠𝑠𝑡𝑡. The discount factor γ ∈  is tuned to set the importance of later rewards, resulting in 
the following equation of the return function: 

𝑅𝑅𝑡𝑡 = 𝑟𝑟𝑡𝑡 + 𝛾𝛾𝑟𝑟𝑡𝑡+1 + 𝛾𝛾2𝑟𝑟𝑡𝑡+2+. . . +𝛾𝛾𝑛𝑛𝑟𝑟𝑡𝑡+𝑛𝑛 = ∑𝛾𝛾𝑖𝑖𝑟𝑟𝑡𝑡+𝑖𝑖 (10) 

A greater value for γ results in more value for rewards lying further in the future. The policy of the agent π(s) 
provides a probability for every possible action with 𝑎𝑎𝑡𝑡 being sampled according to: 

𝑎𝑎 ∼ 𝜋𝜋(𝑠𝑠) (11) 

The policy is determined by the value function 𝑉𝑉π(𝑠𝑠). The value function provides a value of a state, which is 
defined as the expected future return when starting from the state following a certain policy. 

𝑉𝑉π(𝑠𝑠) = 𝔼𝔼𝜋𝜋[𝑅𝑅𝑡𝑡|π, 𝑠𝑠𝑡𝑡 = 𝑠𝑠] = 𝔼𝔼𝜋𝜋 [∑ 𝛾𝛾𝑖𝑖𝑟𝑟𝑡𝑡+1
𝑛𝑛

𝑖𝑖= 
|π, 𝑠𝑠𝑡𝑡 = 𝑠𝑠] ∀𝑠𝑠 ∈ 𝑆𝑆 (12) 

Reinforcement learning faces two fundamental problems. Firstly, the prediction problem, which aims to evaluate 
the value function for a given policy, and secondly the control problem, which deals with finding an optimal policy 
for the given environment and the current estimation of its value function. The differences in solving the prediction 
problem result in the approach to estimate the value function. Regarding the control problem, a big challenge is 
called the exploration-exploitation problem. The agent always aims to behave in such a way that the obtained 
return is maximal. However, the agent needs advisement to choose an unknown path to get a better understanding 
of the environment and to find other ways of gaining reward. Furthermore, to adapt to changing environmental 
conditions, an exploring agent is a requirement, since deviations in the environment can cause alternative actions 
to become the best choice in a certain state. However, too much exploration on the other hand can cause the agent 
to collect low rewards as the trained knowledge of rewards in the environment is never used, and states far away 
from the initial state are rarely reached causing a lack of exploration in these situations. 

In this paper, the actor-critic algorithm is implemented, because it deals with the prediction and control problem 
separately, thus poor performance can be tracked back and assigned to one of them. The method consists of two 
parts. Firstly, the actor, which selects and executes actions in the environment. Thus, the actor represents the 
policy or agent of this algorithm. Secondly, the critic, which estimates the value function of the current state, 
which the actor resides in. The actor uses the critic as a baseline for its suggested actions, i.e. the policy of the 
actor is tuned to the relative returns of taking a certain action in a state, instead of tuning in response to the total 
returns. For example, a certain action results in a negative reward of , however, the critic estimated the state 
to have a value of , thus the relative return is . The critic tunes its parameters depending on the error of 
the estimation of the state value. In this paper, a one-step temporal difference error is used, which estimates the 
value of a state by calculating the mean of different one-step returns obtained from this particular state. The 
complete control loop is displayed in Figure 3. Starting from time stamp 𝑡𝑡, the actor 𝜋𝜋(𝑠𝑠) determines the valve 
position in percentage depending on the current state 𝑠𝑠𝑡𝑡. The state-space consists of a tuplet ( ,   ,  ,   ,   ,   ), 
with the normalized cart position  , the angle of the pendulum  , which is provided as cos    and sin   , the 
velocity of cart    and angle    and the normalized chamber pressures    and   . The critic estimates the state 
value 𝑉𝑉π(𝑠𝑠) based on the current state and passes it to the actor as a baseline for its parameter tuning. Both 
models receive the reward 𝑟𝑟𝑡𝑡, which contributes to the loss functions of the model’s parameters. Afterward 
executing the action, the model computes the state for the next time stamp 𝑠𝑠𝑡𝑡+1, which is fed to actor and critic. 
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Critic 𝑉𝑉𝜋𝜋(𝑠𝑠)

𝑟𝑟𝑡𝑡+1

𝑠𝑠𝑡𝑡+1Actor 𝜋𝜋(𝑠𝑠) 𝑠𝑠𝑡𝑡
𝑟𝑟𝑡𝑡

𝑉𝑉𝜋𝜋(𝑠𝑠)

𝑦𝑦𝑡𝑡

 

Figure 3: Control loop with actor and critic. 

Artificial neural networks approximate the actor and critic. Figure 4 shows the implemented network architectures. 
The metric of performance of these networks is a decreasing loss and an increasing reward, which are described 
in more detail in the next section. In a heuristic approach, the best configuration was found to be the actor consisting 
of four layers, with the last two outputting the mean  𝑎𝑎 and the standard deviation 𝜎𝜎𝑎𝑎. These create a Gaussian 
probability distribution, which is sampled to generate the current action 𝑦𝑦𝑡𝑡. The size of each layer of the actor is 
256 with a hyperbolic tangents (tanh) as the activation function except the 𝜎𝜎𝑎𝑎 layer, which has a softplus activation 
function. The critic consists of three layers with a size of 256 and two tanh activation functions and a linear 
activation at the output of the network, which outputs the state value 𝑉𝑉π(𝑠𝑠). 

 ( 𝑎𝑎, 𝜎𝜎𝑎𝑎2)
𝑦𝑦𝑡𝑡

 
sin  
cos  
  
  
  
  𝑡𝑡

 1𝑎𝑎  2𝑎𝑎

 𝑎𝑎

𝜎𝜎𝑎𝑎

  𝑎𝑎

 
sin  
cos  
  
  
  
  𝑡𝑡

 1  2    

𝑉𝑉𝜋𝜋(𝑠𝑠)

The actor network The critic network

 

Figure 4: Neural network architecture of actor and critic. 

3.3 Loss & Reward Function 

The actor and critic’s neural network parameters tuning is according to specific implemented algorithms, such that 
the optimal parameter for solving the particular problem is determined. In this paper, the implemented optimization 
is the Proximal Policy Optimization (PPO) [13]. PPO is an optimization of the class of policy gradient methods, 
that directly adjust the policy. An artificial neural network approximates the policy and its parameter tuning is 
such that the expected sum of rewards is maximal. PPO provides two main advantages since it can learn a stochastic 
policy. Firstly, the exploration-exploitation problem is solved by the stochastic policy giving the agent the ability 
to explore the state space without always executing the same action, since a probability distribution over the action 
space is calculated. Secondly, for the case of perceptual aliasing, which occurs if the environment contains two 
states that seem to be equal, but require different actions. In this case, the optimal policy will base its action on a 
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probability distribution and distinguish between these states. In comparison to other policy gradient methods, PPO 
is more sample efficient, since most policy gradient methods exhibit an on-policy nature, which implies that the 
updated policy depends exclusively on samples collected by the current policy. A single batch of samples cannot 
be used twice. PPO works according to an algorithm called importance sampling, which computes the properties 
of a particular distribution with samples generated from a different distribution. Thus, a new policy can be 
evaluated with samples from another policy. Mathematically, the importance sampling is defined as (13): 

𝔼𝔼𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏)[𝑟𝑟(𝜏𝜏)] = ∫𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏) 𝑟𝑟(𝜏𝜏) 𝑑𝑑𝜏𝜏 = ∫𝜋𝜋𝑜𝑜𝑜𝑜𝑜(𝜏𝜏)
𝜋𝜋𝑜𝑜𝑜𝑜𝑜(𝜏𝜏)

𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏) 𝑟𝑟(𝜏𝜏) 𝑑𝑑𝜏𝜏 = 𝔼𝔼𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜(𝜏𝜏) [
𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏)
𝜋𝜋𝑜𝑜𝑜𝑜𝑜(𝜏𝜏)

𝑟𝑟(𝜏𝜏)] 
(13) 

with the quotient of two probability distribution 𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏)𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜(𝜏𝜏)
 being the importance weight. The suggestions of the critic 

are considered in the actor loss by computing the advantage 𝒜𝒜𝑡𝑡 = 𝑅𝑅𝑡𝑡 − 𝑉𝑉π(𝑠𝑠) and multiplying it with the 
importance ratio. To ensure that outliners do not modify the network, the PPO loss function is clipped if the ratio 
is too high. The final loss function for the PPO is (13): 

  = 𝔼𝔼𝑡𝑡 [ 𝑖𝑖𝑖𝑖 (
𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏)
𝜋𝜋𝑜𝑜𝑜𝑜𝑜(𝜏𝜏)

𝒜𝒜𝑡𝑡, 𝑐𝑐𝑐𝑖𝑖𝑐 (
𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏)
𝜋𝜋𝑜𝑜𝑜𝑜𝑜(𝜏𝜏)

, 1 − 𝜖𝜖, 1 + 𝜖𝜖))𝒜𝒜𝑡𝑡] 
(14) 

with 𝜖𝜖 = 0.2, which is a common used value. The second loss is computed by the mean square error (MSE) of the 
return and the state value estimated by the critic: 

 𝐶𝐶 = 𝑀𝑀𝑀𝑀𝑀𝑀(𝑅𝑅𝑡𝑡, 𝑉𝑉π(𝑠𝑠)) (15) 

The third part of the final loss function is an entropy term, which decreases as the exploration decreases and the 
exploitation increases and depends on the standard deviation of the probability distribution of the actor: 

 𝐸𝐸 = 𝑓𝑓𝐸𝐸(𝜎𝜎𝑎𝑎) (16) 

The final loss function is: 

 𝑜𝑜𝑠𝑠𝑠𝑠 = 𝛼𝛼 ∙   + 𝛿𝛿 ∙  𝐶𝐶 + 𝜗𝜗 ∙  𝐸𝐸  (17) 

with 𝛼𝛼 = 1, 𝛿𝛿 = 0.5, 𝜗𝜗 = 0.01. The hyperparameter have been tuned such that no excessive weighting of one loss 
function occurs during training. In this paper, several reward functions are implemented and investigated. Reward 
functions are categorized in sparse, dense, path, and cliff [14]. The two best-performing functions are introduced 
in the following part. The first reward function is implemented for the pole balancing task and is defined as: 

𝑟𝑟𝑡𝑡( 𝑡𝑡) = {1, −15 ° <  𝑡𝑡 < 15 °
0, 𝑒𝑒𝑐𝑠𝑠𝑒𝑒  (18) 

This function is sparse since there are only two discrete values for the reward. The termination angle is selected 
according to OpenAI gym’s cart pole [17]. Regarding the second function, the reward is dense and defined as: 

𝑟𝑟𝑡𝑡( 𝑡𝑡, 𝑦𝑦𝑡𝑡,   𝑡𝑡,  𝑡𝑡) = { cos  𝑡𝑡 − 𝜁𝜁 ∙  𝑡𝑡 
2 − 𝜂𝜂 ∙ 𝑦𝑦𝑡𝑡2, −0.12  <  𝑡𝑡 < 0.12  

cos  𝑡𝑡 − 𝜁𝜁 ∙  𝑡𝑡 
2 − 𝜂𝜂 ∙ 𝑦𝑦𝑡𝑡2 − 100, 𝑒𝑒𝑐𝑠𝑠𝑒𝑒

 

 

(19) 

with 𝜁𝜁 = 0.001 and 𝜂𝜂 = 0.0001. This reward function is used for the combination of swing up and pole balancing. 
In a heuristic approach the penalty parameter 𝜁𝜁 and 𝜂𝜂 are found. On the one side, for high values, the actor might 
not to build up enough velocity to swing the pole up. On the other side, low values might not affect the actor’s 
behavior at all. Through this reward signal, the actor obtains a huge penalty for moving far away from the center. 
This penalty represents a safety constraint. These two functions yield the best results and are considered in the 
next section.  
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4 Training & Results 

4.1 Rules and Conditions of the Training 

The training of the RL controller consists of two steps. Firstly, the actor interacts with the environment by applying 
valve positions to the systems, which result in subsequent states and a reward. These are feed back to the agent. 
The second part is the optimization of the neural networks. This step requires the critic to estimate a state value 
for a certain state and the actor suggesting a particular action for this state. Afterward, the loss is computed and 
backpropagated through the networks in order to adjust the parameters of actor and critic. The optimization is done 
after every 4000 time steps. This value is based on a heuristic approach, such that the agent has a sufficient new 
amount of data to optimize on. In addition to the reward and the state space, the environment has certain 
termination conditions, which once met, immediately stop the episode. These conditions are application-specific 
and are listed below: 

 An episode is played for more than 20𝑠𝑠 

 The cart position is over ±0.12  

 The angle of the pendulum is over ±15° 

The second and third condition result from the reward functions (18) and (19). The time duration of the episode is 
selected by a heuristic approach. The simulation time needs to have a sufficient length in order for the actor to be 
able to solve the task. Furthermore, the longer an episode, the more information is collected in an episode, which 
is used for the subsequent optimization and eventually results in a shorter training time. In order to validate the RL 
implementation, the main problem is divided into smaller and easier-to-solve subtasks. In this paper, the agent is 
validated on the task of balancing the pole, starting from a rather upright angle, before facing the challenge of 
swinging the pole up and keeping it at the top. The challenges have different starting and termination conditions 
and reward signals and are described in the following section.  

4.1.1 The Control Problem 

In the first challenge, the pole balancing, the agent attempts to actuate the valve such that the pole remains in a 
vertical position. Initially, the pole starts in a rather vertical position between ±5°, and the cart position is set to 
0 . The initial angle varies in order to investigate the actor’s robustness. The episode is terminated if the agent 
meets one of the earlier described conditions and the reward function is given in Equation (18). In order to solve 
this challenge, the pole needs to remain in an interval of ±15° for 30 seconds. The episode time is set higher than 
in the training in order to ensure a stable behaviour of the controller. The following results are obtained after 892 
optimizations. During the testing process, only the actor’s mean is applied to the plant, because the agent best 
performance is reached by exploiting its policy. Figure 5 shows the results after training the RL controller. The 
agent can keep the angle at around 0° and maintain a stable cart position.  Since the starting angle can vary 
between ±5°, the actor moves the cart initially, in order to avoid the pole to fall. The reward function does not 
contain the cart position; therefore, the actor does not aim to move the cart back to the origin, since additional cart 
move results in a greater pole angle and a lower reward. Moreover, is the reward inside the interval ±15° set to 
one, which results in a jittering of the cart position and the pole angle. The sparse reward function could be 
extended by a penalty, which subtracts the difference in two subsequent angles from the reward as soon as pole 
enters the interval ±1°. Therefore, the actor would be advised to reduce the high frequency jittering. 
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Figure 5: Cart position and pole angle for the pole balancing challenge. 

The main challenge consists of two subtasks. Firstly, the swing up and secondly the pole balancing. Regarding the 
swing up, a control engineering approach would be an implementation of an algorithm, which equates the 
kinematic and potential energy of the mechanical system. The resulting motion would lead up in a swing-up of the 
pole and after a certain angle, the control task switches to balancing the pole at the top. For the RL controller, the 
agent needs to solve both problems with the same set of tuned parameters. The initial starting point of the pole is 
±5° from a hanging position and the cart starts in the middle of the track. The game is terminated for the first two 
earlier introduced conditions since the starting angle is violating the third condition’s boundary. The dense reward 
function is described in Equation (19). Violating the second condition is severely punished with a negative value 
of 100. One episode’s duration is increase to be 30 seconds in order to investigate the controller’s stability. Figure 
6 shows the result of the inverted pendulum challenge. The actor learns to swing up the pole and keep it in a 
vertical position until the episode terminates. Similar to the pole balancing task, the cart position is not 0 , since 
the movement of the cart results in a negative reward signal. The dense reward function considers angle velocity 
and valve opening, thus a damped jittering compared to the pole balancing is observed. 

 

Figure 6: Cart position and pole angle for the inverted pendulum challenge. 

5 Summary & Conclusion 

RL presents a class of novel control algorithms for hydromechanical systems, which have a more flexible and 
adaptive structure compared to conventional controllers. In this paper, the possibilities offered by RL control of a 
hydromechanical system were demonstrated by solving the inverted-pendulum-on-a-cart-problem. The control 
algorithm was implemented based on the actor-critic approach and the sample efficient Proximal Policy 
Optimization. The controller was tested on a simulation model, which has a hydraulic drive and a mechanical part, 
consisting of a cart and pendulum. The agent was able to solve the pole balancing and the inverted pendulum 
challenge. Compared to conventional control algorithms, which normally require two controllers, the same actor 
was able to solve both tasks. Moreover, a flexible structure is implemented, which can be adjusted to changes in 
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the model through further training. Further research can be conducted on the robustness of the agent, as disturbance 
and noise can be added to the environment. Eventually, the trained agent will be validated on a real-life test rig, 
which is available at the institute.  

Nomenclature 

Variable Description Unit 

  Action space [-] 

𝑎𝑎 Action out of the action space [-] 

   Cylinder area [m2] 

𝑎𝑎𝑡𝑡 Action at time 𝑡𝑡  [-] 

  ,𝑚𝑚𝑚𝑚𝑚𝑚  Max valve opening area [m2] 

𝐶𝐶𝑑𝑑 Flow coefficient [-] 

 𝑏𝑏 Breakaway force [N] 

   Coulomb force [N] 

𝑓𝑓𝐸𝐸  Entropy of the actor network [-] 

   Connecting force between piston and cart [N] 

   Stribeck force of cart and cylinder [N] 

𝑔𝑔 Gravity force [kg∙m/s2] 

𝐽𝐽 Inertia of pole [kg∙m2] 

   Half of the pole length [m] 

   Loss function of the actor [-] 

 1𝑚𝑚  First layer of the actor network [-] 

 2𝑚𝑚  Second layer of the actor network [-] 

  𝑚𝑚  Third layer of the actor network [-] 

 𝐶𝐶  Loss function of the critic [-] 

 𝐸𝐸  Entropy loss function [-] 

 1  First layer of the critic network [-] 

 2  Second layer of the critic network [-] 

    Third layer of the critic network [-] 

 𝑜𝑜𝑜𝑜𝑜𝑜 Loss function of the reinforcement learning controller [-] 

   Mass of Cart [kg] 

     Mass of piston [kg] 

𝑀𝑀𝑓𝑓 Moment of friction of the joint [N∙m] 

   Mass of pole [kg] 

𝑀𝑀𝑀𝑀𝑀𝑀 Mean squared Error [-] 
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  Normal Distribution [-] 

N Amount of steps in an episode [-] 

   Pressure in chamber A [bar] 

   Pressure in chamber B [bar] 

   Source Pressure [bar] 

   Tank Pressure  [bar] 

   Flow rate chamber A [m3/s] 

   Flow rate chamber B [m3/s] 

R Reward Space [-] 

𝑟𝑟𝑡𝑡 Reward at time 𝑡𝑡 [-] 

𝑅𝑅𝑡𝑡 Return at time 𝑡𝑡  [-] 

S State Space [-] 

𝑠𝑠𝑡𝑡 State at time 𝑡𝑡 [-] 

𝑡𝑡 Episode time [s] 

𝑣𝑣𝑏𝑏 Breakaway velocity  [m/s] 

𝑉𝑉 ,  Dead volume of the left chamber [m3] 

𝑉𝑉 ,𝑅𝑅 Dead volume of the right chamber [m3] 

𝑉𝑉π(𝑠𝑠) State value function [-] 

  Position of cart [m] 

𝑦𝑦 Valve opening [m] 

𝛼𝛼 Tuning parameter of the actor loss [-] 

𝛽𝛽 Elasticity [kg/m∙s] 

𝛾𝛾 Discount factor [-] 

𝛿𝛿 Tuning parameter of the critic loss [-] 

𝜖𝜖 Clipping value of the PPO [-] 

𝜁𝜁 Penalty parameter for the angle velocity [-] 

𝜂𝜂 Penalty parameter for the valve opening [-] 

  Angle of pendulum [°] 

 𝑎𝑎 Mean of actor network [m] 

 𝑃𝑃 Pole friction coefficient [N∙m∙s/°] 

    Normalized pole friction coefficient [m/kg] 

   Cart and pistion friction coefficient [N∙m/ ∙s] 

𝜗𝜗 Tuning parameter of the entropy loos [-] 

π Policy of the reinforcement learning algorithm [-] 
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𝜌𝜌 Fluid density [kg/ m3] 

𝜎𝜎𝑎𝑎 Standard deviation of actor network [m] 

𝒜𝒜𝑡𝑡 Advantage function of the time and state [-] 

𝔼𝔼𝜋𝜋 Expected value of a function 𝜋𝜋 [-] 
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In a digitalized future, components of technical systems will have to provide information on their condition. This 
is challenging for manufacturers of positive displacement pumps because of cost pressure and data security 
concerns. As already available condition monitoring solutions are not applicable in this environment, this paper 
showcases an alternative approach: The decentral condition monitoring system is based on hybrid soft sensors that 
utilize precise physical models and uncertain measurements of few low-cost sensors whose lower signal quality is 
offset by using sigma-point Kalman filters. The implementation of state estimation for the pump’s function 
(volume flow) and effort (shaft torque) is the subject of a presented case study.  

Keywords: Condition monitoring, soft sensors, digitalization, positive displacement pumps  
Target audience: Digital Industries, Systems (max. 3) 

1 Introduction 

In the context of industrial digitalization, components of any technical system will be demanded to provide, record 
and communicate information about their condition. Future potentials for process-wide control and condition 
monitoring as well as new business models depend on the provision of information [1]. The development and 
customization of the open interface standard OPC UA by VDMA aims to unlock the potentials of digital solutions 
for Fluid Power Systems [2]. In future, pumps as energy-relevant and critical components of fluid systems will 
have to provide information about their condition. A pump’s condition can be characterized by its function (e.g. 
volume flow and pressure history), effort (e.g. power or efficiency) and availability (e.g. mean time between 
failure). Future business models depend on the ability to recognize and make these conditions available for further 
processing by the pump operator. 

The manufacturers of positive displacement pumps face many challenges. On the one hand, their customers expect 
meaningful condition data on the pumps guaranteeing smooth operation. On the other hand, the costumers are 
unwilling to make a financial effort that goes hand in hand with the installation of condition monitoring systems. 
At the same time, there is usually only limited data available because of the lack of sensors surrounding the pump 
and even if so, the customers forbid the upload of said signals due to data security concerns. Instead of the 
commonly used phrase “Big Data” which means big volume, velocity and variety of data [3], the pump 
manufacturers deal with “Small Data”. In this article, “Small Data” is defined as small data volumes retrieved 
from as few low-cost sensors as possible. The pump manufacturers are therefore not able to apply common 
condition monitoring methods to their pumps. and, consequently, future business models depending on condition 
monitoring cannot be developed. Against this background, this article presents an approach to achieve low-cost, 
decentral pump condition monitoring by means of combining expert knowledge and “Small Data”. The application 
of hybrid soft sensors on an edge controller enables pump manufacturers to provide a convenient condition 
monitoring solution within the costumer’s network. 

Firstly, an overview of the state of the art on condition monitoring is given. On this basis, the concept of hybrid 
soft sensors is introduced. The main part of this article presents a case study of hybrid soft sensors monitoring a 
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positive displacement pump’s condition. Finally, a conclusion and outlook on further application of the proposed 
systems for fault detection and identification is presented.  

2 State of the art 

Although condition monitoring and fault diagnosis are frequently mentioned as trending topics, an extensive 
literature search reveals only a limited number of methods and use cases for pumps. Even if so, the currently 
available solutions for pump or motor condition monitoring are mostly developed for centrifugal machines and 
other rotating equipment. These monitoring solutions are mainly based on measurements of mechanical and 
hydraulic vibrations followed by frequency analyses. Such systems are available from different manufacturers 
such as Sulzer [4], KSB [5] or Dynapar [6]. Alternatively, the relevant state variables are measured directly by 
specific sensors. After uploading the data to central cloud storage, indicators can be calculated or limit checking 
on the basis of historical data sets is applied [7]. 

The aforementioned approach also dominates in current research. Surek [8] and Kalmar [9] utilize machine 
learning methods for automated evaluation and classification of vibration and state measurements. However, for 
this approach to be successful, a sufficient amount of training data has to be available. This procedure is also 
applied to the field of mobile hydraulics for fault classification at ifas in Aachen [10], [11].  

In conclusion, it is apparent, that condition monitoring methods that are already available or subject of current 
research either depend on large number of measurements and central computing or on a large amount of training 
data. These are methods for big data by volume (training data), variety (different sensors) or velocity (online 
frequency analysis) and entail central computing and storage. 

In this context, costumers usually don’t accept wide-spread data upload and won’t provide the necessary training 
data. The pump manufacturers have to provide condition monitoring solutions that utilize Small Data of few 
sensors which have to be cost-effective to keep costs of such systems down instead of big data which are not 
available or expensive to come by. A promising model based approach was published by Münchhof [12] in 2007 
for a hydraulic servo axis. He used parity equations, parameter estimation and state estimation to combine 
measurements with physical models. This approach is also utilized in hybrid soft sensors which are capable to use 
limited measurements to estimate the pump’s condition by combining them with physical models. This makes 
them a practical and cost-effective solution that was described by Pelz in [13]. A detailed description of these 
hybrid soft sensors follows in the next chapter. 

3 Hybrid soft sensors 

The purpose of the hybrid soft sensor is to provide information about the pump’s condition which can be 
communicated to the customer and guarantee smooth operation within the specific costumer restrictions. 
Therefore, pump specific knowledge of the manufacturer in the form of pump models is combined with limited 
measurements of low-cost sensors and appropriate state estimation methods. This way, a decentral condition 
monitoring system as shown in Figure 1 is set up. 

Control signals such as the rotational speed 𝑛𝑛, design parameters such as the displacement volume 𝑉𝑉 and 
measurements of easily available physical variables such as temperature 𝑇𝑇 and pressure difference Δ𝑝𝑝 are the 
inputs to this system. The desired outputs are indicators for the pumps condition which is defined by function 
(volume flow rate 𝑄𝑄), effort (hydraulic power 𝑃𝑃hyd or efficiency 𝜂𝜂) and availability (leakage, 𝜂𝜂vol). 
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Figure 1: Structure of the decentral condition monitoring system. 

To set up such a condition monitoring system based on hybrid soft sensors requires: 

1. A validated pump model to describe the pump’s behavior. 

2. Necessary measurement data to calibrate the pump model. 

3. System identification of the operating fluid system by the pump. 

4. Suitable and efficient state estimation methods. 

The following is a brief explanation of how these requirements are implemented. The selection of a suitable state 
estimation method for the given task is described in more detail. To clarify the approach, a case study was 
conducted that is described in chapter 4. 

The type-independent efficiency model by Schänzle and Pelz is used as the pump model. It is a semi-empirical 
pump model which has achieved excellent results for different types of positive displacement pumps [14]. The 
necessary measurement data to calibrate said pump model are available through preliminary experiments. 

As pumps interact with their environment, the fluid system has to be characterized and identified. The plant 
characteristics can be modelled with different approaches. The calibration of the used model is performed in the 
real set-up by utilizing the pump start up. This way, the actual interaction of the fluid system is accounted for. For 
more details see the case study in chapter 4. 

Pump and plant model are fundamental parts to the two stages of condition monitoring: State estimation and fault 
detection respectively identification. The hybrid soft sensor estimates state variables such as volume flow and 
hydraulic power directly instead of measuring them with elaborate sensors. There are different methods for state 
estimation depending on the system linearity and the scenario dynamics as shown in Figure 2.  
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Figure 2: State estimation methods 

In this regard, one has to consider that fluid systems are usually non-linear. Their dynamics depend on the load 
scenarios. Therefore, the state estimation method has to cope with these prerequisites and the methods on the left 
side of Figure 2 are not applicable for the hybrid soft sensor.  
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Since the hybrid soft sensor is implemented on an edge controller, the available computing power and storage 
capacity is limited. Furthermore, the application of low-cost sensors accounts for lower signal quality and 
necessitates the selection of estimation methods that are more robust. To provide meaningful results for condition 
monitoring the quality of said results given a small amount of data is considered in the selection process. Last but 
not least, the effort to implement the state estimation method is taken into consideration. More established methods 
are preferred as they provide more comprehensive documentation and use cases. Based on these criteria, the state 
estimation methods of Figure 2 are evaluated in Table 1. 
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Least Squares ++ [15] 
[16] 

++ o ++ ++ o 

[16] 

++ + ++ 

M-estimator o 

[17] 

++ ++ 

[17] 

++ 

[17] 

o/++ 
[17] 

o/++ 
[18] 

++ -- - 

[18] 

Hybrid Neural 
Networks 

-- 

[19] 

++ o/++ ++ -/++ ++ - 

[20] 

- -- 

[19] 

Particle Filter - 

[18] 

++ ++ 

[21] 

- ++ + 

[22] 

++ + - [21] 
[23] 

Sliding Mode 
Observer 

++ 

[24] 

++ + 

[25] 

- o ++ ++ 

[25] 

o - 

[26] 

Extended 
Kalman-Filter 

o 

[27] 

++ ++ 

[27] 

- 

[27] 

++ 
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+ + 

[28] 

++ + [27] 
[28] 

Sigma-Point-
Kalman Filter 

o 

[27] 

++ ++ 

[27] 

++ 

[27] 

++ 

[27] 

++ 

[22] 

++ 

[27] 

+ o [27] 
[28] 

Table 1: Evaluation of state estimation methods based on the selection criteria. 

For stationary load scenarios with few load changes, the least squares method is the most suitable. This method 
provides low variance results with efficiency and is well established [29]. The load scenario of the following case 
study is transient with many load changes. Therefore, a sigma-point Kalman filter (SPKF) is selected. It provides 
results of the highest quality as it is the best estimator for noisy systems by its mathematical nature [30]. The SPKF 
can cope with noisy signals of low-cost sensors and does not become unstable with changes in the system. The 
required computing power is larger than for other methods, but can be provided by common edge controllers which 
makes a decentral implementation possible [27]. 

The implementation of the hybrid soft sensor with sigma-point Kalman filter is described in the following case 
study. 
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4 Case Study: Volume flow and shaft torque estimation 

The focus of this case study is the application of a hybrid soft sensor with sigma-point Kalman filter for the state 
estimation based on a limited amount of uncertain measurement data. An eccentric screw pump with known 
behavior is installed in a generic fluid power system with unknown, but non-varying characteristics. The goal of 
the hybrid soft sensor is to estimate the volume flow (function) and shaft torque (effort) based on measurements 
of few low-cost sensors. 

For the experimental implementation, pressure and rotational speed are recorded by high quality sensors. The 
signal quality is systematically modified to emulate measurements of lower quality sensors with higher signal 
noise and sensor drift. The estimation results are validated through measurements by precise volume flow and 
torque meters. The pump operation is illustrated by representative load scenarios which were derived from a survey 
among positive displacement pump manufacturers. 

4.1 Pump model 

The hybrid soft sensor shown in Figure 1 depends on manufacturer knowledge in the form of a pump model. This 
physical model is implemented with the type-independent efficiency model of Pelz and Schänzle [31]. The real 
volume flow of the eccentric screw pump 𝑄𝑄real is calculated as the difference between the theoretical volume flow 
𝑄𝑄th and the modeled leakage 𝑄𝑄L. The theoretical volume flow is calculated as the product of the displacement 
volume 𝑉𝑉 and the rotational speed 𝑛𝑛 of the pump. 

𝑄𝑄real = 𝑄𝑄th − 𝑄𝑄L = 𝑛𝑛 ⋅ 𝑉𝑉 − 𝑄𝑄L. (1) 

The leakage 𝑄𝑄L is composed of a pressure-driven flow and a drag flow and is described via a semi-analytical model 
with the model parameters  0,  1,  2 and  3: 

𝑄𝑄L =  0 +  1 ⋅ Δ𝑝𝑝𝐶𝐶2 +  3 ⋅ 𝑛𝑛. (2) 

The pump is driven by the shaft torque 𝑀𝑀S which is composed of the hydraulic torque 𝑀𝑀hyd and the mechanical-
hydraulic loss torque 𝑀𝑀mh: 

𝑀𝑀S = 𝑀𝑀hyd + 𝑀𝑀mh. (3) 

The hydraulic torque 𝑀𝑀hyd is representative for the pump’s function to increase the fluid pressure. Therefore, it 
can be decomposed as follows: 

𝑀𝑀hyd =
Δ𝑝𝑝𝑝𝑝
2𝜋𝜋 . 

(4) 

The mechanical and hydraulic losses represented by the torque 𝑀𝑀mh are described via the following semi-analytical 
model with the model parameters 𝐷𝐷0, 𝐷𝐷1 and 𝐷𝐷2: 

𝑀𝑀mh = 𝐷𝐷0 + 𝐷𝐷1 ⋅ Δ𝑝𝑝 + 𝐷𝐷2 ⋅ 𝑛𝑛. (5) 

All model parameters are dependent on the viscosity of the fluid which is a function of its temperature. For the 
following analyses, the temperature is assumed to be constant. Therefore, all model parameters are also constant 
and determined via calibration measurements beforehand. 

4.2 Plant model 

This case study examines the positive displacement pump in a generic fluid system. The pressure loss of the plant 
is therefore modeled by hydraulic resistances  1,  2 and the hydraulic inductance  H as follows: 

Δ𝑝𝑝 =  1𝑄𝑄2 +  2𝑄𝑄 +  H�̇�𝑄. (6) 
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As the plant characteristic in Equation (6) is assumed to be unknown, but non-varying, the model parameters  1, 
 2 and  H must be determined with a preceding calibration run. For this purpose, the pump startup with a known 
derivative of the rotational speed �̇�𝑛 is used. The derivative of the volume flow �̇�𝑄 can be approximated as follows: 

�̇�𝑄 =  𝑑𝑑
𝑑𝑑𝑑𝑑 (𝑛𝑛 ⋅ 𝑉𝑉 − 𝑄𝑄𝐿𝐿)  ≈  �̇�𝑛 ⋅  𝑉𝑉. (7) 

The pressure difference Δ𝑝𝑝 and rotational speed 𝑛𝑛 during the calibration run are measured. The measurements 
allow the calculation of the derivative of the rotational speed �̇�𝑛. The volume flow 𝑄𝑄 is estimated based on 
Equation (1). Thus, the parameters of the plant model, Equation (6), can be determined by linear regression without 
an actual measurement of the volume flow. 

Figure 3 shows the results of the calibration run. The calibrated plant model represents the real plant characteristics 
well. 
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Figure 3: Calibration of the plant model via pressure measurement and volume flow estimation during pump 
start up. 

The sigma-point Kalman filter requires a differential equation of the process model. Therefore, the pump model 
(cf. Equation (1)) is differentiated and inserted in the plant model (cf. Equation (6)). The resulting process model 
describes the derivative of the pressure difference Δ�̇�𝑝 as a function of the pressure difference Δ𝑝𝑝, its potencies 
Δ𝑝𝑝𝐶𝐶2  and Δ𝑝𝑝2, the rotational speed 𝑛𝑛, its square 𝑛𝑛2 and its derivative  �̇�𝑛: 

Δ�̇�𝑝 = 𝑓𝑓(Δ𝑝𝑝𝐶𝐶2  Δ𝑝𝑝 Δ𝑝𝑝2 𝑛𝑛 𝑛𝑛2 �̇�𝑛). (8) 

All independent variables in Equation (8) can be measured by low-cost sensors and are inputs to the SPKF which 
is described in more detail in the following chapter. 

4.3 Sigma-Point Kalman Filter 

The third stage of the hybrid soft sensor in Figure 1Figure 1: Structure of the decentral condition monitoring 
system. is state estimation. A sigma-point Kalman filter is used for this purpose. SPKFs are an extension of the 
classical Kalman filter for nonlinear systems [32]. The Kalman Filter was first presented by Rudolf Kalman in 
1960 [33]. It represents the best state estimator for dynamical systems with Gaussian-noisy measurement data [30] 
and combines the mathematical description of the system dynamics with a correction based on measurement data 
using Bayesian statistics. All Kalman filters are based on the steps propagation and correction as shown in Figure 
4. 
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Figure 4: Principle of Kalman filters. 

The real process generates a state Δ𝑝𝑝 from the control variables rotational speed 𝑛𝑛 and its derivative �̇�𝑛. The same 
control variables are input to the process step propagation. The estimated state Δ𝑝𝑝  of the next time step 𝑘𝑘 + 1 is 
propagated with the help of the process model, Equation (8). The input vector 𝒖𝒖 contains the control variables. 𝑨𝑨 
is the system matrix and 𝑩𝑩 the input matrix. The superscript ̂  indicates predicted and ̃  corrected values:  

Δ𝑝𝑝  (𝑘𝑘 + 1) = 𝑨𝑨Δ�̂�𝑝 (𝑘𝑘) + 𝑩𝑩𝒖𝒖(𝑘𝑘). (9) 

The uncertainty of the propagation, represented by its covariance 𝑷𝑷, is also propagated, incorporating the model 
uncertainty 𝑸𝑸 via the transfer matrix 𝑮𝑮: 

�̂�𝑷(𝑘𝑘 + 1) = 𝑨𝑨 ⋅ �̂̃�𝑷(𝑘𝑘) ⋅ 𝑨𝑨𝑇𝑇 + 𝑮𝑮 ⋅ 𝑸𝑸(𝑘𝑘) ⋅ 𝑮𝑮𝑇𝑇. (10) 

The real state Δ𝑝𝑝(𝑘𝑘) is measured by sensors which add measurement uncertainty. A residual Δ[Δ𝑝𝑝(𝑘𝑘)] is calculated 
by comparing the measured with the predicted state Δ𝑝𝑝 (𝑘𝑘): 

Δ[Δ𝑝𝑝(𝑘𝑘)] = Δ𝑝𝑝(𝑘𝑘) − Δ𝑝𝑝 (𝑘𝑘). (11) 

To obtain the corrected state Δ�̂�𝑝(𝑘𝑘), the residual and the Kalman filter matrix 𝑲𝑲(𝑘𝑘) are utilized. 

Δ�̂�𝑝(𝑘𝑘) = Δ𝑝𝑝 (𝑘𝑘) + 𝑲𝑲(𝑘𝑘) ⋅ Δ[Δ𝑝𝑝(𝑘𝑘)] (12) 

By its mathematical definition, the filter matrix 𝑲𝑲(𝑘𝑘) achieves an optimal trade-off between measurement and 
propagation on the basis of the covariances. 𝑪𝑪 is the output matrix and 𝑹𝑹 represents the signal noise: 

𝑲𝑲(𝑘𝑘) = �̂�𝑷(𝑘𝑘) ⋅ 𝑪𝑪𝑇𝑇(𝑘𝑘) ⋅ (𝑪𝑪 ⋅ �̂�𝑷(𝑘𝑘) ⋅ 𝑪𝑪𝑇𝑇 + 𝑹𝑹(𝑘𝑘))
−1

. (13) 

The last step of the SPKF is the correction of the covariances: 

�̂̃�𝑷(𝑘𝑘) = (𝑰𝑰 − 𝑲𝑲(𝑘𝑘) ⋅ 𝑪𝑪) ⋅  �̂�𝑷(𝑘𝑘). (14) 

To account for the non-linearity of the process model, Equation (8), the state vector Δ𝑝𝑝 and the covariance 𝑷𝑷 are 
represented by so called sigma-points. The sigma-points express the statistical distribution of the variables by 
mean and variance and are propagated through the nonlinear system equations. The calculation of the sigma-points 
𝜒𝜒𝑖𝑖  with the weights 𝑤𝑤𝑖𝑖  is done according to van Merwe [27]. 

The requested variables volume flow and shaft torque are calculated by the filtered values of the state variable Δ𝑝𝑝 
and the rotational speed 𝑛𝑛 according to Equation (1)-(5). The uncertainty of the input variables and models is 
incorporated into the method in the form of covariance matrices. Therefore, the confidence intervals of the results 
can be calculated for each time step. 
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4.4 Experimental set up 

The implementation of the hybrid soft sensor for volume flow and shaft torque estimation is carried out at the test 
rig shown in Figure 5. The test rig and the methods of testing are in accordance with ISO 4409 [34]. An eccentric 
screw pump conveys hydraulic oil from an open tank against the resistance of an adjustable ball valve and a needle 
valve.  

M
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𝑇𝑇o t 𝑝𝑝o t 𝑝𝑝  𝑇𝑇  

𝑀𝑀 
𝑛𝑛

a) b)

 𝑀𝑀 

M

  

 𝑄𝑄

  

𝑇𝑇  

𝑝𝑝  

 𝑛𝑛

M
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Figure 5: Test rig for positive displacement pumps at TU Darmstadt. 

Pressure and temperature are measured at the inlet and outlet of the pump. A piezo resistive sensor and a Pt-100 
resistance thermometer are used, respectively. A torque meter with built-in speed sensor operating on the strain 
gage principle measures the shaft torque and rotational speed of the pump. The volume flow rate at the outlet of 
the pump is measured by a screw type flow meter. The measurement equipment used in the investigations 
predominantly meets the accuracy requirements of class A (see ISO 4409 [34]). 

Table 2 gives a summary of the accuracy of the used measurement equipment.  

MEASURED 
VARIABLES 

MEASUREMENT 
RANGE 

MEASUREMENT 
ACCURACY 

𝑝𝑝   0 … 2.5 bar 0.15 % FS 

𝑝𝑝o t 0 …  25 bar 0.15 % FS 

𝑄𝑄 400 l/min 0.5 % MV 

𝑀𝑀  200 / 50  Nm 0.1 % FS 

𝑛𝑛 3600 r m 0.1 % MV  

𝑇𝑇   𝑇𝑇o t 0 … 100 °  ± 0.15 °C 

Table 2: Measurement ranges and uncertainty of measured operation variables  
(MV= measured value, FS=full scale). 

The inputs for the state estimation method are the pressure difference Δ𝑝𝑝 = 𝑝𝑝o t − 𝑝𝑝   and the rotational speed 𝑛𝑛. 
Both measurements rely on high-end sensors (cf. Table 2) whose signals can be modified to emulate the behavior 
of low-cost sensors. The validation of the volume flow estimation is based on the measurement of a precise volume 
flow meter. The validation of the shaft torque estimation is done by the torque meter measurement. 

For this case study, the plant characteristics are adjusted via the needle valve beforehand and then kept constant. 
The eccentric screw pump is operated at different pump speeds as shown in Figure 6. This load scenario was 
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determined by a survey among the manufacturers of positive displacement pumps and is representative for typical 
applications of their customers. 
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Figure 6: Load scenario for validation measurements. 

As mentioned before, the state estimation of the SPKF relies on measurements of pressure difference and rotational 
pump speed. Four different cases are considered in this study. In case (i) and (ii), the state estimation is carried out 
without the application of the SPKF. Volume flow and torque are calculated based on Equation°(1)-(5) for every 
time step. As a reference for all other cases, the state estimation in case (i) is based on the measurements of the 
precise sensors in the test rig. In case (ii), the impact of different signal quality is highlighted. Therefore, the 
pressure sensor signals are superimposed with white noise of the variance 0.3 bar and a drift of 0.6 bar. These 
values are oriented on low-cost sensors available on the market in the range of 25 bar. Since rotational speed is 
easy and cheap to measure, different signal qualities are not considered. The different input signals are shown in 
Figure 7 with the original signal in black and the corrupted signal in light gray. 

corrupted signal
(low-cost sensors)

original signal
(high-end sensors)

filtered signal
(low-cost + SPKF)

 

Figure 7: Pressure signal of high-end and low-cost sensors. 

Cases (iii) and (iv) utilize the SPKF for state estimation. This means, the volume flow and shaft torque estimation 
is carried out with pressure difference values that are filtered by the SPKF. In case (iii) the SPKF is fed with the 
original signals (c.f. Figure 7, black) and in case (iv) the corrupted signals are inputs to the filter. The filtered 
signal of case (iv) is also displayed in Figure 7 in dark gray. Therefore, case (iv) demonstrates a low-cost hybrid 
soft sensor with sigma-point Kalman filter. 

4.5 Results and discussion 

The hybrid soft sensor is devised for volume flow and shaft torque estimation. Therefore, the signals of the 
rotational speed and the different signals of the pressure difference as in Figure 7 are utilized in Equation°(1)-(5). 
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For higher pressure values the SPKF limits the added variance of the corrupted signal. More importantly, it offsets 
the drift which can be seen by the mean values of the noisy signals coinciding. For lower pressure values, the 
SPKF has less influence as the pump and plant model are not calibrated for these operating points. 

The results of the volume flow estimation, which describes the function of a pump, are shown in Figure 8. Case 
(i) is the baseline for all comparisons. The volume flow estimation on the basis of precise sensor signals is a reliable 
way to determine the pump’s function. The application of a sigma-point Kalman filter in case (iii) reduces the 
signal noise insignificantly as there is little room for improvements. The deviation of volume flow estimation and 
measurement is represented in the relative error which is under 5% for the estimation with precise sensors. 

The use of low-cost sensors leads to larger deviations. In case (ii), the volume flow estimation is based on 
unfiltered, corrupted pressure signals. Therefore, the volume flow estimation is quite noisy and the relative error 
exceeds 5% especially for higher volume flows. The combination of low-cost sensors and a SPKF is represented 
in case (iv). The sigma-point Kalman filter helps to offset the lower signal quality and leads to a volume flow 
estimation which is nearly as noisy as the reference in case (i) with a relative error under 5%.  
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Figure 8: Volume Flow estimation results of all four cases. 

The results for the shaft torque estimation based on Equation°(3)-(5) are shown in Figure 9. The trend is very 
similar to the volume flow estimation in Figure 8. Case (i) is the reference for a shaft torque soft sensor without a 
SPKF and with precise measurements. The relative error between the estimation and the measurement of the torque 
meter is below 10%. This is similar to the results for the precise measurements with the application of the SPKF 
as in case (iii). The importance of sufficiently precise input data for the torque estimation is showcased in case (ii). 
Based on pressure difference values with higher signal noise and sensor drift, the shaft torque estimation has a 
relative error of more than 20% for higher rotational speeds (time stamp 60s – 220s) and even higher uncertainty 
for low rotational speed (up to 60s and after 220s). The lower signal quality can be offset by filtering with the 
SPKF as shown in case (iv). As long as the pump is operated with higher rotational speed which equals higher 
volume flows, the shaft torque estimation is nearly as good as in case (i). Only for lower volume flows, the relative 
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error is still high. This is probably due to the fact, that the process model is calibrated for higher operation points 
and the additional signal noise is not relative to the signal value but constant. Therefore, the lower signal quality 
is more dominant in lower operating ranges. 
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Figure 9: Shaft torque estimation results of all four cases. 

5 Summary and Conclusion 

The results of the case study impressively show the potential of hybrid soft sensors using sigma-point Kalman 
filters. The potential lies especially in the use of low-cost measurement systems (pressure and speed) with easily 
computable and accurate physical models in the form of soft sensors. The lower signal quality can be compensated 
by the SPKF utilizing physical models. 

An edge controller (Raspberry Pi, Ardiuno, …) can provide the necessary computing power to apply the SPKF 
which is a first step towards decentral condition monitoring. In the case study, a pump’s condition based on its 
function (volume flow) and effort (shaft torque) was monitored. This decentral condition monitoring system unites 
the physical models of the pump manufacturers and Small Data. The computation is done on a decentral edge 
controller. Hence, the data does not leave the pump operator’s network which increases data security and the 
acceptance of this implementation. The use of low-cost sensors for few measured variables and the nevertheless 
good results implies economic advantages of this solution. 

So far, the first three stages of the decentral condition monitoring system in Figure 1 are implemented. The 
manufacturer knowledge in the form of physical pump models is combined with system identification methods 
that allow the characterization of the fluid system. The state estimation using a SPKF guarantees the best estimation 
for noisy systems by its mathematical nature. This allows for the application of low-cost sensors with lower signal 
quality. To implement the last stage of the decentral condition monitoring system, fault detection and 
identification, further studies are to be conducted. Common faults of specific positive displacement pumps and the 
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resulting effects on the sensor signal in the fluid system have to be identified. This allows for meaningful 
statements about the availability of the pump and the fluid system as a whole. The residuals between estimated 
and measured values can be utilized for fault detection. These residuals are already part of the state estimation 
within the SPKF. To identify the cause of a detected fault, more complex methods are applied. By means of type-
2 fuzzy neural networks, training data from known pump faults and expert knowledge of maintenance staff can be 
combined to create a transparent rule set that is applied to the residuals [35]. The applied methods should be 
extended by statements of uncertainty in order to be able to make reliable statements about the condition and 
possible faults of the displacement pump under uncertainty. 

The aim is to make it easier for pump manufacturers to meet their customers’ requirements in the context of 
industrial digitalization. New business models for pump monitoring can be developed and offered to the customers. 
Thus, the presented research results serve as an important competitive advantage in an international industry that 
is changing to digital services. 
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Nomenclature 

Variable Description Dimension 

𝑨𝑨 System matrix  

𝑩𝑩 Input matrix  

𝛥𝛥𝛥𝛥 Pressure difference, state vector ML-1T-2 

𝑪𝑪 Output matrix  

 0 Empiric pump parameter L3T-1 

 1 Empiric pump parameter M-2L1T3 

 2 Empiric pump parameter 1 

 3 Empiric pump parameter L3 

𝐷𝐷0 Empiric pump parameter ML2T-2 

𝐷𝐷1 Empiric pump parameter L3 

𝐷𝐷2 Empiric pump parameter ML2T-1 

𝑮𝑮 Transfer matrix  

𝑘𝑘 Discrete Time Step T 

𝑲𝑲 Kalman filter matrix  

𝑰𝑰 Identity matrix 1 

 𝐻𝐻 Hydraulic inductance ML-4 

𝑀𝑀hyd Hydraulic torque ML2T-2 
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𝑀𝑀mh Mechanical and hydraulic loss torque ML2T-2 

𝑀𝑀  Shaft torque ML2T-2 

𝑛𝑛 Rotational speed  T-1 

�̇�𝑛 Time derivative of the rotational speed T-2 

𝑝𝑝   Inlet pressure ML-1T-2 

𝑝𝑝o t Outlet pressure ML-1T-2 

𝑷𝑷 Covariance of the state vector  

𝑃𝑃hyd Hydraulic power ML2T-3 

𝑸𝑸 Model uncertainty  

𝑄𝑄 Volume flow rate L3T-1 

𝑄𝑄𝑙𝑙  Internal leckage rate L3T-1 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙  Real volume flow rate L3T-1 

𝑄𝑄𝑡𝑡  Theoretical volume flow rate L3T-1 

𝑹𝑹 Signal noise  

 1 Hydraulic resistance ML-7 

 2 Hydraulic resistance ML-4T-1 

𝑇𝑇 Temperature Θ 

𝑇𝑇   Inlet temperature Θ 

𝑇𝑇o t Outlet temperature Θ 

𝒖𝒖 Input vector  
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The tribology behavior influences the pump's efficiency, stability, functionality, and life cycle. Electronification 
extends the limitation of mechanical design and provides more optimization possibilities. This paper focuses on 
the active hydrostatic lubrication control (AHLC) with PID Controller for tribological pair between swashplate 
and cradle bearing in axial piston pump to minimize the energy dispatch. An novel approach is proposed for 
modeling the hydrostatic lubrication system at cradle bearing, optimization of the global optimal recess pressure, 
and evaluation of energy optimization potential with AHLC systematically. The new developed machine learning-
based method considers the expensive simulation time and the data querying cost. The results show that the energy 
dispatch at the cradle bearing can be reduced enormously using AHLC.  

Keywords: Electronification, hydrostatic lubrication, artificial intelligence (AI), Bayesian optimization, Active 
learning  
Target audience: Hydraulics, Optimization, Applied AI 

1 Introduction 

1.1 Background 

Hydrostatic lubrication has many remarkable advantages such as urtal-low friction, high loading capacity, and 
high bearing stiffness.It is therefore widely used in mechanical engineering branches [1]. Fixed restrictors and 
variable restrictors are commonly applied as passive compensating devices to vary the bearing pressure. There are 
also several active lubrication control applications with PID controllers used in previous studies [5],[23],[24], 
instead of using standard hydraulic components (e.g. constant flowrate valve), they implemented a servo valve and 
a PID control strategy. The tribology pair in the axial piston pump is commonly lubricated by the constant pressure 
source from the high-pressure side of the pump and has a hydrodynamic character. The limitation of the mechanical 
design can be extended through the electronification of hydraulic components. Haug and Geimer [2] optimized the 
tribology pair in the axial piston pump using a demand-driven active lubrication control concept and revealed 
several advantages of this method, such as lower friction, lower leakage, and better swivel dynamics. However, 
optimal lubrication was not defined in their study. Moreover, there was no quantification about the energy 
optimization potential, which is one of the essential advantages of the active hydrostatic lubrication control 
(AHLC) method.  

1.2 Active Hydrostatic Lubrication Control in Axial piston pump 

Figure 1 presents the concept of AHLC method. The AHLC loop consists of following components: Operating 
Point- Pressure Map, Controller, and Plant. The plant includes a pressure source from the high pressure side of the 
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pump, a recess filled with hydraulic oil to release the loading force, a control valve, which aims to influence the 
flow rate from the pressure source to the recess, and the tank. 

 

Figure 1. Concept of active hydrostatic lubrication control.  
a): pressure source. b): recess. c): control valve. d): tank 

1.3 Research objectives 

The present paper studies the optimization of the tribology pair at cradle bearing in axial piston pump with the 
AHLC method. A novel approach is developed to model and search the global optimal recess pressure through the 
given functional range. Furthermore, the energy optimization potential with the AHLC method with different load 
cycles is analyzed. 

Mathematics modelling and optimization of the tribology pair at cradle bearing are described detailed in section 2. 
The simulation results based on the developed model are presented and discussed in section 3. A summary of the 
contribution and a brief view of the future work are then shown in section 4. 

2 Methodology 

2.1 Mathematics Modelling 

In this study, a mathematical model is developed using the software Matlab/Simulink to represent the relationship 
between the recess pressure, the leakage and the friction at the bearing under different pump operating points. The 
model consists of two main parts, namely the force analysis at the swashplate and the pressure built up in the recess. 
In order to simplify the simulation model, several assumptions are adopted as follows: The housing pressure 𝑝𝑝ℎ𝑜𝑜, 
the tank pressure  𝑝𝑝𝑇𝑇 , the density and the temperature of the hydraulic oil, the observed control volume remain 
constant. The height of the lubrication gap changes only slowly and remains small. The leakage at the swivel cradle 
bearing is laminar as used by Ivantysyn and Ivantysynova [3]. The swivel cradle consists of two parts and is treated 
as rigid, which is based on the study of Bassani and Piccigallo [1] about hydrostatic clubrication at bearings. The 
impact of the swivel angle change is not considered in this present study. 

The force analysis on the swashplate from the cyclinder piston is visualized with Figure 2. To calculate the force 
on the swashplate, the simplified pressure curve in the cylinder piston is applied according to the study by 
Ivantysyn and Ivantysynova [3] which means that the pressure 𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷 stays the same pressure of the low pressure 
side during the half circle and stays the same pressure with the high pressure side during the other half circle.  
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Figure 2. Schematic illustration of the force on the swashplate. Reprinted from [3] 

The cylinder piston force 𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 is calculated with Equation (1) , while Equation (2) is used to determine the force 
𝐹𝐹𝑠𝑠𝐷𝐷  from the cylinder piston perpendicular to the swashplate, where 𝛼𝛼 represents the swashplate angle. The friction 
between the piston and cylinder is omitted [3].  

𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐴𝐴𝐷𝐷 ⋅ 𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷 (1) 

𝐹𝐹𝑠𝑠𝐷𝐷 = 𝑘𝑘
𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼 ⋅ 𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 (𝑘𝑘 = 𝑘𝑘1, 𝑖𝑖𝑖𝑖 0 < 𝜑𝜑 ≤ 𝜋𝜋

𝑧𝑧 , 𝑘𝑘 = 𝑘𝑘2, 𝑖𝑖𝑖𝑖 𝜋𝜋
𝑧𝑧 < 𝜑𝜑 ≤ 2 𝜋𝜋

𝑧𝑧 ) 
(2) 

In addition, the application point of the force (𝒙𝒙𝒔𝒔𝒔𝒔, 𝒚𝒚𝒔𝒔𝒔𝒔)  is calculated with Equations (3) and (4), where  𝜑𝜑𝐷𝐷  
represents the rotation angle of the piston.  

𝑥𝑥𝑠𝑠𝐷𝐷 = 𝑅𝑅
𝑘𝑘 ⋅ ∑ 𝑐𝑐𝑖𝑖𝑠𝑠𝜑𝜑𝐷𝐷

𝑘𝑘

𝐷𝐷=1
 (𝑘𝑘 = 𝑘𝑘1, 𝑖𝑖𝑖𝑖 0 < 𝜑𝜑 ≤ 𝜋𝜋

𝑧𝑧 , 𝑘𝑘 = 𝑘𝑘2, 𝑖𝑖𝑖𝑖 𝜋𝜋
𝑧𝑧 < 𝜑𝜑 ≤ 2 𝜋𝜋

𝑧𝑧) 
(3) 

𝑦𝑦𝑠𝑠𝐷𝐷 = 𝑅𝑅
𝑘𝑘 ⋅ ∑ 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝐷𝐷

𝑘𝑘

𝐷𝐷=1
 (𝑘𝑘 = 𝑘𝑘1, 𝑖𝑖𝑖𝑖 0 < 𝜑𝜑 ≤ 𝜋𝜋

𝑧𝑧 , 𝑘𝑘 = 𝑘𝑘2, 𝑖𝑖𝑖𝑖 𝜋𝜋
𝑧𝑧 < 𝜑𝜑 ≤ 2 𝜋𝜋

𝑧𝑧) 
(4) 

The loading forces at the cradle bearing 𝑊𝑊𝐻𝐻 and 𝑊𝑊𝐿𝐿 are calculated with Equations (5) and (6) for both high- and 
low-pressure sides, where ∑ 𝐹𝐹𝑠𝑠𝐷𝐷 shows the sum of the piston force 𝐹𝐹𝑠𝑠,𝑠𝑠𝑠𝑠𝑠𝑠.  

𝑊𝑊𝐻𝐻 = 1
2 ⋅ (1 + 𝑥𝑥𝑆𝑆

𝑅𝑅 ) ⋅ (𝐹𝐹𝐶𝐶 + ∑ 𝐹𝐹𝑠𝑠𝐷𝐷) 
(5) 

𝑊𝑊𝐿𝐿 = 1
2 ⋅ (1 − 𝑥𝑥𝑆𝑆

𝑅𝑅 ) ⋅ (𝐹𝐹𝐶𝐶 + ∑ 𝐹𝐹𝑠𝑠𝐷𝐷) 
(6) 

The force from the swashplate control system 𝐹𝐹𝐶𝐶 is calculated with Equation (7) at the static displacement, where 
the pressure 𝑝𝑝𝑐𝑐 is equal with the pressure at the high pressure side of the pump. Besides,the friction between swash 
plate and cradle bearing is determined with Coulomb friction 𝐹𝐹 using Equation (8) as the swashplate moves only 
at the low speed.  

𝐹𝐹𝐶𝐶 =  𝐴𝐴𝑐𝑐 ⋅ 𝑝𝑝𝑐𝑐  (7) 

𝐹𝐹 = (𝑊𝑊𝐻𝐻,𝐿𝐿 − 𝑝𝑝𝑟𝑟𝐴𝐴𝑒𝑒) ⋅ 𝜇𝜇 (8) 

The hydrostatic bearing at the swashplate is illustrated in Figure 3. As mentioned in previous studies [4],[5], 
Equation (9) models the oil film's clearance  ℎ . And the film thickness will not be zero [1] because of the 
deformations caused by force on the swashplate [2], the surface roughness, and errors in planarity and parallelism 
[1]. In this study, the measurement data are used from the test rig and Equation (13) to estimate the minimal 
clearance ℎ0. The pressure build-up in the recess is calculated with Equations (11), (12) and (13). All leakage from 
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four edges of the bearing is added up. Besides, the servo valve dynamic 𝑥𝑥𝑣𝑣 is modelled with a second-order system 
using Equation (10) as mentioned in the previous work [6]. 

 

Figure 3. Schematic of hydrostatic bearing at the swashplate. The bearing is located between the pump house 
and the swashplate. The incoming flow rate 𝑄𝑄𝑖𝑖𝑖𝑖 at supply pressure 𝑝𝑝𝑠𝑠 causes a pressure build-up in the recess at 

the swashplate. The control volume is marked with color grey. The relief pressure 𝑝𝑝𝑟𝑟 results in the relief force 
𝐹𝐹𝑢𝑢𝑖𝑖𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑢𝑢, which counteracts the bearing loading force 𝑊𝑊𝐻𝐻,𝐿𝐿. 

 

𝑊𝑊𝐻𝐻,𝐿𝐿 − 𝑝𝑝𝑟𝑟 ⋅ 𝐴𝐴𝑒𝑒 + 𝑚𝑚𝑠𝑠𝑠𝑠 ⋅ ℎ̈ = 0   (ℎ ≥ ℎ0) (9) 

1
𝜔𝜔𝑖𝑖2

⋅ 𝑥𝑥�̈�𝑣 + 2𝑑𝑑
𝜔𝜔𝑖𝑖

⋅ 𝑥𝑥�̇�𝑣 + 𝑥𝑥𝑣𝑣 = 𝑢𝑢 
(10) 

𝑝𝑝�̇�𝑟 = 1
𝐶𝐶𝐻𝐻

⋅ (𝑄𝑄𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑢𝑢𝑒𝑒𝑢𝑢𝑙𝑙 − 𝐴𝐴𝑒𝑒 ⋅ ℎ̇) 
(11) 

𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑐𝑐𝑣𝑣 ⋅ 𝑠𝑠𝑠𝑠(𝑥𝑥0 + 𝑥𝑥𝑣𝑣) ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑟𝑟) ⋅ √|𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑟𝑟| − 𝑐𝑐𝑣𝑣 ⋅ 𝑠𝑠𝑠𝑠(𝑥𝑥0 − 𝑥𝑥𝑣𝑣) ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝𝑟𝑟 − 𝑝𝑝𝑇𝑇) ⋅ √|𝑝𝑝𝑟𝑟 − 𝑝𝑝𝑇𝑇| (12) 

𝑄𝑄𝑢𝑢𝑒𝑒𝑢𝑢𝑙𝑙 =  (𝑝𝑝𝑟𝑟 − 𝑝𝑝𝑇𝑇) ⋅ 𝑏𝑏 ⋅ ℎ3

12𝜂𝜂 ⋅ 𝑙𝑙  
(13) 

2.2 Optimal recess pressure with machine learning 

2.2.1 Definition of the optimization problem 

The optimization objective function (14) represents the cradle bearing's total dissipated power, where 𝑝𝑝𝑟𝑟 is the 
recess pressure, 𝑄𝑄 denotes the leakage flowrate from the recess, 𝐹𝐹 indicates the friction and 𝑣𝑣 is the moving speed 
of the swashplate.  

The optimization problem of hydrostatic bearing has been widely studied. As mentioned in previous studies [1],[7], 
the searching minimum energy dispatch's objective function is formulated as the sum of pressure loss and friction 
loss. However, instead of evaluating the objective function’s derivative to optimize the geometric of the bearing 
under constant flow, pressure, or load, it is aimed to find the optimal recess pressure 𝑝𝑝𝑟𝑟 under different pump’s 
working condition without evaluating the objective function’s derivative. 

The pressure at both sides of the pump, the speed of the swashplate, and the pump speed define the pump's loading 
condition. Based on the functional area of the experimental pump, the range and levels of the variables for this 
research are presented in Table 1.  

The result of the optimization problem is the  regression model 𝑝𝑝𝑟𝑟𝑖𝑖 = 𝑀𝑀(𝑝𝑝𝐴𝐴𝑖𝑖, 𝑝𝑝𝐵𝐵 𝑖𝑖, 𝑠𝑠𝑖𝑖, 𝑣𝑣𝑖𝑖) (𝑖𝑖 ∈ {1,2, … 𝑁𝑁}) between 
load condition 𝑝𝑝𝐴𝐴𝑖𝑖, 𝑝𝑝𝐵𝐵𝑖𝑖, 𝑠𝑠𝑖𝑖, 𝑣𝑣𝑖𝑖 and optimal recess pressure  𝑝𝑝𝑟𝑟𝑖𝑖 . And the optimal recess pressure model can be 
directly used for the different load cycles. 

 

𝐽𝐽(𝑝𝑝) = 𝑝𝑝𝑟𝑟 ⋅ 𝑄𝑄 + 𝐹𝐹 ⋅ 𝑣𝑣 (14) 
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Independent variables Research value range Unit 

Pressure A [1,320] [bar] 

Pressure B [1,320] [bar] 

Swash Plate speed [0,3] [1/rad] 

Pump Speed [1000,3000] [rpm] 

Table 1. Research Range and Level for the Operating area of the axial piston pump 

2.2.2 Bayesian Optimization 

Bayesian Optimization (BO) is a commonly used approach for global optimization problem of black-box cost 
function. It builds a surrogate for the cost function and uses an acquisition function to decide the next sample point. 
[12] This method solves the problem (15) based on machine learning and is very efficient for the optimization 
problem with an expensive cost function. In addition, it is suitable for the problem where is no analytical solution 
of the cost function. [12] Nowadays, it is widely used for hyperparameter tuning for machine learning models [8], 
environmental sustainment and monitoring problems [9], algorithm configuration [10] and reinforcement learning 
[11]. 

𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥∈𝐴𝐴

𝑓𝑓(𝑚𝑚) (15) 

The main idea behind BO is using the prior and evidence to define a posterior distribution over the space of 
functions. So even the function is unknown, the Bayesian models provide the information about the most likely 
locations of the maximum using the estimated distribution. The posterior distribution of the objective function is 
assumed with sampled data points from a Gaussian Process, and the choice of the sample point is followed by 
optimizing the acquisition function. 

The BO process is described in Algorithm 1, which consists of two parts: the posterior distribution over the 
objective and acquisition functions. As we accumulate observations 𝑆𝑆 = {𝑚𝑚1:𝑡𝑡, 𝑦𝑦1:𝑡𝑡}, a prior distribution 𝑃𝑃(𝑓𝑓) is 
combined with the likelihood function 𝑃𝑃(𝑆𝑆|𝑓𝑓) to produce the posterior distribution: 𝑃𝑃(𝑓𝑓|𝑆𝑆) ∝  𝑃𝑃(𝑆𝑆|𝑓𝑓)𝑃𝑃(𝑓𝑓) [12]. 

There are different acquisition functions such as expected improvement, knowledge gradient, and entropy search, 
and predictive entropy search [12]. The most commonly used acquisition function expected improvement is 
applied in this study. 

The expected improvement is defined as shown in Equation (16), where 𝑓𝑓(𝑚𝑚) given by (𝑚𝑚1:𝑛𝑛 , 𝑦𝑦1:𝑛𝑛) is normally 
distributed with mean 𝜇𝜇𝑛𝑛(𝑚𝑚) and variance 𝜎𝜎𝑛𝑛

2(𝑚𝑚). 𝐸𝐸𝑛𝑛 indicates the expectation. The expected improvement can be 
evaluated in closed form using integration by parts with the expression (17) [12], where ∆𝑛𝑛(𝑚𝑚) ≔ 𝜇𝜇𝑛𝑛(𝑚𝑚) − 𝑓𝑓𝑛𝑛

∗ is 
the expected difference in quality between the proposed point 𝑚𝑚 and the previous best result. 

𝐸𝐸𝐸𝐸𝑛𝑛 ≔ 𝐸𝐸𝑛𝑛[[𝑓𝑓(𝑚𝑚) − 𝑓𝑓𝑛𝑛
∗]+] (16) 

Algorithm 1: Bayesian Optimization 

1. for t=1,2,…do 

2.     Find 𝑚𝑚𝑡𝑡 by optimizing the acquisition function over the Gaussian process(GP) : 𝑚𝑚𝑡𝑡 =
𝑚𝑚𝑎𝑎𝑎𝑎max

𝑥𝑥
𝑢𝑢(𝑚𝑚|𝑆𝑆) 

3.     Sample the objective function:𝑦𝑦𝑡𝑡 = 𝑓𝑓(𝑚𝑚𝑡𝑡) + 𝜀𝜀𝑡𝑡 

4.     Augment the data 𝑆𝑆 ← {𝑆𝑆, (𝑚𝑚𝑡𝑡, 𝑦𝑦𝑡𝑡)} and update the GP 

5. end for 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

543



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

𝐸𝐸𝐸𝐸𝑛𝑛(𝑥𝑥) = [∆𝑛𝑛(𝑥𝑥)]+ + 𝜎𝜎𝑛𝑛(𝑥𝑥)𝜑𝜑 (∆𝑛𝑛(𝑥𝑥)
𝜎𝜎𝑛𝑛( 𝑥𝑥)) − |∆𝑛𝑛(𝑥𝑥)|𝛷𝛷 (∆𝑛𝑛(𝑥𝑥)

𝜎𝜎𝑛𝑛(𝑥𝑥)) 
(17) 

More details about expected improvement algorithms can be found in [12]-[15]. This algorithm evaluates at the 
point with the most significant expected improvements, and there are a variety of approaches for solving Equation 
(18) to determine the next acquisition point 𝑥𝑥𝑛𝑛+1.  

𝑥𝑥𝑛𝑛+1 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑥𝑥𝐸𝐸𝐸𝐸𝑛𝑛(𝑥𝑥) (18) 

2.2.3 Active Learning 

Active learning is another area associated with BO, which is closely related to optimization problems and 
experimental design. [11]. Active learning aims to sample as little data as possible to achieve high accuracy. It is 
also named as “query learning” or “optimal experimental design” in the statistic literature [16],[17]. In many cases 
the data labelling is complex, time-consuming and expensive, for example, the speech recognition problem 
[16],[18], information extraction problems [19] as well as some classification and filtering problems [16]. 

Active learning models are trained using an initial dataset and continuously updated with new datasets [11]. In 
addition, all active learning scenarios involve the evaluation of the informativeness of unlabeled instances, which 
is known as Query Strategy. The Query Strategy is divided into different categories such as query-by-
committee(QBC) [20] used in this study, in addition to uncertainty sampling, expected model change, expected 
error reduction, variance reduction, and density-weighted methods [16]. The QBC strategy requires a committee 
of models 𝐶𝐶 =  {𝜃𝜃(1), … , 𝜃𝜃(𝑐𝑐)}, which are all trained on the currently labeled set 𝐿𝐿. The different committee 
members represent different regions of the version space and have some disagreements among committee 
members. The most informative query is considered according to the disagreement among committee members. 
The disagreement can be calculated with Kullback-Leibler (KL) divergence [21], which describes the difference 
between two probability distributions. 

The Algorithm of active learning is shown with Algorithm 2. The initial model is trained with initial data 𝐿𝐿0 at the 
beginning. And the central part of active learning is data sampling and model updating. 

2.2.4 Cradle Bearing  Recess Pressure Optimization  

The pseudo-code of the Algorithm to obtain the optimal recess pressure at the cradle bearing over the entire 
working area of the pump is presented in Algorithm 3. In each inner iteration, the different recess pressures are 
searched under the current pump’s operating point, while the energy dispatch is calculated. The optimal recess 
pressure can be obtained based on the objective function, which is modelled with sufficient sampled recess pressure 
and energy dipatch values. In each outer iteration, different operating points are chosen with the QBC query 
strategy so that the model 𝑀𝑀(𝑥𝑥) can be built with as few data as possible. The program in this research is developed 
with Python and Matlab/Simulink. 

Algorithm 2: Active learning 

1. Initial data set with the label 𝐿𝐿0 = {(𝑥𝑥0, 𝑦𝑦0), (𝑥𝑥1, 𝑦𝑦1), … , (𝑥𝑥𝑚𝑚, 𝑦𝑦𝑚𝑚)} 

2. for t=1,2,…do 

3.     Train the Model 𝑀𝑀 from 𝐿𝐿 

4.     Query the next data point 𝑥𝑥𝑡𝑡 according certain query strategy 

5.     Obtain the label 𝑦𝑦𝑡𝑡 

6.     Augment the data 𝐿𝐿 ← {𝐿𝐿, (𝑥𝑥𝑡𝑡, 𝑦𝑦𝑡𝑡)} and update the GP 

7.     Delete 𝑥𝑥𝑡𝑡 from the querying pool 

8. end for 
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This approach takes advantage of querying the operating point effectively so that the most miniature simulation or 
test iterations are necessary. In addition, during the optimization, the analytic description of the objective function 
is unnecessary. In the fluid power domain, we often use the block simulation tool such as Simscape and Amesim, 
or the data-driven/black-box model simulation, from where the analytic description for the objective function is 
not available. In this case, the method in the present research is competitive. Lastly, the simulation in the fluid 
domain is mostly very time-consuming, as they involve solving the Reynolds equation for pressure distribution or 
the deformation with the finite element method instead of applying simplified mathematical modeling. Since the 
sampling efficiency can be significantly improved by using this method, it is very convenient for models with 
expensive computational demands. 

3 Results and Discussion 

To evaluate this method, the optimization strategy is applied to the following load cycles from two groups C and 
O. C stands for closed-loop-circuit application, whereas O stands for open-loop-circuit application. C1 to C4 are 
load cycles from the press machine with four different configurations, while O1 to O4 are load cycles from the 
excavator with four different movements: 

 Press machine variant 1(C1) 

 Press machine variant 2(C2) 

 Press machine variant 3(C3) 

 Press machine variant 4(C4) 

 Excavator 900 rotation and digging(O1) 

 Excavator levelling (O2) 

 Excavator single movement bucket (O3) 

 Excavator single movement arm (O4) 

Algorithm 3: Cradle Bearing  Recess Pressure Optimization 

1. Define the search area of the pump’s operating points. 𝑈𝑈 = {𝑋𝑋0, 𝑋𝑋1, … , 𝑋𝑋𝑁𝑁} 

2. Define the search range of recess 𝑝𝑝 ∈ (0, 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚) 

3. Initial training data  𝐿𝐿 ∈ 𝑈𝑈 

4. Train the initial GP Model 𝑀𝑀(𝑥𝑥) from 𝐿𝐿 

5. for i =1,2,…do 

6.     Query the next data point 𝑋𝑋𝑖𝑖 

7.     for j =1,2,…do  

8.         Find 𝑝𝑝𝑗𝑗 by optimizing the acquisition function: 𝑝𝑝𝑗𝑗 = 𝑎𝑎𝑎𝑎𝑎𝑎max
𝑝𝑝

𝑓𝑓𝑚𝑚𝑎𝑎(𝑝𝑝|𝑝𝑝 ∈ (0, 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚)) 

9.         Sample the objective function:𝐽𝐽𝑗𝑗 = 𝑓𝑓𝑜𝑜𝑜𝑜(𝑝𝑝𝑗𝑗) + 𝜀𝜀𝑗𝑗 

10.         Augment the data 𝐷𝐷 ← {𝐷𝐷, (𝑝𝑝𝑗𝑗, 𝐽𝐽𝑗𝑗)}  update the GP for 𝑓𝑓𝑜𝑜𝑜𝑜(𝑝𝑝) 

11.      end for 

12. Obtain the optimal recess pressure  𝑝𝑝𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑎𝑎max
𝑝𝑝

𝑓𝑓𝑜𝑜𝑜𝑜(𝑝𝑝|𝑝𝑝 ∈ (0, 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚)) 

13. Augment the data set about operating point and optimal recess pressure 𝐿𝐿 ← {U, (𝑋𝑋𝑖𝑖, 𝑝𝑝i)}  
14. Update  𝑀𝑀(𝑥𝑥) from 𝐿𝐿 

15. end for 
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The main differences between those two load cycle groups C and O are as follows: 

 In the closed-loop application, the pressure profiles on both the inlet and discharge side of the pump are 
significantly higher the reservoir pressure and vary with time, while in the open-loop application, only 
the pressure profile on the discharge side of the pump is significantly higher than reservoir pressure and 
varies with time. It leads to the situation that the energy dispatch caused by the leakage is considerably 
higher in the closed-loop application compared to that in the open-loop application. 

 In the closed-loop application, the swashplate stays at the maximal displacement for 85% of the time, 
and the flow rate is varied by changing the pump speed, whereas the swashplate moves most of the time 
in the open-loop application while the pump speed stays constant. It leads to the situation that the 
energy dispatch caused by friction has a more significant proportion in the open-loop application 
compared to that in the closed-loop application. 

 

Figure 3. Recess Pressure at the Cradle Bearing. The solid blue line presents the variant with the method AHLC 
on the A-side, and the dashed black line presents the variant without the method AHLC on the A-side. The solid 
cyan line shows the value with the method AHLC on the B-side, and the dashed magenta line shows the value 
without the method AHLC on the B-side. The x-axis present the time[s]. The y-axis shows the pressure [bar]. 

The optimal target recess pressure for the load cycle is obtained from the trained model 𝑀𝑀 with Algorithm 3. The 
pressure control at the recess is realized using PID control strategy [22] with the control parameters as follows: 
𝑃𝑃𝑃𝑃 = 0.0001, 𝑃𝑃𝐼𝐼 = 0.002, 𝑃𝑃𝐷𝐷 = 1𝑒𝑒 − 8.  

Figure 3 shows the pressure at recess during the load cylces. It is noticable that 𝑝𝑝𝑟𝑟 with AHLC are manipulated 
and differs from 𝑝𝑝𝑟𝑟 without AHLC during the load cycle. By using the AHLC method, during the load cycle, the 
recess pressure is significantly lower than that without the AHLC method. This conclusion holds for both the A 
and B sides. Furthermore, for load cycles C1 to C4, it is particularly interesting to note that when the AHLC 
method is used, the recess pressure presents two peaks, while the rest of the time, it tends to be zero. The data of 
those load cycles show that the swashplate is in the swivel process when the peak of the recess pressures occurs 
and remains stationary for the rest of the time. This methode ensures that minor wear occurs during the swivel 
process as well as avoids unnecessary leakage when the swashplate remains stationary. For load cycles O1 to O4, 
it is difficult to describe the relationship between the rotation process and the recess pressure, because the 
swashplate is continuously in motion. In addition, by using AHLC method, the recess pressure on the A side is 
usually higher than that on the B side. The data from all load cycles show that the A side of the pump is the relative 
high pressure side during the swivel process. 
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Figure 4. Leakage at the Cradle Bearing. The solid blue line presents the variant with the method AHLC on the 
A-side, and the dashed black line presents the variant without the method AHLC on the A-side. The solid cyan 

line shows the value with the method AHLC on the B-side, and the dashed magenta line shows the value without 
the method AHLC on the B-side. The x-axis present the time[s]. The y-axis shows the leakage [L/min].  

Figure 4. presents the leakage at the cradle bearing. The leakage with methode AHLC at the relative low-pressure 
side(B-side) is enormously reduced, and about 90% of the leakage can be avoided. However,the impact of the 
AHLC method for other cases is difficult to read directly from the figure. 

To quantify the optimization potential by using the strategy, we calculate the cradle bearing's dispatched energy 
within the load cycle with Equation (19) and evaluate method AHLC with relative improvement between the 

energy dispatch with and without AHLC using the index I =
|𝐸𝐸𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝−𝐸𝐸𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟|

𝐸𝐸𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟
× 100% in percentage. The value of 

index 𝐼𝐼 is shown in Table 3. 

Load Cycle C1 C2 C3 C4 O1 O2 O3 O4 

𝐼𝐼 91.1% 89.2% 93.1% 90.6% 93.5% 92.4% 86.3% 90.8% 

Table 3: Optimization Potential Index of the Method AHLC for Diverse Load cycles. 

As shown in Table 3, the energy dispatch at the cradle bearing is significantly reduced at a different level for 
different load cycles. The average value is 91%. There is no significant difference between the value for the closed-
loop and open-loop applications. The calculated improvement for the closed-loop application is 91.0% whereas 
the improvement for the open-loop application is 90.7%. However, the implementation of the method AHLC 
requires more hardware equipment such as pressure sensors and control valves. 

4 Conclusion 

This study evaluated the concept of the AHLC at the swashplate-cradle bearing tribological pair in an axial piston 
pump. A simplified mathematical model was built to describe the relationship between the recess pressure, the 
leakage and the friction at the bearing under different pump operating points. Using this model, a novel method 
based on BO and active learning was developed to optimize recess pressure considering the energy dispatch within 
the defined functional area of the pump. Afterward, the method was anylzed and evaluated with different load 
cycles from both open-loop and closed-loop applications. The result shows that, the pressure at cradle bearing 

𝐸𝐸(𝑡𝑡) = ∫ 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡)
𝑇𝑇

𝑡𝑡=0
𝑑𝑑𝑡𝑡 

(19) 
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reaches the optimal value during the whole process, and meanwhile the total energy dispatch is reduced 
enormously. 

The method in this study will be validated with the test rig for the further work.  

5 Acknowledgments 

Colleagues from the Bosch Rexroth AG partially support this work. The authors very much appreciate the support 
of Martin Sander, who contributed partially to the mathematics modeling process. Besides, the authors are 
immensely grateful to the colleagues, who provided the load cycle data and discussed the outcomes. 

Nomenclature 

Variable Description Unit 

𝐴𝐴𝑒𝑒 Effective recess area [m2] 

𝐴𝐴𝑐𝑐 Control piston area [m2] 

𝐴𝐴𝐾𝐾 Cylinder piston area [m2] 

𝑝𝑝𝐻𝐻  Pressure at high-pressure side [Pa] 

𝑝𝑝𝐿𝐿  Pressure at low-pressure side [Pa] 

𝑝𝑝𝑟𝑟 Recess pressure [Pa] 

𝑝𝑝𝑇𝑇  Pump housing pressure [Pa] 

𝑝𝑝 Pressure source for recess [Pa] 

𝐹𝐹𝐷𝐷𝐾𝐾𝐷𝐷 Piston force from pressure [N] 

𝐹𝐹𝑠𝑠𝐷𝐷 Piston force from pressure perpendicular to the swashplate   [N] 

𝑊𝑊𝐻𝐻 The loading force at the cradle bearing at high-pressure side [N] 

𝑊𝑊𝐿𝐿 The loading force at the cradle bearing at low-pressure side [N] 

𝐹𝐹𝐶𝐶  The force on the swash plate from the swivel control system [N] 

𝐹𝐹 Friction [N] 

𝐹𝐹𝑠𝑠,𝑠𝑠𝑠𝑠𝑠𝑠 The sum of the piston force [N] 

𝑅𝑅 Cylinder radius [m] 

𝑏𝑏 Clearance width [m] 

𝑙𝑙 Clearance length [m] 

ℎ𝑜𝑜 Minimal film clearance [m] 

𝑣𝑣 Swash plate velocity [m/s] 

𝛼𝛼 Swash plate displacement [rad] 

ℎ Film clearance [m] 

𝑥𝑥𝑠𝑠𝐷𝐷  application point of the force on the x - axis [m] 

𝑦𝑦𝑠𝑠𝐷𝐷 application point of the force on the y- axis [m] 

𝑄𝑄𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙  Leakage from recess [L/min] 
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𝑄𝑄𝑖𝑖𝑖𝑖 Flow rate into recess [L/min] 

𝐶𝐶𝐻𝐻 Hydraulic capacity at recess [m3/Pa] 

𝑚𝑚𝑠𝑠𝑠𝑠 Swash plate mass [kg] 

z Piston amounts [-] 

𝑘𝑘1 Piston number at high pressure side [-] 

𝑘𝑘2 Piston number at high pressure side [-] 

𝑘𝑘 Piston index [-] 

𝐸𝐸 Energy  [J] 

𝑡𝑡 Time [s] 

𝑣𝑣 Velocity [m/s] 

𝑃𝑃 Power [watt] 

𝜂𝜂 Dynamic viscosity [Pa∙s] 

𝜇𝜇 Friction coefficient [-] 

𝜑𝜑𝑖𝑖  Rotation angle [rad] 

𝜔𝜔 Circular frequency [1/s] 

𝑢𝑢 Normalized valve input signal [-] 

𝑥𝑥 Normalized valve position [-] 

𝜔𝜔𝑖𝑖 Eigen angular frequency of valve [rad/s] 

𝑑𝑑 Damping ratio of valve [-] 

𝑥𝑥𝑜𝑜 Valve initial positon  [-] 

𝑐𝑐𝑣𝑣 Valve flow rate coefficient [-] 
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A high speed on/off valve (HSV) is a key component of digital hydraulic systems, which directly affects the 
performance and reliability of the system. This paper proposes a high-efficient method of an HSV based on deep 
learning to detect and diagnose multiple failures. The five typical faults were simulated by limiting the valve spool 
of the built fault simulation device, and the driven currents are collected and processed by wavelet decomposition 
method to transform it into time-frequency images for features extraction and fault analysis. Then the Letnet-6 
CNN is utilized to judge the failure modes of the valve spool, and five faults modes of HSV can be detected with 
accuracy above 90%, which improves reliability and lays a foundation for fault tolerant control of digital hydraulic. 

Keywords: Digital hydraulic, HSV, fault diagnose, deep learning  (provide 4 to 5 keywords) 
Target audience: Fault Diagnosis, Reliability, Safety 

1 Introduction 

The digital hydraulic system controlled by a parallel on/off valve is a promising technology to replace the electro-
hydraulic servo system because of its inherent fault tolerance, low cost and high efficiency, and has become a 
focus of modern fluid transmission technology [1-2]. With the development of the digital hydraulic system to 
intelligence and complexity, digital valves are the core components of digital hydraulic systems and play an 
increasingly important role [3]. However, the failure rate of digital valves also increases on account of ever-
increasing components and on/off frequency, which not only leads to the decline of control accuracy, linearity and 
other performance, but also greatly increases the costs of digital valve production and maintenance [4]. HSV fault 
diagnosis is the key to the healthy operation and reliability of the digital hydraulic system. Therefore, it is necessary 
to put forward intelligent, fast and efficient fault diagnosis methods to diagnose various types of faults. 

Nowadays, some researchers investigated the fault identification and diagnosis of hydraulic valves, such as servo 
valves, solenoid valves, and on/off valves. Rinkinen et al. [5] and Lurette [6] studied the monitoring and condition 
diagnosis of hydraulic valves in industrial applications. CYtseng [7] and others used Kalman filter to design a 
corresponding diagnosis algorithm to detect the voltage and current data of solenoid valve and diagnose 
mechanical faults such as solenoid valve spool blockage. However, the fault types that can be diagnosed by this 
research method are relatively single, which is difficult to achieve popularization in engineering. Jarmo Nurmi and 
Jouni Mattila [8] proposed a general method based on global sensitivity analysis, which can be systematically used 
to verify the sensitivity of model parameters in model-based fault detection, and designed a detection and isolation 
scheme of servo valve controlled hydraulic cylinder leakage and valve faults based on Unscented Kalman filter. 
Jinchuan Shi et al [9] denoise the information collected by multiple acceleration sensors on the electromagnetic 
directional valve, extract multiple types of fault features from the preprocessed signals, formed the original feature 
set, feature sorting and subset selection, and finally fused the decision information to obtain the final diagnosis 
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result. Based on these, a two-stage multi-sensor information fusion method is proposed. Fan, Li Ping et al. [10] 
established a double hidden layer RBF-BP neural network for fault diagnosis for a few typical faults of hydraulic 
servo valve and optimized the network connection weight and threshold by genetic algorithm. This method can 
effectively detect the typical fault states of servo valves and has an important value of the application. Fan Chao 
[11] deeply analyzed the typical fault mechanism of the solenoid valve, decomposed the current transformation 
rate by using the solenoid valve current data, wavelet packet transform and energy moment method, extracted 
effective fault feature vectors, and proposed an off-line fault diagnosis method using BP neural network and an 
on-line fault diagnosis method based on association rules.  

However, most of the previous works limited to certain fault types of hydraulic valves and the multiple faults of 
HSVs are difficult to diagnose fast and accurately. Deep learning based on data-driven is promising intelligent 
fault diagnosis (IFD) by learning features from the input monitoring data to avoid modeling uncertainty, nonlinear 
and other problems[12-16]. Compared with other deep neural network (DNN) based methods, convolutional neural 
network (CNN) has advantages because of its characteristics of local connection, weight sharing and spatially 
subsampling [17]–[19].Therefore, this paper proposes an efficient method based on CNN to detect the spool faults 
for HSV, which would overcome aforementioned shortcomings and achieve multiple failures detection and 
diagnosis effectively and quickly. 

2 Faults Classification and Simulation 

2.1 Typical Failures 

Generally, an HSV mainly consists of an electromagnetic drive and spool. The electromagnetic drive is not easy 
to break down, but the spool is more often stuck due to small opening, which has a great influence on system 
performance. There are five typical spool failures including open-jammed valve, closed-jammed valve, spool-
stuck valve, not fully open and not fully closed. Those states are described by the control signals and spool position, 
shown in Figure 1. 

Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ

 
Figure 1: Faults Classification based on spool position and control signal. 

The T is the cycle of the on/off control signal, the valve is open and closed normally in the first period. The valve 
is jammed when open and close in the second and sixth periods may be due to the burnout of the coil. The valve 
cannot fully open and close in the third and fourth period and the spool stuck in some position in the fifth period 
may be due to small particle obstruction spool movement. 

2.2 Test Rig 

The detail of the tested HSV inner structure can be described as follow, see Figure 2. The HSV is composed of a 
fastening cap, coil housing, coil, coil frame, stator core, sealing gasket, seat, sealing rings, valve sleeve, filter, 
valve spool, spring, back-up rings, push rod and moving iron. The on/off frequency of the HSV is 5 Hz and its 
maximum current is 3 A under the rated voltage is 12 V, and the spool stroke is 0.5 mm. 
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1. fastening cap 2. Coil housing 3. Coil 4. Coil frame 5. Stator core 6. Sealing gasket 7. Seat 8. Sealing ring  

9. valve sleeve 10. Filter 11. Valve spool 12. Spring 13. Back-up ring 14. Push rod 15. Moving iron 

Figure 2: Structure diagram of HSV. 

As mentioned above, the cases for different faults can be simulated by the device, see Figure 3. It consists of the 
valve block, micrometer, ejector pins, bracket, current sensor and tested HSV. The left micrometre limits the 
maximum stroke of the valve spool by limiting the position of the left ejector rod. The right micrometer limits the 
position of the fixed iron by limiting the position of the right ejector rod to change the electromagnetic force. In 
the initial state, the micrometer scale is set to 0.5mm, the ejector pin is located at the maximum stroke position of 
the valve spool, and the position of the right ejector pin remains unchanged after the iron is aligned. 

 micrometer ejector rod valve spool push rodspring moving ironcoil

 

Figure 3: Test device structure diagram of HSV. 

The specific simulation methods of each fault are as follows: 

a) Normal: The scale of the left micrometre is adjusted to 0.5 mm, and there is no aluminium gasket 
between the push rod and the moving iron, so the spool can open and close normally. 

b) Fault I: The scale of micrometre is adjusted to 0 mm, then the ejector pin extrusions the valve spool at 
the initial position. Even if the valve spool is powered on, the push rod cannot push the valve spool to 
open. 

c) Fault II: The scale of the left micrometre is adjusted to 0.3 mm, which determines that the maximum 
opening of the spool is only 0.3 mm. There is no gasket between the push rod and the moving iron, 
which means that the spool can be closed normally. 

d) Fault III: An aluminium gasket with a thickness of 0.3 mm is padded between the push rod and the 
moving iron (the magnetic permeability is very small and can be ignored) so that it cannot be 
completely closed, and the scale of the left micrometre is adjusted to 0.5 mm, to ensure that the valve 
spool can fully be opened. 

e) Fault IV: An aluminium gasket with a thickness of 0.3 mm is padded between the push rod and the 
stator core and the scale of the left micrometre is adjusted to 0.3 mm so that the valve spool can neither 
opened nor closed. 
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f) Fault V: The scale of the left micrometre is adjusted at 0.5mm, and an aluminium gasket with a 
thickness of 0.5mm is padded between the moving iron and the push rod. Then under the extrusion of 
the gasket, the push rod completely pushes the spool away and the spool cannot be recovered. 

Through the above simulation method, six states experiments were carried out and their driving currents were 
collected for next step——data process. 

3 Case Studies 

In addition, the opening current of high-speed on/off valve will contain different time and frequency domain 
information under different faults. These time-frequency characteristics are the key to fault diagnosis. The time-
frequency transform method can display the time domain and frequency domain information on a image.  CNN 
has incomparable advantages over other methods in the field of image recognition. 

The flowchart of the proposed method is shown in Figure 4. The data acquisition is the first stage including the 
fault simulation and current signal acquisition. Then the signal pre-processing includes the wavelet decomposition 
and time-frequency images transformation. At the last, the CNN network feature extraction to classify faults. 

The fault simulation

Current signal 
acquisition

Wavelet 
decomposition

Time-frequency 
images 

transformation

CNN network feature 
extraction and fault 

classification

Data acquisition

Signal preprocessing

feature extraction
 & 

classification

The state of the HSV

Fault state

Driven current 

Time-frequency 
image

 

Figure 4: Flowchart of fault diagnosis. 

3.1 Signal Processing 

In the test process, the Delta controller is applied to acquire driven current data at 5 Hz on/off frequency of the 
HSV under 2 kHz sampling frequency. Each fault contains 210 samples divided into a training set with 200 samples 
and a test set with 10 samples, and one sample is composed of 31 Sampling points. The acquired currents are 
shown in Figure 5. 
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Figure 5: Drive current in different states. 

The following features can be seen from the current curves under different states: 

 There are turning points in the curves of c) and d), but the turning point of d) is not obvious; 

 The turning point in Figure a) is backward and the turning point in Figure c ) is forward. First of all, 
the current increases slowly due to the self-induction of the coil after the coil is energized. The 
electromagnetic force is less than the reaction force on the valve spool in a static state. When the 
electromagnetic force is greater than the reaction force, the displacement of the spool gradually 
increases with the working air gap changing. Then the current decreases because of the induced 
electromotive force. When currents reach the turning point, the spools arrive at the maximum 
displacement. Hence, the working air gap does not change, which makes induced electromotive force 
disappear, so that the current increases again until it is stable. Therefore, the curve c) reaches the turning 
point earlier because valve spool stroke is short when it cannot be fully opened. 

 There is no turning point in curves of b), e) and f), but the bulge degree of their rising section is 
different. The reason why currents of Ⅰ、Ⅳ and Ⅴ increase all the time is that there is no induced 
electromotive force because the spool cannot move. The push rod is closest to the moving iron with the 
largest magnetization effect and the largest back EMF. Therefore, the current of the open-jammed valve 
increases the slowest and the curve bulge is the smallest; The current of the spool-stuck valve increases 
rapidly and the curve bulge is large because the push rod is far away from the moving iron with smaller 
magnetization and back electromotive force. In the same way, the current of closed-jammed increases 
the fastest and the curve bulge is the largest. 

3.2 Feature Analysis 

The Mexh (Mexican Hat) function is a kind of wavelet function, which can be scaled and translated to fit the 
current signal. Mexh of wavelet transform is selected to directly display the frequency domain features of the 
driven current data of the tested HSV. The rising part of the driven current is cut down as a processed signal. Both 
frequency domain and time domain information is converted to time-frequency images with time and frequency 
coordinate axes by MATLAB. Therefore, the wavelet coefficients at different times and frequencies are drawn in 
the time-frequency images, which are expressed in RGB, as shown in Figure 6.  
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Figure 6: Time-frequency images under different states.   

The higher the brighteness is in the time-frequency images, the greater the wavelet coefficient value is under the 
time and frequency. Wavelet coefficient means density of signal of this time and frequency. Otherwise, the wavelet 
coefficient is smaller. It can be observed that time-frequency images of the six states of the tested HSV have their 
characteristics. For example, fault IV and normal state are different from the other faults because they have high 
brightness areas. In the extra high brightness area, the left and right boundaries of fault IV are smooth arcs. The 
bottom end of the highlighted area does not protrude to the right obviously; In the normal state, the left boundary 
is a straight line, and the right boundary is an arc with severe oscillation. The bottom right of the highlighted area 
is bulgier. In addition to the above two cases, two areas (Zone 1 and Zone 2) in the other four cases are used to 
compare their differences. Fault I and fault V have obvious low brightness areas in Zone 1. The low brightness 
area in Zone 1 of fault I is an approximate closed area, and the low brightness area in Zone 1 of fault V is like an 
oscillation curve. Faults I and V have no obvious feature in Zone 2. Fault III and fault II have no obvious feature 
in Zone 1. The time-frequency image of fault III has several vertical low brightness lines in Zone 2, and fault II is 
a closed area surrounded by low brightness lines in Zone 2.  

4 Deep Learning-based Fault Diagnosis 

4.1 Construction of CNN with Lenet-6 

After the time-frequency images with characteristic information are obtained, the convolutional neural network is 
used as a classifier to distinguish faults of HSV. This paper selects the convolutional neural network of Lenet-6 
and it would be trained before fault diagnosis, as shown in Figure 7. There are three “Blocks” within the 
framework, each one consists of a convolution layer, an activation layer and a pooling layer. As shown in Figure 
7, the input of the Block 1 are the time-frequency images. In convolution layer 1, the convolution kernel (consisting 
of a group of neurons with fixed weights) performs convolution calculation on the gray value of time-frequency 
images. After calculating the gray value of the time-frequency images within the convolution kernel each time, 
the convolution kernel will continue to slide on images until the convolution operations of all the gray values on 
images are completed. Then, the activation function is then used to activate the neurons. The activation function 
used here is the ReLU function. Activated features are input into the Maximum pooling layer 1 which means taking 
the maximum value of the calculation area. After the main steps of Block 1 are completed. The output of Block 1 
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is passed to Block 2 and the same action will be performed until all three blocks have completed their operations. 
After feature extraction is finished, the fully connected layer and Softmax function are used for a nonlinear 
combination of extracted features and outputting classification labels. 

Convolution Layer 1 ReLU Max pooling layer 1

Fully connected layersBLock 1 Softmax

Normal

Fault ⅠⅠ

Fault ⅡⅡ

Fault ⅢⅢ

Fault ⅣⅣ

Fault ⅤⅤ

BLock 2 BLock 3   

Figure 7 Schematic diagram of convolutional neural network with Letnet-6 

In this paper, each state has 200 images as a training set and 10 images as a test set. To reduce the amount of 
computation and prevent training from divergence, the resolution of all time-frequency images are reduced from 
the original 472×472 to 128×128, and the original RGB values (0-255) are used to train the network to reduce the 
process of data preprocessing and improve the rapidness of fault identification. The structural parameters are 
shown in Table 4. 

 

Parameter Value 

Channel 3 

Dropout 0.8 

Batch size 3 

Kernel size 5×5 

First convolution layer Filters = 36 

Second convolution layer Filters = 64 

Third convolution layer Filters = 128 

Epochs 6 

First FC 1024 

Second FC 512 

Learning rate 0.001 

Table 4 Main parameters of CNN 

4.2 Results and Discussion 

We set six iterations. In each iteration, 20 groups were randomly selected from the training set consisting of 1200 
pictures (200 pictures in each of six states) as training samples. In the test of each fault on the trained network, 
there are 10 images for each fault as the test set. In all states of the test, 60 images containing six states were used 
as the test set.   

 A PC with AMD Ryzen 7-4800h 2.9 GHz processor, 16 G memory, PyCharm software and Python 3.7 interpreter 
is used for training and testing, and all algorithms are implemented on Keras and Tensorflow is the back end. One 
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test set composed of 60 time-frequency images (including all states) are as input into the trained CNN and repeated 
diagnosis 10 times to ensure the stability of the results and reduce randomness, shown in Table 5. Each column 
represents the test results of fault I, fault II, fault Ⅲ, fault Ⅳ, fault Ⅴ, Normal, and all states. 

 

Fault 

No. 
I II Ⅲ Ⅳ Ⅴ Nor All 

1 100% 100% 100% 100% 100% 90% 98.33% 

2 100% 100% 100% 100% 100% 90% 88.33% 

3 100% 100% 100% 80% 100% 70% 96.67% 

4 100% 90% 100% 100% 100% 90% 91.67% 

5 100% 90% 100% 100% 100% 80% 93.33% 

6 100% 100% 100% 100% 100% 90% 88.33% 

7 100% 100% 100% 80% 100% 90% 93.33% 

8 100% 80% 100% 100% 100% 90% 83.33% 

9 100% 80% 100% 90% 100% 90% 90.00% 

10 100% 80% 100% 100% 100% 80% 86.87% 

Ave. 100% 92% 100% 95% 100% 86% 91.00% 

Variance 0 0.0076 0 0.0065 0 0.0044  

Table 5: Table of fault diagnosis accuracy and variance of accuracy 

 As shown in the table above, the diagnosis accuracy rates are above 91% for all fault states. The average accuracy 
of fault diagnosis is 100% for fault I, 92% for fault II, 100% for fault Ⅲ, 95% for fault Ⅳ, 100% for fault Ⅴ and 
86% for the normal state. The diagnostic method proposed in this paper has stability in the accuracy of different 
states, which is expressed by variance. The variance of diagnosis accuracy is 0 for fault I, 0.0076 for fault II, 0 for 
fault Ⅲ, 0.0065 for fault Ⅳ, 0 for fault Ⅴ, and 0.0044 for the normal state. While the stability of the diagnostic 
accuracy of fault II is worse than other states. 

5 Conclusion 

In this paper, the typical faults of HSV are divided into five states. The driving current signals are collected and 
the time-frequency images of each fault state are obtained by wavelet decomposition and time-frequency signal 
processing. RGB images features of the tested HSV are extracted for fault diagnosis based on CNN. The 
experimental results show that the time-frequency transform and CNN network can learn the subtle difference 
between the time-frequency information of 6 states and effectively judge the state of high-speed on-off valve. 

 

The sampling frequency of the controller used in the signal acquisition experiment is limited to 2 kHz in this paper, 
but there are few samples relative to the opening time of the HSV of 15ms. If a controller with a higher sampling 
frequency is used, more abundant driving current data can be collected, which is expected to improve the accuracy 
of the neural network. Next, the online diagnose method would be investigated and applied to the HSV. 
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Transient heat transfer in reciprocating devices – physical model and model 
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In complex fluid systems energy is stored by compressing gas volumes in components, i.e. air springs or hydraulic 
accumulators. Designing a dynamic fluid system, the behaviour of these devices is strongly influenced by the heat 
transfer between the gas and the environment. This work aims on extending former investigations regarding heat 
transfer in the operation of air springs and accumulators. A generalised model for dynamic heat transfer behaviour 
is derived. Therefore, an equivalent circuit diagram (lumped-element model) for heat flow and driving temperature 
difference is introduced and parametrised. For the parametrisation the dependency of thermal boundary layer 
thickness upon excitation frequency is used.  

Keywords: dynamic stiffness, heat transfer, linear analogous model, accumulator 
Target audience: mobile hydraulics, hydraulic industry, design process 

1 Introduction 

Hydraulic accumulators, air springs and Stirling engines all serve as energy storing components in complex fluid 
systems. All devices are based on a common working principle, namely periodic compression and expansion of 
an enclosed gas. Prominent examples are hydropneumatic suspension systems in mobile applications. In this 
system, a hydraulic accumulator acts as a spring. Heat transfer between gas and the environment significantly 
determines the pressure response of this device.  

Hence, most of the measures 𝜙𝜙(𝑡𝑡) = 𝜙𝜙(𝑡𝑡 + 1 𝑓𝑓⁄ ) are cyclic with respect to time 𝑡𝑡 and frequency 𝑓𝑓. Depending on 
the excitation frequency 𝑓𝑓 the gases change of state is within the isothermal or adiabatic limit [1]. Dynamic 
simulations of fluid power systems therefore require models capable of describing frequency dependent heat 
transfer behaviour in reciprocating devices. 

The common engineer’s approach for modelling heat transfer relies on Newton’s law and similarity theory, hence 
�̇�𝑄 ∝ 𝑁𝑁𝑁𝑁 𝜆𝜆 𝐴𝐴 (𝑇𝑇𝑎𝑎 − 𝑇𝑇) with heat flow �̇�𝑄, ambient temperature 𝑇𝑇𝑎𝑎, average system’s temperature 𝑇𝑇. The Nusselt 
number 𝑁𝑁𝑁𝑁 is nothing but a dimensionless heat transfer coefficient given as a function of Reynolds number, Prandtl 
number and Grashof number 𝑁𝑁𝑁𝑁 = fn(𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃,𝐺𝐺𝑃𝑃). The mathematical structure of Newton’s law with given 
Nusselt number implies the phase difference 𝜑𝜑 between heat flow �̇�𝑄(𝑡𝑡) and the temperature 𝑇𝑇(𝑡𝑡) to be  
𝜑𝜑 = ∠ (�̇�𝑄(𝑡𝑡) 𝑇𝑇(𝑡𝑡)⁄ ) = 𝜋𝜋. This holds for �̇�𝑄  <  0 for heat withdrawn from the working gas. However, research 
shows that in periodically excited gas volumes the transferred amount of heat can be influenced by the formation 
of thermal boundary layers which also cause 𝜑𝜑 to shift from 𝜋𝜋 [2]. The mathematical structure of Newton’s law is 
inadequate for describing the accompanying dynamic effect of the boundary layers on heat transfer. 

To account for phase shift behaviour Kornhauser [3] has generalised Newton’s law by introducing a complex heat 
flow. Consequently, heat transfer for harmonic excitations with angular frequency Ω = 2𝜋𝜋𝑓𝑓 of gas springs can be 
modelled using a complex Nusselt number 𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁′ + i 𝑁𝑁𝑁𝑁′′. All investigations were done using cylindrical test 
objects. To check the applicability of Kornhauser’s modelling approach we determined the response behaviour of 
commercial hydraulic accumulators of different size and load pressures, cf. Hartig et al. [2]. Figure 1 shows the 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, GermanyThe 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

561561



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

frequency-dependent characteristic of the real and imaginary part of the obtained complex Nusselt numbers. 
Thereupon a lumped parameter model for transfer behaviour of hydraulic accumulators has been derived from the 
results. 
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Figure 1: Results of complex Nusselt number 𝑁𝑁𝑁𝑁 ≔  𝑁𝑁𝑁𝑁’ + 𝑖𝑖 𝑁𝑁𝑁𝑁’’  for hydraulic accumulators of different size 
and load pressures from Hartig et al. [2] 

This complex approach is the starting point within the present work for modelling the heat transfer and derive a 
universally applicable lumped parameter model for the transfer behaviour for pressure and temperature for 
reciprocating devices. Model parts are the confined gas volume, bounding wall and subsequent environment. The 
model can be applied in early design phases for optimisation and in controller design. Hence, we further use the 
analogy to electrical circuits to derive an analogous model whose elements consist of several capacities 𝐶𝐶𝑖𝑖 and 
resistances 𝑅𝑅𝑖𝑖 to describe heat flow between gas volume and the environment. The structure of the lumped-element 
circuit model is derived by investigating thermal boundary layer formation using a one-dimensional analytical 
model by Pelz and Buttenbender [1]. One focus is on the frequency-dependent boundary layer thickness 𝛿𝛿(Ω). 

2 Dynamic lumped parameter model 

We consider a zero-dimensional modelling approach for a reciprocating device with a gas as working fluid. The 
gas is assumed calorically and thermally ideal. We use the conservation equations for the control volume shown 
in Figure 2. The device is excited by a moving, impermeable piston.  

�̇�𝑄
𝑇𝑇 

PISTON

 (𝑡𝑡),𝑇𝑇(𝑡𝑡)

 =   +   𝑡𝑡

 
CV

 

Figure 2: Generic enclosed gas volume with a moving piston; Heat is transferred between the gas and the 
environment. 
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A common lumped parameter approach for modelling a system of this kind [1, 4, 5] is given by mass and energy 
equation, that read 

𝜚𝜚  ̇ + �̇�𝜚  = 0, (1) 

with time-dependent density 𝜚𝜚 = fn(𝑡𝑡) and volume  = fn(𝑡𝑡) and 

   ̇ + 𝛾𝛾  ̇ = (1 − 𝛾𝛾)�̇�𝑄,  (2) 

with isentropic exponent 𝛾𝛾 and the heat flow between the gas and the environment �̇�𝑄. The thermal equation of 
state 

 = 𝜚𝜚ℛ𝑇𝑇 (3) 

is used as constitutive equation. The working fluid nitrogen exhibits ideal behaviour with only minor deviations 
to real one up to a pressure of 200     at ambient temperature, i.e. compressibility factor 𝒵𝒵~1 [6]. 

The present work’s main objective is to quantify the heat flow �̇�𝑄 or heat flux �̇�𝑞 ≔ �̇�𝑄/𝐴𝐴 respectively that is 
exchanged between gas and environment. In order to do so the thermal boundary layer formation following the 
work of Pelz and Buttenbender [1] is analysed first. Within this previous work Pelz and Buttenbender [1] derived 
a generic one-dimensional model for a dynamically excited gas volumes. This model predicts the formation of 
oscillating boundary layers for density and temperature near the wall for above a certain excitation frequency. 
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Figure 3: The left plot shows the thermal boundary layer as dimensionless temperature amplitude [1]. The 
plot on the right side shows the thickness of the boundary layer 𝛿𝛿 = 𝑓𝑓𝑓𝑓(𝑃𝑃𝑃𝑃). A power law is shown, 

independent of the other dimensionless quantities. 

Analogous to the velocity boundary layer thickness 𝛿𝛿 of laminar flows along a flat plate whose dependency upon 
Reynolds number is 𝛿𝛿 ∝ 𝑅𝑅𝑃𝑃     [7], the thickness of the thermal boundary layer is proportional to the Péclet 
number 𝛿𝛿 ∝ 𝑃𝑃𝑃𝑃    . The Péclet number 𝑃𝑃𝑃𝑃 as a dimensionless measure of frequency is defined as  

𝑃𝑃𝑃𝑃 ∶= Ω
𝑐𝑐p 𝜚𝜚
𝜆𝜆 𝑠𝑠2 , 

(4) 

with frequency of excitation 𝑓𝑓, heat capacity 𝑐𝑐p, density 𝜚𝜚 and the thermal conductivity 𝜆𝜆 of the gas. The reciprocal 
characteristic length 𝐿𝐿 is given by the volume specific surface area 𝑠𝑠 ≔ 𝐴𝐴  ⁄  which equals 𝑠𝑠 =  /𝑑𝑑 for a sphere 
and 𝑠𝑠 ≈ 4/𝑑𝑑 for a cylinder. The characteristic length 𝐿𝐿 of our system is determined independently of geometry by 
the specific surface area 𝑠𝑠 = 𝐴𝐴/ = 𝐿𝐿 1 with the surface area 𝐴𝐴  [1]. 

Simulations show that the pressure is uniformly distributed throughout the volume [1]. This is plausibilised by 
noting that the Helmholtz number 𝐻𝐻𝑃𝑃 is much smaller than unity for this problem: 
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𝐻𝐻𝐻𝐻 ≔ 𝐿𝐿 𝑓𝑓𝑎𝑎 ~10 2 ≪ 1, (5) 

with the speed of sound 𝑎𝑎 = √𝛾𝛾𝛾𝛾𝛾𝛾, the stimulation frequency 𝑓𝑓 and the characteristic length 𝐿𝐿 
(𝐿𝐿~10 1 m, 𝑓𝑓~101 Hz, 𝑎𝑎~102 m/s). This implies that the product of temperature and density must also be 
constant throughout the volume 

𝛾𝛾(𝑡𝑡, 𝑧𝑧)𝜚𝜚(𝑡𝑡, 𝑧𝑧) = const  (6) 

As temperature is inversely proportional to the density 𝛾𝛾 ∝ 𝜚𝜚 1, inertia of the gas molecules leads to an additional 
thermal capacity in the system, cf. Figure 4.  

𝛾𝛾 𝛾𝛾 
𝐶𝐶    𝛾𝛾2
𝛾𝛾    

�̇�𝑞
𝐶𝐶     

𝛾𝛾1

 

Figure 4: Thermal equivalent circuit diagram of heat transmission between the gas volume with 
temperature 𝛾𝛾 and the environment with ambient temperature 𝛾𝛾𝑎𝑎. 

The resulting complex heat flux �̇�𝑞 is connected to the driving complex temperature difference  𝛾𝛾 = 𝛾𝛾 − 𝛾𝛾   via a 
frequency-dependent impedance 𝑍𝑍(Ω). The resulting resistance law equivalent to an electric circuit reads 

�̇�𝑞(𝑡𝑡) =  𝛾𝛾 − 𝛾𝛾 𝑍𝑍(Ω)   
(7) 

Analysing the network given in Figure 4 the total impedance 𝑍𝑍(Ω) is determined by a series connection of three 
impedances, i.e. (i) the resistance to heat transfer through the thermal boundary layer at the inner wall. The 
boundary layer can act as a capacitor 𝐶𝐶      and is connected with a resistance 𝛾𝛾1 in parallel. (ii) The thermal 
impedance of the solid wall consisting of the wall capacity 𝐶𝐶     and resistance 𝛾𝛾     in parallel. (iii) Resistance 
to heat transfer by natural convection to the surroundings captured by resistance 𝛾𝛾2. This leads to a total impedance 

𝑍𝑍(Ω) = 𝛾𝛾1
iΩ𝐶𝐶     + 1 +

𝛾𝛾    
iΩ𝐶𝐶    𝛾𝛾    + 1 + 𝛾𝛾3  

(8) 

The resistance 𝛾𝛾1 is determined with the reported value of a local 𝑁𝑁𝑁𝑁 =   by of Pelz and Buttenbender [1], that 
is obtained by correlating model and measurements for small excitation frequencies 

𝛾𝛾1 = 𝜆𝜆 𝑁𝑁𝑁𝑁  𝑠𝑠2, with 𝑁𝑁𝑁𝑁 =   [1]. (9) 

For the thermal resistance of the solid wall we assume an average wall thickness 𝑙𝑙     and for simplicity only one 
material with isotropic material properties, i.e. thermal conductivity 𝜆𝜆    , density 𝜚𝜚     and specific heat capacity 
𝑐𝑐      

𝛾𝛾    =
𝜆𝜆     
𝑙𝑙    

,  (10) 

𝐶𝐶    = 𝑐𝑐     𝜚𝜚     𝑙𝑙         (11) 

The heat transfer resistance between the outer surface and the environment is described by a correlation between 
Nusselt number 𝑁𝑁𝑁𝑁, the Grashof number 𝐺𝐺𝐺𝐺 and Prandtl number 𝑃𝑃𝐺𝐺 

𝛾𝛾2 = fn(𝑁𝑁𝑁𝑁(𝐺𝐺𝐺𝐺,𝑃𝑃𝐺𝐺)), (12) 
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where 𝐺𝐺𝐺𝐺 depends on the instantaneous temperature difference between surface temperature and ambient 
temperature. This has to be calculated iteratively in every time step of the simulation. Since this temperature 
difference is small, the resistance is also negligibly small 𝑅𝑅2 → 0. 

From the analysis of the thermal boundary layer, a nonlinear relationship 𝐶𝐶     = fn(Ω) could be assumed. 
However, as a first approximation, we consider a constant capacitance 𝐶𝐶     = const. Since the capacitive effect 
arises from the spatial mass distribution of the gas, 𝐶𝐶      must be a function of the density and the gas constant  
𝐶𝐶     = fn(𝜚𝜚,ℛ, 𝑠𝑠). For dimensional reasons, the problem still depends on the specific surface area 𝑠𝑠, which 
leads to the relation  

𝐶𝐶     ∝
ℛ 𝜚𝜚
𝑠𝑠   (13) 

The arbitrary proportionality constant 𝐾𝐾 can be derived from experimental data. To compare the network model 
with the previous models [1, 2] we use the Nusselt number as reciprocal impedance 

𝑁𝑁𝑁𝑁 ≔ 1
𝑍𝑍 𝜆𝜆 𝑠𝑠  

(13) 
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Figure 5: Resulting real and imaginary part of 𝑁𝑁𝑁𝑁 for parameters of the tested accumulator 

Figure 5 shows the results of the model for the parameters of the tested accumulators. Hence the model is able to 
cover the frequency-dependent rise of the real part of Nusselt number 𝑁𝑁𝑁𝑁  at a frequency of 𝑃𝑃𝑃𝑃 ~103 and a 
continuous rise of the imaginary part of the Nusselt number 𝑁𝑁𝑁𝑁  , c.f. Figure 1. Size and ratio of the real and 
imaginary part of 𝑁𝑁𝑁𝑁 contain information about the magnitude and the phasing behaviour of �̇�𝑞 and 𝑇𝑇 − 𝑇𝑇 . 
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3 Validation 

For the purpose of validating the model we performed measurements on commercial membrane accumulators.  

3.1 Test Rig and Parameter 

Figure 7 shows the tested commercial membrane accumulator. The test object is excited by a position-controlled 
cylinder in a servo hydraulic test rig and its pressure response is measured. The servo hydraulic test rig “test 
damper system 850” from MTS Systems is able to deflect various uniaxial devices dynamically, cf. Figure 6. 
Deflection, compression force and the resulting pressure were measured. 

GAS PRESSURE

LEVEL ADJUSTMENT

EXCITATION

95 mm

 
Figure 6: Test rig for dynamic characterisation of hydraulic 

accumulators [8] 
Figure 7: Membrane accumulator for 

validation 

The dynamic test rig for hydraulic accumulators shown in Figure 6 was first described in Rexer et al. [8]. Details 
can also be found in Hartig et al. [2] and Hartig [9]. In this case, the excitation is realized by means of a hydraulic 
cylinder integrated in the test rig. The accumulators are hydraulically connected to the cylinder. The volume is 
determined by the displacement-controlled excitation signal with the aid of the cylinder surface 𝐴𝐴cy . The 
accumulators are preloaded and hydraulically set to the desired load pressure by the level adjustment. Figure 7 
shows an example of the investigated membrane accumulators. Table 1 contains all geometric and material 
parameters of the investigated accumulator needed for the model parameters. 

The device is harmonically excited at amplitudes ranging from 4 ml to 8 ml and a frequency range of  
𝑓𝑓 = 0 01 … 20 Hz. The accumulator is excited until it reaches a quasi-steady state and the hysteresis curve of the 
pressure response is closed. Then five cycles are measured and recorded. The last cycle is then analysed using first 
i) measurements of the pressure response of the hydraulic accumulators, cf. Figure 8. The measurement data are 
smoothed ii) since in step iii) numerical derivatives are calculated. In step iii) the constitutive equation for the gas 
and the momentary energy balance, cf. Eq. 2 and 3, are used to calculate heat flux �̇�𝑞 = �̇�𝑄/𝐴𝐴  and bulk 
temperature �̅�𝑇. Finally, iv) heat flux and temperature data are used to fit real part 𝑁𝑁𝑁𝑁  and imaginary part 𝑁𝑁𝑁𝑁   of 
the complex Nusselt number. 
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parameter hydraulic accumulator 
SBO500-0,1A6/112U-500AK 

gas volume    in m3   =   2 ∙ 10    

effective heat transfer area 𝐴𝐴  in m2 8 8 ∙ 10 3 [9] 

cross sectional area cylinder 𝐴𝐴cy  in m2 1     ∙  10 3  

specific surface area 𝑠𝑠 in m 1 95.6 

ambient temperature 𝑇𝑇  in K 303 

wall material ST37 // 1.0315 

average wall thickness 𝑙𝑙     in mm 10 

density wall 𝜚𝜚     in kg/m3 7.85 [10] 

specific heat capacity wall 𝑐𝑐     in kJ/kgK 0.43 [10] 

thermal conductivity wall 𝜆𝜆     in W/mK 57 [10] 

thermal conductivity gas 𝜆𝜆 in W/mK 0.028 @ 50 bar [11] 

Table 1: Geometric and material parameters of the tested accumulator 

i) MEASUREMENT OF PRESSURE    
RESPONSE

ii) SMOOTHING OF MEASUREMENT

iii) CALCULATION OF  �̇�𝑄(𝑡𝑡) AND 𝑇𝑇(𝑡𝑡) iv) LEAST SQUARES FITTING
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Figure 8: Methodology for measuring and fitting heat flux and bulk temperature in hydraulic 
accumulators [2]. The spline-fitting routine is based on least squares spline modelling [12]. 

3.2 Model and Measurement Results 

In the analysis we use a previously developed regression method for obtaining real and imaginary parts of the 
complex Nusselt number [2]. Using the model introduced in Section 2, a master curve for the Nusselt number is 
obtained that describes the heat transfer behaviour for the accumulator. 
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Figure 6 shows the real and the imaginary part of the Nusselt number of the analysed measurements as well as the 
model results. The proportional constant is found by a least square fit and set to 𝐾𝐾 = 1 22. All other resistances 
and capacities were calculated using the parameter of Table 1. 
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Figure 9:Model and measurement data given by Hartig et al. [2] and comparison to models by Pelz and 
Buttenbender [1] and Pfriem [5]. The proportionality constant of the boundary layer’s capacitance 𝐾𝐾 is set to 

1.22 by least square fitting. 

Comparing measurement data and circuit model results both parts of the complex Nusselt number 𝑁𝑁𝑁𝑁 can be 
predicted by the model in a reasonable way. Especially the imaginary part of the Nusselt number seems to be 
covered by the model quite well. Former results of Buttenbender and Pelz  [1] as well as Pfriem  [5] lead to the 
conclusion that the main characteristics of the curves can be captured, but parameter optimisation is necessary. 

4 Summary and Conclusion 

A lumped-element model for dynamic heat transfer calculations in dynamically excited gas volumes has been 
presented. The proposed circuit model for heat transfer in reciprocating devices has been successfully applied to a 
first set of experimental data. The thickness of the thermal boundary layers is frequency-dependent, 𝛿𝛿 ∝ 𝑃𝑃𝑃𝑃    . 
The capacitive effect of forming thermal boundary layers changes the overall impedance of the unsteady heat 
transfer problem which in turn leads to phase-shifting behaviour of heat-flux �̇�𝑞 and  𝑇𝑇. Thermal boundary layer 
formation is accompanied by an altered mass density distribution close to the wall.  
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a) hydraulic accumulator b) air spring c) pneumatic cylinder

95 mm

1 0 mm

18  mm

 

Figure 10: Three possible reciprocating devices with an enclosed gas for further investigation and model 
validation 

Further research will be done on understanding the physical processes resulting in the boundary layers, focusing 
the nonlinearity of the resulting capacity 𝐶𝐶     (Ω). The thermal and mechanical transfer behaviour of various, 
related devices, cf. Figure 10, will be investigated in order to understand the interaction between heat flux and 
excitation. Thus, the existing model will be adapted to be able to describe the transfer behaviour of these devices 
in their respective technical application. 
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Nomenclature 

Variable Description Unit 

𝑎𝑎 Speed of Sound m/s 

𝐴𝐴 Area m² 

𝐴𝐴     Wall Surface Area m² 

𝐴𝐴cy  Cylinder Area m² 

𝑐𝑐p Specific Heat Capacity J/kgK 

𝑐𝑐     Specific Heat Capacity of the Wall J/kgK 

C Thermal Capacity m²K/J 

𝑓𝑓 Excitation Frequency Hz 

𝐺𝐺𝐺𝐺 Grashof Number - 

𝐻𝐻𝐻𝐻 Helmholtz Number - 

𝑙𝑙     Average Wall Thickness m 
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  Pressure bar(a) 

𝑃𝑃𝑃𝑃 Péclet Number - 

�̇�𝑞 Surface Specific Heat Flux W/m² 

�̇�𝑄 Heat Flow W 

ℛ Specific Gas Constant J/kgK 

𝑅𝑅 Thermal Resistance Km²/W 

𝑅𝑅𝑃𝑃 Reynolds Number - 

𝑠𝑠 Specific Surface Area 1/m 

𝑡𝑡 Time s 

𝑇𝑇 Temperature K 

𝑇𝑇  Ambient Temperature K 

  Volume m³ 

  Cylinder Coordinate m 

   Dimensionless Cylinder Coordinate - 

𝑍𝑍 Thermal Impedance Km²/W 

𝒵𝒵 Compressibility Factor - 

𝛾𝛾 Isentropic Exponent - 

𝛿𝛿 Boundary Layer Thickness - 

𝜆𝜆 Thermal Conductivity W/mK 

𝜆𝜆     Thermal Conductivity of the Wall Material W/mK 

𝜚𝜚 Density kg/m³ 

𝜚𝜚     Density of the Wall Material kg/m³ 

Ω Angular Frequency 1/s 

References 

[1] Pelz, P. F., Buttenbender, J., The dynamic stiffness of an air-spring, In: International Conference on Noise 
and Vibration Engineering, Katholieke Universiteit Leuven - Departement Werktuigkunde, pp. 1727-
1736, 2004. 

[2] Hartig, J., Depp, B., Rexer, M., Pelz, P. F., Effects of Unsteady Heat Transfer on Behaviour of 
Commercial Hydro-Pneumatic Accumulators, Preprint, Available from https://arxiv.org/pdf/2012.06526, 
2020. 

[3] Kornhauser, A. A., Smith, J. L., Application of a Complex Nusselt Number to Heat Transfer During 
Compression and Expansion, Journal of Heat Transfer(3), 536-542, 1994. 

[4] Kornhauser, A. A., Smith, J. L., The Effects of Heat Transfer on Gas Spring Performance, Journal of 
Energy Resources Technology(1), 70-75, 1993. 

[5] Pfriem, H., Der periodische Wärmeübergang bei kleinen Druckschwankungen, Forschung auf dem Gebiet 
des Ingenieurwesens(2), 67-75, 1940. 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

570



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

[6] Watson, G. M., Stevens, A. B., Evans, R. B., Hodges, D., Compressibility Factors of Nitrogen-Propane 
Mixtures in the Gas Phase, Ind. Eng. Chem.(2), 362-364, 1954. 

[7] Schlichting, H., Gersten, K., Grenzschicht-Theorie, Springer, Berlin, Heidelberg, 2006. 

[8] Rexer, M., Kloft, P., Bauer, F., Hartig, J., Pelz, P. F., Foam accumulators: packaging and weight 
reduction for mobile applications, In: Volume 1 - Symposium, 12th International Fluid Power 
Conference, Technische Universität Dresden (Ed.). Dresden, pp. 181-188, 2020. 

[9] Hartig, J., Hydrospeicher mit Adsorbentien, Forschungsberichte zur Fluidsystemtechnik, Shaker, Aachen, 
2021. 

[10] VDI-Gesellschaft Verfahrenstechnik und Chemieingenieurwesen (Ed.), VDI-Wärmeatlas, Springer 
Vieweg, Berlin, 2013. 

[11] Linstrom, P., W.G. Mallard (Eds.), NIST Chemistry WebBook, NIST Standard Reference Database 69, 
National Institute of Standards and Technology, Gaithersburg MD, 1997. 

[12] D'Errico, J., SLM - Shape Language Modeling MATLAB Central File Exchange. Retrieved January 7, 
2022., MATLAB Central File Exchange, 2022. 

 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

571



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

Comparison of Variable Cam Profiles in Mechanically Actuated Digital Fluid 
Power Systems 

Keith Pate*, Israa Azzam*, John Lumkes** and Farid Breidi* 

Purdue University, School of Engineering Technology, 401 Grant St, West Lafayette, IN 47907* 
Purdue University, Department of Agricultural & Biological Engineering, 225 South University St, West 

Lafayette, IN 47907** 
E-Mail: breidi@purdue.edu 

Valves implemented on digital piston pump/motors are typically electrically actuated, requiring the addition of 
electronic components, data acquisition systems, control systems, and an electric power source. Individual valve 
performance characteristics can also cause inconsistencies and errors in valve timing, resulting in losses and 
unreliable performance. A mechanically actuated digital pump system is proposed to electrically actuated digital 
pumps. This paper discusses the adjustable cam profiles considered to actuate the valves, along with the design 
and simulation of a mechanically actuated digital inline piston pump as a proof of concept. The results show an 
overall efficiency of 89.72%, with efficiencies exceeding 77% at lower displacements. 
 
Keywords: Digital Pump, cam design, digitalization, simulation (provide 4 to 5 keywords) 
Target audience: Mobile Hydraulics, Automotive, Energy (max. 3) 

1 Introduction 

Fluid power is a field of technology that focuses on methods of energy transfer using pressurized fluids. These 
systems can be used in various applications which require lifting objects and creating mechanical actuation, such 
as linear and rotational movement. For this reason, fluid power is commonly used in industries such as agriculture, 
construction, mining, manufacturing, etc. [1]-[3].  Due to its popularity, versatility, and significant energy 
consumption, there have been an increasing amount of research efforts focused on improving the efficiency of 
these systems [4]-[7]. To develop new and improved hydraulic architectures, it is first necessary to understand the 
currently available systems and classify them. To improve the overall efficiency of a hydraulic system, each 
component of the system can be individually optimized to achieve system-level efficiency improvements.  

At the core of fluid power systems is the pump, which is responsible for creating flow and pressure in the system 
used to create various types of mechanical actuation. With the pump being one of the most critical components of 
a fluid power system, it must operate as efficiently as possible [8]. Ivantysynova [9, p.60] discusses the direction 
for future pump and motor design. The author explains that the future focus will be "reduction of pump and motor 
losses in the entire range of operating parameters, an increase of bandwidth of pump control, reduction of pump 
and motor noise, high operating temperatures, and compact design and high-power density."  

Some of the primary pump selection considerations are the system's operating range and the displacement needed 
by the pump. Choosing a pump that operates efficiently throughout the desired operating range will increase the 
overall system's efficiency, improve productivity, and reduce operating costs. While some applications experience 
few drawbacks from incorporating a fixed displacement pump, other applications benefit from utilizing variable 
displacement pumps. Thus, many manufacturers produce and sell both fixed and variable displacement pumps.  
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Fixed displacement pumps have a specific amount of fluid displaced in each revolution of the pump. This 
displacement cannot be changed per revolution. Standard fixed displacement pumps include internal and external 
gear pumps, inline and radial piston pumps, and vane pumps. Fixed displacement pumps work well in low-pressure 
applications and are designed to have high efficiencies at maximum speeds. However, their efficiencies tend to 
suffer at lower speeds since the losses in the system do not linearly scale down with displacement, resulting in 
higher losses relative to the usable power. 

Variable displacement pumps are commonly used for applications requiring wide operating ranges. These pumps 
allow the user to change the amount of fluid being displaced per revolution to increase the efficiency of the overall 
system when less displacement is needed. Common variable displacement pumps include axial piston pumps and 
variable rotary vane pumps. Many variable axial piston pumps utilize a swashplate connected to various pistons 
in the pump. The swashplate angle can be varied to dictate the volume displaced by each piston. The angle of the 
swashplate can be altered to dictate the amount of volume displaced by each of the pistons, achieving variable 
displacements at any speed. Like fixed displacement vane pumps, variable vane pumps utilize a slotted rotor that 
allows vanes to extend to the outside of the pump, passing fluid from the low pressure to the high-pressure side of 
the pump. However, variable displacement vane pumps vary by adding a reaction ring surrounding the rotor. This 
reaction ring's position or eccentricity can be changed in the pump to increase or decrease the volume on the low-
pressure side of the pump, varying the displacement of the pump.   

Another method used to achieve variable displacement on piston pump/motors is an adjustable crack-slider linkage 
attached to a piston. This replaces the fixed linkage typically seen in fixed displacement piston pump/motors. By 
varying the length of one of the sliders, the piston's stroke changes, altering the pump's displacement [10]. Wilhelm 
and Ven [10, p. 8] explain that such a configuration could result in a "highly efficient pump due to the low friction 
revolute joints, lack of hydrodynamic bearings, lack of piston side-loading due to the cross-head bearing, and low 
unswept volume at all displacements." Thus, with slight modifications to the architecture of fixed displacement 
units, variable displacements can be achieved. Other methods can also be used to achieve variable displacements 
with fixed displacement pumps, including implementing various digital hydraulic techniques on fixed 
displacement pumps [5], [6], [11], [12]. 

Digital hydraulics seeks to improve the efficiency of fluid power systems by reducing the metering losses, often 
resulting from valves utilized to control power delivery. Using on/off valves and intelligent controls in place of 
conventional hydraulic components can improve fluid power systems' overall system performance and efficiency 
[13]. For instance, traditional fluid power systems use proportional valves, contributing to significant losses due 
to throttling in conventional systems [13, 14]. These losses are primarily due to pressure drops due to metering 
and from leakage that occurs in the valve due to their spool design. Typical on/off valves are manufactured using 
a poppet style design that exhibits essentially zero leakage when adequately seated, reducing the losses in the 
system [15]. Using multiple on/off valves instead of conventional directional control valves also promotes a 
cheaper and more robust system, making the system easier to maintain [16]. On/off valves can also be used to 
replace check valves on conventional pumps. When on/off valves replace check valves on some fixed displacement 
pumps, controlling the valves' opening and closing time enables the pump to achieve variable displacement. The 
various digital hydraulic operating methods currently used with these valves include partial flow diverting / 
limiting (PFD and PFL) and sequential flow diverting / limiting (SFD and SFL) [13], [17], [18]. While each of 
these methods has its advantages and disadvantages, all offer improved system efficiencies on applications 
requiring a wide operating range as opposed to their conventional counterparts. Merrill et al. [13] compare these 
methods when operating at low displacements at low speed / high pressure. The results show that pumps utilizing 
Sequential Flow Limiting strategies resulted in less electrical energy consumption due to reduced valve actuation 
times and fewer throttling losses. This is because the chambers are either running at 0% or 100% displacement. 
Partial Flow Diverting had the most considerable losses, shown in Figure 1.  
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Figure 1. Comparison of digital hydraulic actuation techniques. Operating conditions: 1000rpm, 300 bar, 
29% displacement [13] 

While electrically controlled digital pump/motors have demonstrated the capability of achieving high efficiencies, 
they are limited by the valve response time, sensitivity to variation in valve timing, and suffer from the added 
electrical consumption during actuation. This paper discusses an alternative actuation technique that leverages the 
benefits of digitally actuated digital pump/motors while mitigating the drawbacks of the electrical valve 
limitations. The proposed method utilizes a Mechanically Actuated Valve (MAV) system using variable geometry 
cams to vary the pump's displacement from 0 to 100% displacement using Partial Flow Diverting techniques.    

2 Background 

Some fixed displacement piston pumps use check valves on the intake and exhaust ports to displace fluid. A 
vacuum is created in the chamber on the intake stroke, causing the intake check valve to open and the exhaust 
check valve to close due to the pressure difference between the displacement chamber and the high-pressure line. 
This allows the fluid to enter the chamber. On the exhaust stroke, the intake valve is closed due to the pressure 
differential in the chamber and the low-pressure side of the pump; the pressure in the chamber then increases as 
the stroke continues until it overcomes the pressure on the high-pressure side of the pump. This, in return, opens 
the exhaust valve and allows the flow to transfer through the system.  Since these valves operate using the cylinder 
pressure differential, the displacement is limited to a fixed amount of volume transferred by each cylinder in the 
pump. To overcome this limitation, recent research has focused on replacing these check valves with on/off 
solenoid valves, allowing more control over the pump's displacement. This enables conventional fixed 
displacement piston pumps to achieve variable displacement. 

Artemis Intelligent Power LTD created a digital displacement radial piston pump for large offshore wind turbines 
by modifying a fixed displacement radial piston pump design. This pump employs electronic latching check valves 
on each of the intake and exhaust ports of the cylinders, utilizing operational cylinder enabling and idling concepts. 
These concepts allowed the pump to achieve a "just-in-time" power delivery or receival, depending on the 
condition of the system's inputs. This system increased efficiencies across various pressures and displacements 
[11]. An Artemis digital radial piston pump is shown in Figure 2.  
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Figure 2. Digital Radial Displacement Pump Design by Artemis Intelligent Power LTD [12] 

The most popular valves used in digital hydraulics are solenoid valves, which actuate using electric signals. When 
used on digital hydraulics, these valves are also known as Electrically Actuated Valve (EAV) systems. This method 
has proven to be a good solution for converting fixed displacement pumps to variable displacement and improving 
efficiency compared to conventional pumps.  However, Breidi, Helmus, and Lumkes [4] have shown some 
disadvantages associated with the delay from this actuation method. When sending electrical signals to valves, 
there can be slight delays in actuation, which can cause a delay in valve timing. This error, or delay, in valve timing 
has been shown to contribute additional losses within the system. Thus, there is a necessity for complex controls 
and precise and accurate data acquisition systems for EAV systems to perform most efficiently. [4] Merrill et al. 
[13] simulated the losses associated with an error in increments of 1ms from -2ms to +2mS. This was simulated 
on a 7-piston pump at 3000rpms, 300bar at 57% displacement, shown in Figure 3. "0 delay" refers to the delay 
(error) relative to optimal valve timing; it does not refer to the valve transition times. 

 

Figure 3. Losses associated with delay in valve timing [13] 

Breidi's [12] work expands on this research, improving valve dynamics, performance, and response times. He used 
methods of sending high initial voltage "peaking" and holding the voltages to overcome inductances and lags from 
eddy current. To improve the valve turn-off response times, reverse currents were used to overcome the current 
remaining in the solenoid, working to keep the valve open.  These strategies were referred to as "Peak-and-Hold" 
and "Reverse Current" strategies. To achieve this, a valve was developed and tested to handle these strategies 
without affecting the coils. The testing showed a decrease in actuation time as much as 80% in turn-on and 64% 
in turn-off times. The improvements in valve timing were simulated on a 3-piston pump, resulting in efficiency 
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improvements of up to 15% using partial flow diverting techniques and up to 8% using sequential flow diverting 
[12]. 

To overcome the limitations of electrical valves, another form of actuation that shares the same premise as EAV 
valves, with improvements in valve delay, is being proposed. This actuation technique is referred to as MAV 
Systems or Mechanically Actuated Valve systems. MAV systems do not require complex controls and precise data 
acquisition systems to control valve timing, unlike EAV systems. Mechanically actuated systems rely on cam 
geometry to actuate the valves, which are kinematically coupled to shaft speed. This promotes reliability and 
repeatability in valve actuation and valve timing. The operating strategies used to vary the displacement using 
on/off poppet style valves still apply with this type of actuation; however, rather than being electrically actuated, 
the valves are mechanically actuated and use spring returns [18]. Research has been conducted on variable valve 
lift mechanisms [20]. However, little research efforts have been conducted about using variable geometry cams in 
digital hydraulics. 

3 Mechanical Cams Designs 

Mechanical cams have been used for many years as the primary method of valve actuation in engines, an 
application that utilizes fluid power systems to power various equipment. Most internal combustion engines utilize 
a camshaft that opens and closes valves delivering flow to each of the cylinders in an engine. The piston compresses 
fuel and air, then combusts and powers the pistons, moving the vehicle. The geometry of the camshafts used in 
these systems uses a fixed geometry, as shown in Figure 4. 

 

Figure 4. Camshaft Profile for Fixed Displacement Piston Pump [21] 

In this design, the cam profile controls valve lift and duration. The cam's lift determines how far the valve is 
opened, and the duration of the cam determines how long the valve is open. Lacking the ability to control phase, 
lift, and duration, the camshaft (if applied to a hydraulic piston pump) cannot change the amount of fluid displaced 
by the pump at a given speed. Several new designs have been proposed that could vary the duration of the actuation 
in real-time.  This would allow piston pumps to achieve variable displacement: Two variations include the 3D cam 
and half masking cams [22]. 

The 3D cams feature a single-cam design tapered along a rotational axis to create a conical-like shape; two 
variations of the 3D cam are shown in Figure 5. Variation 1 of the cam design has two lofted actuation surfaces, 
while variation 2 has one continuous lofted actuation surface that ends at the top of the cam. Each cam achieves 
the same goal but varies in design. Variation 1 is favorable over Variation 2 since it enables the Cam to be shorter 
in length while avoiding harsh loft angles. For the sake of this analysis, this cam is intended to be used on the 
intake valve to achieve variable displacement using the partial flow diverting operating strategy. The exhaust valve 
continues to use a check valve.  
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Figure 5. 3Ds Cam Geometry [22] 

During operation, the cam is rotated and shifted about its axis. A cam follower rides on the outside geometry of 
the cam. A cross-section and the side view for the cam follower are shown in Figure 6. The dashed line on the left 
image shows a possible path that the cam follower could take on the outside of the cam. The cross-section on the 
right side of the figure shows the profile (cross-section), where the follower contacts the cam during operation. 
The cam can also be shifted axially to change the cam profile, represented by the cross-section of the 3D cam, 
which will change and increase or decrease the duration that the valve is open.  

 

Figure 6. Cross Section of 3D cam [22] 

An example of a possible path by the follower is shown in Figure 7. When the follower is riding on the larger outer 

semi-circle, the valve is opened, and when it transitions to the smaller semi-circle, the intake valve is closed. Using 

this profile and location on the cam, the pump can achieve near 100% displacement since the intake valve can be 

timed to be open for the complete intake stroke and closed for the exhaust stroke.   
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Figure 7. 3D Cam and Follower Path 

 
 
The hollow center on the cams allows it to be attached to a shaft and radially rotated.  The pump's input shaft used 
for pumping can then drive this shaft. To change displacements, the cams can be axially shifted to alter the 
geometry that the valve is riding on. The profile on the cams that produces 0% displacement correlates to the 
position when the cam follower rides on the shape with the largest full circle, shown on the left of Figure 8. In 
this position, the intake valve is open, and the exhaust valve is closed for both the intake and exhaust stroke. On 
the intake stroke, the piston creates a vacuum in the chamber, which pulls fluid from the low-pressure side of the 
circuit into the chamber; the chamber fills, and the exhaust stroke begins. On the exhaust stroke, fluid is pushed 
back through the open intake valve on the low-pressure side, never displacing any fluid to the high-pressure side 
of the circuit. The profile that produces 50% displacement for Variation 1 of the 3D cam designs occurs when the 
cam is positioned. Hence, the follower rides on the outer semi-circle 75% of the time and the smaller semi-circle 
for the other 25%, seen in the center of Figure 8. This means that the intake valve is open for 100% of the intake 
stroke and 50% of the exhaust stroke; thus, 50% of the flow is diverted back through the intake valve to the low-
pressure side before closing and sending 50% displacement to the high-pressures side of the pump.100% 
displacement happens when the follower rides on the larger semi-circle for 50% of the time for the entire intake 
stroke and rides on the smaller semi-circle for the other 50% of the time for the exhaust stroke.    

 

Figure 8. 3D Cam Profiles 

The drawback of these unique cam designs is the complex 3-Dimensional geometry. The main complexity comes 
from designing the transition curve to change between states on and off the valve. Also, the use of this cam would 
limit the style of cam follower design that could be used, as common cam followers would be side-loaded by the 
variable geometry of the cam during actuation. Thus, limiting the cam to a ball-nosed or spherical-faced follower. 
This causes concern for future crossed wear patterns and excess side loading on the cam follower. Due to the 
complex geometry, the next difficulty lies in manufacturing the cam itself. Finally, changing the state of these 
cams could prove to be a difficult task as the cam would require a planetary gear set or a clutch to disengage the 
cam before axial and radial translation could occur. 
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The other available option, half masking cams, is proposed as an alternative solution for MAV systems. The Two 
half masking cams are used together to act as a single cam whose geometry can be changed. This is achieved by 
phasing the two cams together to change the geometry of the camshaft shown in Figure 9. 

 

Figure 9. Half Masking Cams  
 

Unlike the 3D cam, the benefit of this design is the simplicity of its geometry. This cam shares the same profile as 
the 3D cam; however, since the cams are made separately and phased together, it allows them to be easily 
manufactured and instantaneously changed without using a clutch. The main complexities with this cam also lie 
in designing the transition curve for valve transition from on to off states and vice versa. To achieve various 
displacements, the cams are phased to achieve any displacement between 0% and 100% displacement shown in 
Figure 10.   

The half masking cam demonstrates features that make it favorable over the 3D Cam.   Thus, the half masking 
cams were chosen to model and simulate as proof of concept for the MAV system.  

 

Figure 10. Various Displacements using Cam Phasing 

4 Cam Design Specifications & Calculations 

When determining the cam's specifications, various attributes of the cam were considered: transition length, 
compression angle, transition type, pressure difference, speed, and displacement.  First and foremost, the transition 
types required for the cam is considered and analyzed.   

One consideration of the cam specifications was the transition length. The transition length is the number of 
degrees of rotation required to complete the on/off transition between states. In this analysis, ideal valves are used, 
which would result in instant transition and a transmission length of zero.  However, in real applications, the 
transition time, or valve delay, is related to the transition length of the cam. Mitigating the transition length of the 
cam will increase the efficiency of the system. To determine this length, the pressure angle must first be 
determined.   

The pressure angle influences how long a transition length is required. At higher pressure angles, the load is applied 
to the follower. Thus, a flat-faced follower is used to avoid this condition. Norton [1] states that the industry rule 
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of thumb is a maximum pressure angle of 30 degrees exists for high-speed applications to prevent the follower 
from seizing. The pressure angle is responsible for the timing at which the valve begins to open and the amount of 
shaft rotation required for the fluid to change from high to low pressure. The Transition length (𝜃𝜃𝑡𝑡) and 
compression angle (𝜃𝜃𝑐𝑐) can be seen in Figure 11. 

 

Figure 11. Pressure Angle and Transition Angle for 
Cam 

 

Using Equation (1), the pressure angle for the cam can be calculated [1]. 

𝜶𝜶𝒑𝒑 = 𝒕𝒕𝒕𝒕𝒕𝒕−𝟏𝟏( 𝒙𝒙′(𝜽𝜽) − 𝒆𝒆
𝒙𝒙(𝜽𝜽) + √𝒓𝒓𝒃𝒃𝟐𝟐 − 𝒆𝒆𝟐𝟐

) 
 

(1) 

To recover the maximum energy stored in the fluid from decompressing the fluid from high to low pressure, the 
optimal compression angle is required. The optimal compression angle for ideal valves can be calculated using the 
calculations below. The relationship for relating the compressibility of fluid, using the Bulk Modulus of the fluid, 
pressure, and volume, is shown in Equation (2) 

𝒅𝒅𝒅𝒅 = −𝑲𝑲 𝒅𝒅𝒅𝒅
𝒅𝒅  

 (2) 

Where 𝒅𝒅𝒅𝒅 denotes the pressure differential, K denotes the bulk modulus of the fluid, 𝒅𝒅𝒅𝒅 denotes the change in 
volume in the cylinder, and 𝒅𝒅 denotes the effective volume in the cylinder.  

The volume of the cylinder is calculated using the area of the piston (𝑨𝑨𝒑𝒑), the distance the piston is from TDC, (𝒍𝒍), 
the current stroke (𝒙𝒙)And dead volume in the cylinder 𝒅𝒅𝒅𝒅𝒆𝒆𝒕𝒕𝒅𝒅. The mathematical model is shown in Equation (3).  
The volume change can be expressed as Equation (4).  

𝒅𝒅 = 𝒅𝒅𝒅𝒅𝒆𝒆𝒕𝒕𝒅𝒅 +   𝑨𝑨𝒑𝒑(𝒍𝒍 − 𝒙𝒙)  (3) 

𝒅𝒅𝒅𝒅 =  ∆𝒙𝒙𝑨𝑨𝒑𝒑  (4) 

Relating these equations results in Equation (5). 

∆𝒙𝒙 = 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒆𝒆𝒕𝒕𝒅𝒅
𝑲𝑲𝑨𝑨𝒑𝒑

 
 

(5) 

A simple representative of the piston pump was used to model the geometry for the kinematic equations needed 
for determining the compression angle, shown in Figure 12.   
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Figure 12. Piston Pump Geometry 
 

The following equations, Equation (6) and Equation (7), were derived from this system geometry.   

𝑨𝑨 = ∆𝒙𝒙𝒎𝒎𝒎𝒎𝒙𝒙
𝟐𝟐  

 (6) 

𝑪𝑪 =  𝑩𝑩 + 𝑨𝑨 − ∆𝒙𝒙  (7) 

Applying the law of cosines to find the angle results in the compression angle required, using Equation (8).  Thus, 
the preferred compression angle will depend on the location of the piston in the stroke.   

𝜽𝜽𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄 =  𝑪𝑪𝒄𝒄𝑪𝑪−𝟏𝟏(𝑨𝑨𝟐𝟐 − 𝑩𝑩𝟐𝟐 + 𝑪𝑪𝟐𝟐

𝟐𝟐𝑨𝑨𝑪𝑪 ) 
 (8) 

Various transition types can be used for changing between high and low states. The transition types are determined 
by the desired follower used.  These types of profiles include linear, harmonic, and cycloidal transitions. To reduce 
the impact on the cam, linear actuation was not analyzed in favor of harmonic and cycloid profiles since it is 
generally best to minimize jerk and acceleration for the sake of component longevity. For ease of comparison, 
both harmonic and cycloidal actuation paths are simulated for the cam follower using the same cam.  The results 
of the harmonic simulation are shown in Figure 13. 

5 Simulation 

The first graph shows the profile path vs cam angle between 0 and 360 degrees for a cam simulated with 4 mm of 
follower displacement. The harmonic transition type is used to simulate the first transition, actuating the valve ON.  
This is shown on the rising section of the follower displacement (red) between 0 and 40 degrees. The cycloidal 
path is shown in the declining section of the follower displacements (blue), actuating the valve OFF, between 160 
and 200 degrees. Comparing the absolute value of the results from the harmonic and cycloidal paths, it was 
discovered that the harmonic path was the preferred transition type since it mitigates absolute peak velocity, 
acceleration, and jerk.  
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Figure 13. Simulation Results for Harmonic and Cycloidal Paths.  The harmonic path is shown between 
0 and 40 degrees, while the cycloidal path is shown between 160 and 200 degrees. 

 

A simulation model was created for a 3-piston pump. A simplified diagram of the hydraulic circuit was created 
with a single-piston pump with a mechanically actuated valve on the intake port and a mechanical check valve on 
the exhaust port, shown in Figure 14. 

 

Figure 14. Fluid Power Circuit 

From this analysis, the simulation model was created in Simscape, an add-on feature of MATLAB software, and 
tested to review the theoretical performance of the system. The model is shown in Figure 15.  Block A determines 
the kinematics of the pump, calculating the velocity of the piston for the angle of the pump shaft.  Block B uses 
the velocity from block A to output the state of the fluid in the chamber.  These states include compression, leakage, 
and viscous friction losses. The valves connected to the chamber, mechanically actuated valve using cam and 
check valve, are represented using Block C. This block uses the angular position of the shaft to determine the 
position of the poppet valve, based on a cam profile array.  
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Figure 15. Simscape Model of MAV fluid power system 

The simulations from the model showed promising results for an overall increase in efficiency at 1000psi and 
2000psi, shown in Figure 16, (a) and (b), respectively. The graphs show various plots for the compression angle 
against the transition length.   
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Figure 16. Efficiency Curves Simulation Results 
 
The simulation outcomes at 1000 psi (a) and 2000 psi (b) showed similar efficiencies to the original unit when 
operating at 100% displacement. However, the efficiencies decreased as much as 75% at lower displacements in 
the worst conditions. The figure also shows that operating the system at 2000 psi (b) allows achieving efficiencies 
higher than those resulting from running the system at 1000 psi (a). Operating the system at 2000 psi (b) enables 
attaining efficiencies of at least 82% and up to 95%. However, running the system 1000 psi (a) allows having 
efficiencies of at least 75% and up to 93%. It was also noted that the ideal compression angle increases with the 
transition length for a given efficiency curve at 2000 psi. However, efficiency decreases as transition length 
increases. An optimal compression angle of 18 degrees was determined to be the best compression angle for an 
operating range between 1000-2000 psi. This achieved an overall efficiency of 89.72%.   

To better understand the losses at various operating conditions, the results were graphed, for comparison, shown 
in Figure 17. The graph shows the total energy lost for each loss over five shaft rotations at various operating 
conditions. The viscous friction shown in the graph represents the energy used to overcome piston chamber 
friction. Some of the critical takeaways found are that viscous friction was relatively constant for all operating 
conditions, the speed of the pump has a significant impact on the losses in the valves, and as pressure increases, 
compressibility loses increased, although minor compared to the valve and viscous losses. Overall, the simulation 
yielded successful results, which supported the case for prototyping the MAV system. 

(a) Efficiency Outcomes at 1000 psi  (b) Efficiency Outcomes at 2000 psi  
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Figure 17. Comparison of Losses for Various Operating Ranges (20% displacement, transition length = 10, 
18-degree compression angle) 

6 Conclusion  

This work improves digital pumps' overall operation and performance by proposing the state-of-the-art 
mechanically actuated digital pump. The intended pump enables overcoming the inadequacies and errors resulting 
from the electrically actuated digital pumps and thus improves the overall system's efficiency. The pump allows 
achieving variable displacement on fixed displacement pumps by using various camshafts’ styles. However, the 
most viable option at this time has been proven to be the half masking cams. A half masking cam was designed 
and simulated as proof of concept to half masking cams. The simulation results showed successful results, 
achieving overall efficiency of 89.72% at 1000 – 2000 psi. At lower displacements, the efficiencies increased as 
much as 77%; in the worst conditions. The ideal compression angle was determined to be 18 degrees using ideal 
valves.   
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Inadequate lubrication might lead to high friction and wear and can ultimately translate in a higher dissipation of 
energy, initiation and propagation of fracture and material fatigue. These occurrences are avoided or delayed 
thanks to an efficient lubricating system. The core of a reliable system is the hydraulic pump which, in the 
automotive field, is also responsible for power transmission and cooling. Given the importance of such 
components, improving reliability and performance of the pumps is a topic that is greatly pursued by 
manufacturers. A machine that is infrequently addressed in the open literature of the fluid power field is the 
pendulum slider pump. This kind of machine has the makings of high durability performance, short response 
time, and significant ability to withstand flow contamination by solid particles. Considering the available 
literature, no Computational Fluid Dynamics (CFD) studies have been presented so far. Among the complexities 
that hindered the application of CFD to this machine, motion complexity and narrow gaps make the development 
of a numerical algorithm for its modelling non-straightforward. 

In this work, the authors present the development and the application of a CFD model for the simulation of 
pendulum slider pumps. The structured mesh generation process has been successfully applied to a state-of-the-
art pendulum slider pump for automotive applications, and the outcome of the numerical investigation has been 
validated against an on-purpose built test bench. The results both in terms of variable displacement and fixed 
displacement behaviour are shown. This work proofs the suitability of the developed model for the analysis of 
hydraulic pendulum slider pumps. 

Keywords: Sustainability assessment, digitalization, performance improvement, hydraulic pump  
Target audience: Mobile Hydraulics, Efficient Components, Design Process   

1 Introduction 

The use of variable displacement pumps is a well-known method of controlling the flow of hydraulic systems to 
adjust power consumption to the level that is actually required. Among these machines, pumps with pendulum 
architecture (pendulum pumps, for simplicity) can be possible design choices for automotive applications, aside 
from gear pumps and the widespread vane pumps [1]. 
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In particular, several works [1-6] in the recent literature address the pendulum slider design. A typical two-
dimensional scheme of reference is shown in Fig. 1. This kind of architecture can be thought of as characterized 
by an inner rotor, connected to a drive shaft, and an eccentric outer rotor with hinged rods, also known as 
pendulums. The outer rotor is typically accommodated in a pivoting slider, a sort of ring that acts as a stator. 
Each pendulum profile is kinematically designed to fit a dedicated slot of the inner rotor, keeping the contact 
with it to promote a sealing action between the two sides of the rod through the entire pumping cycle. The 
pendulums transmit also the torque from the inner rotor to the outer rotor as the shaft revolves. The cited 
components can be thought of as axially capped by two flat plates in which suction and delivery ports are carved 
out. 

 

 

Figure 1: Schematic two-dimensional example of pendulum slider pump architecture 

The pumping chambers of this kind of machine are the spaces enclosed between the two eccentric rotors and 
each couple of consecutive rods, axially limited by the mentioned plates. Secondary pockets are present under 
the pendulums, used to create an additional pump stage in certain designs [3]. In that case, the machine performs 
two pumping cycles per revolution: one of the main stages, analogously to a typical variable displacement vane 
pump, and one due to the under-pendulum pockets. The slider can be typically rotated around a pin to promote 
variations of the eccentricity of the two rotors to modify the displacement of the machine. 

This kind of architecture could be deemed as infrequently addressed in the literature about positive displacement 
pumps, but several patents [7-9] about similar devices were published in the second half of the 20th century, 
starting at least from the 1950s. More recently, the pendulum slider design was adopted in several automotive 
applications, such as automatic transmissions [3], combustion engines [4,5], and retarders [10]. Compared to 
variable displacement vane pumps, the pendulum slider design is considered in the literature as potentially more 
efficient over the entire lifetime for operating conditions up to 14000 rpm, because of the absence of the friction 
due to the high relative speed contact between vane and stator [2,4]. On the other hand, the presence of an 
additional viscous loss at the interface between the outer rotor and the slider should be considered [1,4]. Other 
esteemed performance aspects of this kind of pump are the ability to withstand fluid contamination, the short 
response time, and the flexibility in terms of installation position and control strategy [2,3]. When it comes to 
cost, several authors [2,3] recently discussed the potential fuel savings that could arise from the expected high 
overall efficiency, durability, and control accuracy of pendulum slider pumps, underlining also potential price 
advantages, in particular with respect to variable displacement gear pumps. 
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To verify the performance and to assess the design of Positive Displacement Machines (PDMs), and pendulum 
slider pumps in particular, experimental campaigns are usually performed. Thanks to this possibility, several of 
the parameters of interest such as mass flowrate, vibrations, pressure pulsations etc. can be monitored. By testing 
alternative designs, engineers can try to reduce as much as possible undesired phenomena which arise during 
operation. However, there are some features that are very challenging to be evaluated experimentally. Moreover, 
the prototyping process requires relevant costs both in terms of production and time for testing. Among the 
possible methods, the CFD analysis [11-13] is a useful tool for the prediction of flow behaviour and machine 
performance. Sometimes this numerical approach is the only way to investigate the potential behaviour of PDMs 
with different fluids, without major changes to the plant to be carried out. The complexity of the problem has 
brought about the application of several numerical strategies to solve the behaviour of volumetric machinery. 
One of the most applied methods is the custom predefined mesh generation. This approach generates a structured 
grid for the starting position and the nodal position for successive time steps, defining the evolution of the grid 
compatible with the rotor displacement. This approach is the one implemented in the software environment 
Simerics-MP+ by Simerics Inc. for enabling the simulation of a number of machines.  

In this work, Simerics-MP+ has been applied to a pendulum slider pump. The performance predicted by the 
simulations has been compared against experimental data. Both fixed and variable displacement setups have 
been considered, including all the typical features of these pumps (e.g., axial gaps). The results of the 
simulations have been compared with experiments carried out on an ad-hoc test bench installed at the 
Test&Validation Department of the ZF Automotive Italia S. r. l.  plant in San Giovanni di Ostellato (Italy). 

2 Methodology 

This work presents a validation of the numerical simulation of a pendulum slider pump. In this section, both the 
experimental and numerical setups used for the investigation are presented and discussed. 

2.1 Experimental test bench 

The case study consists of a pendulum slider pump characterized by a maximum displacement of 79 cm3/rev and 
7 pendulums. Its main components are the same as the example shown in Fig. 1. The machine is designed to 
operate in the revolution frequency range 1000 – 3000 rpm at temperatures of -30 – 180 °C. The pump of interest 
has been experimentally analysed by means of a test rig suitable for steady-state testing of a similar variable 
displacement pump. The hydraulic fluid adopted for the experimental campaign is a synthetic transmission oil 
for commercial vehicles, characterized by the properties listed in Tab. 1. 

Temperature [°C] Kinematic viscosity [mm2/s] Density [kg/m3] 

40 51.1 841 

100 9.3 801 

Table 1: Main properties at 40 °C and 100 °C of the oil of interest 

 

2.1.1 Test bench description 

The test rig used for experiments can be represented by means of the hydraulic scheme shown in Fig. 2. The 
main components are: 

C: displacement control mechanism; D: orifice; EM: electric motor; F: KRAL OMG 52 flowmeter (KRAL 
GmbH, Lustenau, Austria); H: heater; M: Kistler 4503B050WP0B1KA1 torque sensor (Kistler Group, 
Winterthur, Switzerland); P: pendulum slider pump under test; PI: Kulite XTL-123G-190 pressure transducer 
(rated absolute pressure: 1.7 bar) (Kulite Semiconductor Products, Inc., Leonia, NJ); PO,PP: Kulite XTL-123G-
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190 pressure transducers (rated absolute pressure: 17 bar) (Kulite Semiconductor Products, Inc., Leonia, NJ); R: 
reservoir; T: PT100 class B resistance temperature detector; VO: outlet valve; VP: pilot solenoid valve. 

 

 

Figure 2: Hydraulic scheme of the test rig of interest according to ISO 

Referring to the scheme shown in Fig. 2, the pump under test P is powered by the electric motor EM, 
mechanically connected to the drive shaft of P through a torque sensor M with encoder. The latter is used to 
measure the torque and the revolution frequency of the shaft. The pump is accommodated in a moulded 
aluminium housing that connects it to the hydraulic system of the test rig. The housing is sealed towards the 
environment by a cover, and it lodges the displacement control mechanism C as well. 

Focusing on C, it could be described as composed of the pivoting slider of the pump, pinned in the housing, and 
a spring that tends to force the slider against a mechanical stop in maximum displacement position. As 
represented by the cylinder scheme in Fig. 2, the outlet pressure acts on a portion of the external surface of the 
slider, creating a force that tends to promote displacement reduction by rotating the stator. Moreover, another 
part of that surface is exposed to the pressure of a pilot chamber, resulting in an additional force opposed to the 
one due to the outlet pressure. 

In the end, the rotational equilibrium between fluid forces and the spring force on the slider sets the position of 
the latter and, therefore, the displacement. In particular, the pilot chamber draws fluid from the delivery line by 
means of the solenoid valve VP, which can be adjusted to modify the pressure drop through it to tune the control 
mechanism. The same chamber discharges fluid to the suction through the gaps of the pump, represented by 
orifice D. Two dedicated transducers, PI and PO, are placed, respectively, at the inlet and the outlet of the pump 
to measure the pressure at those locations. The pressure transducer PP monitors the pilot chamber. 

Regarding the main line of the circuit, the pump draws fluid from a reservoir R with flooded suction, the 
temperature of which is conditioned by heater H and measured by the resistance temperature detector T. A 
unique delivery duct leads the fluid back to the reservoir, passing through the flowmeter F, which measures the 

C 
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delivery volumetric flowrate, and the outlet valve VO, which sets the characteristic flow-pressure curve of the 
circuit. 

2.1.2 Test matrix description 

The pump under test has been analysed by considering two sets of stationary speed-control operating points at 
constant revolution frequency settings. As summarized in Tab. 2, equally-spaced levels every 500 rpm in the 
range 1000 – 2500 rpm at approximate isothermal conditions at 40 °C have been tested for each set. 

Displacement Control Level 1 [rpm] Level 2 [rpm] Level 3 [rpm] Level 4 [rpm] 

Variable 1000 1500 2000 2500 

Fixed 1000 1500 2000 2500 

Table 2: Test matrix of the presented experimental campaign at 40 °C, reporting the studied revolution 
frequency levels 

In particular, it has been decided to analyse two different scenarios in terms of displacement control ("variable" 
and "fixed"). For the first set, a finite spring precharge force has been adopted. For the second one, it has been 
decided to disable the displacement control mechanism by applying an extremely high precharge load, as it 
tended to infinity. The idea is to force the pump to operate at fixed maximum displacement, independently of the 
forces exerted by the hydraulic fluid. The goal of this approach is to compare the behaviour of the machine at the 
analysed revolution frequency levels in the two different control scenarios, variable displacement and fixed 
displacement. 

It has been decided to use a unique supply current setting of the solenoid valve VP for each run, independently of 
the considered set. Each operating point has been replicated three times, and the test matrix has been sequentially 
carried out in random order to minimize systematic errors. 

The main quantities of interest are the average values of delivery volumetric flowrate, reservoir temperature, 
revolution frequency, and absolute inlet/outlet/pilot pressure as measured, respectively, by F, T, M, and 
PI/PO/PP. They are calculated basing on the signals recorded during acquisition periods of 10 s by the adopted 
data acquisition system imc CRONOSflex (imc Test & Measurement GmbH, Berlin, Germany). Regarding the 
hypothesis of isothermal conditions, runs that present reservoir temperature values in the range 38 – 42 °C 
during the whole acquisition period are deemed acceptable. 

2.2 Numerical set-up 

While the fundamental physical equations governing the fluid dynamics remain the same, improvements made in 
numerical algorithms, physical models, grid generation technology, computer power, and software engineering 
technology have significantly increased the productivity and accuracy of new generation CFD software, 
especially when solving more complex problems.  

Simerics-MP+ solves first principle conservation equations coupled with advanced physical models to provide 
accurate predictions of flow, pressure, and cavitation in pumps in a short turnaround time. In the following 
section, technical details of the code will be presented, focusing on key components that directly contribute to 
productivity and accuracy. The program packs all four key functions of the CFD process, i.e., grid generation, 
pre-processing, problem solution, and post-processing, into a single product. 

2.2.1 Grid generation 

The first step in translating a pump prototype into a CFD model is to create a numerical mesh of the geometry 
that will be used to discretize and solve the governing fluid dynamics equations. Pumps typically have very 
complex shapes, with curved surfaces and small gaps. Grid generation is the most labour-intensive part of a 
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pump simulation process for most CFD packages. Solution accuracy, speed, and convergence are all directly 
related to the quantity and quality of the grid cells. Given that grid generation is one of the deciding factors of 
CFD productivity and accuracy, the choice of the grid is a very important issue.  

Body-fitted binary tree meshing is a flexible means of generating a highly efficient grid. This type of mesh 
belongs to a family of unstructured body-fitted Cartesian grids. This is the method used for static domains by the 
model discussed in this paper. Under this technique, an overlaid cubic grid is refined by factors of two as it 
approaches regions requiring higher geometric resolution. At a boundary, cells are cut to conform to the surfaces 
defining the fluid domain. This grid is accurate and efficient because:  

• the parent-child tree architecture allows for an expandable data structure with reduced memory storage; 

• binary refinement is optimal for transitioning between different length scales and resolutions within the 
pump; 

• the majority of cells are cubes, which is the optimum cell type in terms of orthogonality, aspect ratio, 
and skewness thereby reducing the influence of numerical errors and improving speed and accuracy;  

• it can be automated, greatly reducing the set-up time;  

• since the grid is created from a volume, it can tolerate "dirty" CAD surfaces with small cracks and 
overlaps.  

Regarding simulation accuracy for integrated values (like pressure head or flowrate) it has been found that 
binary tree meshes are as good as well-built boundary layer structured grids. 

2.2.2 Governing equations and turbulence model 

The fundamental equations to be solved (numerically) by any CFD code are the conservation of mass, 
momentum, and energy. Considering a control volume that is moving through time 𝑡𝑡 as part of a finite volume 
approach, the conservation equations of mass and momentum can be written, respectively, in their basic integral 
representation (without external source terms) as 

𝜗𝜗
𝜗𝜗𝑡𝑡 ∫ 𝜌𝜌𝜌𝜌Ω + ∫ 𝜌𝜌(𝒗𝒗 − 𝒗𝒗𝝈𝝈)

0

𝜎𝜎

0

Ω(𝑡𝑡)
𝒏𝒏𝜌𝜌𝑑𝑑 = 0 

𝜗𝜗
𝜗𝜗𝑡𝑡 ∫ 𝜌𝜌𝒗𝒗𝜌𝜌Ω +  ∫ 𝜌𝜌[(𝒗𝒗 − 𝒗𝒗𝝈𝝈)𝒏𝒏]

0

𝜎𝜎

0

Ω(𝑡𝑡)
𝒗𝒗𝜌𝜌𝑑𝑑 = ∫ �̃�𝜏𝒏𝒏𝜌𝜌𝑑𝑑

0

𝜎𝜎
− ∫ 𝑝𝑝𝒏𝒏𝜌𝜌𝑑𝑑

0

𝜎𝜎
+ ∫ 𝒇𝒇𝜌𝜌Ω

0

Ω(𝑡𝑡)
 

in which  

-  Ω is the control volume,  
-  𝑑𝑑 is the control volume surface,  
-  𝒏𝒏 is the surface normal pointed outwards,  
-  𝜌𝜌 is the fluid density,  
-  𝑝𝑝 is the fluid pressure,  
-  𝒇𝒇 is the body force vector,  
-  𝒗𝒗 is the fluid velocity vector,  
-  𝒗𝒗𝝈𝝈 is the surface motion velocity vector.  

τ̃ , the shear stress tensor, is a function of the fluid viscosity 𝜇𝜇 and the velocity gradient. For a Newtonian fluid, it 
is given by the following equation:  

τ̃ = 𝜇𝜇(∇𝒗𝒗 + ∇𝒗𝒗𝑇𝑇) − (2
3 𝜇𝜇∇ ∙ 𝒗𝒗) δ̃                               

where δ̃ is the unit tensor of second order. 
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The software implements mature turbulence models, such as the standard k − ε model and RNG k − ε model 
[14]. These models were available for more than a decade and were widely demonstrated to provide good 
engineering results. The standard k − ε model, used for the simulations presented in this paper, is based on the 
following two equations applied to a moving control volume: 

𝜗𝜗
𝜗𝜗𝜗𝜗 ∫ 𝜌𝜌𝜌𝜌𝜌𝜌Ω0

Ω(𝜗𝜗) + ∫ 𝜌𝜌(𝒗𝒗 − 𝒗𝒗𝝈𝝈)𝒏𝒏𝜌𝜌𝜌𝜌𝑘𝑘
0
𝜎𝜎 = ∫ (𝜇𝜇 + 𝜇𝜇𝑡𝑡

𝜎𝜎𝑘𝑘
) (𝛻𝛻𝜌𝜌)𝒏𝒏𝜌𝜌𝑘𝑘0

𝜎𝜎 + ∫ (𝐺𝐺𝜗𝜗 − 𝜌𝜌𝜌𝜌)𝜌𝜌Ω0
Ω(t)              

𝜗𝜗
𝜗𝜗𝜗𝜗 ∫ 𝜌𝜌𝜌𝜌𝜌𝜌Ω0

Ω(𝜗𝜗) + ∫ 𝜌𝜌(𝒗𝒗 − 𝒗𝒗𝝈𝝈)𝒏𝒏𝜌𝜌𝜌𝜌𝑘𝑘
0
𝜎𝜎 = ∫ (𝜇𝜇 + 𝜇𝜇𝑡𝑡

𝜎𝜎𝜀𝜀
) (𝛻𝛻𝜌𝜌)𝒏𝒏𝜌𝜌𝑘𝑘0

𝜎𝜎 + ∫ (𝑐𝑐1𝐺𝐺𝜗𝜗
𝜀𝜀
𝑘𝑘 − 𝑐𝑐2𝜌𝜌

𝜀𝜀2

𝑘𝑘 ) 𝜌𝜌Ω
0
Ω(t)           

with 𝑐𝑐1 = 1.44, 𝑐𝑐2 = 1.92, 𝑘𝑘𝑘𝑘 = 1, 𝑘𝑘𝜀𝜀 = 1.3; where 𝑘𝑘𝑘𝑘 e 𝑘𝑘𝜀𝜀 are the turbulent kinetic energy (𝜌𝜌) and the turbulent 
kinetic energy dissipation rate (𝜌𝜌) Prandtl numbers [14]. 𝜇𝜇𝜗𝜗 is the turbulent viscosity, and 𝐺𝐺𝜗𝜗 is the turbulence 
generation term.                                                  

2.2.3 Real liquid property model 

In past CFD simulations, analysts used to treat liquid as an incompressible fluid with constant density. As a 
matter of fact, the average liquid density can change due to cavitation, aeration, and liquid compressibility. 
Cavitation refers to the formation of vapor bubbles from the primary liquid when the pressure drops below vapor 
pressure, subsequently followed by bubble collapse at regions where the pressure rises again above vapor 
pressure. Aeration refers to the presence of non-condensable gases in the primary liquid, such as air in water. 
Although the amount is typically small, liquid can also be highly compressed depending on the pressure level. In 
some cases, assuming the fluid as being incompressible is indeed a reasonable approximation, but, in other cases, 
cavitation, aeration, and liquid compressibility must be considered to capture important physics, otherwise one 
will end up with incorrect results.  

At low inlet pressure, cavitation and/or aeration bubbles can emerge, grow, and dramatically reduce pump 
performance. For positive displacement pumps, cavitation will cause losses in volumetric efficiency [15]. 
Without an accurate cavitation/aeration model, such efficiency losses cannot be calculated.  

Gas and liquid mixtures are inherently difficult to simulate, due to the large density difference between the two 
phases and the strong coupling between the gas or vapor void fraction and the mean flow pressure.  

The cavitation model implemented in the presented code takes all three important real liquid properties, 
cavitation, aeration, and liquid compressibility into account. This model is based on the work of [16], which has 
been implemented with several significant enhancements and improvements, such as, among others, the 
capability to account for distributions of dissolved air content, free air in form of dispersed gas bubbles, and the 
related release/dissolution phenomena [17]. Regarding the presented simulations, it has been chosen arbitrarily to 
adopt the simplest option implemented in the software environment, dealing with aeration by considering a 
constant free gas mass fraction of 10-6 as uniformly dispersed in the fluid to simplify the modelling effort. 

2.2.4 Positive displacement pumps methodology  

In setting up and running a model, Simerics-MP+ provides templates for a range of pumps, valves, and motors. 
These templates guide the set-up of a particular component type and control the mesh generation, based on the 
component’s inherent features. A template is used to create a structured looking mesh in the dynamic fluid 
volume, while static volumes (like ports, for example) are meshed using the Body-fitted binary tree methodology 
explained above. The dynamic mesh cell count and topology are maintained during the simulation. Volume 
change is accommodated using a combination of mesh compression/expansion. This combination of template 
and automated meshing allows the simulation to include the geometry needed to conform to the real system. 

2.2.5 Pendulum pump methodology  

The pendulum pump described in this paper is, by all means, a positive displacement pump. Simerics-MP+, 
however, does not yet provide a ready-made template for this type of architecture.  A specific procedure to 
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handle the motion of the dynamic volumes, based on the principles explained in the previous sections, has been 
then developed, and schematically reported in Fig. 3. The starting point is a set of annulus segment volumes 
(Fig. 3(a)), discretised with a structured hexahedral grid, positioned with respect to a reference direction in the 
plane perpendicular to the revolution axis.  These volumes are then morphed by projection/rejection functions 
based on the actual pendulum and rotors geometries (Fig. 3(b)); these geometries are imported into the code as 
sets of points.  The volumes position and shape are updated at each timestep as the rotors turn and the pendulums 
swing around their hinge point integral with the outer rotor. 

The pendulum pump methodology has been implemented into Simerics-MP+ via a set of scripts developed in the 
Simerics Expression Language and some lookup tables which provide geometry profiles and weighting functions 
for the mesh deformation. It has been applied to the pendulum slider design addressed in this paper, in 
combination with the Body-fitted binary tree approach for static volumes, but it is a general methodology that 
can be applied to different pendulum-like positive displacement devices, and it will be integrated into the main 
code as a template in a future software release. 

2.2.6 Dynamic equation for ring motion 

Concerning the simulation of the mechanism that allows displacement variation in the pendulum slider pump of 
interest, the rigid body theory can be applied to determine the rotational motion of the stator ring around its pin, 
quantified by the ring angle 𝜃𝜃. Considering the proposed approach, the following Ordinary Differential Equation 
(ODE) based on the balance of angular momentum is solved at run-time by the dedicated ODE Simerics-MP+ 
solver: 

𝐼𝐼 𝑑𝑑
2𝜃𝜃
𝑑𝑑𝑡𝑡2 = 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  

where 𝐼𝐼 is the moment of inertia of the ring around the pin centre, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝  are, respectively, the torque 
due to the pressure force and the spring force, and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  is an additional torque due to other forces acting on the 
ring. The coupled solution procedure consists of the following steps.  

1. Start with an initial position of the ring (maximum displacement) which defines the outer rotor position. 
2. The fluid equations are solved. 
3. The forces acting on the fluid-solid interfaces around the ring are then computed as the input for the 

angular momentum equation. 
4. The ODE is integrated over time to obtain the new position of the ring for the new time step. 
5. A re-meshing step is carried out based on the new position of the ring. 

 

Figure 3: Rationale for grid generation of a representative pendulum slider pump: a schematic of the pumping 
chambers initial hexahedral grid (a) and the respective morphed representation (b) 

a) b) 
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2.2.7 Determination of the forces acting on the ring for the pendulum pump 

For the pendulum pump considered in this project, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is calculated basing on the force contributions on the 
ring due to the external chambers (inlet domain, outlet domain and pilot chamber), as depicted in Fig. 4, and 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 
is derived by the characteristics of stiffness and precharge of the spring under the assumption of linear 
behaviour. 

The torque due to internal forces, such as the ones transmitted to the outer rotor (and, then, to the ring) by the 
pendulums and the pressure on its internal surface, should then be considered as additional torque 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  in the 
ring dynamic equation described above. The calculation of that contribution is currently being implemented, so it 
has not been possible to use it to simulate the pump of interest in variable displacement conditions yet. 

 
Figure 4: Schematic of the external forces acting on the ring 

3 Results 

3.1 Experimental results 

The main outputs of the experimental campaign are reported in Fig. 5 in terms of average values of delivery 
volumetric flowrate, outlet pressure, and suction pressure as functions of the average revolution frequency. In 
particular, the mean values of the displayed quantities over the three replicates are shown, as well as the 
respective type-A 95% confidence uncertainty intervals based on Student's t-distribution. As it can be deduced 
from Fig. 5, the experimental dispersion of replicated runs could be deemed negligible. 

Referring to the datasheet [18] of the adopted pressure transducers for each full scale 𝐹𝐹𝐹𝐹 of interest, it has been 
decided to neglect the type-B error bands of the measured pressure values. Typical values of combined error 
band of non-linearity, hysteresis and repeatability (±0.1% FS), thermal zero shift (±0.01% FS/°F), and thermal 
sensitivity drift (±0.01%/°F) are declared by the manufacturer. Uncertainties lower than 0.1 bar, for PP and PO, 
and 0.01 bar, for PI, result from the propagation of the cited error sources by means of the root-sum-square rule 
under the assumption of uncorrelated inputs [19]. Type-B error bands of flowrate values have been neglected as 
well, in light of the accuracy of 0.1% of the measured value that results from the flowmeter datasheet [20]. 

3.1.1 Fixed displacement behaviour 

Analysing the fixed displacement behaviour, it can be noticed that in Fig. 5(a) the pump presents a flowrate 
profile that is quite close to the ideal one for the pump at maximum displacement, calculated as the maximum 
displacement times the revolution frequency. It shows increasing volumetric losses as the revolution frequency 
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and the outlet pressure, as depicted in Fig. 5(b), are increased. On the contrary, the suction pressure presents the 
decreasing trend shown in Fig. 5(c), as plausibly expected. 

The trends are meaningful for a fixed displacement machine, but it is difficult to understand if the cited 
volumetric losses are entirely due to internal leakage, or if some small displacement reductions have occurred. In 
fact, it should be noted that small eccentricity variations might have been possible, because of the finite stiffness 
of the mechanical constraint of the control spring. For the sake of completeness, it should be stated that the pilot 
chamber is flooded with oil during tests, even if the control mechanism is disabled. In fact, absolute pilot 
pressures in the range 6-9 bar have been measured. In this sense, a portion of the leakage could have been due to 
the recirculating flow from the outlet to the pilot chamber, and then back to the inlet through internal gaps of the 
pump. 

 

 

Figure 5: Experimental results in terms of average values of delivery volumetric flowrate (a), absolute outlet 
pressure (b), and absolute suction pressure (c) as functions of the average revolution frequency for both the 

analysed control scenarios; the respective type-A error bands are reported 

3.1.2 Variable displacement behaviour 

Regarding the behaviour of the pump in case of variable displacement conditions, Fig. 5(a) shows flowrate 
results in line with the ones of the fixed displacement behaviour up to 1500 rpm, suggesting that the machine has 
been operating at maximum displacement at those conditions. The trends of the rest of the output quantities 
shown in Fig. 5 seems to confirm this hypothesis. 

On the contrary, considering the data points at 2000 rpm and 2500 rpm in Fig. 5(a), the flowrate increases just 
slightly as the revolution frequency increases, leading to the almost flat suction pressure profile shown in Fig. 
5(c). The marked difference between the flowrate trends in the two different displacement control cases is a 
symptom that significant displacement reductions have occurred at revolution frequencies over 1500 rpm. 
Moreover, Fig. 5(b) shows the tendency of the system to limit the absolute outlet pressure at about 10 bar, which 
is the threshold at which displacement reductions have taken effect for the chosen control settings. In fact, the 
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absolute outlet pressure trend results to be just slightly increasing in the range 1500 – 2500 rpm as the revolution 
frequency is increased. 

3.2 Numerical results 

3.2.1 Fixed displacement behaviour 

A set of simulations has been performed to validate the behaviour of the pump when no displacement variations 
are admitted. For this reason, the 1000 rpm and 2500 rpm operating points have been chosen. They have been 
selected in order to represent two different conditions: the lowest revolution frequency would not have involved 
the variable displacement, while the highest reflects a point where regulation would have occurred in non-
blocked conditions. For all the analyses presented here, axial gaps have been applied, in accordance with the 
measured clearances of the tested pump. 

The 1000 rpm results in terms of flowrate are reported in Fig. 6, which clearly shows the ripple related to the 
pendulum passage (7 pendulums). A total oscillation of around the 10% of the flowrate is obtained, and the 
average value is remarkably close to the experiments, leading to 72.7 l/min against an experimental value of 72.4 
l/min. A very similar pattern can be obtained for the 2500 rpm simulation, but in this case the experimental 
flowrate is further from the experiments, with an expected difference of around 15 l/min.  For both cases little to 
no cavitation is experienced inside the investigated fluid domains. Even though a 10% deflection on 
experimental results is considered acceptable from the common industry standards, further investigations are 
required to understand the reason of this discrepancy. 

 

Figure 6: Flowrate resulting from the 1000 rpm CFD analysis 

3.2.2 Variable displacement behaviour 

As explained in section 2.2.7, it has not been possible to apply the dynamic equation for the ring to the pendulum 
pump model.  However, to test the functionality, it has been decided to run the model at fixed revolution 
frequency and variable eccentricity values (by varying the rotation angle 𝜃𝜃 of the pivoting ring around its pin, 
simulation by simulation) to capture the flowrate variability as the displacement of the virtual machine is 
reduced.  

The results are shown in Fig. 7, where the non-dimensional flowrates at 2000 and 2500 rpm, defined as the 
predicted value divided by the one at the maximum eccentricity for the considered revolution frequency level, 
are plotted versus three levels of ring angle of rotation. An abscissa equal to zero indicates the maximum 
displacement position. The model runs smoothly and reliably as the eccentricity changes, showing almost linear 
trends of the flowrate as a function of the rotation angle. 

With reference to Fig. 7, it is conceptually possible to find the value of abscissa at which the predicted flowrate 
matches the respective experimental variable-displacement result of Fig. 5(a) at each considered revolution 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

598



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

frequency level. Assuming that the machine has been running approximately at constant eccentricity at those 
operating points, that approach could be used to estimate the average displacement at which the pump is 
supposed to operate at those conditions, in order to distinguish the effects of volumetric losses and displacement 
variation on the flowrate. It should be noted that the accuracy of the trends of Fig. 7 is difficult to assess, since, 
aside from the maximum eccentricity condition, no other experimental tests at fixed intermediate displacement 
have been carried out for reference. Nevertheless, the analysis shows the feasibility of using the fixed 
displacement model to investigate eccentricity scenarios that are different from the maximum displacement 
condition, with the purpose to study any case in which the machine can be assumed to operate approximately at 
constant eccentricity. 

 

Figure 7: Variation of the non-dimensional flowrate as a function of the ring angle at 2000 rpm and 2500 rpm  

4 Summary and Conclusion 

In this paper, the framework for analysing a pendulum slider pump with the CFD software suite Simerics-MP+ 
has been developed. The procedure has been applied to a 7-pendulums pump with a maximum displacement of 
79 cm3/rev, experimentally tested at the ZF Automotive Italia S. r. l. plant in San Giovanni di Ostellato (Italy).  

The CFD model has been developed both for fixed and variable displacement scenarios, even though the force 
balance for the dynamic equilibrium of the stator has not been implemented yet. Regarding the maximum 
eccentricity operating points, very good agreement with the experiments has been found at the lower rotational 
speed, while some discrepancies have been found for the higher values. This might be related to uncertainties 
about oil behaviour in terms of aeration which can affect the filling of the pumping chambers of the simulated 
machine. Regarding the simulations of fixed intermediate displacement conditions, additional experimental tests 
are needed to assess the accuracy of the results. Besides these aspects to be further investigated, the developed 
model has shown a very good behaviour in terms of robustness and accuracy, in line with Simerics-MP+ 
standards, and it candidates to be released soon in an official version.  
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Nomenclature 

Variable Description Unit 

𝑐𝑐1 Turbulence model coefficient [-] 

𝑐𝑐2 Turbulence model coefficient [-] 

𝒇𝒇 Body force [N/m3] 

𝐺𝐺𝑡𝑡 Turbulence generation [kg/(m s3)] 

𝐹𝐹𝐹𝐹 Full scale [Pa] 

𝐼𝐼 Moment of inertia [kg m2] 

𝒏𝒏 Outward-pointing surface normal [-] 

𝑘𝑘 Turbulent kinetic energy [m2/s2] 

𝑝𝑝 Pressure [Pa] 

𝑡𝑡 Time [s] 

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 Pressure torque [N m] 

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 Spring torque [N m] 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  Additional torque [N m] 

𝒗𝒗 Velocity [m/s] 

𝒗𝒗𝜎𝜎 Surface velocity [m/s] 

𝛿𝛿 Unit tensor of second order [-] 

𝜀𝜀 Turbulent kinetic energy dissipation rate [m2/s3] 

𝜃𝜃 Ring angle [rad] 

𝜇𝜇 Viscosity [Pa s] 

𝜇𝜇𝑡𝑡 Turbulent viscosity [Pa s] 

𝜌𝜌 Density [kg/m3] 

𝜎𝜎 Control volume surface [m2] 

𝜎𝜎𝜀𝜀  Turbulent kinetic energy dissipation rate Prandtl number [-] 

𝜎𝜎𝑘𝑘 Turbulent kinetic energy Prandtl number [-] 

�̃�𝜏 Shear stress tensor [Pa] 

Ω Control volume [m3] 

Acronyms 

Acronym Description  

𝐶𝐶𝐹𝐹𝐶𝐶 Computational Fluid Dynamics  

𝑃𝑃𝐶𝐶𝑃𝑃 Positive Displacement Machine  

𝑂𝑂𝐶𝐶𝑂𝑂 Ordinary Differential Equation  
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Within this paper a simulation approach will be presented in order to simulate the time- and space-resolved air 
content in hydraulic systems. The simulation model which was implemented into the software DSHplus allows to 
configure the architecture of the hydraulic circuit. This allows a consideration of the air ingression from external 
as well as from internal sources. The simulation approach enables an optimization of hydraulic systems already in 
the development phase of the machine by performing investigations based on virtual prototypes. The deaeration 
performance of the hydraulic reservoir is considered based on different analysis of the tank using a multiphase 
CFD simulation. 

Keywords: Tank optimization, hydraulic reservoir, air content, hydraulic system, air bubbles, oil 
Target audience: Mobile Hydraulics, Systems 

1 Introduction 

Increasing demands regarding performance, safety and environmental compatibility of hydraulic mobile machines 
in combination with rising cost pressures create a growing need for a specialized optimization of hydraulic systems 
particularly regarding hydraulic reservoirs. In addition to the function of oil storage the reservoir de-aerates the 
hydraulic oil. Thus, the design of the reservoir directly impacts the air content in the hydraulic system.  

The free air in hydraulic system causes degradation of the oil as a conclusion of oxidation. Furthermore, due to the 
compression of the air bubbles high temperatures can occur which can also reduce the lifetime of the oil. A further 
consequence of this effect is the reduction of the overall efficiency of the hydraulic pumps and therefore an increase 
in fuel consumption. Due to the increased compressibility the handling and control of the hydraulic systems also 
can decline. 

Degassing bubbles of free air in the hydraulic tank is a complex function and is depending on many influencing 
factors which will be described in the paper. Increasing the amount of fixed oil in the tank generally improves the 
degassing function. An optimization of the design of hydraulic filter-tank systems in regard of the de-aeration 
performance allows improving the degassing function without increasing the amount of oil or even in combination 
with a reduction of the tank size. As manufacturer of mobile machines are strongly driven by a big cost pressure 
due to global competition as well as packaging issues mainly due to changes in legislation the interest in optimizing 
hydraulic reservoirs is very high. 

One of the authors has introduced a novel approach to optimize the degassing behavior of hydraulic reservoirs 
based on a multiphase bubble flow CFD-simulation approach [2]. Output of those simulations is the separation 
performance of the reservoir for different bubble sizes. Those numbers allow a direct comparison of the degassing 
behavior of different hydraulic reservoirs. The author also has introduced a novel approach to measure the air 
content in hydraulic systems [2] in order to be able to validate the final setup of the reservoir in the application. 

This paper introduces an extended simulation approach which allows to investigate the impact of a design change 
on the hydraulic reservoir directly on the air content level in the hydraulic system. 
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2 Physical principles  

In order to be able to build up a simulation model to predict the volumetric air content level in hydraulic system it 
is necessary to take all relevant physical effects on the flow of air bubbles in the hydraulic oil flow into account. 
A force equilibrium equation can be used to combine different physical principles in order to estimate the upward 
flow velocity of the bubbles. Figure 1 shows the most relevant impact factors on the behaviour of air bubbles in 
hydraulic systems. 

 

Figure 1: Physical impact factors on air bubbles 

The force acting on a single air bubble with a specific size inside the hydraulic tank can be divided into different 
components. Equation 1 shows the calculation of the forces acting on a bubble which are composed of a resistance 
term, a pressure term, a virtual mass term, a buoyancy term and a basset term. 

𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏 + 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏 + 𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏  𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏 + 𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟  (1) 

The individual forces are listed in equation 2 to equation 6.  
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2�𝜋𝜋𝜋𝜋ν𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

1
√𝑑𝑑𝑑𝑑 − τ

𝑑𝑑𝑑𝑑τ
𝑟𝑟𝑟𝑟

0
 

(6) 

The resistance term is described by a flow resistance coefficient CD which is explained in more detail in the 
following section in more detail. The pressure term describes the force which is required to overcome the pressure 
gradient within the oil. The virtual mass component quantifies the force that must be applied to accelerate the 
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surrounding fluid. The buoyancy term describes the buoyant force acting on the respective air bubble. The force 
caused by an unsteady relative acceleration of the bubble to the oil is expressed with the aid of the Basset term. 

The pressure term, the term of the virtual mass and the Basset term are of their magnitude of minor importance 
and can usually be neglected compared to the other components. This results in the simplified expression in 
equation 7 which can be used to calculate the upward velocity vbubble of a single air bubble with its diameter d. 

𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜋𝜋𝜋𝜋
6 𝑑𝑑𝑑𝑑

3 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑣𝑣𝑣𝑣𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷

𝜋𝜋𝜋𝜋
4 𝑑𝑑𝑑𝑑

2 1
2𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

2 +
𝜋𝜋𝜋𝜋
6 𝑑𝑑𝑑𝑑

3(𝜌𝜌𝜌𝜌𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟 − 𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)𝑔𝑔𝑔𝑔 (7) 

The resistance coefficient CD needs to be determined empirically. Figure 2 shows the course of the drag coefficient 
of a bubble as a function of the Reynolds number of the particle. 

 

Figure 2: resistance coefficient depending on the Reynolds number 

The Reynolds number is calculated according to equation 8 based on the density and viscosity of the oil and by 
taking the relative velocity of the bubble to the surrounding hydraulic fluid and the bubble diameter into account. 

Re =
𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜂𝜂𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 (8) 

The upward flow behavior of the air bubbles is characterized by the rising speed vbubble. An increase in the rising 
speed of the bubbles consequently results in a better separation performance as the bubbles reach the oil surface 
more quickly. For low Reynolds numbers Stokes' law can be applied, which assumes, that the air bubbles have a 
spherical shape. 

ν𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
1

18
(𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜌𝜌𝜌𝜌𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟)

𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑2

µ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 

(9) 

Typically, the diameter of the air bubbles varies in in a wide range of approximately 1e-6 m to 1e-2 m. A special 
camera system that was included to the experimental setup while performing the investigations allows a rough 
approximation of the bubble size distribution. Nevertheless, as the bubble size distribution can only be analyzed 
on a small flow in a bypass line, it can be assumed that the achieved results vary to the real values. Therefore, 
those values will need to be adapted during different calibration measurements within the simulation procedure. 

Principally, the effect of coalescing, dissolving and outgassing can be described in a mathematical was as well. 
Nevertheless, due to the difficulty to parameterize those models, they will not be taken into consideration in this 
work. 
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3 Results from 3D-CFD-particle flow simulation 

A multi-phase bubble flow CFD-simulation approach can be used to calculate the deaeration performance of filter-
tank systems. Bubbles with different sizes in diameter are injected to the return line. The term simulated deaeration 
performance which is used in the following is defined as the number of bubbles deaerated inside the tank in relation 
to the number of bubbles injected to the tank. It must be noted that this value is depending on the bubble size as 
shown in figure 3. 

 

Figure 3: Simulated deaeration performance of a filter-tank system 

Though the separation performance is sufficient to compare the degassing behavior of different tank systems, it 
is not sufficient to calculate the air content in a time- and space resolved way. In order to consider the through-
put time of the air bubbles, the tank needs to be divided into smaller volumes as shown in figure 4. 

 

Figure 4: Idealized 1D-simulation of air bubbles through the reservoir 

Basically, this approach allows the consideration of the through-put time of the bubbles in the tank. Nevertheless 
based on experimental investigations it becomes obvious that this approach is too idealized and does not consider 
mixing effects in the tank. Thus, the approach needs to be extended as shown in figure 5 in order to consider this 
effect. 
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Figure 5: 1D-simulation of the flow with consideration of mixing 

The mixing behavior within the classes of different sizes of bubbles can be derived from a transient multiphase 
bubble flow CFD-simulation. 

4 Comparison of simulation and measurement 

This chapter presents the test setup which can be used to investigate the air content in a hydraulic circuit. Figure 6 
shows the schematic diagram of the test rig. The test rig is located at HYDAC’s FluidCareCenter and consists of 
the structure presented in figure 6. Basically, it consists of a pump, a return filter, a tank and a secondary circuit in 
the suction line, via which a controlled injection of air into the system can be realized. Special air content sensors 
(Hydac ACS) are located upstream and downstream of the tank and allow a quantitative measurement of the air 
content in the oil. 

 

Figure 6: Comparison of simulation and measurement for dynamic air injection. 

Figure 7 shows the result of a measurement which will be used in a next step to compare it to the simulated results. 
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Figure 7: Air content level from measurement 

In the areas marked with II, IV and VI an amount of 1 l/min of air is supplied to the system in each case. In the 
remaining areas the air supply is interrupted. This results in 3 local maxima. While the first two reach a value of 
1.35%, the third local maximum does not reach this value, as the air supply is interrupted beforehand. In addition 
to a simple linear interpolation of the measurement data, a fitting curve through the datapoints is generated. This 
leads to a smooth connection between the points and gives the opportunity to use advanced methods like 
calculating derivatives, which otherwise would hide in the noise.  

A comparison of the measurement with a simulation done for the same configuration is shown in figure 8. 

 

Figure 8: Comparison of simulation and measurement for dynamic air injection. 

The interaction of the various factors mentioned above, such as injected bubble size distribution or the varying 
deaeration of different bubble diameters, leads to the characteristic curve shown. When the air supply is switched 
on, the air content initially increases progressively and then approaches the local maximum degressively. When 
the air supply is switched off, the air content falls sharply as the large air bubbles separate rapidly. As the deaeration 
process continues, smaller air bubbles remain and are separated slowly; the air content drops less sharply. The 
simulated curve follows this scheme and results in a qualitative approximation of the measured air content. 
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Figure 9: Derivation of simulation and measurement for dynamic air injection 

By calculating the derivatives of both curves with respect to time, the relative change of the air content can be 
compared. The derivation of the results in figure 8, shown in figure 9 clearly illustrate this qualitative 
approximation of simulation and measurement: Due to the deviation at the beginning of the first charging process, 
the air content curves diverge quantitatively, but the relative change stabilizes at the beginning of the second 
charging process and follows the derivative of the measured curve sufficiently closely. 

5 Summary 

Within the scope of this work, a simulation model has been developed with which the air content in hydraulic 
systems can be calculated with local and temporal resolution. 

In chapter 2 all the relevant physical principles for the interaction of air bubbles with hydraulic fluids are presented. 
It is shown that the bubble size distribution has a decisive influence on the air separation capacity of tank systems 
and is influenced by numerous mechanisms. 

Chapter 3 demonstrates the characterization of hydraulic reservoirs. Based on those investigations the input 
parameter for the bubble separation performance and to describe the mixing behavior can be derived. 

An experimental comparison of the simulation tool for the purpose of validation is carried out in chapter 3. The 
fact that both measurement and simulation carry a transient course of the air content as output variable allows a 
direct comparison of both tools. After some assumptions, e.g. regarding the air bubble size distribution, have been 
made, there is a very good agreement between measured and calculated values.  
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Nomenclature 

Variable Description Unit 

C𝐷𝐷𝐷𝐷 flow resistance coefficient [-] 
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d air bubble diameter [m] 

g gravity constant [m/s²] 

F force [N] 

p Pressure  

t time [s] 

𝑇𝑇𝑇𝑇 temperature [K] 

urel relative velocity [m/s] 

v velicity of the air bubble [m/s] 

α relative air content [-] 

η dynamic viscosity [mPas] 

ρ density [kg/m³] 

τ  runtime [s] 
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This paper proposes a new approach for hydraulic architectures in compact mobile machines based on a secondary 
control logic. With this approach, travel and implement functions can be supplied with a single open circuit pump 
and the travel drive itself can be realized without any directional valves. A small sized tractor shows the feasibility 
of the concept. Drive and implement hydraulics use cases were tested simultaneously. To achieve a well-balanced 
drive performance, the dynamic behavior of both pump and motor were analyzed, optimized, and evaluated. As a 
result, it is shown that the dynamic performance of the system approach meets the requirements for use in
hydrostatic drive and implement hydraulics.

Keywords: Secondary control, electronic open circuit pump control, simplified hydraulic architectures, energy 
recovery, hydrostatic drives
Target audience: Mobile Hydraulics

1 Introduction

The concept of secondary control is widely established in stationary hydraulic applications such as in test benches, 
presses, or offshore applications [1]. For mobile applications, however, the use of secondary controlled concepts 
is not common as they require complex control algorithms, hydraulic accumulators, and expensive hydraulic and 
electronic components. Guo et. al. [2] describe a secondary controlled hydrostatic travel drive for a wheel loader 
using hydraulic accumulators. Busquets et. al. describe in [3] a robust control method for a secondary controlled 
swing drive of a compact excavator. The system contains a hydraulic accumulator with variable pressure to reduce 
losses due to a constant high-pressure situation. The primary unit supplies fluid solely to the swing drive. There is 
no information whether the pump/primary unit is used to supply additional implement or drive functions. Another 
study about secondary controlled drives were done by Li et. al [4]. In this paper a variable pressure control without 
hydraulic accumulators is proposed for the secondary controlled circuit in the loading test bench for driving heads 
of rotary drilling rigs. The objective of the variable pressure is to reduce volumetric losses and increase energy 
feedback efficiency. The improved efficiency comes at the expense of the pressure control bandwidth which leads 
to a significant deterioration of the torque control performance. In contrast to conventional hydrostatic drives in 
mobile machines, in secondary controlled drives a pressure coupling is required meaning that the motor 
displacement is proportional to the drive torque and not to the drive speed. The speed is controlled in a secondary 
manner by adjusting the motor displacement, and therefore the motor torque, such that a balance is found between 
load torque and drive torque. Advantages of secondary controlled architectures is the easy integration of multiple 
rotary consumers on a single pressure line without any directional valves, the possibility to recover energy in 
deceleration phases and the combination of drive and implement hydraulics into one hydraulic circuit.

2 System architecture

In contrast to the known approaches from [2], [3] or [5], the proposed architecture in this paper uses variable 
pressure and does not need hydraulic accumulators. A pressure adaptation is also foreseen in [3]. Due to the use 
of a hydraulic accumulator the pressure limits are not freely selectable and stays in the operation limits of the 
accumulator (e.g. between 100 – 350 bars). Further it is unclear whether this approach is extendable to additional 
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implement or drive functions. As mentioned in [3] and [4] hydraulic accumulators have a positive effect on system 
damping and control performance. The pressure control performance and stability of the primary unit significantly 
influences the suitability of the proposed architecture. The advantage of the proposed architecture is that the 
pressure can be adjusted according to efficiency aspects or the implement hydraulics pressure demand; an easier 
integration of implement hydraulics is possible with fewer components and reduced system losses. Both pump and 
motor must be able to over-center for 4-quadrant operation with only one high pressure side. This means that pump 
and motor work in pump and motor mode depending on the drive direction and torque request. In this paper the 
primary unit is called pump and the secondary unit motor. Additionally, a main control valve is supplied by the 
pump. This concept is shown in Figure 1 and is known from the literature as secondary controlled architecture 
with impressed pressure. This concept can be extended with multiple motors on the same pressure line for 
additional rotary consumers.

Figure 1: Secondary controlled architecture for drive and implement hydraulics

3 Requirements for mobile machines

A key element to utilizing secondary control in mobile applications is the availability of hydraulic and electronic 
components which fit to the cost, space, and technical requirements of mobile machines. This requires cost 
optimized hydraulic pumps and motors for mobile machines, a high degree of electronic integration with reduced
space requirements, and dynamic control concepts of said pumps and motors.

3.1 Components

The employed axial piston pump with an electronic control for mobile applications was introduced in [6] and can 
be seen in Figure 2. The medium pressure axial piston pump A10VO eOC needs less space and is cost optimized 
compared to the electronically controlled industrial A10 VSO SYDFE pump. The basic A10VO pump is widely 
used in mobile machines.

Figure 2: Electronically controlled axial piston pump for mobile (left, A10 VO eOC pump control) and industrial
applications (right, A10 VSO SYDFE)

The “Electronically Controlled Open Circuit Pump” (eOC pump control) comprises an electronically controlled 
pump in combination with a control software. The basic eOC configuration contains an electro-proportional 3/2-
way valve and an ECU running the eOC control software. Additionally, a swivel angle sensor and a pump pressure 
sensor are used. The control modes (pressure, torque and displacement control) are realized by software, can work 
in parallel, and can be combined (see Figure 3). An additional speed sensor is used on the motor to measure the 
motor speed. The control concept for the eOC units is based on a cascaded closed loop control architecture. Three 
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parallel-arranged outer control loops, one for angle control, one for pressure control and one for torque control, 
calculate the setpoints for the inner control loop. A selector function prioritizes the most relevant result of these 
three controllers and forwards it to the inner control loop. The output of the controller cascade is a duty cycle value 
that drives a power stage, generating the current for the pump solenoid. To have a high dynamic performance no 
dampening orifice is used in the pump control valve. Dampening is purely done by software controller gains. The 
controller gains are chosen work point dependent to have an optimal performance while ensuring stability in all 
use cases. 

Figure 3: Hardware set-up and control modes of the eOC pump control

3.2 Pump and motor dynamics

In Figure 4 the step response characteristics for swivelling out/in of a 45cc hydrostatic unit is shown. With short 
response delay and fast rise time of less than 60 ms for a step from 10% to 90% angle command, the pump is 
capable of realizing secondary control concepts for pump and motor.

Figure 4: Measured angle control step response behavior with an A10 VO 45cc eOC-Pump

3.3 Torque based drive strategy

For the drive train, a torque-based approach similar to [7] is used. Depending on the drive pedal position and 
vehicle speed a torque demand is calculated. A sample torque map is shown in Figure 5. The drive behavior results 
in a load sensitive and automotive drive behavior. The operator adjusts the drive torque demand through the drive 
pedal. Depending on the driving resistance an equilibrium at a defined vehicle speed will be achieved. The falling 
characteristic of the torque map leads to a speed sensitivity of the drive train. As an example, if the machine is 
supposed to drive downhill the driving resistance would become smaller and the machine would accelerate 
downwards when keeping the drive torque constant. Due to the falling characteristic, the drive torque is 
automatically reduced as a result the acceleration in downhill direction is limited. For negative speeds an increasing 
positive counter torque is generated to prevent an acceleration downhill in the backward direction.
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Figure 5: Drive Torque Map

3.4 Pump control

The primary unit – the pump is pressure controlled. According to Equation (1) the pressure target value of the 
pump 𝑝𝑝𝑝𝑝pmp,tgt is the maximum of the pressure demand from the implements 𝑝𝑝𝑝𝑝work or the needed drive pressure 
𝑝𝑝𝑝𝑝drv to achieve the drive torque demand. 

𝑝𝑝𝑝𝑝pmp,tgt = max(𝑝𝑝𝑝𝑝drv, 𝑝𝑝𝑝𝑝work) (1)

The flow balance between pump and motor as well as efficiency aspects are considered for the target drive pressure 
calculation. The drive pressure has a lower limit 𝑝𝑝𝑝𝑝min,drv and an upper limit 𝑝𝑝𝑝𝑝max,drv as shown in Equation (2).

𝑝𝑝𝑝𝑝min,drv < 𝑝𝑝𝑝𝑝drv < 𝑝𝑝𝑝𝑝max,drv (2)

The drive pressure can be chosen such that its minimized and the motor must be operated at maximum 
displacement to achieve the torque demand 𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞drv according the equation (3).

𝑝𝑝𝑝𝑝min,drv =
𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞drv ∗ 2 ∗ 𝜋𝜋𝜋𝜋

𝜂𝜂𝜂𝜂mh ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡flow,lim

(3)

This pressure command calculation leads to optimally efficient operation. The flow balance is considered by a 
calculation of maximum possible motor displacement 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡flow,lim in accordance with Equation (4) in order to 
not exceed the available pump flow considering the pump speed 𝑛𝑛𝑛𝑛pmp, motor speed 𝑛𝑛𝑛𝑛mot, pump displacement 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉pmp, hydraulic efficiency 𝜂𝜂𝜂𝜂hyd, and implement hydraulics flow 𝑄𝑄𝑄𝑄work.

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡flow,lim =
𝑛𝑛𝑛𝑛pmp ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉pmp ∗ 𝜂𝜂𝜂𝜂hyd − 𝑄𝑄𝑄𝑄work

𝑛𝑛𝑛𝑛mot
;  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡flow,lim < 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡max 

(4)

The upper limitation of the drive pressure 𝑝𝑝𝑝𝑝max,drv is calculated using the maximum available torque at given 
motor speed 𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞max(𝑛𝑛𝑛𝑛) (Equation (5)). 

𝑝𝑝𝑝𝑝max,drv =
𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞max(𝑛𝑛𝑛𝑛) ∗ 2 ∗ 𝜋𝜋𝜋𝜋

𝜂𝜂𝜂𝜂mh ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡flow,lim

(5)

In this operating condition the motor displacement would be minimized, and the pressure maximized. An 
advantage of this operation is that the pump flow is also minimal and thus the pump has enough flow reserve to 
react to rapid implement hydraulics flow demands. The target pressure for implements 𝑝𝑝𝑝𝑝workis derived from the 
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working load. In electronic load sensing architectures, it is calculated by the desired differential pressure Δ𝑝𝑝𝑝𝑝 and 
measured load sensing pressure 𝑝𝑝𝑝𝑝LS as shown in Equation (6). 

𝑝𝑝𝑝𝑝work = 𝑝𝑝𝑝𝑝LS + Δ𝑝𝑝𝑝𝑝 (6)

For the pump, a torque controller works in parallel to limit the engine torque in case of available engine power 
constraints. Further, the pump is operating in the pressure control mode in the negative quadrant. When changing 
the torque direction in braking phases, the motor works as a pump and the pump must work as a motor to take 
back the fluid and control the pressure to the desired value.

The capability of the hydrostat units to fulfill dynamically changing drive and work requirements with enough 
dampening in the system to master oscillations is crucial for the feasibility of the presented static concept.

3.5 Motor control

With the given target pump pressure 𝑝𝑝𝑝𝑝pmp,tgt, a target motor displacement 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡tgt according to Equation (7) 
can be calculated to fulfill the torque demand 𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞drv.

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡tgt =
𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞drv ∗ 2 𝜋𝜋𝜋𝜋

𝑝𝑝𝑝𝑝pmp,tgt ∗ 𝜂𝜂𝜂𝜂mh,mot

(7)

4 Validation on prototype machine

4.1 Machine set-up

The prototype machine for the performance validation is a small-sized tractor, shown in Figure 6 equipped with a 
45cc eOC-pump and a 45cc eOC-motor both working in two quadrants. 

Figure 6: Prototype machine for the secondary controlled drive in open circuit

The secondary unit is optimized for motor operation and an additional speed sensor is integrated into the motor
housing. A closed center main control valve equipped with a load pressure sensor is connected in parallel to the 
pressure line and behaves as flow and pressure disturbance for the drive train. The implement hydraulics load is 
simulated with a variable orifice. Further, it is possible to electronically control the flow through this main control 
valve. The axial piston units are electronically controlled with a single ECU controlling both the pump and the 
motor. A second electronic control unit is installed which manages the secondary controlled drive strategy. An 
electronic foot pedal, a drive direction switch, and an electronic joystick for the implement hydraulics are installed 
to receive the driver demands for the drive and implement functions. The system configuration is depicted in 
Figure 7.
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Figure 7: System overview of prototype vehicle

4.2 Test cases 

Drive and implement function test cases were performed individually and in combination on the prototype 
machine. To achieve an acceptable drive behavior the pump and motor control parameters, as well as the drive 
strategy, meaning pressure and torque calculation, were optimized. The following test cases are analyzed in this 
paper.

1) Reversing: The machine is accelerated to a certain speed and the driver switches from forward direction to 
reverse direction. After decelerating to standstill, the machine is accelerating immediately in the reverse
direction and the driver switches back from reverse direction to forward direction. 

2) Flow disturbance during constant driving: The machine is driving at a defined speed and the operator 
actuates a joystick to demand a flow through the main control valve for an implements function. The 
operator then releases the joystick to stop the implement function.

3) Flow and pressure disturbance while driving at torque limit of the pump: This test case is similar to the 
second test case. In this test case the requested load pressure on the implement side is increased as well such 
that the torque limitation of the pump is reached.

4.3 Measurement results

The result for the reversing test case can be seen in Figure 8. The operator pushes the pedal up to ~70% position 
(light blue line first diagram) to generate a torque demand for the drive (dark green line first diagram). A target 
pump pressure (blue line second diagram) and a target motor displacement (blue line third diagram) are requested 
to achieve the target drive torque. Pump and motor swivel out to fulfill their requested values. The machine starts 
to accelerate up to a speed of 70% of 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 . At ~13s the drive direction (magenta line first diagram) is switched 
from forward to reverse. The target torque changes its sign and becomes positive to decelerate the machine while 
driving forward. To change the torque direction in the open circuit, the motor swivels to the second quadrant 
meaning from negative displacement -22% to positive displacement +12%. As the motor is working in pump 
mode, the pump must work in motor mode to keep the pressure at the desired level and thus it swivels from +55%
to -45%. A pressure peak at ~60% of 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 can be observed when the motor changes its displacement from negative 
to positive because the pump is still in pump mode due to the dynamic reaction of the pressure controller. This 
pressure peak can be further reduced by optimization of the control parameters and drive strategy. A small speed 
ripple (red line in first diagram) can be observed too due to the pressure peak and thus due to the peak in the actual 
torque compared to the target torque. This speed ripple is not negatively recognized by the driver, rather it is 
desired to sense an immediate reaction of the machine to a changing drive direction request. The machine is then
linearly decelerated to standstill and then accelerated in the reverse direction. The transition trough the standstill/ 
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0 speed is fast and continuous. The drive behavior is generally very dynamic and without noticeable jerks common 
in closed-circuit hydrostatic drives.

Figure 8: Test result for test case 1- Reversing

The validation result of test case 2 can be seen in Figure 9. In this use case, the operator requests ~50% drive 
pedal position (light blue line first diagram) and the vehicle is accelerating to a speed of ~50% max vehicle speed
(red line first diagram). The actual pressure (red line second diagram) follows the pressure setpoint (blue line 
second diagram) whereby in parallel the motor angle setpoint (red line third diagram) and actual angle (blue line 
third diagram) are adjusted according to the torque demand (dark green line first diagram). The dotted black line 
marks the instance where a flow rate of 30 l/min is requested (black line third diagram) for the implements via 
joystick actuation. The pressure balance is disturbed for a short time. Within this time, the pump angle is increased 
from 58% to 82%, the motor angle is decreased from -38% to -24% and the pressure is increased from 35% of 
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 to 54% of 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 such that the motor torque is kept constant. The motor speed changes by less than 10% of 
the current speed and is compensated such that this speed change is not recognizable by the operator.
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Figure 9: Test result for test case 2 - Constant driving speed and implement hydraulics request of 30 l/min

In Figure 10 the test result for test case 3 is shown. It is similar to the previous test. In this test case additionally,
the load pressure is increased electronically to 85% of 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 . The actual load pressure is smaller (around 25% of
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 trough the orifice) but it is increased electronically to simulate a high load from the implement function. At 
42.5s the pump swivels out to supply the implement function and to achieve the new pressure target. As the pump
approaches the maximum displacement, the actual pressure drops to 19% of 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and thus the motor speed drops 
by around 5% of 𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. A steady state pressure of 65% of 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is achieved. The target pressure of 85% of 
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  cannot be realized because the pump is in torque limitation and it cannot increase its displacement to achieve 
a higher pressure. In order not to stall the engine, the maximum available engine torque 𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 was requested
as the eOC pump torque setpoint. The continuous engine speed drop (light green line first diagram) in torque 
limitation mode is around 8% at current engine speed. Due to the saturation of the pump, the desired drive torque 
is also not achieved. As a result, the vehicle speed/motor speed decreases from 55% to 50% of 𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. When 
stopping the implement function at 46.4s, the vehicle speed stays constant, and it is not disturbed because no pump 
limitation is reached. In this test case it is shown that the pump switches from pressure control to torque control 
mode. Further it is shown that the drive demand cannot be fully fulfilled when either torque or flow limit of the 
pump is reached and therefore the drive becomes slower similar to a conventional machine architecture with 2 
circuits for drive and implement function under power limitation of the engine.
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Figure 10: Test result for test case 3 - Constant driving speed and implement hydraulics request of 30 l/min and
200 bar at pump torque limitation

4.4 Evaluation of measurement results and comparison to conventional systems 

In the measurements it was shown that the control performance for pressure control and torque limitation on the 
primary unit as well as the angle control performance on the secondary unit is good enough to achieve a similar 
drive behavior known from closed circuit applications. The system can react to rapid drive demand changes 
without delay (reversing) and disturbances due to additional implement functions without noticeably deteriorating 
the drive behavior (speed disturbance < 10%).

A quantitative analysis of the efficiency difference between the proposed architecture and a conventional drive 
system was not performed. Fur such an analysis the component efficiencies of primary and secondary units, system 
losses (standby losses of implement circuit and drive circuit, flushing circuits) and regeneration/recuperation 
potentials must be considered. Compared to the original system with a closed-circuit hydrostatic drive, this 
architecture uses medium pressure open circuit components. That’s why the maximum pressure and maximum 
allowed speeds are smaller which leads to smaller transmission ratios of the drive train. However, this is not an 
architectural problem rather it is a matter of component availability with similar operating limits. With a correct 
sizing of primary and secondary unit displacements and adjusting the transmission ratio of the gearbox, the same 
𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 demands could have been achieved on this machine. 

5 Summary and outlook

In this paper an approach of secondary controlled motors in a hydraulic open circuit is introduced for mobile 
machines with a single pump to supply the drive motor attached in parallel to an implement valve. The applicability 
was proven on a prototype machine. Secondary controlled architectures could be applied to many mobile machines 
to utilize advantages like saving separate hydraulic circuits, using energy recovery in deceleration phases, or 
improving control performance of rotary consumers. Three examples are shown in Figure 11 where those 
advantages can be utilized. The figure shows a slew control in secondary control to recover energy in a mobile 
excavator. Secondary controlled track drives in compact excavators could improve the drive performance. The 
number of circuits and components can be drastically reduced in a road roller when using secondary control.
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Figure 11: Further examples and architectures for secondary control in mobile machines

The proposed approach and respective electronically controlled components meet the requirements in mobile 
machines for parallel use in the open circuit as a hydrostatic drive and implement hydraulics by using secondary 
control on the drive motor side. Secondary controlled architectures can fundamentally change mobile hydraulic 
architectures. Hydraulic circuits can be dramatically simplified and on machine level, thus cost savings will be 
possible. In contrast to the state of the art, secondary control is realized without hydraulic accumulators and is 
realized with dynamically optimized electronically controlled axial piston units for mobile applications.

Nomenclature

Variable Description Unit

𝑝𝑝𝑝𝑝pmp,tgt Target pump pressure [bar]

𝑝𝑝𝑝𝑝drv Target drive pressure [bar]

𝑝𝑝𝑝𝑝work Implements hydraulic target pressure [bar]

𝑝𝑝𝑝𝑝min,drv Minimum driving pressure [bar]

𝑝𝑝𝑝𝑝max,drv Maximum driving pressure [bar]

𝑝𝑝𝑝𝑝LS Load sensing pressure on implements [bar]

Δ𝑝𝑝𝑝𝑝 Desired differential pressure for load sensing control [bar]

𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞drv Target drive torque [Nm]

𝜂𝜂𝜂𝜂mh,mot Mechanical efficiency of motor [-]

𝜂𝜂𝜂𝜂hyd Volumetric efficiency [-]

𝑄𝑄𝑄𝑄work  Implement hydraulics actual flow [l/min]

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡flow,lim Available motor displacement in pump saturation [ccm]

𝑛𝑛𝑛𝑛pmp Pump speed [rpm]

𝑛𝑛𝑛𝑛mot Motor speed [rpm]

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡max Maximum motor displacement [ccm]
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Agricultural field sprayers are used to apply a liquid agent with a spray boom that must always be guided with the 
same distance to the crop to ensure even distribution. Complex designs are used to achieve the best possible results. 
This paper introduces a new approach to achieve them by using the proven technology of a hydropneumatic 
suspension in a new way. An overview of the state-of-the-art, as well as a description of the structure and function 
of the new approach, is given. The different development steps up to the first practical uses of this solution show 
challenges but also advantages and open up new possibilities for the application. 

Keywords: Hydropneumatic, suspension, spray boom, control 

Target audience: Mobile Hydraulics 

1 Introduction 

Plant protection products or liquid fertilizers are applied to crops by sprayers. There are three different types of 
sprayers on the market, which vary in how they are moved. A hitch-mounted sprayer is connected to the rear 3-
point hitch of a tractor. Because of the lower possible tank volumes, they are often combined with a front tank at 
the front hitch. Trailed sprayers (as shown in Figure 1) are connected to the trailer hitch of a tractor and are pulled. 
For these two types, the hydraulic power supply typically comes from the tractor. Self-propelled sprayers are often 
used at agricultural businesses with large fields, where spraying is a vital part of the work. Nowadays, agriculture 
must be aligned with economic aspects. The target is high efficiency – generating high output with low use of the 
existing resources. On the machine side, this can be achieved by ever increasing working widths, thus foldable 
booms (widths up to 45 m; typically 25 m - 35 m) are used. At the same time, the requirements for the operator 
controlling this machinery are increasing, which is why operator assistant systems have become such an important 
aspect. With agricultural sprayers, they are used to position the spray boom with the spray nozzles accurately 
aligned at a predefined distance from the plants during spraying, ensuring a steady distribution. Sensors on the 
boom measure the distance between spray nozzles and the crops. Algorithms on an ECU evaluate the distance and 
control the corresponding valves on the hydraulic manifold to keep the distance within a certain range. With that, 
the overall height and tilt of the boom, usually adjusted by hydraulic actuators such as single and double acting 
cylinders, are automatically controlled. To protect the spray boom against high forces transferred from the 
sprayer’s chassis, the boom is typically suspended by mechanical springs and dampers. They are connected 
between boom and chassis of the sprayer to ensure decoupling and thus a smooth boom position during operation. 
With that, uneven ground conditions do not affect the boom as much. 

Alternatively, a new type of suspension can be set up with an approach based on the principle of the 
hydropneumatic suspension. The basic setup consists of a hydraulic cylinder, which converts force into pressure 
and forwards it to an accumulator. Parts of the hydraulic energy are stored and can be released as force at the 
hydraulic cylinder when required. This type of suspension system often can be found in agricultural machinery – 
in axle and cab suspensions. It is obviously a technique that can be used for the spray boom suspension of a sprayer, 
too. By doing so, various benefits can be gained. 
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Figure 1: trailed field sprayer with 27m boom 

2 Mechanical suspension in sprayers 

In this section, a more specific view on the present suspension of sprayer booms will be given. This should 
contribute to a better understanding of the technique and the differences to the hydropneumatic approach. On a 
sprayer, two mechanism are used to position the boom: one to lift or lower the boom, the other one to tilt the boom. 
In addition, the boom arms can be angled individually. However, only the first two mechanisms are considered in 
this paper. The lift/lower mechanism (overall height) is typically designed as a parallelogram (as shown in Figure 
1 – white frame) for trailed or self-propelled sprayers or as a rail guide for hitch mounted ones. For controlling the 
overall height while spraying, hydraulic cylinders are connected to these mechanisms. With this, the boom can be 
adjusted to the crop height while spraying. It can be lifted when turning around at the end of the field – so-called 
headland – or before folding in. For the overall height the suspension is usually suspended by mechanical springs: 
for hitch mounted sprayers with a rail guide, for self-propelled and trailed sprayers with a parallelogram 
construction. Due to the complexity of these mechanical systems, hydropneumatic suspensions are used already. 
They can be set up simply by connecting an accumulator directly to the lift cylinder(s). The overall height 
suspensions are intended more to absorb pressure peaks in the hydraulics and forces acting on the boom, thus 
protecting it. Their layout is significantly stiffer than for tilt movement. 

 

Figure 2: reaction of the boom when tilting 

Regarding tilt movement, suspension is even more technically demanding. Because of the large boom widths there 
is a big ratio between angle of the boom and the radian the boom tip reaches in relation to that. In order to keep 
the boom steady while traveling over uneven terrain, the spring rate of the tilt suspension must be quite low for 
good decoupling of the boom from the chassis. In combination with the great moment of inertia that large spray 
boom widths entail, it results in a controlled system that is characterized by a large delay (see Figure 2) and low 
frequencies 𝑓𝑓𝑛𝑛 ~ 0,1 𝐻𝐻𝐻𝐻 for the pendulum movement of the boom. 
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Moreover, when spraying along slopes or across unevenly grown crops, the spray boom needs to be tilted to an 
inclined position outside the horizontal in relation to the chassis. In this new position, it is also necessary that the 
spray boom is equally spring-suspended in both directions (clockwise and counterclockwise) and will not be 
pushed back to the previous position. Today, this is typically solved by using a subframe. Figure 3 shows a 
simplified design of the tilt suspension on a conventional sprayer (equal for all three types of sprayers). It shows 
the view from behind on the center boom suspension. With this design, the neutral angular position of the boom 
(both springs equally stretched) can be adjusted by the tilt cylinder: the main frame is part of the sprayer´s chassis, 
thus fixed to it. The main frame provides a point at which the spray boom and the subframe are pivoted. Subframe 
and spray boom are only connected by the hydraulic tilt cylinder. The springs create a connection between main 
frame and subframe. In general, they always try to keep the subframe centered in relation to the main frame. 

 

Figure 3: pendulum suspension of conventional sprayer boom 

If the boom needs to be tilted, the stroke of the hydraulic cylinder is changed by hydraulic valves. Because of the 
boom´s moment of inertia and the low spring rate of the mechanical springs, normally the subframe will be 
displaced first. This leads to stretching one spring while compressing the other one. The springs exert a relative 
force to the subframe. Since the spray boom is connected to the subframe via the stiff hydraulic cylinder, the 
relative force acts finally on the boom. After overcoming the inertia of the boom, it is tilted to a position where the 
subframe is nearly centered and the springs generate nearly equal forces in opposite directions (if the boom is tilted 
to a non-horizontal position, the torque coming from the center of gravity of the boom is acting additionally on the 
springs). The spray boom is then tilted and can oscillate around this new angular position. To prevent the boom 
from continuous oscillation while operating, motion energy of the tilt suspension must be dissipated. Therefore, 
dampers are installed in parallel to the springs. They are typically manually adjustable, to adapt them to the spray 
boom and the required performance. 
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3 Hydropneumatic suspension for sprayers 

3.1 Mode of operation 

As mentioned above, trailed and self-propelled sprayers with a parallelogram are usually suspended 
hydropneumatically already today. Since the boom can be lowered by its own weight, plunger cylinders are 
sufficient. With that, a quite simple hydropneumatic suspension can be set up as shown in Figure 4: 

 

Figure 4: basic setup of a hydropneumatic spring [1] 

Here, the cylinder is connected with a diaphragm accumulator. In order to save space and to have a more direct 
effect, the accumulators are typically mounted directly to the lift cylinders. During operation, the forces acting on 
the boom compress the cylinder. Once an outer force 𝐹𝐹F acting on the cylinder is bigger than the hydraulic force 
𝐹𝐹hydr., the cylinder will be displaced until the forces are equal again (1). 

𝐹𝐹hydr. = 𝐹𝐹F (1) 

Therefore, 𝐹𝐹hydr. must change during displacements. This happens due to the fact that oil flows in or out of the 
accumulator. The accumulator can absorb or release the oil because of the compressibility of the gas. Thereby the 
pressure of the gas volume, thus the pressure of the oil in the circuit, will change until 𝐹𝐹hydr. =  𝐹𝐹F (inner friction 
of the cylinder not considered). Since the hydraulic fluid is nearly incompressible with 0,5%...0,7% @ ∆𝑝𝑝 =
100bar [2], the compressible gas in the accumulator (nitrogen) is really the spring medium. When quickly 
compressing the gas in a typical application for such a suspension, a polytropic change of state is taking place [1]. 
As for mechanical springs, the energy is stored in the hydropneumatic spring and can be released when needed. 
However, there is an additional advantage: by feeding or draining oil into/out of this spring circuit, the neutral 
position of the suspension can be adjusted. Within the stroke of the lift/lower cylinder(s) the spray boom can be 
positioned and is suspended around this new neutral position. 

3.2 Hydraulically preloaded hydropneumatic sprayer suspension 

The focus of this section will be on the structure and mode of operation of an innovative hydropneumatic boom 
tilt suspension. For this approach, a more advanced solution than shown in Figure 6Figure 5 must be used. Since 
in this case, it is not possible to use the weight of the boom for cylinder retraction, the tilt cylinder must also apply 
forces in compression direction for the respective tilt motion. Therefore, a cylinder with two chambers – typically 
a differential cylinder – is used. Both chambers of the cylinder are connected to accumulators. To enable the 
retractive force of the cylinder, its rod side is preloaded with hydraulic pressure. A 4/3-proportional valve controls 
the oil flow at the piston chamber. With that, the cylinder´s stroke position is controlled. As long as the valve is 
activated it supplies the rod side with oil. A pressure relief valve limits the pressure for the rod side to the required 
preload pressure. Two pilot operated check valves, short POCV, (no. 82 & 84 in Figure 5) are used in combination 
with the 4/3-proportional valve to generate the functionality and to close the actual suspension circuit between 
chambers and accumulators leak free. The used proportional valve for positioning was already introduced in [4]. 
The special concept of this valve uses a POCV for cylinder positioning. It offers a fast and accurate position 
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adjustment with only one valve / solenoid. This new type is already in use for position control in hydropneumatic 
suspension systems. 

Looking at Figure 5, there is another advantage of the hydropneumatic suspension: this technology allows 
operation without a subframe, which makes the design of the boom and its suspension significantly simpler 
compared to current systems. At the same time, it provides an equal or even better tilt function compared to current 
tilt suspensions. For tilting the boom, the oil is controlled in or out of the piston side circuit of the suspension 
cylinder (and the connected accumulators) by a positioning valve (no. 60 in Figure 5), the respective pressure 
change leads to a change of the cylinder stroke. Because the spring rate must be equal even after repositioning the 
cylinder, the pressure in the rod side needs to be constant. To ensure this, the rod side is supplied with oil when 
the cylinder is positioned. A pressure relief valve (no. 86 in Figure 5) is controlling the rod side pressure. Once the 
set pressure is reached, the excessive oil is drained back to the tank, thus keeping the preload pressure in the rod 
side constant. When energized, the 4/3-proportional valve opens the POCVs via the pilot ports, allowing bi-
directional oil flow. When deenergized, the POCVs are closing the connection, keeping the oil in the cylinder 
chambers and accumulators, thus ensuring the spring effect. 

 

Figure 5: patented approach for a hydropneumatic boom tilt suspension of a field sprayer [3] 

The hydraulics of the hydropneumatic spray boom control is supposed to be connected to a load sensing pump, 
since this is beneficial in terms of energy efficiency and is available on most modern tractors. It is also possible to 
connect the system to a constant pressure pump. In this case, it is recommendable to use 3-way pressure 
compensators between P- and T-line, which ensures the oil to flow from P to T with low pressure drop if no oil is 
requested. 

As described in the introduction, state-of-the-art spray boom control systems also utilize sensors (no. 28 & 30 in 
Figure 5), which measure the distance between plant canopy and spray nozzles. The ECU (no 106 in Figure 5) 
controls the boom height in relation to the crop or boom movements in other modes in general, for example for 
boom folding or during headland turns. 

3.3 Characteristics of the preloaded hydropneumatic suspension 

The spring rate (and thus the natural frequency) is the most important function of a hydropneumatic suspension. 
By choosing suitable cylinder dimensions, accumulator sizes and precharge pressures the required spring rate can 
be reached while, at the same time, component costs can be optimized. In this application there are no external 
forces acting upon the tilt cylinder when the spray boom/machine is stationary (boom horizontal). However, in 
operation there are forces acting upon the cylinder: force of gravity, centrifugal forces when turning around, inertia 
forces of the boom, torque when the spray nozzles are only activated on one side of the spray boom. In addition to 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

684



The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany 

the restoring force, another advantage of the preloaded system is that the external force has less influence on the 
spring rate. 

 

Figure 6: hydraulically preloaded hydropneumatic spring [1] 

The spring rate of the tilt suspension must be quite low. As shown in Equation (2) the spring rate for mechanical 
springs 𝑐𝑐mech. is defined as derivative of the force 𝐹𝐹mech. with respect to the movement of the spring 𝑠𝑠. 

𝑐𝑐mech. =  𝑑𝑑𝐹𝐹mech.
𝑑𝑑𝑠𝑠  

(2) 

For the hydropneumatic spring, the spring rate 𝑐𝑐hydr. can be calculated in a similar way by replacing the mechanical 
force 𝐹𝐹mech. with the equivalent hydraulic force 𝐹𝐹hydr.. Neglecting friction, this hydraulic force is composed of the 
force that is generated by the rod side 𝐹𝐹RS and the force generated by the piston side 𝐹𝐹PS. Both forces can be 
calculated from the active rod side area 𝐴𝐴RS  or piston side area 𝐴𝐴PS  multiplied by the active pressure in the 
corresponding chamber 𝑝𝑝RS (or) 𝑝𝑝PS Equation (3) is showing this correlation for the spring rate. 

𝑐𝑐hydr. =  
𝑑𝑑𝐹𝐹hydr.

𝑑𝑑𝑠𝑠 =  𝑑𝑑(𝐹𝐹RS + 𝐹𝐹PS)
𝑑𝑑𝑠𝑠 =  𝐴𝐴RS ∙ 𝑑𝑑𝑝𝑝RS +  𝐴𝐴PS ∙ 𝑑𝑑𝑝𝑝PS

𝑑𝑑𝑠𝑠  
(3) 

The equation shows that the pressures in both chambers are dependent on the stroke of the cylinder. According to 
previous explanations, the pressures are subjected to the polytropic change of state. Taking the applicable formulas 
into account, the effective spring rate can be calculated (4), see [1]. 

𝑐𝑐hydr. = 𝑛𝑛 ∙ (𝐹𝐹F + 𝑝𝑝RS ∙ 𝐴𝐴RS)²
𝑝𝑝0,PS ∙ 𝑉𝑉0,PS

+ 𝑛𝑛 ∙ 𝑝𝑝RS² ∙ 𝐴𝐴RS²
𝑝𝑝0,RS ∙ 𝑉𝑉0,RS

 (4) 

When calculating the force of the hydraulic spring, the precharge pressure 𝑝𝑝0 and the nominal volume of the 
accumulators 𝑉𝑉0 matters. By choosing these two parameters, the force of the hydraulic cylinder depending on the 
stroke, and with that the spring rate of the hydropneumatic suspension, can be influenced. 𝑛𝑛 is the polytropic 
exponent (for accumulators charged with nitrogen typically 𝑛𝑛 = 1,3 [1]). According to equation (3) the preload 
pressure 𝑝𝑝RS influences the spring rate. With this parameter the spring rate is adjustable in certain limits. Figure 7 
shows the cylinder force at different preload pressure settings. In this consideration, no external force (𝐹𝐹F = 0) 
acts on the boom. By increasing the preload pressure, the spring rate increases, as well. Due to the polytropic 
behavior it is necessary to set the preload pressure to the same value each time the cylinder is controlled to a new 
position. In the following diagram this new position is shown as cylinder stroke 0 mm. This ensures equal spring 
rates and control dynamics after changing the cylinder stroke with the help of the positioning valve. 
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Figure 7: influence of the preload pressure to the cylinder force when springing 

The diagram (Figure 7) is based on the fact that if stroke 𝑠𝑠 = 0, the suspension cylinder is at its middle mounting 
position between both end strokes. For 𝑠𝑠 > 0 the cylinder is compressed and for 𝑠𝑠 < 0 it is extended according to 
Figure 6. The spring rate is typically defined around 𝑠𝑠 = 0. The correlation of the force vs stroke is not linear. 
With reference to Figure 5, it can be seen that the preload pressure can be adjusted by simply changing the settings 
of one valve (no. 86 in Figure 5). This way, the spring rate of a system can be easily adjusted to the needs of the 
application. Typically, sprayers are available with different boom widths (=different inertia of the boom). To 
achieve the same suspension and control behavior for different boom inertias, the spring rate can be easily set 
higher for higher inertias and vice versa. 

As mentioned above, changing the preload pressure is only possible within certain limits. Limiting factors are the 
gas in the accumulators, for instance, and with that the maximum allowed diaphragm deformation when it is filled 
or emptied. During operation, the membrane deformation criteria must be considered [1]. The gas volume may not 
exceed 90% of the accumulator´s volume at minimum hydraulic operation pressure and not go below 10% at 
maximum hydraulic operation pressure. For welded diaphragm accumulators, the maximum operating pressure is 
8 times the precharge pressure [2]. However, the maximum permissible operating pressure for the accumulator 
often limits this. So, in the design process of the system, the precharge pressure of the accumulators is aligned to 
the minimum and maximum operating pressure as well as to their volume. The operating temperature as well as 
the filling tolerances and gas diffusion through the diaphragm must be considered separately. This ensures the 
long-term strength of the diaphragm. 

3.4 Damping 

Another important part of the suspension is the damping. The damping absorbs oscillation energy out of the 
suspension circuit to stabilize the boom faster. For a hydropneumatic suspension there are two different mechanism 
of damping that can be differentiated: the solid-state friction and the hydrodynamic friction. Typical reasons for 
solid-state friction are the piston and rod sealings, as well as the guidance elements of the suspension cylinder. 
Components outside the actual hydropneumatic suspension can cause solid-state friction, too, e.g. bearings in the 
boom´s suspension. The hydrodynamic friction is mainly caused by flow resistances in hydraulic lines as well as 
cylinder and accumulator inlet ports. These resistances produce an increase in pressure, which can act as a damping 
force in the cylinder. Basically, the hydropneumatic suspension system should be designed with low basic damping 
(both solid-state and hydrodynamic). Thus, greater attention must be paid to the sealings in the cylinder. The tubes, 
especially the tubes between cylinder and accumulator, must be designed for the average estimated flow rates in 
the suspension circuit [1], which usually leads to big tube diameters in practice. Hence, a compromise between 
suspension performance and costs must be found. As described above, damping has a positive influence on the 
system, but should be adaptable to different systems so the basic damping should be rather low. 

In general, a flow resistance can be set up, for example by using an orifice or throttle in the hydraulic circuit 
between cylinder and accumulator. With that, a part of the energy in the system is converted into heat. To adjust 
the damping to the needs of the application, a proportional valve with variable flow resistance is used, which offers 
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an adjustable flow cross-sectional area (no. 102 in Figure 5). When the cylinder is compressed (�̇�𝑠 > 0), the flow 
resistance generates a higher pressure level at the inlet of the valve, causing an additional force in the cylinder 
which acts against the movement �̇�𝑠. In case the cylinder is extended (�̇�𝑠 < 0), respectively a pressure drop over the 
valve is created, which again counteracts the movement. With that, the basic principles of the damping are fulfilled: 
the damping forces are orientated in opposition to the movement direction and depend on the flow rate and 
therefore the cylinder speed. 

As for the tubes size, the valve needs to be chosen in accordance with cost efficiency and pressure drop. The valve 
in this approach can be controlled electrically. During test drives the damping settings can be changed via a 
dedicated user interface, which simplifies the tuning of the damping settings. Furthermore, the damping can be 
adjusted to different situations in the field, e.g. when turning around at the headland (end of the field). In this 
situation the outward directed centrifugal force acting on the spray boom causes a torque around its pivot point. It 
is typically located higher than the center of gravity, leading the boom to tilt the boom tip on the inside of the curve 
down to the ground. Higher tilt damping (harder suspension) results in smaller tilt of the boom in such a situation. 
Touching the ground with the tip can thus be avoided, even higher speeds are possible while turning. Additionally, 
there is less strain on the operator. After turning, the damping can be switched to a lower level for the regular 
spraying process. However, the damping is also limited. In situations when the cylinder is extended, too high 
damping settings can lead to cavitation in the piston chamber, because the oil cannot flow freely out of the piston 
side´s accumulator. 

4 Simulation 

To get deeper knowledge about the system´s behavior, simulations were carried out with the software DSHplus. 
First, a simulation model was generated, containing the hydraulics and the spray boom. Then, its response 
characteristics when controlling the positioning valves in addition to the pressure profiles in the system were 
investigated, especially if the application-typical parameters, such as boom size/weight, accumulator size and 
precharge pressure are changed. In a next step, a hardware in the loop simulation (HIL-simulation) with real 
hardware (ECU, solenoids) connected to the simulation model was generated. In this test, the simulation created a 
virtual environment (the “loop”) in which the real controller with real software (the electronic “hardware”) was 
tested. The sensor signals were calculated by the simulation taking the actual spray boom position into account 
and transmitted to the real ECU via cables. The ECU containing the necessary software calculated the control 
signals and energized the solenoids accordingly. The actual current through the solenoids was measured and 
transmitted back to the simulation model. The proportional valves in the simulation then were positioned in 
accordance. 

This created a more realistic simulation with influences from real hardware, which allowed to find bugs and 
malfunctions and to implement corrective actions regarding electronic hard- and software even before testing on 
a machine. In addition, the control algorithms for controlling the spray boom (lift/lower and tilt) were tested. A 
PID controller was used with an additional component. The latter took into account the extreme inertia and low 
natural frequency and allowed for the movements of the boom to be calculated in advance and for the appropriate 
measures to be taken. As described previously, by increasing the boom size and/or decreasing the spring rate, 
controlling the system gets more challenging due to the increasing delay. This can be explained by the following 
processes: when activating the tilt valve, first the pressure in the cylinder chambers changes while the accumulators 
are charged or discharged until the pressure overcomes the internal solid-state friction. Then the outer cylinder 
force must act against the inertia and the outer friction of the boom and only then a tilt movement occurs. Before 
reaching the target position the boom needs to be decelerated, even here the great inertia must be considered in the 
control algorithm. 
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5 Bench testing and field tests 

Following the simulation, a test bench, shown in Figure 8, was built that replicates a spray boom on a reduced 
scale. Here, all physical components work together, making it possible to investigate the behavior of the whole 
system in practice. The spray boom was replicated with a boom with additional weights to increase the rotational 
inertia, thereby reducing its size. Furthermore, the behavior in different modes could be monitored and easily 
visualized. Especially the impact of changing the spring rate and the rotational inertia of the boom to the control 
behavior was investigated in more detail. The control system behaved on the test bench as it did in the simulation: 
lowering the spring rate and/or increasing the rotational inertia led to a larger delay in the control system, which 
had to be counteracted in the control algorithm accordingly. 

 

Figure 8: Test bench 

After bench testing, the system was implemented on an actual sprayer. Now, the system could be tested in the real 
application in practical usage by a farmer. Furthermore, knowledge could be gained about possible future 
integration of the system on other machines. The field tests showed a good decoupling of the spray boom from the 
chassis, ensuring a calm boom when spraying. At the same time, the hydropneumatic suspension in combination 
with the software allowed precise positioning. The possibility to set the damping to a higher level when the sprayer 
is turned around also had a positive effect during headland turns. So far, this prototype machine has been in use 
for already one season. 

In addition, the system has now been implemented and optimized on a second machine, a trailed field sprayer 
provided by Kverneland NL, see Figure 1. Subsequent field tests together with Kverneland showed a good control 
quality. Even if disturbances were applied to the controlled system, e.g. the boom was bumped by hand, it stabilized 
quickly. During the tests it was found out that a cylinder with low friction is crucial for the control behavior. In a 
first step a cylinder with standard seals was used to tilt the boom. The disadvantages regarding the low cost sealings 
quickly became visible: due to the high friction level (and additionally static friction > dynamic friction) the system 
was barely controllable. This was particularly due to residual pressure differences that resulted in a position 
deviation especially for small control deviations this makes it difficult to accurately keep the position, since the 
position target is often overshot. Therefore, to improve the control behavior, friction optimized sealings were used 
for all further tests. As a next step, a pre-series of Kverneland machines with the ARGO-HYTOS boom control 
system will go into long-term field test, both in Germany and the Netherlands. 
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6 Summary and conclusion 

In this paper, the application of hydropneumatic suspension controls on the spray boom tilt adjustment of a field 
sprayer was presented. The setup, the operating principle and possible optimizations were described. The 
advantages and also the challenges related to this technology are explained in this paper. First of all, the clear 
simplification of the boom suspension, the more direct tilt control, and the adjustable damping of the pendulum 
movement, are significant advantages. However, they can be only be effective if low friction is ensured and 
dedicated control algorithms for extremely low natural frequencies are applied. Field tests were carried out together 
with Kverneland NL, in which their experiences with sprayers were considered in the evaluation. Long-term tests 
as well as further steps for a market-ready integration of the system are planned. 

Nomenclature 

Variable Description Unit 

𝐴𝐴PS Area piston side [mm²] 

𝐴𝐴RS Area rod side [mm²] 

𝑐𝑐hydr. Hydraulic spring rate [N/mm] 

𝑐𝑐mech. Mechanical spring rate [N/mm] 

𝐹𝐹F External force on the hydraulic cylinder [N] 

𝐹𝐹hydr. Hydraulic force [N] 

𝐹𝐹mech. Mechanical force [N] 

𝐹𝐹PS Piston side force [N] 

𝐹𝐹RS Rod side force [N] 

𝑓𝑓n Natural frequency [Hz] 

n Polytropic exponent [-] 

𝑝𝑝0,PS Precharge pressure piston side accumulator [bar] 

𝑝𝑝0,RS Precharge pressure rod side accumulator [bar] 

𝑝𝑝PS Pressure piston side [bar] 

𝑝𝑝RS Pressure rod side [bar] 

𝑠𝑠 Suspension travel [mm] 

�̇�𝑠 Suspension speed [m/s] 

𝑉𝑉0,PS Effective gas volume piston side accumulator [l] 

𝑉𝑉0,RS Effective gas volume rod side accumulator [l] 
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This paper presents the design, implementation and testing of a Digital Displacement combined hydraulic propel 
and work function system, on a 4.5 tonne forklift with a diesel engine. This uses a two service Digital 
Displacement® pump, operating the machine’s propel and working functions with displacement allocation varying 
in real time depending on the needs of the operator. Through a combination of reduced pump idle losses, 
replacement of the torque converter drivetrain and more advanced engine and system control, the performance and 
efficiency of the forklift were improved. During a test cycle based on ‘VDI60’, fuel consumption was reduced by 
up to 41% compared to the baseline forklift. 

Keywords: Digital Displacement, Hydraulics, Efficiency, Digital, Pumps  
Target audience: Mobile Hydraulics, Material Handling, Digital Hydraulics  

1 Introduction 

Mobile hydraulic machines face increasing requirements for system efficiency and reduction of emissions. Small 
to medium sized machines such as forklifts, tele-handlers and small wheel-loaders are often equipped with separate 
systems to operate their Propel and Working Functions. Propulsion is usually powered through a torque converter 
and mechanical gearbox, hydrostatic transmission, or electric drive. The Work Functions (WF) are operated 
hydraulically, usually with a single hydraulic pump and a directional valve block where flow is split between the 
various actuators. As original equipment manufacturers (OEMs) strive for electrification, parasitic losses from 
these separate systems become increasingly problematic while separate prime movers add to the total system cost 
and may create packaging issues. 

Wadsley [1] described how the unique features of Digital Displacement® pumps (DDP) provide an alternative 
option where a single hydraulic machine can operate both Propel and Work Functions independently, and with the 
addition of ‘Dynamic Ganging’, the displacement of the pump can be more effectively utilised. Digital 
Displacement and Dynamic Ganging have already shown significant benefits in terms of fuel saving and 
productivity in excavators [2] [3]. 

This paper describes a system-level solution for smaller machines, the ‘Digital Displacement Combined Propel & 
Work Function System’, incorporating a multi-service DDP, hydraulic manifolds and a hydraulic motor, which 
can replace the conventional systems described above. The system is demonstrated on a torque converter forklift 
truck which was tested for fuel consumption and performance before and after conversion, with comparative 
results presented. Backwards-facing simulation models, based on recorded test data, were used to analyse energy 
use during the fuel consumption tests and recommendations are made for further potential improvements. 

2 Baseline Forklift Architecture 

The forklift chosen for the Digital Displacement (DD) system implementation was a CAT DP45NB, with a rated 
load of 4.3 tonnes and powered by a 55 kW diesel engine. Figure 1 shows a simplified schematic of the DP45NB, 
including key components. 
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Figure 1 - Simplified Schematic of CAT DP45NB Baseline Forklift 

2.1 Drivetrain 

The forklift was driven through a torque converter on the engine output, a two-speed automatic gearbox, a 
differential and final gear reduction to the wheels. The torque converter input shaft could be decoupled from the 
engine by a clutch when the vehicle was in neutral or by the ‘inching’ pedal, which applied the brakes and clutch. 

2.2 Work Function System 

Two fixed displacement hydraulic gear pumps were connected to the engine power take-off (PTO). The first, with 
52 cc/rev displacement, provided flow to the Work Function manifold. A priority valve in the manifold prioritised 
flow to a closed-centre steering unit connected to the steering cylinder on the rear wheels. When the work functions 
were not in use, any flow not used for steering drained through open-centre spool valves for each function (lift, 
tilt, and side-shift of the forks) and back to tank as shown in Figure 2. When the operator moved one of the WF 
finger control levers, the corresponding spool valve was actuated electronically, and flow was diverted to that 
function’s hydraulic rams.  

 

Figure 2 – Simplified Schematic of Work Function Electro-Proportional Open-Centre Spool Valves 

The second gear pump, with 4.5 cc/rev displacement, operated on a separate hydraulic circuit, controlling the wet 
disc service brakes and parking brake.  
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2.3 Control System 

The baseline truck used a high-level system controller (VCM) to manage all the inputs from the operator and 
system and controlled the outputs for the transmission, work function manifold and safety systems. Two CAN 
buses were used for communication between the VCM and other controllers. The main human-machine interface 
(HMI) consisted of the pedals (accelerator, brake, and inching), the FNR (forward, neutral, reverse) switch, the 
WF finger controls, and a parking brake switch. The accelerator pedal was connected to the engine controller 
(ECM) which managed the diesel engine in speed control mode based on the accelerator pedal position. When the 
truck was in neutral, the torque converter was de-clutched to prevent internal energy losses. In forward or reverse, 
the torque converter allowed the engine and gear box input speeds to vary, the speed difference generating torque 
at the gear box input. Since the engine speed was controlled by the operator, they had to increase it with the 
accelerator pedal to operate the work functions at high speed. Once a WF spool had moved enough to close off the 
open centre, actuator speed was roughly proportional to engine speed due to the fixed displacement WF pump. 

2.4 Baseline Forklift System Issues 

The baseline forklift had several sources of inefficiency and issues with controllability. The fixed-displacement 
WF pump geared directly to the engine was a constant source of significant parasitic losses when not in use, 
particularly when the engine speed was raised. Using the method described in section 5.1, it was calculated that 
the pressure drop through the work function manifold, when not in use, created average losses of 2.21 kW during 
fuel consumption testing, with peaks of 8 kW at high engine speed. The linking of the WF pump speed and wheel 
speed (albeit through the torque converter) meant that simultaneous operation of propel and work functions was 
not optimised or efficient. Controlling both functions at the same time required a skilled operator, while energy 
was lost in the torque converter or through throttling in the work function manifold. With the mechanical 
transmission, the engine speed was linked to the wheel speed so the engine could not operate at the most efficient 
point for a given torque load. At 20 km/hr with no load on the forks, the engine had to run at 2200 revs/min while 
producing 37 kW of net power. From the Brake-Specific Fuel Consumption (BSFC) map, the same amount of 
power could have been produced at 1170 revs/min while using 13% less fuel. The DDP system was designed to 
combat these issues by decoupling the operation of the functions and reducing losses in the system. 

3 DD Forklift Architecture 

Figure 3 shows the forklift after the conversion to the DD Combined Propel and Work Function system and Figure 
4 shows a simplified schematic of the installed system. The DDP and all other hydraulic components are electro-
hydraulic, using solenoid valves for actuation and are managed by Danfoss PLUS+1® and DPC12 DDP controllers 
in conjunction with the CAT stock controllers. 

 

Figure 3 - Converted Digital Displacement Forklift 
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Figure 4 - Simplified Schematic of DD Combined Propel & WF System 

3.1 Multi-Service DDP with Dynamic Ganging 

DD system replaced the torque converter, gearbox, and gear pumps to provide power to both the Propel and Work 
functions and is based around a single DDP096 multi-service pump with a total displacement of 96 cc/rev. The 
DDP096 is a radial piston pump where variable displacement is achieved by real-time selective activation of the 
twelve cylinders using high-speed mechatronic valves by an embedded controller (DPC12). The twelve cylinders 
are arranged into four groups of three, known as ‘pumplets’, each with its own output flow gallery. Depending on 
how these galleries are connected in the pump endcap, the DDP096 can be configured with multiple services 
(groups of one or more pumplets) operable at independent pressures and flows.  

The DDP configuration used for this forklift application, see Figure 4 & Figure 5,  has 48 cc/rev of displacement 
dedicated to the Propel function, 24 cc/rev to Work Functions and 24 cc/rev to the ‘Dynamic Ganging’ service. 
Dynamic Ganging uses a manifold connected to the DDP endcap to reallocate the displacement of this service to 
either Propel or Work Function in real time, depending on the needs of the operator. In applications where the 
different functions do not tend to be used heavily at the same time, Dynamic Ganging allows a smaller total pump 
displacement to satisfy the requirements of the operator. Pellegri et al. [3] showed how a similar system could be 
successfully applied to excavators, providing further fuel savings compared to a simpler DD implementation [2]. 

 

Figure 5 - Multi-Service DDP096 with Dynamic Ganging Manifold and Gear Pumps 
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3.2 DD Work Function System 

The DDP WF service was connected to the input to the stock open-centre work function manifold with the DDP 
controlled to only pump to WF when commanded. The steering priority valve was removed, and a new, open-
centre steering unit was fed from the 19.6 cc/rev gear pump mounted on the back of the DDP. 

The tilt spool solenoids were disconnected from the stock controller and driven directly from the DD system 
controller as the stock controller had a limit on the tilt solenoid current that was lower than the other functions and 
prevented the spool from fully closing off the open-centre drain, resulting in wasted flow while tilting. The impact 
of this modification is assessed in section 5.2. 

3.3 DD Open-Circuit Propel System 

The DD Propel system uses a conventional closed-circuit motor(s) to operate the Propel function. In this 
conversion, a variable displacement (0-80 cc/rev) Danfoss H1B bent-axis motor was mounted to the input shaft of 
the stock differential and final gear reduction, but a pair of low speed (e.g. cam-lobe) motors also could be used to 
drive the wheels directly.  

The DDP096 is an open-circuit pump and uses a proprietary manifold, the ‘Propel Manifold’ in Figure 4, to operate 
the closed-circuit motor. The Propel Manifold uses a patented arrangement [4] of solenoid-controlled hydraulic 
valves to set the rotation direction of the motor when applying positive torque (accelerating in forwards or reverse), 
and the hydrostatic braking torque when decelerating. When positive torque is not required, the Propel Manifold 
circuit allows flow returning from the motor to recirculate back to it again without passing through the DDP, 
meaning that the DDP only needs to pump to propel when positive torque is required. Flow from the return port 
of the open-centre steering unit was supplied to the propel block to guarantee the minimum inlet pressure at the 
closed-circuit motor A and B ports. 

3.4 Brake System 

A 3.9 cc/rev gear pump supplies flow to the stock brake manifold to operate the parking brake, and the wet disc 
service brakes which were kept for emergency use, although hydrostatic braking made them redundant in normal 
operation. 

3.5 Control Strategy 

A well-designed control system was key to maximising the benefits of the DD system hardware with the PLUS+1® 
system control software developed in Simulink using a model-based design approach. Due to the extremely fast 
response of the DDP, it was necessary to take over the closed-loop speed control of the engine in the system 
controller, including a feed-forward signal of the DDP torque load.  

The basic operation of the control system is described below and shown in Figure 6: 

1. Read the inputs from the operator and the current state of the machine and DD system components 

2. Determine the operator’s requests in terms of targets for torque at the wheel and WF actuator speeds 

3. Calculate DDP speed and torque required to meet operator demands for Propel and WF  

4. If necessary, calculate additional torque needed to increase the engine speed, sum all the torque loads, 
and feed the total demand to the ECM (now running in torque control mode) 

5. Apply a delay to the DDP response, then send displacement commands for Propel and WF to the 
DPC12 and drive the other outputs of the DD system – ganging and propel manifold valves, H1B motor 
displacement control, etc. 
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Figure 6 – Simplified Schematic of DD System & Engine Control  

The Propel system has two control modes based on behaviour of hydrostatic (HST) and torque converter (T/C) 
forklifts, allowing an operator to choose the drive feeling they are most familiar with. Each mode uses a look-up 
table of torque at the wheel depending on the current vehicle speed and accelerator position, which is used in step 
3 of the control system described above.  

In HST mode, with forward selected, and the parking brake released, the forklift will not move until the operator 
presses the accelerator and when the accelerator is lifted, hydrostatic braking will be applied by valves in the Propel 
Manifold. In T/C mode, with forward selected and the parking brake released, a small amount of torque will be 
applied at the wheel and the forklift will start to drive at low speed on the flat (i.e. creeping). Pressing the 
accelerator will increase the torque at the wheel and when the accelerator is released, the truck will coast gradually 
down to creeping speed. If the brake pedal is pressed, hydrostatic braking will be applied initially followed by the 
service brakes as the pedal is pressed harder. The electronic control of the DD system components enables this 
flexible behaviour and simplified the creation and tuning of the different drive feelings. 

The Work Function service is flow controlled in the system controller. Based on how far the operator moves one 
or more finger controls, a flow demand is calculated and if it cannot be met with the currently allocated WF DDP 
displacement, the dynamic ganging service may be reallocated to WF and/or the engine speed will be increased 
automatically to compensate.  

4 Testing 

To quantify and analyse any improvements following conversion to the DD Combined Propel & Work Function 
System, a range of tests were carried out on the baseline truck and then repeated on the converted machine, centred 
around fuel consumption and aspects of performance including maximum acceleration and lifting speed. 

4.1 Fuel Consumption Test Definition 

Fuel consumption was measured using a test cycle based on that prescribed in VDI 2198 [5], commonly known as 
“VDI 60”. The forklift was loaded with the rated load of 4.3 tonnes on the forks and drove the cycle shown in 
Figure 7. Starting in Load Bay 1, with forks lowered and mast tilted back, the operator would reverse out and to 
their right, drive forwards and stop at Load Bay 2, tilt the mast to vertical, tilt the mast back to the end stop, lift 
the forks to 2 m, lower the forks to 20 cm and then repeat the pattern back to Load Bay 1. The cycle would be 
completed in 60 ± 2 seconds by controlling the driving and lifting. Ten cycles were completed for each test with 
the measured fuel volume consumed converted to a consumption rate in litres per hour (l/hr). Multiple 10-minute 
tests were carried out for both systems with the best result for each presented and used for further analysis. 
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This test procedure differed from [5] in that the lifting height is 1.8 m rather than 2.0, that the tests were carried 
out for ten minutes rather than an hour and that the load bays were on opposite sides of the driveway to account 
for a small gradient across the test area. The same procedure was followed for the baseline and converted trucks. 

 

Figure 7 - Fuel Consumption Driving Pattern 

4.2 Performance Test Definitions 

Acceleration tests were performed over approximately 100 m of ground with a gradual rise, so the test was carried 
out in both directions and average values of time to reach certain speeds were calculated. Speed was measured 
using the speed sensor on the hydraulic motor, converted to vehicle speed, considering the gear ratio from motor 
to wheel and the wheel radius. Lifting speed was measured with a pair of string potentiometers, attached to 
hydraulic rams on both stages of the two-stage mast assembly. For the maximum lifting speed tests, the operator 
commanded full lifting speed and values of maximum speed were obtained once the engine speed had increased 
and stabilised. 

4.3 Baseline Truck Testing 

A DEWE 43 data acquisition module was installed to record test data. CAN messages from both buses, such as 
vehicle speed, engine speed, engine torque and HMI inputs were recorded. A diesel flow meter was added in the 
fuel system, which measured fuel flowing to and from the common rail system and output the difference to the 
DEWE 43. The string potentiometers signals were also recorded by the DEWE43.  

4.4 DD Truck Testing 

Following the conversion of the forklift to the DD system, the DEWE 43 was used again, with the inputs from the 
baseline testing plus additional pressure sensors added to the propel, work function, lift, steering and brake 
hydraulic circuits and to several points on the Propel Block. Data from the PLUS+1® and DPC12 controllers was 
recorded via CAN, including DDP service displacements, Ganging and Propel Manifold valve states and vehicle 
speed measured at the H1B motor.  

For the DD truck fuel consumption tests, the maximum lifting speed was reduced in the controller so that full 
speed lifting could be commanded without completing the test cycle too quickly. If full speed lifting was not 
commanded, the spool valve would not close off the open centre and flow was lost to tank, similarly to the tilt flow 
loss in the baseline truck mentioned in section 3.2. Lift flow loss was prevented in the baseline truck fuel tests 
because the engine speed could be controlled separately (using the accelerator pedal) to the spool position. If the 
project had been in collaboration with an OEM, it would have been possible to optimise the control of the WF 
valves for DDP and to prevent flow losses. Since the OEM control could not be changed in this work, the use of 
modified software could be justified to allow similar lifting speeds during the baseline and DD tests.  
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4.5 Test Results 

The results for fuel consumption and performance testing of the baseline and converted trucks are given in Table 
1, with a calculation of percentage improvement included.  

Test Description Baseline Result DD Result Improvement (%) 

Fuel Consumption – Rated Load (l/hr)  7.97 4.69 41.2 

Acceleration – Time to 10 km/hr – Rated Load (s)  4.44 2.98 32.9 

Acceleration – Time to 10 km/hr – No Load (s)  3.22 2.03 37.0 

Acceleration – Time to 15 km/hr – Rated Load (s)  9.24 5.95 35.6 

Acceleration – Time to 15 km/hr – No Load (s)  5.62 3.98 29.2 

Acceleration – Time to 15 m – Rated Load (s)  6.89 5.99 13.1 

Acceleration – Time to 15 m – No Load (s)  6.01 5.06 15.8 

Maximum Lifting Speed – Rated Load (m/s) 0.49 0.52 6.1 

Maximum Lifting Speed – No Load (m/s) 0.53 0.53 0 

Table 1 - Test Result Summary 

The most significant result of the DD System conversion project was the 41.2% fuel consumption reduction while 
carrying out the same useful work. Further analysis of the fuel consumption test data is included in section 5.  

Despite having less pump displacement available for work function (48 cc/rev vs 52 cc/rev), the high volumetric 
efficiency of the DDP helped the DD forklift match or exceed the maximum lifting speed of the baseline truck. 
This was particularly noticeable when fully loaded where work function pressure was higher and therefore leakage 
in the gear pump would have been greater. 

Figure 8 shows timeseries of vehicle speed for the baseline and DD System forklifts, both with no load and the 
rated load (4.3 tonnes) on the forks.  

 

Figure 8 - Acceleration Comparison of DD and Baseline Trucks 

The improvement in acceleration performance from the DD System is clearly apparent with greater acceleration 
throughout the speed range of the vehicle and a higher maximum speed. The DD forklift, fully loaded, can 
accelerate similarly to the baseline forklift with no load on the forks. Throughout all the tests, the engine was 
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running close to, or at, its torque limit so these results show that the DD system is more efficient than the baseline 
while driving, as more of the torque could reach the wheels and accelerate the truck.  

5 Results Analysis 

To further investigate the fuel consumption results and study energy usage in each forklift, backwards-facing 
simulation models were created in MATLAB & Simulink. The models were fed timeseries data recorded during 
the fuel consumption tests whose results were reported in Table 1. The data were used to calculate torque loads on 
the engine and fuel consumption using BSFC data for the diesel engine. The calculated results could then be 
compared with measured fuel from the fuel meter and torque reported by the engine over CAN. 

5.1 Energy Usage Simulation  

For the baseline truck, the data captured was insufficient to simulate all the engine loads, such as the hydraulic 
pumps and torque converter. For the DD truck, a more comprehensive model could be produced, including 
calculations of the torque required by the DDP, gear pumps, fan, and to accelerate the flywheel. The DDP and gear 
pump torques were calculated from shaft speed, displacement, and pressure data, using methods based on [6] & 
[7] respectively.  

The total calculated torque compared well with the net torque reported by the engine over CAN, as shown in 
Figure 9. The torque signals were integrated over the test and the two values differed by 1.2%. Since the theoretical 
and reported torques matched well, using reported torque from the baseline truck for analysis could be justified. 
The simulation data was passed through the BSFC map, with a 3.9% error between the calculated fuel and the 
volume measured by the fuel flow meter.  

 

Figure 9 - Calculated and Reported Net Engine Torque during a Half Cycle of the Fuel Consumption Test 

Figure 10 shows the average power reported by the ECM during the fuel consumption test, split into power 
consumed inside the engine (including the fan) and the net power (all loads outside the engine) used during the 
Propel and Work Function phases of the test cycle. The results show that the total energy used by the DD System 
was 41% less than the baseline, reflecting the fuel consumption results, and that the DD system reduced system 
losses while driving and while using the work functions. 
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Figure 10 – Calculated Average Power Consumption by Function during Fuel Consumption Test  

The testing and simulation carried out showed that conversion to Digital Displacement improved the efficiency of 
the baseline machine with its gearbox and torque converter drive train and fixed displacement hydraulic pump, 
with benefits to fuel consumption and performance. The main alternative to this type of truck is the hydrostatic 
forklift, where propel and working functions are typically powered by separate pumps, on the same shaft. A multi-
service DDP also provides a distinct advantage over this kind of system due to the very low idle losses of the DDP 
compared to swash-plate pumps, where larger displacement pumps could be installed to improve hydrostatic 
transmission efficiency at high speed, or reduce engine speed, without a significant penalty of parasitic losses. 
With Dynamic Ganging the pump displacement can be optimised, and the total installed displacement may be 
reducible, further reducing parasitic losses. 

5.2 Tilt Flow Loss Impact Simulation 

As mentioned in section 3.2, the tilt solenoid control was modified as the part of the DD conversion work, 
providing the same maximum solenoid current to all three functions, allowing the tilt spool to close off the open 
centre – see Figure 2. This meant that the DD truck lost significantly less energy when tilting with heavy loads, 
compared to the baseline where most of the high-pressure flow from the gear pump throttled to tank through the 
partially closed open centre, rather than performing useful work in the rams. In the baseline forklift, the operator 
controlled the engine speed, and the tilting speed could not be limited by the VCM, so throttling was used instead. 
Since the DD system controls both engine speed and displacement for the Work Functions, maximum tilting speed 
could be set in the control software, based on the performance of the baseline machine, and the valve hardware 
used more efficiently.  

The backwards-facing simulation was expanded to investigate the potential impact of having changed the tilt 
control in the baseline truck, assuming this would result in the same tilting speed as the DD truck. A parallel model 
was created which used mean values of the DDP Work Function flow and pressure, during tilting forwards and 
backwards, from the DD truck data for comparison. The engine speed for the theoretical baseline truck was 
calculated by matching the DDP and gear pump model flows, for tilting in either direction. Models of the gear 
pumps, fan, and flywheel were used to calculate the engine power and fuel consumption. The results of this 
simulation are shown in Table 2. Ignoring the error between measured and simulated fuel consumption, the DD 
system would still have used 36% less fuel if the same tilt valve control had been used on the baseline truck. 

WF Gear Pump Simulation 
Results 

Simulation - Using 
Real Engine Data 

Simulation - No 
Tilt Flow Loss 

Difference  % of Test 
Spent Tilting 

Average Pump 
Mechanical Power 
During Tilting (kW) 

Forwards 9.39 5.83 3.56 (37.9%) 3.6 

Backwards 36.22 19.49 16.73 (46.2%) 5.8 

Fuel Consumption (l/hr) 7.74 7.32 0.42 (5.4%) - 

Table 2 - Results of the Tilt Flow Loss Simulation 
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6 Engine Downsizing 

One way to take further advantage of the DD system efficiency could be to use a downsized internal combustion 
(IC) engine. As shown in Figure 10, engine losses account for more than a quarter of the energy consumed in both 
the DD and baseline trucks and if the size of the engine were decreased, these losses would also be reduced. A 
smaller engine is also likely to be cheaper, reducing the overall machine cost, to the benefit of the manufacturer. 
To investigate the impact on performance of a downsized engine, a control software mode was created which 
limited the torque demand to the engine to match the torque curve of a 36 kW engine. To compensate for a larger 
flywheel inertia, higher torque was allowed during engine acceleration.  

Figure 11 shows acceleration results of the DD forklift with the simulated 36 kW engine compared to the 55 kW 
engine baseline system. With the power limit, the acceleration of the DD truck was reduced, particularly at higher 
speeds. However, the disengaged wet disc brakes in the forklift axle may be adding significant losses to the 
transmission, as suggested by Morris et al. [8], who presented a model to estimate the viscous losses between the 
plates of a disc pack. Using this method, the brake oil temperature and disc spacing were found to be critical to the 
power loss. Since the wet disc brakes were made mostly redundant by the DD system, the oil would not be heated 
as much as in the baseline truck where the brakes were being used so it is expected that the disc losses in the DD 
truck would be worse than in the baseline truck. A full investigation of the brakes was beyond the scope of this 
work but using parameters suggested in [8], the viscous losses were estimated to be on the order of 0.75 kW at 15 
km/hr with 25 °C oil compared to 10 kW of rolling resistance at the same speed. Removing the brakes would be a 
good avenue for future work with the possibility to remove further losses if the hydraulic circuit could be simplified 
and the brake pump removed. Simulation showed that, at maximum engine speed, the brake circuit consumed 1.39 
kW. 

 

Figure 11 - Acceleration Comparison of DD System with Simulated 36 kW Engine  

Maximum lifting speed with rated load was slightly reduced (0.47 m/s compared to 0.52 m/s with 55 kW) as the 
power limit was reached but with no load the speed was unchanged. Test data showed that 16.5 kW (P0) was 
required to lift at 0.52 m/s with no load on the forks. Using Equation 1, with the power limit (Plim) of 36 kW, the 
maximum load (m) that could be lifted at a speed (u) of 0.52 m/s was found to be 3.82 tonnes, showing that engine 
downsizing to 36 kW had little impact on work function performance. 

𝑚𝑚 = 𝑃𝑃lim − 𝑃𝑃0
𝑢𝑢 ∙ 𝑔𝑔  (1) 
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7 Conclusions and Further Work 

This paper describes the conversion of a diesel engine forklift from a mechanical transmission and hydraulic gear 
pumps to the Digital Displacement Combined propel and Work Function System. By reducing the losses in both 
functions and utilising more advanced control systems, the DD truck consumed 41% less energy and fuel than the 
baseline truck on a test cycle based on “VDI 60”, while surpassing it in performance tests. This substantial 
improvement in efficiency would significantly reduce the running costs to a machine owner as well as their carbon 
dioxide emissions for an IC engine machine. The DD system also enabled greater flexibility in driving behaviour 
as the propel response is dictated by control software rather than the hardware of conventional machines.  

The system could be particularly interesting to enable electrification of vehicles where direct electric propel drive 
is not practical. Packaging limitations, or overall system cost with two separate high-power drives for propel and 
WF might be prohibitive. The high efficiency of the DD system would mean that energy consumption for propel 
could be comparable with a direct electric drive system. 

While the results of the DD System tests presented above are very encouraging, the authors believe that further 
improvements in fuel consumption and/or performance are possible, by improving the integration of the DD 
system into the machine in collaboration with an OEM.  

Firstly, the stock brake system is redundant in HST mode and is partially replaced by hydrostatic braking in T/C 
mode too. Removing the wet disc service brakes and simplifying the hydraulic circuit for the parking brake would 
remove more parasitic losses from system. 

Secondly, the control of the work function spool valves is done by the stock VCM and was not optimised for DDP. 
Working with an OEM should allow optimised, combined control of the DDP and spool valves to reduce throttling 
when the operator requests low speed actuator movements. A WF system capable of working at higher pressure 
would also be advantageous as engine speed could be further reduced. 

Thirdly, dynamic ganging of more pumplets, like the ‘Elastic Pump’ in [3], would provide more flow to a function 
operating on its own, meaning the engine speed could be further reduced during high-speed driving or lifting, 
which would reduce losses and save more fuel. Danfoss has developed prototype multi-pumplet dynamic ganging 
hardware to do this. 

Finally, by implementing some of the system improvements suggested above it would be possible to significantly 
downsize the engine while matching the performance of the baseline torque converter truck. The preliminary test, 
carried out by simulating a 36kW engine as presented in section 6, show that downsizing is possible with some 
impact on performance. Fitting a real downsized IC engine and optimising the system as recommended could 
unlock further fuel savings, with no impact on performance, while reducing the overall system cost. 

Given the proven benefits to vehicle manufacturer and operator, and the potential for future improvement, the 
Digital Displacement Combined Propel and Work Function System represents a significant step forward in 
tackling the challenges facing modern off-highway equipment. 

Nomenclature 

Variable Description Unit 

β Displacement Fraction for Conventional Hydraulic Machines [-] 

τ Torque [Nm] 

Fd Displacement Fraction for DDP Services [-] 

g Gravitational Acceleration [m/s2] 

i Control Signals including Solenoid Current and CAN Messages [-] 
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m Load Mass [tonnes] 

n Shaft Rotational Speed [rev/min] 

p Hydrostatic Pressure [bar] 

P Power [kW] 

Q Volumetric Flow Rate [l/min] 

u Mast Lifting Speed [m/s] 

v Vehicle Speed [km/hr] 
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Displacement controlled recuperative systems have shown promise at realising fuel savings and thus reducing CO2 
emissions in mobile machines. Operators of these machines expect the boom to lower faster than it raises so the 
hydraulic system must accommodate this. Two methods of achieving this are: 1) by throttling and motoring from 
the cylinder in parallel and 2) by operating the cylinder in differential mode. These mode transitions are typically 
made using proportional valves however Digital Displacement technology offers the possibility to implement these 
modes using simple switching valves, reducing the system complexity. This paper describes how this can be 
achieved and evaluates the energy recovery efficiency of both modes. 

Keywords: Efficient systems, digitalization, mode switching, energy recovery, differential cylinder 
Target audience: Mobile Hydraulics, Excavators, System Design 

1 Introduction 

Construction machines such as excavators suffer from very poor hydraulic system efficiencies, typically around 
30% from the pump shaft to the useful work done at the actuator. This is mainly due to the large throttling losses 
between the pump and actuators as well as their inability to recuperate energy. Efficiency improvements can 
therefore provide a significant contribution to worldwide CO2 emission reductions [1]. 

Previous publications have demonstrated how Digital Displacement hydraulic machines can be used to drastically 
cut fuel consumption with incremental improvements to the system architecture. System Architecture (SA) 1 was 
implemented on a 16-tonne hydraulic excavator. SA1 consists of a simple pump swap. The conventional 
swashplate pump is swapped for a Digital Displacement Pump (DDP). The DDP offers increased pump efficiency 
and improved engine torque utilisation decreasing measured fuel consumption by between 18% and 21% [2].  

The same excavator was then upgraded to SA2. The SA2 DDP consisted of eight independently controllable 
pumplets. A valve block known as the “elastic pump block” was used to route each pumplet to one of the 
excavator’s two main services. These were connected to the original directional valves for controlling the actuators. 
This configuration allowed the pump capacity to be more closely matched to the flow requirement of each service, 
allowing some of the throttling losses in the directional valves to be reduced. This system resulted in up to 36% 
fuel reduction compared to the baseline vehicle [3].  

The most advanced architecture, SA3, has been demonstrated on one axis on a static test rig. It uses direct 
displacement control by a Digital Displacement Pump-Motor (DDPM), which is also used to recover energy from 
the load. Directional valves are used to route the fluid to and from the DDPM. No throttling is done by the 
directional valves to control the motion of the actuator. DDPMs can be used to facilitate highly efficient energy 
recovery, with round trip efficiencies of up to 87% measured [4]. Simulation models show that SA3 systems can 
reduce fuel consumption by 58% on a 16-tonne excavator [5].  
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Displacement controlled system architectures have been covered extensively in the literature and have been 
nicely summarised by Axin [6]. These systems are characterised by the allocation of a separate pump or pump-
outlet to each actuator therefore restrictive throttling valves are not required to reduce the pump pressure to the 
individual load pressure as is the case with a typical multi-actuator system. The motion of the actuator is 
controlled directly by the fluid flow supplied or received by the pump-motor. This removes the need for wasteful 
throttling to control the motion of the load. 

One of the main problems faced with a displacement controlled recuperative hydraulic architecture is that in off 
highway machines the operator often expects the lowering velocity of the boom to exceed the lifting velocity. We 
can see this in the data in Figure 1 and Figure 2, recorded on a 16-tonne excavator for a dig and dump cycle. The 
flowrate was calcualted using the actuator velocities derived from string pot measurements recorded throughout 
the cycle. The pumping (lifting) flowrate doesn’t exceed 200 l/min however the motoring (lowering) flowrate 
exceeds 300 l/min for short periods.  

A study by Danfoss showed that the DDPM capacity would need to be increased by 210% over the baseline case 
to implement a full displacement controlled hydraulic system on a 16-tonne excavator which meets all operator 
flow demand and maximises energy recovery [5]. This requirement for a larger DDPM can make the displacement-
controlled systems unfeasibly expensive for OEMs. 

Analysis of the duty cycle data shows that motoring flowrates that exceed the maximum required pumping flowrate 
(200 l/min) are only required 6% of the time. It is hard to justify the increased capital cost of a larger hydraulic 
machine to achieve higher lowering flowrates for only 6% of the duty cycle. Recuperative systems should therefore 
be designed to meet the peak lowering speed demand without requiring costly excess pump-motor displacement. 
Various solutions to this problem have been proposed in the literature.  

The first and simplest solution is to add a throttling valve in parallel with the pump-motor, which provides an 
additional flow path from the cylinder, allowing the lowering speed to be increased. Heybroek investigated this 
method [7]. The joystick command was mapped to a flow command which was met as a combination of both 
motoring and throttling through a proportional valve. The disadvantage with this method is that some otherwise 
recoverable energy is lost to throttling.  

  

Figure 1: Flowrate duty cycle for boom cylinder on 16-
tonne excavator. 

Figure 2: Histogram showing duration of time spent 
at different flowrates in duty cycle. 
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Another method of increasing the lowering velocity is to switch the cylinder into a differential mode of operation. 
In this mode, the cylinder and the rod are both connected to the pump. When lowering in this configuration the 
flow from the cylinder side is split between the rod side and pump line. This results in a reduced motoring flow 
requirement for a given ram velocity, when compared to the normal operating mode. The caveat is that the 
operating pressure is intensified by the ratio of the head to the rod area and the load carrying capacity of the 
cylinder is reduced. A challenge associated with this mode is switching between differential and normal circuit 
configurations. The pressure intensification causes large changes in the loading on the cylinder, which can result 
in jerky motion if not handled correctly. It is important to ensure a smooth motion to ensure safe load handling 
and operator comfort. Both Hitachi [8] and Volvo [9] have filed patents relating to pressure control of the cylinder 
when switching between modes to ensure a smooth and stable motion.  

This paper presents how both throttling and motoring and differential mode can be realised for a displacement-
controlled architecture with a DDPM. These operating modes are implemented using simple non-proportional 
switching valves only. The idea is that by having precise control of the DDPM flow output we can remove the 
need for proportional valves to conduct the mode switch in a smooth and controllable manner. The parallel 
throttling and motoring control mode is referred to as discrete throttling and the differential control mode is 
referred to as differential lowering. Discrete throttling offers an option for increasing the lowering speed even at 
high load pressure. Differential lowering offers a more efficient solution for lighter loads.  

Control principles for each mode are given along with analysis of test data from an application scale test rig. 
Particular attention is paid to the smoothness of mode switching and the energy efficiency of each operating mode. 
Section 2 describes discrete throttling. Section 3 describes differential mode. Section 4 compares the two operating 
modes and discusses how they may be used in the context of higher-level system control. 

2 Discrete Throttling 

2.1 System Overview 

Discrete throttling is a means of lowering a cylinder by both throttling to the tank and motoring simultaneously. 
This mode increases the maximum lowering velocity over what would be available with only motoring. This allows 
the lowering speed to be increased even when the motoring displacement has been saturated. 

Instead of throttling with a proportional valve, with which the opening area can be adjusted to control the flow, 
discrete throttling opens an on / off valve connected in series with an orifice. This gives a fixed flowrate through 
the valve for a given pressure drop across it. Use of a fixed orifice removes the complexity associated with a 
proportional valve. 

To ensure a smooth increase in flow from the cylinder when the valve is opened, the displacement of the DDPM 
is reduced simultaneously as the valve is opened, keeping the net flow out of the cylinder the same just before and 
after the switching event. The fast response time of the DDPM allows this to work smoothly. The graph shown in 
Figure 3 helps to explain how the displacement command changes in sync with the throttling valve opening to 
give a smooth increase in lowering velocity. 
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Figure 3: Discrete throttling scopes. 

 

2.2 Control Strategy 

Discrete throttling can be controlled via a displacement or flow command to the DDPM. The stick position 
controlled by the operator is mapped to the input command. In this test a maximum flow command of 250 l/min 
was specified. With a shaft speed of 1500 rpm and a maximum displacement of 96 cc/rev, the maximum lowering 
flowrate by motoring was about 134 l/min when accounting for compressibility, leakage, and loss of capacity due 
to the necessity to do a small part pump at the start of the DDPM’s valve’s motoring cycle. To reach flowrates 
greater than 134 l/min the throttling valve is required to provide an alternative flow path from the cylinder. 

The lowering flowrate from the cylinder is the sum of the motoring flowrate and the throttling flowrate. Motoring 
can satisfy all flow demand up to the motoring capacity. When the motor displacement saturates it becomes 
necessary to open the throttling valve to tank, to increase the lowering speed of the cylinder. As the throttling valve 
is a fixed orifice the flowrate through the valve cannot be controlled and is load dependant. The motoring 
displacement must be reduced to prevent a step increase in lowering velocity when the throttling valve is opened. 
The system controller uses a lookup table of empirical data to determine the flowrate through the throttling valve 
based on the pressure drop across it, measured with pressure transducers on the rig. A DDPM loss model in the 
system controller is used to calculate the maximum flow at the current shaft speed and operating pressure. When 
the operator command exceeds what is possible with motoring only, based on the loss model calculation, the 
control logic will open the throttling valve and reduce the motoring displacement to ensure the flow is always 
matching the operator demand. The control logic also includes hysteresis to prevent rapid switching around the 
transition region. To account for the different transient dynamics between the throttling valve and the DDPM flow, 
the change in DDPM displacement command was delayed such that the throttling valve and DDPM reach their 
steady state values at the same time. This is discussed further in section 2.3. 
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2.3 Hydraulic System Architecture 

The system schematic used for testing this mode is shown in Figure 4. The DDPM is connected to the cylinder 
side of a hydraulic ram with the throttling valve connected in series giving two flow paths for the oil to take out of 
the cylinder. The rod side was connected to a boost circuit running at 2.5 bar (this has been simplified to a tank 
symbol in Figure 4). In this test the throttling valve consisted of a directional control valve and a variable orifice 
with a screw adjustment. The directional valve was actuated by means of a hydraulic pilot system (simplified to a 
solenoid valve in Figure 4). The valves on the DDPM were controlled by a dedicated controller which was sent a 
reference displacement command from the PLUS+1 system controller over CANbus. The system controller used 
the operator stick command as an input and was also used to directly control the state of the throttling valve. 
Pressure sensors at the cylinder and tank were connected to the system controller for calculation of the pressure 
drop over the orifice. The pump pressure was also read by the system controller and used for the DDPM loss model 
calculation. This circuit was tested on the Motion Control Rig (MCR), which consists of a 10-tonne boom designed 
to mimic the power level and range of motion typically found on an off-highway machine. This test apparatus can 
be seen in Figure 5. 

 

 

Figure 4: Hydraulic schematic for discrete throttling 
mode testing on MCR. 

Figure 5: The Motion Control Rig in the Digital 
Displacement Lab. 

 

2.4 Characterising the Pressure Drop Over the Orifice 

The orifice size was set such that when the throttling valve was open, and cylinder was at maximum load pressure, 
the flow through the valve would not exceed the lowering velocity of the cylinder at full motoring displacement 
(the condition just before the throttling valve opens). This ensured that a smooth change in lowering speed could 
be achieved before and after the mode switch occurred. If the throttled flow exceeded the full motoring flowrate 
before the transition, the cylinder would speed up as soon as the throttle was opened, as even stopping the motoring 
flow completely could not compensate sufficiently for the net flow out of the cylinder. 

The orifice pressure drop was characterised for various flow rates. The DDPM was used as the flow source for this 
test. Data obtained from these tests was used to create a lookup table used by the system controller to calculate the 
flow through the valve for a given pressure drop. 
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2.5 Optimising the Mode Switch Transition Timings 

2.5.1 Theoretical Model of Delays Required 

To determine the optimal control delays, the switching time of the DDPM and the directional valve were 
characterised. Measurements of the pilot pressure signal to the directional valve at the orifice were used to 
determine what the switching time of the valve was. It was possible to determine the time taken for the valve to 
start opening and to fully open from analysis of the pilot pressure trace. This gave a range of possible delays after 
which the flow path between the cylinder and the tank could be considered open. The switching time was found 
to take between 50 and 100ms. 

The flow delay associated with the DDPM is made up of several components. First there is a 5ms delay associated 
with the transmission of the CAN message from the PLUS+1 system controller to the DDPM controller. Within 
the DDPM controller there is a 1ms iteration time. It takes half a shaft revolution for the flow output of the pump 
to fully change as previously committed cylinders must complete their current strokes. Therefore, the total DDPM 
delay time is given by: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑑𝑑 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑑𝑑 + ( 60
𝜔𝜔𝑠𝑠ℎ𝑇𝑇𝑎𝑎𝑇𝑇

) (1
2)  

Therefore at 1500 RPM the total DDPM delay is 5ms (CAN) + 1ms (DDPM_Controller) + ((60/1500) * (1/2)) 
(response time of DDPM based on shaft speed) = 26ms. Therefore, the delay time between the throttle valve 
switching and DDPM switching should be:  between Delaymin= 50ms – 26ms = 24ms and Delaymax = 100ms – 26 
= 74ms. These delays have been visually presented in Figure 6. The optimal delay was expected to be somewhere 
between 26 and 74ms. 

 

Figure 6: Diagram comparing the transition time for the valves with the transition time for the DDPM. 

 

2.5.2 Assessing Transitions Smoothness 

Two properties of the boom’s motion were measured to assess the transition smoothness: 

• RMS Velocity 

• RMS Acceleration 

ISO 20816-1 indicates the maximum allowable vibration for rotating and non-rotating machines and use the RMS 
velocity to describe the limit [10]. RMS velocity is used because low and high frequencies are equally weighted 
from an energy point of view and it is the vibration energy which should be minimised. Additionally ISO 2631 
provides guidance on the allowable limits of human exposure to shock and vibration [11]. This standard specifies 
allowable vibration in terms of RMS acceleration. These standards specify the vibration limits for operators when 
they are at the control of the machine. The tests described in this paper were conducted in a lab environment with 
a specific control room and no possibility to gather realistic operator vibration data. The magnitudes of vibration 
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were therefore not considered important – only the relative change in vibration which was used to understand how 
the control mode could be made smoother. A piezoelectric accelerometer was fitted to the MCR’s boom. The 
signal from the accelerometer was integrated to give velocity and the RMS was calculated. The downward motion 
of the boom was controlled by the operator via a joystick. The lowering flowrate was gradually increased until 
about 180 l/min, well after the transition had occurred. The delay was implemented as a variable in a state flow 
chart in the system control logic. A delay of zero represented no delay when transitioning between states in this 
chart meaning that the pump displacement command and the valve switching command were issued at the same 
time. Measurements from the rig can be seen in Figure 7 to Figure 10. 

2.5.3 From Discrete Throttling to Motoring Transition 

 

Figure 7: RMS velocity vs. displacement command 
delay for discrete throttling to motoring transition. 

 

Figure 8: RMS acceleration vs. displacement command 
delay for discrete throttling to motoring transition. 

 

This data shows a minimum in the vibration amplitude at a delay of 50ms. This is within the expected range of 
26ms to 74ms, validating the timing calculation described in section 2.5.1.  

2.5.4 From Motoring to Discrete Throttling Transition 

 

Figure 9: RMS velocity vs. displacement command 
delay for motoring to discrete throttling transition. 

 

Figure 10: RMS acceleration vs. displacement 
command delay for motoring to discrete throttling 

transition. 
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The data for this transition is less clear than that presented for the previous transition. The general trend is that 
smaller delays yield a smoother transition, however the data doesn’t give much more insight than this. A delay of 
25ms was considered to correspond to the lowest RMS velocity and RMS acceleration. 

2.6 Flow Accuracy 

Comparisons were made between the flow command and the measured flowrate to establish how accurate the flow 
control is with this operating mode. The graph shows that the flow error is less than 5% across the range even 
when the operating mode changed to discrete throttling. Possible sources of this error are the parameters used in 
the DDPM loss model running in the system controller, the throttling valve characterisation data or the pressure 
sensor calibration. Furthermore, temperature change of the oil will affect the pressure drop characteristics and this 
could be investigated in the future.  

 

Figure 11: The flow error across the range of tested flowrates in discrete throttling mode. 

2.7 Determining the Recovery Efficiency 

The recovery efficiency was calculated using the ratio of the mechanical power at the DDPM’s crankshaft to the 
fluid power of the oil leaving the cylinder for a constant lowering speed. Shaft torque and speed were measured 
using a torque transducer and speed encoder to determine the mechanical power. The fluid power was calculated 
by taking the product of the cylinder pressure and flow. The steady state velocity of the cylinder was calculated 
based on string pot measurements. The cylinder pressure was measured with a high precision pressure transducer. 

To characterise the recovery efficiency at the chosen load pressure, the boom was lowered at a range of flowrates 
(from 10 l/min to 180 l/min) and the results can be seen in Figure 12. The dashed line on the graph shows the point 
at which the discrete throttling valve opens. 
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Figure 12: Energy recovery efficiency for different flowrates. 

As would be expected, the efficiency is significantly higher for the motoring only mode. In this mode the only 
sources of losses are pressure drops between the cylinder and the DDPM, and within the DDPM itself. As the 
lowering flowrate increases the system pressure drop increases and hence the losses increase. The DDPM is most 
efficient at higher displacement fractions which helps to offset the losses caused by the system pressure drop. At 
very low displacements we have a small system pressure drop and the poor recovery efficiency is due to the 
standing losses of the DDPM at this shaft speed 

When the discrete throttling valve opens, the recovery efficiency abruptly drops, and remains relatively flat as the 
lowering flowrate increases. The step change happens because a portion of the flow from the cylinder is throttled 
through the orifice, dissipating energy as heat. The approximately constant recovery efficiency can be explained 
by the balance between higher throttling losses in the system due to higher flowrates and a more efficient DDPM 
as the displacement fraction rises.  

3 Differential Lowering 

3.1 System Overview 

Differential lowering is a well-known control strategy in which the hydraulic cylinder is switched into a differential 
mode of operation to reduce the motoring displacement required for a given lowering velocity. Directional valves 
are used to connect the cylinder and rod side of the actuator together. As the directional valves are switched the 
motoring displacement of the DDPM must be reduced to obtain a smooth increase in lowering velocity. Due to the 
pressure intensification that occurs in differential operation this mode is only suitable for lighter loads as the 
maximum system pressure is fixed by pressure relief valves. 

3.2 Control Strategy 

The operator controls the motion of the actuator via a joystick command. The joystick enables proportional control 
of the velocity of the actuator. The requested lowering velocity, and therefore flowrate, is calculated in the system 
controller based on the joystick position. The controller will calculate the motoring displacement needed by the 
DDPM to satisfy the operator command. In doing this it may decide that differential mode should and could be 
used. When switching into differential mode the motoring displacement is reduced by the ratio of the head side 
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piston area to the rod side cross sectional area. If the load pressure is under a certain value and the flow demand 
exceeds the pump capacity assigned to the actuator, differential mode is used. This might be done to either: 1) 
increase lowering speed of the actuator or 2) to free up motoring capacity for another actuator. 

3.3 Hydraulic System Architecture 

Differential lowering requires a hydraulic circuit in which the DDPM can be connected either to the head side of 
the hydraulic ram, or both the head and the rod side simultaneously. The rod side of the cylinder can be connected 
to the tank, or to both the pump and the cylinder. This can be achieved with the circuit shown in Figure 13. As 
before this schematic has been simplified. The system tested had the low-pressure side boosted to 2.5 bar, and the 
valves used were hydraulically piloted with electro proportional control of the pilot pressures. 

 

Figure 13: Hydraulic system required for differential lowering mode. 

3.4 Differential Lowering Mode Transitions 

3.4.1 Normal to Differential Lowering 

One problem identified during preliminary testing of differential lowering was that when the rod - cylinder valve 
was opened, it took around a second for the rod to pressurise, due to the large volume. During this pressurisation 
period the boom dropped rapidly  which was unsatisfactory for operability. The pressurisation time was reduced 
by pumping the DDPM for a short period of time during the transition until the rod and cylinder pressures 
equalised. The flow error was measured for a range of different transition pumping displacement fractions (Fd). 
Figure 14 shows a fairly linear relationship between the pumping displacement used during the transition and the 
flow error. Pumping at full displacement was found to give the smallest flow error. Such performance is only 
thought to be possible with a DDPM due to its ability to change from full displacement motoring to pumping in a 
very short space of time. i.e. 26ms at 1500 rpm. This result is obvious – we need to pump as much as possible in 
the shortest period available. After the transition the motoring displacement changes to a reduced value (relative 
to before the transition) to account for the new flow path to the rod side of the cylinder. 
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Figure 14: Relationship between DDPM displacement fraction used in transition and the flow error through the 
transition (over 500ms window). 

3.4.2 Differential Lowering to Normal Mode 

To transition from differential lowering to normal mode, the rod-cylinder connection was closed during the 
lowering motion. As the cylinder continued to lower after the valve closed, the rod volume increased without a 
flow source, dropping the rod and consequently the cylinder pressures. When the rod and tank pressures equalised, 
the rod - tank valve was opened, completing the transition to normal mode. This control logic gave smooth 
transitions back to normal mode. One issue identified was that if the lowering motion was stopped too soon, the 
cylinder could be stopped with the rod in a not yet depressurised. Opening the rod-tank connection in this state 
caused sudden depressurisation of the rod resulting in a jerky motion. More work must be done to determine a 
reliable way to depressurise the rod to avoid this situation. 

3.5 Differential Lowering Recovery Efficiency 

As with discrete throttling, the recovery efficiency was calculated by taking the ratio of the mechanical power 
measured at the DDPM’s crankshaft to the fluid power of the oil leaving the cylinder for a constant lowering speed. 
To characterise the recovery efficiency at the chosen load pressure, the lowering flowrate was increased in steps 
of 10 l/min, up to 200 l/min, as seen in Figure 15. The dashed line on the graph shows the switching point between 
motoring only and differential lowering operating modes. This graph shows a slight reduction in recovery 
efficiency when operating in differential mode. This reduction can be explained by the pressure losses in the flow 
path between the cylinder and the rod. It should be noted that as the flow increases throughout differential mode, 
the pump displacement increases and the machine’s efficiency improves. Furthermore, the pump is more efficient 
at the higher pressures it experiences in differential mode. This counteracts some of the losses associated with 
higher system pressure drops and explains the relatively flat efficiency curve of differential mode. 
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Figure 15: Recovery efficiency of differential lowering mode. 

3.6 Differential Lowering Flow Accuracy 

Comparisons were made between the flow command and the measured flowrate to establish the flow control 
accuracy within this operating mode. The graph in Figure 16 shows that the flow error is less than +/-10% across 
the range of both normal motoring and differential lowering modes. The error could be further reduced by 
improving the loss model parameters in the flow calculation of the system controller or through better calibration 
of the pressure sensors giving feedback to the system controller. 

 

Figure 16: Flow accuracy of differential lowering. 
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4 Summary and Conclusion 

Mobile machines need recuperative systems that can handle a larger lowering flowrate than lifting flowrate. One 
solution is just to install a large pump-motor however this may not be cost effective. By designing systems that 
are capable of throttling and motoring or of operating in differential mode, high motoring flowrates can be achieved 
without increasing the size of the pump-motor. 

This paper has shown that DDPMs can be used to build effective mode switching systems which can extend the 
lowering flowrate of a boom cylinder without increasing the pump size. Such control modes can be implemented 
using simple non-proportional switching valves in the hydraulic system due to the DDPM’s ability to change 
displacement fraction quickly and accurately. This characteristic is used in discrete throttling to ensure the mode 
transition is as smooth as possible. Furthermore, the ability to rapidly change from full motoring displacement to 
full pumping displacement was used to reduce the transition flow error when switching into differential mode. 

Finally, this paper has highlighted the difference in recovery efficiency of the different operating modes on the 
same machine. A direct comparison of the recovery efficiencies can be seen in Figure 17. Differential mode is 
significantly more efficient than discrete throttling, however, is only suitable for lighter loads whereas discrete 
throttling can be used with any load pressure. Further work will test and tune these control modes on a real 
excavator. Additionally, development of a high-level system controller that can automatically select between the 
modes is required which will offer the possibility to optimise the machine performance for either productivity or 
fuel efficiency. 

 

Figure 17: Comparison of recovery efficiency during lowering for the operating modes tested. 

 

Nomenclature 

Variable Description Unit 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 Response time of DDPM to change displacement [s] 

𝐶𝐶𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑑𝑑  Delay associated with transimission of messages on CANbus [s] 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑑𝑑𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑  Delay associated with the service layer in the pump controller [s] 

𝜔𝜔𝑠𝑠ℎ𝑇𝑇𝑎𝑎𝑇𝑇  Angular velocity of DDPM shaft [rpm] 
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At the exemplary application of a spring test rig, it is demonstrated that electro-hydrostatic technology can be 
deployed optimizing both investment costs (installed power) and operating costs (energy consumption). The 
approach employs an intelligent energy management solution and is particularly beneficial for applications with 
large numbers of load cycles shifting energy between various domains and/or subsystems. Further advantages are 
discussed, such as permanent load-holding capability, high flexibility and compactness in a portable layout, 
scalability and extendibility through modular design, and a versatile and performant motion control and automation 
solution. The paper concludes with an outlook on continued and future developments.  

Keywords: Electro-hydrostatic actuation system, energy management, power management, energy efficiency, 
cyclic testing 
Target audience: Industrial hydraulics, testing, systems 

1 Introduction and technology overview 

In recent years, the electrification of machines and drive technology in industry has become a very important topic. 
This trend results on the one hand from rising electricity costs and the consequential increasing demands on energy 
efficiency, and on the other hand from the desire to reduce the amount of oil in industrial plants or even to switch 
to purely electric drive technology. In many applications, however, hydraulics offer significant advantages over 
purely electromechanical systems. In order to combine the advantages of electrohydraulic (EH) technology, such 
as force density, robustness and zero backlash, with the advantages of electromechanical (EM) technology, such 
as energy efficiency, environmental friendliness and low noise, electro-hydrostatic actuation systems (EAS) are 
being used more and more frequently. These ‘hybrid’ systems unite benefits of both electrohydraulic and 
electromechanical technologies in a single package as compared by Becher [1] in Figure 1. EAS provide options 
where on the one hand high force capability is required, and on the other hand, e.g., energy savings, environmental 
cleanliness or elimination of piping are desired [2], [3]. Consequently, the interest in EAS technology has seen a 
boom in industrial research, development and marketing. Nevertheless, this technological transition is still facing 
considerable challenges to be accepted and widely implemented in highly demanding industrial practice. This is 
even more valid in applications with ambitious technological configurations and requirements. Many users find it 
easier to take this step, when performance dimensions are limited to what seems a manageable range, or accuracy 
and acceleration requirements are not too challenging. Hence, the majority of today’s established applications in 
the field pertain to this category.  
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Figure 1: Comparison of electromechanical and hydraulic drive technologies with EAS technology 

However, we will show in this publication that this is not a natural limitation. If applied appropriately, the EAS 
approach provides beneficial properties particularly for high performance and high acceleration applications, 
especially in combination with the requirement of low energy consumption. As such, this kind of application of 
EAS can be considered novel and innovative, extending the field of play of this technology through intelligent 
transfer, adaptation and synthesis of suitable concepts, solutions, and components. 

1.1 Simple EAS solutions 

In order to optimize EAS systems for specific applications, there are various solution approaches that focus on 
different aspects. These are, for example investment costs, operating costs, footprint, performance, or 
environmental friendliness. On the hydraulic side of the drive unit, optimization on one or more of these aspects 
can be achieved via the system architecture and design of the components with various standardized concepts.  

The optimization of the electrical-mechanical energy conversion is achieved by a suitable choice of energy 
management. There are several concepts that differ in their optimization goals, advantages and complexity, see 
e.g. [4]. Typical EAS solutions, especially for single axis applications, are designed as power consumers. In 
processes where the by far predominant share of energy is utilized for the deformation or thermal treatment of the 
part (e.g. in metal forming and presses), the potential regenerative amount of energy is negligible. The simplest 
and therefore most widely used concept in such systems is the use of AC-AC frequency converters, which are 
directly connected to the mains and drive the servo motors. These units consist of a rectifier transforming the fixed 

Eletrohydrostatic Actuation System (EAS)
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frequency alternating current (AC) voltage into the direct current (DC) intermediate link (DC bus), and an inverter 
to create the variable alternating AC voltage, in one component and are therefore very space-saving and cost-
effective. 

The use of bleed resistors for thermal dissipation of excessive energy is a common and economical solution e.g. 
in many metal forming applications. The economic advantages of this solution are mainly from the investment 
cost point of view, as the number and complexity of components needed are quite low. However, the requirements 
on the installed power and power ratings of all components throughout the power train are high, as they are driven 
by the peak power demands of the duty cycle and not by the mean power over time. Depending on the application, 
the ratio between peak and mean power can be very high, rendering this solution unfavorable. 

1.2 EAS solutions using energy management 

Many applications, like the one shown in this paper as well, have their main focus not only on investment cost, 
but on the optimization goal of operating costs, footprint and installed power, to reduce the requirements on the 
installation site. Reidl et al. [4] describe the influence of the average power consumption to peak power ratio. To 
reduce the installed power and the operating costs of a machine, energy efficiency is one of the crucial requirements 
on the drive technology. This efficiency can be improved by reducing the losses on the component side and by 
recuperating excess energy coming out of the working cycle. As the EAS technology eliminates the main losses 
on the hydraulic valves by replacing throttle control in servo valves and reducing the number of other hydraulic 
resistances, its efficiency is better than that of EH systems.  

State-of-the-art hydraulic systems, however, often utilize hydraulic energy management, providing the peak power 
of the system from hydraulic accumulators and the mean power from the displacement pumps of the hydraulic 
power unit (HPU) like (1) in Figure 2. Hence, even though these systems are not extremely energy efficient in 
terms of consumption, they impose beneficially low requirements on the installed power. When an EAS is to be 
introduced in a given application in order to improve energy efficiency (possibly besides other case-specific 
benefits of this technology), the different working principle does no longer allow to take advantage of hydraulic 
energy management. Instead, the energy management task needs to be shifted to the electrical side of the system. 
The simple dissipative approach described before obviously cannot deliver this functionality and could even imply 
an increase in installed power compared to a conventional system, which is prohibitive (see (2) in Figure 2). 
Therefore, only the intelligent deployment of more advanced and complex energy management systems can enable 
EAS to fulfil the challenging combination of needs of modern drive systems. 

By using an additional Active Front End (AFE), energy coming back from the load cycle can be transmitted back 
into the grid, without storing the energy in the internal DC bus of the system. This leads to low requirements on 
the DC bus size of the system, but also can provide high short-circuit power at the transformer/grid connection 
point, increasing requirements for the feed-in power even further. These requirements on the installation site, in 
combination with the risk of influencing other installations due to feedback from harmonics and the high 
investment costs of the AFE disqualify this energy management concept for certain applications. 
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Figure 2: (1) conventional hydraulic solution (EH); (2) simple EAS solution; (3) EAS solution using energy 
management 

In addition to the higher installation costs, many users do not want or are not allowed to recuperate energy back 
into the grid, therefore they need to store it inside the DC bus, e.g. in an electrical energy storage unit such as a 
capacitor bank. This storage unit can be connected to the internal DC bus of the compact AC-AC drive to get a 
high energy efficiency, in combination with a low initial cost (see (3) in Figure 2). Energy, which is coming back 
from the system, as well as buffer energy from the grid can be stored in the DC bus, to use it in the high-peak 
phase of the working cycle. To improve the system even further, the rectifier and inverter unit can be separated, in 
combination with an energy storage unit, to reduce the rectifier and therefore the installed power and requirements 
on the grid. Such a decentralized system architecture is especially beneficial for multi-axis systems, with a 
synchronized working cycle, as the rectifier unit can supply multiple axis in a very cost-effective way. 

1.3 Expansion of the field of application: Testing 

Testing applications, as applications with a significant rapid movement mode, have a very high potential for energy 
management, as there is a dominant braking phase feeding energy back into the electrical DC bus. In the special 
case of test applications, the load on the test item is usually cyclic, often sinusoidal and sometimes at very high 
frequencies. Load tests aim to ensure that the energy introduced is not absorbed by plastic but by elastic 
deformation and a significant amount of energy is released back into the system. The very fast movement and load 
profile, similar to a spring characteristic curve, contains a very high regenerative portion, which can be re-used by 
means of a good energy management concept. Dissipating the energy via bleeding resistors is not recommended 
for these applications, as the high frequency would introduce a large average amount of energy into them, and the 
components would have to be very large. However, the use of an active power supply unit for high-frequency and 
fast tests is also associated with a disproportionately large component input. Due to these typical requirements for 
the cycle, an AC-AC power supply unit with a capacitor bank in the internal DC bus lends itself as a suitable 
energy management system. With this solution, only the energy loss from the grid has to be fed in, whereas the 
returned braking energy is temporarily stored in the DC bus and then fed back into the system. This leads to a very 
energy efficient system with low initial costs, especially for single-axis testing applications.  
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2 Motivation, specification and requirements of the exemplary application 

The development and quality monitoring of springy, highly stressed vehicle components, such as chassis springs 
and stabilizers, requires vibration tests that are as close as possible to the actual operation. The essential quality 
characteristics to be tested are, for example, the fatigue strength under the most realistic possible load, temperature 
and climatic conditions. 

The requirements for an endurance test rig for resilient components are the application of large forces in 
combination with large strokes and, at the same time, a high number of oscillations. For example, the fatigue test 
of an axle spring of current vehicles requires a dynamic upper load of 25 kN and a vibration stroke of 180 mm up 
to a limit number of 106 load cycles. In order to achieve sufficient statistical certainty in the service life estimation, 
at least ten components must be tested. In addition to high test speed to reduce the test time, the process also 
requires a high energy efficiency in the test. This stress field can be excellently covered by resonance test rigs. For 
several decades, IABG has been developing energy-efficient endurance test benches based on resonance like 
shown in Figure 3, which combine the above parameters in one test bench.  

 

Figure 3: Test rig 

As a supplement to the highly efficient resonance test benches, IABG has recognized the need for more flexibility 
and versatility, and has implemented this with a new type of test bench concept, without neglecting energy 
efficiency. A modular all-rounder for flexible use, operational stability, functional testing and comfort evaluation. 
The basis is a newly developed energy-efficient electro-hydrostatic direct drive in a modular load frame. As an 
alternative to standard hydraulics, the electro-hydrostatic drive has proven to be the system of choice due to its 
versatility. 

On IABG's newly developed VTRC (Variable Test Rig for Resilient Components), the function and service life 
of springs and stabilizers, including all associated components such as spring pads, bearings or coupling rods for 
stabilizers of passenger cars, can be tested under climatic conditions. In such and comparable applications, the 
newly developed drives' enormous energy efficiency is a major advantage. The high efficiency enables energy 
consumption to be reduced by up to 70 percent compared to conventional hydraulic drives with proportional 
valves. When used with spring-loaded test parts, the regenerative principle of the drives also returns tension energy 
to the system. This energy is available for simultaneous, asynchronous movements of other drives or can be 
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temporarily stored within a DC bus according to the cycle. In conventional hydraulic systems, this energy remains 
unused as lost energy and needs to be cooled down with a heat exchanger. With the option of operating a second 
system asynchronously, the total cost of ownership can be further reduced. The high degree of flexibility also 
allows different components to be tested in a single system to optimize capacity utilization and increase 
productivity. In addition, the low-wear drive forms the basis for high availability of the entire system. 

Thanks to the compact design, the drive can be placed above the component tests as a further advantage. As a 
result, the system requires significantly less installation space than comparable products. This design also improves 
the piping and maintenance effort. Since the new IABG test rigs require only the mains supply as unique interface, 
the systems can be operated independently of other infrastructure. 

3 Collaborative solution process 

Starting from initially given requirements, a collaborative process between IABG and Moog was established as a 
highly effective approach to develop a flexible, energy efficient and robust concept, with a small and movable 
machine footprint. In particular the need of a customized design of the assembly is one of the joint developments, 
which fits perfectly to the standardized Moog EAS concepts. To achieve the best energy management solution, 
specialists from the Moog sites in Bettembourg (LUX) and Böblingen (GER) used their vast experience in design 
and simulation of complete machine axes and power electronics, working closely in simultaneous engineering 
with the testing experts from IABG.  

3.1 EAS design concept 

In the proposed EAS concept, an open-preload hydraulic circuit has been selected, based on an electro-hydrostatic 
pump unit (EPU), in combination with an equal-area cylinder. A highlighting benefit of this pump design, derived 
from a radial piston pump, is the capability of a permanent load holding operation, enabling suspension setting 
tests in closed-loop controlled conditions for several hours. As the system requires both, dynamic and static tests, 
this pump design, in combination with the high pump speed of 3700 rpm is the most efficient and robust choice. 
Another strong argument for the EPU is the dual displacement option, which allows static tests to be run with a 
lower displacement and much less required torque, and hence to downsize the motor and the power electronics. 
The requirements of a system constantly running at high power with a high reliability favours the use of an external 
small boost HPU. The main function of this boost HPU is to pressurize the hydraulic system with a low pressure 
of around 5-10 bar, to enable the full capability of the high speed and acceleration capabilities and four-quadrant 
operation of the EPU, independently of the cylinder stroke, oil temperature or pressure in the working cycle. 
Furthermore, it serves to ensure appropriate oil temperature and quality in all working conditions. 

To support the four-quadrant design of the EPU, which is the basis of both the hydraulic drive train and the 
electrical energy management system, some standard hydraulic functionalities, such as pressure relief and check 
valve features are implemented in the main EAS manifold. In addition, several safety functions of the system are 
achieved by using a safe-torque-off (STO) feature in the frequency converter, as well as safety-related cartridge 
valves on the cylinder side; shown in Figure 4. 
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Figure 4: Hydraulic schematic of used EAS concept 

 

3.2 Sizing and Simulation 

For the dimensioning of the system, multiple operating points have to be recognized as the outer boundaries / 
limits of the working map. These operating points were given by the frequency of the cylinder movement defining 
the maximum velocity, the maximum acceleration and the needed force for compressing the spring load. The 
working map has to be applicable with horizontal or alternatively with vertical cylinder arrangement; additionally 
both, alternating and pulsating load is possible. Another given degree of freedom is to drive the system with 
doubled frequency at half stroke at same maximum velocity by doubling the acceleration. In an iterative 
optimization process with the usage of simulation and sizing tools like Matlab/Simulink and ServoSoft, the 
dimensions of the cylinder and the size of the pump with a specific displacement volume were defined. 

 

Figure 5: Systems model 

The determined p-Q-function, describing the required pressure and volumetric flow rates during the motion cycle, 
is used as input of the electrical and hydraulic systems model (see Figure 5). The pump behavior of the EPU (e.g., 
leakage and losses) is taken into consideration with support of a neural network approach described by Schraft et 
al. [5], resulting in a description of the electrical power demand over time.  

  – 10 bar

0 bar
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Figure 6: power demand and corresponding DC bus voltage 

The power demand profile as shown in Figure 6 is the basis for the dimensioning of the needed electrical capacity 
within the DC bus of the frequency converter, and for the frequency converter itself. In the given cycle, the 
compression energy of the spring needs to be converted into electrical energy and stored into the electrical capacity. 
This led to a reduction of the drive size of 20 to 30 % compared to a solution without an electrical storage system, 
and a significant minimization of the bleeding resistor, reducing waste heat and cooling capacity requirements. 
Electrolytic capacitors are used as energy storage, as this is the optimal solution in terms of robustness, lifetime 
and efficiency. 

For the first movement, the full amount of energy is taken out of the grid. For all following motion cycles, only 
the power loss is taken from the grid while re-using the motion energy; shown in the following Figure 7 (operating 
state selected as an example). Nevertheless, the electrical propulsion system is designed in terms of torque, capacity 
in the DC link and maximum motor current of the EPU's electric motor in such a way that the test cycle can be 
started from a load-free end position. This is a prerequisite for applying a pulsating load to the test specimen. 
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Figure 7 power/energy demand for pulsating load at 1.5 Hz 

Reducing the needed infeed power causes also a reduction in terms of size and cost for the electrical cabinet and 
the contained components like fuses, switches, or cables. Therefore, the amortization period of the additional costs 
for the electrolytic capacitor system is rather short (1-2 years, depending on the number of testing hours).  
Additionally, the flexibility of the designed system gives the opportunity to add another hydrostatic axis with a 
dedicated DC-AC drive (without integrated rectifier stage) to the common DC bus using the infeed power as well 
as the capacitor storage. This results in a simple upgrade of the system with a (small) additional amount of electrical 
capacity to the already existing DC bus. 

3.3 Customized solution for test bench integration 

Both, the hydraulic and the electrical parts of the actuation system are placed on a portable frame to fulfill IABG’s 
requirements of a highly flexible and easily movable feed-in unit, called “power rack”. The actuator itself, the 
equal-area cylinder and the holding fixture for the test specimen, are mounted directly to the test bench. The 
hydraulic connection is made by short hoses; taking into account constraints in the system dynamics. For this setup 
of split hydraulic assemblies, the standard Moog Modular EAS product configurations were not applicable out of 
the box. A customized solution was designed specifically for this application with a hydraulic manifold mounted 
on the power rack and a hydraulic safety manifold mounted on the test bench, both based on the Modular EAS 
standard. All requirements of functional safety during automatic operation as well as set-up mode were taken into 
account and implemented.  

The power rack includes the hydraulic power unit, consisting of the EPU, the boost HPU, a small accumulator, 
and the filtration and cooling circuit. In order to match the scenario of mobile use, a speed-controlled air cooler, 
acting in a load-dependent fashion, is necessary. All hydraulic connections are routed to a bulkhead strip with 
quick couplings. As shown in Figure 8, also the electrical cabinet, incl. the frequency converter with capacitors 
and the PLC, is mounted on the frame. This allows execution of the complete electrical wiring of the main 
components locally on the frame; the electrical system interface comprises only the mains power connector and a 
single field bus connector for the test-bench sensor signals.  
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Figure 8: power rack 

Differing from housed machines that use comparable hydraulic systems, the actuator executing dangerous 
movements is very exposed. In any case, the operator of the system will be in potential direct contact with the 
hydraulic actuator, which could be a linear cylinder like in this case, or a swivel drive. Accessibility cannot be 
avoided because the flexible system has to be variably equipped with test specimens. To take this into account, a 
safety concept was developed, covering the following situations: 

 Testing operation; 

 Set-up mode; 

 Malfunction. 

For all scenarios, the above-mentioned safety manifold, mounted directly on the actuator, is a prerequisite. It must 
be installed with fixed piping close to the cylinder. The manifold is equipped with redundant safety valves per 
piston side. The valves are monostable and closed when de-energized. Equipping both piston sides is the 
prerequisite for a variable installation position of the cylinder. 

During test operation, the operator is protected from the hazardous point by a closed and separating protective 
device.  

In setup mode, the immediate proximity to the actuator is necessary to position the test specimens and to fix or 
slightly preload them in their adaptation to the test system. In this condition, a safe operating speed mandatory 
which is realized with safety related components. The sensing mode is another solution for safe setup. By means 
of a throttle in the safety manifold, the volume flow to the cylinder is mechanically inherently reduced and a safe 
operation speed is ensured. In contrast to pressure reduction, the speed is fixed and force can already be applied to 
the test specimen. 

In the event of a malfunction, a fall-back level is always in place. This is based on the fact that the oil in both 
cylinder chambers is locked in by the respective redundantly designed safety valve setup. The cylinder is thus 
prevented from moving in any way, even under load. The hydraulic system as a whole is kept depressurized. The 
safety-oriented STO function of the converter is used for this purpose. In the event of a malfunction, all valves are 
closed and the servo drives’ STO is triggered. 
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3.4 Motion control and automation concept 

A combined Beckhoff PLC and safety controller is used to automate and monitor the entire system. As shown in 
Figure 9, the combined system and safety control communicates with the converter and the auxiliary unit via an 
EtherCAT bus, which allows real-time data transfer. This basic architecture enables flexible expansion of the 
system. For example, further measurement channels can be easily integrated in the system and the data bus. 
Additional peripheral devices, such as those required for corrosion and environmental tests, can easily be 
controlled and integrated via EtherCAT as well. In addition, this architecture is also highly variable regarding the 
implementation of the actuator control algorithms. 

 

Figure 9: PLC and motion control concept 
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On the one hand, firmware functions of the converter can be used, e.g., for position control of the actuator. The 
optional integrated hydraulic firmware package of the Moog MSD servo drive features a force control mode, a 
position control mode or a position control mode with force limiting. Also regarding the technical boundaries and 
operating limits of the EPU, active damping and pipe dynamics / resonance effects compensation is implemented 
as well as leakage compensation. In this case, the set points are calculated in real time on the PLC and transferred 
to the MSD servo drive via EtherCAT. This approach is particularly useful for simple control tasks. On the other 
hand, the control algorithms can alternatively be implemented in the PLC. This approach offers decisive 
advantages when more complex control tasks, such as nonlinear or adaptive control algorithms, should be applied, 
or when several axes are to be operated in one system. In this case, the advantages of the energy management 
system can be fully exploited. Furthermore, in combination with a continuous tool chain from simulation 
environments such as MATLAB-Simulink, an efficient implementation of complex controls is possible in this 
way, since the algorithms can first be developed, optimized and tested by means of a numerical model of the plant 
and afterwards transferred to the target system efficiently. Moreover, it is possible to combine these two 
approaches. For example, a basic position control loop implemented on the converter can easily be expanded for 
higher-level control loops, such as nonlinear force control loops or adaptive amplitude-phase controllers, which 
are implemented on the PLC. Moog has developed EAS-specific control software modules for all common PLC 
systems, which implement the aforementioned basic features for operation of an EPU. All in all, this results in a 
large playground that enables control algorithms tailored to specific requirements to be implemented and 
commissioned quickly and efficiently. 

A PC integrated in the operating terminal presents the interface to the user. In addition to a graphical user interface 
for operating and parameterizing the test system, other software modules that do not have to be executed in real 
time can be implemented here. Examples are functions for automatic test evaluation and report generation, 
interfaces to databases or software for test automation. 

4 Summary and Conclusion 

In this paper we have demonstrated the example of resilient product testing and benefits of the EAS technology 
for applications with large numbers of energy-shifting duty cycles. Small footprints of the hydraulic and electrical 
drive, combined with highest flexibility of the test stand arrangement have been pointed out. The main advantage 
shown relates to optimization in terms of energy consumption, and especially in reduced infeed power needs. This 
solution turns the EAS approach into a technically and economically viable option also for constellations where 
not only operating costs, but also installed power and investment costs are at a premium. The range of technology 
utilization is thus extended.  

Moreover, the modularity of the setup, both on the hydraulic and on the electrical side, allows for further extension 
in several ways. Additional multiple test actuators, e.g., for asynchronous testing of two or four test specimens on 
one test rig, can be combined using one common boost HPU. The coupled DC bus linking the converters with a 
common electrical energy storage allows to share and shift recuperated energy between the axes, again reducing 
cost, space, overall energy consumption and, especially, infeed power demands. Therefore the given prototype is 
to be seen just as the first step in expanding the performance and feasibility boundaries of the EAS technology. 
Further steps are to follow on from this, in related applications within the test market as well as in other applications 
where these advantages take effect. 

In our concrete exemplary case, the next evolution level will see even further reduction of infeed power in a multi-
axis environment. This will be achieved through a concept proposed in [4] using a common AC-DC-DC infeed or 
an AFE charging a big passive capacitor bank as the power source for several DC-AC inverters. The 
commissioning of the prototype is planned in March 2022 and will be followed by the validation of the described 
concept. Further options are provided by the scalability of this test stand concept for different spring loads, as the 
modularity of the Moog EAS toolbox allows the combination of different EPU sizes with their corresponding 
hydraulic basic and safety manifolds, HPU sizes and frequency converter types and sizes. 
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ABSTRACT 
 

Around the world, the shift towards more sustainable business practices is underway. In many countries, new 
regulations and standards are changing how companies retain and strengthen both their license to operate and 
competitive edge. Added to this, public consensus on the need to improve the environmental impact of industry is 
rapidly growing. This means that avoiding pollution, decarbonizing operations and ensuring worker safety are 
three of the most pressing issues across every industry. Sustainability now has a keen impact on how businesses 
demonstrate their license to operate, along with their ability to pursue new opportunities. The challenge is that 
companies still face pressure to increase the speed and quality of their output.  

With all the strategies that businesses put in place to achieve their sustainability goals, the potential of 
biodegradable lubricants is often overlooked. In this paper we look to discuss how ester-based fluids can help 
towards a more sustainable future by utilising fatty acids derived from vegetable oils.  Data will be shared on how 
esters perform in various rigs designed to mimic conditions seen by the fluid in the field which include the Mini 
Traction Machine (MTM), elastohydrodynamic lubrication rig (EHD) and the Schwingung Reibung Verschleiß 
(Oscillating Friction Wear, SRV) apparatus and how ester selection is crucial for fluid performance. 
 
Keywords: Sustainability , Hydraulics, Esters 
Target audience: Mobile Hydraulics, Agriculture, Mining, Forestry, Marine 

1 Introduction 

 

Today, hydraulic fluids are dominated by mineral oil based formulations with only a 10% market share market 
share coming from alternative base stocks, 1-3% of which is bio-based synthetic.  The alternative base stock market 
is split between fire resistant or less flammable formulations and those used for applications which require a high 
degree of biodegradability, low toxicity or both.  Commonly referred to as environmentally acceptable lubricants 
or EAL’s,  bio-based hydraulic fluids have been around for many years, however the release of the Vessel General 
Permit (VGP) in 2013 by the U.S Environmental Protection Agency (EPA) forced the marine industry to switch 
to EAL’s for use in applications at the air/water interface.  EAL’s are defined in the VGP as “lubricants that are 
biodegradable and minimally-toxic and are not bioaccumulative” [1] 

The first generation of these EALs were fraught with fluid performance issues being based largely on unsaturated 
natural esters obtained from triglycerides of vegetable oils.  This gave significant limitations to their use due to 
them having a fixed molecular structure defined by the source of the oil and often showed a low resistance to 
oxidation, poor cold flow behaviour and hydrolytic instability.  Developments in ester technology and 
understanding has led to subsequent fluid generations which equal their mineral rivals in certain applications. 
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Converting the natural oils and fats into synthetic esters allows for greater control of the final performance 
properties and enhanced additive customization.  Today, many ester companies utilise oleochemical esters of fatty 
acids such as diesters, polyol esters and complex esters, from which the source of the fatty acid can come from 
bio-based cultures including sunflower, rapeseed and more exotic sources including coconut and palm.  Synthetic 
esters impart superior properties compared with natural esters and their uptake into industrial fluids has been 
increasing over the past 5 years.  However, the infiltration into the wider market outside of regulatory mandated 
applications has stalled due to the higher price point for ester-based fluids which is dominated by the fluctuations 
in the raw material cost of the fatty acid.  Significant volatility in this market has led to a higher price point for 
ester-based fluids which struggle to match the low cost of mineral counterparts.  

Over recent years there has been a significant rise of legislation requiring the mandatory use of EALs and a rise in 
listings and certification of sustainable products.  Coupled with the release of the UN Sustainability Development 
Goals (SDGs) in 2015 consumers are increasingly challenging all aspects of the supply chain to seek improvements 
in the reduction of their carbon footprint.  Biodegradable hydraulic fluids can assist with this by reducing the 
overall carbon footprint of hydraulic oils from cradle to grave, when produced from sustainable feedstocks and 
providing fluids which reduce the impact on the environment if accidentally released.  Furthermore, the fluids can 
be viewed as having the potential to provide in use benefits which can lead to avoided emissions when compared 
to mineral oils by exploiting potential efficiency improvements, ideas of which are discussed in this paper.  While 
carbon footprint is the sum of Greenhouse gas (GHG) emissions and removals during the life cycle of the product, 
the use of the product can avoid or reduce emissions, when compared to a reference lubricant. Examples of the 
latter for a lubricant product could be comparably longer oil drain intervals or energy savings through more 
efficient pumping of lubricant movement.  

Increasing environmental legislation and a continued focus on sustainability by consumers, will result in the 
demand for more sustainable fluids growing. 

This paper looks to explore the potential of esters to avoid emissions by reducing pumping losses within a hydraulic 
system by reducing the coefficient of friction.  Pump losses can be split into two areas: Volumetric losses and 
Hydrodynamic losses.  This paper focusses on the latter. 

The coefficient of friction can be used as a measure to determine the frictional force or interaction between two 
surfaces.  In this case metal casing of the hydraulic system and the fluid within it as well as interactions between 
the fluid particles themselves.  As the coefficient of friction increases, more energy is required to overcome the 
interaction between the two surfaces, often referred to as pumping losses as this is energy used to transport the 
fluid around the system which is not going directly into converting the mechanical force into hydraulic power. It 
can also be referred to as hydromechanical efficiency.  By reducing the coefficient of friction in the fluid, the 
hydromechanical efficiency is increase as less energy is wasted though friction losses in the movement of the fluid.  
Hydromechanical efficiency can be improved by reducing the viscosity of the fluid, however, just reducing the 
viscosity results in a lower film thickness which can result in increased wear if the film is not thick enough to keep 
the moving parts of the separated. Thus a balance is required.  

This paper explores 3 different frictional measurements and compares a variety of ester base fluids and fully 
formulated hydraulic fluids.  Two different regions of the Stribeck curve are explored: the hydrodynamic regions, 
by use of an MTM, where the hydromechanical losses are most significant; and at the boundary region using SRV 
and EHD data to look at the effect on the film thickness.  The paper further explores what carbon footprints may 
look like for different esters, and how this along with avoided emissions can help companies towards there 
sustainability goals.  
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2 Base Fluids for Hydraulics 

Conventional hydraulic fluids are made utilising mineral oil from the fractional distillation process of crude 
extracts.  The American Petroleum Institute (API) classifies base fluids into five different categories– Group I, II, 
III, IV and V [2]. Typically group I, II and III, which differentiates the level of processing of the fluid from 
distillation through solvent extraction and dewaxing.  With each class of base oil, a varying carbon footprint is 
observed.  Esters fall into Group V, which is a catch-all group which contains all other base groups types which 
do not fit into groups I, II, III or IV. 

Esters are made by reacting or esterifying fatty acids with alcohols.  To optimise yield and accelerate the forward 
esterification process, high temperatures and catalysts are often employed combined with the removal of water. 

 

𝑅𝑅′𝑂𝑂𝑂𝑂 + 𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂 ↔ 𝑅𝑅𝑂𝑂𝑂𝑂𝑅𝑅′ + 𝑂𝑂20…(1) 

There are 3 types of esters available.  Natural oils and fats, petrochemical ester and synthetic oleochemical esters.  
Use of natural esters is limited due to the high degree of unsaturation and availability of thicker viscosity grades.  
Synthetic oleochemical esters follow the same esterification process above, however, the fatty acid utilised is 
derived from vegetable sources. Therefore, both natural esters and synthetic oleochemical esters contain biogenic 
carbon, so carbon derived from biomass. Utilising the low volatility of lubricant esters allows for higher 
temperatures in the esterification process alongside use of a catalyst.  These are later removed by washing 
processes and solid impurities by filtration.   

Petrochemical esters are also made using the same procedure, however as they do not contain biogenic carbon they 
shall not be focussed on here.  

 

2.1 Biodegradable Fluids 

 

Biodegradability is the measure of the breakdown of a chemical or chemical mixture by microorganisms.  In 
lubricants there are multiple tests available for which the breakdown of the lubricants is monitored on addition of 
inoculum by Infra-red (IR), CO2 evolution or oxygen uptake. Widely recognised by ecolabel schemes is the 
standard developed by the Organisation for Economic Cooperation and Development , OECD 301 [3].  The 
guidelines set out 6 different tests which screen chemicals for readily biodegradability in an aerobic aqueous 
medium.  The series of tests details the solution or suspension of a test substance in a mineral medium which in 
inoculated and incubated under aerobic conditions in the dark or diffuse light.  The degradation of the testing 
material is followed by changes to the Dissolved Organic Carbon (DOC), production of CO2, or monitoring the 
uptake of oxygen.  The test lasts for 28 days after which a report is published detailing the conclusion of the test.  
To be readily biodegradable, either 70% removal of DOC and/or 60% Theoretical Oxygen Demand (ThOD) or 
Theoretical Carbon Dioxide production (ThCO2) must be obtained.   Due to the low solubility of lubricants in 
water, OECD 301B or OECD 301F are the most commonly utilised methods and recognised by both the VGP and 
EU Ecolabel [4].   

OECD 301B differentiates base oils type and cuts with the majority of traditional mineral oils failing the 60% limit 
within the timeframe of 28 days.  Some lighter base oil cuts are able to pass but their limitations in terms of 
viscosity and volatility exclude them from wider use in hydraulic fluids.  Esters also vary in performance with data 
provided by Battersby et al indicating that molecular architecture is important in ester selection to ensure rapid 
degradation is possible [5]. The biodegradability of a chemical is therefore influenced by the chemical structure, 
molecular weight, and molecular weight distribution.   Chemical bond strength, interactive forces and importantly 
hindrance of the central ether group and the block of the pathway of the normal biodegradative pathway of β-
oxidation to be critical [6].However, esters are biodegradable regardless of the source, thus both petroleum and 
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bio-based esters are equally biodegradable if the molecular architecture is identical.  For a holistic sustainable 
fluid, it is therefore important to think about the whole lifecycle of the product- from cradle to grave.   

When considering the end-of-life aspect of the fluid, a biodegradable ester can be beneficial when compared to 
mineral oils as its persistence within the environment is lower as it will rapidly breakdown into carbon dioxide, 
water, biomass and mineral salts.  This reduces the potential impact it will have on ecosystems and potential 
exposure of an organism, reducing the risk of bioaccumulation.  Together with toxicity tests, the assessment of 
biodegradability can help understand the affect of a chemical on the environment and of its potential release.  This 
is particularly relevant when the fluid is in contact with water.  A sustainable fluid should strive to have the lowest 
impact on the environment throughout the entire lifecycle therefore, biodegradable esters can provide a strategic 
option for the future for companies wishing to achieve their sustainability goals. 

The source of the ester will be discussed in Section 4. 

3 Experimental Base Oil Performance Data 

3.1 Frictional Performance -MTM 

A Mini-Traction Machine (MTM) was used to assess the frictional performance of bio-ester based products 
compared to their mineral oil counterparts at 40, 60, and 80 degrees Celsius.  In an MTM a lubricated steel ball 
and disc are rubbed together in a mixed sliding/rolling regime under controlled load and temperature while the 
friction was monitored.  For the work enclosed herein, a load of 45 N was selected with a slide/roll ration of 5 %.  
A ¾ inch steel ball was loaded against the face of the disc and the ball and disc were driven independently to create 
a mixed rolling/sliding contact.  The frictional force between the ball and disc was measured by a force transducer 
and the rolling speed varied over a range of 10 to 10000 mm/s.  The profiles were run 3 times and an average of 
the three runs taken and plotted below, see Figure 1These conditions were chosen to recreate a hydrodynamic 
lubricant regime for which the base oil is the key element in differentiation.  In the hydrodynamic regime, a large 
film separates the rubbing surfaces, thus there is no frictional loss due to mechanical interactions between metal 
surfaces.  Instead, all frictional forces are coming from the fluid properties, primarily the fluid viscometrics and 
inter-fluid interactions.   Properties for the fluids can be found in Table 1 

Figure 1 shows that at higher rolling speeds (>800 mm/s2), the saturated ester shows reduced friction compared 
to a mineral oil at all temperatures tested.  This difference is particularly evident when comparing to a Grp II 
base oil.  At lower rolling speeds and low temperatures, the saturated ester is comparable to the Grp III base oil.  
As the temperatures is increased, the ester shows a higher coefficient of friction, but this is still lower than the 
Grp II base oil. 

 Density (g/cm3) KV40 (cSt) KV100 (cSt) VI (-) Biodegradability 
(OECD 301B, 28 

days) 

Group II Base oil 0.825 42 6.4 101 <60% 

Group III Base Oil 0.879 44 7.6 140 <60% 

Saturated Ester 0.973 46 8.3 150 >60% 

Grp II Hydraulic fluid  0.856 46 6.8 105 <60% 

Grp III Hydraulic Fluid 0.857 46 7.1 110 <60% 

Unsaturated ester based Hydraulic 
Fluid 

0.921 46 9.41 188 60% 

Saturated Ester based Hydraulic 
Fluid 

0.972 46 8.0 145 >60% 

Table 1: Properties of fluids tested on MTM   
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Figure 1:MTM data showing frictional performance of a saturated ester and mineral base oils 

 

0.00

0.02

0.04

0.06

0.08

0.10

10 100 1000 10000

Co
ef

fic
ie

nt
 o

f F
ric

tio
n

Rolling Speed (mm/s)

MTM - 80°C, 45N, SRR = 5%

Group II Base Oil (ISO 46)

Group III Base Oil (ISO 46)

Saturated Ester (ISO 46)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

10 100 1000 10000

Co
ef

fic
ie

nt
 o

f F
ric

tio
n

Rolling Speed (mm/s)

MTM - 60°C, 45N, SRR = 5%

Group II Base Oil (ISO 46)

Group III Base Oil (ISO 46)

Saturated Ester (ISO 46)

0.00

0.02

0.04

0.06

0.08

0.10

10 100 1000 10000

Co
ef

fic
ie

nt
 o

f F
ric

tio
n

Rolling Speed (mm/s)

MTM  40°C, 45N, SRR = 5%

Group II Base Oil (ISO 46)

Group III Base Oil (ISO 46)

Saturated Ester (ISO 46)

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

749



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

A similar trend is observed when looking at the finished lubricants.  In addition to a saturated product, an 
unsaturated based formulation was also tested, see Figure 2.   

 

  

 

 

Figure 2:MTM data showing frictional performance of fully formulated hydraulic fluids and their respective base 
stocks 
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the metals surface.  It is currently believed that these amphiphilic molecules self-assemble on the polar solid 
surface, forming vertically orientated, closed packed- monolayers.  These reduce the friction by creating an easy 
slip between the resultant opposing methyl end groups.  The model first described by Langmuir in 1920, looked 
at the formation of a monolayer of oleic acid on glass [7] whilst in 1922, Hardy experimented with fatty acids and 
alcohols which produced progressively lower friction as their chain length was increased [8].   The films have been 
tested by Atomic force microscopy (AFM) and are found to be strong enough to oppose applied pressures due to 
the cumulation of van der Waals forces between the methyl groups on the close packed alkyl chain.  Additional, 
more recent studies have also looked at the effect of organic friction modifiers in the full film hydrodynamic 
region, where the researchers also found the fluid slip reduced the hydrodynamic friction region was also apparent 
due to the opposing methyl end groups [9] [10].  Therefore, esters have the potential to bring a benefit of reduced 
friction in the boundary regime and the hydrodynamic region, resulting in the potential for energy efficiency 
savings. 

Figure 2 further indicates that ester choice can influence the coefficient of friction, the data indicating that in this 
case the unsaturated ester showed marginally reduced friction when compared with its saturated equivalent.  This 
is in contrast to previous studies, where solutions of steric, oleic and elaidic acid solutions have been studied in 
hexadecane using a ball on disk apparatus [11].  Previous work indicated that the linear configuration of 
unsaturated esters allows for a close-pack arrangement of ion on the surface versus a less densely packed structure 
with oleic and elaidic acid.  Contrary to previous work, the fully formulated products tested herein contained 
commercially available esters where although a significant difference between the two fluids was unsaturation, on 
deeper probing, the esters had different fatty acid chain lengths, with the unsaturated ester have longer chains than 
the saturated.  Thus, using the findings described by Hardy et al, this would indicate that in this case the chain 
length of the fatty acid was the differentiating factor as supposed to the topography of the chain.  

Overall, the work can be summarised that by utilising the correct ester base stock, frictional losses can be decreased 
within the hydraulic system by reducing the pumping losses.  This is evident not only in the hydrodynamic region, 
where a lower coefficient of friction is used, but also in the boundary region where the ester chains allow for easier 
sliding of the fluid.  Utilising esters in the lubricant formulation, can therefore help enable additional efficiency 
improvements, when compared to counterparts formulated with mineral oil. Such efficiency improvements could 
lead to additional avoided emissions during the use of the product in comparison to a mineral oil based reference 
solution.   

 

Additives can also be shown to have an effect under the conditions shown at lower rolling speeds and higher 
temperatures (Figure 3).  Although not plotted here, this relationship is evident for base oil types.  At higher 
temperatures and slower rolling speeds, the viscosity of the base fluids is thinner resulting in a lower film thickness 
between the ball and disc.  Thus, the fluid is moving from hydrodynamic regime through mixed and into boundary 
lubricant regime.  Under these conditions, the choices of antiwear and friction modifiers in the additive package 
are crucial in controlling the wear and ensuring the lubrication of the moving metal parts.  The polarity of the ester 
can itself cause the EP to be less effective with competition for the metal surface, therefore careful selection and 
treat rate are required to create an effective lubricant.  

Evermore challenging is balancing these requirements with the additional restrictions of an EAL fluid. Careful 
selection of components has to be undertaken to ensure they are non-toxic, non-bioaccumulative and 
biodegradable.  In some cases, ecolabels allow for limited use on non-biodegradable species, however recent 
specification changes continue to challenge this area which limits the formulation toolbox further.  It is important 
to remember a balance should be had between desired eco-properties and the lifetime or drain interval of the fluid.  
Pushing the formulation toolbox too tight could have an undesired effect of reducing the oil drain interval of the 
fluids thus creating more waste and increase the demand for these natural resources for the bio-based feedstocks 
many of which already suffer from unpredictable yields.  The full lifecycle of the product must be taken into 
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account when formulating EAL fluids.  Furthermore, additivisation of the ester can be more complex due to the 
higher polarity of an ester, resulting in competition for the metal surface.   

 

  

 

 

Figure 3: Effect of additive on the coefficient of friction for an ester based hydraulic fluid 
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3.2 Film Thickness 

In most commercial hydraulic systems, the fluid moves between different regimes within the Stribeck curve, from 
hydrodynamic in the sump to boundary and mixed in the pump or gear regions.  Therefore, film thickness of the 
different fluids was explored to probe the affect of different esters and base fluids and their effectiveness in 
protecting metal surfaces under heavier loads and higher temperatures by providing a sufficient film between the 
metal surfaces.. 

The viscosity of a lubricant varies with temperature.  The Barus equation is well known by formulators to link the 
dynamic viscosity of a fluid (𝜂𝜂) to the pressure (P), enabling the ability to calculate film thickness.   

𝜂𝜂(𝑃𝑃) = 𝜂𝜂(0). exp (𝛼𝛼𝑃𝑃)    (2) 

The value of the pressure-viscosity coefficient (α) varies with temperature and for most lubricants, it is larger at 
lower temperatures.  This variation is particularly evident when comparing naphthenic types base oil with synthetic 
linear structures as see in PAO’s.  The pressure-viscosity performance of a lubricant can be estimated assuming a 
relationship between the viscosity pressure coefficient (α) and kinematic viscosity (𝑣𝑣 ) at atmospheric pressure 
using equation 2. 

𝛼𝛼 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣) + 𝑚𝑚    (3) 

where m and n are parameters obtained from the Institute for Machine elements and machine design (IME) 
database. 

Using this simplistic formula would indicate that an ester would give a lower pressure-viscosity coefficient than a 
mineral oil at a given temperature.   

 

Building upon this, oil film thickness hc, can be modelled using the Hamrock and Dowson equation for EHD point 
contact[12].  

ℎ𝑐𝑐
𝑅𝑅′ = 2.69 ( 𝑈𝑈𝜂𝜂0

𝐸𝐸′𝑅𝑅′)
0.67

(𝛼𝛼𝐸𝐸′)0.53 ( 𝑊𝑊
𝐸𝐸′𝑅𝑅′2)

−0.67
(1 − 0.61𝑒𝑒−0.73𝑘𝑘) (4) 

Where U is the entrapment speed, 𝜂𝜂0 the lubricant viscosity at atmospheric pressure, E’ the reduced modulus, R’ 
the reduced radius, W the applied load and K the ellipticity factor.  For the purposes of a sphere, k was assumed 
to be 1.03 where Rx is equal to Ry.  

The calculations predicted that as the entrapment speed increased, the film thickness would also increase as more 
fluid would be pulled into the space between the ball and disc.  As the temperature increase, the film thickness 
decreases.  The model predicted that the mineral oil formulation would give the thickest film at higher speeds at 
all temperatures tested, followed by the unsaturated ester, with the unsaturated ester given the thinnest film.  
Between the fluids, the model predicted that the mineral oil would give the thickest film, followed by the saturated 
ester and the unsaturated ester, however the difference between the two ester fluids was marginal at all temperature, 
with only a few nanometres separating the two fluids. 

To test this theory, the two ester-based hydraulic fluids and one mineral oil were tested in the EHD2 Ultra Thin 
Film Measurement System which measures film thickness under a load of 50 N at three different temperatures (40, 
60, and 80 °C) over a rolling speed range of 30-2500 mm/s using a steel ball on glass plate, see Figure 4.  All three 
fluids has the same ISO VG grade of 46. The EHD use optical interferometry to measure the film forming 
properties of lubricants. A load is applied to a steel ball which is in contact with a rotating spacer layer disc which 
is coated in a semi-reflective layer of Chromium and silica.  The contact between the ball and disc is illuminated 
by a white light source which is directed down a microscope through the disc onto a contact.  Part of the light is 
reflected by the Chromium layer, and part travels through the silica layer and the fluid film.  Recombing the two 
pathways, an inference image is formed which is passed into a spectrometer and high-resolution camera.  This 
image is then analysed by the software to obtain film thickness. After an initial mapping run, the rolling speed of 
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the plate was increased from 30 to 2500 mm/s and the average film thickness calculated.  Three ramps were 
undertaken and the average of the three ramps determined.   

 

   

 

 

Figure 4: EHD film thickness data for 3 formulations i) a mineral oil VI=105-, (ii) an unsaturated ester VI =188 - 
(iii) a saturated ester VI=145 – based hydraulic fluid over rolling speeds from 30-2500 mm/s 
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interesting as this was contrary to the predicted pattern in which the saturated ester gave a thicker film.  The actual 
film thickness was also lower than the predicted film thickness.   

The EHD data shown in Figure 4, indicates that as the temperature increases, the film thickness seen between the 
different types of base stock decreases, which was not predicted when modelling.    Therefore at 40°C, the mineral 
oil clearly outperforms the ester, however at 80°C, the difference between the film formation is minimal.  This can 
be explained by the differing viscosity index (VI) of the fluids.  The ester has an inherently high viscosity index 
(VI=145), which in this case is higher than the Grp II hydraulic fluid (VI=105).  Base oils and formulations with 
a higher VI are less affected by the difference in temperature, thus they maintain a better film thickness.   This 
resistance to temperatures is highly beneficial in the operation of the hydraulic pump with esters having a higher 
viscosity at higher temperature and in many cases a better viscosity at lower temperature particularly when coupled 
with an appropriate pour point.   Having a high VI also allows for the reduction in pumping losses in moving the 
fluid around the hydraulic system, thus resulting in a decrease in energy consumption.  Therefore, as long as the 
thickness of the film is greater than the gap between the metal parts, esters can bring energy savings to the customer 
and operators.   Another key benefit of a high VI base oil is the reduction or even omission of viscosity index 
improvers (VII) or viscosity modifiers (VMs). VII’s are polymeric molecules added to base oils to reduce the 
change in viscosity with temperature.  At low temperatures, the polymer chain contracts and does not impact the 
finished fluid viscosity.  However, at higher temperatures, the chain relaxes and unfurls resulting in an increase in 
the viscosity by providing thickening behaviour.  However, the use of VII’s do have some drawbacks, with 
shearing and deposits being the primary disadvantages[13].   Furthermore, the use of VIIs can be limited in EALs 
due to their biodegradability potential being limited.  Therefore, esters, when selected wisely can bring benefits to 
both pumping losses and a reduction in deposits when compared to mineral oils due to their inherently high VI. 

  

3.3 Frictional Performance- SRV 

An SRV was used to measure the physical interaction between a lubricant, a ball and reciprocating disk.  The 
conditions used were designed to mimic low movement at a defined pressure and mimicked pure sliding conditions 
(100N, 50 Hz, 300 µm, 40 degC).  In an SRV, the upper specimen oscillates in a linear motion at a defined 
frequency, stroke length and load over the lower stationary specimen.  Both the coefficient of friction and the wear 
scar can be used to determine the properties of the lubricant.  Unlike the MTM, the SRV uses only a very small 
amount of lubricant in the contact areas (0.3 ml), thus the conditions are forcing boundary conditions between the 
contact points. This is deigned to mimic challenging areas of the hydraulic pump where lubrication from the oil is 
minimal. 

Fully formulated ester based hydraulic fluids of ISO 46 grade were selected, and the wear mark, roughness and 
friction were compared (Figure 5).  Under these conditions, the fluids can be differentiated on their performance 
in the challenging regime.   

 KV40 
(cSt) 

KV100 
(cSt) 

VI (-) Biodegradability 
(OECD 301B, 

28 days) 

Unsaturated TMP ester  47.2 9.41 188 >60% 

Saturated Ester-1  44.7 8.04 145 >60% 

Saturated Ester-2 40.8 8.52 161 >60% 

Saturated Ester-3 45.8 8.50 165 >60% 

Saturated Ester-4 48.1 8.41 152 >60% 

Table 2: Physical  properties for SRV fluids  
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Figure 5: SRV data showing measurement on y1) of wear scar on the ball and plate and y2) the maximum 
coefficient of friction within 300 s for a selection of esters 

 

Analysing the data indicated that in the boundary region, the VI of the ester did not correlate to the wear scar, nor 
the degree of unsaturation. This highlights where predictive models based on viscosity alone, are not detailed 
enough to differentiate between molecular topographies of ester.  However, it is believed that further study could 
enable the model to be refined for specific use in this area and allow for the better prediction of performance under 
varying loads, temperatures and pressures.  Low movement environments have been shown to be challenging for 
the creation of a film with many organic friction modifiers, in which esters can be included, require a degree of 
rubbing to activate initiation.  This was observed in optical interferometry studies undertaken by Nakana, Spikes 
and Campen and also slow speed ball on disk frictional test [14] [15]. Other possible theories are that the rubbing 
accelerates the adsorption by forcing convection or that rubbing helps in the ordering of the film [16].  Similarly, 
additives can help to reduce the wear scar on the ball and plate however, their influence is limited by the treat, 
activation, polarity and chemical toxicity for EAL type fluids.  

 

4 Carbon Footprint Quantification 

To ensure a robust methodology has been applied during the quantification of the carbon footprint of the ester 
based product, applicable international standards should be followed. The use of the international standard of 
ISO14040:2006 for life cycle assessment [17] is well established and if product level calculations are desired, 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0

0.0005

0.001

0.0015

0.002

0.0025

Unsaturated
TMP ester

Saturated ester-1Saturated ester-2Saturated ester-3Saturated ester-4

W
ea

r s
ca

r/
 m

m
3

Wear Plate

Wear Ball

Max coefficient
of friction in 300
Sec

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

756



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

ISO14067:2018 would be an applicable standard to select [18].  For additional credibility, figures generate using 
these standards should be independently verified by a 3rd party.   

For an oleochemical ester base stock, many aspects that influence the components carbon footprint can be outside 
a company’s control and understanding.  In many cases, the data is not readily available at this time, thus models 
and assumptions are required to be used until further studies and systematic collection of primary data can take 
place. One example of this challenge is highlighted below. 

4.1 Bio-Based Ester Base Stock 

In assessing the difference in carbon footprints between bio-based esters, both the fatty acid, as derived from 
different oils, and the alcohol portion should be considered.  Utilising data from a recognized LCA database, the 
fatty acids derived from different oils can be ranked accordingly based on their carbon footprint from cradle-to-
gate which includes the following: growing of the crop, transport to a plant, and extraction of the oil and hydrolysis 
to form the fatty acid in preparation for the esterification process [19].  
However, as Figure 6 shows, the biomaterial used to produce the feedstock has a strong influence on the carbon 
footprint of the bio-based fatty acids. It should be noted that different available database can be shown to have 
differing values for the same materials depending on how the data was generated and assumptions taken. 
Therefore, transparent documentation of data sources used is important when estimating the carbon footprint.  

Additionally, the sustainable sourcing of fatty acids is crucial in driving a more positive outcome on the resultant 
carbon footprint.  More specifically, for the example of palm kernel oil (PKO) Figure 6 shows the carbon 
footprint with the estimations around land use change (LUC) removed.  While it is critical that LUC is correctly 
reflected in the dataset used for the carbon footprint calculation, the data is shown this way to highlight the 
strong influence this parameter has on the overall figure, representing more than 75% of the total contribution.  
The white paper by Reinhard et al. outlines [20] both the model and assumptions used to estimate the LUC 
influence for a variety of datasets including for PKO, by considering a time horizon of 20 years.  The LUC 
model used draws on average data by country from public sources like the Food and Agriculture Organization of 
the United Nations (FAOSTAT), and this average approach therefore might not reflect sustainable farming 
practices used to grow the feedstock used for a particular fatty acid source.  To improve the carbon footprint, not 
only should the biomaterial be sustainably grown, but suppliers should aim to provide the required data to ensure 
that the sustainable practices are fully represented in the emission factor used for the carbon footprint 
assessment.  

An additional aspect highlighted in Figure 6, is the biogenic credit carried by the fatty acid, which becomes 
incorporated in the synthetic oleochemical esters. The biogenic credit has been calculated for the oils from different 
sources based on their respective fatty acid compositions [21, 22]. When the raw materials for the fatty acids are 
generated, CO2 is sequestered by plants from the atmosphere using photosynthesis and trapped in the resulting 
biomass. This biogenic credit is important to consider during the end-of-life phase of the lubricant, where e.g. 
biodegradation can release the carbon as CO2 that had previously been sequestered, and as a result lower the net 
contribution of the end-of-life phase to the cradle-to-grave carbon footprint.   

Overall Figure 6 illustrates that the benefits of the biogenic content of such materials can be outweighed by 
emission contributions from LUC to the raw materials, when the biomass is not produced in a sustainable manner. 
Therefore, to have a more favourable cradle-to-grave carbon footprint, it is important to ensure that the biomass 
has been produced in a sustainable manner and that the data is made available to reflect this fact in the estimations.  
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Figure 6: Example of the carbon intensity of fatty acids and their biogenic carbon content. Striped, blue datapoint 
indicated palm kernel oil with LUC estimation removed. Figures calculated from GHG intensity data [18, 

19] and published fatty acid compositions [21, 22]. 

The second component in the bio-based esters, besides the already discussed fatty acid, is the alcohol, which must 
also be considered in the carbon footprint calculation.  An example for an alcohol typically used in synthetic 
oleochemical esters is that of trimethyl propane (TMP).  TMP can be produced from the reaction of propylene and 
methanol in the presence of natural gas. The biogenic content of the final ester can therefore be further increased, 
if the raw materials for the alcohol production are bio-derived, e.g. by replacing fossil derived natural gas with 
renewable natural gas in the synthesis pathway.  Similar to the fatty acid, the biogenic credit carried by the alcohol, 
would lower the net contribution of the end-of-life phase to the cradle-to-grave carbon footprint of the ester based 
lubricant. With both the raw materials GHG intensities determined, the final step to arrive at a cradle-to-gate 
(production gate) carbon footprint, would be to estimate the carbon intensity of the esterification process itself by 
e.g. using data from a LCA database. [23]   

4.2 Cradle-to-Grave Carbon Footprint of Lubricant  

While the contribution from the bio-based ester base stock to the raw materials and the biogenic credit contribution 
to the end-of-life phase is significant, additional parameters need to be considered to calculate the cradle-to-grave 
carbon footprint for a lubricant that incorporates such a bio-based ester. For the calculation of the cradle-to-grave 
carbon footprint all stages in the lifecycle need to be considered, which would include: the raw materials, the 
production, the packaging, logistics, the loss in use, and the end of life of the lubricant. Similar to many lubricants, 
hydraulic oils have a significant contribution to the carbon footprint from the raw materials utilised in the fluid.  
For calculation purposes, the lubricant is broken down into its consistent components as per the given formulation.  
Emission factors are assigned for each component – e.g. additives and base oils and a mass fraction weighted 
contribution due to raw materials is calculated. To complete the picture the emission at the blending plant needs 
to be added, as well as those from distributing the product to customers. Any packaging materials used should also 
be included on a cradle-to-grave basis – so from their respective raw materials until end-of-life is reached. Finally, 
losses during the use phase and the fate of the lubricant at end-of-life needs to be considered to estimate the 
contribution to the overall emissions – e.g. CO2 released as a material bio-degrades. Summing all contributions 
along the life cycle up, provides the cradle-to-grave carbon footprint which can be expressed on a kg CO2 
equivalent per kg of lubricant basis.  
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Switching to a bio-based ester base stock, when sustainably sourced, can therefore impact the cradle-to-grave 
carbon footprint both at the raw materials stage, and the end-of life phase, by carrying a biogenic credit.. Is should 
be noted, as different data sources and methodologies can be used in cradle-to-grave carbon footprint estimations, 
great care should be taken to understand underlying approaches, when aiming to compare products from different 
manufacturers, to ensure a like-for-like comparison is made.    

The carbon footprint of the hydraulic fluid on mass or volume basis, might not tell the complete sustainability 
story.  Other factors could be considered such as the lifetime of the fluid or drain interval and or the ability to reuse 
or recycle the product without complete reprocessing. These are other factors to be considered when selecting a 
fluid and could be included in the carbon footprint assessment.  Taking a broader view on impact categories beyond 
global warming, could also lead to a more complete sustainability picture.  Therefore, ester-based fluids can be 
considered as one option for consumers as an approach towards improving a more sustainable future. 

5 Summary and Conclusion 

Sustainability is a simple word which hides complex thoughts and processes.  Advancements in lubricants have 
the potential to reduce emissions and save on overall costs.  As shown herein, use of an ester can reduce the 
pumping cost in a hydraulic system by reducing the coefficient of friction compared to a mineral oil potentially 
liberating energy savings, which could result in additional avoided emissions compared to a mineral oil based 
reference solution.  A bio-based ester can also reduce carbon emissions if from a sustainable source and reduce 
the reliance on hydrocarbons moving towards a more sustainable future.  Biodegradable oils can also have the 
benefit of being less harmful to plants and animals especially if denoted as EAL which has limits and standards in 
relation to toxicity, bioaccumulation as well as biodegradability.    

The base oil for the hydraulic fluid is key in upholding these ideas, with differences shown in calculation of the 
carbon intensity of the raw materials and also where it impacts the final fluid itself.  Ester performance can vary, 
and the data herein has shown how the length and packing ability of the carbon chains can affect the coefficient of 
friction with closer packed, longer chains having the greatest reduction.  The EHD and SRV data also indicated 
that the formulator should be aware of the reduced pressure-viscosity coefficient with esters ensuring the finished 
fluid is balanced with suitable additives to ensure that in the boundary regime, the protection is in place to 
compensate for the lower film thicknesses.   

Overall EAL and biobased ester fluids have the potential to be a key lever in the future for business to achieve 
their sustainability goals in particular when integrated with changes which avoid, and reduce the carbon footprint 
of the overall operation. 
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Hydrogen as fuel plays a major role in decarbonization of heavy and ultra-heavy duty mobile applications. The  
energy density of hydrogen and the possibility to quick refuel large amount of hydrogen and, therefore, large 
amount of energy within a short period of time are the main reasons why hydrogen is a key solution within that 
specific field of use. In the presented paper main challenges for hydrogen storage systems are presented. A strategy 
how to cope with these challenges is elaborated and applied to an ultra-heavy duty real world storage system.  

Keywords: Hydrogen, Alternative fuel, Fuel cell, Joule-Thomson coefficient, System simulation, Fuel supply, 
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1 Introduction 

In March 2021, the then minister president of the German state of North Rhine-Westphalia called for Germany to 
become the world's number one hydrogen country [1]. This national declaration of intent reflects a global trend: 
while the bulk of the world's hydrogen output is still used for the production of ammonia (mostly fertilisers) and 
in fuel refining, its use as an emission-free fuel has moved into the focus of cutting-edge research and industry. 
Regardless of whether it is so-called “green” (i.e. produced with renewable energies) or conventionally produced 
hydrogen – there are always some special features to be taken into account when using H2 as a fuel. Carrying larger 
quantities of hydrogen in vehicles without temperature regulation equipment requires hydrogen to be stored in 
high-pressure tanks. Due to these high pressures, hydrogen does not behave like so-called ideal gases at all. The 
prominent non-ideal behaviour of hydrogen can cause some unforeseen phenomena to occur in the actual system 
if they are not properly accounted for during the design phase. 

One of the problems arising from this circumstance is the heating up of hydrogen due to pressure drops at 
resistances (e.g. valves). This is a particular issue for mobile applications since the efficiency of fuel cells drops 
significantly if the hydrogen they receive is too hot. The temperature rise due to throttling is also a technical barrier 
when the speed at which hydrogen can be transferred from a reservoir to a vehicle tank is to be increased: If the 
hydrogen entering the vehicle’s tank is already preheated due to throttling, the additional temperature rise within 
the tank due to compression may exceed temperature thresholds of the thermoplastic diffusion barrier (“liner”) or 
the CFRP matrix of the pressure vessel. This could lead to reduced life time, increased permeation or leakage of 
the vessel. Hence, the maximum mass flow rate and thus the required time for refuelling a hydrogen tank is 
determined by the fluid’s temperature rise. Another problem in the context of real gas properties of hydrogen is 
the determination of the tank content: At the pressure levels typically encountered, a hydrogen tank contains 
significantly less gas than an estimation based on ideal gas behaviour would suggest. 

The present work aims to raise awareness of the above-mentioned problems within the fluid-power engineering 
community. For this purpose, the essential phenomenological differences between ideal and real gases are 
elaborated. By introducing the Joule-Thomson coefficient, it is explained why real gases experience a temperature 
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change at flow restrictions and why this effect does not occur for ideal gases at all. It is also shown why the actual 
amount of hydrogen stored in a pressurised fuel tank is smaller than the theoretically expected amount. 

The practical significance of these phenomena for real hydrogen fuel systems is demonstrated by simulating two 
real-world examples with the fluid-power analysis software suite DSHplus. The examination of the temperature 
changes after passing a pressure regulator and the analysis of the filling of a hydrogen tank system illustrate how 
engineers profit from taking real gas effects into account during the design phase of hydrogen fuel systems. The 
higher level of detail in the simulation enables the development of measures such that tanks can be filled faster 
and fuel cells can be operated at a higher efficiency. 

Finally, values and equations are provided which can be used for rough estimation of the key real gas effects of 
hydrogen fuel supply systems. The presented material enables the design engineer to judge whether hydrogen 
needs to be modelled as a real gas for a particular application. 

Currently there are two possible ways to use hydrogen as fuel in heavy duty applications: Fuel cell (FC) and inner 
combustion engine (ICE). In both applications the storage system consists typically of type 4 vessels connected 
with valves and pipework leading to a pressure regulator, wherein the tank pressure of 350 bar or 700 bar is reduced 
down to about 10 bar for a FC application or 30 bar for an ICE application. The technical challenges arising from 
such a system architecture are the following: 

1) Fuelling the storage system results in a temperature increase in the type 4 vessels. The quicker the fuelling 
the higher the temperature. If a certain temperature threshold is exceeded the vessels can be damaged 
leading to hydrogen leakage or even a vessel disintegration. 

2) Defueling the storage system i.e., providing hydrogen to FC or ICE causes the temperature in the tanks 
to drop below a threshold which can also damage the vessel. 

3) Dynamic interaction between either FC or ICE and the storage system may lead to unexpected high or 
low pressure at the FC or ICE due to fluidic oscillation within the system.  

4) Hydrogen at pressure levels of up to 1000bar and the given temperature ranges (-40°C - 85°C) cannot be 
modelled as ideal gas. 

5) Calculating a hydrogen storage system “by hand” is rather difficult since in comparison to a diesel tank 
it consists of multiple vessels with multiple valves and pipes. 

The paper is structured as follows to present how to tackle with the challenges listed above: In the second section 
the thermodynamic background of hydrogen modelling is provided, and a juxtaposition of real and ideal gas is 
presented. In the third section a system simulation approach by DSHplus is depicted to emphasize how a complex 
multi-component hydrogen system can be calculated. Section four presents a simple system simulation mainly 
consisting of a vessel to validate the chosen approach which is validated with experimental results. In section five 
a real defueling and fuelling process of an Ultra Heavy-Duty application is simulated and compared to test results. 
A conclusion and a brief outlook of the paper are given in chapter six. 

 

2 Thermodynamic Background 

Since most of the problems outlined above arise from thermodynamic phenomena, the underlying fundamentals 
are briefly reviewed. First, the thermodynamic concept of the thermal equation of state is discussed. 

2.1 Thermal Equation of State 

If the geometric volume of a tank is known, the mass of hydrogen contained within the vessel can be calculated 
based on the fluid’s density 𝜌𝜌. For a given medium, the relationship between density 𝜌𝜌, thermodynamic 
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temperature 𝑇𝑇 and pressure 𝑝𝑝 is given through a substance-specific function known as its thermal equation of state 
(EOS). 

2.1.1 EOS of an Ideal Gas 

The behaviour of many actual gases can be described with sufficient accuracy using the model of an ideal gas. An 
essential property of ideal gases is that the volume (“co-volume”) of the gas atoms (monatomic gases) or gas 
molecules (polyatomic gases, e.g., H2) is negligibly small compared to the volume occupied by the gas.  
Furthermore, it is assumed that there are no attracting intermolecular forces between the gas atoms/molecules. It 
can be shown that such a gas obeys the following EOS: 

𝜌𝜌 = 𝑝𝑝
𝑅𝑅𝑇𝑇 (1) 

In the equation above, 𝑅𝑅 refers to the mass-specific gas constant of the respective gas (for hydrogen: 𝑅𝑅 = 4124 
J∙kg-1∙K-1). This simplified EOS is in good agreement with the behaviour of the actual gas under the following 
conditions [2]: 

• The pressure 𝑝𝑝 is significantly smaller than the critical pressure of the gas (for hydrogen: 𝑝𝑝crit = 13 bar)  

• The temperature 𝑇𝑇 is significantly larger than the critical temperature of the gas (for hydrogen: 
𝑇𝑇crit = −239.95 °C) 

2.1.2 Compressibility Factor 

Even though the model of an ideal gas is useful for many applications (e.g., aerodynamic analysis of commercial 
subsonic aircraft), its usability is limited for hydrogen supply systems since pressure levels considerably higher 
than the critical pressure are commonly encountered. Hence, one must resort to more complex EOS which consider 
the volume of the gas molecules and their interaction, so-called real gas effects. A simple and phenomenologically 
oriented approach is to use the compressibility factor (compression factor, gas deviation factor) Z which is defined 
as follows [2]: 

𝑍𝑍 = 𝑝𝑝
𝜌𝜌𝑅𝑅𝑇𝑇 (2) 

The compressibility factor can be interpreted as a measure by how much the thermal state of an actual gas deviates 
from what would be expected if it behaved like an ideal gas (i.e., the deviation from eq. 1). Hence, for an ideal 
gas, the compressibility factor is always equal to unity. For actual gases, the compressibility factor is a fluid-
specific function of two state variables, e.g., pressure and temperature. 

With respect to the tank filling problem outlined above, the inverse of the compressibility factor provides the ratio 
of the actual gas content 𝑚𝑚 and the content 𝑚𝑚id of its “ideal” counterpart at a given pressure and temperature level: 

1
𝑍𝑍 = 𝜌𝜌

𝜌𝜌id
= 𝑚𝑚
𝑚𝑚id

 (3) 

The mass ratio is plotted against the tank pressure level for three different temperatures in Figure 1. As can be 
seen, for a tank charged with 1000 bar and kept at ambient temperature, the mass ratio roughly equals 0.6. This 
value indicates that the hydrogen mass contained in the tank is less than 60 % of what would be expected based 
on the assumption of an ideal gas behaviour. Based on these results, the real-gas properties of hydrogen must be 
considered during a filling simulation in order to obtain reasonable results that reflect the real-world situation. 
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Figure 1: Ratio of actual and “ideal” mass of hydrogen contained in a tank as a function of pressure and 
temperature [3]. 

2.2 Isenthalpic Throttling Process 

Unlike in the case of liquid flow, pressure losses in gaseous media lead to strong changes in temperature and 
density: Often, a pronounced heating or cooling of the flowing medium can be observed at valves or other flow 
resistances. For many technical flows, the heat exchange between the fluid and the environment is negligible 
compared to the viscous losses at the resistive element. Such a situation corresponds to the thermodynamic concept 
of an isenthalpic steady flow, i.e., the mass-specific enthalpy ℎ of the fluid remains unchanged across the resistor. 
Based on this simplification, the temperature changes due to a pressure drop Δ𝑝𝑝 = 𝑝𝑝In − 𝑝𝑝Out > 0 can be 
calculated. 

2.2.1 Joule-Thomson Coefficient 

In thermodynamics, the ratio of temperature change d𝑇𝑇 to pressure change d𝑝𝑝 for isenthalpic flow is known as the 
Joule-Thomson coefficient 𝜇𝜇JT: 

(𝜕𝜕𝑇𝑇𝜕𝜕𝑝𝑝)ℎ
= 𝜇𝜇JT (4) 

The Joule-Thomson coefficient of a medium can be expressed in terms of its other thermophysical fluid properties 
[4]:  

𝜇𝜇JT =
1
𝜌𝜌𝑐𝑐𝑝𝑝

[1𝑣𝑣 (
𝜕𝜕𝑣𝑣
𝜕𝜕𝑇𝑇)𝑝𝑝

− 1] =
𝑇𝑇𝛾𝛾𝑝𝑝 − 1
𝜌𝜌𝑐𝑐𝑝𝑝

 (5) 

In the equation above, 𝛾𝛾𝑝𝑝 denotes the isobaric thermal expansion coefficient (relative change of volume per 
temperature change at constant pressure), whereas 𝑐𝑐𝑝𝑝 represents the mass-specific isobaric thermal capacity. Both 
quantities – as well as the density – depend on the pressure and temperature levels the medium is exposed to. 
Consequently, the Joule-Thomson coefficient is a function of these state variables as well, i.e., 𝜇𝜇JT = 𝜇𝜇JT(𝑝𝑝, 𝑇𝑇). 

2.2.2 Temperature Change 

If the Joule-Thomson coefficient is known, the temperature changes d𝑇𝑇 = 𝑇𝑇Out − 𝑇𝑇In due to a pressure drop Δ𝑝𝑝 
across a resistor can be calculated. Keeping in mind that a positive pressure drop Δ𝑝𝑝 = 𝑝𝑝In − 𝑝𝑝Out > 0 corresponds 
to a negative pressure change d𝑝𝑝 = 𝑝𝑝Out − 𝑝𝑝In < 0, one obtains the following relation: 
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𝑇𝑇Out = 𝑇𝑇In + 𝜇𝜇JT(𝑝𝑝Out − 𝑝𝑝In) = 𝑇𝑇In − 𝜇𝜇JTΔ𝑝𝑝 (6) 

Hence, for a medium with a positive Joule-Thomson coefficient, a pressure drop across a resistor cools the liquid, 
whereas a negative 𝜇𝜇JT would lead to a temperature rise. This phenomenon is known as the Joule-Thomson effect.  

For an ideal gas, the product of temperature and thermal expansion coefficient is always exactly equal to unity, 
i.e., the Joule-Thomson coefficient for such a medium is zero. In this case, the temperature rise due to dissipation 
is exactly countered by the temperature drop due to expansion. Consequently, a pressure drop across a resistance 
would not change the temperature of the flowing gas if its enthalpy were kept unchanged. 

Since the thermal expansion coefficient of actual gases is typically also of the order of 𝑇𝑇−1, the product 𝑇𝑇𝛾𝛾𝑝𝑝 is 
often close to unity as well. Hence, the sign of the Joule-Thomson coefficient may be subject to change, depending 
on the exact functional relationship 𝛾𝛾𝑝𝑝(𝑝𝑝, 𝑇𝑇). 

2.2.3 Joule-Thomson Effect in Hydrogen 

In order to estimate the strength and direction of the Joule-Thomson effect in hydrogen, the corresponding 
coefficient is plotted as a function of pressure and different temperature levels in Figure 2. It can be seen that the 
Joule-Thomson coefficient of hydrogen stored in high-pressure tanks is always negative. This implies that the flow 
through e.g., a pressure regulator in a hydrogen supply system will always lead to a temperature rise of the fluid. 
As a general trend, the heating up of hydrogen due to isenthalpic throttling gets stronger at higher pressures and 
higher temperatures – irrespective of the actual pressure drop. Only if the hydrogen is stored at very low 
temperatures and small pressures, a positive 𝜇𝜇JT (i.e., a cooling of the fluid) is experienced at resistances. 

 

Figure 2: Joule-Thomson coefficient of hydrogen as a function of pressure and temperature [3]. 

2.2.4 Consideration of Changes in Kinetic Energy 

Equation 6 can only be used for the calculation of the downstream temperature if the (mass-specific) kinetic energy 
𝑢𝑢2/2 of the flowing medium is negligible with respect to its enthalpy, i.e., the difference between its enthalpy ℎ 
and its total enthalpy ℎt = ℎ + 𝑢𝑢2/2 is small. If velocity changes are to be included, the temperature change is 
given as follows:  

𝑇𝑇Out = 𝑇𝑇In − 𝜇𝜇JTΔ𝑝𝑝 +
1
2𝑐𝑐𝑝𝑝

(𝑢𝑢In2 − 𝑢𝑢Out2 ) (7) 
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Thus, even a thermally perfect gas with 𝜇𝜇JT = 0 might undergo a noticeable temperature change in an isenthalpic 
flow across a resistor, if the downstream and upstream fluid velocities differ significantly. For real hydrogen, 
however, the temperature change arising from differing kinetic energies is typically negligible with respect to the 
Joule-Thomson effect due to its large thermal capacity of 𝑐𝑐𝑝𝑝 ≈ 14300 J∙kg-1∙K-1. 

2.3 Isentropic Compression 

When analysing the temperature rise during the charging of a hydrogen tank, the assumption of a lossless and 
adiabatic process provides a conservative estimate. A change of state where friction and heat transfer do not occur 
implies a constant entropy 𝑠𝑠, which is why such a process is referred to as isentropic. For isentropic compression 
(or expansion), the ratio of temperature change per pressure change is given by the following expression: 

(𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕)𝑠𝑠
=
𝜕𝜕𝛾𝛾𝑝𝑝
𝜌𝜌𝑐𝑐𝑝𝑝

= 𝜇𝜇JT +
1
𝜌𝜌𝑐𝑐𝑝𝑝

(8) 

As can be seen, the temperature rise due to isentropic compression can be expressed through the same 
thermophysical fluid properties like the Joule-Thomson coefficient. For a thermally perfect gas with constant 
thermal capacity, it can be shown that the expression above is only a function of the heat capacity ratio (ratio of 
specific heats) 𝜅𝜅 = 𝑐𝑐𝑝𝑝/𝑐𝑐𝑣𝑣 and the current values of temperature and pressure:  

(𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕)𝑠𝑠
= 𝜕𝜕
𝜕𝜕
𝜅𝜅 − 1
𝜅𝜅

(9) 

By separation of variables, this ODE for the temperature can be integrated with respect to pressure. If one denotes 
the state variables at the beginning of the compression (or expansion) with the index “Init”, the following 
expression is obtained: 

𝜕𝜕(𝜕𝜕) = 𝜕𝜕Init (
𝜕𝜕

𝜕𝜕Init
)
𝜅𝜅−1
𝜅𝜅 (10) 

However, for the practically relevant case of a real gas, the situation is not as straightforward. Even if – for sake 
of simplicity – a constant thermal capacity 𝑐𝑐𝑝𝑝 is assumed, a closed-form solution for the temperature development 
during isentropic compression cannot be derived since the density and the thermal expansion coefficient depend 
on the compressibility factor 𝑍𝑍 and its derivative:  

(𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕)𝑠𝑠
=
𝜕𝜕𝛾𝛾𝑝𝑝
𝜌𝜌𝑐𝑐𝑝𝑝

= 𝑅𝑅𝜕𝜕
𝜕𝜕𝑐𝑐𝑝𝑝

[𝑍𝑍 + 𝜕𝜕 (𝜕𝜕𝑍𝑍𝜕𝜕𝜕𝜕)𝑝𝑝
] (11) 

Hence, even for the simplified quasi-static analysis of real-gas phenomena, one must resort to numerical software 
in order to solve the relevant equations. If – as it is most often required – the transient behaviour (e.g., pipe 
vibrations) or the interaction (e.g., eat transfer) of the involved components should be considered as well, the use 
of sophisticated simulation tools such as DSHplus is mandatory. 

3 Simulation Environment DSHplus 

DSHplus is a simulation environment specialised in the dynamic, non-linear calculation of complex fluid-power 
systems and components. 

3.1 1D-CFD vs. 3D-CFD 

As a representative of the class of so-called 1D-CFD software, DSHplus closes the gap between lumped-parameter 
(“0D”) models and elaborate 3D-CFD simulation tools. 1D-CFD tools offer the advantage of easy model set-up 
and small computational effort while still providing high-quality results comparable to expensive and time-
consuming 3D-CFD simulations. Due to the reduced numerical complexity of 1D models, a design engineer can 
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analyse transient changes in the operation condition of a whole hydrogen supply system in just one simulation run 
on a standard desktop PC. 

3.2 Program Features 

To ease the model set-up for the user, DSHplus offers an extensive drag-and-drop library of pipes, valves, resistors, 
special components (e.g., tanks) and fluids. The most sophisticated pipe models solve the conservation equations 
of mass, momentum and energy efficiently by combining the Method of Characteristics with a Finite-Difference 
Scheme. The piping library covers the following physical effects and phenomena: 

• Joule-Thomson effect (temperature change due to isenthalpic throttling). 

• Dissipative heating of the fluid due to friction 

• Pressure- and temperature-dependent fluid properties based on an extensive fluid library 

• Steady and unsteady pipe friction (increase of pressure loss due to unsteady flow) 

• Convective heat transfer fluid → pipe → environment and vice versa 

• Compliant pipe walls and hoses which alter the effective fluid stiffness 

• Fluid-structure interaction (bending, torsion, longitudinal stress) 

The outlined features make DSHplus a popular choice for… 

• Verification of system function 

• Analysis of system dynamics 

• System revision and re-engineering 

• Component selection and design 

• Fault diagnosis 

• Training purposes 

The potential which simulation with DSHplus offers for the analysis of hydrogen supply systems is illustrated by 
practical examples.  

4 Practical Examples 

Two common engineering problems associated with hydrogen supply systems are examined by means of 
numerical simulation. A process which is of particular interest to design engineers in the field of hydrogen supply 
systems is the filling of tanks. 

4.1 Filling of a Hydrogen Tank 

Due to the thermal issues outlined above, the filling rate of a tank is limited by the temperature rise in the liner and 
CFRP layers. Simulating a filling process aids the design engineer in choosing a suitable tank filling strategy: If 
the simulation shows that the desired filling rate (i.e., refuelling time) would lead to unacceptable temperatures in 
the tank wall, potential mitigation strategies (e.g., precooling of the hydrogen) can directly be tested and evaluated 
in terms of their effectiveness. In order to perform the analysis, a simulation model must be set-up. 

4.1.1 DSHplus Simulation Model 

A suitable DSHplus simulation model to conduct such an investigation is depicted in Figure 3. 
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Figure 3: DSHplus simulation model for the analysis of the filling of a hydrogen tank. 

This minimal working example for the problem of tank wall heating consists of the following elements: 

• Component “Hydrogen” – This element provides the simulation model with the pressure- and 
temperature-dependent fluid properties of hydrogen. 

• Component “Environment” – This element provides the simulation model with the ambient temperature 
required for calculating the convective heat transfer between tank or pipe walls and the environment. 

• Boundary Component “Supply” – This element represents the hydrogen supply reservoir and provides 
the adjacent pipe with boundary conditions for pressure and temperature level. In our example, the 
respective values are directly read from a measurement data file. To reduce the impact of measurement 
imperfections, the pressure values read from the file are smoothed by using a first-order lag element 
(“PT1”). 

• Components “Pipe 1” and “Pipe 2”: These elements represent the piping system which connects the 
individual constituents of the hydrogen supply system. The pipes are characterised by their length, inner 
diameter, wall thickness and material properties. 

• Component “Resistor” – This element represents an adjustable valve. This component is used to expose 
the tank to the supply reservoir pressure or to cut it off it after the filling is completed. 

• Component “Signal Generator” – This element provides the resistor component with the current valve 
stroke (0 – 100 %). The valve stroke may be a function of time. 

• Component “Hydrogen Tank” – This element represents a hydrogen tank. The model of the hydrogen 
tank itself features several sub-components: 

o On-tank valve 

o Injector 

o Gaseous tank content 

o Liner layer 

o CFRP layer 

• Component “Demux” – This element enables the user to access internal variables of the tank component. 
Thus, values like the fluid velocity at the injector exit 𝑢𝑢Inj, the temperature of the inner surface of the 
liner 𝑇𝑇Liner(0) or the mass of the tank content 𝑚𝑚Tank can be analysed. 

4.1.2 Detailed Description of the Tank Model 

In order to represent the non-linear discharge behaviour of the on-tank valve, the component is modelled as a 
compressible resistor (formula of de Saint-Venant and Wantzel): If – for a given upstream pressure – the 
downstream pressure is lowered below a certain value, the flow rate across the resistor will not increase further 
(“choking”). 
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The gaseous tank content is modelled as a real gas which exchanges heat with its environment, i.e., the liner layer. 
The gas temperature rises if the rate at which enthalpy enters the tank with the flow supersedes the heat flux to the 
liner and vice versa. 

For the design engineer to be able to analyse the temperature distribution within the temperature-sensitive pipe 
wall materials, both the liner and the CFRP are modelled as continuous media with distributed thermal capacities 
and thermal conductivities. The resulting energy equations for both domains are solved through a Finite Volume 
Scheme. 

The heat transfer between the inner side of the liner material and the gaseous tank content is modelled through a 
heat transfer coefficient. The value of this coefficient greatly depends on the flow situation within the tank: During 
the filling process, hydrogen is injected into the tank at a high velocity through the injector pipe. The impacting 
hydrogen jet induces a strong mixing of the tank content, thus enhancing the heat transfer between tank content 
and liner (forced convection). However, after the filling has been completed, the tank content is almost at rest. In 
this case, the only remaining macroscopic movement of gas particles within the tank is due to local temperature 
differences, so-called natural convection. Compared with the filling process, this leads to a greatly reduced heat 
transfer coefficient. 

The heat transfer between the outer surface of the CFRP layer and the environment is modelled through a heat 
transfer coefficient as well. Here, it is assumed that this heat transfer is always governed by natural convection, 
i.e., externally induced flow fields due to e.g., ventilators are not considered. 

4.1.3 Description of the Filling Process 

Before the start of the simulation (𝑡𝑡 < 0), the resistor valve is closed. Thus, the pressure levels of pipes 1 and 2 
are independent of each other. Whereas pipe 1 is exposed to the pressure from the supply reservoir (initial gauge 
pressure 𝑝𝑝g ≈ 515 bar), pipe 2 shares the pressure level of the tank content (initial gauge pressure 𝑝𝑝g ≈ 17.5 bar). 
At 𝑡𝑡 = 0, the valve is opened, thus establishing hydraulic communication between the reservoir and the tank. Due 
to the pressure difference, a flow from the reservoir to the tank is initiated, leading to an increase of the tank 
pressure. After the tank has reached the desired pressure level (i.e., a particular state of charge), the valve is closed 
again at 𝑡𝑡 ≈ 220 s. 

4.1.4 Results & Discussion 

The results of the simulation run are plotted in Figure 4. The graph shows the development of the (gauge) pressures 
and temperatures of both the supply reservoir and the tank under investigation. Experimentally determined values 
are shown as dashed curves, whereas the simulation results are presented as solid curves. 

As can be seen, the opening of the valve at 𝑡𝑡 = 0 (and thus the loss of hydrogen mass in the reservoir) leads to a 
sudden drop in the supply pressure level. The pressure drop in the pressure-regulated reservoir causes a compressor 
to start up which attempts to restore the initial pressure level through compression of the remaining hydrogen. The 
compression of hydrogen within the reservoir leads to a noticeable increase of the reservoir temperature. Achieving 
the initial pressure level through compression is hampered by the fact that hydrogen is continuously leaving the 
reservoir. Only after the filling of the tank has stopped at 𝑡𝑡 ≈ 220 s, the compressor is able to slowly return the 
reservoir to its initial pressure level. During the filling process, the pressure level in the tank rises due to 
accumulation of hydrogen mass and subsequent compression. As can be seen, the simulated and measured tank 
pressures are virtually indistinguishable, indicating that the discharge behaviour of the on-tank valve and other 
resistive elements was modelled properly. 
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Figure 4: Measured and simulated gauge pressures and temperatures for the charging process. 

The simulated tank temperature deviates visibly from the measured value, even though the agreement is still 
acceptable for engineering purposes. The observed deviations arise from two independent factors: Firstly, the 
temperature of the gaseous tank content is not spatially uniform, i.e., there is a temperature distribution within the 
tank. Depending on the sensor position, the measured gas temperature might vary significantly, whereas the tank 
model assumes a lumped gas mass of uniform temperature. Secondly, the simulated temperature of the gas content 
is strongly affected by the heat transfer to the tank wall. Since simplified strategies were used to calculate the 
internal (gas ↔ liner) and external (CFRP ↔ environment) heat transfer coefficients, the simulated heat transfer 
rates will differ from the actual ones. 

5 System Simulation for an Ultra-Heavy-Duty Application 

A real-world use case where the model of isenthalpic throttling can be applied is the flow through a pressure 
regulator of a hydrogen supply system. The pressure regulator ensures that the high-pressure hydrogen stored in 
the tanks can be fed to fuel cells an acceptable pressure level.  

5.1 DSHplus Simulation Model 

The simulation model of the hydrogen supply system under investigation is depicted in Figure 5. 

The system consists of four hydrogen storage tanks, each with a nominal capacity of 340 l each. The four tanks 
are connected through a manifold consisting of pipes and T-junctions. Attached to the manifold is a pressure 
regulator which is set to a target (gauge) pressure of 10 bar on the low-pressure side. The downstream port of the 
pressure regulator is connected to the fuel cell through a pipe (“Pipe 13”). 

Other than the element already introduced and described in section 4.1.1, the DSHplus model consists of the 
following component models: 

• Component “Closed End” – This boundary element provides the simulation model with the condition of 
a closed pipe end. 

• Component “Outlet” – This boundary element provides the simulation model with the mass flow rate 
(“mDotOutlet”) consumed by the fuel cell. 
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• Component “Sum” – This element is used to calculate the deviation “dp” of the actual pressure on the 
downstream end of the pressure regulator (“pLow”) from the respective target (gauge) pressure 
(“pLowTarget”). 

• Component “PIDT1 Controller” – This simple controller element is used in conjunction with an 
adjustable resistor (“Pressure Regulator”) to dynamically represent the pressure regulator under 
investigation. Based on the value of “dp”, a suitable value of the “ValveOpening” (ranging from 0 to 
100 %) is calculated. 

 

 

Figure 5: DSHplus model for the analysis of the temperature change across the pressure regulator of a 
hydrogen supply system. 

5.2 Results System Discharging 

The experimental set up is chosen such way, that the output mass flow rate is controlled to constant value of 5.6 g/s. 
Pressure inside the main high-pressure line, which connects the vessels as well as temperature inside the vessels 
is measured. The initial pressure in the tanks is roughly 390 bar and the temperature is roughly 70°C. The 
simulation results in comparison to test results are shown in Figure 6.  

It is apparent that simulated pressure, mass flow rate as well as temperature match the test results very well and 
therefore this approach is suitable to calculate a defueling process of hydrogen storage system. 
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Figure 6: Simulation and measurement results system defueling. 

5.3 Results System Fuelling 

Fuelling of the system was carried out with -10°C precooled hydrogen at an environment of 20°C. The mass flow 
rate entering the system is measured. Moreover, temperature in each vessel as well as in the high-pressure line 
connecting the vessels is measured as well. The results are depicted in the figure below.  

 

Figure 7: Simulation and measurement results system fuelling. 
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For the fuelling process the deviation in the temperature as well as in pressure is greater than for the case of 
defueling. The deviation in pressure can be explained with an erroneous and noisy mass flow rate signal, since the 
pressure in the system is strongly connected to the mass flow rate entering the system. However, a deviation of 
roughly 20 bar and 10°C indicates that also for the fuelling process the simulation approach is suitable and gives 
accurate results.  

6 Summary and Conclusion 

The transformation of CO2 emitting engines into emission-neutral drives is one of the major challenges of the 21st 
century. 

Using hydrogen as fuel poses several challenges to the fuel supply system design engineer. As has been 
demonstrated, the throttling of high-pressure hydrogen down to pressures acceptable for e.g., fuel cells is 
associated with a strong heating of the medium. Another associated problem is the heating of hydrogen due to 
compression, e.g., in tanks or cooling down due to expansion. Since many components of hydrogen systems (e.g., 
diffusion barriers) or their performance (e.g., fuel cells) are highly temperature-sensitive, it is imperative to 
consider thermal aspects at an early stage of the design process. Due to the pronounced non-ideal behaviour of 
hydrogen and a complex multi-component storage system, the use of numerical system simulation is mandatory. 
As could be demonstrated through two practical real-world examples, the 1D-CFD simulation approach by the 
software DSHplus offers a suitable environment to successfully perform thermal analyses and the subsequent 
design reiterations. 

Nomenclature 

Variable Description Unit 

𝛾𝛾𝑝𝑝 Isobaric thermal expansion coefficient K-1 

𝜅𝜅 Heat capacity ratio  1 

𝜇𝜇JT Joule-Thomson coefficient K∙Pa-1 

𝜌𝜌 Density kg∙m-3 

𝑐𝑐𝑝𝑝 Mass-specific heat capacity at constant pressure J∙kg-1∙K-1 

ℎ Mass-specific enthalpy J∙kg-1 

ℎt Mass-specific total enthalpy J∙kg-1 

𝑚𝑚 Mass kg 

�̇�𝑚 Mass flow rate kg∙s-1 

𝑝𝑝 Thermodynamic pressure bar 

𝑅𝑅 Mass-specific gas constant J∙kg-1∙K-1 

𝑠𝑠 Mass-specific entropy J∙kg-1∙K-1 

𝑇𝑇 Thermodynamic temperature K 

𝑢𝑢 Area-averaged fluid velocity m∙s-1 

𝑣𝑣 Mass-specific volume m³∙kg-1 

𝑍𝑍 Compressibility factor 1 
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The pressurisation of gases with high purity is key for many applications such as oxygen for medical 
applications, xenon and krypton for aerospace applications and so on. Other drivers in this market are fuel cell 
powered vehicles and stationary applications that are operated with compressed hydrogen. The fuel cell itself 
requires a high degree of purity of the gas, which has to be filtered if it was contaminated before. 

Most of the conventional compressors use a sealing system as part of a piston or other separator for the 
compression of the gas. Such sealing systems show wear and especially at higher pressures, it is useful to use 
some lubricant to reduce friction and wear. Small particles due to the wear and residual lubrications on the 
running surface contaminate the compressed gas. 

At higher pressures, the wear of the sealing systems drives the maintenance intervals up to systems, which 
change sealing automatically in relatively short intervals. 

HYDAC developed a compressor unit using edge welded metal bellows as a separator. This separator needs no 
sealing system, has no permeation such as elastomeric materials and is hermetically sealed with a helium leak 
rate lower than 10-8 mbar l /s. The compression unit can be actuated using a hydraulic power unit or 
mechanically by a rotational machine with a crankshaft and a connecting rod. 

Keywords: Reliability, availability, energy-efficiency, compressor 
Target audience: new markets, hydrogen, alternative energy supply 

1 Introduction 

HYDAC Technology designs produces and sells all kind of hydraulic accumulators such as diaphragm-, bladder-
, piston- and metal bellows accumulators covering a standard  pressure range up to 1,200 bar and volumes from 
0.07 cm3 to more than 3,000 dm3. Based on the experience with the edge welded metal bellows and their 
knowledge about gases at high pressures and extreme temperatures HYDAC Technology designed a new gas 
compressor. 

The pressurisation of gases with high purity is key for many applications such as oxygen for medical 
applications, xenon and krypton for aerospace applications and so on. Other drivers in this market are fuel cell 
powered vehicles and stationary applications that are operated with compressed hydrogen. The fuel cell itself 
requires a high degree of purity of the gas, which has to be filtered if it was contaminated before. 

Most of the conventional compressors use a sealing system as part of a piston or other separator for the 
compression of the gas. Such sealing systems show wear and especially at higher pressures, it is useful to use 
some lubricant to reduce friction and wear. Small particles due to the wear and residual lubrications on the 
running surface contaminate the compressed gas. The abandonment of lubrication in “dry running” systems 
increases the wear and reduces the service life of the sealing system. At higher pressures, the wear of the sealing 
systems drives the maintenance intervals up to systems, which change sealing automatically in relatively short 
intervals. Any contamination of the gas requires a complex and expensive cleaning process downstream of the 
power train. 

Reliability, availability and low maintenance are the key drivers for an economic operation of such compressors. 
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Based on its maintenance free accumulators technologies HYDAC Technology developed a compressor using 
edge welded metal bellows. The system is equipped with all necessary sensors allowing a permanent monitoring, 
optimisation of the process and preventive actions if necessary. 

2 The separator 

Edge welded metal bellows are well known in semiconductor industry as well as for separators in hydro-
pneumatic accumulators [1]. Such metal bellows accumulators are maintenance free and can be installed in 
applications where conventional accumulators with it elastomeric or plastic sealing between gas and fluid side 
might fail due to extreme temperatures or aggressive media. They show there outstanding performance in 
chemical industry and aerospace applications.  

The metal bellows are made of thin metal sheets with an extreme constant thickness. These metal sheets are cut 
and formed in a punching process using very precise tools. Cleanliness and an exact orientation in a special rig 
are key for the following welding process (Figure 1).  

 

                      

Figure 1: Edge welded metal bellows and welding area– cross section 

 

HYDAC developed a compressor unit using edge welded metal bellows as a separator. This separator needs no 
sealing system, has no permeation such as elastomeric materials and is hermetically sealed on the gas side with a 
helium leak rate lower than 10-8 mbar l /s. Hydraulic fluids (e.g. mineral oil) drive this unit (Figure 2) or it is 
actuated using a piston (e.g. on a crankshaft) Figure 3. 

 

Figure 2: Gas compression unit – actuated by a hydraulic power unit 
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Figure 3: Gas compression unit – piston actuated 

Adding a cooling system to the compression unit is suitable for high compression ratios. The edge welded metal 
bellows are designed for high cycle numbers (computational design >10 Mio cycles, durable according to 
Wöhler), withstand extreme temperatures (-60°C to 250°C) and show a very good media compatibility. During 
operation and as long as the bellows are not stuck on a barrier the pressure inside and outside the metal bellows 
is always the same (neglecting the spring rate of the metal bellows). A pressure difference leads to a movement 
(elongation or contraction) of the meal bellows. The gas side has an inlet and an outlet, both equipped with a 
check valve. The design on the gas side minimizes the residual volume when the metal bellows comes close to a 
blocked position (Figure 4). This leads to a high-pressure ratio and higher efficiencies.  

 

Figure 4: Minimized residual volume fully compressed 

The proximity sensors on both sides indicate if the metal bellows is coming close to a blocked position. To avoid 
any damage to the metal bellows these signals are used to adjust the displacement volume during commissioning 
or to shut off the system in case a failure occurs. 

3 Fluid driven actuation 

There are different ways to actuate the gas compression unit. One possibility is a hydraulic power unit. In this 
case, HYDAC proposes using two gas compression units and a double piston cylinder, Figure 5.  
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Figure 5: Double piston cylinder 

The volume of the chambers of the double piston cylinder connected with the fluid side of the gas compression 
unit are adjusted to the maximum displacement volume affordable to move the metal bellows without getting in 
a blocked position. The chambers on the rod side amplify the pressure from the piston side, which allows the use 
of low-pressure standard hydraulic pumps to pressurize the gas at higher pressures (Figure 6). 

HYDAC designed a complete compressor with hydraulic power unit  

 

Figure 6: Double piston cylinder with two gas compression units 

Filling the gas compression unit with a pre-pressurized gas helps to move the pistons inside the double piston 
cylinder. This reduces the energy consumption and increases the efficiency of the system significantly. Gas 
stations for example rely in our days on trailers bringing the hydrogen in gas bottles charged with 200 or 300 bar. 
At the gas station, the gas is compressed up to 500 bar for commercial transport vehicles or 1000 bar for 
passenger cars. The gas in the low-pressure reservoirs flows into the metal bellows compression units and pushes 
the piston of the double piston cylinder. This force reduces the energy necessary to compress the gas in the other 
compression unit. The effect becomes lower as lower the pressure inside the reservoir becomes and depends on 
the target pressure of the high-pressure side. 

P I P I 

Gas inlet Gas outlet 
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4 Mechanical actuation 

An alternative is a pure mechanical actuation with an rotational actuator such as an electrical motor or 
combustion engine. Using a rod driven by a crankshaft and a con rod as shown in Figure 7 is a veritable 
solution. Moving this rod inside the fluid volume displaces the fluid, which is compressed and pushes the metal 
bellows. For such systems, there is no necessity of a hydraulic power unit. With such a design multiple 
compression units can be installed in line where each has only a small compression ratio and feeds the following 
compression unit. These units can be installed in line or star-wise.  

 

Figure 7: Actuator using a rod driven by a crankshaft and a con rod. 

Such setups allow a series of multiple compression units whereas each compression units has only a small 
compression ratio and feed the following unit. The first ones, which act with lower inlet pressure, have a larger 
volume as the following ones and with raising pressure, the volumes become smaller. The stroke of each 
compression unit can be relatively small, comparable with the one of a camshaft. 

5 Test setup 

HYDAC installed a test setup in its test area. It compresses nitrogen and allows up to 500 bar on the high-
pressure side. HYDAC is able to vary the inlet pressure and compression ratio to study the energy efficiency and 
reliability of the compression units. A scheme of this setup is shown in Figure 8. The power unit comprises of a 
HYDAC HyBox and a double piston actuator. This double piston actuator has a linear measuring device 
(HYDAC magnetostrictive system HLT). In addition to the sensors shown in Figure 8 HYDAC installed 
thermocouples on the compression unit and the piping between the double piston cylinder and the compression 
units. 
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Figure 8: Test setup in HYDAC test area. 

6 Simulation 

HYDAC built a simulation model in AmeSim® as a digital twin of the system. This model is validated by the 
results of the HYDAC test setup. This model enables HYDAC to compare different pressure ratios and 
compression velocities to optimize the energy consumption and determine the most efficient working point.  

 

Figure 9: AmeSim® Simulation model 
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First simulations show the gas temperature inside the compression unit. The gas temperature drops during the 

filling process of the compression unit (expansion) and raises during the compression. This temperature increase 

and the cooling down to the ambient temperature in the high-pressure reservoir is the main source for the losses 

during this process. To find the optimised pressure ratio for each stage of the compression process and the 

highest efficiency is a goal for this simulation. 

Figure 10 shows a diagram of the power necessary to compress nitrogen up to 400 bar versus time. There are 

two different inlet pressures of 20 bar and 200 bar. The red and yellow line shows the power of a single 

compression unit, whereas the blue and green line show the power of a system connected via the double piston 

cylinder. In this second system filling one compression unit supports the compression of the second unit. This 

effects becomes larger as higher the inlet pressure from the reservoir is. 

 

Figure 10: Power versus time – two different setups 

7 Summary and Conclusion 

The HYDAC gas compression unit based on the metal bellows technology is a reliable and energy efficient 

compressor.  HYDAC has more than 15 years of experience using metal bellows in its hydro-pneumatic 

accumulators, mostly in aircraft applications. Dispensing a sealing system there is no wear and no contamination 

of the compressed gas. The metal bellows itself withstands extreme temperatures and has a helium leak rate 

lower than 10-8 mbar l /s. Its computational design is larger than 10 Mio cycles, making it durable according to 

Wöhler. 

This design shows a high reliability and low maintenance leading to a minimum service life costs. Different 

ways to actuate these compression units open the doors for many diverse applications. The compression of 

hydrogen is one of the most promising one. Other industries are aerospace with their requirements for high 

purity of gases such as xenon or krypton for example. 
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Machine Learning approaches provide powerful means for capturing complex patterns from data. Therefore, their 
use in modern maintenance strategies is compelling. However, most algorithms are not suited to process raw 
machine data, but require a compression and transformation of the data to few characteristic features. While several 
code-toolboxes aim to facilitate feature generation by generic feature extraction, this contribution presents an 
extended procedure for refining and selecting automatically generated features. For the use case of a hydraulic 
press, the extended feature generation and selection proves to increase accuracy in fault classification while 
simultaneously providing insight into the effect of faults on measurable quantities of the system. 

Keywords: Condition Monitoring, Machine Learning, Digital Twin, Feature Generation, Feature Selection  
Target audience: Industrial Hydraulics, Digital Transformation, Inspection and Maintenance  

1 Introduction 

Production machines are demanded to provide reliable operation in terms of availability and process quality. As 
part of an efficient maintenance strategy, Condition Monitoring (CM) can help achieve a high reliability while 
potentially lowering maintenance costs. A pivotal element of CM is an automated evaluation of the health status 
of machines by processing time-variant control- and sensor-signals [1]. Most recently, data-based approaches, 
often summarized by the term Machine Learning (ML), have proven to provide numerous benefits for the use in 
CM in hydraulic applications as well as in other industrial domains [2], [3], [4]. 

Concurrently, drawbacks and challenges for the application of ML for CM exist. Besides the necessity of a large 
database, the black-box nature of most CM-models impairs the trust in such solutions, as the underlying process 
of inference is typically not easily comprehendible for a human inspector [5]. Moreover, in industrial applications 
machine data is often available as time series data, which on one hand can have a variable length and on the other 
hand mostly consists of repetitive data points with redundant information. Apart from deep learning approaches, 
most ML-algorithms are not suited to process raw machine data but require a compression and transformation of 
the data before sensibly processing it. This process of compressing and transforming data to a new representation 
is referred to as feature generation. In the case of time series classification, using features can on the one hand 
reduce the number of inputs of the ML-model and on the other hand mitigate the issue of having varying time 
series length. As a result, a fixed number of input nodes can be defined for the ML-model. Compressing raw data 
to features can also help to improve the interpretability of a trained ML-model, as due to the reduced dimensionality 
of inputs, smaller models can be used and input-output-mappings could be more easily comprehended. For time-
series data, several toolboxes exist that aim to provide means for an automatable generation of features. However, 
these generic approaches often ignore problem specific knowledge and tend to produce a large number of features, 
which can be detrimental for the further ML-process. 
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In this contribution, a method for an automatable feature generation is presented, which leverages a generic feature 
extraction toolbox for problem-specific feature engineering. Moreover, a procedure for feature selection is 
suggested that helps exclude non-informative and redundant features. Finally, the effectiveness of the presented 
procedure is shown on the example of a fault classification problem of a hydraulic press. 

The remainder of this paper is structured as follows. In the following section, the state of the art for feature 
generation and selection in the field of condition monitoring for industrial applications is discussed. In section 3, 
the reference system considered and the database used in this study are described. After that, a procedure for 
automated feature generation is presented in section 4, while section 5 deals with the subsequent issue of feature 
selection and evaluation. In section 6, results are discussed, while a summary and a conclusion are given in 
section 7. 

2 State of the Art 

2.1 Feature Generation for Time-Series Data 

Using features is a common means for obtaining a ML-compatible format of time-series data. In general, three 
approaches for feature generation can be found in literature. One approach is the manual definition and 
implementation of problem specific characteristics of the data. This can be based on heuristic knowledge of the 
applicant about relationships of observables and faults of a considered system [6]. Alternatively, features can be 
manually defined based on an analysis of physical dimensions and units of the observables. In the field of 
engineering, the procedure of reducing the problem space to a lower number of dimensionless parameters is well 
known [7]. While the latter approach can be time consuming and tedious, more generic and automatable 
approaches exist. These focus on features, which describe statistical and shape-related properties of the data, 
without explicit consideration of the underlying physics. Various toolboxes for different platforms implement 
procedures for generic extraction of features for time-series data [8], [9], [10]. Additionally, other implementations 
aim to refine sets of features through nonlinear transformation and pairwise combination in an automated manner 
[11]. Furthermore, feature learning constitutes a third group of methods for feature generation. These approaches 
leverage feature representations that are obtained during training of deep learning models. Especially unsupervised 
methods such as generative adversarial networks generate a reduced representation of the feature space during 
training, which in turn can be used in the frame of a supervised learning application [12], [13].  

2.2 Methods for Feature Selection 

For the second group of methods, the generic feature extraction, a large number of features is typically generated. 
This can reduce the effectiveness of a ML-model when parametrically structured models are used. Therefore, a 
feature selection often follows the generation process in order to remove features that are either not useful for the 
considered learning task or that provide redundant information. Some ML-models however, already perform a 
feature selection during training, such as decision trees or LASSO [14]. Using such model-intrinsic information to 
select features is referred to as embedded feature selection. However, a feature selection can also be conducted 
with ML-models that do not provide an intrinsic selection. Instead, the obtainable classification or regression 
performance of a model can be evaluated with different sets of features. With these approaches, which are called 
wrapper methods, a model is iteratively trained with different feature subsets and the subset with which the model 
performs best is selected. While wrapper methods can consider interactions of different features, the iterative 
concept leads to high computational costs, especially when large feature sets are examined. In contrast to wrapper 
methods, filter methods can be applied independently of a ML-model. By means of correlation analysis, features 
can be excluded, that either provide redundant information or have no relationship to the output to be learned [15]. 
Feature filtering typically consists of first calculating feature-feature correlations or feature-target correlations and 
then checking the correlations for significance in the frame of hypothesis testing [16], [17]. 
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2.3 Data-based CM in hydraulic applications 

In the field of industrial and hydraulic applications, the use of different combinations of feature generation and 
selection techniques can be found in the literature. For CM on component level, in [18] and [19] each single time 
step of a multivariate measurement is considered a feature. However, in most publications statistical features are 
defined for series of time steps. In [20] and [21] few statistical features are manually selected and applied for fault 
classification in hydraulic actuators. In contrast, an embedded feature selection is leveraged in [21] in order to 
select important features from a set of statistical features derived from vibration signals of a hydraulic break 
system. In [22], knowledge-based features are engineered and extracted for different segments of sensor signals. 
In [23], coefficient features in the frequency domain provided good results in detecting faults in an axial piston 
pump. Moreover, feature selection methods are compared in [23], where wrapper methods proved a high reduction 
of features and a high increase in classification accuracy, likewise. Correspondingly, in [24] and [25] fault 
classification for a hydraulic circuit is improved by applying filter methods on generically extracted features.  

3 Reference System and Database 

In this study, a generic feature extraction is utilized for problem-specific feature engineering and investigated in 
conjunction with a chain of feature selection steps. The procedures are applied for condition monitoring of a 
hydraulic reference system, which is a test bench of a hydraulic press. Figure 1 shows the hydraulic circuit diagram 
of the hydraulic press test bench. It consists of a hydraulic cylinder drive, which comprises a pump, a proportional 
4/3-way directional control valve (PV), switching valves (SV1 and SV2) as well as a single acting hydraulic 
cylinder (CY). Furthermore, a ram is attached to the cylinder rod which is guided and acts against a load force 
representing the reaction force of a workpiece. The data used in this study is generated by means of a lumped 
parameter simulation of the described system, which was implemented in the Modelica-based simulation tool 
SimulationX. The operation data drawn from the simulation are in accordance with sensor and control signals that 
could also be obtained from the real system. These are the control signals for the proportional valve and the 
switching valves, as well as data from the pressure, position and flow sensors indicated in the circuit diagram in 
Figure 1. 

 

Figure 1: Simplified hydraulic circuit diagram of the hydraulic press test bench 
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The function of the hydraulic press is to move a ram to a defined position while acting against a load force. Figure 
2 shows an image of the hydraulic press test bench along with the simulated working cycle, which is described in 
the following. The working cycle starts in rapid traverse where the ram of the press moves towards the workpiece 
without external load and limitation of the velocity. As the ram reaches a defined distance to the workpiece, the 
velocity is restricted through limiting the control signal of the valve PV and the volumetric flow to the cylinder, 
respectively. After the ram is in contact with the workpiece, the load force increases linearly with the stroke of the 
cylinder. The cycle is defined such that, depending on the target position, the controller is given a fixed time to 
reach the set value, before the backstroke is initiated in open-loop control. 

 

Figure 2: Hydraulic press test bench and corresponding working cycle 

3.1 Fault Modelling 

Apart from the nominal behavior of the hydraulic system, faulty operation is modelled as well, in order to create 
a database from which a data-based CM solution can be derived. Fault scenarios can be obtained by varying 
parameters of the component models, which correspond to specific faults. The resulting system behavior of the 
hydraulic circuit then reflects the effects of these faults. Figure 3 shows the simulated behavior of the hydraulic 
press in fault-free operation as well as in the faulty scenario of increased leakage at the hydraulic cylinder. When 
fault models are considered, the graphs representing the system behavior are visibly distorted compared to the 
fault-free operation. In the frame of CM, that shift in the system behavior is to be captured by features, so that a 
ML-model can be trained to map such a shift in system behavior to component faults. 

 

Figure 3: Simulated cylinder position, cylinder pressure and volumetric flow over one working cycle in fault-free 
operation and with internal leakage 
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Faults considered in this study are listed in Table 1 along with symbols used in the remainder of this contribution. 
In [26] further details on the fault models used, the nominal dimensions of the system, and the levels of considered 
fault intensities can be found.  

Fault Symbol 

Cylinder - increased friction  𝐹𝐹𝐶𝐶𝐶𝐶,𝐹𝐹𝐹𝐹  

Cylinder - internal leakage 𝑄𝑄𝐶𝐶𝐶𝐶,𝐿𝐿𝐿𝐿  

Cylinder - external leakage 𝑄𝑄𝐶𝐶𝐶𝐶,𝐿𝐿𝐿𝐿 

Cylinder - positon sensor offset 𝑥𝑥𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂  

Directional control valve – worn control edges 𝑃𝑃𝑉𝑉𝑦𝑦0 

Hydraulic power supply - external leakage 𝑄𝑄𝑃𝑃𝑃𝑃,𝐿𝐿𝐿𝐿 

Table 1: Faults considered in the hydraulic press 

3.2 Database 

The database used in this study consists of simulated working cycles, where each working cycle is considered a 
data-instance. Each data-instance is a multivariate time series, which comprises various sensor signals, such as 
pressures, volumetric flows and positions as well as control signals for proportional valves and switching valves. 
In accordance with the instrumentation of the real reference system, nine sensor and control signals, in the 
following referred to as subsignals, are recorded at a sampling rate of 100 Hz. Among all data-instances, fault 
levels and fault combinations are varied as well as the target position of the ram and the load force. In order to 
obtain a high coverage of the considered parameter space, data-instances are sampled following a Latin Hypercube 
Design with around 200,000 samples.  

4 Feature Generation 

As described in section 1, representing raw time-series data as features provides numerous benefits in terms of 
compatibility with ML-Methods and can potentially improve comprehensibility and controllability of model 
training. In this section, the procedures for generic, automated feature extraction and subsequent feature 
engineering are described and applied for the hydraulic press. 

4.1 Generic Feature Extraction 

For the generic feature extraction, the python-based open-source toolbox tsfresh is used. It allows extracting a 
selection of pre-defined features from raw time-series. The features considered in this study are listed in Table 2. 
With respect to scalability of the proposed method, only computationally cheap features are extracted. Detailed 
descriptions of available features and the features used can be found in [9]. 

No.  No.  No.  No.  

1 minimum 5 standard deviation 9 first location of minimum 13 sum of values 

2 maximum 6 variance 10 first location of maximum 14 absolute energy 

3 mean 7 skewness 11 last location of minimum 15 absolute sum of changes 

4 median 8 kurtosis 12 last location of maximum 16 mean absolute change 

Table 2: Automatically extracted features 
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The feature extraction is performed on each individual subsignal of the multivariate time-series. As result of the 
feature extraction, a feature vector is obtained for each data-instance. Assuming a constant number of subsignals 
per data-instance 𝑛𝑛subsignals and a constant number of extracted features per subsignal 𝑛𝑛features, the cardinality of 
the feature space, and hence the number of elements in a feature vector, is determined by the product of 𝑛𝑛subsignals 
and 𝑛𝑛features. For the considered reference system, 16 features are extracted for each of the nine subsignals. 
Consequently, in this step, a vector of 144 feature values is generated for each data-instance. 

4.2 Extension by Feature Engineering 

In practice, a visual inspection of sensor data is often guided by knowledge on which parts of a signal are relevant 
for the detection of anomalies. The feature vectors obtained from the generic feature extraction described above 
only consider global characteristics of the subsignals, while local characteristics are not particularly considered 
yet. In addition, further insight can be gained through derivations and transformations of the raw data, which for 
instance can reveal trends and dynamics more explicitly. This is demonstrated by the example of the first time 
derivative. 

4.2.1 Adding local information 

In order to include information about local characteristics, the subsignals are divided into segments. The segment 
edges are determined based on control signals that indicate the starting times of the rapid traverse, load travel, 
backstroke and idle mode. This results in five segments for the given reference system from which additional, 
operation mode specific features can be extracted. By adding 𝑛𝑛segments segments, the number of features per 
feature vector 𝑙𝑙 increases and is now determined as stated in Equation (1). For the given reference system, adding 
the local information yields feature vectors of 864 features per data-instance. The concept of the described 
procedure is depicted in Figure 4. 

 

Figure 4: Concept of global and local feature extraction 

4.2.2 Adding Trend Information 

With the intention to capture effects of component faults on the trends of the subsignals, the first time derivatives 
of the raw time-series are incorporated into the feature generation procedure. By means of the central difference 
quotient, derivatives are calculated for all subsignals. The resulting derivatives are considered as added subsignals, 
for which the concept of global and local feature extraction is applied. Compared to the steps described in previous 
sections, considering the time derivatives leads to a further doubling of the number of features per feature vector 
and finally yields 1728 total features for the considered system of the hydraulic press. 

𝑙𝑙 = 𝑛𝑛subsignals ∙ 𝑛𝑛features ∙ (1 + 𝑛𝑛segments) (1) 
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5 Feature Selection and Evaluation 

While the use of features aims to produce a compressed representation of time-series, the presented feature 
generation process gradually leads to an increased number of features. Therefore, a feature selection procedure 
follows, in order to reduce the number of features again. This is achieved by excluding features, which are not 
useful for the considered ML-problem or which provide redundant information. Both reduction steps are realized 
with filter methods and are applied subsequently. In a final step, the feature importance measure embedded in a 
decision tree is used for further feature selection, while this step is also used to evaluate the different generated 
feature sets. 

5.1 Selection with filter methods 

The first step of the feature selection is to filter the generated features regarding their correlation with the intensities 
of the different components’ faults. A low correlation indicates that a feature, at least if considered in isolation, 
does not contribute to the prediction of the respective fault and therefore is not relevant for the fault classification 
task. In order to determine a correlation without assumption on linearity or distribution of features and faults, a 
Kendall rank test is performed. Hereby, the rank correlation for each feature-fault pairing is calculated which then 
is checked for significance via false discovery rate controlled multiple hypothesis testing as implemented in [9]. 
The effect of this filtering step can be exemplified by the fault scenario of an internal leakage of the hydraulic 
cylinder, which is depicted in Figure 3. As visually apparent, the global maximal volumetric flow is not impacted 
by the occurrence of the fault. This independence is also identified by the described correlation analysis. However 
for the most part, mainly features are excluded which are bound to invariant process parameters. These are 
especially features derived from switching signals, whose switching points are time-controlled and whose minima 
and maxima are restricted to discrete binary values.  

The second filtering step consists in excluding redundant features from the feature set. Here, a feature is considered 
redundant if it can be derived from another feature by linear transformations. Accordingly, the Pearson correlation 
coefficient is calculated for pairs of features in order to reveal linearly dependent pairs. If the absolute value of the 
correlation coefficient is higher than 0.9 for a pair of features, the feature with higher overall count of redundant 
pairings is determined and excluded. High correlations between features can occur for different reasons. One cause 
for highly correlated and thus redundant features, is that features are related by definition, e.g. standard deviation 
and variance. Furthermore, some features are equivalent if specific shapes and progressions of segments of a 
subsignal are given. This is apparent when considering the first and last location of the maximum in a 
monotonically increasing segment, as in segment II of the cylinder position, depicted in Figure 4. Additionally, in 
some cases a local characteristic equals a global characteristic. Taking the progression of the cylinder position in 
Figure 4 as an example again, the local maximum in segment III always is the global maximum of the whole 
subsignal. Consequently, one of these two features is excluded in this filtering step. 

5.2 Evaluation of Generated Feature Sets and Embedded Selection 

In order to evaluate the feature generation procedure presented in section 4, the achievable accuracy in a 
classification task is assessed with the different generated feature sets. For this, feature sets with only global 
features as well as with global and local features are each compared with and without consideration of time 
derivatives. The respective feature sets are filtered using the presented feature filtering steps and then fed to a 
decision tree classifier for training. Decision tree classifiers are used, as they show a low sensitivity of classification 
accuracy to the size of the feature sets they are trained with [14]. 

Furthermore, the evaluation is performed in the form of a 5-fold cross validation (CV). For this, the steps of feature 
filtering as well as the subsequent training of the decision tree are all performed within each CV-loop, and therefore 
repeated for each train-test-split individually. Moreover, in order to mitigate the tendency of decision trees to 
overfit, the maximum number of levels of the trees is limited. A maximum of five levels is heuristically found to 
provide a low variance of prediction accuracy with no indication of overfitting. Finally, in order to train the 
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decision trees for classification, the fault intensities are transformed from a continuous scale to binary classes, 
which then indicate fault and no-fault classes and serve as labels in the supervised learning task. 

Apart from the evaluation of feature sets, using decision trees allows to perform a further feature selection. Using 
the information of feature importance which is embedded in the trained models, the feature selection can be 
narrowed down to features, which are utilized by the decision trees for distinguishing fault cases. However, it is 
to consider that limiting the maximum depth of the decision tree for the evaluation also limits the maximum 
number of features used by the decision tree. The concept of the cross validated feature selection and evaluation 
procedure is shown in Figure 5. 

 

Figure 5: Concept of feature selection within CV-loop 

6 Results of Feature Generation and Selection 

The mean accuracy achieved in the 5-fold CV with the different feature sets and faults is listed in Table 3. While 
for some faults a high classification accuracy is already obtained with global features only, adding time derivatives 
and local information generally leads to an increased classification performance. Especially for the fault scenarios 
of increased friction and internal leakage a clear improvement could be achieved with the expanded feature space.  

 Fault 

Feature set 𝐹𝐹𝐶𝐶𝐶𝐶,𝐹𝐹𝐹𝐹  𝑄𝑄𝐶𝐶𝐶𝐶,𝐿𝐿𝐿𝐿 𝑄𝑄𝐶𝐶𝐶𝐶,𝐿𝐿𝐿𝐿 𝑥𝑥𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂 𝑃𝑃𝑉𝑉𝑦𝑦0 𝑄𝑄𝑃𝑃𝑃𝑃,𝐿𝐿𝐿𝐿 

global 0.65 0.98 0.79 0.97 0.93 0.95 

global + deriv. 0.80 0.99 0.81 0.98 0.93 0.98 

global + local 0.85 0.99 0.86 0.99 0.96 0.99 

global + local + deriv. 0.92 0.99 0.88 0.99 0.96 0.99 

Table 3: Mean accuracy of 5-fold CV with decision tree classifier for different faults and feature sets 

The reduction achieved with the presented feature selection procedure is shown in Table 4 for the different 
generated feature sets. For reasons of clarity and as the variance is small, the number of features is averaged over 
all faults and CV-iterations. The selection steps lead to a significant reduction in the number of features. As 
decision trees are used for evaluation, the achievable accuracy is not significantly impacted by the preceding 
feature filtering. However, the filtering reduces the variance among different CV-iterations, reduces training times 
and allows for a more efficient data handling.  
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 Selection step 

Feature set no filtering relevance filtering relevance + 
redundancy filtering 

used in training 
by decision tree 

global 144 101 64 13 

global + deriv. 288 200 114 15 

global + local 864 510 227 16 

global + local + deriv. 1728 1027 442 20 

Table 4: Number of features per selection step for different feature sets averaged over all faults and CV 
iterations 

An illustration of the feature selection, which is embedded in the decision tree, is given in Figure 6. Therein, the 
root node and the first two levels of a decision tree are shown, while the tree is obtained from one CV-iteration 
and the fault case of an internal leakage at the cylinder of the hydraulic press. From the information given at the 
nodes of the tree, the features and the decision steps can be acquired, which the decision tree was trained to use 
for inference of the considered fault state. In the example given in Figure 6, the pressure at the piston side of the 
cylinder 𝑝𝑝𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is identified to provide the most important information for detecting an internal leakage at the 
beginning of a working cycle. This is in accordance with technical-practical considerations, as the effect of an 
internal leakage is expected to be especially apparent, when the hydraulic press is in idle mode and the pressure in 
the chambers of the cylinder should normally remain constant (compare Figure 7). Similarly, the pressure on the 
rod side 𝑝𝑝𝑅𝑅𝑖𝑖𝑅𝑅  is also identified to indicate an internal leakage. Especially in the last segment of the working cycle, 
where the press is in an idle mode again, an internal leakage strongly effects 𝑝𝑝𝑅𝑅𝑖𝑖𝑅𝑅 , as Figure 7 shows.  

 

Figure 6: First two levels of a decision tree, which is trained for detection of an internal leakage at the cylinder 
of the hydraulic press (threshold values are based on features, which are generated from normalized data) 

 

Figure 7: Effect of an internal leakage on the pressures at piston side and rod side of the hydraulic cylinder 
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7 Summary and Conclusion 

In this contribution, procedures for feature generation and selection were presented for setting up a data-based 
CM-solution for a hydraulic press. Besides the use of toolboxes for automated feature extraction, feature generation 
was expanded by introducing trend and process information. In order to control the higher number of generated 
features, means for subsequent relevance and redundancy filtering were introduced and applied in the frame of an 
exemplary fault classification tasks. The results show an improvement in classification accuracy, when the 
engineered features are included in the feature set. Similarly, the feature selection reduces the variance between 
decision trees from different CV-iterations and improves efficiency of data handling and the training of the 
decision trees. Moreover, if other ML-models are used, the reduced number of features can potentially lead to 
improved training accuracy and allow using smaller models with lower complexity. This is especially to be 
expected when parametrically structured models, such as neural networks, are used. 

Furthermore, along with the importance measures embedded in the decision trees, the feature sets obtained after 
selection can be used to gain an insight on the effects of different faults on observables of the system. Especially 
when a feature set is considered which includes local and trend information, detailed assessments of fault effects 
can be conducted. 

8 Acknowledgements 

The authors thank the Research Association for Fluid Power of the German Engineering Federation VDMA for its 
financial support. Special gratitude is expressed to the participating companies and their representatives in the 
accompanying industrial committee for their advisory and technical support. 

References 

[1] DIN ISO 17359:2018-05, Zustandsüberwachung und -diagnostik von Maschinen - Allgemeine 
Anleitungen (ISO 17359:2018), Beuth Verlag GmbH, Berlin. 

[2] J. Watton, Modelling, Monitoring and Diagnostic Techniques for Fluid Power Systems, Springer London, 
London 2007. 

[3] G. Paulmann, G. Mkadara, Condition monitoring of hydraulic pumps – lessons learnt. In: 11th 
International Fluid Power Conference: 19th-21st of March 2018, Aachen, Germany (Ed: H. Murrenhoff), 
RWTH Aachen University, Aachen 2018. 

[4] A. Fischer, Prognosekonzepte zur Reduktion von Betriebskosten im Lufttransport (ProReB): 
Abschlussbericht 2013. 

[5] I. Döbel, M. Leis, M. Molina Vogelsang, D. Neustroev, H. Petzka, S. Rüping, A. Voss, M. Wegele, J. 
Welz, Maschinelles Lernen –Kompetenzen, Anwendungen und Forschungsbedarf: Projektbericht 2018. 

[6] C. M. Childs, N. R. Washburn, Embedding domain knowledge for machine learning of complex material 
systems, MRS Communications 2019 (3), 806–820. 

[7] J. H. Spurk, Dimensionsanalyse in der Strömungslehre, Springer, Berlin 1992. 
[8] B. D. Fulcher, Feature-based time-series analysis 2017, https://arxiv.org/pdf/1709.08055. 
[9] M. Christ, A. W. Kempa-Liehr, M. Feindt, Distributed and parallel time series feature extraction for 

industrial big data applications 2016, https://arxiv.org/pdf/1610.07717. 
[10] M. Barandas, D. Folgado, L. Fernandes, S. Santos, M. Abreu, P. Bota, H. Liu, T. Schultz, H. Gamboa, 

TSFEL: Time Series Feature Extraction Library, SoftwareX 2020, 11. 
[11] F. Horn, R. Pack, M. Rieger, The autofeat Python Library for Automated Feature Engineering and 

Selection. In: Machine learning and knowledge discovery in databases ; Part 1, Springer, 2020, Cham 
2020. 

[12] A. Radford, L. Metz, S. Chintala, Unsupervised Representation Learning with Deep Convolutional 
Generative Adversarial Networks 2015. 

[13] Y. Xian, T. Lorenz, B. Schiele, Z. Akata, Feature Generating Networks for Zero-Shot Learning, 2018 
IEEE/CVF Conference on Computer Vision and Pattern Recognition 2018, 5542–5551. 

[14] M. Kuhn, K. Johnson, Applied predictive modeling, 5th ed., Springer, New York 2016. 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

803



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

[15] M. Kuhn, Feature Engineering and Selection: A Practical Approach for Predictive Models, CRC Press 
LLC, Milton 2020. 

[16] L. Yu, H. Liu, Efficient Feature Selection via Analysis of Relevance and Redundancy, J. Mach. Learn. 
Res. 2004, 5, 1205–1224. 

[17] J. Biesiada, W. Duch, Feature Selection for High-Dimensional Data — A Pearson Redundancy Based 
Filter. In: Computer Recognition Systems 2 (Eds: M. Kurzynski, E. Puchala, M. Wozniak, A. Zolnierek), 
Advances in Intelligent and Soft Computing, Vol. 45, Springer Berlin Heidelberg, Berlin, Heidelberg 
2007. 

[18] T. Wiens, J. Fernandes, Application of Data Reduction Techniques to Dynamic Condition Monitoring of 
an Axial Piston Pump. In: Proceedings of the ASME/BATH Symposium on Fluid Power and Motion 
Control - 2019, The American Society of Mechanical Engineers, New York, N.Y. 2019. 

[19] J. P. Schraft, D. Becher, J. Weber, Condition Monitoring Strategy for Pump-Driven Hydraulic Axes. In: 
Proceedings of the ASME/BATH Symposium on Fluid Power and Motion Control - 2020, The American 
Society of Mechanical Engineers, New York, N.Y. 2020. 

[20] S. Adams, P. Beling, K. Farinholt, N. Brown, S. Polter, Q. Dong, Condition Based Monitoring for a 
Hydraulic Actuator. In: PHM 2016: Proceedings of the Annual Conference of the Prognostics and Health 
Management Society 2016 Denver, CO, USA, October 3-6, 2016 (Eds: M. J. Daigle, A. Bregon), PHM 
Society 2016. 

[21] M. Andreev, A. Kolesnikov, U. Grätz, J. Gundermann, Simulation-based system reliability analysis of 
electrohydraulic actuator with dual modular redundancy. In: 12th International Fluid Power Conference - 
Volume 3 (Ed: Dresdner Verein zur Förderung der Fluidtechnik e. V. Dresden), Technische Universität 
Dresden 2020. 

[22] K. Yan, D. Zhang, Feature selection and analysis on correlated gas sensor data with recursive feature 
elimination, Sensors and Actuators B: Chemical 2015, 212, 353–363. 

[23] T. Torikka, Bewertung von Analyseverfahren zur Zustandsüberwachung einer Axialkolbenpumpe. 
Dissertation, 1st ed., Reihe Fluidtechnik, Vol.58, Aachen. 

[24] N. J. Helwig, Zustandsbewertung industrieller Prozesse mittels multivariater Sensordatenanalyse am 
Beispiel hydraulischer und elektromechanischer Antriebssysteme. Dissertation, 1st ed., Aktuelle Berichte 
aus der Mikrosystemtechnik - Recent Developments in MEMS, Vol.30, Aachen. 

[25] L. Qiang, X. Zhijie, Z. Zhisheng, A Feature Selection Method Based on Variable Weight in Fault 
Isolation. In: 2021 International Conference on Computer, Control and Robotics (ICCCR 2021): January 
8-10, 2021, Shanghai, China, IEEE, Piscataway, NJ 2021. 

[26] F. Makansi, K. Schmitz, Simulation-Based Data Sampling for Condition Monitoring of Fluid Power 
Drives, IOP Conf. Ser.: Mater. Sci. Eng. 2021, 1097 (1). 

 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

804



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

Development and Operation of a Machine Learning based Predictive 
Maintenance System in the Real World 

Dr. Tapio Torikka 

Bosch Rexroth AG, Zum Eisengießer 1, 97816 Lohr am Main, Germany 
 

E-Mail: tapio.torikka@boschrexroth.de 

We present key success factors for implementing a Machine Learning-based Predictive Maintenance solution in 
production. The transition from pilot projects to a production system necessitates finding a match between the 
quality of the data acquired and the chosen analytics solution. This also impacts the scalability and thus viability 
of possible business models. When operating Machine Learning systems, the code itself is but a small part of the 
whole solution. Production grade systems require the successful implementation of MLOps and a team where 
software engineering skills play a significant role in addition to data science. 
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1 Introduction 

Implementations of IoT applications have grown rapidly in recent years, both in general as well as in the fluid 
power industry specifically. Predictive Maintenance has emerged as one of the most common services offered for 
industrial applications and the market for Predictive Maintenance is expected to be growing at a fast pace (20 – 
40% p.a.). [1] 

With advance information of developing failures, the machine operator is able to prepare required maintenance 
activities well in advance before the deteriorating equipment has a significant effect on the production process and 
avoid unplanned downtime, as illustrated in Figure 1. 

 

Figure 1: The goal of Predictive Maintenance is to recognize a deteriorating machine condition in advance in 
order to avoid negative effects on the production process and unplanned downtime. 
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According to [2], main goals for the majority of companies implementing Predictive Maintenance is to reduce 
repair time and unplanned downtime as well as and improving lifetime of aging industrial equipment. Major 
inhibitors for a successful implementation of Predictive Maintenance include the inappropriate available 
technology and infrastructure, especially when it comes to handling and processing growing data volumes. 

Predictive Maintenance is particularly beneficial in mission critical applications in 24/7 operation where downtime 
is very costly. In real world fluid power applications, downtime cost reductions of 50% or more can be achieved 
[7]. 

Consumer applications have seen an exponential increase in available data volume and processing power. This has 
enabled data-based analytics approaches like Machine Learning to gain popularity, delivering services like speech 
and image recognition with superior performance when compared to the pre-data era. As ever more data is also 
produced by industrial applications, new opportunities have opened up for industrial services driven by analytics. 
However, many solutions in industrial applications have remained on pilot project level and have not matured into 
productive systems [5]. 

[5] calls for a clear strategic and coherent approach in order to pave the way for scalable solutions. In addition to 
that, competence improvements are necessary in order to foster a more risk-oriented mindset, which is a 
requirement for successful digitalization initiatives, including the Predictive Maintenance topic of this paper. 

The following chapters seek to illustrate some key technical and organizational factors for a successful 
implementation of a Machine Learning-based digital service in practise based on several years of experience in 
the development and operation of such a service in a production environment. The following key factors will be 
introduced in the following chapters:  

1. Data quality and its influence on the optimal analytics approach (Chapter 2) 

2. Implementation of the service in real world applications, cooperation between the analytics and 
application teams (Chapter 3) 

3. Required competences for development and operations of Machine Learning systems (Chapter 4) 

2 Data Quality 

A key challenge facing anyone building a predictive maintenance solution for hydraulic components and systems 
is the complex, individual machine behavior. This can result in vastly different data patterns describing a normal 
or abnormal machine behavior, even on the same machine or machine type resulting from following factors, among 
others: 

 The huge variety of machines: Heavy industrial machinery is either manufactured in small series or 
tailored to the production process. 

 The production process: Even the same machine can produce very different end products. In addition 
to that, the production process may be adjusted from time to time to increase output or efficiency. 
This in turn will change the data patterns. 

 Hydraulic systems usually are only a small part of the whole machine. The rest of the machine has 
an sometimes unknown influence on the hydraulic system (e.g. mechanics, electrical systems) 

 Retrofits and upgrades made to the machine after many years of operation, e.g. new cooler 
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 Few preinstalled sensors or data acquisition: Existing sensors on the machine are typically used for 
controlling the machine or for safety purposes. More complex services like Predictive Maintenance 
or data-based efficiency optimization may require additional sensors. Furthermore, additional 
services must not affect the control and safety functionality of the machine. This may require a 
parallel data acquisition system to be retrofitted which increases the upfront investments and limits 
the usage of existing data. 

 Environmental effects: Machine behavior is heavily dependent on the surroundings like temperature 
level, vibration, moisture or contamination. 

 The Operator: Parts of the industrial machine may be operated by a person and thus the machine 
behavior may change as the operator changes. 

The above factors have to be considered when developing a robust analytics solution for determining abnormal 
machine behaviour, which will work in practise. Various options exist in order to achieve this, e.g.: 

1. Manual threshold setting for individual signals 

2. Analytical approach: build an explicit, physical model of application in order to simulate application 
behavior, i.e. „Digital Twin“ 

3. Data-based approach: Learn an implicit application model from sensor data to emulate application 
behavior using Machine Learning 

Manual threshold setting will be ignored in further discussion as it is very error prone, not only due to above factors 
but also because dynamic machine behavior will cause this method to produce false alarms. 

As can be seen in table 1, neither the analytical nor the data-based approach offer a perfect solution to solving the 
previously listed challenges either. It is often not possible to determine a ground truth for a specific component or 
machine type, which in turn makes a reliable data-based supervised machine learning approach hard to realize as 
the required example data is missing. On the other hand, the unique behaviour of machines will also complicate 
an analytical approach, because an application specific solution would have to be engineered: Either with 
application specific analytical models or a rule based expert system. The required effort greatly reduces the 
viability of possible business cases. 

 Analytical Data-based 

System Model Explicit Implicit, based on example data 

Pros Transparency, based on physics Underlying physics must not be known 

Cons  High problem/use case specific 
effort 

 Many physical characteristics 
unknown 

 Requires more computing power 

 Requires example data 

 Explicit solution to the problem not 
transparent 

Table 1: Pros and cons of analytical and data-based analysis methods 
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3 Implementation of the hybrid analytics approach 

A promising compromise in order to benefit from the advantages of both methods in Table 1 is to use a hybrid 
approach: automate the adaptation of the analytics solution to individual application by using a generic data-based 
anomaly detection system and rely on human experts for the diagnosis the application specific anomalies. This 
reduces application specific engineering by allowing the development team to concentrate on a single analytics 
pipeline solution. In addition, high level of transparency can be offered by human expert-based diagnosis of the 
root causes of anomalies and subsequent application specific maintenance recommendations in close personal 
contact with customers. [4] 

A key element in the reduction of application specific engineering effort is the use of a generic anomaly detection 
solution. Machine Learning allows the solution to automatically adapt itself to any particular application. The 
Machine Learning algorithm itself is typically but a small part of the solution, the Machine Learning pipeline. This 
pipeline contains data processing steps in order to integrate it to the remaining IT infrastructure, include domain 
knowledge and data preprocessing for Machine Learning. As illustrated in figure 2, a generic anomaly detection 
pipeline may be constructed of the of the following five steps: 

1. Data Export for extracting a data batch from a data store for further processing 

2. Data preprocessing in order to prepare the extracted raw data for the following anomaly detection step. 
This pipeline step includes generic functions e.g. missing data handling and scaling, as well as domain 
specific functions. These include the generation of new features (e.g. temperature and pressure 
differences in fluid power systems) or FFT (Fast Fourier Transform). 

3. Anomaly detection: generation of a data-based model of the data batch with a Machine Learning 
algorithm or applying an existing model to the extracted data batch 

4. Postprocessing: generation of metrics for data visualization. It is often necessary to process the raw 
output of a Machine Learning model further in order to generate a user friendly metric for 
characterization of the anomaly severity. 

5. Publishing of the results to a message broker, e.g. Kafka 

The above pipeline steps are generic and used for each individual application. The application specific adjustment 
is made using a JSON configuration. For example, the number and type of installed sensors may vary and this can 
be configured for the data export step. Additionally, the sensor type will determine which preprocessing steps are 
to be carried out. Also, the Machine Learning algorithm for anomaly detection may have to be adjusted depending 
on application parameters (number of sensors, static or dynamic machine operation, etc.). 

 

Figure 2: A generic anomaly detection pipeline is configured for each application. This enables an application 
specific solution to be implemented without having to manage application specific software solutions 
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The development and operation of the analytics solution is taken over by an analytics team. This team will offer 
the solution to an application team, which is able to configure a pipeline instance for use in customer applications. 
The tasks carried out by these two teams are the following as outlined in figure 3. 

The analytics team collects new feature requests and adds them into the development backlog. The feature requests 
may originate from the analytics team itself, the application team or might be direct customer requests. The backlog 
items get prioritized for each development sprint and will subsequently be implemented. The modified pipeline 
solution gets deployed on a test environment, where it goes through a test program in order to ensure correct 
environment integration, function and performance. After all tests have been passed with success, the new pipeline 
gets released for deployment in new customer applications. Existing application may also be upgraded to the new 
pipeline solution if so desired. 

The application team is responsible of processing customer requests for Predictive Maintenance, which can either 
come from a sales organization or from direct customer contacts. These requests have to be evaluated, as not every 
application will be suitable for such a service. For instance, if the Predictive Maintenance service is using a cloud-
based analytics solution, data transmission to the cloud has to be ensured. Also, the possibilities for retrofitting the 
required minimum number and type of sensors has to be evaluated. Afterwards, an offer can be made to the 
customer. If the offer is accepted, the engineering for both the mechanical and electrical retrofit as well as software 
installation and configuration can begin. When a commissioning date has been agreed with the customer, the 
solution can be implemented on the machine. Regarding the analytics solution, the application team uses the 
analytics pipeline released by the analytics team and configures new pipeline instances (see figure 2) for each new 
customer application. This is typically done during commissioning of a new Predictive Maintenance service 
application, but can also occur as an upgrade to an existing application. After the analytics solution is in use, new 
anomalies will be diagnosed as they occur and regular status reports are generated to customers. 

 

Figure 3: Two parallel processes for the development and implementation of Predictive Maintenance solutions 

Since Machine Learning pipelines play a key role in managing the application specific complexity, a key activity 
carried out by the analytics team is to efficiently operate Machine Learning systems. The next chapter will give a 
short introduction to MLOps and provide a suggestion for competences and cooperation within the analytics team. 
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4 Development and Operation of Machine Learning Solutions 

4.1 MLOps 

Developing and operating a Machine Learning solution in production differs significantly from a demonstrator or 
a pilot project. Whereas a pilot project often focuses on the Machine Learning code itself, this is but a small part 
of the whole infrastructure in a production system (See figure 4). These additional tools and functions are required 
in order to include non-ML processing (e.g. feature extraction), ensure integration into the remaining IT 
infrastructure (e.g. Serving infrastructure), performance monitoring (e.g. Machine resource management, 
Monitoring, Analysis tools), ensure data quality (e.g. Data verification) and application/customer specific 
adaptation of the ML solution (e.g. Configuration). 

 

Figure 4: Machine Learning code is but a small part of a complete Machine Learning solution [6] 

As the implementation of MLOps is an extensive task encompassing various fields, [3] lists three levels of 
automation with regards to MLOps, which represent increasing levels of sophistication: 

0. Manual process: The analytics team might have implemented many if not most of the components 
mentioned in figure 4, but includes manual execution of processes, manual data analysis, etc.  

1. ML pipeline automation: The pipeline execution and transition between the pipeline steps is completely 
automated. This also includes continuous training (CT), where model training is automatically triggered 
when a trigger condition is met. For instance, the anomaly detection pipeline presented in figure 2 can be 
triggered to train a new Machine Learning model if an anomalous data batch was presented to existing 
models and none of these provided a match to the observed pattern. This way, a model library can 
automatically be built up, representing various machine states (for both normal and abnormal machine 
behavior). 

2. CI/CD pipeline automation: Here, a CI/CD system is implemented for automated building, testing, 
deployment and versioning of ML pipelines, models and configurations. CI/CD is used in software 
engineering in order to merge code from many developers into a central repository and automatically 
generate builds and carry out tests (Continuous Integration, CI). The completed software modules are 
then implemented on test- and production environments, and tested with integration tests (Continuous 
Delivery, CD). The deployment of the software module to the customer can also be automated (Continous 
Deployment, CD). 

Where a Machine Learning pilot project may be realized by a small data science team, the implementation of 
MLOps requires extensive software engineering competencies within the analytics team. This topic will be covered 
in the next chapter. 
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4.2 Competences and Cooperation Model for a Predictive Maintenance Solution 

When delivering Machine Learning-based services in a production environment, a wide range of competences 
especially in the field of software engineering are necessary in addition to data science and data engineering. Figure 
5 illustrates a cooperation model within an analytics team and highlights the various roles and tasks within the 
team. This does not only apply to a Predictive Maintenance service, but can also be applied to other use cases. 

 

Figure 3: Collaboration model within the analytics team for the development and operation of Machine 
Learning pipelines 

A Data Scientist uses generic and domain specific know-how in order to design a Machine Learning pipeline for 
delivering the desired results to customers, e.g. anomalies or predictions about possible machine failures. The 
pipeline design is continually perfected by customer feedback and data acquired from existing applications. The 
resulting pipeline design itself might be sufficient for a pilot project, but in a production environment more 
extensive use of software engineering is required (implementation of MLOps, see chapter 4.1). The task of 
programming and monitoring a production pipeline is carried out by Machine Learning Engineers. The production 
pipelines are deployed on an infrastructure consisting of data storage and interfaces as well as tools for monitoring, 
visualization and analysis of data for results generated by the Machine Learning pipelines. Data Engineers are 
responsible for the development and operation of the infrastructure, although some tasks could be shared with 
Machine Learning Engineers. The link between the analytics team and the application team (see figure 3) is taken 
over by Data Analysts. A Data Analyst uses existing tools provided by the remaining team in order to support the 
customers (in this case the application team) by detailed on-demand analyses and assisting in application specific 
configuration of the pipeline. In addition to data analysis skills and domain expertise, a key skill of a data analyst 
is also the capability of communicating the findings to customers and other stakeholders. 
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5 Conclusions 

Machine Learning provides a powerful tool for solving analytics problems. However, the available data volume 
and quality will determine if Machine Learning can offer the optimal solution for a digital service, e.g. Predictive 
Maintenance. In fluid power systems, applications commonly exhibit individual behavior, which also results in 
highly individual data patterns. As the ground truth is missing for a supervised Machine Learning solution, a hybrid 
approach consisting of a generic unsupervised anomaly detection pipeline and a human expert-based diagnosis 
provides a working compromise for delivering maintenance recommendations to customers.  

The large amount of data and feedback from the existing customer applications can only be managed and optimally 
used with a high level of automation using MLOps. The implementation requires the use of extensive software 
engineering competence. When successfully put into practice, this will enable the efficient use of this data to 
further improve the service with increased speed, quality, reduced costs or new features customers desire. More 
data and the capability to efficiently use it will also facilitate the development of improvements to the anomaly 
detection solution, e.g. root cause analysis. This will further assist human experts in their work and thus increase 
the scalability of the service. In addition, the acquired data may contain insights, which can lead to completely 
new business opportunities. 
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Sustainable systems require sustainable data. Imposing the paradigm of sustainability on data corresponds to 
making it findable, accessible, interoperable and reusable (FAIR). This is vital for planning a fluid system fulfilling 
functionality as well as satisfactory quality. Therefore, customers are dependent on component suppliers making 
FAIR product data available. Rather than assuming the context of runtime machine to machine communication 
and service-oriented interfaces, i.e., solutions based on digital twins, the presented work proposes a digital data 
sheet for components based on citation of information models compliant with W3C standards. This enables 
suppliers to provide comprehensible and transparent data and customers to implement sustainability already during 
the design process of fluid systems. 

Keywords: sustainability, digitalization, FAIR data, information models  
Target audience: Design Process, Pump Manufacturers, Fluid System Planners 

1 Introduction 

Since the publication of the document “Our Common Future” (also known as the Brundtland Report) [1] 
sustainability has become the paradigm for human development. How this paradigm based on a vague and broadly 
used term translates into concrete measures is rarely apparent. However, Sustainable Systems Design [2] is an 
approach that shows how to include sustainability as a guiding principle during an engineering design process in 
a practicable manner. It follows the principle “Maximize Quality subject to Functionality” (cf. Figure 1). The 
electrical energy consumption of water pumps made up 225 TWh/a in the year 2015 [3] while a total of 
2761 TWh of electrical energy were generated in the EU in the same year [4]. The energy consumption can be 
reduced by up to 37% with a system-wide optimization of pump and fluid system [5]. 

Hence, applying Sustainable Systems Design to the process of fluid system planning would be beneficial for 
contributing to a reduction of energy consumption and in consequence  CO2 emissions. This benefits both 
economic and ecologic sustainability. Concretely, this implies that the required functionality appears as a 
constraint in a mathematical optimization, whereas the objective is to maximize the quality of the fluid system. 
For example, one sub-functionality of the fluid system may be to provide a given pressure difference Δ𝑝𝑝 and 
volume flow 𝑄𝑄. When selecting the corresponding positive displacement pump, the choice is constrained by this 
requirement but it is motivated by finding the pump with the highest quality. At the same time, quality itself can 
take the shape of a constraint or objective. As a constraint it can ensure that statutory thresholds are complied with, 
e.g., rate of efficiency, power consumption, emissions. As an objective, it can determine the direction of 
development in a continuous improvement process, e.g., minimize material use, maximize efficiency, or minimize 
carbon footprint. Thus, when planning a fluid system, sustainability in terms of energy and material consumption 
can be included as a quality that is to be maximized using Sustainable Systems Design. 
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Figure 1: Assignment of quality and functionality to objectives and constraints, whereby these are influenced by 
the stakeholder's goals and functional specifications. Adapted from [2]. 

1.1 FAIR Product Data as Enabler for Sustainability 

Achieving sustainability is highly dependent on findable, accessible, interoperable and reusable (FAIR) data: 
During the planning of a sustainable fluid system a positive displacement with a given specification needs to be 
selected. The playing field is made up of pumps with various specifications from different manufacturers 
(suppliers) which constitute competing techno-economic systems, cf. Figure 2. The playing field can be restricted 
by dismissing all pumps that do not fulfil the functional requirements. This is of course only possible if data on 
the specifications of possibly eligible pumps is findable and accessible. Governing bodies (society) may impose 
further restrictions to the design space by prohibiting technologies or materials. Furthermore, quality constraints 
might be legally binding, such as threshold values for efficiency, power consumption or CO2 equivalent for 
manufacture. Other technologies may be banned outright (market surveillance). This affects both the designer 
(customer) and the various pump manufacturers (supplier). The supplier is accountable to society that the offered 
products comply with those constraints. In practical terms, pump manufacturers need to gather data showing that 
their products achieve a given rate of efficiency and cause CO2 emissions only within the scope of emission 
certificates bought by the company. The customer requires the supplier to provide sufficient and transparent data 
to ensure compliance with quality constraints applicable to their own product. 

Sticking to our example, the bought pump must guarantee that the fluid system meets predefined values for rate 
of efficiency or CO2 emissions. To this end, the data further needs to be interoperable and reusable. It is necessary 
for the designer to be able to feed the product data into their own, possibly very different, software framework in 
order to calculate the social, ecologic and economic cost the choice of a given pump would imply using specific 
models. Considering the highly varied models and applications of product data in the design process, the data 
needs to be made available using formats that are equally versatile, language independent and machine-readable. 
This also requires adequate metadata to be provided for both humans and machines to understand the origin of the 
data. This is summarized using the term interoperability of data. The reusability of data is also ensured by 
supplying it with suitable metadata. Appropriate metadata provides relevant information about context and 
provenance of the data in a machine-readable form, which allows to evaluate whether it is relevant or applicable 
for answering a given question. The data gathered by a pump manufacturer needs to be reusable for the designer 
and in turn, the data generated by them needs to be reusable for their own customers. Data once gathered but used 
only once, without ensuring reusability, needs to be gathered once again when it is required for addressing a similar 
problem. This causes dissipation which from an engineering perspective is inefficient and thus detrimental to 
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sustainability. Therefore, FAIR data is sustainable data and sustainable data is required for sustainable fluid 
systems. 
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Figure 2: Socio-technical system with the several competing techno-economic systems in its core and the three 
stakeholder groups supplier, customer, society as human controllers and sensors. Adapted from [2]. 

1.2 Digital Data Sheets as Vehicle for FAIR Product Data 

Currently, a common way for manufacturers of positive displacement pumps to provide data on their products is 
a data sheet as PDF (portable document format) file for each product line with a selection of technical specifications 
in tabular form or depicted in figures. However, it is not necessarily the case that these PDF files are freely available 
for download on the manufacturer’s website but rather may only be available on demand with limited 
specifications given in tabular form as website content. With regard to the requirements derived from the FAIR 
data principles this is insufficient in several ways which will be detailed in the following. 

Findability is impeded by having to go over manufacturers’ websites with relevant information spread over several 
subpages. There is no single point of entry for finding relevant product data on pumps by means of a semantic 
query for characteristics and specifications relevant to the fluid system under development. When they are 
available, those PDF files with technical specifications of pumps are themselves often not supplied with metadata, 
which further complicates findability and narrows the scope of their reusability. 

Accessibility is generally measured by Open Access standards. So far, these play a negligible role for 
manufacturers when it comes to providing product specifications. Procedures for gaining access vary from free 
download of PDF files to having to ask for an official tender. In either case, PDF files can be considered a front-
end barrier withholding access to the actually relevant data, e.g., measurement protocols on which pump curves 
are based, measurements from which values for maximum pressure difference and volume flow are derived 
including ranges of uncertainty. So far, these are not generally accessible either through Open Access or licensing 
agreements. Therefore, it is important that data is provided using an open standard that does not require extra 
licensing for making product data accessible. 

A further drawback of providing product specifications and characteristics in PDF format is that it is not an easily 
machine-readable format. Attempts have been made to extract data and information from PDF files of data sheets 
[6]. However, since the data is available before it is brought into PDF format, interoperability could be greatly 
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facilitated by providing data in a machine-readable format directly. A further aspect of interoperability is a 
standardized controlled vocabulary for describing characteristics and specifications of pumps. Depending on the 
domain different terminology may be used for describing characteristics of a pump, e.g., pressure difference versus 
head, and data may be given in different units, e.g., l/h versus   /h. With these peculiarities embedded in PDF 
files, extracting desired data from them for comparing different products requires one-of-a-kind tools and is 
burdensome. This also holds true for the case when data is provided in the form of images within a PDF file as is 
often the case with pump curves. 

As already stated, one prerequisite for reusability of data is metadata being available with it, so as to ensure 
comprehensibility, transparency, and insight into relevance of data. While metadata can be embedded in PDF files 
the metadata schemes are those of text documents with a focus on catalogues of libraries. This is not the best 
metadata scheme for the information transported in data sheets and the data it describes. Reusability is further 
determined by uncertainty of data being quantified as well as the possibility of extending the data provided about 
a piece of machinery. While the CO2 foot print of a pump may have been of little interest in the past it is gaining 
more and more relevance. When new characteristics gain importance, it is necessary to quickly and easily integrate 
it with the provided data rather than going through a lengthy process of newly publishing PDF data sheets.  

To summarize, the imperative “Maximize Quality subject to Functionality” is a practical approach to putting 
sustainability into practice during an engineering design process. This approach heavily relies on data on 
technological components. Dissipative work is avoided when this data conforms to the FAIR principles, making 
these principles the bench mark of sustainability with regard to data itself. Current methods for providing data on 
fluid technology components fall short of this bench mark. 

Using the example of a positive displacement pump, the presented work will show case a method of data 
management that results in a digital data sheet for the pump. The requirements for such a data sheet derived from 
the issues discussed above are: 

(i) a generic, universal information model that can be adapted to the context of specific domains 

(ii) usage of a machine-readable format 

(iii) an open standard that does not require extra licensing 

(iv) adaptability and the possibility of extending the information model to allow for important new 
characteristics in future development. 

The remainder of the presented work is structured as follows. In a section entitled “State of the Art” already 
available standards for sharing data and information on technological components are presented and discussed 
with regard to the requirements stated above. Furthermore, the scope of the digital data sheet will be delimited 
against popular concepts such as digital. The central section will illustrate the different approaches undertaken to 
developing the digital data sheet and present the use case of a digital data sheet for a positive displacement pump. 
A following section will discuss to what extent the presented work meets the requirements of the problem statement 
and illustrate scope for further development. The presented work will be completed by summary and conclusion. 

2 State of the Art 

The demand for summarized digital data regarding technological artifacts is not new. In various fields attempts 
have been made to establish standards for such digital representations of objects with Building Information 
Modelling (BIM) and Industry 4.0 culminating in the phrase digital twin. In this section various competing 
standards will be presented and discussed with regard to their limitations. Furthermore, a distinction will be drawn 
between the digital data sheet proposed in the presented work and common understanding of the so-called digital 
twin. 
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2.1 Standards for Information Models 

Perhaps the most prominent field where standardized data exchange and integrated digital workflows have 
developed over the past is the buildings sector with building information modelling. Rather than a standard, BIM 
can be described as an umbrella term to describe a process that involves digital representation of physical assets 
in the built environment and their integration in various digital workflows. Hence, the domain of BIM provides 
extensive digital descriptions of the built environment, including buildings and civil infrastructure. While most of 
them are proprietary, initiatives like buildingSMART [7] work to facilitate open standards for BIM. BIM can be 
regarded as already very mature. For instance, in 2015 the German Federal Ministry of Transport and Digital 
Infrastructure published a phased plan to introduce BIM in steps for future infrastructure projects making BIM 
mandatory as of 2020, cf. [8]. The open, international standard (ISO 16739-1:2018), "Industry Foundation Classes" 
(IFC) defines physical components of buildings, manufactured products, mechanical/electrical systems, as well as 
more abstract structural analysis models, energy analysis models, cost breakdowns, work schedules, etc. This does 
include pumps, as part of the heating, ventilating and air conditioning (HVAC) domain, however the information 
model is of course heavily focused on the built environment and geometry models [9–11]. 

Leaving the buildings sector and looking to the process industry, we find similar efforts towards data exchange 
standardization being made, as for instance the NAMUR Open Architecture [12], NAMUR Asset Life Cycle Data 
Model [13], or DEXPI [14] initiatives.  

Outside of asset information management, standardized information modelling has also become an important topic 
in process automation with the advent of industry 4.0 and the internet of things (IoT). Here, the Open Platform 
Communications Unified Architecture (OPC UA) is gaining increasing popularity. OPC UA is also the prioritized 
interface standard by the German Machinery and Plant Manufacturers Association (VDMA), cf. [15]. For 
describing the nature and features of products, there are many established standards from traditional Electronic 
Data Interchange environments. Among those, the arguably most sophisticated one is ECLASS, covering a wide 
range of products and services (more than 45 000 types) and defines a huge number of properties for their features 
(more than 19 000 properties). However, the releases are not accessible without a fee-based license [16–18]. 

2.2 Standards for Representation of Information Models, Digital Twins and Digital Data Sheets  

Information models at first are created primarily on a conceptual level, independent of particular implementations 
or representations. At this stage, they may be specified and communicated using for example class diagrams or 
tables of entities and properties. While some information models, e.g., IFC, are provided in a variety of modern 
semantic representation standards, most of the information models introduced in section  2.1 are strongly coupled 
with specific data models or even file formats that can be used for their representation. For example, the data 
models and dictionaries specified by the OPC UA or ECLASS standards are available and to be consumed in the 
form of their respective XML schema [18, 19].  

To ensure the interoperability of data, an information model must sufficiently express what kind of information it 
provides. A suitable representation must be able to express both schema information and domain semantics. 
Schema information is used to validate data and includes statements about how the data must be structured, or 
which upper and lower numerical limits apply to a value. Domain semantics include statements that would 
otherwise only exist implicitly or informally, for example, which physical unit is used to measure a certain value. 

With the rise of semantic web technologies, several open W3C (World Wide Web Consortium) specifications for 
formal knowledge representation have emerged as broadly adopted de-facto standards for semantic modeling. 
They provide a domain agnostic basis for highly interoperable information models, both on a technical level as 
well as the semantic level. The central specification is the Resource Descriptor Framework (RDF) as a general 
formalism for conceptual description or modeling of information [20]. Other open W3C specifications built an 
ecosystem around RDF for implementation, description and validation of semantic graphs: The SPARQL Protocol 
and RDF Query Language (SPARQL) allows querying and transformation of RDF graphs [21]. The Shapes 
Constraint Language (SHACL) expresses constraints on semantic graphs as well as validation rules, i.e., 
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representing Ontologies and vocabularies [22]. The Web Ontology Language (OWL) remains the prominent 
method to express rules for semantic reasoning [23]. 

In the context of current developments of Industrie 4.0, the Open Manufacturing Platform (OMP) proposes the 
standardization of digital twins and, e.g., the Asset Administration Shell based on information models using the 
open semantic web technologies described above [24]. A digital twin is a virtual representation of real-world 
entities and processes, synchronized at a specified frequency and fidelity [25]. Digital twins use real-time and 
historical data to represent the past and present and simulate predicted futures. Digital twins are motivated by 
outcomes, tailored to use cases, powered by integration, built on data, guided by domain knowledge, and 
implemented in IT/OT systems [26]. The Plattform Industrie 4.0 and the Industrial Digital Twin Association are 
starting to define so-called sub-model templates to enable interoperability via the Asset Administration Shell. These 
are templates for different data and behavioral aspects a component or an asset can offer [27–29].  

The presented work discusses the use-case example of representing relevant properties of a positive displacement 
pump as well as available data for planning fluid systems. Out of the available information models introduced in 
section  2.1, the Companion Specifications for Pumps based on OPC UA is arguably the most comprehensive and 
modern (c.f. section 3.3). However, the available representations are designed primarily with implementations of 
machine-to-machine (M2M) Communications in mind. For example, an “OPC UA NodeSet” XML model can be 
used to generate code for client and server applications automatically, but is not intended to represent semantics 
[19]. Such service-oriented interfaces designed for runtime M2M communications is however not suitable in the 
context of this discussed use-case. A typical workflow uses “snapshots” of descriptive data that holds true over an 
intermediate or long time-period rather than runtime data, condition monitoring or predictive models. Middleware 
and software stacks that provide capabilities to distinguish and combine descriptive data (static information) as 
well as runtime data and services are being developed. Leveraging the Asset Administration Shell introduced above 
as an abstract information model, an available open source implementation is BaSyx [30], developed as part of the 
BaSys 4 platform [31]. However, though it is included in the specification documents [29], current software 
development kits (SDKs) do not support the proposed compatibility with the aforementioned W3C specifications 
for semantic modeling [32]. 

The proposed application of digital data sheets therefore addresses the following two challenges: 

(i) only a subset of the information or behavioral aspects a digital twin of a pump would aspire to provide is 
needed 

(ii)  interoperability of the data and its semantic context has extremely high priority, which imposes the use of 
contemporary semantic technologies, formalisms and formats. 

This is in accordance with the current efforts towards standardization of semantic digital twins and the 
modularization or their individual aspects [24]. 

3 Methods 

In the following section, three separate approaches to deriving a suitable information model and choosing an 
appropriate file format for a digital data sheet will be presented and discussed. Of the four requirements mentioned 
in the problem statement, (i) and (iv) focus on the information model and pose considerable challenges. The first 
requirement seems initially contradictory in that the information model should be universal and generic on the one 
hand and domain specific on the other. Considering the second requirement which demands openness to future 
developments and adaptability the resolution of the contradiction becomes clear in this required flexibility. Three 
separate approaches for deriving such an information model were tested which will be discussed in the following. 
First, the current practice of using regular data sheets (unstructured text) is considered as a starting point for 
conversion into structured data. Second, the current practice of using input or output formats of software tools 
utilized by designers of fluid systems is considered as part of the status quo regarding practical use of information 
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models. Third, the OPC-UA companion specification for pumps is considered as the favored information model 
of the available standards introduced in section 2.1. 

3.1 Approach Based on Available Data Sheets 

Starting from the point of current practice, the initial approach to creating a digital data sheet was synthesizing it 
from the available PDF specification sheets provided by pump manufacturers. Most of the specifications listed in 
the files are easily represented as key-value pairs, e.g., manufacturer – manufacturer name, catalogue link – 
hyperlink to the catalogue, maximum operating pressure – value, etc. Attempts have been made to automate and 
standardize this process and add semantics to the data [6]. However, this representation is not suitable for all data 
required for characterizing a pump. When considering the behavior of the pump during operation, the design point 
is still representable as key-value pairs for power consumption, rate of efficiency, pressure difference, and volume 
flow. Pumps are operated off-design point for considerable amounts of time during their life cycle [5]. Thus, the 
entire range of possible operating conditions for a pump needs to be representable by the information model. The 
according data may be provided in the form of figures. One way of transferring this data into a digital data sheet 
is to read value pairs from the figures. This implies discretizing a continuous data set provided in a figure. Since 
these value pairs do not correspond to the ones the figure is based on, they are subject to uncertainty. A different 
method is to develop a model to describe characteristic curves as polynomials. This model is then inserted into the 
digital data sheet as key-value pair with the value being a set constituted by the coefficients of the polynomial. As 
a light-weight, easily adaptable, machine-readable, language independent data-interchange format for the digital 
data sheet JSON (Java Script Object Notation) [33] is chosen. This approach results in manually derived individual 
digital data sheets for each component type. 

To summarize, this approach is very straight forward for deriving a digital data sheet with the currently available 
data. However, it leads to a digital data sheet that does not use a standardized information model. Neither does the 
information model use a standard for representation. This results in three considerable insufficiencies: 

(i) the vocabulary used in the data sheet may vary considerably, 

(ii) semantic modelling is not possible due to a lack of standardized representation of the information model, 

(iii) it is burdensome to generate each data sheet individually, i.e., it is not a scalable solution. 

3.2 “Smart Data Models” from the Smart Water Domain 

A second approach explored in the course of the presented work was to review existing information models that 
already come with a standardized representation. Specifically, the NGSI-LD (Next Generation Service Interface – 
Linked Data) graph-based context information model was used. This is based on the representation standard RDF 
[34]. Various domains have already been serialized using this information model with the JSON-LD format, e.g., 
smart cities, smart energy, and smart water [35]. The domain smart water includes information models of fluid 
components, e.g., network, pipe, junction, tank, valve, and pump. The information models of these components in 
this implementation are based on EPANET, a software tool for simulating water behavior in pipe systems for 
drinking water distribution [36]. Considering the example of the positive displacement pump, a closer look at the 
information model for pumps provided here reveals that only three properties, ‘id’, ‘type’, ‘initialStatus’, and two 
relationships, ‘startsAt’, ‘endsAt’, are compulsory, cf. Figure 3 [37]. Properties have a value such as a string or 
integer in the sense of a key-value pair whereas relationships refer from one entity to another. There are several 
additional properties and relationships that can further be defined, though the limitations of this information model 
already become apparent considering these compulsory properties and relationships. ‘startsAt’ and ‘endsAt’ are 
defined as the identifiers of the nodes on the suction and pressure sides of the pump respectively. Hence, it becomes 
clear that this information model is used primarily in graph-based modelling of water distribution networks and is 
adapted accordingly. 
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Figure 3: Entities (grey) with required (green) and optional (orange) relationships (with arrows to other 
entities) and properties (without arrows). 

The insufficiency further becomes clear when considering how the operating points and pump characteristics are 
modelled. For one thing, the model assumes centrifugal pumps thus restricting the scope of the model. 
Furthermore, the pump characteristics, such as Δ𝑝𝑝-𝑄𝑄 characteristic, are modelled using the entity ‘curves’. In this 
information model, curves have five required properties, ‘id’, ‘type’, ‘curveType’, ‘xData’, and ‘yData’, cf. Figure 
3. For pumps, relevant values of ‘curveType’ are ‘FLOW-HEAD’ for Δ𝑝𝑝-𝑄𝑄 characteristic and ‘FLOW-
EFFICIENCY’. Considering Δ𝑝𝑝-𝑄𝑄 characteristic, the information model handles curves differently depending on 
the number of data points provided in the properties ‘xData’ and ‘yData’. A single-point curve with one value each 
in ‘xData’ and ‘yData’ for the Δ𝑝𝑝-𝑄𝑄 characteristic assumes the given point to be the design point for operation. A 
curve is then created around it by assuming two more data points with a maximum Δ𝑝𝑝 and a maximum 𝑄𝑄 of 133% 
that of the design point volume flow. A three-point curve uses the data points to identify parameters 𝐴𝐴 𝐵𝐵 𝐶𝐶 for 
describing the curve with an equation of the type 

Δ𝑝𝑝 = 𝐴𝐴 − 𝐵𝐵𝑄𝑄𝐶𝐶  (1) 

A multi-point curve uses linear interpolation between each of the data points to construct the curve. Adaptions of 
the Δ𝑝𝑝-𝑄𝑄 characteristic depending on pump speed according to the equations 

𝑄𝑄 
𝑄𝑄2

= 𝑁𝑁 
𝑁𝑁2

 
(2) 

and 

Δ𝑝𝑝 
Δ𝑝𝑝2

= (𝑁𝑁 
𝑁𝑁2

)
2
 

(3) 

are possible while efficiency curves may also be provided. 

The limitations of this information model can thus be summarized as follows. It is adapted to a specific domain of 
graph-based modelling of water distribution networks. It further imposes predefined models restricted to 
centrifugal pumps for the behavior of pumps which are not necessarily suitable for characterizing a pump in every 
fluid system. The reason for assuming a behavior may be the lack of data. This could be avoided, if manufacturers 
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provide the relevant data and required models and the information model is adaptable to the effect that these models 
can be integrated. However, the approach of serializing the information model with the JSON-LD standard as a 
means of addressing interoperability and reusability of data is valuable and should be considered for further use 
[38].  

3.3 Deriving an Information Model from OPC UA Companion Spec for Pumps 

Among the information models presented in section 2.1 the OPC UA information model is arguably the most 
comprehensive while it is also the most modern, only being released earlier this year in April 2021, cf. OPC 40223 
[39]. The OPC UA Companion Specification for pumps and vacuum pumps [39] extends on the companion 
specifications for devices [40] and machinery [41]. At its core, the OPC UA information model for pumps and 
vacuum pumps comprises seven FunctionalGroups (see OPC 1000-100 for a definition of the 
FunctionalGroupType [40]); they are - in  alphabetical order  

(i) Configuration 

(ii) Documentation,  

(iii) Events,  

(iv) Identification,  

(v) Maintenance,  

(vi) Operation, 

(vii)  Ports,  

where only Identification is specified as a mandatory group. Identification, contains non-technical data provided 
to uniquely identify a machine or pump. Configuration includes static design, system requirements, and 
implementation data of the pump, while Documentation contains static documentation files of the pump. 
Maintenance records maintenance related data that is mostly (semi-)dynamic but, in some cases, can be static. 
Lastly, Events, Operation, and Ports are IoT-specific and thus of little interest in a digital data sheet. Without 
going in to the specific details of each group’s individual data-structures one can already convince oneself that the 
OPC UA information model for pumps outside of being useful in IoT applications is also fit for other tasks, for 
instance planning, asset management, and management of lifecycle records, cf. [42, 43]. This is also reflected in 
the Use Cases section in the standard itself, see chapter 5 in OPC 40223 [39]. Using the information model outside 
the intended scope, i.e. (I)IoT applications, however, presents itself cumbersome at best. This is  owed to the fact 
that, first, OPC UA heavily relies on code-generation from so-called node-set files in XML-format, and second, 
most available software stacks (for example open62541 [44], FreeOpcUa [45], S2OPC [46], UAF [47], node-
opcua [48]) require one to set up an OPC UA server to make use of OPC UA information models. However, in 
asset (lifecycle) management for example, interoperability with established database systems is desirable. The 
node-set approach comes with another disadvantage as the distinction between definition of types and instances 
becomes blurry.  

Hence, a more lightweight and flexible representation of the information model is required to broaden the scope 
of application. We thus suggest the use of RDF-based representation of a pump and its properties, the digital data 
sheet.  

4 Application 

In this section, a use case will be presented to illustrate how promising aspects of the approaches described above 
may be applied to a real-world example for sketching a digital data sheet for a positive displacement pump. 
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4.1 Use-Case: Digital Data Sheet for a Positive Displacement Pump 

The information model provided by the OPC-UA companion specification for pumps is chosen as the basis for the 
use-case application. However, some aspects of a direct use of the available representation in its native XML 
schema (NodeSet2.xml) for a digital data sheet are detrimental to the needs of designers or customers (c.f. section 
1) and therefore sustainable systems design. These aspects are: (i) The information model is provided as-is, context 
specifically needed information needs to be extracted manually, no mechanism is provided to distinguish required 
properties from optional ones. (ii) & (iii) While the provided formats are machine readable, based on open 
standards, the ecosystem of available tooling is very narrow. (iv) Extending or adapting the information model as 
well as the validation of such changes requires tooling specific to this representation schema.  

The approach developed in the ongoing AIMS (Applying Interoperable Metadata Standards) project proposes the 
implementation of metadata application profiles (MAPs) on the basis of W3C standards. This yields a framework 
for FAIR digital data sheets [49–51]: A modeling concept should be used that describes semantic data as MAPs, 
e.g., a digital data sheet, in a modular and hierarchical fashion from elements of established controlled 
terminologies. This ensures a high degree of specificity can be achieved with maximum applicability and 
reusability of the metadata schemas. The generated representations can be provided via standard, widely adopted 
exchange formats like RDF/XML, JSON-LD, Turtle, etc. [52–55]. The presented use-case application uses the 
turtle-syntax: Manufacturers (suppliers) provide a data graph of facts about their product, illustrated below, using 
an available RDF based vocabulary or information model. The facts or statements are represented as semantic 
triplets, shortened to a subject, and a series of indented predicate-object elements. For this use-case application, a 
small vocabulary of terms was derived from the OPC-UA companion specification information model for pumps. 

# Declare keywords for namespaces of used vocabularies 
@prefix ex: <http://www.example.org/> . 
@prefix ua: <http://www.example.org/opcuaRDF#> . 
@prefix gr: <http://purl.org/goodrelations/v1#> . 
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> . 
 
# ExamplePump is a positive displacement pump with a geometric displacement  
# volume of 0.35 litres and a maximum allowable casing working pressure of 12 bar 
# The Terms in <http://www.example.org/opcuaRDF#> are derived from OPC-UA NodeSet  
# <http://www.opcfoundation.org/UA/schemas/Pumps/1.0/Opc.Ua.Pumps.NodeSet2.xml> 
 
ex:ExamplePump 
    a ua:Pump ; 
    rdfs:label "Heavy-duty Pump"@en ; 
    ua:Manufacturer “myPumps Inc.” ; 
    ua:PumpClass ua:PositiveDisplacementPump ; 
    ua:geometricDisplacementVolume ex:QuantitativeValueFloat_GDV ; 
    ua:maximuAllowableCasingWorkingPressure ex:QuantitativeValueFloat_MWP . 
 
# UN/EFACT Common Code for “litre” is “LTR” 
ex:QuantitativeValueFloat_GDV 
    a gr:QuantitativeValueFloat ; 
    gr:hasUnitOfMeasurement "LTR"^^xsd:string ; 
    gr:hasValueFloat "0.35"^^xsd:float . 
 
# UN/EFACT Common Code for “bar” is “BAR” 
ex:QuantitativeValueFloat_MWP 
    a gr:QuantitativeValueFloat ; 
    gr:hasUnitOfMeasurement "BAR"^^xsd:string ; 
    gr:hasValueFloat "12.0"^^xsd:float . 
 
Listing 1: Exemplary (meta-) data graph providing information about a pump, using RDF turtle syntax (cf. [20, 

55]) and semantic terms derived from the OPC UA companion specification for pumps. 

Designers (customers) can then use MAPs based on SHACL, to customize a digital data sheet to their needs, based 
on the knowledge graph of facts about a product, provided by the manufacturer. The example below implements 
the constraint that for instances of the class Pump the property specifying the positive displacement volume is 
mandatory, leaving other properties optional. 
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# Declare keywords for namespaces of used vocabularies 
@prefix ex: <http://www.example.org/> . 
@prefix ua: <http://www.example.org/opcuaRDF#> . 
@prefix gr: <http://purl.org/goodrelations/v1#> . 
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> . 
@prefix sh: <http://www.w3.org/ns/shacl#> . 
 
# defines the Shape a dataset needs to provide to fit this digital data sheet 
foo:MyPumpShape 
    a sh:NodeShape ; 
    # this Shape specifies requirements for instances of the Class "Pump" 
    sh:targetclass ua:Pump ; 
    # “Pumps” in the data sheet must specify the “ua:geometricDisplacementVolume” 
    # in the Form of a “gr:QuantitativeValueFloat” 
    sh:property [ 
        sh:path ua:geometricDisplacementVolume ; 
        sh:name “Geometric Displacement Volume”@en ; 
        sh:minCount 1 ; 
        sh:class gr:QuantitativeValueFloat 
    ] . 
 
Listing 2: Exemplary shapes graph customizing the information provided by the data graph in Listing 1 into a 

digital data sheet for a pump, using RDF turtle syntax (cf. [20, 55]) and SHACL (cf. [22]). 

4.2 Lessons Learned 

As the use-case application in section 4.1 shows, the requirements for a digital data sheet as stated in section 1 are 
addressed in the following way: (i) Leveraging W3C standards to represent and validate different views on an 
information model or vocabulary enables adaptation to different contexts of specific domains. (ii) & (iii) The 
utilized standards are deployed on the basis of open specifications in machine-readable formats. (iv) Originating 
from the domains of the world wide web, semantic and linked data, the underlying generic data models are 
conceptualized with extensibility as a core design paradigm  [20]. As illustrated by the use-case application, this 
enables manufacturers (suppliers) to add provided information to such a knowledge graph as needed. Different 
designers (customers) can then customize a digital data sheet containing the subset of information they need via 
MAPs. In this way, FAIR product data can be exchanged on a large scale to enable sustainable systems design. 

However, state-of-the-art standards for representation of semantic information models are only one part of 
interoperable digital data sheets. The use-case application also highlights the following non-trivial and to some 
extent non-technical challenges that remain: As stated already in section 2.2, existing information models, 
categorization standards or vocabularies are strongly coupled with specific, non-semantic data models that are 
cumbersome to convert to the widely interoperable W3C standards. Several releases of such converted information 
models are one-time captures of the reused standards, while the standards themselves have undergone significant 
change in the meantime which limits their usefulness significantly. Research efforts to provide appropriate 
releases, based on tooling to automate this process compliant with, e.g., the GoodRelations vocabulary for e-
commerce [56] and schema.org [57], are severely hindered by the lack of copyright clearance [16, 17]. The 
availability, and even findability of quality, practically relevant representations of widely adopted information 
models or vocabularies is therefore extremely limited. 

5 Discussion  

Providing relevant product data is a key component for the traceability, interpretability and trustworthiness of data, 
which directly affects its reusability. This in turn is directly connected to the sustainability of products, fluid 
systems and their operation. Optimizing their sustainability (“Maximize Quality subject to Functionality”) as part 
of the engineering design process is heavily dependent on reliable data and its correct interpretation. A necessary 
condition for the digital data sheet to be put into practice is that pump manufacturers and manufacturers of other 
fluid components make the relevant component data findable and accessible. The digital data sheet primarily 
addresses the interoperability and reusability aspects of the FAIR principles.  As the use-case application shows, 
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findability and availability of existing vocabularies and information models remains a large problem. This is due 
to a lack of representations following widely adopted, interoperable standards and formats, as well as licensing 
and copyright objections. This is a major challenge for achieving exchange of context specific, yet interoperable 
product data on a large scale. An approach to overcoming this challenge suggested in the presented work is for 
pump manufacturers to make product data available in the form of knowledge graphs. Of course, since data is a 
valuable resource in the 21st century, accessibility of data invokes the question of monetarization. Since the process 
of gathering and curating data requires effort, component manufacturers may need to find compensation for 
providing this service. On the other hand, making such data available free of charge to those engaged in design 
processes of fluid systems may prove to be an advantage. If the products can be more easily integrated into models 
of the designed fluid system they may be more likely to be chosen by planners. 

In future work, the base of the digital data sheet may be expanded on. Provenance of the components described 
by the data sheets may be included in the data sheets themselves. In this way, the quality of products in terms of 
sustainability can be assessed easily. From the mining of raw materials via the finished product and its operation 
to the dismantling and disposal, ecologic impact can be documented and expressed with data included in the digital 
data sheets. For a comprehensive assessment of the sustainability quality, key performance indicators (KPIs) need 
to be defined and the data required for evaluating performance provided. Transparency is achieved when the 
provided data follows the FAIR principles resulting in FAIR quality KPIs. A further use for the digital data sheet 
is that it can provide the necessary data to build optimization models for design and operation of hydraulic systems. 
The target function of such optimization is always to maximize quality or in terms of sustainability minimize 
effort, i.e., energy and resource consumption. Thus, the data sheet is an important resource for planning and 
operating sustainable fluid systems. 

6 Summary and Conclusion  

To conclude, the presented work addresses issues of sustainability in the design process of fluid system planning. 
It stresses the importance of data as an enabler for making informed decisions to comply with the concept of 
sustainability. Considering the implications of sustainability for data as a resource, compliance with FAIR data is 
assumed to be equivalent to sustainable data. A digital data sheet is proposed as a means of providing relevant 
data. This is discussed with reference to commonly available standards for providing data. Three approaches to 
deriving an appropriate data model for structuring the digital data sheet are discussed. In a case study using the 
example of a positive displacement pump the most promising of the three approaches is illustrated and lessons 
learned presented. Finally, it is discussed how the digital data sheet complies with the principles of FAIR data and 
how it can contribute to sustainability in the design process. 
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Nomenclature 

Variable Description Unit 

Δ𝑝𝑝 Surface Pressure [bar] 

𝑄𝑄 Volume Flow [ ³/ ] 

𝑁𝑁 Rotational Speed of Pump [ − ] 

𝐴𝐴 Maximum Pressure Difference Parameter of the Δ𝑝𝑝-𝑄𝑄 Characteristic [bar] 

𝐵𝐵 Base Parameter of the Δ𝑝𝑝-𝑄𝑄 Characteristic [bar  𝐶𝐶

m3𝐶𝐶] 

𝐶𝐶 Exponential Parameter of the Δ𝑝𝑝-𝑄𝑄 Characteristic [-] 
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This paper highlights the importance of considering required control rules from the real-world implementation in 
offline optimal control optimisations used to generate online energy management strategies (EMS). The control 
rules are constraints on the optimal control problem. If not considered, the control optimisation results do not 
represent the reality and the EMS will have poor performance. In this paper, a neural network predicts the optimal 
control decisions whenever the rules are not taking place. It is a rule- and neural network-based energy 
management strategy. A limitation to the use of neural networks as part of the EMS is that they do not ensure 
stable behaviour outside the region they were trained for. In the real application – in this case, a hybrid wheel 
loader – they will be deployed alongside control rules to ensure safety and reasonable operation. Hence the 
importance of implementing the rules in the optimal control problem. Results show that better performance of the 
EMS is achieved if the rules from the application are considered in the optimal control problem. 

Keywords: Neural network, energy management strategy, hybrid machines 
Target audience: Mobile hydraulics, construction equipment industry 

1 Introduction 

This paper outlines a study on one problem related to the development of energy management strategies (EMS) 
based on rules and neural networks (NN) for hybrid construction machines. The strategy is developed for a parallel 
hydraulic hybrid wheel loader in which the EMS sets the displacement setting of the hybrid system pump/motor 
to control the charging and discharging actions. The study is focused on how the implementation of the strategy 
in the machine affects the development of the EMS. 

One approach for the development of hybrid vehicles is to use optimisation-based EMSs during its design stage, 
where dynamic programming (DP) is commonly used. As presented in [1] and [2], DP is used to find the optimal 
EMS to allow for the comparison of concepts’ efficiencies. However, DP is non-causal [3]. Thus, optimal control 
serves as a benchmark for the development of causal EMSs, such as rule-based strategies [4]. 

Rule-based EMSs are inherently sub-optimal because the rules do not reproduce the optimal decision-making 
process with high fidelity and/or because they are tuned for specific operation points. However, in combined 
control and design optimisations, such as the ones presented in [4] and [5], parameters of the control rule can be 
included and optimised along with the design. This should lead to a controller that is implementable in practice 
and optimised for the given design parameters and task.  

Another possibility is to use neural networks (NNs) as the causal EMS, where they can be trained to predict optimal 
control decisions. The works of Chen et al. [6], Murphey et al. [7] and Murphey et al. [8] are examples of how the 
networks can learn from dynamic programming results. Through simulation of light hybrid electric vehicles, the 
studies show the effectiveness of the approach for producing near-optimal online EMSs. In [7] and [8], the authors 
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use multiple networks for driving environment prediction and optimal energy management. Instead of using one 
network to generalise about all driving scenarios, the authors trained one network for each driving scenario. The 
assumption is that the driving conditions will be significantly distinct where better performance is achieved if one 
network is trained for each of them. 

A similar approach was proposed and investigated in [9]. This is an EMS based on DP and NN for a hydraulic 
series hybrid on-road vehicle. The authors show through simulation and experiments that if the optimal 
accumulator pressure trajectory is known, then an NN-based control scheme can achieve near globally optimal 
fuel efficiency. Although the authors were able to demonstrate the feasibility and energy saving potential of the 
proposed NN-EMS in near real-world conditions, they do not mention or address possible issues when deployed 
in the real system. They also do not evaluate the influence of constraints, such as control rules, from the real 
application in the optimal control problem.  

Potential efficiency improvements from the hybridisation of wheel loaders are presented in [10]-[12]. However, 
efficiency is a consequence of the system architecture and the EMS. The coupling of drive and attachment motion 
functions and the variation of loads on them adds complexity to the development of EMSs. Hui et al. [10] 
developed an EMS based on rules for a hydraulic hybrid wheel loader. The authors highlight that the primary 
objective of the EMS is to ensure safety, but the goal is to maximise fuel economy and working performance. To 
meet both requirements, they implement rules that combine regenerative and friction braking, depending on the 
requested braking demand.  

Specifically for wheel loaders that are part of production chains, the work cycles are largely repetitive, like the 
‘short loading cycle’. Thus, the problem of driving condition prediction, as discussed in [7], is not present to the 
same extent. However, for construction machines, there are added degrees of freedom from the motion systems 
that make the operating cycles differ significantly. This raises the question of whether networks can produce near-
optimal results in practice and what their limitations are when facing unseen scenarios.  

It is a reasonable hypothesis that neural networks are a suitable option to implement the EMS for hybrid wheel 
loaders due to their prediction and generalisation capacity. For the same hybrid machine as used in this paper, 
Raduenz et al. [13] showed that the networks can learn and reproduce the optimal decision-making process from 
dynamic programming for a machine performing ‘short loading cycles’. Even if the networks can predict optimised 
control decisions, they are still prone to miss-predictions, which will not meet control requirements in the 
application. One example of a required control rule for a wheel loader is the braking action. As mentioned by [10], 
the goal for hybrid wheel loaders is to maximise the regenerative braking and reuse the energy during appropriate 
situations. This is, of course, defined by the EMS which ideally should make optimised decisions. However, when 
considering NNs to implement the optimised EMS, the braking action should not be prone to miss-predictions and 
consequently must be treated separately as a rule.  

There are other EMS control rules that should not be prone to miss-predictions, and are consequently not an 
optimisation decision either. These should be considered as constraints on the optimal control problem, otherwise 
the solutions do not represent what takes place in the real application. The solutions will probably be different to 
the unconstrained problem. As a consequence, networks trained on solutions for the unconstrained problem might 
have poor performance in practice. 

This paper is in the context of developing causal EMSs for the real application directly from results from non-
causal optimal control optimisations. It presents a study on the development of an EMS based on rules and NN 
trained with data from optimisations, where required control rules are implemented as constraints on the optimal 
control problem to be solved with dynamic programming. In this sense, the optimisation results are a more realistic 
representation of the real application, which results in fewer miss-predictions of the network. The problem covered 
in this paper is presented in Figure 1. 
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Figure 1: EMS development from control-unconstrained or control-constrained optimisations. 

In this case, the real application is the same: a hybrid machine controlled by an EMS with rules and an NN. In this 
paper, only the braking rule is included to simplify the analysis. The difference in performance of two EMSs is 
shown. One has an NN trained on results ((𝑢𝑢, 𝑥𝑥)𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) from control-unconstrained optimisation 
(𝑁𝑁𝑁𝑁𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  – top part of Figure 1). The other is trained on results ((𝑢𝑢, 𝑥𝑥)𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) from control-constrained 
optimisation (𝑁𝑁𝑁𝑁𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 – bottom part of Figure 1). In the latter, the braking rule is included in the optimisation, 
hence control-constrained optimisation. In Figure 1, 𝑢𝑢 represents the set of optimal decisions from dynamic 
programming and 𝑥𝑥 the set of model inputs or resultant states from the optimisations. The switch represents that 
one or the other EMS is implemented at a time. All work cycles were simulated with both strategies. The real 
application is the same model used for optimisations. In the remaining text, the terms constrained and 
unconstrained refer to the optimisation process where the braking rule is considered or not considered.  

2 Machine Model and Optimisation Problem 

The machine is a parallel hydraulic hybrid wheel loader with a torque converter coupling the engine to the 
driveline. The parallel hybrid system is directly coupled to the wheels, and performs the regenerative braking and 
the release of the stored energy to drive the machine. Figure 2 presents the schematics of the machine. 

 

Figure 2: Parallel hydraulic hybrid wheel loader concept (adapted from [5]). 

The machine is modelled with a backwards-facing model – see Uebel et al. [5] for more details. The main 
difference is the inclusion of the braking action and that the displacement setting is the commanded control signal. 
The model inputs, control and state variables are described in Table 1. 
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Table 1: Model inputs, control and state variables. 

Variable Symbol Unit Type of variable 

Pump/motor displacement setting      - Control 

Accumulator state of charge     - State 

Machine speed   m/s Input 

Machine traction force   N Input  

Brake pedal input 𝑥𝑥      - Input 

Accelerator pedal input 𝑥𝑥      - Input 

Transmission gear  𝑡𝑡   - Input 

Work functions power     W Input 

Auxiliary functions power      W Input 

The model calculates the engine speed, torque and fuel consumption based on the control action and the loads 
from the work hydraulics function, from the auxiliary functions and the wheels. The fuel consumption is calculated 
from the engine’  fuel consumption map. All the inputs are from recorded data from real wheel loaders performing 
‘short loading cycles’, a  o ca  e  ‘ ’ or ‘Y’ c c e . The acce era or pe a  inp    oe  no  affec   he mo e . 
However, it is used as an input feature for the network. More detail on this is provided in Section 4. 

The objective of the optimal control problem is to find the sequence of control actions, displacement setting (   ), 
that minimises the fuel consumption. Therefore, fuel rate (     ) is the only term in the cost function. The tool for 
solving discrete-time optimal control problems with final state constraints presented by Sundström and Guzzella 
[3] and also described in Elbert et al. [14] is used. The inclusion of the braking rule is a constraint on the control 
decisions. If a braking action is in place, the control decision is forced to be the one calculated from the rule instead 
of an optimisation decision. The optimisation proceeds as usual, except when braking is in place. 

3 Control Structure 

The displacement setting is the control signal, since there are no dynamics modelled for this variable,  

𝑢𝑢(𝑡𝑡) =    (𝑡𝑡). (1) 

The implementation of the braking rule is described with the following set of equations, 

      (𝑡𝑡) =       (𝑡𝑡)
Δ𝑝𝑝(𝑡𝑡)𝐷𝐷  

𝑠𝑠 𝑠𝑠𝑠(− (𝑡𝑡)), (2) 

{ 𝑓𝑓 𝑥𝑥     
(𝑡𝑡) > 𝑥𝑥     ,𝑚𝑚𝑚𝑚𝑚𝑚 →    (𝑡𝑡) =       (𝑡𝑡)                  

 𝑓𝑓 𝑥𝑥     (𝑡𝑡) ≤  𝑥𝑥     ,𝑚𝑚𝑚𝑚𝑚𝑚 →    (𝑡𝑡) =  𝑂𝑂𝑂𝑂𝑡𝑡𝑚𝑚(𝑡𝑡) 𝑜𝑜𝑜𝑜  𝑁𝑁𝑁𝑁(𝑡𝑡)
  , (3) 

where 𝑥𝑥      is the recorded brake pedal input, 𝑥𝑥     ,𝑚𝑚𝑚𝑚𝑚𝑚 (30%) is a limit defining the brake deadband,  𝑂𝑂𝑂𝑂𝑡𝑡𝑚𝑚 is 
the optimal control decision from the dynamic programming,  𝑁𝑁𝑁𝑁 is the control decision from the NN, and        
is the control decision from the braking rule.        is calculated from the pump/motor displacement (𝐷𝐷  ), the 
pressure difference (Δ𝑝𝑝) and the commanded brake torque       . The brake torque is a mapping from the brake 
pedal input (𝑥𝑥     ) to the desired torque. 𝑥𝑥      is not an input to the unconstrained optimisations. 

The displacement setting of the pump/motor can go over centre. Therefore, the sign of the brake control signal is 
set according to the direction of pump/motor rotation to always produce a pumping/braking effect. In the 
simulations, the braking action is set to zero at very small speeds and traction forces to ease the process of finding 
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a feasible solution during the optimisation. The situation of small speed and torque, where the braking action is set 
to zero, only happen occasionally in the work cycles. Figure 3 presents the effect of the implementation of the 
braking rule.  

 

Figure 3: Effect of constrained control decision when braking. 

For the constrained optimisation, when there is a high brake request, 𝑥𝑥     > 𝑥𝑥     ,𝑚𝑚𝑚𝑚𝑚𝑚 , the displacement setting 
(   ) is overwritten by the one obtained from the braking rule (      ), as described in equations (2) and (3). In 
the unconstrained optimisation, the displacement setting is freely determined by the optimisation. 

As described in Equation (3), the EMS essentially becomes a switch in the simulations. The NN can control the 
hybrid system in all situations except when braking. Figure 4 presents a block diagram with a schematic of the 
EMS, which is called a rule- and neural network-based energy management strategy, where 𝑥𝑥𝑁𝑁𝑁𝑁(𝑡𝑡) represents the 
set of input features to the network. 

 

Figure 4: Schematics of the rule- and neural network-based energy management strategy. 

In the simulations with the networks, additional rules are added to ensure correct system operation. They are:  

• Not discharge if SOC is zero and not charge if SOC is 1.  

• Displacement setting predictions between -0.25 and 0.25 are set to zero.  

The latter rule is implemented to make it easier for the networks to achieve a higher prediction performance and 
better control. As observed from the optimisation results, less than 1% of the decisions are in that range. 

4 Neural Network 

Since the network only operates when braking action is not requested, the sections of the drive cycle with a braking 
action above 𝑥𝑥     ,𝑚𝑚𝑚𝑚𝑚𝑚 are removed from the training data. This improves their prediction capability on the parts 
of interest. For the number of recorded cycles used in this work, this represents around 10% less training data. 

The architecture and size of the network were chosen iteratively, starting with a shallow network with many 
neurons in each layer. At each iteration, the number of neurons was reduced until a significant reduction in 
accuracy was observed. Afterwards, the number of layers was increased with an additional reduction in the number 
of neurons in each layer. The process was interrupted once a sufficiently accurate, small and shallow network was 
found. The focus of this paper is on the effect of considering required control rules from the real-world 
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implementation in offline optimal control optimisations used to generate online energy management strategies. 
Therefore, detailed information and results about the process of refining the network structure is omitted. 

The chosen network is a feed-forward network with five hidden layers and 21 neurons in each layer, and with 
tangent sigmoid activation functions. The output is one neuron with a linear activation function. The input features 
and the target for the network are: 

Input features -> 𝑥𝑥𝑁𝑁𝑁𝑁(𝑡𝑡) = [ ,  𝑡𝑡𝑡𝑡, 𝐾𝐾𝐾𝐾,    , 𝑥𝑥     ,  𝑖𝑖  ], (4) 

Target ->  𝑁𝑁𝑁𝑁 = [ 𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖]. (5) 

The input features are all normalised to the range -1 to 1 or 0 to 1. 𝐾𝐾𝐾𝐾 informs when gear 1 is engaged, meaning 
that the machine is performing the loading of the material at the pile. This helps the network to predict a discharging 
action in such a situation. The target  𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖 are the optimal control decisions from the optimisations. Two networks 
with the same architecture are trained: one on target and data from constrained optimisations ((    , 𝑥𝑥)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖), 
and the other on target and data from unconstrained optimisations ((    , 𝑥𝑥)𝑈𝑈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖). 

5 Results 

To show that the networks underperform when the optimisation does not represent reality, a comparison is made 
between an EMS trained with data from constrained optimisations and an EMS trained with data from 
unconstrained optimisations. 

5.1 Comparison of constrained and unconstrained control problems 

The differences between the solutions from the optimisations are shown in terms of the state of charge (SOC), but 
this also affects other system variables that are a consequence of the control of the hybrid system, like engine speed 
and torque. Figure 5 shows the comparison of the solutions for the optimal control problem between the 
unconstrained and constrained cases. 

 

Figure 5: Comparison between constrained and unconstrained control problem solutions for different cycles. 
a1-2) Normalised speed and brake pedal position; b1-2) State of charge. 
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Figure 5b1 shows the SOC trajectory for the constrained and unconstrained cases for a working cycle where little 
braking action takes place (Figure 5a1), leading to a similar SOC. Figure 5b2 shows the solutions for a working 
cycle where there is significant braking action taking place (Figure 5a2). Therefore, the resultant SOC are different, 
because of the different control actions caused by the braking rule. 

To cover a large number of possible scenarios, 15 working cycles were used. By optimising them to both cases, it 
is possible to evaluate whether the difference in the solutions justifies the inclusion of rules in the optimisation 
process. This is shown in Figure 6, where the SOC for all optimised working cycles in each case are plotted 
alongside each other. The maximum and minimum SOC limits achieved by all cycles at each point in the 
normalised time are shown. 

 

Figure 6: Distribution of optimal SOC for the constrained and unconstrained cases. a) Unconstrained; b) 
Constrained. 

In general, the solutions seem similar and the differences are mostly located towards the final half of the cycle, 
which happens to be where most of the braking actions occur. As mentioned in Section 4, the parts of the working 
cycle where a braking action takes place are removed. If the parts with the larger difference in the solutions are 
removed, one could ask if there is still a significant difference left in the parts where the networks are supposed to 
control the system, where they are trained for.  

5.2 Training data 

Since the braking rule overwrites the control decisions from the network, as shown in Figure 3, there is no point 
in training it to make predictions in such cases. Therefore, the braking parts are removed from the training set. 
Figure 7 shows a comparison between the SOC for the constrained and unconstrained cases for all cycles. If there 
is no significant difference between them when plotted against each other, they should lie close to the diagonal. 
Figure 7a shows the case of not removing the braking parts and Figure 7b shows the case when braking is removed. 
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Figure 7: Comparison of optimal SOC for the constrained vs unconstrained case. a) Including the braking parts; 
b) Excluding the braking parts. 

Even after removing the braking parts, there is still a significant deviation from the diagonal (Figure 7b), meaning 
that there are significant differences in the solution to the optimal control problem, even outside the braking 
actions. An 11% mean absolute percentage difference is found between the SOC for the constrained and 
unconstrained cases with the braking parts removed. There is a significant effect of the braking on the optimal 
control problem solutions for the remaining parts of the cycle. It is important to emphasise that this is only shown 
for the SOC, but other variables that can be used as input features for the network are also affected by the braking 
action.  

5.3 Training of the networks 

The goal is to evaluate the network prediction capacity on unseen input features that are affected by the control 
decisions, in this case SOC and  𝑖𝑖𝑖𝑖 . This means how they perform if deployed for an application that does not 
fully represent what they were trained for in terms of control architecture and freedom to take decisions. The 
hypothesis is that the networks will underperform because the different control decisions result in states not 
previously known by the networks. All the data from the optimisations are   e  in  he ne  or ’   raining proce  , 
and they are evaluated for the same cycles. This is done to minimise the effects of unseen recorded input features 
and to emphasise the differences in the features that are dependent on the control actions of the EMSs. 

In total, 15 short loading cycles were optimised for the constrained and unconstrained cases and used to train the 
two networks. Bayesian regularisation is used as the training function, and the training was stopped at 15e-3 mean 
squared error. This ensured that both networks had similar prediction performance.  

Five metrics are used to assess the training of the networks. Since the network predicts a continuous signal at the 
output, a correct prediction is defined when the absolute error between prediction and target is lower than 5%, 
10%, 15% or 20%. Another metric is the root mean square error (RMSE). Table 2 presents the prediction metrics 
for the trained networks, which are named CN (trained on constrained optimisation data) and UN (trained on 
unconstrained optimisation data). 

Table 2: Prediction accuracy of the networks in the training data. 

Network: 
Metrics of prediction capacity,     

5% 10% 15% 20% RMSE 

CN  82.1 88.7 92.2 94.0 0.1179 

UN 82.4 89.8 92.8 94.4 0.1173 
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Both networks achieved similar prediction capacity in their respective data set for all five metrics. This should 
minimise the impact on prediction accuracy when it comes to operating under a different control decision scenario. 

5.4 Evaluation of the rule- and neural network-based EMSs 

Each EMS, composed of the trained network and braking rule, controls in simulation the same model as used in 
the optimisations. For a description of the implementation of the networks to control the system, please refer to 
[1]. Figure 8 presents results for one working cycle. Results from dynamic programming (Opti) with the 
constrained case are also shown. The absolute error for the SOC and     between optimal solution and the 
simulations are also calculated. 

 

Figure 8: Cycle 9 – Results for the EMSs controlling the system. a) SOC; b) Absolute error SOC; c)    ; d) 
Absolute error    . 

Figure 8 shows that, for this cycle, the system controlled by the EMS trained on unconstrained data (UN) has a 
higher deviation from the optimal solution. This is seen in the state SOC (Figure 8a) and in the control action     
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(Figure 8c). It is also seen in the absolute errors in Figure 8b and Figure 8d. However, a better performance of the 
CN network might not be the case for all cycles. To achieve a better assessment, ten cycles were simulated with 
the EMSs. The control decision (   ) RMSE with respect to the optimal solution is calculated. This allows for the 
assessment of the error in control decision predictions. The RMSE is also calculated for the SOC, allowing for the 
assessment of the error in the states as a consequence of wrong predictions. Results are presented in Figure 9. 

 

Figure 9: Comparison between EMSs and optimal solution for the constrained problem,     and SOC RMSE. a) 
    RMSE; b) SOC RMSE. 

The average RMSE for the control action     and state SOC is smaller for the EMS developed from the solution 
to the constrained optimal control problem (CN). These simulation results indicate that the hypothesis that one 
should consider required control rules to constrain the optimal control problem in order to achieve a better 
representation of what happens in reality holds true, otherwise the EMS (UN) will underperform. 

6 Discussion 

It must be remembered that it is not always possible to include required control rules within the optimal control 
problem to be solved by dynamic programming. It is not always possible to have high fidelity in the description 
of what takes place in practice when it comes to the structure of the controller itself. The most relevant and possible 
rules should be included. However, there is the question of which are relevant or not relevant. Depending on the 
applications and the development stage, it is likely that there will be no knowledge about control rules of the future 
application.  

One limitation of this approach is the fact that when more working cycles are used as inputs for the optimisations, 
aiming to obtain more information on how to optimally control the hybrid system in practice, the prediction 
performance of the network is affected more. This makes it difficult to assess whether the observed deviation from 
the optimal solution is a consequence of the differences in control architecture, CN or UN in this paper, or of the 
network miss-predictions. In this study, only 15 cycles were used. For the implementation in practice, a higher 
number of cycles should be used to cover more scenarios. 

It is important to compare EMS development methods for the problem addressed in this paper. In [10] and [15], 
the methods used to obtain EMSs essentially consist of formulating rules that ensure the driving ability when 
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accelerating and braking with the hybrid system. The methods are not prone to the same problem that affects the 
EMS development method discussed in this paper. 

In contrast to the approach presented here, the framework designed in [4] is more flexible in terms of how rules 
can be added to form the EMS and how its parameters can be optimised along with the design. However, the 
approach presented here allows for the inclusion of control rules, finds globally optimal control laws and can be 
included in combined optimisations approaches as presented in [5]. In this sense, the parameters of added rules 
can be optimised along with the control. A research activity that remains is to perform a comparison between the 
two approaches. 

The problem addressed in this paper seems to be related to methods based on optimisations that are free to take 
decisions. Therefore, they do not necessarily ensure that control requirements are met in the application. Methods 
based on rules seem not to be affected by the same issue because they naturally account for such control 
requirements from the beginning. It remains as a future study to compare different methods to generate EMSs 
concerning their ability to meet control requirements set by the application, for example equivalent consumption 
minimisation, Pontryagin’s Minimum Principle and reinforcement learning.  

As seen in Figure 8a, charge sustaining is not ensured at the end of the cycles. In most cases, the simulations with 
the UN ended with low SOC. The opposite happened for the CN. Since they are not the same, a comparison of the 
EMSs in terms of fuel consumption is not straightforward. Transforming the stored energy difference in an 
equivalent amount of fuel, as in [4] and [8], is not suitable for this case. This is because the strategies learned by 
the networks are different: One is to deplete the accumulator energy and the other is to charge the accumulator 
with power from the engine at the end of the cycle. Therefore, the fuel consumption is determined by the efficiency 
of the whole path between engine and accumulator and the operation points where this happens. A better 
assessment of fuel consumption would be to simulate various cycles in a sequence to diminish the effects of charge 
sustaining. Nevertheless, since the CN has a smaller deviation from the optimal path, it will most likely result in 
lower fuel consumption than the UN. 

As mentioned, dynamic programming solutions to optimal control problems are used as a benchmark for the 
development of EMSs. The inclusion of rules to meet control requirements significantly affects the solution. It is 
believed that such rules should not only be applied for the methodology to generate EMSs presented here. Other 
methodologies that are based on optimisation would likely benefit from this, since a better representation of what 
takes place in practice is achieved. 

7 Conclusions 

This paper addressed one problem related to the process of generating EMSs for hybrid construction machines 
directly from solutions to the optimal control problem. Here, a neural network is used to predict optimal control 
decisions when deployed as the EMS, except when required rules apply. The EMS is a combination of rule and 
network. It is shown that if the optimal control problem is not constrained by control rules that exist in practice, 
the EMS underperforms when controlling the system. By including such rules as constraints in the optimal control 
problem, the EMS achieves better performance. This paper showed this problem through a simulation case study 
where the braking rule of a hydraulic hybrid wheel loader is incorporated into the optimal control problem. It 
remains as a future study to evaluate the EMS developed with this approach and its impact on fuel consumption 
in a real application. 
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Nomenclature 

Variable Description Unit 

  Displacement setting [-] 

DP Dynamic Programming [-] 

EMS Energy Management Strategy [-] 

  Traction force [N] 

 𝑡𝑡𝑡𝑡 Transmission ratio [-] 

𝐾𝐾𝐾𝐾 Kick-Down signal [-] 

 𝑖𝑖𝑖𝑖  Engine speed [rpm] 

NN Neural Network [-] 

    Work functions power [W] 

 𝑡   Auxiliary functions power [W] 

   𝑖  Fuel rate [L/h] 

    State of Charge [-] 

  𝑡𝑡 𝑖  Brake torque [Nm] 

 𝑖𝑖𝑖𝑖  Engine torque [Nm] 

𝑢𝑢 Control action [-] 

  Speed [m/s] 

𝑥𝑥 State variable [-] 

𝑥𝑥 𝑖𝑖𝑖  Accelerator pedal input [-] 

𝑥𝑥 𝑡𝑡 𝑖  Brake pedal input [-] 

𝑥𝑥𝑁𝑁𝑁𝑁  Neural network input features [-] 
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On electrified heavy-duty mobile machines (HDMMs), efficiency improvement of the implements is desired as it 
reduces the required battery capacity and energy consumption. However, it can only be justified if the financial 
savings compensate the costs for additional components that might be required. As a solution, this paper proposes 
to use displacement control for increased efficiency, but to keep certain functions valve controlled as well for cost 
savings. The simulation study of the concept applied on a telehandler shows work-cycle consumption reductions 
of up to 53%, and a cost analysis demonstrates how the additional component costs can be compensated by reduced 
battery size and energy costs within a reasonable amount of time. 

Keywords: electrification, displacement control, energy efficiency, cost efficiency 
Target audience: Mobile Hydraulics, Industrial and Systems Engineers 

1 Introduction 

In recent times, the electrification trend is progressing rapidly—and the heavy-duty mobile machine (HDMM) 
industry is no exception. The development is driven by more awareness of climate change and the desire to reduce 
harmful emissions. This can be achieved by improving energy efficiencies as well as a shifting from fossil to 
renewable energy sources, which are primarily electric. However, the industry remains strongly cost driven, and 
the electrification as well as efficiency improvement can only go as far as it is still economic or imposed by 
legislation, respectively. On the one hand, related academic research publications focus strongly on efficiency 
improvement but rarely mention the cost aspects of proposed novel solutions at all or at least struggle to evaluate 
the implications on costs on a quantitative level—most likely because the required cost parameters are typically 
not publicly available. On the other hand, original equipment manufacturers (OEMs) tend to stick to conventional 
valve-controlled systems—as can be seen with the first generation of commercially available electrified HDMMs 
[1]. Those systems have low component costs, but opportunities are missed out that could further increase 
efficiency by means of novel systems and thus also reduce energy costs and battery sizes. The consequent issue, 
which this paper seeks to address, is to bring together innovative, academic research on more efficient systems 
and application-specific cost considerations in order to find solutions for electrified, efficient, and environmentally 
friendly HDMMs that are still economic and competitive on the market.  

In the scope of this issue, the main interest is on the implement systems of HDMMs since pure electric driving can 
relatively easily be realized with reasonable costs and high efficiencies. The implement functions, on the other 
hand, require more complex powertrains to transform rotational prime mover power also into linear, high-force 
movements. For some applications, electro-mechanical solutions have recently attracted attention, but on a wider 
level hydraulics is and will most likely remain the state-of-the-art technology for implement powertrains. Looking 
at hydraulic concepts for implements that can increase the energy efficiency compared to conventional valve 
control, a number of concept classes can be identified: Independent metering, digital hydraulics, pressure-rail 
systems, and pump control. Most of those concepts were initially proposed for internal combustion engine (ICE)-
powered machines but can also be implemented with electric prime movers. For this study, the choice is to focus 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, GermanyThe 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

841841



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

on pump control since previous studies showed a high potential for energy savings and the other concepts rely to 
a certain extent on special—thus far—commercially unavailable components, which makes cost evaluations and 
statements about feasibility critical.  

A comprehensive overview of pump-control concepts is provided by Ketelsen et al. in [2]. The concepts can mainly 
be divided into speed controlled, displacement controlled, as well as both speed and displacement controlled. Due 
to the electrification trend, speed control is discussed in particular, which is based on utilizing a separate electric 
machine (EM) for each actuator function to control the pump flow. The unit of EM, pump, circuit, and cylinder is 
then also called an electro-hydraulic actuator (EHA). This concept was already proposed for several types of 
HDMMs of which a list can be found in [1]. However, considering the costs, EHAs are critical since adding an 
additional EM and pump for each actuator quickly leads to much higher costs compared to adding low-cost control 
valve plates to a single centralized pump supply. With respect to this, Schmidt et al. could identify two as the limit 
at which it is significantly more expensive to implement high-power (45 kW) functions with EHAs instead of 
valve-control and a single load-sensing (LS) pump [3]. Even though EHAs are more energy efficient and can 
recoup increased component costs by reduced energy costs and battery sizes, on many HDMMs, the effect is most 
likely not significant enough to justify applying the EHA concept to each actuator. HDMMs such as excavators 
easily comprise five or more separate actuator functions, among which some might require two parallel cylinders, 
which makes EHAs too expensive—especially if some actuators are only rarely used and thus efficiency 
improvements can only have a small impact. In [4], this issue, which is HDMM-type specific, is further explained 
and expressed on a quantitative level, alongside other critical aspects such as installation space and actuator weight. 
A solution for this can be to provide two options on the same machine: pump control for a few actuators where the 
efficiency benefit has a significant impact, and a conventional hydraulic supply for valve control of all other 
actuators. This idea was the basis of the concept presented in [5] as well but also mentioned by Kärnelt et al. in 
[6], for example.  

The concept applied in this paper is using multiple pumps with variable displacement: at least one for pump control 
and one to provide an LS pressure supply. All pumps can be driven by the same EM, which reduces the costs for 
power electronics to a minimum. The concept of displacement control, especially for HDMMs, was first introduced 
by Rahmfeld and Ivantysynova [7] and further developed in their research group but only with ICEs as prime 
movers; they achieved fuel-consumption reductions of up to 40% [8].  Recently, Larsson et al. investigated such a 
system also with an EM as the prime mover and with digital-displacement pumps [9]. In this paper, the research 
is continued by investigating an electrified displacement-controlled telehandler with conventional variable-
displacement pumps, which are also capable of recuperating energy—other than the digital-displacement pumps 
in [9]. Furthermore, the telehandler also comprises an LS pump to follow the previously mentioned two-option 
approach. The concept is investigated with varying setups, which differ in the number of actuators that are 
displacement-controlled or valve-controlled, and in comparison to a purely valve-controlled version of the 
telehandler. The goal is to see if the expectedly increased component costs for displacement control can be 
compensated by reduced energy costs within the normal live time of an HDMM. The system architectures and the 
efficiency simulation study are elaborated in the next two sections, followed by a section that assesses the 
according reductions in energy costs with reference to the required component costs. The paper finishes with a 
summary of the findings.  

2 Architecture and Reference Machine 

Figure 1 shows the top-level system architecture of the telehandler implements that are investigated in this paper. 
The telehandler, specifically a 9 t machine with a 9 m reach height and a 4 t maximum load capacity, is chosen as 
a reference because it represents a machine that is suitable for electrification due to medium power requirements 
and available charging infrastructure but also since it offers a relatively high number of actuator functions for 
investigation. However, the focus is on the three main functions: lifting/lowering the boom, extending/retracting 
the telescope, and tilting the tool, which might be a fork or a bucket. A more detailed illustration of the main 
functions and their kinematic chains can be found in [5] where the same telehandler is modeled. In the setup shown 
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in Figure 1, those main functions are each connected to a separate variable-displacement pump for displacement 
control of the actuator movements. All pumps are mechanically connected to the same EM, which furthermore 
drives a variable-displacement pump with conventional LS control. The LS pressure supply is used for valve 
control of the steering as well as the frame leveling function or an optional hydraulic attachment, such as a gripper. 
Those functions are safety critical and/or have a low energy turnover and/or unknown specifications, which makes 
them less suitable for displacement control. Moreover, an external-gear pump is also connected to the same EM 
as a charge pump for the displacement-controlled functions. Due to the torque transmission limits of the pump 
through shafts, a power distribution gearbox is required if more than two large pumps are to be connected to the 
EM. An EM with through shaft for pump mounting on both sides would be an alternative but was not considered 
here due to unavailability in the required power class.  

The EM is supplied and speed controlled by an inverter that receives power from an electric battery. Furthermore, 
it is assumed that the driving function is also electrified but with a separate EM and no effect on the implement 
system, which is why driving is not further discussed in this paper. Furthermore, the displacement-control pumps 
are capable of recuperating energy from load braking. If another pump requires energy, direct mechanical 
recuperation between the pumps is possible; otherwise, the energy is stored in the battery. 

 

Figure 1: Simplified schematics of the investigated concept (Setup1) for the implements of the reference 
machine, a telehandler (relevant control functions for efficiency improvement are marked in yellow) 

2.1 Displacement-Control Circuit 

A comprehensive visualization of the auxiliary valves that are required for each displacement-controlled function 
on the telehandler is depicted in Figure 2 to explain how a cylinder movement can be controlled by a pump, to 
show where energy losses can appear, and to give an overview of the required components. The main idea is that 
each pump port is directly connected to one of the two cylinder ports. That way, the pump flow—a function of the 
pump displacement—is equal to the cylinder flow, which is proportional to the cylinder speed (further control 
explanations follow in Section 3.2). Furthermore, this allows to operate the hydraulic displacement unit not only 
as a pump but also as a motor that can feed back energy to the shaft whenever load braking appears. Losses appear 
in this circuit in the form of leakage and friction at the pump as well as pressure drops across the lines and valves. 
To reduce the latter, large valve sizes are recommended. Functional issues are the need for passive and safe load 
holding of the cylinders and the mismatch between semi-symmetric pump flow and unsymmetric flows of single-
rod cylinders, which leads to the requirement for flow compensation valves. 

2.1.1 Differential-Flow Compensation 

Due to the differential areas of the single-rod cylinders, surplus flow must be able to exit the closed circuit between 
the cylinder and pump whenever the cylinder is retracting; vice versa, additional flow must enter the circuit during 
extension. For this purpose, the valves CV2.1 and CV2.2 (see Figure 2) are used, which allow the low-pressure 
side of the circuit to exchange oil in both directions with an accumulator (assuming V2 is opened). The accumulator 
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assures a minimum pressure to overcome the pressure drops across the valves in the suction paths. A visualisation 
of the compensation mechanism function in all four load quadrants can be found in [2]. Because oil is also leaving 
the circuit due to external pump leakage, a charge pump is required to compensate that flow. It is sized to supply 
slightly more than the known external pump leakage at any possible pressure. On the downside, this leads to 
additional losses at relief valve RV3 whenever the charge pump flow exceeds the pump leakage and the maximum 
accumulator pressure is reached. Because the losses are proportional to the relief pressure, this pressure should be 
as low as possible. However, only a compromise between low relief pressure and low accumulator size can be 
made since the accumulator must be able to accommodate the entire pendulum volume of the connected cylinders, 
which is equal to their rod volume. While doing so, the accumulator pressure must stay in the range between the 
minimum pressure for cavitation-free suction and the relief pressure. The valve CV3 assures that the accumulator 
is not discharging over the external leakage gaps of the charge pump during standstill. Furthermore, one set of 
accumulator, charge pump, CV3, and RV3 can be used for all displacement-controlled functions on the telehandler 
together and must simply be increased in size accordingly. Alternatives to a charge pump on the same shaft could 
be a pump with a separate EM or using the available LS supply with a metering valve similar to Kärnell et al.’s 
proposal in [6]. Those solutions would allow a better match between the actual pump leakage and charge flow, but 
they are not considered here due to the increased complexity or the additional required, costly components, 
respectively. 

 

Figure 2: Displacement-control schematics showing required auxiliary valves 

2.1.2 Load-Holding Function  

The remaining valves in Figure 2 work together to assure a passive and save load-holding function. In the closed 
position, the valves V1.1 and V1.2 lock the cylinder so that the pump does not need to hold it actively—by applying 
pressure and compensating its leakage—and the EM can be turned off without the cylinders starting to creep under 
load. The check function of the valves V1.1 and V1.2 together with the combination of CV1.1 and CV1.2 realize 
that always the pressure of the low-pressure side of the circuit is applied to the pilot lines that can unlock the valves 
V1.1 and V1.2. Only if that low pressure is high enough, the valves open and allow cylinder movement. This is 
the case when V2 is actuated and applies the accumulator pressure to the circuit. As soon as it is deactivated again, 
the pressure drops to tank pressure, and the cylinder is locked again. So far, the concept is similar to the circuit 
presented by Hagen and Padovani in [10], but for this circuit with external pump leakage to the tank, it is also 
important that the accumulator is cut off by valve V2 during standstill and cannot discharge due to pump leakage 
over time. An additional desired safety aspect is that in case of pipe or hose rupture the low-pressure will drop as 
well and lock the cylinder, as it was also described in [11] for a similar locking-valve setup. For that purpose, the 
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whole valve assembly, marked as save-load-holding valve block in Figure 2, must be mounted directly to the 
cylinder and for parallel cylinders—such as the telehandler boom cylinders—at each cylinder, same as pipe rupture 
valves are mounted. Finally, RV1.1 and RV1.2 protect the cylinder from over-pressurization, as they can unlock 
V1.1 and V1.2 in this case and allow pressure to relief over the main relief valves RV2.1 or RV2.2, which also 
protect the pump. 

2.2 Different Investigated Setups 

As explained in the introduction, it can be critical to apply more energy-efficient but also more costly concepts to 
each actuator function on a machine. Accordingly, it is not certain—and thus investigated in this paper—if it is 
wise to apply displacement control to all three telehandler functions, boom, tilt, and telescope, or just to some of 
them. Therefore, the configuration shown in Figure 1 represents only one of 5 setups that are investigated in this 
paper. In the other setups, some functions are not displacement controlled but supplied by the LS pump by means 
of an additional intermediate valve plate in the valve block, represented by Function X in  Figure 1. The setups are 
configured as follows: 

• Setup 0: (benchmark) no displacement control, all three functions valve controlled 

• Setup 1: all three functions (boom, tilt, telescope) displacement controlled (accumulator max 45 bar) 

• Setup 2: only boom displacement controlled, tilt and telescope valve controlled (accumulator max 35 bar) 

• Setup 3: boom and tilt displacement controlled, telescope valve controlled (accumulator max 45 bar) 

• Setup 4: boom and telescope displacement controlled, tilt valve controlled (accumulator max 45 bar) 

Besides replacing the closed displacement-controlled circuits with metering valves, the changes have implications 
on the required accumulator and charge-pump sizes, which can be seen in Table 2, as well as the maximum 
accumulator pressure set by RV3, which is therefore also given above. Furthermore, Setup 0 and Setup 2 do not 
require a power distribution gearbox, since no more than two large pumps are used. Finally, also the required 
capacities of the batteries will vary between the setups depending on their consumption, as will be elaborated 
further in Section 4.1. All other hardware components and parameters, such as EM size or LS pump size remain 
constant for all setups and do not lead to differences in component costs accordingly.  

2.3 Loss Sources and Recuperation Paths 

 

Figure 3: Exemplary Sankey diagram (from simulation of Setup 2 and Cycle B2) with elements/processes that 
cause energy losses (arrows to the top and down) and recuperation paths (in yellow) 

To explain how the concept can reduce the energy consumption compared to purely valve-controlled systems, the 
exemplary Sankey diagram in Figure 3 is given, which was obtained from the simulation of a work cycle , which 
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is later defined, with Setup 2, a system with two valve-controlled functions as well as one displacement-controlled 
function. The diagram shows the relations between required energy for moving the implements and the losses that 
appear during transmission, but it also shows paths for energy recuperation in yellow. 

The electric components as well as the pumps show typically high efficiencies over a wide operation range and 
make up only a small part of the losses, same as the charge pump. The displacement-control circuit losses are 
caused by the pressure drops across lines and valves. They are mainly flow dependent but, however, rather low. 
The losses in the valve-controlled LS circuit, on the other hand, depend highly on the operation conditions. For 
sequential, resistive actuator movements, the circuit can be as efficient as displacement-control circuits, but for 
simultaneous movements, the pressure compensators might have to throttle extensively, which explains the high 
losses for the LS circuit shown in Figure 3. Therefore, enough functions should be displacement controlled to 
prevent simultaneous actuation of valve-controlled functions. 

In the diagram, the energy that is fed back from the implements during load braking or from energy-storing 
components in the system is visualized in yellow. If that energy is coming from valve-controlled functions, it can 
only be dissipated into heat. However, displacement control allows to feed parts of this energy back on the 
mechanical level to other active functions or with slightly more losses back to the battery. For that reason, functions 
with high share of braking loads should be displacement controlled. Due to the relatively high pressure of the 
accumulator, also the energy that is stored in it during retraction and released during extension cannot be neglected. 
Furthermore, a share of the EM power is used to accelerate the rotational inertia of the EM and pumps. The stored 
kinetic energy can be recuperated again when the EM is braking.  

3 Simulation of Energy Consumption 

To get insights on the efficiency improvement potential of the concept, three different representative work cycles 
are simulated for all five setups described in Section 2.2. In the models, the focus is on efficiency, and not all 
higher-order dynamics, which might be important for control investigations, are modelled. The actual telehandler 
hardware is implemented in Simcenter Amesim and the control in Matlab Simulink. A co-simulation achieves the 
communication between both programmes.  

3.1 Simulation Model 

The Amesim model contains the mechanical chains of the implements and the hydraulic circuits while the EM is 
simply modelled as a torque source connected to the pumps—mechanical transmission losses are neglected—and 
the valve openings are proportional to the control signals. For the pumps, the swivel mechanisms are not modelled; 
instead, the displacement is proportional to the control signal with a first order lag. The torque and flow losses of 
the pumps are modelled by means of lookup tables that were obtained from measurements. For all valves, the 
pressure-flow characteristics from the datasheets are used in the model. Line losses have been neglected, but line 
volumes are roughly estimated.  

The modelled kinematic chains of the implements contain coulomb and viscous friction for the cylinders and 
coulomb friction at the rotary joints that is a function of the radial joint force—parameters have been adapted from 
the validated model of a similar machine. To simulate duty cycles with varying loads, the mass at the centre of 
gravity of the tool can be varied during simulation.  

The electric losses are taken into account in the post processing. The simulated EM torque and speed are inputs 
for an EM-efficiency lookup table that was obtained from a separate simulation of a suitable synchronous EM with 
its data sheet parameters (number of pole pairs, stator resistance, inductances etc.). Following, a lookup table 
adopted from [12] is used to take the inverter losses into account. For charging and discharging of the lithium-ion 
battery, a combined efficiency of 92.5% is assumed according to [13]. Since the battery can also be charged from 
braking loads, as depicted in Figure 3, charging and discharging must be considered separately and the square root 
of 92.5% is assume for each process. That way, the required electric input energy for charging the battery enough 
for completing one of the simulated cycles can be calculated and represents the final simulation result. 
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3.2 Control 

The control of the EM, pumps, and valves is implemented in Matlab Simulink with the goal to achieving the 
desired actuator speeds according to operator inputs (e.g. from a joystick) at all possible operation conditions while 
maximizing the energy efficiency. In this section, all features that are relevant for the performance and efficiency 
are elaborated. First of all, Table 1 shows the sensor inputs and control outputs, which are received, processed, 
and send with a task time of 1 ms. This also represents the time-discrete interface between Amesim and Matlab 
for the co-simulation. The relatively short task time is required for the PI controllers. One PI controller is using 
the difference between desired and measured EM speed to control its torque. By implementing the speed control 
loop explicitly for the simulation instead of just modelling a perfect speed source, limiting the maximum constant 
torque and the maximum short-time peak torque can be assured. Current control of the EM has been assumed 
optimal for the simulation.  The second PI controller is controlling the LS pump pressure by receiving the measured 
LS pressure plus a constant margin as the desired value and the measured pump pressure as a feedback. The LS 
pressure control is implemented in software due to simplicity for the modeling but could as well be implemented 
with a purely hydraulic-mechanical mechanism without significant impact on the efficiency. The solenoid valves 
are also controlled by the software; the maximum valve flow parameters are given separately for retraction and 
extension according to the minimum extension and retraction times of the functions given in the datasheet of the 
reference telehandler. The valves are post-compensated to achieve an equal flow reduction if the sum of desired 
valve flow exceeds the maximum LS pump flow. 

Sensor input signals Control output signals 

• EM speed 

• LS pressure 

• LS-pump pressure 

• Cylinder pressures of displacement-controlled functions (p1 
and p2 in Figure 2) 

• EM torque 

• Pump displacements 

• Proportional control-valve currents 

• Digital displacement-control-valve signals 

Table 1: In- and output signals for control 

For the displacement-controlled actuators, Equation (1) forms the basis for the control. The cylinder speed v is a 
function of the EM speed nEM, which is sensed; the maximum pump displacement Vmax; the high-pressure cylinder 
area A; the volumetric efficiency ƞvol, which is known in the form of a lookup table; and the displacement ratio α, 
which can be controlled to achieve the desired cylinder speed. However, for the assignment of the high-pressure 
cylinder side, the load force must be sensed, which can be indirectly done by the two pressure sensors shown in 
Figure 2. The information on the force is also used to find out whether the hydraulic unit is in pump or motor 
mode. Furthermore, the pressure sensors can be used to smoothly reduce the displacement ratio to zero whenever 
the high pressure reaches its limit and would otherwise lead to energy losses at the relief valves, e.g. at the end 
stops of the cylinder.   

𝑣𝑣 = 𝑛𝑛EM · 𝑉𝑉max · 𝛼𝛼 · ƞvol
𝐴𝐴 · ƞvol

               (pump/motor mode) (1) 

Finally, the control of the EM speed remains. Since variable axial-piston pumps show lower relative losses at high 
displacement ratios, the speed should be chosen as low as possible. Larsson et al. confirmed the same approach 
with their research but mention charge-pump losses as the major losses that increase at higher speeds [9], which 
also applies to the system in this paper. However, the speed must be high enough to achieve the required flow 
values. Therefore, for each pump, the speed at which the desired flow can still be reached with maximum 
displacement is calculated. For the LS pump, the desired flow is calculated from the valve commands, and 10% is 
added to avoid compromising the pressure controller. Following, the highest desired speed is chosen as the input 
for the speed controller of the EM. Moreover, the minimum speed is limited to the minimum speed limit of the 
charge pump, which is an external-gear pump. However, if no movement is commanded, the EM can also reduce 
its speed to complete standstill to minimize energy consumption. If the desired speed cannot be reached—e.g. due 
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to high loads on the EM—the ratio between actual and desired speed is used to reduce the metering-valve signals 
as well as the displacement-control signals equally. Finally, it is important to notice that the valves V2 in Figure 2 
must be actuated for each displacement-controlled actuator that is supposed to move. 

3.3 Work Cycles  

To obtain a broader overview, the five setups are simulated for three different, representative work cycles. Cycle A 
is a loading cycle with a bucket as the tool and only short telescopic strokes but a high load of 2.5 t. Cycles B1 and 
B2 are cycles with a fork as the tool and a 1.5 t load, such as a pallet. In B1, the load is lifted to a high position 
with almost maximum telescopic extension, the pallet is dropped, and the fork is lowered empty; for B2, the fork 
is lifted empty and lowered loaded, which offers even more recuperation potential. The movement sequences are 
similar to the ones described in [5] and directed by a state machine as well, but the movements are slightly more 
overlapping to simulate more simultaneous operation of the implement functions. The trajectories of all cycles 
simulated with Setup 1 can be seen in Figure 4. Flow or pressure demand from steering or other functions is not 
considered in this study. 

 

Figure 4: Trajectories and loading times of the different cycles simulated with Setup 1 (boom angle measured 
between boom and ground / tilt angle with 0° at horizontal forks and positive values for fork pointing upwards) 

3.4 Simulation Results 

 

Figure 5: Simulated reductions of electric energy for each setup and cycle as well as a mix of all three cycles 
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As explained in Section 3.1, the results of the simulations and postprocessing are the amounts of charged electric 
energy that were consumed for completion of the simulated work cycle. For all displacement-controlled setups 
and work cycles, the resulting consumption reduction are put into relation to the purely valve-controlled 
benchmark setup, Setup 0, and shown in Figure 5. The figure also shows the consumption reductions for a 
representative telehandler work mix in which cycle A is executed for 70% of the active work time and the cycles 
B1 and B2 for 15% each.  

3.4.1 Productivity Analysis 

In general and for the calculation of the work-mix consumption, it is also important to look at the time that was 
required for each setup to complete a cycle. Since the input commands are given by a state machine that changes 
the control inputs as soon as the desired positions are reached, the cycles take longer if the actuators move slow. 
To certain extends, this is the case for the valve-controlled actuators. Those share the same pump, which might 
not be able to supply sufficient flow if more than one valve-controlled actuator is moving at the same time, and 
the actuators cannot always move at full speed. The displacement-controlled actuators, on the other hand, can 
always move at maximum speed, independent from other actuators, as long as the EM has sufficient power to keep 
up the desired speed at the given load. The resulting difference in cycle times between the setups can be seen in 
Figure 6 exemplarily. While the boom and telescope can be moved at the desired speed for the whole time when 
they are displacement-controlled as in Setup 1, their speed is reduced if they are moving simultaneously in Setup 0.  

The slow-down effect of valve control vanishes almost completely for all three cycles as soon as the boom function 
is displacement controlled. Therefore, Setup 1, 2, 3, and 4 all achieve similar reductions of cycle time compared 
to Setup 0: 6% less time for Cycle A, 17% less time for Cycle B1, and 10% less time for Cycle B2. This 
productivity increase is also taken into account when looking at the energy consumption for the work cycle mix in 
Figure 5 that is also used for the energy cost analysis later. The mix is defined by the relative time share of each 
cycle. Even though the displacement-control setups could perform more work than Setup 0 during the same time, 
the cycle times of Setup 0 are also used for the other setups to calculate the cycle mix consumption in order to 
compare the setups for the same amount of work done and not the same amount of time spend for work.  

 

Figure 6: Setup 0 and Setup 1 with simultaneous boom and telescope movement in Cycle B1, showing why 
displacement control leads to shorter cycle times 

3.4.2 Analysis and Discussion of Energy Consumption Reduction 

Looking at the consumption reductions that can be achieved, main findings are that Setup 1 is most efficient for 
Cycle A, but otherwise it is Setup 4, even though one function less, the tilt, is displacement controlled. This can 
be explained by the fact that the tilt is generally actuated less often, especially in the cycles B1 and B2 where the 
fork is only slightly tilted for picking up or dropping the load. In this case, there is not much potential for reducing 
the consumption or for recuperation at the tilt. Instead, the extra pump for the tilt adds losses and the charge pump 
needs to be larger, which is causing more losses. The LS pump, on the other hand, is present anyways and adds no 
further losses while the valve control is also efficient because the tilt is actuated alone. By comparing the 
mechanical pump energies consumed during Cycle B1 between Setup  and Setup 3 for example, it can be seen 
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that the LS pump in Setup 2 consumes only 1 normalized energy unit more than in Setup 3, but in Setup 3 the 
charge pump consumes 0.71 units more and the added pump for displacement control of the boom consumes 
1.74 units more. Accordingly, using displacement control for the tilt is not recommended if it can also be supplied 
by an existing LS pump instead. 

Furthermore, the maximum reduction value of 53% for Setup 4 in Cycle B2 can be judged as high also referring 
to other studies. Compared to [8] with 40% consumption reduction of a diesel displacement-controlled excavator, 
the additional 13% can be explained by the fact that energy can also be recuperated using the battery; the diesel 
engine allows direct mechanical recuperation only. However, Setup 0 in this paper is also an LS system, just like 
the benchmark in [8], but due to the variable speed it can be assumed that it is already more efficient than a 
conventional constant-speed systems, which makes the 53% even more superior. Nevertheless, it is hard to 
compare numbers between studies if different machines and work cycles were investigated. 

Work cycles B1 and B2 for example, show very high efficiencies for setups 1 and 4 because both, boom and 
telescope, have high recuperation potentials. However, cycles like A only show large recuperation potentials for 
the boom—thus, lower consumption reductions—and they are also assumed to be performed more frequently than 
B1/B2-like cycles. That is why looking at the work mix in Figure 5, Setup 2 is still performing well compared to 
the other setups, even though just the boom is displacement controlled. Ultimately, operation of just one actuator 
at a time with an LS system can be as efficient as displacement control, as long as no load can be recuperated. This 
explains why Setup 2 is performing that well and is, efficiency-wise, next to Setup 4 the preferable solution.  

4 Component and Energy Cost Analysis 

The last section shows that the energy efficiency of the investigated telehandler can be significantly improved by 
applying displacement control; however, as explained in the introduction, in order to represent a commercially 
relevant solution, also cost efficiency is required. Therefore, the required component costs for the five setups that 
were simulated are compared to the expected energy cost over the lifetime of the telehandler to see if the 
displacement-control concepts can outperform the purely valve-controlled concept also in terms of costs. Since 
the parameter values that define the costs can vary significantly depending on the operation conditions, two 
different scenarios are considered. For Scenario 1, values are chosen—within realistic boundaries—that favour 
displacement-controlled machines, and Scenario 2 is in favour of valve control. 

4.1 Required Components 

For comparing the five setups, only costs of components that differ between the setups are relevant. The EM, LS 
pump and drive train, for example, are the same for all setups and their costs make no difference. All components 
that are considered are listed in Table 2. The assumption for this cost analysis is that the displacement-controlled 
systems are built in series and large-scale effects apply. Furthermore, it is assumed that the valve assembly that is 
marked as save-load-holding valve block in Figure 2 can be produced at the same costs as the counterbalance 
valves in the conventional valve-controlled system (Setup 0). Furthermore, hydraulic lines are assumed to not 
change, and auxiliary valves are assumed to be mounted to the pump without the need for an extra manifold.  

For all components that are offered by Bosch Rexroth, prices for a fictional OEM are used. The price for a power-
distribution gearbox is estimated, and the implement-dependent costs for a lithium-ion battery are calculated 
scenario-dependent: 

• For Scenario 1, the battery capacity that is required for supplying the implements is calculated with a 
maximum operation time of 6 h in which the work cycle mix from Figure 5 is performed 40% of the time—
in the remaining time, the telehandler is just driving or standing still. The costs per capacity are assumed  to 
be 450 EUR/kWh, which is in the range of typical prices for HDMM batteries in the last years according to 
[14] where different sources for battery prices are compared. The fact that the calculate battery capacity for 
Setup 0 is in the same range of those of other published electrified HDMMs confirms the simulation results 
and assumptions.  
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• For Scenario 2, instead, only 5 h of operation with 35% time spend for the work mix is assumed, and a price 
of just 200 EUR/kWh is used, which might become realistic within the next 10 years according to [14]. 

 Setup 0 Setup 1 Setup 2 Setup3 Setup 4 

No. of intermediate control-valve sections 3 0 2 1 1 

Power-distribution gearbox required? no no yes yes yes 

No. of displacement-control pumps 0 3 1 2 2 

No. of pressure sensors 0 6 2 4 4 

No. of valves V2 0 3 1 2 2 

No. of valves CV2 0 6 2 4 4 

No. of valves RV2 0 6 2 4 4 

No. of valves RV3 0 1 1 1 1 

No. of valves CV3 0 1 1 1 1 

Charge pump displacement [cm3] 0 16 8 11 11 

Accumulator size [l] 0 50 24 24 50 

Battery size scenario-dependent 

Table 2: Components that are considered for the calculation of component cost differences between the setups 

Finally, the costs for all components in Table 2 are summed up for each setup and 50% are added to compensate 
the production costs of the OEM as well as an extra of 10% as a profit margin. The final costs show the price 
difference between the setups that the fictional end customer, e.g. a construction company or a farmer, had to pay 
when buying the telehandler. The relative difference can be seen in Figure 7 by looking at the vertical intercepts. 
Furthermore, it should be noticed that no costs for the maintenance or replacement of components are considered 
because the costs are assumed to be similar for each setup. An exception are the costs for replacing the battery or 
single cells after a significant decrease of capacity, but no reliable data for replacement intervals and costs is 
available for HDMMs yet. However, a battery replacement in the first few years of operation, which are most 
significant for break-even-point analyses, is unlikely. 

4.2 Energy Cost Estimation 

For the energy consumption, different assumptions are made as well for the two scenarios:  

• In Scenario 1, the telehandler is considered to work 200 d/yr and 8 h/d, a typical one-shift full-time operation 
but also similar to agricultural cases which might include almost daily use but less hours per day. Furthermore, 
it is assumed again that the work cycle mix from Figure 5 is performed 40% of the time with the simulated 
consumptions. For the electricity costs, the European country with the highest prices, Germany, is taken as a 
reference with a lot of climate-related, non-recoverable taxes, which might become more normal also in the 
rest of Europe. The 3-year average from 2018 to 2020 of the price for household consumers excluding VAT 
and other recoverable taxes and levies is used: 0.2533 EUR/kWh [15]. (Potential users of the telehandler are 
assumed to belong rather to the category of household consumers with 2500 kWh – 5000 kWh per year than 
non-household consumers with 500 MWh – 2000 MWh per year.) 

• For Scenario 2, also 200 d/yr but only 5 h/d are considered with only 35% of the time performing the work-
cycle mix. The electricity costs are chosen same as for Scenario 1 but with the European average instead of 
just German prices, which leads to much lower costs of only 0.1805 EUR/kWh [15].   
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4.3 Break-Even Points 

Altogether, the costs related to components and the energy costs are used for the visualization of the cost 
development over time in Figure 7. For Scenario 1, it can be seen that already at the point of buying the telehandler 
setups 2 and 4 have lower costs than the purely valve-controlled Setup 0, which can be explained by the smaller 
batteries that are required for the displacement-controlled systems due to the lower energy consumption. 
Consequentially, also setups 1 and 3 which are initially slightly more costly than Setup 0 turn out more economic 
in less than 2 years and all displacement-controlled setups can improve their economic advantage over Setup 0 
even further over time. After 5 years, a typical time for reselling an HDMM, Setup 2 is most economic. This does 
not change within the next 5 years, which are anyways less important because traditional telehandlers are rarely 
operated for more than 8000 h. However, those years are still depicted since no average lifetimes of electrified 
HDMMs are know yet. 

For Scenario 2, on the other hand, all displacement-controlled setups are initially more expensive than 
implementing a purely valve-controlled system. This is caused by the reduction of battery size and capacity costs 
compared to Scenario 1, which leads to a lower influence of the battery size and more influence of the costs for 
the hydraulic components. However, Setup 2 with only a few additional hydraulic components starts off only 
slightly more expensive than Setup 0 and turns more economic after less than 3 years—despite the reduced energy 
costs. The increased displacement-control component cost can only be compensated after a little more than 10 
years for Setup 4 and 14 years for Setup 1, but not at all for Setup 3. 10 years with 10000 h of operation might still 
be within the lifetime of a few telehandlers; however, in this scenario, Setup 2 can be recommended the most. 
Nevertheless, Setup 4 can also be a good choice if high efficiency for the sake of climate protection is desired—it 
is still acceptable from an economic standpoint. 

 

Figure 7: Costs for setup-specific components and electric energy over time, relative to the initial costs of the 
valve-controlled benchmark (Setup 0) 

5 Summary and Conclusion 

In this paper, a concept for controlling the implements of HDMMs with a combination of a valve-controlled LS 
system and single displacement-controlled actuators has been proposed exemplarily for a telehandler. The purpose 
of combining the two approaches is to allow low-cost actuation of functions with low energy turnover but also 
efficient operation and recuperation for actuators with high energy turnover and braking loads. To show how this 
concept can lead to more efficient but also economic solutions, the system architecture has been elaborated 
alongside a simulation model that was used to simulate its energy consumption for different setups, which vary in 
the number of displacement-controlled functions, and for different duty cycles. The simulation showed significant 
reductions of the required electric energy for charging the modeled telehandler of up to 53%—but also a cycle 
time reduction of up to 17% and thus a productivity increase. Following, the simulation results were used to 
compare the costs related to the components of each setup to their energy costs for two representative scenarios. 
In the scenario with a lot of implement work time as well as high specific battery prices and electricity costs, all 
displacement-controlled setups were also more economic than the purely valve-controlled setup after less than two 
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years. However, even for the less work-intense scenario with lower prices for batteries and electricity, Setup 2 that 
has only the boom displacement controlled could still outperform the benchmark system economically in less than 
three years. Accordingly, the study showed for electrified HDMMs that turning single actuators on a formerly 
purely valve-controlled machine leads to much more efficient systems but can also mean lower costs even under 
critical circumstances. For the future, it remains to validate the simulated consumption reductions as well as the 
load-holding function also experimentally—preferably also with the influence of steering or other side-functions—
and, in the same step, to see if other issues such as shortage of installation space appear for real applications. 
Furthermore, comparing the setups in this paper cost-wise also to an ICE-powered setup would lead to new 
valuable insights. 
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Multi-pressure systems provide a good compromise between investment costs and system efficiencies. Especially 
in electrified mobile machinery, high efficiencies benefit in reducing the required number of batteries or the size 
of fuel cells. 

Switching procedures prove to be a major challenge in multi-pressure systems due to the high impact on jerk and 
pressure losses. This paper elaborates a new control possibility to optimize the switching procedures of a multi-
pressure system with imprinted pump pressures.  

Keywords: Mobile Machinery, Electrification, System, Excavator, Design 
Target audience: Mobile Hydraulics, Drive Systems, Electrification 

1 Introduction 

Traditionally, Diesel engines power mobile machinery such as excavators or wheel loaders. Whilst Diesel proves 
to be a reliable and cheap energy source, the impact on the climate change and urban air quality cannot be denied. 
In the past stricter emission standards were able to reduce the amount of nitrogen oxide (NOx) and particulate 
matter (PM) emitted from the machines. However, due to almost constant Diesel consumptions in the construction 
and agricultural area, a reduction of carbon emissions was not possible [1].  Figure 1 displays this change over the 
last 40 years. 

 

Figure 1: Development of Diesel Consumptions and Emissions by sector in Germany [1] 

In a report from 2010, the European Union attributed 100 million tons of CO2 emissions annually to non-road 
mobile machinery in the EU [5]. 

To counteract climate change, different governments are trying to achieve carbon neutrality, Germany by 2045, 
the European Union and United States of America by 2050 [2] - [4]. Batteries and fuel cells open a path towards 
climate neutral machines. The use of renewable or nuclear energy sources enables the possibility of emission free 
operation and production. 
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Challenging in the implementation of electric mobile machinery are the high price point of electric components, 
the required uptime of the machines and electric infrastructure on the construction sites or in the agricultural 
environment [6]. New drive systems, esp<ecially designed for electric drives, offer the possibility to improve the 
efficiencies of the machines and reduce energy consumptions. This either can reduce the required number of 
expensive batteries or can increase the possible operation time of the machines. 

2 Multi-pressure systems 

Historically, valve-controlled systems are used in mobile machinery. Valve controlled systems are very flexible in 
operation and have lower investment costs compared to displacement-controlled systems. However, valve-
controlled systems lack in energy efficiency, as energy losses are considerable due to pressure and volume flow 
losses. In case of a load sensing system, large parts of the mechanic power of the Diesel engine can be lost in the 
hydraulic system, as displayed in Figure 2. 

 

Figure 2: Hydraulic losses in a conventional load-sensing system in an excavator [7] 

Multi-pressure systems are an option to improve the energy efficiency of valve-controlled systems. Whilst valve-
controlled systems such as load-sensing systems have to rely on a single centralized pressure source, multi-pressure 
systems can set the drive supply pressure individually according to current needs by applying different pressures 
on the meter-in and/or the meter-out sides of the actuators. This improves the energy efficiency of multiple parallel 
drives and enables energy recuperation due to an independent metering valve control. 

One option to provide the necessary pressures is a single pump with accumulators, as researched in the STEAM 
project at the Institute for Fluid Power Drives and Systems (ifas). The STEAM system, displayed in Figure 3, 
consists of a single pump, a high-pressure and a middle-pressure accumulator and an independent metering valve 
layout. [8] 

 

Figure 3: STEAM multi-pressure system with accumulators [8] 
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In such a system, the pump will only be active when the accumulators require charging. This enables the setting 
of optimal operation points of the engine and pump. In addition, the engine can be turned off whilst the pump is 
inactive. The disadvantage of such a system is the limited range of available supply pressures. In a system with 
three pressure levels, low-pressure, middle-pressure and high pressure, only nine resulting pressure levels at the 
consumers are possible and considerable throttling losses persist. 

As optimized Diesel engines were the focus in the development of the STEAM system, the system has been 
adapted for electrified machinery to match their properties. The most important properties of electric drives are: 

 Possible recuperation with the electric motor 

 Dynamic speed and torque control 

 Wider speed and torque ranges with high efficiencies 

 Financial and production advantages of using multiple smaller engines instead of one large engine 

Based on those properties Opgenoorth presented an adapted STEAM new layout in 2020, as displayed in Figure 
4. Similar to the STEAM system, this system uses an independent metering valve control. However, two pressure-
controlled pumps (P1 and P2) with individual electric motors provide the required pressures in the two high-
pressure lines. [9] 

 

Figure 4: Electric multi-pressure system with pressure controlled pumps [9] 

In operation, the pressures of the pumps P1 and P2 can be set dynamically to optimize regarding the current active 
load pressures. This results in higher system efficiencies due to lower throttling losses at the valves. Challenging 
for this system are pressure changes in the pumps and the resulting impact on the system dynamics and the selection 
of the optimal operation point. 

In the following chapters, a new controller is presented, and it is discussed how it influences the system behaviour 
and properties. 

3 Control architectures 

To be able to find the most optimal operation points of the machine, a controller for the engines, pumps and valves 
is required. 

The controller has two main objectives to fulfil: To reach smooth and accurate drive motions and to be as energy 
efficient as possible. Challenging is that the objectives are in some degrees opposing. Smooth driving motions are 
achieved by avoiding sudden supply pressure changes, therefore avoiding supply pressure switches. Energy 
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efficiency however requires the selection of supply pressures according to current loads. Additionally, too many 
mode switches can cause energy losses due to frequent pressure build-ups or releases in the cylinder or hose 
capacities. 

3.1 Mode and supply pressure 

The function of the mode selection has the objective to select at the current time step the optimal valve openings 
and supply pressures. It has to take the target speed of the drives, the current load pressures and the current pump 
pressures under consideration. In the past, a solution has been presented, which considers for the current time step 
the theoretically optimal valve and pump settings. This however led to frequent mode and pressure switches, 
therefore an instable system behaviour and a subpar energy efficiency in operation. [9] 

To reach a better system behaviour, two main objectives for the controller are determined: To reduce the number 
of switching operations and to prefer switching operations with a lower negative impact on the system behaviour. 
The latter is achieved by considering the current pump pressures and preferring mode switches with smaller 
deviations of pump pressures. 

3.1.1 Weight matrix 

As the two objectives, the selection of the ideal supply pressure and operation modes and the avoidance of frequent 
mode changes, collide, a weight matrix for the controller is defined. The weight matrix is used to determine pump 
pressures in combination with the valve openings. It takes the efficiency of the system to optimize regarding low 
energy losses and the deviation in supply pressure rather allow switches with a low impact on the system movement 
under consideration. 

The weight matrix 𝑾𝑾𝐒𝐒𝐒𝐒𝐒𝐒 is defined as following: 

𝑾𝑾𝐒𝐒𝐒𝐒𝐒𝐒 = 𝑾𝑾𝚫𝚫𝑷𝑷 +𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷 +𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷  (1) 

𝑾𝑾𝐒𝐒𝐒𝐒𝐒𝐒 is calculated by the addition of the individual matrices of the energy losses 𝑾𝑾𝚫𝚫𝑷𝑷, pressure deviation of 
pump 1 𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷 and pump 2 𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷. The matrices describe all possible states of the pumps and active consumers. 
Therefore, they have the dimension of 𝑛𝑛𝑃𝑃1 × 𝑛𝑛𝑃𝑃2 × 9𝑛𝑛active. 𝑛𝑛𝑃𝑃1 and 𝑛𝑛𝑃𝑃2 are the number of discretised pump 
pressures and 𝑛𝑛active the number of active drives. As for each drive, nine valve combinations are possible, each 
active drive increases the number of possible operation points by the factor of nine. 

The energy loss matrix 𝑾𝑾𝚫𝚫𝑷𝑷 is calculated by determining for each operation point the required inlet power of the 
electric drive 𝑷𝑷𝒏𝒏. The deviation to the operation point with the lowest inlet power is calculated. A maximum power 
deviation Δ𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿 is defined, until which the output of the weight matrix is scaled linearly.  

𝑾𝑾𝚫𝚫𝑷𝑷 = 1 − 𝑚𝑚𝑚𝑚𝑚𝑚(𝑷𝑷𝒏𝒏−; Δ𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿)
Δ𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿

 (2) 

The pressure deviation matrix 𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷 is calculated by subtracting the pump pressure of the last time step 𝑝𝑝1𝑛𝑛−1 from 
the individual pump pressures of the possible operation points 𝒑𝒑𝑷𝑷𝑛𝑛. A pressure deviation limit 𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿 is defined, at 
which the output of the matrix is as it lowest value. The following equation describes the pressure deviation matrix 
of pump 1. 

𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷 = 1 − max(|𝒑𝒑𝑷𝑷𝑛𝑛 − 𝑝𝑝1𝑛𝑛−1|, 𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿)
𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿

 (3) 

The matrix for pump 2 is build according to the matrix of pump 1. 
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3.1.2 Check matrix 

Due to invalid pressures, limits in maximum pump flows and supply powers, an additional check matrix excludes 
invalid operation points. The check matrix 𝑨𝑨𝑽𝑽 is defined as the sum of the individual check matrices of the pressure 
𝑨𝑨𝒑𝒑, volume flow 𝑨𝑨𝑸𝑸,𝑷𝑷𝑷𝑷 and power 𝑨𝑨𝑷𝑷,𝑷𝑷𝑷𝑷. 

𝑨𝑨𝑽𝑽 = 𝑨𝑨𝒑𝒑 + ∑ 𝑨𝑨𝑸𝑸,𝑷𝑷𝑷𝑷
𝑖𝑖=1:𝑛𝑛

+ ∑ 𝑨𝑨𝒑𝒑,𝑷𝑷𝑷𝑷
𝑖𝑖=1:𝑛𝑛

 (4) 

The pressure matrix 𝑨𝑨𝒑𝒑 evaluates if for positive drive powers  𝑃𝑃𝑀𝑀 the pressure drop at the meter-in and meter-out 
sides are larger than the required pressure drops Δ𝑝𝑝𝑉𝑉. As the power direction inverts for negative powers, the 
definition of the valid pressures also inverts. 

𝑨𝑨𝒑𝒑 = {
(𝒑𝒑𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒,𝑰𝑰𝑰𝑰 − Δ𝑝𝑝𝑉𝑉) ⋅ 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀,𝐼𝐼𝑛𝑛 − (𝒑𝒑𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒,𝑶𝑶𝑶𝑶𝑶𝑶 + Δ𝑝𝑝𝑉𝑉) ⋅ 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀,𝑂𝑂𝑂𝑂𝑀𝑀 > 0 𝑓𝑓𝑓𝑓𝑓𝑓 𝑃𝑃𝑀𝑀 > 0
(𝒑𝒑𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒,𝑰𝑰𝑰𝑰 − Δ𝑝𝑝𝑉𝑉) ⋅ 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀,𝐼𝐼𝑛𝑛 − (𝒑𝒑𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒,𝑶𝑶𝑶𝑶𝑶𝑶 + Δ𝑝𝑝𝑉𝑉) ⋅ 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀,𝑂𝑂𝑂𝑂𝑀𝑀 < 0 𝑓𝑓ü𝑓𝑓 𝑃𝑃𝑀𝑀 < 0 (5) 

The flow matrix checks if the requested pump flows for each operation point 𝑸𝑸𝑷𝑷𝑷𝑷 are within the possible pump 
operation points, 𝑄𝑄𝑚𝑚𝑖𝑖𝑛𝑛 for the lowest possible pump flow and 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 for the highest possible pump flow. 

𝑨𝑨𝑸𝑸,𝑷𝑷𝑷𝑷 = 𝑄𝑄𝑚𝑚𝑖𝑖𝑛𝑛 ≤ 𝑸𝑸𝑷𝑷𝑷𝑷 ≤ 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  (6) 

As the electric drive usually cannot provide at the same time the maximum revolution speed and maximum torque, 
an additional check matrix for the supply power is used. This power matrix 𝑨𝑨𝑷𝑷,𝑷𝑷𝑷𝑷 checks if the requested supply 
power is within the possible operation points of the electric drive. 

𝑨𝑨𝑷𝑷,𝑷𝑷𝑷𝑷 = 𝑃𝑃𝑚𝑚𝑖𝑖𝑛𝑛 ≤ 𝑷𝑷𝑷𝑷𝑷𝑷 ≤ 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 (7) 

3.1.3 Volume flow undersaturation 

In operation, it is possible to demand more volume flow from the pumps than they can provide. This is called 
“undersaturation”. To cope with this, the system should reduce the flow of all consumers to prevent the stalling of 
a single consumer. As flow undersaturation must be actively controlled in the multi-pressure system, a detection 
and adaptation of the controller is necessary. 

In case of flow under saturation the check matrix 𝐴𝐴𝑉𝑉 only consists of false entries, as there are no operation points 
in which the pump flows are large enough and the possible pressure combinations valid. In this case, the speed of 
all drives is reduced evenly with the factor 𝑏𝑏red according to the following equation. 

𝜶𝜶Joystick,red = 𝜶𝜶Joystick ⋅ 𝑏𝑏𝑀𝑀𝑀𝑀𝑟𝑟  (8) 

The factor 𝑏𝑏𝑀𝑀𝑀𝑀𝑟𝑟 is calculated based on the following formula and can have a value between zero and one: 

𝑏𝑏𝑀𝑀𝑀𝑀𝑟𝑟 = ∫ 𝑥𝑥 𝑑𝑑𝑑𝑑 ; 𝑥𝑥 = { 1 , 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑑𝑑 𝑚𝑚𝑓𝑓𝑑𝑑𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑
−1 , 𝑁𝑁𝑓𝑓 𝑣𝑣𝑉𝑉𝑉𝑉𝑉𝑉𝑑𝑑 𝑚𝑚𝑓𝑓𝑑𝑑𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑 (9) 

3.2 Valve openings 

The valve controller sets the opening of the switching valves according to the selected modes and the opening of 
the proportional valves according to the supply and consumer pressures and desired speed. The possible valve 
actuations are displayed in Figure 5. 
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Figure 5: Valve actuations as [9] 

To calculate the required valve openings 𝑦𝑦, the valve equation can be used [10]: 

𝑄𝑄 = 𝐵𝐵 ⋅ 𝑦𝑦 ⋅ √Δ𝑝𝑝𝑉𝑉 (10) 

𝑦𝑦 is the opening of the valve, 𝑄𝑄 its volume flow and Δ𝑝𝑝𝑉𝑉 its pressure drop. 𝐵𝐵 is the valve coefficient and describing 
its maximum flow rate at maximum opening for a relative pressure drop. 

For a linear drive, the valve volume flow 𝑄𝑄 can be calculated with the continuity equation with the drive speed �̇�𝑥 
and the cylinder area 𝐴𝐴 [10]: 

𝑄𝑄 = 𝐴𝐴 ⋅ �̇�𝑥 (11) 

The volume flow of a rotational drive is calculated similarly with the desired rotational speed, displacement volume 
and expected volumetric efficiency. 

Different possibilities exist in the determination of the pressure drop of the valve Δ𝑝𝑝𝑉𝑉 . It is possible to calculate 
the current supply pressures based on measured pump pressures or the desired pressures of the pump controller. 
Whilst the measured valves will reduce the error due to an offset in the supply pressure, the measurement will 
cause a delay in the valve controller and might lead to oscillations due to the delay. 

Caused by changing load cases or supply pressures, the pressure difference on the meter-in and meter-out does not 
have to be equal. An equal pressure difference on the meter-in and meter-out side would bring the benefit of the 
maximum utilization of the valves and a stabilized cylinder movement. 

Following the use case of the extending differential cylinder is reviewed. Based on the current chamber pressures 
𝑝𝑝𝐴𝐴,meas and 𝑝𝑝𝐵𝐵,meas the applying load pressure 𝑝𝑝𝐿𝐿  can be calculated as following: 

𝑝𝑝𝐿𝐿 = 𝑝𝑝𝐴𝐴,meas − 𝛼𝛼 ⋅ 𝑝𝑝𝐵𝐵,meas (12) 

In the equation 𝛼𝛼 is the area ratio of the cylinder and 𝑝𝑝𝐴𝐴,meas and 𝑝𝑝𝐵𝐵,meas the current pressures in the cylinders. 
Due to the load pressure being imprinted by the external load, it will stay constant even with changing chamber 
pressures 𝑝𝑝𝐴𝐴,meas and 𝑝𝑝𝐵𝐵,meas. To balance the pressure differences on the valve, the chamber pressures have to 
change to a different level. This follows as: 

𝑝𝑝𝐴𝐴,Calc = 𝑝𝑝Supply,In − Δ𝑝𝑝Valve,In (13) 

𝑝𝑝𝐵𝐵,Calc = 𝑝𝑝Supply,𝑂𝑂𝑂𝑂𝑂𝑂 + Δ𝑝𝑝Valve,Out (14) 

yP2,In yLP,In yP1,Out yP2,Out yLP,Out

yProp,In yProp,Out

P1
P2
LP

A B
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The calculated chamber pressures 𝑝𝑝𝐴𝐴,Calc and 𝑝𝑝𝐵𝐵,Calc also have to be equal to the load pressure. 

𝑝𝑝𝐿𝐿 = 𝑝𝑝𝐴𝐴,Calc − 𝛼𝛼 ⋅ 𝑝𝑝𝐵𝐵,Calc (15) 

Combining equations (10) to (15), the meter-in and meter-out valve opening for the optimal pressure difference at 
the valve can be formed. 

𝑦𝑦 = √ (𝑄𝑄In𝐵𝐵 ) ² + 𝛼𝛼 ⋅ (𝑄𝑄Out𝐵𝐵 ) ²
𝑝𝑝Supply,In − 𝛼𝛼 ⋅ 𝑝𝑝Supply,Out − 𝑝𝑝𝐴𝐴,meas + 𝛼𝛼 ⋅ 𝑝𝑝𝐵𝐵,meas

 (16) 

𝑄𝑄In and 𝑄𝑄Out are the meter-in and meter-out volume flows. 

For the retracting cylinder, the ideal valve openings can be calculated similarly as: 

𝑦𝑦 = √ 𝛼𝛼 ⋅ (𝑄𝑄In𝐵𝐵 ) ² + (𝑄𝑄Out𝐵𝐵 ) ²
𝛼𝛼 ⋅ 𝑝𝑝Supply,In − 𝑝𝑝Supply,Out + 𝑝𝑝𝐴𝐴,meas − 𝛼𝛼 ⋅ 𝑝𝑝𝐵𝐵,meas

 (17) 

4 Evaluation 

The following chapters cover the structure of the simulation model and the results of the controller. As a machine, 
an 18 t mobile excavator is selected and the system is evaluated in a 90° dig and dump cycle. 

4.1 Simulation model 

This simulation model includes the hydraulic multi-pressure system, the electric engines with the hydraulic pumps 
and the control system. The following image displays an overview of the simulation model: 

   

Figure 6: Simulation model 

The load forces are determined based on the based on measured pressures in the dig and dump cycle of an 18 t 
mobile excavator. Those forces are impressed on the linear or rotational moving masses. As the measured load 
forces do also include the acceleration forces of the mass, which also have to be modelled in the simulation, the 
expected acceleration force has to be deducted from the impressed forces. Otherwise, either the cylinder has to 
overcome the measured acceleration force of the real machine and the simulated mass. The driver inputs of the 
simulation model are calculated based on the measured drive speeds. Additionally, a proportional controller is 
used to compensate position drifts over time, a task that on a real machine the driver would automatically do. 

The simulation model includes two electric motors with a fixed speed of 2000 1/min and a maximum torque of 
480 Nm for pump one and 270 Nm for pump two. The two pumps are axial piston pumps with displacement 
volumes of 90 cm³ and 56 cm³. The energy efficiency of the electric motor and inverter are modelled according to 
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an induction motor published by Göhlich [11]. The volumetric and hydro-mechanic energy efficiency of the 
modelled pumps and motor is based on measurements on a Bosch Rexroth A4VG pump. The dynamic of the pump 
is integrated with a PT1 element and a time constant of 100 ms is assumed for both pumps and 50 ms for the 
control of the electric motors. The valves have a combined meter-in and meter-out pressure drop of 10 bar at a 
volume flow of 200 L/min. 

4.2 Movement evaluation 

Figure 7 displays the target speed of the drives compared to the set speed of the drive. 

 

Figure 7: Speed comparison and selected modes 

As shown, the target speed is able to follow the set speed. However, mode and supply pressure changes cause 
considerable speed deviations. The main cause of this behaviour is that with a changing supply pressure, the 
pressure level in the drives has to follow. For example, if the drive changes from a T → T (tank on meter in and 
tank on meter out) mode to a P1 → P1 mode with a pressure of 200 bar, the pressure in the cylinder has to be 
increased towards that pressure level. As the system uses a speed controller, this can lead to speed deviations whilst 
the pressure changes. 

A possible solution would be to use a pressure or acceleration controller whilst pressure changes. An elaboration 
of such a controller requires a more detailed simulation model or a practical test and has not been done so far. 
Another solution is the avoidance of too frequent or too challenging mode switches, which requires a time 
depended controller, possibly based on state controllers or machine learning models. 

In the swing drive, considerable oscillations in the speed are noticeable. As the simulation model only includes a 
simplified model of the swing, it has to be tested on a test bench to see if the same issue persists in a real application. 
Improvements are here possible by using a torque control instead of the speed control. 

In summary, the system is able to follow the target speeds with sufficient quality in most cases, but requires more 
detailed evaluation and possible adjustment of the controller at certain times. 
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4.3 Energy evaluation 

As the reasoning for the multi-pressure system is to improve the energy efficiency of the machine, the simulation 
of the multi-pressure system is compared to a simulation system with a single pump. In the single pump system, 
the pump has to provide the maximum meter-in pressure of all active drives and is not able to recuperate energy. 
For the boom and arm cylinder, regeneration valves are included in the simulation. 

In the following graph, the relevant machine powers are displayed. In green, the mechanical output power of the 
cylinder and swing motor are displayed, in red the electric input power of the multi-pressure system and in yellow 
the electric input power of the single pump system. Since single pump system has more often operation points 
with undersaturation, the cycle time is slower compared to the multi pressure system. 

 

Figure 8: Energy balance 

Over the three dig and dump cycles, the multi-pressure system consumes 0.81 kWh of electric power, which results 
in an average power consumption of 73.8 kW. In comparison, the single pump system has to use 1.13 kWh 
(94.5 kW). Therefore, the multi pressure system reduces the energy consumption of the single pump system by 
28.3%. As the required mechanical energy is 0.17 kWh, the total energy efficiency of the multi-pressure system 
with pumps and electric drives is at 20.8% in this work cycle. 

The remaining energy losses in the multi-pressure are caused by inefficiencies in the electric motor and pumps, 
valve losses and pressure build-up losses in the cylinders due to changing cylinder pressures. The energy losses 
due to pressure build-ups in the cylinders account to 22 % of the losses in the multi-pressure system. This is caused 
by the mode switches, which cause the drive pressures to change their pressure levels. 

The overall efficiencies in the pumps and electric motors are not increased per se, since the pumps often operate 
in recuperation modes with relative low efficiencies, therefore reducing the total efficiency. 

Further improvements in the efficiencies of the pumps and motors are possible with variable drive speeds, Neubert 
proved in stationary applications energy efficiency improvements of 12% of variable pumps in stationary 
applications and research at ifas showed similar results in a simulation of a compact excavator [12],[6]. 

The largest efficiency improvements are caused by lowered pressure losses at the valves. This can be reasoned 
with the possible recuperation and the selection of ideal supply pressures for the drives. In addition, even with 
three or four active drives with different pressure requirements, the machine is able to find very effective operation 
modes by reusing the meter-out flow in one of the two pumps instead directing the oil to the tank and throttling 
the additional pressure at the valves. 
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5 Summary and Conclusion 

This paper elaborates the control of a multi-pressure system based on weight matrices. This control method is able 
to combine a high energy efficiency of the system with fewer mode switches and especially mode switches with a 
lower impact on the system. 

The multi-pressure system is tested in a simulation and improves the energy efficiency of a single pump system 
by 28.3%. Reasons for the improved energy efficiencies are integrated recuperation useing pumps and electric 
motors and reduced valve throttle losses. 

The question remains open if the multi-pressure system proves to be a feasible alternative of the traditional systems 
from an economic perspective and how the multi-pressure system can be controlled in a real application. 

Nomenclature 

Variable Description Unit 

𝐴𝐴 Cylinder area [m²] 

𝑨𝑨𝑽𝑽 Check matrix [-] 

𝑨𝑨𝒑𝒑 Pressure check matrix [-] 

𝑨𝑨𝑷𝑷,𝑷𝑷𝑷𝑷 Power check matrix [-] 

𝑨𝑨𝑸𝑸,𝑷𝑷𝑷𝑷 Volume flow check matrix [-] 

𝐵𝐵 Valve coefficient [L/min/√bar] 

𝑏𝑏red Undersaturation speed reduction factor [-] 

𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿 Pressure limit [bar] 

𝑝𝑝𝐴𝐴/𝐵𝐵,Calc Ideal cylinder pressure A/B [bar] 

𝑝𝑝𝐴𝐴/𝐵𝐵,meas Current cylinder pressure A/B [bar] 

𝒑𝒑𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 Supply pressure matrix [bar] 

𝑃𝑃𝐿𝐿𝑚𝑚𝑚𝑚  Maximum electric engine power [kW] 

𝑃𝑃𝐿𝐿𝐿𝐿𝑚𝑚 Minimum electric engine power [kW] 

𝑷𝑷𝒏𝒏 Power consumption matrix [kW] 

𝑝𝑝𝐿𝐿  Load pressure [bar] 

𝑄𝑄 Volume flow [L/min] 

𝑄𝑄𝐿𝐿𝑚𝑚𝑚𝑚/𝐿𝐿𝐿𝐿𝑚𝑚  Maximum/Minimum pump volume flow [L/min] 

𝑛𝑛active Number of active drives [-] 

𝑛𝑛𝑃𝑃𝐿𝐿 Number of discretized pump pressures [-] 

𝑾𝑾𝐒𝐒𝐒𝐒𝐒𝐒 Combined weight matrix [-] 

𝑾𝑾𝚫𝚫𝑷𝑷 Power weight matrix [-] 

𝑾𝑾𝒑𝒑,𝑷𝑷𝑷𝑷 Pump pressure weight matrix [-] 

�̇�𝑥 Cylinder speed [m/s] 
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𝑦𝑦 Valve opening [-] 

𝛼𝛼 Cylinder area ratio [-] 

𝜶𝜶Joystick Joystick input [-] 

𝜶𝜶Joystick,red Joystick input with under saturation speed reduction [-] 

Δ𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿  Power limit [kW] 

Δ𝑝𝑝𝑉𝑉  Valve pressure drop [bar] 
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Analytical formulae in fluid power, quo vadis in times of CFD and I4.0? 
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The aim of this contribution is to present up-to-date tables, which summarize the state-of-the-art relations for 
annular flow velocities, flow rates and flow forces in Newtonian, stationary incompressible Couette- and 
Poiseuille-flows, considering concentric and eccentric annuli together with limiting cases for small gaps. These 
analytical relations can then be applied to custom system simulation components and look-up tables for entire 
system simulations. Tailor-made simulation components (digital twins) containing analytical formulae are easily 
shared between customers and vendors, enhancing cross-entrepreneurial product optimization. All presented 
formulae are derived from the 3D Navier-Stokes equations and the high accuracy of the analytical formulae are 
validated with 3D CFD-simulations for selected representative cases.  

Keywords: Eccentric annular flow, system simulation, digitalization, cross-entrepreneurial product optimization 
Target audience: Design engineers, simulation engineers, system simulation software developers  

1 Introduction 

Computational power has increased significantly in the last couple of years and fluid dynamic problems can now 
be solved directly by numerically integrating the Navier-Stokes equations. However, when modelling fluid power 
systems such as hydraulic valves, transmission systems, artificial hearts or the human brain, a direct 3D-modelling 
of all relevant physical effects and operating points is still too difficult and time-consuming. In these situations, 
system simulation software is often used, which solves simplified 0D- and 1D-models. The various components 
utilized there are often based on analytical relationships between input and output quantities. In times of 
connectivity and I4.0, a cross-entrepreneurial product optimization realized e.g. by exchanging system simulation 
components (digital twins) is fundamental. Popular system simulation tools are for instance Simcenter Amesim, 
ANSYS Twin Builder, Dymola, DSHPlus, GT-SUITE or OpenModelica.  

For reliable results, it is important that the appropriate analytical relationships are implemented in the system 
simulation software. However, in literature and software alike, these relationships may vary and it is not clear at 
all which versions are the appropriate ones. Depending on the edition of classical fluid power text books such as 
Matthies and Renius [15], Findeisen [4], Blackburn et al. [2] or Khaimovich [8] one can find different exponents 
or radii in the formulae for e.g. flow rates or fluid forces, which may or may not or depend on further parameters 
like eccentricity.  

The analytical relations we focus on in this work are the flow rates and flow forces in concentric and eccentric 
annular flow domains. Annular flow between two cylinders is of interest when modelling electro-hydraulic valve 
systems, where the annular flow describes the internal leakage between bushing and spool or the fluid flow caused 
by electric actuation between armature and polecap. Another example, in this case related to hemodynamics, is the 
flow of cerebrospinal fluid in periarterial spaces (Tithoff et al. [24]). In all these applications, both the flow rates 
and forces that act on the inner ‘cylinder’ (armature, spool or penetrating artery in Figure 1) are relevant (Lauer-
Baré et al [13], Secomb [23] ). In another application, Secomb and El-Kareh [22] showed a case where 
hemodynamic annular flow occurs in arteries due to aggregated red-cells that represent a moving ‘core’. 
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Figure 1: Annular flow applications; electrohydraulic valve from Hilite1 (left) and arteries surrounded by 
periarterial spaces in the human brain (right, image taken from Tithoff et al. [24]) 

From the fluid mechanical perspective, the equations that govern the velocity distribution of oil or blood in the 
cases mentioned above are given by the Navier-Stokes equations. In many applications though it suffices to 
consider the related incompressible, steady state version. The flow rate and flow force formulae found in current 
literature vary between different authors and it is not clear at all which version is correct, when they apply and 
how they are related to the governing Navier-Stokes system. 

The strategy to obtain correct flow forces and flow rates in this work consists in solving the corresponding Stokes 
problem analytically in a 2D annular domain (Figure 2) for the axial fluid velocity and then compute flow forces 
and flow rates via analytical postprocessing. That is the main content of the following sections. In flows through 
annular domains, often the axial fluid velocity component dominates and as explained in Lauer-Baré et al [13], 
White [25], in this case the steady-state incompressible Navier-Stokes system can be simplified to obtain the 
steady-state Stokes equation. 

 

Figure 2: 2D annular flow domain obtained as cross-section of two eccentrically mounted cylinders (here 
armature and polecap are used, compare with left part of Figure 1) 

The Stokes equation in annular domains as depicted in Figure 2 supplemented by boundary conditions for a moving 
inner cylinder reads as follows: 

−𝜇𝜇∆𝑢𝑢 = ∆𝑝𝑝
𝑙𝑙  for 𝑅𝑅1 < √𝑥𝑥2 + (𝑦𝑦 + 𝑏𝑏)2 and √𝑥𝑥2 + 𝑦𝑦2 < 𝑅𝑅2 (1) 

𝑢𝑢(𝑥𝑥, 𝑦𝑦) = 0 for √𝑥𝑥2 + 𝑦𝑦2 = 𝑅𝑅2  

𝑢𝑢(𝑥𝑥, 𝑦𝑦) = 𝑢𝑢𝐴𝐴 for  √𝑥𝑥2 + (𝑦𝑦 + 𝑏𝑏)2 = 𝑅𝑅1  

                                                           
1 https://www.hilite.com/en/company 
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Here, 𝑏𝑏 is the absolute eccentricity and 𝑅𝑅1, 𝑅𝑅2 denote the radius of inner and outer cylinder respectively. The 
moving inner cylinder drags the fluid with it and leads to a fixed fluid velocity of 𝑢𝑢𝐴𝐴 across its surface.  

It is reminded that the system (1) describes Couette-flow when ∆𝑝𝑝 = 0 and 𝑢𝑢𝐴𝐴 ≠ 0, Poiseuille-flow when ∆𝑝𝑝 ≠ 0 
and 𝑢𝑢𝐴𝐴 = 0 and Couette-Poiseuille flow when ∆𝑝𝑝 ≠ 0 and 𝑢𝑢𝐴𝐴 ≠ 0. Since (1) is a linear problem, Couette-Poiseuille 
flow can be obtained by superposing Couette- and Poiseuille-flow.  𝑙𝑙 denotes the length of the cylinders, ∆𝑝𝑝 the 
pressure drop and 𝜇𝜇 the dynamic viscosity of the fluid. 

The ultimate aim of this contribution is to present up-to-date tables, which summarize the state-of-the-art of 
Newtonian, stationary, incompressible annular flow velocities, flow rates and flow forces that act on the surface 
of the inner cylinders (for example on armature, spool, or arteries). This includes Couette- and Poiseuille-flow, 
concentric and eccentric annuli as well as limiting cases for small gaps. 

 

2 Previous Works and Methods 

In order to solve (1) for the velocity and perform corresponding postprocessing, results from Piercy et al [20], 
White [25], Lauer-Baré et al. [13] and Lauer-Baré and Gaertig [14] are summarized and extended. The methods 
used for these kinds of problems in the state-of-the-art literature are briefly referenced as well. 

In the concentric case, it is a standard approach to express the problem in radial coordinates (see e.g. White [25] 
or Landau and Lifshitz [11]) and to seek the velocity distribution in the form of 

𝑢𝑢(𝑟𝑟) = 𝑐𝑐1 ∙ 𝑟𝑟2 + 𝑐𝑐2 ∙ ln 𝑟𝑟 + 𝑐𝑐3 (2) 

The eccentric case on the other hand is not as straightforward. There it is common to transform the eccentric 
annulus given in standard x-y Cartesian coordinates to a simpler domain with conformal mappings (see Lauer-
Baré and Gaertig [14]), i.e. holomorphic functions in the complex plane. The map can be specified by using two 
new coordinates ξ, η, together with instructions on how to transform between these two systems via 𝑤𝑤(𝑥𝑥 + 𝑖𝑖𝑖𝑖) =
𝜉𝜉 + 𝑖𝑖𝑖𝑖. The problem is then solved more easily in the new coordinates ξ, η in the simple domain (typically called 
the w-plane) and then transformed back to the original domain. One big advantage of conformal mappings is that 
they preserve harmonic functions. There is no trade-off between a simpler domain but a more complicated 
differential equation to solve; harmonic functions in one domain remain harmonic in the other domain as well. 
Piercy et al. [20] transformed an eccentric annulus to a rectangle in order to solve the corresponding Poiseuille-
problem.  

Recently, Lauer-Baré and Gaertig [14] extended Piercy’s result to Couette-flow, too. Additionally, Lauer-Baré 
and Gaertig [14] solved the Couette-flow problem in an eccentric annulus by mapping the eccentric annulus to a 
concentric annulus2 (Figure 3a).  Lauer-Baré and Gaertig [14] used slightly adapted transformations from Piercy 
et al. [20] and Brown and Churchill [3] (Figure 3b). With the abbreviation 𝑧𝑧 = 𝑥𝑥 + 𝑖𝑖𝑖𝑖 the transformation to the 
concentric annulus reads as 𝑤𝑤(𝑥𝑥 + 𝑖𝑖𝑖𝑖) = (𝑧𝑧 + 𝑖𝑖𝑖𝑖)/(𝑖𝑖𝑧𝑧 + 𝑖𝑖) and the conformal map to the rectangle is given by 
𝑤𝑤(𝑥𝑥 + 𝑖𝑖𝑖𝑖) = 2 ∙ arctan ((𝑧𝑧 + 𝛾𝛾𝑖𝑖)/𝑐𝑐); the constants are specified in the following sections.3 A similar 
transformation as in Piercy et al [20] was used in Secomb and El-Kareh [22], where the velocity, flow rate and 
flow force of the eccentric Couette-flow are computed. Conformal mappings where also used recently with SymPy 
in the context of potential flow in Grm [5]. 

                                                           
2 https://www.youtube.com/watch?v=P5ybpjv2uDA 
3 For an animation showing the unfolding of an eccentric annulus to a rectangle, see 
https://github.com/zolabar/ConformalMappingSympy 
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Figure 3: Flow domain in the w-plane after mapping the eccentric annulus of Figure 2 to a concentric annulus 
(a) and to a rectangle (b); the colours indicate how inner and outer boundaries are mapped onto the simpler 
domain (compare with Figure 2)  

An implementation and 1D-visualization of Piercy’s Poiseuille-flow velocity was presented by Kolitawong and 
Giacomin [9]. Lauer-Baré and Gaertig [14] visualized Piercy’s Poiseuille-flow velocity and the corresponding 
Couette-flow velocity in 2D. As we know from Piercy et al. [20], once having found the velocity in such a way, 
the analytical computation of the flow force is easy. Not as simple as that however is the calculation of the 
corresponding flow rate, since this involves transforming integrals. In order to derive the limiting flow rates and 
flow forces for small gaps, Taylor expansions are used (see White [25] and Lauer-Baré et al [13]).  Most of these 
expansions can be carried out with the help of the open-source computer algebra system (CAS) SymPy (Meurer 
et al [16] and Lauer-Baré and Gaertig [14])4. Finally, in order to approximate eccentric flow rates and flow forces 
by concentric flow rates and flow forces, Taylor expansions in the relative eccentricity are discussed. For selected 
cases, velocities and forces are compared to the corresponding results obtained from 3D Finite Volume Methods 
(using ANSYS CFX), which were used to solve the full set of Navier-Stokes equations. 

 

3 Results 

Before the velocities and their derived postprocessing expressions like flow rates and forces are stated, a comment 
on the existence and uniqueness of the velocities, i.e. solutions to (1) is in order. The system (1) has a unique 
solution, as proved by Ladyzhenskaya [10], hence all solution to (1) are identical when expressed in the same 
coordinates, once the boundary conditions are fixed.  The different conformal mappings to the transformed w-
plane, that by Ladyzhenskaya [10] all lead to the identical solution in the original z-plane, can be interactively 
visualized with the open-source software conformalMaps, e. g. via the Binder Project (see Project Jupyter et al. 
[7], Lauer-Baré and Aditya [12]). 

3.1 Concentric annulus 

3.1.1 Couette Flow 

In the concentric case, that is 𝑏𝑏 = 0 in (1) and Figure 2, the velocity of the Couette-flow is given by 

𝑢𝑢𝐶𝐶𝐶𝐶(𝑟𝑟) = 𝑢𝑢𝐴𝐴
ln(𝑟𝑟/𝑅𝑅2)
ln(𝑅𝑅1/𝑅𝑅2)

 
(3) 

The flow rate can be obtained by integration of the velocity distribution over the flow area 

                                                           
4 https://github.com/zolabar/ConformalMappingSympy 

a) b) 
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𝑄𝑄𝐶𝐶𝐶𝐶 = ∫ ∫ 𝑢𝑢𝐶𝐶𝐶𝐶(𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑢𝑢𝐴𝐴𝜋𝜋 ∙ ((𝑅𝑅2
2 − 𝑅𝑅1

2)
2 𝑙𝑙𝑙𝑙(𝑅𝑅2 𝑅𝑅1)⁄ − 𝑅𝑅1

2)
𝑅𝑅2

𝑅𝑅1

2𝜋𝜋

0

 
(4) 

The flow force can then be obtained by integrating the shear stress corresponding to (3) over the surface of the 
inner cylinder 

𝐹𝐹𝐶𝐶𝐶𝐶 = ∫ ∫ (𝜇𝜇𝑟𝑟 𝜕𝜕
𝜕𝜕𝑟𝑟 𝑢𝑢𝐶𝐶𝐶𝐶(𝑟𝑟))

𝑟𝑟=𝑅𝑅1

𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟
𝑙𝑙

0

2𝜋𝜋

0
= −𝑢𝑢𝐴𝐴

2𝜋𝜋𝑙𝑙𝜇𝜇
𝑙𝑙𝑙𝑙(𝑅𝑅2 𝑅𝑅1⁄ ) 

(5) 

A Taylor expansion of (4) in the gap 𝛿𝛿 = 𝑅𝑅2−𝑅𝑅1 around 𝛿𝛿 = 0 yields the flow rate for small gaps. The idea of 
these expansions is to compute all derivatives symbolically, either with SymPy or by hand, and to derive the limits, 
when the respective small parameter (gap or eccentricity) tends to zero. After substituting 𝑅𝑅2 by 𝑅𝑅1 + 𝛿𝛿  in (4) and 
considering 𝑄𝑄𝐶𝐶𝐶𝐶  as a function of 𝛿𝛿, the formula of the series for (4) is given by 

𝑄𝑄𝐶𝐶𝐶𝐶 = 𝑄𝑄𝐶𝐶𝐶𝐶 (𝛿𝛿 = 0) + 𝜕𝜕𝑄𝑄𝐶𝐶𝐶𝐶 (𝛿𝛿 = 0)
𝜕𝜕𝛿𝛿 𝛿𝛿 + 1

2
𝜕𝜕2𝑄𝑄𝐶𝐶𝐶𝐶 (𝛿𝛿 = 0)

𝜕𝜕𝛿𝛿2 𝛿𝛿2 + 𝑂𝑂(𝛿𝛿3) 
(5.1) 

The coefficients of this truncated power series are computed with SymPy and the final result is given by 

𝑄𝑄𝐶𝐶𝐶𝐶 = 𝑢𝑢𝐴𝐴𝜋𝜋𝑅𝑅1𝛿𝛿 + 𝑢𝑢𝐴𝐴𝜋𝜋𝑅𝑅1
6 𝛿𝛿2 − 𝜋𝜋𝑢𝑢𝐴𝐴

180𝜋𝜋𝑅𝑅1
𝛿𝛿4 + 𝑂𝑂(𝛿𝛿5) 

(6) 

The constant, zeroth order term of (5.1) is zero and the leading term of (5.1) is the first order term 𝑢𝑢𝐴𝐴𝜋𝜋𝑅𝑅1𝛿𝛿. Hence, 
(6) can be approximated for small gaps as 

𝑄𝑄𝐶𝐶𝐶𝐶 ≈ 𝑢𝑢𝐴𝐴𝜋𝜋𝑅𝑅1𝛿𝛿 (7) 

In addition, for small gaps a Taylor expansion of the denominator in (5) around 𝛿𝛿 = 0 and a subsequent long 
division leads to a truncated Laurent series for the corresponding flow force 

𝐹𝐹𝐶𝐶𝐶𝐶 = −𝑢𝑢𝐴𝐴2𝜋𝜋𝑅𝑅1𝑙𝑙𝜇𝜇𝛿𝛿−1 − 𝑢𝑢𝐴𝐴𝑙𝑙𝜋𝜋𝜇𝜇 + 𝑢𝑢𝐴𝐴𝑙𝑙𝜋𝜋𝜇𝜇
6𝑅𝑅1

𝛿𝛿 + 𝑂𝑂(𝛿𝛿2) 
(8) 

Hence for small gaps this can be approximated by 

𝐹𝐹𝐶𝐶𝐶𝐶 ≈= −𝑢𝑢𝐴𝐴2𝜋𝜋𝑅𝑅1𝑙𝑙𝜇𝜇𝛿𝛿−1 (9) 

 

3.1.2 Poiseuille Flow 

In the concentric case, that is 𝑏𝑏 = 0 in (1) and Figure 2, the velocity of the Poiseuille-flow is given by  

𝑢𝑢𝑃𝑃𝐶𝐶(𝑟𝑟) = ∆𝑝𝑝
4𝜇𝜇𝑙𝑙 (𝑅𝑅2

2 − 𝑟𝑟2 − (𝑅𝑅2
2 − 𝑅𝑅1

2) 𝑙𝑙𝑙𝑙(𝑅𝑅2 𝑟𝑟⁄ )
𝑙𝑙𝑙𝑙(𝑅𝑅2 𝑅𝑅1⁄ )) 

(10) 

The flow rate can be obtained by integration of (10) over the flow domain (Piercy et al [20] and White [25])  

𝑄𝑄𝑃𝑃𝐶𝐶 = ∫ ∫ 𝑢𝑢𝑃𝑃𝐶𝐶(𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜋𝜋 ∙ ∆𝑝𝑝
8 ∙ 𝜇𝜇 ∙ 𝑙𝑙 (𝑅𝑅2

4  − 𝑅𝑅1
4 − (𝑅𝑅2

2  − 𝑅𝑅1
2)2

ln(𝑅𝑅2 𝑅𝑅1⁄ ) )
𝑅𝑅2

𝑅𝑅1

2𝜋𝜋

0

 
(11) 

The flow force can then be obtained by integration of the shear stress corresponding to (10) over the surface of the 
inner cylinder (see Bird et al. [1]) 

𝐹𝐹𝑃𝑃𝐶𝐶 = ∫ ∫ (𝜇𝜇𝑟𝑟 𝜕𝜕
𝜕𝜕𝑟𝑟 𝑢𝑢𝑃𝑃𝐶𝐶(𝑟𝑟))

𝑟𝑟=𝑅𝑅1

𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟
𝑙𝑙

0

2𝜋𝜋

0
= −𝜋𝜋∆𝑝𝑝 (𝑅𝑅1

2 −
(𝑅𝑅2

2 − 𝑅𝑅1
2)

2 ln(𝑅𝑅2 𝑅𝑅1⁄ )) 
(12) 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

870



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

A Taylor expansion of (11) around 𝛿𝛿 = 0 yields the flow rate for small gaps 

𝑄𝑄𝑃𝑃𝑃𝑃 = 𝜋𝜋 ∙ ∆𝑝𝑝 ∙ 𝑅𝑅1
6 ∙ 𝜇𝜇 ∙ 𝑙𝑙 ∙ (𝛿𝛿3 + 𝛿𝛿4

2 ∙ 𝑅𝑅1
+ 𝛿𝛿5

60 ∙ 𝑅𝑅1
2) + 𝑂𝑂(𝛿𝛿6) 

(13) 

Hence for small gaps it is 

𝑄𝑄𝑃𝑃𝑃𝑃 ≈ 𝜋𝜋 ∙ ∆𝑝𝑝 ∙ 𝑅𝑅1
6 ∙ 𝜇𝜇 ∙ 𝑙𝑙 ∙ 𝛿𝛿3 

(14) 

Similarly, a Taylor expansion of (12) around 𝛿𝛿 = 0 yields the flow rate for small gaps 

𝐹𝐹𝑃𝑃𝑃𝑃 = ∆𝑝𝑝𝜋𝜋𝑅𝑅1𝛿𝛿 + ∆𝑝𝑝𝜋𝜋
6 𝛿𝛿2 − ∆𝑝𝑝𝜋𝜋

180 ∙ 𝑅𝑅1
2 𝛿𝛿4 + 𝑂𝑂(𝛿𝛿5) 

(15) 

Hence for small gaps it is 

𝐹𝐹𝑃𝑃𝑃𝑃 ≈ ∆𝑝𝑝𝜋𝜋𝑅𝑅1𝛿𝛿 (16) 

 

3.2 Eccentric annulus 

3.2.1 Couette Flow 

In the eccentric case, that is 𝑏𝑏 > 0 in (1) and Figure 2, the velocity of the Couette-flow velocity can be obtained 
by solving the Stokes equation in the w-plane (see Lauer-Baré and Gaertig [14] for details). When the eccentric 
annulus is transformed into a rectangle (see right part of Figure 3), as done by Piercy et al. [20] for the Poiseuille-
flow, one can extend Piercy’s result to Couette-flow as described by Secomb and El-Kareh [22], and the velocity 
is given by the simple relationship 

𝑢𝑢𝑃𝑃𝐶𝐶(𝜉𝜉, 𝜂𝜂) = 𝑢𝑢𝐴𝐴
𝜂𝜂 − 𝛼𝛼
𝛽𝛽 − 𝛼𝛼 (17) 

where 

𝜉𝜉 = −arctan2(2𝑐𝑐𝑐𝑐, 𝑐𝑐2 − 𝑐𝑐2 − (𝛾𝛾 + 𝑦𝑦)2) (18) 

𝜂𝜂 = 1
2 ln (𝑐𝑐2 + (𝑦𝑦 + 𝛾𝛾 + 𝑐𝑐)2

𝑐𝑐2 + (𝑦𝑦 + 𝛾𝛾 − 𝑐𝑐)2) 
 

and where the various constants are defined by 

𝑐𝑐 = √𝐺𝐺2 − 𝑅𝑅2
2,    𝐺𝐺 = 1 2𝑏𝑏⁄ ∙ (𝑅𝑅2

2 − 𝑅𝑅1
2 + 𝑏𝑏2),  

 
 𝛼𝛼 = 1 2⁄ ∙ ln[(𝐺𝐺 + 𝑐𝑐) (𝐺𝐺 − 𝑐𝑐)⁄ ] ,   𝛽𝛽 =  1 2⁄ ∙ ln[(𝐺𝐺 − 𝑏𝑏 + 𝑐𝑐) (𝐺𝐺 − 𝑏𝑏 − 𝑐𝑐)⁄ ] ,  𝛾𝛾 = 𝑐𝑐 ∙ coth (𝛼𝛼) 
 

(19) 

Alternatively to Secomb and El-Kareh [22], the velocity can be expressed in a different way, when transforming 
the eccentric annulus into a concentric annulus (see left part of Figure 3 and Lauer-Baré and Gaertig [14] for 
details). Then, the velocity reads as  

𝑢𝑢𝑃𝑃𝐶𝐶(𝜌𝜌) = 𝑢𝑢𝐴𝐴
ln(𝜌𝜌)
ln(𝑅𝑅) 

(21) 

where 𝜌𝜌 = √𝜉𝜉2 + 𝜂𝜂2 and 

𝜉𝜉 = 𝑎𝑎𝑐𝑐2 + (𝑅𝑅2 + 𝑎𝑎𝑦𝑦)(𝑅𝑅2𝑎𝑎 + 𝑦𝑦)
𝑎𝑎2𝑐𝑐2 + (𝑅𝑅2 + 𝑎𝑎𝑦𝑦)2  

(22) 
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𝜂𝜂 = 𝑥𝑥(−𝑅𝑅2 − 𝑎𝑎𝑎𝑎 + 𝑎𝑎(𝑅𝑅2𝑎𝑎 + 𝑎𝑎))
𝑎𝑎2𝑥𝑥2 + (𝑅𝑅2 + 𝑎𝑎𝑎𝑎)2  

 

and the constants a and R are given by 

𝑎𝑎 =

𝑅𝑅2 (√(1 − (− 𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

)
2

) (1 − (𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

)
2

) + (− 𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

) (𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

) + 1)

2𝑏𝑏

𝑅𝑅 =

𝑅𝑅2 (√(1 − (− 𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

)
2

) (1 − (𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

)
2

) − (− 𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

) (𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

) − 1)

2𝑅𝑅1                   

 

(23) 

As already briefly mentioned in the beginning of Section 3, by Ladyzhenska’s [10] theorems the relations (17) and 
(21) lead to the identical solution when expressed in the same coordinate system, i.e. the original flow domain. 
The flow rate was obtained by Secomb and El-Kareh [22] and reads as  

𝑄𝑄𝐶𝐶𝐶𝐶 = −𝜋𝜋𝑢𝑢𝐴𝐴 (𝑅𝑅1
2 − 𝑏𝑏𝑏𝑏

𝛽𝛽 − 𝛼𝛼) 
(24) 

The flow force can be obtained by integration in the w-plane. The force obtained from (17) reads as 

𝐹𝐹𝐶𝐶𝐶𝐶 = −2𝜋𝜋 𝑢𝑢𝐴𝐴𝑙𝑙𝜇𝜇
𝛽𝛽 − 𝛼𝛼 

(25) 

while the corresponding force obtained from (21) is given by 

𝐹𝐹𝐶𝐶𝐶𝐶 = − 𝑢𝑢𝑅𝑅2𝜋𝜋𝑙𝑙𝜇𝜇
ln(𝑏𝑏𝐹𝐹 ∙ 𝑅𝑅2 𝑅𝑅1⁄ ) 

(26) 

Here the various constants are defined as 

𝑏𝑏𝐹𝐹 = 1
2 − 1

2 𝑏𝑏1𝑏𝑏2 + 1
2 √(1 − 𝑏𝑏12)(1 − 𝑏𝑏22)                 

 

𝑏𝑏1 = 𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2

𝑏𝑏2 = − 𝑅𝑅1
𝑅𝑅2

+ 𝑏𝑏
𝑅𝑅2                   

 

 

 

In the eccentric case both force formulae (25) and (26) are of course identical, however (26) has the advantage, 
that it is also defined for the concentric case (𝑏𝑏 = 0), therefore we recommend using that relation. As in the sections 
before, Taylor expansions can be carried out with respect to gap size and relative eccentricity. Combining these 
results from Lauer-Baré et al [13] and the flow rate (24) from Secomb and El-Kareh [22], one obtains 

𝑄𝑄𝐶𝐶𝐶𝐶 ≈ 𝑄𝑄𝐶𝐶𝐶𝐶(1 + 𝑎𝑎(𝜅𝜅)𝜀𝜀2) (27) 

where 𝜅𝜅 =  𝑅𝑅1/𝑅𝑅2  is the ratio of inner to outer radius and 

𝑎𝑎(𝜅𝜅) = −(1 − 𝜅𝜅) (1 − 𝜅𝜅2) + ln(𝜅𝜅) (1 + 𝜅𝜅2)

2 (𝜅𝜅2 + (1 − 𝜅𝜅2)
2 ln(𝜅𝜅) ) ln2(𝜅𝜅) (1 + 𝜅𝜅)

 
 

For small gaps, this can be further simplified by combing a result from Lauer-Baré et al [13] and relation (7) 

𝑄𝑄𝐶𝐶𝐶𝐶 ≈ 𝑢𝑢𝐴𝐴𝜋𝜋𝑅𝑅1𝛿𝛿 (1 +
(1 − 𝜅𝜅)

6 𝜀𝜀2) 
(28) 
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3.2.2 Poiseuille Flow 

In the eccentric case, that is 𝑏𝑏 > 0 in (1) and Figure 2, the velocity of the Poiseuille-flow reads as 

𝑢𝑢𝑃𝑃𝑃𝑃 = 𝑐𝑐2∆𝑝𝑝
4𝑙𝑙𝜇𝜇 (𝛹𝛹 − − cos(𝜉𝜉) + cosh (𝜂𝜂)

cos(𝜉𝜉) + cosh (𝜂𝜂) ) 
(29) 

where 𝜉𝜉, 𝜂𝜂  are the new coordinates from (18) and  𝑐𝑐 is a constant from (19). Furthermore, 𝛹𝛹 is a harmonic function 
introduced by Piercy et al. [20] and is given by  

𝛹𝛹 = 4 ∙ 𝛹𝛹1 + 4 ∙ 𝐴𝐴 ∙ 𝜂𝜂 + 4 ∙ 𝐵𝐵 (30) 

with  

𝛹𝛹1 = ∑
(−1)𝑘𝑘(𝑠𝑠1 + 𝑠𝑠2)cos (𝑘𝑘𝜉𝜉)

sinh (𝑘𝑘(𝛽𝛽 − 𝛼𝛼))

∞

𝑘𝑘=1
 

(31) 

and  

𝑠𝑠1 = 𝑒𝑒−𝑘𝑘𝛽𝛽sinh (𝑘𝑘(𝜂𝜂 − 𝛼𝛼))coth (𝛽𝛽) (32) 

𝑠𝑠2 = −𝑒𝑒𝑘𝑘𝛼𝛼sinh (𝑘𝑘(𝜂𝜂 − 𝛽𝛽))coth (𝛼𝛼)  

as well as 

𝐴𝐴 = coth(𝛽𝛽) − coth (𝛼𝛼)
2(𝛽𝛽 − 𝛼𝛼)  

(33) 

𝐵𝐵 = −𝛽𝛽(1 − 2coth (𝛽𝛽)) + 𝛼𝛼(1 − 2coth (𝛼𝛼))
4(𝛽𝛽 − 𝛼𝛼)  

 

The formulae above are implemented and documented in interactive Jupyter notebooks that can be found on the 
public github repository ConformalMappingSympy5. The interested reader can use these notebooks to evaluate 
and visualize (29) and various other quantities. 

The flow rate can again be obtained by integration of the velocity profile and is given by Piercy et al [20] via 

𝑄𝑄𝑃𝑃𝑃𝑃 = 𝜋𝜋 ∙ ∆𝑝𝑝
8 ∙ 𝜇𝜇 ∙ 𝑙𝑙 (𝑅𝑅2

4  − 𝑅𝑅1
4 − 4𝑏𝑏2𝑐𝑐2

𝛽𝛽 − 𝛼𝛼 − 8𝑏𝑏2𝑐𝑐2 ∑ 𝑘𝑘𝑒𝑒(−𝑘𝑘(𝛽𝛽+𝛼𝛼))

sinh(𝑘𝑘(𝛽𝛽 − 𝛼𝛼))

∞

𝑘𝑘=1
) 

(34) 

The flow force can then be calculated by integration in the w-plane (see Piercy et al. [20] for details) and the 
resulting force then reads as 

𝐹𝐹𝑃𝑃𝑃𝑃 = −𝜋𝜋∆𝑝𝑝 (𝑅𝑅1
2 − 𝑏𝑏𝑐𝑐

𝛽𝛽 − 𝛼𝛼) 
(35) 

The flow rate from (31) can be approximated by the concentric flow rate via (see Piercy et al. [20] for details) 

𝑄𝑄𝑃𝑃𝑃𝑃 ≈ 𝑄𝑄𝑐𝑐(1 + 1.5𝜀𝜀2) (36) 

where 𝜀𝜀 = 𝑏𝑏/𝛿𝛿 denotes the relative eccentricity. Piercy et al. [20] already remarked that (36) is only valid for ratios 
𝜅𝜅 =  𝑅𝑅1 𝑅𝑅2⁄ > 0.6. The authors of the current contribution think, that a factor that depends on the ratio 𝜅𝜅 and 
generalizes the constant term of 1.5 in relation (36) could be found by a Taylor expansion of (34) in the relative 
eccentricity 𝜀𝜀 around 𝜀𝜀 = 0, as done in Lauer-Baré et al. [13] for the corresponding flow forces. As far as we 
know, such a result for the flow forces has not been published yet. Using (14) for small gaps, (36) can be further 
simplified to 

                                                           
5 https://github.com/zolabar/ConformalMappingSympy 
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𝑄𝑄𝑃𝑃𝑃𝑃 ≈ 𝜋𝜋 ∙ ∆𝑝𝑝 ∙ 𝑅𝑅1
6 ∙ 𝜇𝜇 ∙ 𝑙𝑙 ∙ 𝛿𝛿3(1 + 1.5𝜀𝜀2) (37) 

As mentioned above, the eccentric flow force can be approximated by a series expansion and by using the 
concentric flow force. The result is given by 

𝐹𝐹𝑃𝑃𝑃𝑃 ≈ 𝐹𝐹𝑃𝑃𝑃𝑃(1 + 𝑎𝑎(𝜅𝜅)𝜀𝜀2) (38) 

where 

𝑎𝑎(𝜅𝜅) = −(1 − 𝜅𝜅) (1 − 𝜅𝜅2) + ln(𝜅𝜅) (1 + 𝜅𝜅2)

2 (𝜅𝜅2 + (1 − 𝜅𝜅2)
2 ln(𝜅𝜅) ) ln2(𝜅𝜅) (1 + 𝜅𝜅)

 
 

This formula was obtained via a Taylor expansion of (35) in the relative eccentricity 𝜀𝜀 around 𝜀𝜀 = 0. The 
corresponding flow force relation analogous to equation (36) for the flow rate is given by 

𝐹𝐹𝑃𝑃𝑃𝑃 ≈ 𝐹𝐹𝑃𝑃𝑃𝑃 (1 +
(1 − 𝜅𝜅)

6 𝜀𝜀2) 
(39) 

This relation is also valid for ratios 𝜅𝜅 =  𝑅𝑅1 𝑅𝑅2⁄ > 0.6, similar to relation (36). These results were obtained in 
Lauer-Baré et al. [13], too. Finally, in analogy to (37), (39) can be further simplified for small gaps to 

𝐹𝐹𝑃𝑃𝑃𝑃 ≈ ∆𝑝𝑝𝜋𝜋𝑅𝑅1𝛿𝛿 (1 +
(1 − 𝜅𝜅)

6 𝜀𝜀2) 
(40) 

3.2.3 Visualization of the analytically obtained fluid velocities 

In order to highlight some qualitative effects on the velocity distribution, an example for a combined Couette-
Poiseuille flow velocity distribution is shown in the following Figure 4. 

 

Figure 4: Example of a Couette-Poiseuille flow velocity profile by superposing (17) and (26) within a rectangle 
in the w-plane (a) and in the corresponding original eccentric annulus in the z-plane (b) 

For this example, an outer radius of 7.6 mm, an inner radius of 5 mm, an eccentricity of 50%, a prescribed velocity 
of the inner cylinder of -0.4 m/s and a pressure drop of 5 Pa were used.6 Further, an overlap of 1.55 mm and a 
viscosity of 10 mPas is used. One clearly sees, that the boundary conditions are satisfied. On the inner boundary 
of the eccentric annulus (Figure 4b) the velocity is non-zero and on the outer boundary it vanishes. Furthermore, 
in the interior the fluid disproportionally pours through the large gap, as already remarked in Piercy et al [20] and 
White [25]. The same behaviour is seen in Figure 4a in the equivalent rectangle in the w-plane. The boundary 

                                                           
6 Replicable at https://mybinder.org/ with https://github.com/zolabar/ConformalMappingSympy 

a) b) 
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correspondence is illustrated in Figure 2 and Figure 3b, i.e. the top of the rectangle corresponds to the inner 
boundary of the annulus and the bottom of the rectangle corresponds to the outer boundary of the annulus. 

3.2.4 CFD results 

The following diagrams show the high quality of the analytical approximations (velocity and flow force) when 
compared to CFD-results.  

 

Figure 5: Eccentric Couette flow velocity (𝜀𝜀 = 0.5) across the large gap of the annulus (left) and flow force over 
relative eccentricity (right), 3D numerical and 2D analytical results (from Lauer-Baré and Gaertig [14]) 

 

Figure 6: Eccentric Poiseuille flow velocity (𝜀𝜀 = 0.2) across larger and smaller gap of the annulus (left) and 
flow force over relative eccentricity, 3D numerical and 2D analytical results 

Figure 5 shows eccentric Couette flow velocity (left) across the large gap for an eccentricity of 𝜀𝜀 = 0.5 and flow 
force over relative eccentricity (right); for more details see Lauer-Baré and Gaertig [14]). Figure 6 shows 
corresponding graphs for eccentric Poiseuille flow. Figure 6 (left) shows Poiseuille velocities across the small and 
large gap, that correspond to an eccentricity of 𝜀𝜀 = 0.2 in Figure 6 (right). These results and the numerical details 
are more thoroughly discussed in Lauer-Baré et al. [13]. One can see, that eccentricity reduces the absolute value 
of the flow force in case of Poiseuille-flow (Figure 6 (right)), while in the case of Couette-flow, the flow force is 
increased by eccentricity (Figure 5 (right)). It is also remarked, that in Poiseuille-flow the flow force acts in flow 
direction while in Couette-flow the flow force acts against the direction of the fluid flow. The high quality of the 
analytical solutions for the cross-sectional Stokes problem is due to the fact, that in the considered cases the axial 
component of the velocity is so dominant that the contribution of the nonlinear convective terms in the original 
Navier-Stokes equations is irrelevant (Lauer-Baré et al. [13]). Therefore, the 3D Navier-Stokes equations are 
approximated sufficiently well by the 2D Stokes equation (1). In Lauer-Baré et al. [13] it is conjectured, that a 
relevant a-priori indicator for the suitability of the Stokes equation is the ratio 𝛿𝛿/𝑙𝑙. The smaller this ratio, the more 
axial the flow and hence the better the Navier-Stokes system is approximated by the Stokes equation. In Figure 5 
this ratio is 0.008 and in Figure 6 it is 0.026. However, as far as the authors know a rigorous study of the influence 
of the parameter 𝛿𝛿/𝑙𝑙 in annular flow has not yet been carried out in the state-of-the-art literature. As suggested in 
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Lauer-Baré et al. [13], a proper analysis of the parameter 𝛿𝛿/𝑙𝑙 using asymptotic expansions as in Panasenko and 
Pileckas [17] could be the content of future work. 

3.3 Summary 

This section contains the main message and result of this contribution. A tabularized systematic overview on 
analytical approximations of annular flow velocities, flow rates and flow forces for concentric and eccentric 
Couette- and Poiseuille-flow. The content of the following tables refers to the corresponding equations of the 
previous sections. Table 1 lists the available formulae for the velocities, Table 2 lists the available formulae for 
the flow rates and Table 3 lists the available formulae for the flow forces. 

 

Velocity Concentric Eccentric 

Couette (3) (17) or (21) 

Poiseuille (10) (29) 

Table 1: Annular flow velocities  

 

Flow rate Concentric Eccentric Concentric and 
small gap 

Eccentric and 
small gap 

Couette (4) (24) (7) (28) 

Poiseuille (11) (33) (14) (37) 

Table 2: Annular flow rates 

 

Flow force Concentric Eccentric Concentric and 
small gap 

Eccentric and 
small gap 

Couette (5) (25) or (26) (9) Not available 

Poiseuille (12) (35) (16) (40) 

Table 3: Annular flow forces 

Before closing this article with discussion and conclusions, some comments are in order. In our tables the 
approximation of the eccentric Couette-flow force by the concentric flow force is missing. This is due to fact, that 
the flow force formula (26) is defined for the concentric case as well, hence there is no need for a separate 
approximation of the eccentric flow force by the corresponding concentric contribution as in (38). We also want 
to stress, that the factor “1.5” in (37) (and in (36) as well) is not obtained by a Taylor expansion in the relative 
eccentricity and the general expression, corresponding to the factor 𝑎𝑎(𝜅𝜅) in (27) or (38), is still unknown to fluid 
power science. Finally, we want to remark that in the case of Poiseuille-flow eccentricity increases the magnitude 
of the flow rate and reduces the magnitude of the flow force, while in the case of Couette-flow it is vice versa. 

4 Discussion and Conclusion 

This contribution showed that Newtonian, stationary, incompressible annular flow can be described in high quality 
by the 2D-Stokes equation, formulated in the cross section, when the ratio of annular gap to cylinder length is 
negligible. However, when instead of fluids like oil, water or blood, low-viscosity gases like hydrogen are 
considered (e.g. for application in FCEVs), more differentiated a priori estimates will be necessary. In these cases, 
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it could be possible to combine the ratio of annular gap to cylinder length with the viscosity of the gas into one 
single formula.  

Well-known and recently presented analytical solutions of the Stokes equation are presented in a systematic way, 
considering concentric and eccentric annuli for Couette- and Poiseuille-flow. Further, the corresponding flow rates 
and flow forces are presented. The flow rates and forces are also derived for the limiting case of small gaps. 
Additionally, some of the flow rates and flow forces are approximated by their concentric counterparts, which are 
corrected by an auxiliary term in the squared relative eccentricity. The high quality of these analytical 
approximations was illustrated via comparisons with corresponding results obtained from a numerical solution of 
the 3D Navier-Stokes equations, computed with the commercial Finite Volume Method software ANSYS CFX. 
The obtained results can be used to generate look-up-tables for system simulations of fluid power systems by 
simulation engineers or can also be implemented directly into the system simulation software by developers. 
Further, design engineers can use these formulae during the design process, prior to detailed simulations. Finally, 
these results may be extended to non-steady cases following Pasquini et al [14] and Pasquini [15], to thermal flow 
following Shah and London [21] or to non-Newtonian fluids, as in Kolitawong and Giacomin [9].  

The increasing demand on battery cooling fluid power applications may foster the interest in annular flow that 
considers thermal effects as presented in Shah and London [21]. One example of such systems are thermal 
expansion valves7 as developed by Hilite International.  

The quality and use cases of the presented analytical formulae, as well as the indicated perspectives, show that 
analytical formulae are still relevant and useful in times of wide use of numerical and machine learning techniques. 
Further, the implementation and visualization of analytical approaches gets easier with the use of open-source or 
commercial CAS such as SymPy, Maple, Mathematica or Singular (see Hauck et al. [6]), combined with interactive 
plotting possibilities, as for example provided by the open source Python package Plotly. The authors thus 
conclude, that analytical approaches also have a great potential for the future. 

 

Nomenclature 

Variable Description Unit 

𝑢𝑢 Axial flow velocity [m/s] 

𝑢𝑢𝐶𝐶𝐶𝐶  Axial flow velocity of concentric Couette flow [m/s] 

𝑢𝑢𝐶𝐶𝐶𝐶 Axial flow velocity of eccentric Couette flow [m/s] 

𝑢𝑢𝑃𝑃𝐶𝐶 Axial flow velocity of concentric Poiseuille flow [m/s] 

𝑢𝑢𝑃𝑃𝐶𝐶 Axial flow velocity of eccentric Poiseuille flow [m/s] 

𝑄𝑄𝐶𝐶𝐶𝐶  Flow rate of concentric Couette flow [l/min] 

𝑄𝑄𝐶𝐶𝐶𝐶  Flow rate of eccentric Couette flow [l/min] 

𝑄𝑄𝑃𝑃𝐶𝐶  Flow rate of concentric Poiseuille flow [l/min] 

𝑄𝑄𝑃𝑃𝐶𝐶  Flow rate of eccentric Poiseuille flow [l/min] 

𝐹𝐹𝐶𝐶𝐶𝐶  Flow force acting on inner cylinder in concentric Couette flow [N] 

𝐹𝐹𝐶𝐶𝐶𝐶  Flow force acting on inner cylinder in eccentric Couette flow [N] 

𝐹𝐹𝑃𝑃𝐶𝐶  Flow force acting on inner cylinder in concentric Poiseuille flow [N] 

                                                           
7 https://www.hilite.com/en/products/thermal-management/components-for-coolants 
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𝐹𝐹𝑃𝑃𝑃𝑃  Flow force acting on inner cylinder in eccentric Poiseuille flow [N] 

𝑅𝑅1 Denotes the radius of the inner cylinder [mm] 

𝑅𝑅2 Denotes the radius of the outer cylinder [mm] 

𝛿𝛿 = 𝑅𝑅2-𝑅𝑅1 Denotes the annular gap or clearance between the cylinders [mm] 

𝑏𝑏 Denotes the absolute eccentricity (shift) of the inner cylinder [mm] 

𝜀𝜀 = 𝑏𝑏 𝛿𝛿⁄  Denotes the relative eccentricity of the inner cylinder [-] 

𝜅𝜅 = 𝑅𝑅1/𝑅𝑅2 Denotes the ratio of inner to outer radius [-] 

𝑙𝑙 Denotes the length of the cylinders [mm] 

∆𝑝𝑝   Denotes the pressure drop [bar] 

𝜇𝜇 Denotes the dynamic viscosity of the fluid [mPas] 
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Modeling and simulation of hydro-mechanical interactions are essential to the virtualization of mobile hydraulic 
systems. These interactions are, however, challenging to simulate, particularly in a system-level framework. This 
is because the flow and structural parts follow distinct dynamical equations, which poses numerical difficulties in 
analyzing the coupled system. Numerical stability often demands small time steps, which renders system 
simulation impractically slow to perform multiple simulations for DOE (design of experiment) analysis. Therefore, 
to explore the design space of the mobile hydraulic systems, there is a need for a fast and robust 0D/1D solution 
approach. We present such a method here using a system-level software called GT-SUITE. The inherent multi-
physics framework allows accurate capturing of the hydro-mechanical interactions; efficiency comes from an in-
built fully coupled solver based on implicit time marching. We first validate the accuracy and efficiency of the 
solution procedure and then verify its capability to simulate realistic mobile hydraulic systems in a fast and robust 
manner. 

Keywords: simulation, digital twin, hydraulic systems 
Target audience: Mobile Hydraulics, Simulation, Digital Product Development 

1 Introduction 

Understanding the interaction between the flow, thermal, and structural components is critical to developing 
advanced mobile hydraulic systems. However, since the dynamics of fluid components and solid structures are 
governed by a distinct set of equations, the solution of coupled systems is very challenging. At a system level, the 
coupled solution becomes even more difficult due to the involvement of multiple physics and scales. Because of 
these challenges, coupled system-level dynamics are often studied using simplified models [1]-[6]. In such models, 
the dynamics of the flow components (governed by the partial differential equations representing the conservation 
laws) are often described by simplified ordinary differential equations representing the temporal evolution of 
primary quantities of interest, such as pressure and volume. The flow sub-system is thus reduced to a form 
amenable to be solved within the multi-body sub-system governing the structural dynamics. These models, 
therefore, among other inaccuracies, do not ensure strict conservation of mass, momentum, and energy. 

In this paper, we present a novel fully coupled thermo-hydro-mechanical solver for fast and efficient simulation 
of mobile hydraulic systems. We model the coupled system using a hybrid approach, in which, the fundamental 
laws governing the flow and structural sub-systems are fully respected. For the flow sub-system, we solve the 
underlying conservation laws for mass, momentum, and energy. The efficiency of the approach comes from 1) 
zero/one-dimensional reduction of the system, and 2) fast numerical solution using implicit time marching of the 
coupled system. Therefore, it offers an efficient way of simulating hydraulic systems with a level of accuracy 
desired for most practical applications. The speed and robustness of the solution allow efficient exploration of the 
design space of real-life systems. 
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2 Numerical Method 

For the hybrid approach, we employ the GT-SUITE software, which is a system-level simulation tool for 
multiphysics analysis [7]-[10].  The fluid dynamics are solved in the software using a finite-volume approach. The 
flow components are discretized in a one-dimensional fashion (along the primary flow direction) into subvolumes, 
and conservation equations of mass, momentum, energy, and species are solved in each subvolume. The software 
offers explicit as well as implicit time integration. The multi-body dynamics are solved using a finite-element 
approach, in which, the dynamical system is represented by a set of nodes and elements. Here also, the software 
has explicit and implicit time integration, such as Explicit Runge-Kutta (ERK), Hilber-Hughes-Taylor (HHT), 
Generalized-alpha, etc. For the hydro-mechanical coupling also, the software support explicit and implicit time 
marching. In the explicit approach, the flow and structural subsystems take time steps in sequence while in the 
implicit approach, the subsystems are solved together via a coupled discretized matrix. The explicit formulation is 
more suited for applications dealing with small time scales (high frequency), while the implicit formulation is 
preferred for applications requiring fast solutions involving large time scales. In the present approach, we simulate 
the hydraulic systems using the implicit approach to demonstrate the speed and robustness of the solver for realistic 
applications. 

 

Figure 1. Schematic of a hydraulic system developed for validation 

 

 

Figure 2. Piston displacements for various configurations of the validation model along with a comparison with 
the exact solution 

3 Validation 

We first validate the approach by simulating a test model for which the solution can be obtained analytically. For 
this, we simulate the configuration shown in Figure 1. It consists of a spring, piston, and cylinder system with a 
stopper and a flow port that connects it to a reservoir. For validation, we first obtain the exact solution for this test 
problem. (Note that GT-SUITE solves the fully coupled non-linear system; the linear analysis presented here is 
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only for comparison.) We perform the simulation by imposing a transient pressure (pr) in the reservoir, which 
increases linearly with time (t), reaches a maximum value, and then decreases linearly with time: 

𝑝𝑝𝑟𝑟(𝑡𝑡) = { 𝑝𝑝0 + 𝛼𝛼(𝑡𝑡 − 𝑡𝑡0), 𝑡𝑡0 < 𝑡𝑡 < 𝑡𝑡1
𝑝𝑝0 − 𝛼𝛼(𝑡𝑡 − 2𝑡𝑡1 + 𝑡𝑡0), 𝑡𝑡1 ≤ 𝑡𝑡 < 2𝑡𝑡1 − 𝑡𝑡0

 

where  𝑝𝑝0 = 1 bar (ambient pressure), 𝑡𝑡0 = 0.2 s, 𝑡𝑡1 = 0.7 s, and 𝛼𝛼 is such that the pressure reaches 100 bar at 𝑡𝑡1. 
This change in pressure moves the fluid (hydraulic mineral oil) in and out of the cylinder, which subsequently 
moves the piston. As the pressure increases initially, the piston moves to the left (in Figure 1), and then it moves 
back to its initial position as the pressure reduces. For the test case with a rigid stopper, the piston stops moving 
after hitting the stopper.  

The mass (m) of the piston is 100 g, the stiffness (k) of the spring is 50 N/mm, and the diameter (𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) of the 
piston is 25 mm. The piston displacement (x) is governed by 

  

𝑚𝑚𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2 = (𝑝𝑝 − 𝑝𝑝0)𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑘𝑘𝑥𝑥, 

where p is the pressure inside the cylinder and  𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝜋𝜋𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 /4 is the area of the piston. As the reservoir pressure 
changes, the fluid moves through the port to equilibrate the cylinder pressure with the reservoir pressure; the fluid 
momentum equation at the port relates the two pressures and the mass flow rate at the port. The fluid continuity 
equation relates mass flow rate with the piston velocity. The overall system follows nonlinear dynamics. However, 
if the diameter (𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝) of the port is sufficiently large, then the system simplifies because one can assume that two 
pressures equilibrate instantaneously, which implies 𝑝𝑝 = 𝑝𝑝𝑟𝑟. We observe such behavior for 𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝 = 10 mm. If the 
initial displacement and velocities are zero, then the displacement is given by 

𝑥𝑥 =
(𝑝𝑝𝑟𝑟 − 𝑝𝑝0)𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑘𝑘 . 

Figure 2 shows the comparison of simulation results (piston displacement) with the exact solution. The simulation 
results with and without a rigid stopper match well with the exact solution. To demonstrate the software’s 
capabilities to handle non-linear system components (via in-built libraries), we also show the displacement 
obtained when the rigid stopper is replaced with a flexible one having a high (non-linear) stiffness. The 
displacement lies within that obtained with and without the rigid stopper.  

To further highlight the capability of the software to simulate coupled non-linear dynamics, we reduce the diameter 
(𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝)  of the port to 2 mm. With this change, the cylinder pressure does not instantaneously equilibrate with the 
reservoir pressure, and one needs to solve the non-linear fluid conservation laws coupled with the piston 
displacement equation. In this case, the fluid inertia through the port becomes important, which 1) delays the 
equilibration of the cylinder pressure with the reservoir pressure, and 2) leads to pressure loss due to fluid 
expansion and contraction at the port. Overall, the piston response to the change in reservoir pressure is delayed, 
which is captured correctly by the software, as shown in Figure 2. 

4 Application Example 

To verify the capability of our method to simulate complex systems for practical applications, we simulate a Y-
cycle for a fully hydraulically-actuated wheel loader. The Y-cycle (or short loading cycle) is an often-used cycle 
to predict or test the performance of wheel loaders when loading a pile of mud to a dumper [11], an illustration is 
shown in Figure 3. Typical output quantities of this cycle are the cycle duration, power, and efficiency. In our 
investigation, with a focus on the hydraulic part of the system, we carry out system-level simulations to design the 
hydraulic pumps, motors, and actuators to efficiently complete the cycle.  
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Figure 3. Illustration of the Y-cycle 

4.1 Wheel loader model 

The wheel loader model1 is developed using GT-SUITE with its in-built thermal, hydraulic, and mechanical 
libraries. The main hydraulic components are:  

 Hydraulic pump: As we focus on the hydraulic part of the system, the positive displacement pump 
with fixed displacement is driven by a rotational speed boundary. Based on a given speed (and resulting 
flow rate) the needed torque and power output can be predicted.  

 Hydraulic Cylinders: There are two hydraulic cylinders to control the boom lift as well as two 
cylinders to control the bucket tilt (see Figure 4). As the hydraulic system is symmetric to its 
longitudinal axis, the lift cylinders and the bucket tilt cylinders are each lumped together into one 
cylinder. 

 Hydraulic Motors: The hydraulic motors are used to drive the vehicle’s body. As before, for the sake 
of simplicity, both motors on the rear axle are lumped together into one motor.  

 Directional Control Valves: The directional control valves control the oil flow towards the lift and tilt 
cylinders and the motor. The valve lifts are imposed by PID controllers to follow the described Y-cycle.  

 Oil Tank: For the oil tank, a two-phase volume considering gravity and ideal phase separation is used.   

 Relief Valve: A simple relief valve based on a characteristic curve is installed between the high-
pressure distributor and the oil tank to maintain the given system pressure.    

                                                           
1 The wheel loader model is based on CAD data created by Marek Zygilewicz and used with his permission. 
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Figure 4. Positions of the lift and tilt cylinders 

The hydraulic components are connected to the mechanical parts using links between the flow domain and the 
mechanical domain. The one-dimensional cylinders are connected to 2D and 3D inertia parts which describe the 
kinematic structure of the machine. The motor is also linked to 2D inertia (the axle and wheels), which links 
between the ground and the vehicle. The complete model is shown in Figure 5. 

 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

884



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

 

Figure 5. Wheel loader system model in GT-SUITE 

Using the fully coupled thermo-hydro-mechanical solution, the model runs significantly faster than in real-time. 
Due to this high computational efficiency, the model can be used to perform design studies, optimize the 
configuration, and investigate phenomena on longer timescales like the effect of heat input on oil and its impact 
on the heat exchanger and fan sizing.  

4.2 Test cases 

As a demonstration, we use the model to predict the performance and heat exchanger sizing of the wheel loader 
for two different pump speeds during a 40 s Y-cycle. A higher pump speed helps in maintaining the desired 
pressure in the high-pressure (HP) part of the system even with larger loads. However, it leads to high flow through 
the relief valves at lower loads, resulting in a loss in efficiency and larger heat rejection. The latter needs to be 
counteracted by installing a more powerful heat exchanger. We demonstrate this by running two cases of the Y-
cycle with 1000 and 2000 RPM. Figure 6 and Figure 7 show pressure on the HP side of the system and the 
maximum system temperature, respectively.  
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Figure 6. System pressure at different pump speeds 

 

Figure 7. Maximum system temperature at different pump speeds 

It can be seen that in the 1000 RPM case, the pump is not able to maintain the needed system pressure. With higher 
RPM, the pressure can be maintained, and the different actuators are fully functional simultaneously due to a high 
flow rate. On the other hand, the higher flow rate causes a larger heat input to the oil, leading to a faster warmup 
of the model as well as increased oil cooling requirement (Figure 8).  

 

Figure 8. Heat Exchanger Performance at different pump speeds 

It also leads to higher average power demand, as most of the flow goes through the relief valve for a large part of 
the cycle (Figure 9).  
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Figure 9. Required pump power at different speeds 

Because a Y-cycle time of 40 s is long, for the next test case the cycle time was set to 30 s, while performing the 
same pattern. The actuator’s responses at different pump speeds are very similar for the hydraulic cylinders but 
differ for the hydraulic motor.  

At lower pump speeds, the flow entering the system is not enough to follow the described position precisely. 
Figure 10 shows that the target position can be maintained better and the end positions can be reached faster at 
higher pump speeds. This is due to the activation of multiple actuators at larger flow rates.  

 

Figure 10. Target and actual vehicle position at different pump speeds 

It can be seen that the target position can be maintained better, and the end positions can be reached faster at higher 
pump speeds, while multiple actuators are active. While this effect is most visible for the vehicle’s position, it can 
also be seen for the lift cylinder movement in Figure 11. 
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Figure 11. Target and actual lift cylinder position at different pump speeds 

Based on the results obtained, the components for ideal system performance can now be selected. While a higher 
pump flow rate is needed for faster response of the system, a lower pump flow rate needs significantly less power.  

5 Conclusion and Outlook 

We have developed a novel approach for fast and robust simulation of hydro-mechanical interactions. We first 
validated the approach by comparing it against illustrative examples for which the exact solutions can be obtained. 
We then demonstrated the capability of our system-level simulation approach to design the optimum components 
of a complex realistic system efficiently. While a higher pump flow rate is needed for faster response of the system, 
a lower pump flow rate needs significantly less power. A control strategy may then be developed to minimize the 
pump power requirement in idle or low load times. 
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Who is not faced with the challenges of developing more complex products or features under greater time and cost 
pressure? Digitization has given rise to tools that support these requirements for the product development process, 
and they are now also becoming accessible to small and medium-sized companies with limited engineering 
resources. The paper presents the model-based development of an electro-hydraulically driven aerial work 
platform with trajectory control. The real-time capable simulation model is coupled with the control hardware, 
human-machine interfaces, and visualization in FLUIDON's Virtual Engineering Lab. 

Keywords: Trajectory Control, Virtual Commissioning, Hardware-in-the-Loop HiL, Digital Twin 
Target audience: Mobile Hydraulics, System Integration, Control Development 

1 Introduction 

Complex products, especially the control and drive systems of multifunctional mobile machines, can only be 
developed efficiently if the system integration of the various domains such as mechanics, hydraulics, electronics 
and control technology takes place early and continuously in the development process. A large aerial working 
platform whose platform is moved by a total of 8 hydraulically driven axes serves as an example (Figure 1). 

 

Figure 1: Motion axes of the mobile arial working platform 

Even the basic design of such a machine raises many questions: The kinematics of the machine determine its 
movement possibilities. However, articulation points of cylinders, overlap of telescopic tubes, friction ratios and 
inertia forces also significantly influence the requirements on the hydraulics or the control system. These interfaces 
between domains often lead to problems in the development process when information is insufficiently 
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synchronized or simply one side does not understand the other. One means of countering this interface problem is 
to integrate the system as early as possible. 

Model-based development provides a toolbox for this purpose: The holistic system development is carried out 
based on a virtual representation (digital twin) of the machine, enabling the complex and interconnected tasks of 
system integration to be performed better and more efficiently. The example of the aerial working platform shows 
how the model-based approach holistically supports the development of complex machines (Figure 2). 

 

Figure 2: Cross-domain approach through model-based engineering 

As the second major benefit, the model-based engineering supplies an easy-to-use environment for control 
development, which can be used to investigate the following questions, among others:  

 Depending on the position and the desired direction of movement, up to 8 axes must be moved 
synchronously, making it difficult for the operator to directly actuate the axes. The control system 
should therefore convert a direction or path command of the operator into a combination of movement 
commands for the 8 axes. 

 The required movements must be converted by the axis controllers of the 8 axes into control signals of 
the valves. High mass and friction forces and a large speed range from the slow continuous working 
movement to the fast infeed movement place high demands on these controllers. Their development 
must consider the complex interaction of mechanics (e.g. kinematics, friction conditions), hydraulics 
and control technology. 

 Due to the limited installed power, not all movements can be executed simultaneously at their 
maximum possible speed. A module of the control system, operating between axis and path control, 
must therefore mediate sensible speeds between the participants when the power limit is reached. 

2 Model based development 

The first step in model-based development is to map the effects in the model that are decisive for its objectives. 
This should be done according to the principle "as simple as possible, as precise as necessary", since a more precise 
representation is usually also accompanied by a higher computing effort. On the other hand, real-time capability 
of the model is desired, if not a must, for control development. 
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2.1 From Model to Digital Twin 

"A digital twin is a virtual representation that serves as the real-time digital counterpart of a physical object or 
process." [1] 

 

Figure 3: Real-time requirements for hydraulic system simulation vs. IAONA classes 

This real-time capability is one of the major challenges in the development of a digital twin, particularly for 
complex hydraulically driven machines. Why is this especially true for hydraulic drives? The answer is found in 
the relatively small simulation step size (Figure 3). Typical step sizes for hydraulic simulation are in the order of 
1e-6 to 1e-5 s, while mechanical multi-body simulation models, for example, often calculate with step sizes of 
1e-4 to 1e-3 s with sufficient accuracy and numerical stability. The hydraulic systems, which are usually complex 
and highly interconnected, cannot therefore be easily simulated in real time, even with powerful computers. 

One approach to making even complex models real-time capable lies in the parallelization of computational 
processes. However, it is important to use the right splitting: Since managing the threads also costs computational 
effort and time, parallel computation is not free. If parallelization is performed with a distribution that is too fine-
granular, the time gained is very quickly eaten up by additional overhead. 

The model shown below as an example is therefore not parallelized on the level of components or even individual 
computational processes, but at a module level. One module typically represents a functional unit, e.g. the 
hydraulic drive of an axis. Since the mechanical model of the aerial work platform, in contrast to the hydraulics, 
is already real-time capable as a complete model, it does not have to be modularized further, but is represented as 
one module in the overall model. 

Figure 4 shows an example of the DSHplus model of a typical hydraulic drive axle used in aerial working 
platforms. The LS directional control valve, the counterbalance valves, the cylinder and the connecting lines can 
be seen. IO components exchange values with the other submodels, such as other hydraulic axes, the pressure 
supply or the mechanical model. A hydraulic connection is represented at this interface by the exchange variables 
pressure p and volume flow Q: The axis model receives the value of p as input and returns the calculated volume 
flow Q as output to the pressure supply. Similarly, a mechanical connection is described by the force output F and 
the inputs displacement x and velocity v, which are calculated in the mechanical model. [2] 

The luffing axes of the boom parts generate rotational movements around the joints of the booms, combined with 
rotational movements in the joint eyes of the cylinders and, if necessary, additional levers. All these joints have in 
common that the frictional forces act on small lever arms. On the other hand, large masses and inertial torques act 
during these movements. Therefore, friction is neglected for these axes. 
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Figure 4: Submodel of a hydraulic axis 

In the telescoping movements, on the other hand, the friction in the system has a significant influence on the design 
of the hydraulics and the axis controller and must therefore be considered in the model. The friction is not 
represented in the mechanical model, but in the submodels of the hydraulic axes. This has the advantage that their 
calculations are already performed with a small step size, thus the friction model does not lead to numerical 
instabilities. Friction is mapped according to the LuGre model [3]. This modeling approach represents the friction 
for small movements and direction changes better than, for example, a simple Stribeck model. At the same time, 
it offers better numerical stability and is therefore widely used in numerical simulation. 

The partial model of an axis can be commissioned independently. This already reveals the first possible weaknesses 
of the technical realization, which can thus be corrected early in the development process and not only on the real 
prototype. 

The partial models are exported as so-called Functional Mockup Units (FMU) according to the FMI 2.0 Co-
Simulation standard from the respective simulation tool. "The Functional Mock-up Interface (FMI) is a free 
standard that defines a container and an interface to exchange dynamic models [...]" [4]. An FMU is a file 
containing a simulation model that provides the standardized FMI interface. An FMU created for co-simulation 
additionally contains its own solver. 

The assembly of the complete machine from the modules created in this way takes place in the so-called composite 
model, Figure 5. The FMU of the mechanical submodel is marked, and the encapsulated mechanical model – 
created in OpdenModelica in the example – is shown. The other components labeled FMU in the figure each 
represent a hydraulic axis. The pressure supply is part of the overall model, but could also be encapsulated in a 
supplementary FMU. 
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Figure 5: Composite model of the arial working platform 

The FMUs are interconnected in DSHplus, which can perform their calculation in parallel. Figure 6 shows once 
again how the modular, FMU-based model concept and parallelization save considerable computing time. This 
makes it possible to simulate the entire model of the aerial work platform shown in the example in real time. 

 

Figure 6: Real-time optimization through parallel computation of the modular model 

The FMU-based modeling approach offers, besides the possibility of parallel computation, other important 
advantages: 

 With FMI 2.0, a standardized interface is used. Therefore, all FMUs that comply with this standard can 
be included in the overall model, regardless of the tool used to create them. An example is the 
mechanical partial model of the aerial work platform created in OpenModelica and connected to the 
hydraulic FMUs in the DSHplus Composite Model. These could be generated in other tools as an 
alternative to DSHplus. In this way, each domain can work with the tool of its choice. 

 Not only the calculation can be parallelized: The modular structure with a subdivision into functional 
units allows the submodels to be developed and put into operation simultaneously. 
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 Modules can be reused in other machines or variants. This creates a construction kit from which, for 
example, a new development can draw: The development effort is reduced, "unnecessary" variants are 
avoided and existing know-how is used more systematically. 

2.2 Real-time simulation environment of the Virtual Engineering Lab 

The composite model is again exported as FMU and loaded to the real-time environment of the Virtual Engineering 
Lab (VEL). The VEL makes the IOs of the model available via EtherCAT. Analog or digital input and output 
terminals or fieldbus terminals, e.g. CAN, connected to the EtherCAT enable very fast and flexible coupling with 
the control hardware in a Hardware-in-the-Loop (HiL) setup (Figure 7). 

 

Figure 7: VEL real-time setup 

As in the real machine, the joysticks are connected to the control hardware via CAN. A large number of sensors 
provide further input variables for the control system, such as the relative angles of the booms, the telescoping 
lengths or the deviation of the platform from the horizontal position. Within the HiL environment, the simulation 
model provides these quantities. In contrast to the real machine, however, these quantities are not output via CAN 
and transmitted to the machine controller. To simplify the setup, the coupling between simulation environment 
and control hardware is currently done via OPC-UA. Although communication via this interface does not 
guarantee hard real-time, it is sufficiently performant in the local network to ensure data transmission in the cycle 
time of the machine control and faster. In the next planned development step, this data transmission will take place 
via CAN - as in the real machine - so that the controller can be installed 1:1 in the real machine. 

2.3 Visualization 

Up to now, the visualization of simulation results has mostly been in the form of graphs representing the quantities 
of interest as a function of time. However, a much more intuitive access to the results of a simulation or the 
behavior of the virtual prototype in certain situations is provided by the 3D visualization, which can be coupled 
with the real-time simulation in the VEL. If the control system is linked with realistic operating elements, the 
virtual prototype already enables initial user tests during development. 

Very simple visualization models that merely reflect the kinematics of the machine are already sufficient for the 
developer. These simple kinematics models can be displayed with limited effort in the early development phase, 
even before a CAD model is available. However, initial CAD drafts also form a good basis for a visualization 
model for system development. 

Very simple visualization models that merely reflect the kinematics of the machine are already sufficient for the 
developer. These simple kinematics models can be generated with limited effort in the early development phase, 
even before a CAD model is available. However, initial CAD designs also form a good basis for a visualization 
model for system development. 

For marketing purposes, the models are prepared in a more visually elaborate manner and, if desired, combined 
with a virtual environment. For this application, but also for virtual user tests of the machine and the man-machine 
interfaces, it is often useful to use VR glasses instead of the classic visualization on the screen, which can also be 
combined with the VEL. 
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The 3D visualization in the Virtual Engineering Lab is done with a Unity Engine [5], actually a runtime and 
development environment for games, which has been integrated into the web interface of the VEL. The variables 
required for the visualization are provided by the real-time simulation environment via OPC-UA. 

3 Control development 

Now that the tools for virtual control development and commissioning are available, the prototype control system 
for the aerial working platform is being developed with the help of the VEL. 

3.1 Platform leveling 

The control of today's aerial work platforms is still little automated in normal working operation. Depending on 
the operating situation, the control system limits the operating speeds or prevents certain movements, e.g. for safety 
reasons. Only the parallel guidance or leveling of the platform takes place in a closed control loop. 

The required actuating speed of the cylinder for level control can be calculated from the angular changes of the 
boom sections if these are known. Based on this consideration, a level controller was developed that essentially 
determines the actuating signal from the angular velocities of the booms. A classical PI controller provides only 
minor necessary corrections. The control signals of the corresponding directional control valves are used to predict 
the angular velocities of the booms. Their characteristic curves and the kinematics of the booms (cylinder stroke 
vs. angle) are stored in the control system, which can thus predict the boom speeds and use them to determine the 
feedforward setpoint for the level control valve. 

Figure 8 shows the results of the new levelling control in comparison with a classic PI controller. Despite its high 
control gain, which leads to instabilities at the beginning of the movement, the control deviations of a pure PI 
controller are comparatively high. In contrast, the new controller with feedforward control, whose PI controller 
has a significantly lower control gain, behaves stably in all situations with lower control deviation at the same 
time. 

 

Figure 8: Leveling control results 

3.2 Trajectory control 

In today's standard operation of the aerial working platform, the user controls the individual axes separately. This 
is typically done using joysticks. In the case of a working platform with a multi-section boom, not all axes can be 
operated simultaneously simply because of the limited number of independent axes of a joystick. Coordinated 
simultaneous movements of the axes are therefore only possible to a limited extent. 
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Continuous and jerk-limited movement of the platform along a given trajectory is therefore difficult or even 
impossible for a human operator. The current development of a prototypical new control system therefore aims to 
provide the user with an easy-to-use working platform that translates a directional or trajectory command from the 
operator into a combination of motion commands for the axes. The movement along a fixed trajectory can be 
imagined, for example, as a rectilinear movement of the lifting platform along a window front. 

 

Figure 9: Kinematics model 

Figure 9 shows the schematic representation of the kinematic model, which is the starting point for the calculation 
of the trajectory. The parameters c_i represent the rotation or translation of the axes. A parameter set C contains 
these parameters c_i and thus describes a position of the platform. With known parameter sets C it is a simple 
procedure to calculate the resulting position of the platform (forward calculation). However, for the desired 
application the reverse way is necessary: In order for an operator to move a working platform in space, a parameter 
set C must be determined for each position of the platform, which contains a parameter c_i for each axis. This is 
an inverse problem. 

To solve this problem, the downhill simplex method of John Melder and Roger Mead was used for initial feasibility 
tests. [7]. This local optimization method, which does not require derivative information, iteratively computes for 
each point P_i = (x_i, y_i, z_i) of the nominal geometry the current parameter set c_i required for this position, 
using the configuration for the previous point P_(i-1) as the starting value of the optimization. With respect to the 
required real-time computation, in the future one will probably resort to "simpler" algorithms that can be better 
implemented in mobile controls, such as Newton minimization [8]. 

The following example shows how the time course of C results for a given trajectory, which is then provided to 
the axis controllers as a setpoint. The two left graphs in Figure 10 show the initial position, the two right graphs 
the final position of a movement along a straight line in space.  

 

Figure 10: Start and end position of the trajectory 
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All parameters c_i must be adjusted simultaneously to realize this movement of the platform. The algorithm now 
calculates the time course of c_i, where various optimization criteria are possible, such as:  

 Path optimization 

 Optimization hydraulic system 

 Jerk-limited movement 

If one wants to move the platform from the start point to the end point of the trajectory in a straight line, the 
optimization calculates the parameters c_i, as shown in Figure 11. 

 

Figure 11: Time course of the parameters c_i for the desired linear trajectory 

These desired positions and speeds for each axis are the setpoints for the axis controllers, which generate the 
control signals of the valves based on these values and the positions (or angles) currently measured on the machine. 

The operation of the working platform can now be greatly simplified. If classic joysticks with two axes are used, 
the left joystick can, for example, specify the x and y directions in space, while the right joystick controls the 
movement in the vertical z direction and the rotation of the platform. With a 3D joystick, one-handed operation is 
also possible (Figure 12). 

 

Figure 12: Possible joystick assignment for one-hand operation 

With the help of the VEL-RT setup, the development and commissioning of the web control system can largely 
be carried out "at the desk" - with significantly reduced effort compared to development on the real prototype. In 
addition to the time and cost savings, one further advantage of virtual testing (Figure 13) is the ease of 
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implementing reproducible test sequences, so that, for example, the control quality can be better compared for 
different parameters. 

 

Figure 13: Visualization of a virtual trajectory test where a line is drawn on a wall 

4 Summary and Conclusion 

The modeling and use of a digital twin for control development was demonstrated using the example of the multi-
axis boom of a large aerial work platform. The model-based development approach forces - in a positive sense - 
an early system integration of all technical domains involved. Thus, the mechanics, hydraulics, electronics and 
machine control are already tested in the virtual overall system during the concept phase and potential issues are 
identified early in the development process. Figure 14 summarizes these advantages once again on the left. 

 

Figure 14: Model-based engineering workflow 

The resulting digital twin also accompanies the further product life cycle (Figure 14, right part). Taking the aerial 
work platform as an example, the Virtual Engineering Lab (VEL) was used to develop a prototype of a 3D 
trajectory control system that considerably simplifies the operation of the aerial work platform. In the operation 
phase, the model supports the analysis of complex problems in the field or helps to prepare a retrofit of modernized 
controls for machines or plants. The virtual representative of the machine is (almost) always and everywhere 
available. This is particularly advantageous in the case of cross-site development or limited availability of real 
prototypes and reduces downtimes at the customer's site in the event of service. 
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Conventional condition monitoring involves integration of additional sensors for fault detection and 
diagnosis. They are costly and sensitive to faults themselves. To overcome these issues and data scarcity, 
simulation model data is used as a source of training data for Artificial Intelligence based condition 
monitoring of the axial piston pump. The sensitivity of the simulation model is improved by performing data 
augmentation. The classification of faults for condition monitoring in the model is performed by developing 
a classifier utilizing machine learning algorithm. This was tested for experimental, simulation, and augmented 
simulation data with respective accuracy scores of 84.8%, 70.1%, and 75.7%. Hence, augmented simulation 
data is a suitable option for online condition monitoring.  
Keywords: Axial piston pump, Condition monitoring, Classifier, Spectral Analysis 
Target audience: Mobile Hydraulics, Design Process, Condition Monitoring 
 
1 Introduction 
Axial piston pumps are widely utilized in industrial and off-road mobile applications, such as forestry, agriculture, 
and mining. They are one of the main components of the hydraulic system to enable high output flow and efficiency. 
However, these qualities along with the reliability of a pump can be affected by failures, which can also influence 
the operation of the machine and, therefore, cause unnecessary downtime due to unplanned maintenance. With 
higher fault tolerance, condition-based monitoring, and maintenance, these potential failures could be identified 
before major damage occurs minimizing downtime and unnecessary costs from maintenance [1]. To diagnose 
failures in hydraulic systems, different approaches have been applied, including model-based [2], and instrumental 
techniques, such as vibration-signal [3],[4], cyclostationary analysis [5], acceleration signal [6], and temperature 
sensors [7],[8]. To classify failures, various approaches have been implemented, e.g., extreme learning machine 
(ELM) [9], extreme-point symmetric mode decomposition and random forests [10], symmetrical polar coordinate 
image and fuzzy c-means clustering algorithm [11], convolutional neural network (CNN) [12], and multi-layer 
perceptron (MLP) [13]. 
Conventionally, the condition monitoring system generally involves integration of additional sensors to the system 
under study for fault detection and diagnosis. However, such systems are themselves costly and are sensitive to 
faults. Consequently, the current trend is artificial intelligence (AI)-based condition monitoring. These methods rely 
on data generated from simulation models for condition monitoring rather than utilizing multi-sensor measurements 
as in the case of conventional condition monitoring [13]. Hence, a simulation model that is validated using 
experimental data can be adapted as a source of training data for AI-based condition monitoring. 
Thus, consequently, a new approach of utilizing machine learning algorithms and data from simulation model for 
condition monitoring of a variable displacement axial piston pump is applied. The monitoring for fault detection is 
performed by training a classifier that automatically orders or categorizes data into healthy and faulty cases by 
adapting machine learning algorithms. This is performed by feeding 70% of the healthy and faulty data into the 
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classifier for training and using the remaining 30% of the data for validating the trained classifier. The healthy case 
is defined as a case where no fault is present in any component within the system. To improve the sensitivity of the 
simulation model, the deviation identified between the healthy case of the simulated and the experimental data is 
utilized to augment the simulation data by adding the deviation to all simulation data. This deviation between the 
simulation and the experimental data arises due to environmental conditions, sensor uncertainties, and other 
components of the system. The deviation obtained from the healthy experimental data under a certain operating 
condition is added to the data generated from the simulation model creating augmented simulation data. This 
approach is different from the traditional approach of filtering noise from experimental data. The augmented 
simulation data can be used for real-time condition monitoring and require no data pre-processing as in the case of 
conventional condition monitoring methods. 
In this paper, a simulation model of the hydraulic axial piston pump is developed in the MATLAB / Simulink 
environment. The model is validated by utilizing the available experimental dataset containing the healthy and the 
faulty cases; A classifier is trained to classify data into healthy, fault I, and fault II cases, respectively. The remainder 
of the paper is as follows. Section 2 provides information on the methodology and contains subsections on the 
simulation model, simulation parameters and data structure, and data analysis. In Section 3, data analysis is 
performed for healthy and faulty cases. Section 4 concludes the paper and provides insights for future development. 
 
2 Methodology 
In section 2.1, the simulation model developed in MATLAB/Simulink is explained in detail. In section 2.2, the 
parameters used in the simulation model and the data structure are described. 
 
2.1 Pump Model 
The three main friction pairs in axial piston pumps are the swash plate and the slipper [14], the valve plate and the 
cylinder block, and the piston and the cylinder bore [9], [15]. The most common failure in axial piston pumps is 
wear of these components. All three of these faults eventually lead to the failure of the pump. Usually, these types 
of faults are caused by contaminated fluid [16], but other factors such as varying load, can increase the wear rate 
[9], [15]. The wear between the valve plate and the cylinder block can be caused by the fluctuating load and 
unbalanced pressure distribution and it can be detected as increased leakages and vibrations [15]. Internal leakages 
in the pump lead to decreased volumetric efficiency. 
The axial piston pump model utilized above presented information and was modelled using MATLAB/Simulink. 
Similar axial piston pump models have been previously used to study flow ripples [17] and leakages [18], [19]. 
The pressures in different sections of the pump are calculated using the continuity equation 
 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =  − 𝐵𝐵

𝑉𝑉 (𝑄𝑄𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑜𝑜𝑜𝑜𝑑𝑑),                                 (1) 

 
where 𝐵𝐵 is the bulk modulus, 𝑉𝑉 is the instantaneous volume of the chamber, 𝑄𝑄in is the flow from into the chamber 
and 𝑄𝑄out is the output flow from the mentioned chamber, which contains the possible leakages. Equation (1) is used 
to calculate pressures in different piston chambers, in discharge chamber as well as the output pressure. 
The flows in different sections of the pump are calculated using classical orifice equation 
 

𝑄𝑄 =  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(∆𝑝𝑝)𝐶𝐶𝑑𝑑𝐴𝐴𝑣𝑣√2∆𝑝𝑝
𝜌𝜌 ,                       (2) 

 
where ∆𝑝𝑝 is the pressure difference over the orifice, 𝐶𝐶d is the discharge coefficient, 𝐴𝐴v is the cross-section area of 
the orifice, and 𝜌𝜌 is the fluid density. Equation (2) is used to calculate input flow from the tank to piston chambers 
through the valve plate, output flow from the piston chambers to discharge chamber through the valve plate and the 
output flow from the discharge chamber into the system. 
In an axial piston pump, three main leakages can occur during operation. These leakages are modelled as following: 
piston, slipper and swash plate, and valve plate and cylinder block. 
The leakage in a single piston can be described as [23] 
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𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙 =  𝜋𝜋𝛿𝛿𝑝𝑝3

6𝜇𝜇𝜇𝜇 ∆𝑝𝑝,                   (3) 

 
where 𝑟𝑟 is the radius of the piston, 𝛿𝛿p is the clearance between the piston and the cylinder block, 𝜇𝜇 is the kinematic 
viscosity, 𝐿𝐿 is the length of leakage passage, and ∆𝑝𝑝 in this equation is the pressure difference between the piston 
chamber and the case drain chamber. 
The leakage between single slipper and the swash plate is represented using [23] 
 

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙 =  𝜋𝜋𝑑𝑑𝑙𝑙ℎ
4 𝛿𝛿𝑠𝑠3

𝜇𝜇(6𝑑𝑑𝑙𝑙ℎ
4 ln(𝑅𝑅𝑠𝑠

𝑟𝑟𝑠𝑠
)+128𝛿𝛿𝑠𝑠3𝑙𝑙𝑝𝑝

∆𝑝𝑝,                  (4)  

 
where 𝑑𝑑lh is the diameter of the piston leakage hole, 𝛿𝛿s is the clearance between the slipper and the swash plate, 
𝑅𝑅s and 𝑟𝑟s are the outer and inner radii of the slipper respectively, and 𝑙𝑙p is the length of the piston. The leakage 
occurring between valve plate and cylinder block can be modelled with [23] 
 

𝑄𝑄𝑙𝑙𝑙𝑙 =  𝑑𝑑𝑣𝑣3

12𝜇𝜇 ( 1
ln(𝑅𝑅2

𝑅𝑅1
)

+ 1
ln(𝑅𝑅4

𝑅𝑅3
)
) ∆𝑝𝑝,                  (5) 

 
where 𝛿𝛿v is the clearance between the valve plate and the cylinder block, 𝑅𝑅1 and 𝑅𝑅2 are the inside and outside radii 
of the inside valve plate seal ring respectively, 𝑅𝑅3 and 𝑅𝑅4 are the inside and outside radii of the outside valve plate 
seal ring. Regarding the leakage between the valve plate and the cylinder block, ∆𝑝𝑝 is the pressure difference 
between the discharge port and the case drain chamber. 
Figure 1 presents the main parts of the model, including 9 pistons, the leakage between the valve plate and the 
cylinder block, output pressure, flow, torque, and volumetric displacement. 
 

 
Figure 1: MATLAB/Simulink model of axial piston pump 
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Figure 2 contains the subparts which are used to model flow of a single piston. The subparts include the leakage 
between the piston and the cylinder block, the leakage between the slipper and the swash plate, stroke and velocity 
of the piston, the discharge areas of the piston port, input and output flow of the piston chamber, and the 
instantaneous pressure in the piston chamber. 
 

 
Figure 2: MATLAB/Simulink model of a piston 

 
2.2 Simulation Parameters, Data Structure, and Test Rig  
The selected pump model includes nine pistons, and it is assumed that the operation of the pump begins when one 
of the pistons is at the top dead center where the fluid begins to be compressed. The assumptions made regarding 
the model include the constant speed from the drive, the atmosphere tank pressure, the constant fluid density, and 
the temperature. Each simulation run is performed for a duration of 300 seconds, and the time step is 0.01s. The 
data points in each simulation run are 30,000 and 27 simulation runs are performed to generate data for all cases. 
The cases are generated by updating the load pressure parameter in the simulation model and the rotational speed 
parameter.  
The data structure is presented in Table 1. The data is divided into healthy (H), fault I (F-I), and fault II (F-II) 
classes, respectively, and further subdivided into the cases. The healthy case is when no fault is present in the 
system. Fault I and Fault II are injected into the system by changing the parameters in the simulation model. The 
changed parameters include the clearance value between the valve plate and cylinder block for fault I and the 
clearance value between the slipper and swash plate for fault II.  
For a clear understanding, experimental is abbreviated as EXP, simulation is abbreviated as SIM, and augmented 
simulation is abbreviated as AUG SIM throughout this paper. The parameters that are extracted (as training data) 
from the simulation model are pressure (bar), torque (Nm), flow (m3/s), and volumetric displacement (m3/rev). The 
parameters available in the experimental data (for validation purpose) include pressure and torque and are available 
in the same units. 
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Case Pressure 
(bar) 

Rotational 
Speed (RPM) 

Healthy 
(H) 

Fault I 
(F-I) 

Fault 
II (F-
II) 

A 50 500 H_A F-I_A F-II_A 
B 150 500 H_B F-I_B F-II_B 
C 250 500 H_C F-I_C F-II_C 
D 50 1500 H_D F-I_D F-II_D 
E 150 1500 H_E F-I_E F-II_E 
F 250 1500 H_F F-I_F F-II_F 
G 50 2000 H_G F-I_G F-II_G 
H 150 2000 H_H F-I_H F-II_H 
I 250 2000 H_I F-I_I F-II_I 

Table 1: Case Description 
The schematic for the experimental test rig is illustrated in Figure 3. The experimental data is generated from the 
test rig by utilizing a piezo electric (quartz) sensor for measuring the pressure ripple. KISTLER 6005 is the model 
of the sensor and has a range of 0-1000 bar, natural frequency of 140 kHz, and 0.8% full scale accuracy. A flow 
meter with a range of 80 L/min is used to obtain the flow in the system. A torque meter with a range of 0-500 Nm 
and a maximum rotational speed of 12000 RPM is also utilized to measure the torque in the system.    

 
Figure 3: Experimental Test Rig Schematic 

3 Data Analysis 
The data analysis is performed to validate the simulation data with the experimental data. The raw signal is plotted 
to compare the simulated data with the experimental data in section 3.1. The validation is then performed by plotting 
the power spectrum density in section 3.2. Cases A, E, and I are selected as presented cases in this paper for clarity. 
Faulty cases E and I are also plotted for power spectrum density validation. 
 
3.1 Data Analysis with healthy data using raw signals 
Figure 4 represents the comparison plot for pressure data of healthy cases A, E, and I for experimental and 
simulation data on the left-side. The simulation data is quite close to the experimental data for cases A and E. In 
case I, a larger deviation can be noticed, however, the mean of the experimental signal and simulated signal are 
nearly the same. The experimental data carries noise while the simulation data is pure and ideal. The source of noise 
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produced in the experimental data could be due to the environmental conditions under which the experiment was 
conducted as well as from the utilized sensors. In simulation data, environmental effects are not considered and 
hence a cleaner set of data is produced. It could also mean that the simulation model has limitations and that it does 
not work at high RPM. To account for this deviation between experimental and simulation data, the simulation 
pressure signal for healthy case is subtracted from experimental pressure signal. This value of deviation is added to 
all the simulation run cases. The simulated data with the added deviation is referred to as augmented simulation 
data (AUG SIM). Also, figure 3 demonstrates the comparison plot for pressure data of healthy cases A, E, and I for 
experimental and simulation data on the right-side. The deviation added to all simulated signals are derived by 
subtracting the healthy simulation case A from experimental case. Hence, for case A, the experimental and 
augmented simulation signal overlap. For case E, higher peaks have formed for the augmented simulation signal 
while they were lower in the case of simulation signal. For case I, magnitude of pressure is closer to the experimental 
data behavior when compared to the simulated signal behavior. 

 
Figure 4: The left-side column shows the experimental and simulation data comparison for healthy cases A, E, 
and I. The right-side column shows the experimental and augmented simulation data comparison for healthy 

cases A, E, and I 
 3.2 Data Analysis with healthy and failure data using power spectrum density 
Spectral analysis is performed for data analysis and it accounts for the signals in their frequency domain. Healthy 
cases A, E, and I are chosen for performing spectral analysis. Figure 5 illustrates the power density spectrum for 
healthy pressure signals. It can be noticed that for all three cases, the power spectrum of augmented simulation data 
is closer to the experimental data when compared to pure simulation data. The simulation data is far from 
experimental data by around 5 times for every case. A sample power spectrum density plot of fault I and fault II are 
illustrated in Figure 6.  
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Figure 5: Sample power spectrum density plot for pressure data for selected healthy cases A, E, and I. 

Experimental is abbreviated as EXP, simulation is abbreviated as SIM, and augmented simulation is abbreviated 
as AUG SIM. 

 
Figure 6: Sample power spectrum density plot for pressure data. The left side plot depicts Fault 1 pressure for 

case E. Right side plot depicts Fault II pressure for case I. 
 
The augmented simulated signals (AUG) are closer to the experimental (EXP) power spectrum density when 
compared to the simulation data. This shows that the augmented simulation data is more reliable. 
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4 Results and Discussion 
The main challenge of fault detection is data scarcity. Experimental data is often unavailable since the manufacturer 
of components do not always provide faulty component data and it is hard to inject real faults into components. The 
sensors may carry errors themselves which generate data that is not reliable. Also, the sensor calibration is critical 
as it also affect the quality of data obtained. Hence, it is important to develop a simulation model that can replace 
experiments. The data analysis section has shown that the data generated from the simulation model represent 
experimental data. To further check the performance of simulation model, classification is performed. Classification 
is used to distinguish between different faulty and healthy cases to identify the type of fault. This tool is used to 
diagnose the location of faults and reduce maintenance downtimes. A classifier trained by using machine learning 
algorithms. In this paper, three different classifiers for experimental simulation, and augmented simulation data are 
developed. Upon testing several machine learning algorithms [13], a multi-layer perceptron classifier turned out to 
be the best choice for the data at hand.  
The various parameters that are used to analyze the classifiers are precision, recall, F1-score, and accuracy score. 
Precision is a machine learning tool that identifies the number of correct positive predictions made. Recall depicts 
the number of correct positive predictions made from all positive predictions that could have been made. F1-score 
is the weighted average of recall and precision. Accuracy score tells us how accurately the classifier can differentiate 
between all the fault types. The accuracy score is highest for experimental data followed by augmented simulation 
and simulation data.  
The results obtained from the three classifiers are shown in Table 2. The classifier trained using the experimental 
data is capable of accurately distinguishing the fault type 88.7% of the time. The classifier trained using simulation 
and augmented simulation data are 70.1% and 75.7% accurate in distinguishing between the fault types. This implies 
that the augmented simulation data is suitable for on-line condition monitoring since it does not depend on additional 
signal processing techniques for denoising the signal. 
 

 

Fault Type Precision Recall F1-score Accuracy Score Data Type 

 
Fault I (F-I) 

 
0.86 

 
0.82 

 
0.84 

 
 
 

0.887 

 
 
 

Experimental 
 

Fault II (F-II) 
 

0.97 
 

0.99 
 

0.98 

 
Healthy (H) 

 
0.83 

 
0.85 

 
0.84 

 
Fault I (F-I) 

 
0.59 

 
0.61 

 
0.6 

 
 
 

0.701 

 
 
 

Simulation  
Fault II (F-II) 

 
0.84 

 
1.00 

 
0.91 

 
Healthy (H) 

 
0.64 

 
0.49 

 
0.56 

 
Fault I (F-I) 

 
0.72 

 
0.44 

 
0.55 

 
 
 

0.757 

 
 
 

Augmented Simulation 
 

Fault II (F-II) 
 

1 
 

0.97 
 

0.98 

 
Healthy (H) 

 
0.61 

 
0.86 

 
0.71 

Table 2: MLP Classifier results for experimental, simulation without noise, and simulation with noise 
To visualize the classifiers better, a confusion matrix is generated for experimental and augmented simulation data 
type as presented in Figure 7. It provides a visual representation of actual versus predicted cases. For the augmented 
simulation data, the classifier is inaccurate for fault types healthy and fault II. This implies that the two cases share 
similarity and, hence, has contributed to the lower accuracy score of 75.7%.   
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Figure 7: Confusion Matrices. Left side represents experimental data. Right side represents augmented simulation data 

 
Training the classifier with additional data generated using the simulation model can bring further improvement 
and increase the accuracy. The accuracy obtained using the augmented simulation data can be further improved by 
generating additional data for the same cases. Generating too much data can also lead to challenges in classification. 
An overfit machine learning model refers to a model that has learned the details and noise in the training data to an 
extent that it negatively impacts the performance of the model on new data. The current accuracy scores are obtained 
by considering the same number of data points for each data type. 
There are several reasons for the difference in accuracy scores between the data types. Firstly, the simulation model 
have certain limitations such as not considering or neglecting certain parameters that contribute to losses. (This will 
be investigated as a part of future study) Secondly, the crank angle of the piston might not be the same in the 
simulation and experimental cases. Lastly, certain experimental errors could also occur during performing 
measurements. (It is planned to repeat experiments in IHA laboratories as a part of future study). 
 
5 Conclusion and Future developments 
Overall condition monitoring and fault detection of hydraulic systems are instrumental to reduce the maintenance 
cost and to prevent the system from deteriorating by detecting the fault in its incipient stage. The condition 
monitoring system generally involves integration of additional sensors to the system under study for fault detection 
and diagnosis. However, such systems are themselves costly and are sensitive to faults. Consequently, the current 
trend is artificial intelligence (AI)-based condition monitoring . These methods rely on data generated from multi-
sensor measurements rather than utilizing simulation models for condition monitoring as in the case of conventional 
condition monitoring.  
In this paper, simulation model data is used as a source of training data for AI-based condition monitoring. To 
improve the sensitivity of the simulation model, the deviation identified between the healthy case of simulated and 
experimental data is used to augment the simulation data by adding the deviation to all simulation data. Data analysis 
is performed to validate the simulation data with available experimental data. The augmented simulation data turned 
out to be closer to the experimental data when compared to simulation data. To test the reliability of simulation 
data, an AI based classifier is developed that can distinguish faulty and healthy cases. The accuracy scores obtained 
for the three developed classifiers for experimental, simulation, and augmented simulation data are 88.7%, 70.1%, 
and 75.7%, respectively.. The added advantage of augmented simulation data is that pre-processing of online data 
will not be required as the augmented simulation data carries information about the noise that are present in 
experimental conditions. Hence, the augmented simulation data is a suitable candidate for online condition 
monitoring.  
For future development, additional data can be generated for various faults and fed to AI-based classifiers for fault 
detection and to reduce maintenance breakdown times. Validation with experimental data that contains other 
parameters such as flow and displacement can be used to further improve the performance of the simulation model. 
The end goal is to develop a software and data acquisition system that is capable of condition monitoring of axial 
piston pump by utilizing the trained classifier. 
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Nomenclature 

Variable Description Unit 
Av Discharge orifice area [m2] 
B Bulk modulus [Pa] 
Cd Discharge coefficient [-] 
dlb Diameter of the piston leakage hole [m] 
L Length of leakage passage [m] 
lp Length of the piston [m] 
△p Pressure difference [Pa] 
R1 Inside radius of the inside valve plate seal ring [m] 
R2 Outside radius of the inside valve plate seal ring [m] 
R3 Inside radius of the outside valve plate seal ring [m] 
R4 Outside radius of the outside valve plate seal ring [m] 
r Radius of the piston [m] 

Rs Outer radius of the slipper [m] 
rs Inner radius of the slipper [m] 
δp Clearance between the piston and the cylinder block [m] 
δs Clearance between the slipper and the swash plate [m] 
δv Clearance between the valve plate and the cylinder block [m] 
µ Kinematic viscosity [m2/s] 
𝜌𝜌 Fluid density [kg/m3] 
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On the thermodynamics of pneumatic compression and expansion 
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Due to climate change and the resulting need to decarbonize industrial production, there is also a requirement for 
pneumatics to address energy efficiency. Although a major advantage of pneumatics is the simplicity and 
robustness of this drive technology, energetic considerations are anything but simple. This is because the 
thermodynamic principles are not intuitively understandable. In this paper, examples are used to clearly describe 
the basic thermodynamic processes in pneumatics. This is intended to make a small contribution to the necessary 
discussion of efficiency in pneumatics. 
 
Keywords: Compression, Expansion, Temperature, Energy, Exergy, Efficiency 
Target audience: Pneumatic, Thermodynamic 

1 Introduction 

Theoretically, it is clear to most users of pneumatic technologies that pneumatics is closely related to 
thermodynamics. In practice, however, the use of complicated thermodynamic equations is usually avoided. This 
is because it is often sufficient to deal with pressures and flow rates. Pressure is the driving value for performing 
pneumatic work. A high system pressure ensures large forces and high movement dynamics. The temperature of 
the air - an important state variable in thermodynamics - is rarely considered in detail in pneumatics, as it does not 
provide any direct benefit in pneumatic applications. However, as soon as questions regarding energy 
consumption, efficiency, available work or heat generated are discussed, temperature effects and their impact must 
be taken into account.  

The thermodynamic fundamentals are generally known and available in the literature (e.g. here [1]). If not stated 
differently, the equations used in this paper are taken from this source. However, their practical application and 
the transfer to pneumatic processes are not always intuitively comprehensible. Therefore, with the help of simple 
examples and with the support of pV-diagrams, the individual processes that can occur in pneumatic systems will 
be considered here step by step. Where possible, we have backed up the theoretical descriptions with 
measurements. The focus here is on qualitative proof of the described facts. For the measurements, a simple test 
setup was created with two large-volume cylinders (see Figure 1). The actual series of measurements are carried 
out on the chambers of the right-hand cylinder, where pressure and temperature are measured in the cylinder 
chambers. The left cylinder is used to generate an external load. To simulate isothermal processes, the movement 
is carried out very slowly, for adiabatic processes very quickly. 

 

 

 
Figure 1: Test setup for verification of the theoretical considerations 
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The following chapter 2 deals with the generation of compressed air, the compression. Chapter 3 explains the use 
of compressed air in pneumatic cylinders, i.e. the work performed and the subsequent expansion of the compressed 
air. Chapter 4 deals with the possibilities of calculating an efficiency. Chapter 5 puts the described processes into 
the context of a double-acting pneumatic cylinder. Finally, a summary is given in chapter 6. 

2 Generation of compressed air 

Compressed air is generated in compressors. Usually, using electrical energy, an electric motor is operated to 
generate the necessary work to compress atmospheric air and push it into a pneumatic distribution network. There 
are several types of compressors, the most common are screw compressors and piston compressors. While in screw 
compressors the intake of the ambient air, the compression and the final discharge happen largely simultaneously, 
the individual processes in piston compressors are separated in time. First, the interior of a compressor cylinder is 
filled with ambient air (suction), then the piston is moved mechanically, and the contained air is brought to a 
certain pressure level (compression). In the final step, the air is forced into the distribution network via a check 
valve (discharge). A piston compressor thus works in a similar way to a classic bicycle air pump. 

The processes in the various phases of a piston compressor are easy to understand. However, the following 
explanations of the individual processes also apply in principle to screw compressors. To make the further 
considerations comprehensible, the compressor cylinder is geometrically designed in such a way that the effective 
piston area is 100cm². The stroke for compression is 70cm. Initially, the internal space is then 7000cm³. 

First, the compressor cylinder is filled with ambient air. Ideally, this process is passive, so no work must be 
performed in the compressor so far. After this, air is present in the interior of the cylinder under atmospheric 
conditions. In the example considered, the air volume is 7 liters at 1bar (abs.) and ambient temperature of 20°C or 
293.15K (condition 1). This corresponds to a mass of 8.3g. 

During the subsequent compression, the air is brought to a desired pressure level, for example 7bar (abs.), this 
value corresponds to the 6bar (rel.) commonly used in pneumatic applications (at least in Europe). 
Thermodynamically speaking, this process is a change of state. For a precise description, it must be clear what 
kind of change is assumed. In "isothermal" compression, the temperature of the air remains constant during 
compression. Any heat generated is immediately dissipated via the system boundary. Thus, the system is 
completely unisolated. In contrast, compression could also be "adiabatic", i.e. heat exchange with the 
environment is completely prevented, the system is perfectly isolated. As a result, the temperature rises sharply 
during compression. Realistic compression processes occur between these two extreme cases, this change of 
state is called "polytropic". However, the following considerations are limited to the two extreme cases 
"isothermal" and "adiabatic". 

2.1 Isothermal compression 

In isothermal compression, as described above, the temperature is always constant. Therefore, according to the 
ideal gas equation, the product of pressure and volume is also constant. With the relation 

𝑝𝑝1 ∙ 𝑉𝑉1 = 𝑝𝑝2 ∙ 𝑉𝑉2 (1) 

the pressure and volume in state 2 can be easily calculated. After compression, the pressure is 7bar (abs.), the 
volume is 1 liter. The compressor piston must be moved 60cm for this in the example described. In a pV-diagram, 
the transition from state 1 to state 2 can be represented as a hyperbola (Figure 2 - blue line). The blue area below 
the curve (light blue and dark blue) describes the volume work that has to be applied externally when compressing 
the air. It results from 

𝐿𝐿𝑉𝑉12 = ∫ 𝑝𝑝 𝑑𝑑𝑉𝑉 (2) 
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For isothermal compression, the volume work can be calculated from 

𝐿𝐿𝑉𝑉12_𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ = 𝑝𝑝1 ∙ 𝑉𝑉1 ∙ ln 𝑝𝑝2
𝑝𝑝1

 (3) 

In the example described, this results in a volume work of 1362J. However, it must now be considered that only a 
part of the compression work actually has to be applied by the compressor. This is the dark blue part of the blue 
area. The remaining light blue part is provided by the surrounding atmosphere, because during compression the 
atmospheric air exerts a compressive force on the piston surface, which is located opposite the compression 
chamber. The atmospheric work can be calculated from 

𝐿𝐿𝑎𝑎𝑖𝑖𝑎𝑎12 = 𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎 ∙ 𝑉𝑉1 ∙ (1 − 𝑝𝑝1
𝑝𝑝2

) (4) 

This atmospheric work can also be derived from the geometry of the piston. Assuming a piston area of 100cm² 
and an atmospheric pressure of 1bar (abs.), the external force is 1000N. Over a distance of 60cm this results in a 
supporting work of 600J. 

The necessary compression work of the compressor is reduced to by this effect: 

𝐿𝐿𝑉𝑉12_𝑐𝑐𝑖𝑖𝑎𝑎𝑐𝑐𝑐𝑐_𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ = 𝑝𝑝1 ∙ 𝑉𝑉1 ∙ ln 𝑝𝑝2
𝑝𝑝1

 −  𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎 ∙ 𝑉𝑉1 ∙ (1 − 𝑝𝑝1
𝑝𝑝2

) (5) 

In the assumed example, the value of the compression work is 762J. In Figure 2, it is represented by the dark blue 
area. 

In the next phase, the compressed air from state 2 must be pushed into the distribution network. From a 
thermodynamic point of view, this is not a change of state, but a purely mechanical, quasi-hydraulic displacement 
process. Pressure, temperature and volume of the air do not change, there is only a "change of location" from the 
place of compression into the connected tube. At the end of the process, the compressor piston has reached its final 
position, and the cylinder volume has shrunk to ideally zero liters (see Figure 2, state 3). The displacement work 
to be applied in this process is represented by the gray areas (dark gray and light gray). It can be calculated from: 

𝐿𝐿𝑑𝑑𝑖𝑖𝑖𝑖𝑐𝑐𝑑𝑑23 = 𝑝𝑝2 ∙ 𝑉𝑉2 (6) 

In the example explained, the displacement work is 700J. But also here, the atmosphere applies part of this work 
through its force influence on the opposite piston surface. In this case 

𝐿𝐿𝑎𝑎𝑖𝑖𝑎𝑎23 = 𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎 ∙ 𝑉𝑉2 (7) 

 

 

1-2:  isothermal compression 
 applied work: 762J 
 dark blue area 
 
2-3:  displacement 
 applied work: 600J 
 dark gray area 
 
Total work: 1362J 

Figure 2: pV-diagram isothermal compression 
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1 
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For the example, the supporting atmospheric work is 100J. This atmospheric work can also be derived from the 
geometry, it results from the external force of 1000N, effective over the remaining stroke of 10cm during the 
displacement process. The actual necessary displacement work of the compressor is therefore reduced to: 

𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑23_𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐 = (𝑝𝑝2 − 𝑝𝑝𝑎𝑎𝑎𝑎𝑐𝑐) ∙ 𝑉𝑉2 (8) 

In the assumed example, the value is 600J. In figure 2 it is represented by the dark gray area. 

In total, the compressor must perform the following work: 

𝐿𝐿13_𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐 = 𝑝𝑝1 ∙ 𝑉𝑉1 ∙ ln 𝑝𝑝2
𝑝𝑝1

 −  𝑝𝑝𝑎𝑎𝑎𝑎𝑐𝑐 ∙ 𝑉𝑉1 ∙ (1 − 𝑝𝑝1
𝑝𝑝2

) + (𝑝𝑝2 − 𝑝𝑝𝑎𝑎𝑎𝑎𝑐𝑐) ∙ 𝑉𝑉2 (9) 

In our example, this is 1362J. Since it is the area to the left of the curve in the pV-diagram, it can be calculated 
more simply and directly from: 

𝐿𝐿13𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ∫ 𝑉𝑉 𝑑𝑑𝑝𝑝 (10) 

For isothermal compression and ejection, the applied work is: 

𝐿𝐿13𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖ℎ = 𝑝𝑝1 ∙ 𝑉𝑉1 ∙ ln 𝑝𝑝2
𝑝𝑝1

 (11) 

2.1.1 Work, heat, efficiency 

The actual compression process takes place in the change of state between states 1 and 2. The work L required for 
this can be calculated as indicated. To ensure that the process is isothermal, the heat generated must be dissipated 
immediately, ideally so quickly that the temperature cannot rise. The amount of heat dissipated in the process can 
also be calculated. It results from: 

𝑄𝑄12𝑑𝑑𝑑𝑑𝑐𝑐𝑎𝑎ℎ = 𝐿𝐿𝑉𝑉12_𝑑𝑑𝑑𝑑𝑐𝑐𝑎𝑎ℎ = 𝑝𝑝1 ∙ 𝑉𝑉1 ∙ ln 𝑝𝑝2
𝑝𝑝1

 (12) 

This means that the dissipated heat is exactly equal to the work supplied by the compressor. This means that the 
compressor does not add any energy, it merely "exchanges" heat for work. At the same time, this means that the 
energetic state (energy content) of the air under consideration has not been changed by the isothermal compression. 
The energy content has remained the same. Is this possible? The pressure has no influence on the energy content 
of a system?  

At first, this statement seems questionable and not comprehensible. However, this idea becomes better 
understandable when considering the model conceptions of ideal gas. According to [4, 5], in classical physics all 
gas particles are assumed to be mass points with very small expansion. They can move freely through the available 
volume. Several idealizations apply, from which numerous other properties are derived: 

 The particles of a gas (atoms, molecules) are of negligible size and constantly in disordered but 
statistically detectable motion. 

 Between their collisions they move uniformly and independently of each other, without preference of any 
direction. 

 The particles do not exert forces on each other as long as they do not touch each other. 

 Collisions of particles with each other and with the vessel wall obey the law of elastic impact. The 
collisions always involve only two particles. 

 Ideal gas particles do not rotate or vibrate. Their energy is exclusively the kinetic energy of the translatory 
motion in space. 
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The available energy in a system, also called "internal energy U" in thermodynamics, can therefore be thought of 
as the sum of the motion energy of all air particles. This means that the more particles there are in a volume and 
the faster they move, the higher the energy. At the same time, temperature is also a value that results from the 
speed of particles. The faster the movement, the hotter. Thus, it is clear that temperature and energy of a closed 
system are directly related to each other. The focus for that is a three-dimensional volume, a room. 

The pressure, on the other hand, arises at the boundary surfaces of the volume. The mechanical cause can be 
imagined as moving particles, which elastically collide with the volume wall and change their direction. This 
generates a short force impulse. Via the sum of all moving particles, a macroscopic force results, which becomes 
visible at the boundary surface as pressure. The pressure is therefore rather an observable effect of the molecular 
motion. It is a value with reference to a surface, the effective area is two-dimensional.  

If the pressure is increased by a change of state at constant temperature (e.g. isothermal compression), this has no 
influence on the speed of movement of the particles in the volume. The particles simply fly closer together at 
higher pressure. The density is higher, so the impact of particles on the boundary surface also happens more 
frequently, which in turn causes the greater pressure. But since after the change of state the considered mass and 
thus the number of particles is unchanged and also the temperature has not changed, the energy content of the 
volume actually remains the same.  

However, this also means that even an ideally isothermal compressor theoretically has an energetic efficiency of 
0%, because the compressed air is drawn in in the same energetic state as it leaves. Nevertheless, compressors are 
of course useful machines. Without them pneumatic installations cannot function. This shows very clearly that the 
thermodynamic concept of energy is not suitable for describing the processes in pneumatics.  

A much better method of describing the pneumatic usability of compressed air is to use another thermodynamic 
value, the so-called "exergy". It refers to that part of the energy of a system that can perform work when the system 
is brought into equilibrium with the environment. Thus, exergy is the usable part of the total energy; non-usable 
parts are called “anergy”. Exergy, like energy, is a state variable. However, while energy is a conservation value 
(the law of conservation of energy applies), exergy is not a conservation value. Exergy can be converted into 
anergy and thus be lost. 

Since an energy gradient to the environment must always be present for the usability of energy and this 
circumstance is taken into account in the exergy calculation, the state variables of the air volume are required for 
the determination of the exergy in state a, but also the ambient pressure patm and the ambient temperature Tatm 

(derived after [2]): 

𝐸𝐸𝐸𝐸𝑎𝑎 = 𝑚𝑚𝑎𝑎 ∙ 𝑐𝑐𝑝𝑝 ∙ (𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎) + 𝑚𝑚𝑎𝑎 ∙ 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 (𝑅𝑅𝑖𝑖 ∙ ln (
𝑝𝑝𝑎𝑎
𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎

) − 𝑐𝑐𝑝𝑝 ∙ ln (
𝑇𝑇𝑎𝑎
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

)) 
(13) 

The calculation is rather complex. However, it is greatly simplified for the case where the temperature of the air 
volume Ta is the same as the atmospheric temperature, which we can assume for the isothermal compression 
considered in this subchapter. Then the exergy is calculated from: 

𝐸𝐸𝐸𝐸𝑎𝑎 = 𝑚𝑚𝑎𝑎 ∙ 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑅𝑅𝑖𝑖 ∙ ln (
𝑝𝑝𝑎𝑎
𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎

) = 𝑝𝑝𝑎𝑎 ∙ 𝑉𝑉𝑎𝑎 ∙ ln (
𝑝𝑝𝑎𝑎
𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎

) (14) 

The exergy content of the considered amount of air in the above example can be calculated with equation (14), it 
is 1362J.  
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2.1.2 Reversible and irreversible 

The calculation of the exergy results in a numerical value that is exactly equal to the compression work applied 
during the isothermal generation of the compressed air. This is because the ideal isothermal compression process 
is loss-free and at least theoretically reversible. All the processes described could be reversed without having to 
expend new or additional energy. Only under this condition can the processes taking place be described at all by 
changes of state and simple equations. In the pV-diagram, “reversible” means that the air can be used on the same 
path on which it was previously generated. Thus, the arrow in Figure 2 can be reversed for expansion. The areas 
lying under the curve as a representation for the converted work are identical regardless of the direction. 

2.2 Adiabatic compression  

Up to now, isothermal compression has been assumed. The temperature of the air did not change during the change 
of state, and any generated heat was immediately released via the system boundary. If, on the other hand, the 
compression process is assumed to be isolated, the heat generated can no longer leave the system. Thus, the 
temperature changes. In the extreme case, the change of state is ideally adiabatic. 

For adiabatic state transitions, the following equation is valid: 

𝑝𝑝1 ∙ 𝑉𝑉1𝜅𝜅 = 𝑝𝑝2 ∙ 𝑉𝑉2𝜅𝜅 (15) 

with the adiabatic coefficient 𝜅𝜅. It has the value 1.4 for air. If we consider the same example as in chapter 2.1 and 
if the pressure level of 7bar (abs.) is to be reached again during compression, we now have a different target 
volume V2. It is about 1.75 liters, which corresponds to a compression stroke of 52.5cm. This is because the rising 
temperature has a kind of pressure-supporting effect. The desired pressure is already achieved at a lower 
compression stroke, where the chamber volume is much larger. This is because, according to equation 16, the 
temperature increases to a value of T2=511K, that is approx. 240°C (!).  

𝑇𝑇2 = 𝑇𝑇1 ∙ (
𝑝𝑝2
𝑝𝑝1
)
𝜅𝜅−1
𝜅𝜅

 
(16) 

In practical terms, this is an unrealistic temperature value, since perfectly isolated compression cannot be 
implemented. Any heat generated is very quickly dissipated into the metal housing of the compression cylinder. 
Nevertheless, this limit value consideration is helpful for the explanation of thermodynamic processes.  

The speed with which the heat dissipates is clearly shown in the temperature measurements in Figure 3 when a 
closed volume is compressed. In the measurement shown in the diagram on the right, where the volume was 
compressed very quickly, the temperature drops again before the final pressure is reached. The heat capacity of 
the metallic cylinder is significantly greater than that of the enclosed air. 

 

  

Figure 3: Compression of a closed volume. Left slow, right fast 
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 1-2:  adiabatic compression 
 applied work: 776J 
 dark blue area 
 
2-3:  displacement 
 applied work: 1046J 
 dark gray area 
 
Total work: 1822J 
 

 

Figure 4: pV-diagram adiabatic compression direct to "hot" 7bar (abs.) 

 

If compression and subsequent displacement are considered simultaneously, the total work required is also 
obtained from the integral of equation 10. In the pV-diagram, this corresponds to the area on the left of the curve; 
in figure 4, this is the sum of the dark blue and dark gray area. 

For adiabatic compression and displacement, the applied work is: 

𝐿𝐿13𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝜅𝜅

𝜅𝜅 − 1 ∙ 𝑝𝑝1 ∙ 𝑉𝑉1 ∙ ((
𝑝𝑝2
𝑝𝑝1
)
𝜅𝜅−1
𝜅𝜅 − 1) 

(17) 

In the example, its value is about 1822J, which is 33% higher than in isothermal compression, but the volume of 
air subsequently available is also greater, here by 75%. At first glance, the adiabatic compression process thus 
appears to be more efficient than isothermal compression. However, the high temperatures generated in this 
process are problematic for two reasons. First, it would be necessary to ensure that all system components are 
perfectly isolated even after compression, so that no heat loss will occur. Otherwise, the generated pressure would 
quickly decrease again. Secondly, the pneumatic components used would have to be designed for such high 
temperatures and would be fairly expensive. Neither is the case in practice.  

 

 

 

1-2‘:  adiabatic compression 
 applied work: 1461J 
 dark blue area  
 
2‘-2:  isochoric cooling 
 
2-3:  displacement 
 applied work: 600J 
 dark gray area 
 
Total work: 2061J 
 

 

Figure 5: pV-diagram adiabatic compression indirect to cooled 7bar (abs.) 
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Theoretically, it would be possible to design an adiabatic compression in such a way that initially a much higher 
pressure is generated than necessary so that after the subsequent cooling the desired temperature and the actually 
desired pressure of e.g. 7bar (abs.) can be reached. 

As shown in Figure 5, this would first require compression to a very high pressure of approx. 15.25bar (abs.) 
(intermediate state 2'). Subsequent cooling allows 1 liter of compressed air to be present as a result at 293.15K 
(state 2), which can be pushed into the compressed air network in the final step. Direct comparison with Figure 2 
clearly shows that this process requires a higher amount of work to be applied than direct isothermal compression. 
With attention to the different scaling, the dark blue area in Figure 5 is larger, and the work required for 
compression is 1461J. Together with pushing the cooled air out into the compressed air network (dark gray area, 
600J), the total work required is 2061J. In the isothermal case, a much lower work effort of 1362J was sufficient 
to achieve the same air state 3. This shows that isothermal compression is an ideal case. If possible, compression 
processes in practice should be nearly isothermal.  

By comparing figures 2 and 5, the difference between state and process variables can be well explained. State 
variables describe the state of a system at a certain location or at a certain point in time. The most important state 
variables here are pressure, temperature and volume. Energy or exergy also belong to the group of state variables. 
The initial and final states of the two processes in figures 2 and 5 are identical, so the state variables (pressure, 
temperature, volume) do not differ. 

The process variables describe the energetic exchange with the environment during a change of state, i.e. the 
work exchanged or the amount of heat transferred. Since the course of the change of state in figures 2 and 5 is 
very different, the process variables also differ. In the process from figure 5, more work must be added to the 
system and more heat must be removed than in the process from figure 2. 

2.2.1 Work, heat, efficiency 

During adiabatic compression (figures 4 and 5), the temperature of the air increases. Since no heat is released to 
the environment, the complete work applied remains in the system as a temperature increase, the energy content 
increases by the amount of work. The thermodynamic efficiency of the compression is therefore 100%.  

If the compression is followed by a cooling phase as shown in Figure 5, the energy content of the air is reduced 
by the heat released until the same state is reached as with isothermal compression; the efficiency of the overall 
process would then be 0% again. 

Also in this case, the consideration of energy for the evaluation of the benefit is not purposeful. Neither an 
efficiency of 100% nor an efficiency of 0% describes the quality of the process in a practical way. Therefore, 
exergy should be used, as described in chapter 2.1.1.  

2.2.2 Reversible and irreversible 

Although the adiabatic compression is more complex and requires more energy than the isothermal compression 
from 2.1, all processes are reversible and can be described by simple equations. Dissipated heat would have to be 
returned to the process in the reversal, then theoretically the entire compression could be reversed along the same 
path.  

After compression, the compressed air generated is usually used to fill a volume, for example in the working 
chamber of a pneumatic cylinder, to perform work via the piston movement. These filling processes are often not 
reversible and therefore more complex in their description, as will be shown in the following chapter. 
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3 Use of compressed air 

In classical pneumatics, compressed air is used to perform work, very often in linear pneumatic cylinders. Since, 
for example, a semi-rotary cylinder does not differ thermodynamically from a linear cylinder, in this paper we will 
focus on linear cylinders, i.e. the inverse of the piston compressor. During the filling process of the cylinder 
chamber, a force is exerted on the driving piston, which can be used to accelerate a load mass and to perform 
mechanical work. In the following, we will first assume an extending cylinder whose second chamber is connected 
to the environment without flow resistance. In other words: A single-acting cylinder without a spring. 

The exact way in which this extension process takes place depends primarily on the amount of work that is 
discharged across the system boundary during the process. Also here, two extreme cases can be distinguished. If 
the cylinder is virtually without load, no work is done during the piston movement. If the cylinder is heavily 
loaded, a large amount of work is performed during the movement, in extreme cases the maximum possible 
work. These two processes will be discussed in more detail below. 

3.1 Pneumatic cylinder with heavy load 

If a pneumatic cylinder is operated in such a way that it is at maximum capacity, this means that it delivers the 
maximum possible work during the movement process. This is the case, for example, when a vertical cylinder has 
to lift a load mass whose weight force is almost identical to the drive force resulting from pressure and piston area. 
Other force components, e.g. to overcome friction or to accelerate the mass, are assumed to be very small and are 
neglected. 

In this case, the full pressure level is required in the cylinder chamber to implement the movement. During the 
movement, the compressed air from the supply line is neither expanded nor compressed, it is merely displaced into 
the drive chamber. This is a hydraulic process, whether gas or a liquid would be used in this case is not relevant. 
The delivered displacement work is calculated from: 

𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑34_𝑐𝑐𝑐𝑐𝑑𝑑 = (𝑝𝑝2 − 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎) ∙ 𝑉𝑉2 (18) 

Thus, it is exactly the same as the push-out work of the compressor during compression (equation 8). This is not 
surprising, since it is the identical process, only in the opposite direction. In the given example, a displacement 
work of 600J can be performed. This work corresponds to the dark gray rectangle in Figure 6. 

The temperature of the compressed air does not change during this process since the compressed air is merely 
displaced and there is no change of state at any time. Therefore, the type of isolation does not matter in this case. 
The system can be completely unisolated or perfectly isolated, the result remains the same.  

 

 

 

3-4:  Use in pneumatic cylinder 
 displacement work: 600J 
 dark gray area  
 
4-5:  isothermal expansion 
 expansion work: 762J 
 dark blue area 
 
Total work: 1362J 
 

 
Figure 6: Use in pneumatic cylinder, isothermal exhausting 
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After the movement of the cylinder piston is completed, the cylinder chamber has been filled with compressed air. 
To reverse the movement, the chamber must be exhausted to the environment. Although this process is 
unproductive for the cylinder, theoretically more work could be performed, e.g., via an exhaust air turbine. The 
amount of work that can be converted depends again on the type of change of state. 

If the expansion process is assumed to be isothermal, the heat exchange with the environment prevents the air from 
becoming cold. This happens because of a heat flow from the environment. The amount of work that can be 
converted in this process is shown in Figure 6 (dark blue area), it amounts to 762J. This already takes into account 
that not the whole expansion work can be used technically. A certain part of the work must be expended to displace 
the surrounding atmosphere (light blue area). The process thus represents the inversion of the isothermal 
compression from chapter 2.1. However, it should be noted that the cylinder for the usage of the compressed air is 
seven times smaller than the cylinder for isothermal compression. This is because the result of the described 
compression process is 1 liter of compressed air at 7bar (abs.). This air is then pushed into a cylinder chamber with 
a volume of 1 liter. 

If the cylinder chamber is exhausted adiabatically, the result is a change of state as shown in Figure 7. Also here, 
work could still be performed while the compressed air is exhausted, but only a smaller amount of 445J (dark blue 
area). This is because the expanding air now cools down considerably and a heat flow from the environment cannot 
take place. In the expanded intermediate state 4', the air has a volume of 4.01 liter according to equation 15. The 
temperature is now 168.1K according to equation 16. To achieve the same air state as before compression, the air 
would then have to be warmed up to 293.15K. The volume thereby increases to the original 7 liters (state 5), but 
during the increase in volume, work is only done on the atmosphere; a technical benefit is theoretically conceivable 
(e.g., electricity generation via Peltier elements), but is hardly practicable in practice due to the poor efficiency 
and the high costs. 

 

 

3-4:  Use in pneumatic cylinder 
 displacement work: 600J 
 dark gray area 
 
4-4‘:  adiabatic expansion 
 expansion work: 445J 
 dark blue area 
 
4‘-5: isobaric heating 
 
Total work: 1045J 
 

 

Figure 7: Use in pneumatic cylinder, adiabatic expansion and warming up 

3.1.1 Reversible and irreversible 

The process described here is also theoretically reversible, but two conditions must be met for this. The first 
condition is that the hydraulic displacement process from (3) to (4) is actually carried out with maximum load. 
The work delivered in this process must not be less, since otherwise state (4) would already have a different 
temperature. Secondly, in the case of isothermal expansion from (4) to (5) or adiabatic expansion from (4) to (4'), 
all necessary conditions must be met so that the state transition actually follows the prescribed path. Specifically, 
this means that the available work must also be extracted from the air in this case, e.g. via an exhaust turbine. If 
this is not the case, the processes are at least partially irreversible which results in different final states.     

3 4 
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3.2 Pneumatic cylinder in idle / filling a volume 

On a pneumatic cylinder with no load or external force, no work is discharged across the system boundary during 
the displacement of the piston. Theoretically, it only plays a minor role whether the piston is present at all. Without 
the performance of work, it serves at most as a separator between the two cylinder chambers. The processes in the 
drive chamber are therefore similar to the filling process of a static volume, although not exactly, because a volume 
already contains air under atmospheric conditions at the beginning and a cylinder chamber without expansion does 
not. However, since the filling process of a static volume is much easier to describe, it will be considered in more 
detail below. Furthermore, an ideally isolated system is assumed. There is no heat exchange with the environment. 
This is necessary so that effects leading to temperature changes can be analyzed specifically.  

The filling of a static volume cannot be described with a classical change of state. This is because, in contrast to 
the processes described so far, the filling of a volume is an irreversible process. The available work is not released 
over the system boundary and remains in the system. Illustrative, it is possible to imagine that unused work is 
internally transformed into heat and results in the increase of the system temperature. This process cannot be 
reversed, since no work can be recovered backwards from the internally increased temperature.  

To describe the state of the air in the volume at the end of the process, the equations for the changes of state used 
so far cannot be applied. Nevertheless, the processes in the volume can be described by balancing the 
thermodynamic energy. For this purpose, the initial state of the air in the volume must be known (starting 
temperature TVst and starting pressure pVst), as well as the pressure and temperature of the inflowing air (inflow 
temperature Tin and inflow pressure pin). The already existing air can be interpreted as a "closed system", although 
the volume is open during filling, because theoretically the existing air could be separated by a closed membrane, 
the filling process would still be the same. The energetic state of the air present before the inflow process is 
described by its internal energy UVst according to equation 19. As explained in section 2.1.1, it is a function of 
mass (number of particles present) and temperature (velocity of motion). The parameter cv is the specific gas 
constant for closed systems. 

𝑈𝑈𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚𝑚𝑉𝑉𝑉𝑉𝑉𝑉 ∙ 𝑐𝑐𝑣𝑣 ∙ 𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉  (19) 

The energetic state of the inflowing air, on the other hand, is described by the enthalpy equation, since the inflowing 
air volume is an open system. The enthalpy can be interpreted as an energy quantity which is composed of two 
parts (20). The first part is the internal energy Uin, which, similarly to closed systems, results from the speed of 
movement of the particles. The second part is the product of pin and Vin. The reason for this is the compressor, 
which pushes the considered amount of air into the volume during the filling process and performs hydraulic 
displacement work in the process. The inflowing air therefore not only brings its own internal energy but is also 
pushed into the system by the compressor. The practical difference between so-called open and closed systems is 
therefore not so much whether they are actually geometrically open or closed, but whether there is a connection to 
the compressor, and whether it performs displacement work during the process under consideration (open system) 
or whether this is not the case (closed system). 

𝐻𝐻𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑖𝑖𝑖𝑖 + 𝑝𝑝𝑖𝑖𝑖𝑖 ∙ 𝑉𝑉𝑖𝑖𝑖𝑖 (20) 

After the filling process, the volume under consideration is once again a closed system since there is no longer any 
connection to the compressor when it is subsequently exhausted to the atmosphere. In terms of energy, the filled 
volume can therefore be described by its internal energy Uvend at the end of the filling process. According to (21) 
it can be described as the sum of the internal energy already present at the beginning Uvst and the added enthalpy 
Hin.   

𝑈𝑈𝑉𝑉𝑉𝑉𝑖𝑖𝑉𝑉 = 𝑈𝑈𝑉𝑉𝑉𝑉𝑉𝑉 + 𝐻𝐻𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑈𝑈𝑖𝑖𝑖𝑖 + 𝑝𝑝𝑖𝑖𝑖𝑖 ∙ 𝑉𝑉𝑖𝑖𝑖𝑖 (21) 
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The filling process is completed as soon as the pressure in the volume is equal to the inflow pressure pin. Final 
temperature TVend and finale pressure pVend in the volume are then (according to [3] - p.149): 

𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑝𝑝𝑖𝑖𝑉𝑉 (22) 

𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉 ∙
𝜅𝜅 ∙ ( 𝑇𝑇𝑖𝑖𝑉𝑉𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉) ∙ (

𝑝𝑝𝑖𝑖𝑉𝑉
𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉)

𝜅𝜅 ∙ ( 𝑇𝑇𝑖𝑖𝑉𝑉𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉) + ( 𝑝𝑝𝑖𝑖𝑉𝑉𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉) − 1
 

(23) 

If the initial temperature TVst in the volume and the inflow temperature Tin are identical, equation 23 simplifies to: 

 

𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑖𝑖 = 𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉 ∙
𝜅𝜅

1 + (𝜅𝜅 − 1) ∙ (𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉𝑝𝑝𝑖𝑖𝑉𝑉 )
 (24) 

This means that the temperature in the filled volume rises sharply. At a supply pressure of 7bar (abs.) and an initial 
pressure in the volume of 1bar (abs.), the temperature rises by a factor of 1.32. In the extreme case, at an initial 
pressure of 0bar (vacuum), the temperature rises by a factor of κ=1.4.  

The measurement results in figure 8 clearly show that the theoretically calculated temperatures cannot be 
confirmed in reality when flowing into a closed volume. Here, the different heat capacities of air and surrounding 
cylinder have a very clear effect. The 8.3g of compressed air in the calculated example do not bring enough heat 
to warm up the entire cylinder noticeably with one stroke. Therefore, the heat energy dissipates very quickly. Many 
cycles are therefore necessary for an overall system to heat up noticeably.  

This increase in temperature is caused by the large unused work potential when the compressed air flows into the 
volume. Although it is plausible to imagine that unused work is converted into heat and therefore leads to an 
increase in temperature, this effect can be explained even more clearly by the movement of the air particles. The 
pressure gradient between the supply line and the chamber accelerates the air particles during the inflow. The 
directed high flow velocity at the volume inlet does not directly result in a temperature increase, because according 
to Bernoulli, the flow initially causes the static pressure and thus also the temperature to drop, but at the latest at 
the opposite vessel wall, the air particles are slowed down and mixed. The direction of movement of the individual 
particles is then arbitrary, but the speed of movement remains high, i.e. the kinetic energy of the air flow is 
transformed into an increased temperature. This process is not reversible. In the inflow channel, all air particles 
are accelerated in the same direction. This is a well-ordered process. However, when the air particles later move 
chaotically in the volume, it is a very disordered state. On its own, the system cannot find its way back to the 
original ordered state. Thus, this is irreversible and cannot be described with a change of state.  

 

 

  

Figure 8: Filling a constant volume. Left slow, right fast 
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Theoretically, it is possible to design the inflow process in such a way that the work capacity of the air flow is at 
least partially utilized. e.g. as a drive for a turbine. At the turbine blades, the moving air particles perform work, 
and the turbine turns. The more work is transported across the system boundary, the smaller the increase in the 
kinetic energy of the air particles, i.e. the smaller the increase in temperature. In the extreme case, at maximum 
work conversion, the temperature of the compressed air does not change at all, because then the process is 
reversible - as described in 3.1. 

The measurement results on the test rig show only minor differences in the maximum temperature values recorded, 
whether the cylinder is performing work or not (Figure 9). But the temperature curve is very different. Without 
load, the movement is much faster, and the pressure buildup is only briefly delayed by the increase in volume. 
Accordingly, the temperature course is very similar to that of the ventilation of a constant volume. However, if the 
cylinder has to perform work, the movement takes much longer. and a constant pressure is established during the 
movement. This leads to a drop in temperature due to the heat flow. When the end position is reached, the volume 
naturally remains constant. Then you can notice a pressure and temperature increase as already determined before 
(Figure 8). 

  

Figure 9: Filling a moving cylinder chamber. Left without load, right with load 

3.3 Exhausting a volume 

To enable cyclic operation in pneumatic processes, a cylinder chamber filled with compressed air must be 
exhausted at the end. This process will also be briefly considered below. 

At first, we can again assume a well-isolated volume and an ideally adiabatic process. That is, after the volume 
has been filled, the temperature in the volume has risen sharply. If the volume is now exhausted in the atmosphere, 
the temperature of the air drops due to the expansion. If we assume that no work is performed during this process 
either, the outflow is also irreversible, and the temperature drops less than if work had been performed.  

If both the filling of the volume and the subsequent exhausting take place without any work turnover, the 
temperature at the end of the exhausting process is identical to the start temperature before the inflow process. The 
intermediate state "filled volume" can therefore be excluded; the used compressed air could have been exhausted 
directly from the supply line into the environment, and the result would have been the same. 

If the volume is not ideally isolated, there is an outflow of heat via the temperature gradient to the environment 
after filling. The air in the volume loses energy, the temperature after the filling process is lower than in the 
adiabatic case and may drop further before the actual exhausting until the air temperature in the volume is equal 
to the ambient temperature. If the volume is subsequently exhausted, the expansion causes a further temperature 
drop. This can eventually result in an air temperature that is significantly lower than the temperature before the 
inflow process. The actual temperature level after venting is difficult to calculate because it depends on the amount 
of heat that has flown out and therefore also on the speed at which the process takes place. Only for an isothermal 
system, where any increase in temperature leads to an immediate heat flow, the calculation of the final temperature 
during venting becomes trivial, the temperature always remains constant. 
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The measurement results in Figure 10 show that an approximately isothermal exhausting of a filled volume is 
possible. However, a lot of time is required for this. If a faster exhausting takes place, the temperature in the 
volume drops noticeably, in the example to about 275 K (2°C). The subsequent temperature rise then occurs again 
quickly within a few seconds. 

  

Figure 10: Exhausting a constant volume. Left slow, right fast 

4 Efficiency of the overall process 

Efficiency describes the quality of a process by putting the "benefit" in relation to the necessary "effort". In relation 
to the processes considered here, the effort is relatively easy to describe. It is the amount of work that has to be 
done during the compression process. In the example described, the work required for the ideal isothermal 
compression of 7 liters of air is 1362J (see 2.1). In the case of non-ideal adiabatic compression, the effort is 2061J 
(see 2.2). 

For the "benefit", on the other hand, an interpretation cannot be given unambiguously. The result depends on which 
values are interpreted as benefit and which are not. If, for example, the produced heatis interpreted as a benefit, 
the result is a higher efficiency than if only work components are attributed to the benefit. 

With the focus on classic pneumatic applications, the achievable displacement work during the cylinder movement, 
also called hydraulic work, can be interpreted as a particular benefit. In the examples given, it amounts to 600J 
(see 3.1). The resulting hydraulic efficiency of the overall process is then given by: 

𝜂𝜂ℎ𝑦𝑦𝑦𝑦𝑦𝑦 =
600𝐽𝐽
1362𝐽𝐽 = 44% 

(25) 

After the cylinder movement, the drive chamber is exhausted. The expansion work of the compressed air released 
in this process could, at least theoretically, be used to perform work, e.g. via an exhaust air turbine. As described 
in the example, an additional 762J could be used in this way (see 3.1 - isothermal exhaust). The sum of hydraulic 
work and expansion work forms the achievable "technical work". In this case, all the processes considered run 
loss-free and reversibly. Under this condition, the total work expended by the compressor can be used as technical 
work in the application. The mechanical efficiency reaches the theoretical maximum of 100%. 

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡ℎ =
600𝐽𝐽 + 762𝐽𝐽

1362𝐽𝐽 = 1362𝐽𝐽
1362𝐽𝐽 = 100% 

(26) 

Modern compressor installations are equipped with devices for heat recovery. The heat generated during 
isothermal compression can thus be specifically useful, for example as process heat or for heating the buildings. 
In the example, the amount of heat generated during compression is 1362J. If the heat is interpreted as a "benefit" 
in the efficiency, efficiencies of over 100% can occur, for example in combination with the hydraulic work: 

𝜂𝜂𝑄𝑄_ℎ𝑦𝑦𝑦𝑦𝑦𝑦 =
1362𝐽𝐽 + 600𝐽𝐽

1362𝐽𝐽 = 144% 
(27) 
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Or in extreme cases in combination with the technical work: 

𝜂𝜂𝑄𝑄_𝑡𝑡𝑡𝑡𝑡𝑡ℎ =
1362𝐽𝐽 + 1362𝐽𝐽

1362𝐽𝐽 = 200% 
(28) 

This effect can be explained by the fact that the air at the end of the entire process either has a lower temperature 
than before compression or that heat is absorbed from the environment during the utilization phase, which is not 
taken into account in the balance. One could say that in addition to the working capacity of the compressed air, 
heat from the air has been made technically usable, similar as in a heat pump of a heating systems.  

The comparison of equations 25 to 28 shows that there is no objective efficiency without information about the 
current interpretation. Even if only idealized and loss-free processes are considered as in the examples given, it is 
very difficult to define a ratio of "benefit" and "effort" which would allow the objective comparison of different 
systems. The comparison of efficiencies in pneumatic systems must therefore always be carried out carefully and 
on a secure calculation basis. 

5 Double-acting pneumatic cylinder 

With reference to a classic double-acting pneumatic cylinder, all the processes described so far take place on the 
active drive side. However, it should be mentioned that the processes on the opposite cylinder side - the exhaust 
side - are equally relevant for the behavior of the system. The associated chamber is usually exhausted via an 
adjustable exhaust throttle, which can be used to regulate the air flow. As a result, a pressure cushion builds up in 
the exhausted chamber during movement creating a force that counteracts the current direction of movement. With 
this, the speed of movement of the cylinder can be conveniently adjusted to the desired level. However, this is 
done at the expense of efficiency. 

From the point of view of the drive chamber, a certain amount of work must be done to overcome the braking 
counterforce. This work is ultimately missing as useful work in the overall balance. One could say that the more a 
pneumatic cylinder is slowed down by throttling, the more work is lost due to the throttling, the less useful work 
is available in the application and the more inefficiently the system works.  

For pneumatic systems operated with strong exhaust air throttling, it is therefore advisable to consider certain 
efficiency-enhancing solutions. In the simplest case, a pressure regulator can reduce the pressure level and the 
amount of necessary compressed air. Also conceivable would be the use of adapted components, e.g. a cylinder 
with a smaller diameter. In addition, various energy-saving circuits and controls are available, with the help of 
which the compressed air consumption can be adapted to the actual demand of the application. 

6 Summary and prospects 

We have looked at (isothermal and adiabatic) compressed air generation and use. For the use, we have 
thermodynamically described the limiting cases by means of a fourfold case distinction. Namely, first whether the 
cylinder is heavily loaded or has no load at all. These cases were then further differentiated into adiabatic and 
isothermal based on the characteristics of the isolation. A summary of the different cases for compressed air 
generation and use can be found in the following tables.  

Here, the perspective of the air is described, that means that an input of work or heat have a positive sign, output 
a negative sign. The interpretation of the state as "open" or "closed system" is indicated in the field of the respective 
state. 
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1. Compressed air 
generation 

Initial state (1) Work Heath Final state (3) 

isothermal 
7liter; 1bar; 293,15K 
“open” 

+1362J -1362J 
1liter; 7bar; 293,15K 
“open” 

adiabatic 
7liter; 1bar; 293,15K 
“open” 

+2061J -2061J 
1liter; 7bar; 293,15K 
“open” 

 

2. Hydraulic use Initial state (3) Work Heath Final state (4) 

Maximum work 
1liter; 7bar; 293,15K 
“open” 

-600J 0 
1liter; 7bar; 293,15K 
“closed” 

No work 
1liter; 7bar; 293,15K 
“open” 

0 -600J 
1liter; 7bar; 293,15K 
“closed” 

 

3. Exhausting Initial state (4) Work Heath Final state (5) 

isothermal 
1liter; 7bar; 293,15K 
“closed” 

-762J +1362J 
7liter; 1bar; 293,15K 
“closed” 

adiabatic 
1liter; 7bar; 293,15K 
“closed” 

-445J 0 
4liter; 1bar; 168,1K 
“closed” 

warming up 
afterwards  

4liter; 1bar; 168,1K 
“closed” 

0 +1045J 
7liter; 1bar; 293,15K 
“closed” 

 

For the purpose of balancing, the output process variables (negative sign) can be summarized with the input 
variables (positive sign). Considered over the entire process, the sum must be zero, because only then the law of 
conservation of energy does apply. 

Example:  

Isothermal generation of compressed air. Then hydraulic use with maximum work. Finally, adiabatic expansion 
with heating. 

Work balance:  +1362J  - 600J  - 445 J  = +317J 

Heath balance: -1362J + 0J  +1045J = -317J 

Total:     = 0J 

 

The present work deals primarily with the compression of air and the use of compressed air in the drive chamber 
of a pneumatic cylinder. As chapter 5 shows, this also provides the basis for describing a double-acting cylinder 
with exhaust air throttle. In essence, the processes in a supply air throttled drive or also in more complex systems 
such as compressed air boosters can also be described. 
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Nomenclature 

Variable Description Unit 

𝐸𝐸𝐸𝐸𝑎𝑎  Exergy in state a [J] 

𝐻𝐻𝑖𝑖𝑖𝑖  Enthalpy in inflowing air volume [J] 

𝐿𝐿_𝑎𝑎𝑎𝑎 Work during transition from state a to state b [J] 

𝐿𝐿𝑉𝑉_𝑎𝑎𝑎𝑎 Volume work during transition from state a to state b [J] 

𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎_𝑎𝑎𝑎𝑎 Work of the atmosphere during the transition from state a to state b [J] 

𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎  Displacement work during transition from state a to state b [J] 

𝑚𝑚𝑎𝑎 Mass in state a [kg] 

𝑝𝑝𝑎𝑎 Absolute pressure in state a [bar] 

𝑄𝑄_𝑎𝑎𝑎𝑎 Heat during transition from state a to state b [J] 

𝑇𝑇𝑎𝑎 Temperature in state a [K] 

𝑈𝑈𝑉𝑉 Internal energy in volume V [J] 

𝑉𝑉𝑎𝑎 Volume in state a [m³] 

𝜂𝜂ℎ𝑦𝑦𝑑𝑑𝑦𝑦 Hydraulic efficiency [-] 

𝜂𝜂𝑎𝑎𝑡𝑡𝑡𝑡ℎ  Technical efficiency [-] 

𝜂𝜂𝑄𝑄_ℎ𝑦𝑦𝑑𝑑𝑦𝑦 Hydraulic efficiency incl. heat recovery [-] 

𝜂𝜂𝑄𝑄_𝑎𝑎𝑡𝑡𝑡𝑡ℎ  Technical efficiency incl. heat recovery [-] 

 

Constant Description Value Unit 

𝑐𝑐𝑑𝑑 Specific heat capacity for open systems 1005.1 [J/(kg*K)] 

𝑐𝑐𝑣𝑣 Specific heat capacity for closed systems 718 [J/(kg*K)] 

𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 Atmospheric pressure 1.0 [bar] 

𝑅𝑅𝑖𝑖 Ideal gas constant 287.1 [J/(kg*K)] 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 Atmospheric temperature 293.15 [K] 

𝜅𝜅 Polytropic coefficient 1.4 [-] 
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In this paper an analysis and a robust optimization of a validated simulation model representing an integrated 
pneumatic end cushioning is proposed. The aim is to optimize the geometrical parameters of the standard end 
cushioning unit, such as cushioning sleeve diameter, length, and dead volume, in order to improve the damping 
performance. By means of the robust optimization both impact force and piston travel time are reduced, whereas 
the robustness against fluctuating operational conditions, such as supply pressure or inertial load, is increased. It 
is also shown that the pneumatic frequency ratio (PFR) is applicable for the damping capability assessment of a 
well-sized cylinder. It can be also used as a dimensionless criterion for prediction of the cushioning setting needed 
for a particular application. 

Keywords: Pneumatics, end cushioning, pneumatic cylinder, energy efficiency, robust optimization. 
Target audience: Pneumatics, Automation and Handling Systems, Design Process. 

1 Introduction 

Pneumatically driven systems are widely applied in numerous branches. The robotics, medicine, food industry and 
automotive sector highlight only some of them. Pneumatics deserves a reputation of a reliable, hygienic, and user-
friendly technology, although it is not free from some drawbacks. Its major weakness is a relatively high energy 
consumption compared to electromechanical systems. 

United in a common purpose to increase the energy efficiency of pneumatic systems while keeping low the 
acquisition costs, many energy saving measures were invented, elaborated, and tested within the last decades. One 
of the simplest and most effective approaches is a correct cylinder sizing. However, in some applications the 
cylinders are still deliberately oversized. The oversizing is especially distinctive for motion tasks, where external 
force and friction are significantly lower than inertial force of the moved mass.  

1.1 Related problem and subject  

When talking about the motion tasks, pneumatic drives are usually operated at a minimum tact time to achieve the 
maximum machine productivity. This requests both high acceleration and high deceleration capability of a 
pneumatic drive. Whilst a rapid pressure build-up in the cylinder chamber easily ensures the fast acceleration, the 
decrease of kinetic energy by the end of the stroke is often very challenging. The only one standard measure 
designed for this purpose is a pneumatic end-position cushioning, which is integrated in most cylinders larger than 
Ø10…16 mm. However, the damping capability of this type of cushioning is limited and sets certain boundaries 
on maximum travel speed and handled mass. As the damping capability increases with the cylinder’s diameter, a 
deficient cushioning behaviour is one of the main reasons for the point-to-point-operated cylinders being 
oversized. As a result of insufficient damping capability, larger cylinders are often preferred in the applications, 
even if a smaller cylinder would be enough to move the mass within the given time. This results in a higher amount 
of consumed compressed air. In the literature large-scaling is assessed to be typical for nearly 80 % of all 
applications and raises the energy consumption up to 40 % [1]. 
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Besides, the damping performance of the integrated end cushioning is very sensitive against any changes in travel 
speed, cushioning throttle setting, supply pressure, load mass, and some further factors. Another deficiency of the 
classical end cushioning is an absence of any method available for an exact calculation of the desired cushioning 
throttle setting. Instead, the cushioning throttle is adjusted manually by a try-and-error nature, is very tedious and 
time demanding.  

Among the standard pneumatic cushioning there are some other technologies designed to solve or at least to 
mitigate the above written problems. Almost all of them can be classified as hydraulic shock absorbers [2], 
elastomer mechanical cushioning [3], electronically controlled external pneumatic end cushioning [4][5], devices 
for an assisted cushioning throttle setting [6], or sophisticated modifications of the standard pneumatic end 
cushioning design [7]. However, these options are either costly, require additional installation space, or provide 
performance increase only in some selective operational points. For this reason, the simple, compact, and non-
expensive integrated pneumatic end cushioning still remains the mostly applied damping device and therefore is 
the subject of the current study.  

Previous investigations, also dedicated to this subject, pursued an aim to elaborate a valid mathematical model of 
the pneumatic cushion and to understand the interrelations between the damping behaviour and the operational 
conditions of the cylinder [8]–[10]. In [11] an empirical-analytical method for design of the cushioning devices is 
proposed as well. However, there is no study dealing with the design optimization of the integrated pneumatic 
cushion known to the authors. 

Summing up, the current method of decelerating the load of a pneumatic cylinder is coupled with time-demanding 
commissioning and maintenance, is not robust at fluctuating operating conditions, and often leads to an oversizing 
in case of high-inertia and high-speed motion tasks. The alternative technologies mitigate some of these drawbacks 
though but are not very widely used due to additional acquisition costs or installation space.  

1.2 The aim of the study 

Hence, this paper focuses on a systematic improvement of the damping performance of the classical integrated 
pneumatic end cushioning. The goal is to determine the design parameters with a major influence on the ability of 
the end cushioning to absorb the kinetic energy of the moving mass and to perform the robust optimization of these 
parameters. This knowledge can either enable an implementation of the cushioning device with a traditional design, 
but geometrical parameters tuned for a better performance, or can help to derive a novel design from the sensitivity 
analysis and robust optimization results. For the sake of simplicity, the formulation of the global goal as 
“improvement of the damping performance” can be decomposed into the following qualities that are aimed to 
increase: 

1. The damping capability: to enable a safe deceleration at high travel speed, high inertial load or at low 
pressure in the deflated cylinder chamber. The latter can increase the applicability of the energy efficient 
meter-in throttling speed control, which is currently less favored then the less-efficient meter-out 
throttling int. al. because of a poor damping performance due to a low initial value of the cushion pressure. 

2. The robustness against the changes in environmental and operational conditions: to guarantee a safe 
deceleration at fluctuating travel speed, supply pressure, inertial load, and environmental temperature 
without a need to manipulate the cushion setting each time one of these parameters is changed. 

3. The user-friendliness: to ease the process of the cushioning throttle setting and to provide the method for 
calculation and prediction of the throttle setting needed for a particular application. 

Since all these qualities are interdependent, improving one of them may indirectly result in the improvement of 
another one. The criteria of “safe deceleration“ are disclosed in the paragraph 2.2.  

The object of the research is the mathematical model of the pneumatic cylinder with an integrated end cushioning 
that was previously presented and comprehensively validated by authors in [12][13]. 
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2 Modell Analysis  

In this section the scope of the research is stated in terms of the studied system, criteria applied for the evaluation 
of the damping quality, and estimation of the reasonable operating range of the drive. This helps to generalize the 
knowledge obtained for one specific cylinder and to make it transferable for other applications. 

2.1 Studied system  

A typical design of the pneumatic cylinder with an end cushioning is shown in the Figure 1. When considering 
the retraction stroke, left chamber is pressurized with air at pressure nearly equal to the supply pressure pA ≈ p0. A 
piston, coupled mechanically with an inertial load m, moves to the right base end 2 displacing the air from the 
opposite chamber at pressure pB. Here the commonly used meter-out throttle speed control is considered. Both 
mean travel speed and travel time ts depend on the conductance of the throttle 5. As soon as the chamfer of the 
cushion sleeve 1 overlaps the cushion sealing of the base end 2, the right cylinder chamber becomes divided into 
two volumes: the cushioning volume 6 and the dead volume 3 of the cylinder base end. The cushioning volume is 
connected with the outflow channel only via the bypassed cushioning throttle with a high resistance that causes an 
increase of pressure pEC in the cushioning volume. The increased pressure force, applied on the right piston surface, 
counteracts to the moving force, caused by inertia and pA, and decelerates the cylinder. 

 

Figure 1: Simplified scheme of a pneumatic cushioning: 1 – end cushioning plug (sleeve), 2 – base end,  
3 – outflow channel with dead volume Vd, 4 – end cushioning throttle (bypass channel), 5 – meter-out throttle,  

6 – cushioning volume, 7 - stroke-independent cushioning dead volume VEC, 8 – elastomer shock absorber. 

The present research is based on the mathematical model of the pneumatic cylinder with diameter of Ø32 mm and 
stroke of 100 mm described and experimentally validated in [12][13]. For the sake of compactness the 
mathematical background of this model is skipped here. In this study it is treated as a function y = ƒ(x, u) of 
evaluation criteria y depending on the design parameters x that are expected to have an impact on these criteria, 
and the noise parameters u that represent uncertain fluctuating operational parameters. The focus lies on the robust 
optimization, i. e. on search for geometrical parameters of the cushioning unit allowing the minimal values of the 
evaluation criteria yi in the presence of fluctuating noise parameters subject to the technically reasonable 
boundaries of the design parameters g(x) and noise parameters h(u): 

min
𝐱𝐱∈ℝ𝒏𝒏,   𝐮𝐮∈ℝ𝒌𝒌

{𝑓𝑓𝑖𝑖(𝐱𝐱, 𝐮𝐮) ∶    𝑔𝑔(𝐱𝐱) ≤ 0, ℎ(𝐮𝐮) ≤ 0, 𝑖𝑖 = 1, … 𝑚𝑚 }. (1) 

2.2 Evaluation of the cushioning quality 

Generally, the behaviour of the piston in the end cushioning may be classified as optimal, underdamped, or 
overdamped. It depends on the supply pressure p0, travel speed ẋ set by the meter-out throttle conductance CMO (or 
a number of throttle knob revolutions zMO, i. e. the throttle opening), conductance of the end-cushioning throttle 
CEC (or zEC), and the moving mass m. Figure 2 illustrates these three typical scenarios for a well-sized pneumatic 
drive intended to have a travel time of ts = 0.3 s and tolerated settling error, i. e. a threshold under which the piston 
movement is treated as finished, of xthr = 0.5 mm. The required ts is usually prescribed by an application and should 
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be considered for efficient cylinder sizing, as it will be discussed in the paragraph 2.3. The threshold value xthr can 
be set to zero, if an exact end-positioning of the load is requested. This value can depend on the location of an end 
switch, mounted on the cylinder body, as well as on its sensing region that may amount up to few millimeters. The 
value xthr = 0.5 mm will be consistently used throughout the entire paper. 

 

Figure 2: Cylinder stroke x and deceleration ẍ plotted for three scenarios of the cushioning phase for a studied 
Ø32-100-cylinder operated at p0 = 7 barabs with inertial load m = 18.1 kg and desired travel time ts = 0.3 s. 

In this example the end cushioning throttle opening zEC is varied around some nearly optimal value to reach the 
underdamping (wide opening zEC, i. e. low throttle resistance CEC) and overdamping (low zEC, high CEC) for the 
illustrative purpose. In both cases, underdamping and overdamping, the real travel time ts, increases due to a piston 
retraction from the cylinder base end or from the air cushion respectively. This results in a longer travel time 
ts > 0.3 s. When varying zEC in a wider range, or varying additionally some operational parameters, travel time 
may increase dramatically, up to many times. This behaviour causes deteriorations in an automated processes and 
degrades the machine productiveness, e. g. when the end switch is crossed for several times within only one stroke 
and this is faulty treated by the PLC programme, or when the other drives in the automation chain have to wait for 
the positioning of the considered cylinder below the xthr.  

The next point that catches an attention is a rapid increase in the negative acceleration (deceleration) with deviation 
from the optimal zEC setting. This may be not always the case for a highly oversized and overdamped cylinder that 
reaches a stationary speed in the cushioning region and travels very slowly until the end stop. However, the peak 
deceleration increases always when opening the cushioning throttle to wide or overloading the cylinder (i. e. 
operating it with too high mass or speed). The underdamping is always crucial because it results in a high impact 
force Fimpact, which causes vibrations, noise, and mechanical stress. It is difficult to set some general level of an 
acceptable acceleration amplitude, because it depends on the manufacturer-specific stiffness c and thickness h of 
the elastomer layer, applied on the frontal face of the piston or cylinder end to absorb the residual kinetic energy: 

𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑚𝑚 · max (�̈�𝑥) ~ 𝑐𝑐 · (ℎ − 𝑥𝑥) .  (2) 

In the given study the value of maximum tolerable impact force is assessed with 1 kN, which is about the 
theoretical static cylinder force at the maximum operating pressure of 12 barrel. Under this assumption the cylinder 
would never be subject to the stress higher than two times maximum static force. This also matches with the forces 
specified for the rod attachments, e. g. swivel rod ends for the corresponding cylinder size. 

Although the value of the maximum deceleration is coupled with Fimpact via the mass m, it can be reasonable to set 
the deceleration as a separate criterion of the damping quality, because an oversized drive may exceed the tolerable 
limit ẍmax while not exceeding the limit of Fimpact. For the studied system ẍmax is considered to be ẍmax = 50 m·s-2 
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basing on the specifications of the maximum acceleration for some supplementary components, such as 
mechanical guide axes. Since the studied system doesn’t refer to any specific application, both these values, Fimpact 
and ẍmax, are used here only as indicative quantitative criteria for the evaluation of the damping process.  

On this place can be mentioned that the example in Figure 2 also illustrates the high sensitivity of the damping 
behaviour against the throttle opening zEC. The difference between the optimal and each of the non-optimal settings 
corresponds to about ±32° of a throttle knob revolution (9 % of a full revolution). As the cushioning throttle in the 
considered cylinder has a setting range of four full revolutions, this value corresponds to only 2.25 % of the full 
range, what implies the search for the optimal setting to be difficult for an end-user. 

Summing up, the three criteria: travel time ts, impact force Fimpact and peak deceleration ẍmax are expected to be 
enough to characterize the quality of a damping process. Other criteria, such as maximum amount of absorbed 
kinetic energy, travel speed before meeting the end stop, or cushioning phase duration are also suitable. Since they 
correlate with the chosen criteria and are more difficult to generalize, they are not considered here.  

2.3 Operating range of the considered drive 

To reduce the space of the parameters that are varied during the investigation and to preserve the representativeness 
of the results for a multitude of non-considered cases, operational points must be chosen properly for the study. 
As it was already mentioned in the introduction, the cushioning problem is especially crucial for the cylinders that 
operate on the limit of their cushioning capability, i. e. with maximum combination of inertial load and speed at 
the given pressure. Besides, the cushioning capability depends on the piston areas of the cylinder. In this context 
the Pneumatic Frequency Ratio (PFR) proposed by Doll et al. in [14], is perfectly suitable as a sizing factor that 
helps to generalize different applications with regards to the cylinder load and cushioning capability. The PFR Ω 
is defined as a ratio of the cylinder eigenfrequency ω0 and operating frequency ωS [14]: 

Ω = 𝜔𝜔0
𝜔𝜔𝑠𝑠

 .  (3) 

The operating frequency can be estimated from the travel time (transition time) of the piston as ωs = 2π/ts, specified 
for the motion task. The eigenfrequency of the pneumatic cylinder with inertial load corresponds to those of the 
mechanical spring-mass system, with a stiffness factor c depending on the supply pressure p0 and the pressurized 
volumes VA and VB of both cylinder chambers including the dead and the hose volumes: 

𝜔𝜔0 = √ 𝑐𝑐
𝑚𝑚 = √𝑐𝑐𝐴𝐴 + 𝑐𝑐𝐵𝐵

𝑚𝑚 = √
𝐴𝐴𝐴𝐴

2 ∙ 𝜈𝜈 · 𝑝𝑝0
𝑉𝑉𝐴𝐴

+ 𝐴𝐴𝐵𝐵
2 ∙ 𝜈𝜈 · 𝑝𝑝0

𝑉𝑉𝐵𝐵
𝑚𝑚 .  (4) 

The polytropic exponent ν is assumed to be ν = 1 here, standing for an isothermal state change. This refers to the 
temperature measurements inside of the cylinder indicating an increase in 30…40 °C during the pressure build-up 
followed by a very fast, i. e. under 0.1 s, temperature equalization due to a high surface, heat capacity and thermal 
conductivity of the cylinder [13]. Hence, air temperature during the main stroke can be generally treated as nearly 
constant. This should be not confused with air temperature in the cushioning volume during the damping phase. 

Depending on the Ω, a cylinder can be classified as an undersized (Ω < 1.1), oversized (Ω > 1.7) and well-
dimensioned (1.1 < Ω < 1.7) [14]. Low values of Ω correspond to a poor damping quality (high ẍmax, long ts due 
to a piston bounce). A cylinder operating at high Ω is easy to decelerate, however it consumes more compressed 
air. The point of interest is some optimal value of Ωopt that enables the lowest air consumption while faultlessly 
performing the moving task, that is task-specific criteria ts, Fimpact, ẍmax are being met. To find the Ωopt and analyse 
the damping behaviour of the cylinder, these criteria were computed for three pressure levels p0 ∈ {4, 7, 10} barabs 
and the range of Ω ∈ {1.4, 1.5, 1.6, 1.8, 2} for combinations of meter-out throttle openings zMO and cushioning 
throttle openings zEC that enable the desired travel time of ts = 0.3 s. At Ω ≤ 1.8 these combinations lie in the range 
of zEC = 1…2 out of maximum 4 throttle knob revolutions and zMO = 14.8…16 out of max. 17.5 rev. However, this 
range migrates to larger meter-out throttle openings for the oversized cylinders (Ω ≥ 2). The conductance-opening 
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characteristics of both throttles were measured in [12]. The values of the moved masses m were calculated for each 
combination of Ω and p0 from Equations (3) and (4) and are summarized in Annex A. The results, plotted in 
Figure 3, visualize the dependence of damping quality factors Fimpact, ẍmax, and ts, on p0, Ω, zMO and zEC. 

  

 

Figure 3: A: Zoomed-in pair of graphs with an explanation of plotted data, B: Damping quality criteria: Fimpact 
(left plot in the pair, colour coded), peak deceleration ẍmax (left plot in the pair, isolines coded in m·s-2), travel 
time ts (right plot in the pair) at various supply pressures p0 and PFR Ω within the ranges of cushioning and 

meter-out throttle openings zEC and zMO (in revolutions), specified to reach the desired travel time of ts = 0.3 s. 

Each of the 15 subplot pairs represents the values of the impact force Fimpact and travel time ts, coded with the 
colour. The profile of the maximum deceleration ẍmax is equal those of Fimpact, as the mass m remains constant 
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within each separate plot. Hence, deceleration is represented only with isolines in [m·s-2] layered on the Fimpact 
surface. Dark-blue regions correspond to a soft landing and a fast stroke, whereas yellow regions designate a high 
shock and a long piston stroke respectively. A red circle marks the minimum of Fimpact and ẍmax or ts contained in 
each plotted dataset. The regions, where the requirements are met completely, i. e.: ts ≤ 0.3 s, Fimpact ≤ 0.5 kN, and 
ẍmax ≤ 50 m·s-2, are classified as a good cushioning and marked with black dots, visible when zooming in the plot. 
Small grey dots depict the operation points, where the time restriction is not violated, but shock is harder: 
50 < ẍmax ≤ 100 m·s-2 and 0.5 < Fimpact  ≤ 1 kN. These regions are identified as partially fulfilling the requirements. 

From the Figure 3 it can be obtained that at Ω ≤ 1.4 none of the operating points meet these requirements, 
concluding an under-dimensioned cylinder behaviour. Optimal operation points start to appear at Ω = 1.5 at 
pressures p0 = 7 and 10 barabs. Pressure of 4 barabs is not enough to provide the air cushion stiffness needed for a 
fast and smooth deceleration at Ω = 1.5, so that an optimal value of PFR can be assessed slightly above this value 
in the considered case. The value of Ωopt ≈ 1.5 can also be derived from the plots for Ω > 1.5. For example, travel 
time of ts < 0.24 s can be reached with a slightly oversized cylinder operated at Ω = 1.8 at p0 = 10 barabs. 

When setting this time as ts into Equations (3) and (4), Ω appears to be Ω ≈ 1.5 for the same pressure and mass. 
Any cylinder with a lower PFR has a deficient cushioning behavior, and any cylinder with a higher PFR travels 
faster and hence can be used either for faster motion tasks, or operation under lower pressure or with higher mass, 
resulting recursively in the estimated value of Ωopt ≈ 1.5. Using the terminology of [14], an optimal PFR 
corresponds to the smallest cylinder able to meet the restrictions regarding ts, Fimpact, ẍmax, and therefore the cylinder 
with the lowest air consumption. In the reality, the cylinder diameter cannot be varied continuously due to only 
some standard sizes are manufactured, e. g. Ø25 is easy to find but not Ø27 mm. Thus, the diameter of almost 
every cylinder must be rounded up to the next standard size and a cylinder becomes “natively” slightly oversized. 
The optimal PFR and minimum air consumption can be reached even in this case if supply pressure is reduced 
with a local pressure valve. However, this cannot be used everywhere for economic reasons. Some decent 
oversizing is reasonable to ensure the robust drive operation under fluctuating operational parameters. Hence, the 
real Ωopt is rather a range than a sole number. This range varies naturally for different drives and applications, 
depending on the tube and dead volume components in VA and VB, resistances of the inlet/outlet lines and valve, 
friction force, which is not considered in the PFR-approach, levels of acceptable ẍmax and Fimpact, and whether 
extension or retraction stroke is considered.  

To visualize the areas of throttle settings with acceptable damping quality more detailly, their boundaries are 
extracted from the subplots for Ω ≤ 1.8 and summarized in the Figure 4. The areas with partially fulfilled 
requirements (grey line) increase with rising p0 and Ω, whereas areas with complete fulfillment are totally absent 
for p0 = 10 barabs. This is due to the mass m rises with an increase in p0 at a constant Ω, resulting in a higher impact 
force even at a moderate deceleration.  

 

Figure 4: Boundaries of the areas of the meter-out and cushioning throttle settings corresponding to partial 
(grey) and complete (black) fulfilment of the requirements on the quality of the cushioning process with regards 

to the overall travel time ts, impact force Fimpact, and maximum deceleration ẍmax.  

Ω = 1.5
Ω = 1.6
Ω = 1.8
p0 = 4 barabs

ẍmax < 100 m·s-2, Fimpact < 1 kN
ẍmax < 50 m s-2 , Fimpact < 0.5 kN

p0 = 7 barabs

p0 = 10 barabs
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Wrapping up the discussion of the Figure 3 and Figure 4, following points must be emphasized:  

• The dependencies Fimpact, ẍmax = ƒ(zEC, zMO) and ts = ƒ(zEC, zMO) are highly non-linear and may have 
multiple local minima and maxima. The form of these profiles generally and the areas of the optimal 
throttle settings in particular depend on the PFR Ω and supply pressure p0.  

• The higher Ω, the more combinations of zEC and zMO lead to a good damping and desired travel time. An 
oversized cylinder (in the given case with PFR above Ω ≥ 2) is distinguished by multiple separate areas, 
where these combinations exist. 

• The results were also obtained for the desired travel times ts = 0.25 s and ts = 0.5 s. The form of the 
profiles for these travel times is similar to the considered here. Hence, the results of this study are also 
relevant for applications with other stroke lengths and tact frequencies.  

• The plotted range of the cushioning throttle opening corresponds to zEC = 1…2 out of 4 rev., i. e. it 
represents only about a quarter of the entire range. No reasonable operation mode was found for the 
cushioning throttle settings zEC < 1 and zEC > 2. Only an oversized cylinder can be operated there, but it 
would always have an optimum within the plotted region as well. A low range of zEC < 1 causes an 
overdamping of the well-sized drive and cannot prevent the underdamping of an undersized cylinder. 
Settings of zEC > 2 results in the underdamping and can be suitable only for very oversized cylinder drives.  

Therefore, a first improvement of the end cushioning design can be derived from the last point: the effective setting 
of the studied cushioning throttle corresponds to 1 < zEC < 2 rev. or to 2.2 < CEC < 8 Nl·(min·bar)-1 in terms of 
pneumatic conductance. The accuracy of the setting can be increased, when this mostly relevant conductance range 
is spread over a wider range of throttle revolutions, as exemplary illustrated in Figure 5. 

 

Figure 5: Conductance vs. opening characteristic of the cushion throttle, measured for the studied cylinder [12], 
and an example of improved characteristic with setting region spread over three knob revolutions instead of one. 

The improved form of the conductance-opening characteristic covers the relevant range of CEC within three throttle 
revolutions, smoothing the gradient dCEC /dzEC. This simple measure requires only a change of the throttle 
geometry and causes no extra costs since this profile must be designed only once. The outer dimensions of the 
throttle cartridge, installed in the cylinder head can be preserved. The result is an easier throttle setting for an end 
user. Hence this measure contributes to the aim 3, defined in the paragraph 1.2. 

3 Sensitivity analysis 

To increase the robustness of the end cushioning device against the changes in operational and environmental 
conditions by means of robust optimization, the design parameters with a major impact on the cushioning process 
must be found firstly. For this purpose, the sensitivity analysis (SA) is applied. The SA leads to an order reduction 
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of the optimization problem, due to only relevant parameters with a highest influence must be optimized, whereas 
the effect of the non-important factors can be neglected, and these parameters can be kept constant. 

In the given case, impact of n = 18 parameters was studied by means of SA. These parameters can be divided into 
geometrical parameters (x1…x4), thermal model parameters (x5…x9) and parameters of the friction model (x10…x18) 
according to [12]. Parameter x9, the environmental temperature, which was assumed to be equal to the compressed 
air temperature in this study, is rather an operational parameter and not a design parameter. However, unlike the 
other operational parameters such as supply pressure, mass, or travel speed, whose high impact on the cushioning 
process is obvious, the influence of the air temperature is ambiguous and therefore was studied here. 

The settings of zMO, zEC, m and p0 were kept constant within the SA. The parametrisation was caried out for Ω = 1.5, 
zMO = 15.15 rev., and zEC = 1.75 rev, due to a stable operation of the drive is feasible in the region adjacent to this 
point according to Figure 4. The preliminary analysis has also shown that the results of SA are similar at different 
supply pressures p0, hence p0 = 7 barabs was also kept constant within this step. 

The sensitivity of two quality criteria y, i. e. model outputs Fimpact and ts, against the variation of parameters x was 
studied. Variation range of x was confined by reasonable from a technical point of view values of these parameters. 
Because of a wide variation range, expected additivity of the parameters influence, non-linearity, and non-
monotonicity of the model, the local sensitivity analysis and one-at-a-time methods were considered as impropriate 
for this purpose [15]. Hence the sensitivity was studied with global methods based on the estimation of the Sobol’s 
sensitivity indices and the Fourier Amplitude Sensitivity Test (FAST). The model was tested with nine SA-
algorithms, based on these methods, which are implemented in the R Sensitivity Package [16]. Due to the results 
being very similar for all the methods, the evaluation only for the FAST is presented here in Figure 6. 

 

Figure 6: Results of the SA performed with FAST method, 4096 samples for model outputs Fimpact and ts. 

To reach a reliable result at least 4096 samples were needed to keep the residuals of the sensitivity estimates under 
3 %. From the results can be obtained that all four geometrical parameters x1…x4 have the highest impact on the 
cushioning quality in terms of both main effects (i. e. impact measure of a solely parameter varied) and interactions 
(i. e. measure of the system’s sensitivity on simultaneous variation of many parameters). Besides the geometrical 
parameters, only environmental temperature T0 (x9) and speed- and pressure-proportional frictional coefficient kv.1 

(x13) have a considerable influence. The other factors are less relevant and can be kept constant within optimization. 

Due to this study focuses rather on simple implementable and low-cost measures of the damping quality 
improvement, the optimization of the factor x13 does not seem to be prospective, because there are no simple 
measures to adjust this factor to some desired value during the engineering process and to enable a persistence of 
this value during the operation of the cylinder’s tribological system. The optimization of temperature T0 is 
meaningless as well, however it should be treated as a noise factor because it: i.) impacts the damping quality,  
ii.) may naturally vary during the cylinder operation.  

Furthermore, it needs to be mentioned that the tube length, which is included in the factor x4 (dead volume of the 
cylinder drive), is subject to application and installation specifics and is not a constant parameter of the cylinder. 
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Therefore, only the first three factors, cushioning sleeve diameter dEC, cushioning length lEC, and cushioning dead 
volume vEC, are qualified for the optimization. 

4 Robust Optimization 

Previously, three model outputs were considered as evaluation criteria of the damping quality: Fimpact, ẍmax, and ts. 
Unlikely deceleration ẍmax and impact force Fimpact, the stroke time ts must not be necessarily minimized, because 
keeping it beneath the boundary ts < 0.3 s is enough for the task. The deceleration is coupled with the impact force 
by mass m, hence only impact force Fimpact can be used as an optimization function y to be minimized. 

Four noise parameters u were set: inertial mass m, supply pressure p0, setting of the meter-out throttle zMO (to 
imitate the variance of the piston speed, e. g. due to a sealing wear after a long operation) and environmental 
temperature T0. The robust optimization was performed for different variation ranges of these factors:  
Δ ∈ {2, 4, 10} % of the nominal value. In case of p0, the nominal value relative to the atmospheric pressure was 
considered here, because in the industrial applications it is usually measured and controlled as a relative and not 
absolute pressure. Nominal value of the temperature T0 was considered in the absolute scale. For the opening zMO 
the variation was counted for a single turn of the throttle knob. All values are summarized in Annex B. The optimal 
designs were calculated for the same end cushioning throttle setting, as in the SA, and the operation pressure 
p0 = 7 barabs due to it corresponds to the middle of the studied pressure interval and is a typical pressure level for 
industrial applications. The nominal value of the moving mass m corresponds to those at Ω = 1.5. 

The design parameters x to be optimized are derived from the SA in the previous chapter: cushioning sleeve 
diameter dEC, cushioning length lEC, and dead volume VEC. Hence, the optimization function can be specified as: 

min
𝐱𝐱∈ℝ𝟑𝟑,   𝐮𝐮∈ℝ𝟒𝟒{𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐱𝐱, 𝐮𝐮) ∶    𝑡𝑡𝑠𝑠 ≤ 0.3, 𝐮𝐮 · (1 − Δ) ≤ 𝐮𝐮 ≤ 𝐮𝐮 · (1 + Δ)} (5) 

The optimization was performed in Matlab, using the pattern search method with LHS (Latin Hypercube 
Sampling) and genetic initial search algorithms [17]. This strategy was chosen because of high the non-
monotonicity and numerous local optima, shown in Figure 3. For each variation range Δ, an optimal design was 
sought with both initial search algorithms. The initial values were set to the point, previously estimated with a non-
robust optimization. All in all, five optimal designs were calculated: two for the noise level Δ = ±2 % (one 
estimated with genetic algorithm and one with LHS), two for Δ = ±4 %, and one for Δ = ±10 % (LHS only, no 
feasible solution found with genetic initial search).   

The results are tabulated in Annex C. The comparison of these five designs with an original one is summarized in 
the Figure 7. The figure consists of three subplots for Fimact and three subplots for ts, corresponding to the ±2, 4 
and 10 % noise parameters variation for each of both evaluation criteria. Each of these sublots represents the 
fluctuations of Fimact or ts for pneumatic cylinder moving a mass corresponding to Ω = 1.5 within the desired travel 
time ts = 0.3 s at supply pressure p0 ∈ {4, 7, 10} barabs, estimated for every design (O – original design and optimal 
designs D1…D5 in accordance with an Annex C). The fluctuation of evaluation criteria is illustrated with boxplots. 
Boxes correspond to the data between the 25th and 75th percentile and are crossed with a median value. Outliers 
that are more than 1.5 times the interquartile range away from the body of the box are marked with red “+”. The 
data for every boxplot result from the 84 = 4096 simulations, run with the four varied noise parameters, each quasi-
randomly sampled eight times with LHS from the uncertainty region of ±Δ from the nominal value. 

Figure 7 proves that the design of the cushioning unit, specifically the geometrical parameters: cushioning sleeve 
diameter dEC, length lEC, and dead volume vEC, defines its robustness against the changes on operation environment. 
The median values of Fimpact and ts depend on design, fluctuation amplitude 2·Δ, and nominal operation conditions 
in terms of supply pressure p0. Naturally, the higher the noise amplitude, the higher the variances of both criteria 
(i. e. some sort of gradient of the damping quality deterioration with increasing noise amplitude) and their median 
values (that is the level of the expected cushioning quality). A small box size points at high robustness and a low 
median value indicates high damping quality. The nominal operating pressure must be considered as well. Whilst 
the optimal designs were calculated for p0 = 7 barabs, the cushioning performance in terms of ts increases with p0 
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(more values are lying beneath 0.3 s at 10 barabs than at 4 barabs) and vice versa in terms of Fimpact. This conflictive 
paradigm, established during the analysis of Figure 3 for the original design, remains unchanged also for the 
optimized versions of the end cushioning unit. 

 

Figure 7: Evaluation of the robust optimization results plotted for two evaluation criteria Fimact (left) and ts 
(right), three noise levels (±2 % for the top subplots, ±4 % for middle, and ±10 % for the bottom). Each boxplot 
assesses the variance of 4096 simulation results, estimated for 8 quasi-random samples of 4 noise parameters 

The most important information, gained within this study is, however, that there are designs existing, that perform 
significantly better in all nine operation cases, plotted in the Figure 7, then the original design does. Especially 
interesting is that design D5, predicted to provide the best cushioning quality at high noise of ±10 % at p0 = 7 barabs, 
provides the highest robustness (the smallest box size) in 7 of 9 cases for Fimpact. It is slightly less robust then some 
of the other designs for ts, but enables the highest damping quality (deepest median value) in 3 of 9 cases for Fimpact 
and in 6 of 9 cases for ts, and is competitive in the other cases as well. Generally, it can be said that this design is 
preferrable for a robust operation of a pneumatic cylinder under differently varying operating conditions and at 
various pressures, typical for pneumatic applications. On the other hand, there is no evidence that no other optimal 
designs are existing. Even though pattern search optimization method with both initial search algorithms performs 
good for functions with multiple optima, the result depends on the starting point and initial search algorithm itself. 

5 Summary and Conclusion 

The matter that the uncertainty in the operational conditions must be considered for a correct cylinder sizing is not 
new. The information presented within this paper offers a fundament for establishment of a method for systematic 
and intended calculation of the uncertainty influence on the cylinder sizing with regards to the damping capability 
of the pneumatic end cushioning by means of pneumatic frequency ratio PFR proposed by Doll et al. in [14]. In 
this paper is shown that PFR is handy for estimation of the cylinder’s capability to dissipate the kinetic energy by 
the end of the stroke by means of standard integrated end cushioning. The damping capacity of a pneumatic 
cylinder is usually specified as the maximum kinetic energy that can be absorbed with the end cushioning. This 
value is easy to assess for highly oversized cylinders that travel at a nearly constant speed. In [14] is shown that a 
well-sized cylinder doesn’t really reach a constant speed. That makes estimation of the kinetic energy hardly 
possible without sophisticated simulation tools or displacement transducer. This study proposes that for a well-

p0 = 4 barabs p0 = 7 barabs p0 = 10 barabs p0 = 4 barabs p0 = 7 barabs p0 = 10 barabs

 2 %

 4 %

 10 %
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dimensioned cylinder a characterization of the damping capacity by means of PFR is more favorable, because the 
PFR can be easily calculated even when only cylinder size, pressure, desired travel time and mass are known. 

For the exemplary analysed cylinder, operating at three pressures p0 of 4, 7 and 10 barabs and travel times ts of 
0.25, 0.3 and 0.5 s an optimal value of PFR was assessed with Ω ≈ 1.5. It is shown that the user-friendliness of the 
end cushioning can be easily increased by changing the profile of the cushioning throttle characteristic, which 
simplifies the search for an optimal setting.   

When a pneumatic cylinder is expected to operate at heavy conditions, such as: 

• oscillating supply pressure, e. g. due to a pressure regulator hysteresis or pressure drop by synchronous 
extension of many drives, 

• varying inertial load that may be the case in automating systems handling differently heavy objects, 

• fluctuating travel speed caused by a meter-out throttle misalignment or changes in frictional behaviour, 

• natural daily or seasonally environmental temperature changes, or compressed air temperature changes 
brought about by the compressor and air conditioning plant, 

the cushioning performance can be increased by means of robust design optimization. In the given study the robust 
optimization was carried out after parameters with the highest impact on the damping quality, measured as travel 
time ts and impact force Fimpact, were identified within the sensitivity analysis. Three design parameters were chosen 
to be optimized: cushioning sleeve diameter dEC, length lEC, and dead volume VEC to reach the minimal impact 
force Fimpact within the travel time of ts < 0.3 s under four operational and environmental parameters: inertial mass 
m, supply pressure p0, setting of the meter-out throttle zMO, and environmental temperature T0, fluctuating in the 
vicinity of a nominal operation point within a range Δ.  

By means of the robust optimization five designs were estimated and tested for 9 cases (p0 ∈ {4, 7, 10} barabs and  
Δ ∈ {2, 4, 10} %). The results show that all optimized designs perform better than the original one, and there is 
one design D5 existing that averages better than all the others. 

The further work will be focused on the search of a globally optimal design or on bringing the evidence that the 
design D5 is already globally optimal. The next step is an experimental proof of robustness. For this purpose, a 
cylinder head will be manufactured with geometrical parameters corresponding to the globally optimal design and 
the end cushioning throttle with characteristic close to the shown on Figure 5. Furthermore, the proposed 
methodology will be validated on a larger cylinder to prove its transferability on the other cylinder designs.  

Summing up, the measures proposed in this paper and to be continued and refined within the following steps, can 
provide a versatile, low-cost improvement of standard pneumatic end cushioning. This increases the attractiveness 
of pneumatic applications due to an easier use, higher energy efficiency in terms of oversizing prevention of 
cylinders, applied for the motion-tasks, and enabling a robust cushioning effect even in challenging, fluctuating 
conditions. 

6 Founding Sources 
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7 Annex 

Annex A. Values of inertial load m corresponding to the PFRs Ω and supply pressures p0 for the Figure 3. 

Ω p0 = 4 barabs p0 = 7 barabs p0 = 10 barabs 

1.4 11.8 kg 20.7 kg 29.6 kg 

1.5 10.3 kg 18.1 kg 25.8 kg 

1.6 9.1 kg 15.9 kg 22.7 kg 

1.8 7.2 kg 12.5 kg 17.9 kg 

2.0 5.8 kg 10.2 kg 14.5 kg 

Annex B. Variation of the noise factors for the robust optimization: p0 –supply pressure, m – inertial load, zMO – 
meter-out throttle opening, T0 – environmental and compressed air temperature. 

No. of case Noise Δ, % Nominal p0, barabs 
Variation ranges 

p0, barrel m, kg zMO, °rev. T0, K 

1 

±2 

4 ±0.06 ±0.206 

±7.2° ±5.86 2 7 ±0.12 ±0.362 

3 10 ±0.18 ±0.516 

4 

±4 

4 ±0.12 ±0.412 

±14.4° ±11.7 5 7 ±0.24 ±0.724 

6 10 ±0.36 ±1.032 

7 

±10 

4 ±0.3 ±1 

±36° ±29.3 8 7 ±0.6 ±1.81 

9 10 ±0.9 ±2.58 

Annex C. Designs of the integrated pneumatic end cushioning: original design (O) and optimized designs D1...5. 

Design Estimated for: Initial search algorithm dEC, m lEC, m VEC, cm³ 

O - - 0.016 0.016 1.62 

D1 p0 = 7 barabs, Δ = ±2% genetic 0.0172 0.0168 0.88 

D2 p0 = 7 barabs, Δ = ±2% LHS 0.0174 0.0174 0.91 

D3 p0 = 7 barabs, Δ = ±4% genetic 0.0169 0.0136 0.42 

D4 p0 = 7 barabs, Δ = ±4% LHS 0.0142 0.0109 0.56 

D5 p0 = 7 barabs, Δ = ±10% LHS 0.017 0.0125 0.18 
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Nomenclature 

Variable Description Unit 

A Surface area [m²] 

c Spring stiffness  [N·m-1] 

C Pneumatic conductance  [Nl·(min·bar)-1] 

F Force [N] 

h Thickness of elastomer shock absorber [m] 

i Number of evaluation criteria (model outputs) [-] 

k Number of noise parameters [-] 

l Length  [m] 

m Inertial mass  [kg] 

n Number of design parameters  [-] 

p Pressure [bar] 

t time [s] 

T Temperature [K] 

u Vector of noise parameters [-] 

V Volume [m3] 

x Piston coordinate [m] 

ẋ Piston speed [m·s-1] 

ẍ Piston acceleration [m·s-2] 

x Vector of design parameters [-] 

y Vector of evaluation criteria (model outputs) [-] 

z Number of throttle knob revolutions  [rev.] 

Δ Variation of the noise parameters  [-] 

ν Polytropic exponent  [-] 

ω Frequency  [Hz] 

Ω Pneumatic frequency ratio (PFR) [-] 

Index 

Description Relation to 

0 Supply air conditions  

a Ambient, atmospheric 

abs Absolute (pressure) 

A Cylinder chamber A 
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B Cylinder chamber B 

EC End cushioning  

d Dead (volume) 

rel Relative (pressure) 

s Setting  

thr Threshold value  
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Measuring the effect of shuttles  
on the overall efficiency of a slipper type axial piston pump 
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Part of the losses of hydrostatic machines are commutation losses, sometimes also called compression losses. 
These losses are caused by the unavoidable and continuous process of compressing and expanding oil in the 
displacement chambers of a pump or motor. The commutation losses are strongly pressure related, but also 
depend on other factors like the bulk modulus of the oil, the amount of dead volume and the design and sizing of 
any silencing grooves. Depending on the operating conditions, commutation losses can amount to 50% of the 
total losses of a pump [1]. 

Shuttles are a means to reduce or maybe even eliminate these losses. Shuttles are small connections between the 
individual and neighbouring cylinders or displacement chambers. Inside each of these connections, there is a 
ball, which acts as a valve body in the extreme positions, and acts as a displacer when moving from one seat to 
the other.  Shuttles have been introduced for the first time in hydraulic transformers [2]. In 2021, a solution was 
presented for applying shuttles in pumps and motors [3].  

This paper will present the experimental results of testing shuttles in a 28 cc fixed displacement slipper type 
pump from Rexroth (A4FO28), which was tested with and without shuttles. The experimental results are 
presented and compared in this paper. Adding shuttles to the pump has increased the peak efficiency from 91,9 to 
96,4%. In the range between 500 and 3000 rpm, and between 100 and 400 bar, the average overall efficiency has 
increased from 90,8% to 94,3%.  

Keywords: hydraulic pumps, efficiency, commutation losses, shuttles 
Target audience: Hydraulic pump and motor developers and industry, 

1. Introduction 

Hydrostatic pumps operate between two pressure levels: a low pressure level at the supply side, and a high 
pressure level at the delivery side of the pump. As an example, a nine piston axial piston pump switches 18 times 
per revolution from one pressure level to the other: from low to high pressure in the bottom dead centre (BDC) 
and from high to low pressure in the top dead centre (TDC). At a rotational speed of 3000 rpm, this amounts to 
900 switches per second.  

This switching process is called commutation. It not only occurs in hydrostatic pumps, but also in motors and 
hydraulic transformers, in both fixed and variable displacement machines. There are a few pumps which use 
valves to facilitate and enable the switching process, but the vast majority of hydrostatic machines uses a 
distributor, similar to the function of a commutator in direct current electric machines with brushes. In axial 
piston machines, the valve plate or port plate acts as the distributor. Similar devices can be found in radial piston 
pumps and motors, in vane pumps, in gerotor and geroler motors, and even in gear pumps. 

In an ideal machine, for example in an ideal axial piston pump, oil is compressed and expanded by means of the 
piston movement. For instance in the BDC, the piston and its cylinder move from the low pressure kidney of the 
valve plate to the high pressure kidney. In between these two kidneys is the sealing land. When the barrel port is 
closed off by the sealing land, it has (for a short time) no connection to either the low or the high pressure side of 
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the pump. In that case, the ongoing piston movement will result in a compression of the oil inside its cylinder, 
since the barrel port of the cylinder is closed by the sealing land, 

In this imaginary ideal pump, the sealing land around the BDC needs to be dimensioned as such, that the 
compression stops precisely at the moment, when the pressure level in the barrel cylinder reaches the pressure 
level of the high pressure kidney. If the sealing land is too short, the compression will not be enough, and the oil 
in the cylinder will open up too soon to the high pressure kidney. If the sealing land is too long, high pressure 
spikes will occur. Also in the commutation zone of the TDC, the sealing land needs to be dimensioned exactly 
right (i.e. not too long and not too short) in order to avoid short circuiting or cavitation.  

The problem is that the geometry and dimensions of the valve plate are fixed after production, whereas the 
‘ideal’ timing of the commutation cannot be defined as a constant. The amount of compression and expansion 
strongly depends on parameters like the pump pressure, the bulk modulus of the oil, the amount of leakage (and 
hence the oil temperature) and even the rotational speed of the pump. In current pumps and motors, a 
compromise solution has been found in accepting that the commutation can’t be ideal. Instead, most 
commutation conflicts are softened by means of silencing grooves or pressure relief grooves.  

The design of the valve plate and its silencing grooves has been a subject of many studies in the past. The design 
determines the noise, pressure pulsations, torque variations, and compression and expansion losses. 
Commutation often results in substantial losses. Kuipers [4] and Douma and Ottens [5] were one of the first to 
write about commutation losses. According to these early publications, the overall efficiency of pumps could be 
increased by to up to 2%. In 2021, INNAS published a methodology to determine the commutation losses [1]. 
By means of variation of the dead volume, the effect of the commutation losses of the overall efficiency could be 
measured for a 23,7 cc fixed displacement floating cup pump. At a pump pressure of 400 bar and a rotational 
speed of 4500 rpm, the commutation losses had an impact of 50% of the total losses. 

In order to reduce the commutation losses, attempt have been made to reduce the amount of dead volume. In 
slipper type pumps and motors, the pistons are often made hollow to reduce the centrifugal forces and the barrel 
tipping torque, especially in variable displacement machines. However, this creates a larger dead volume and 
therefore increases the commutation losses. A possible compromise solution would be to close the piston cavity 
at the end, thereby creating a hollow and relatively light piston, but without an increase of the dead volume [6]. 

In variable displacement machines, several mechanisms or linkages have been suggested which reduce the 
cylinder volume, when the displacement of the machine has reduced [7-9]. In conventional variable 
displacement machines, the cylinder volume has reduced at smaller displacements, at least in and around the 
bottom dead center, but at the same time the volume has increased during the commutation around the top dead 
center. The proposed mechanical solutions are designed to reduce the cylinder volume in both dead centers, thus 
reducing the losses due to commutation. 

Other design concepts to improve the commutation are: 

• the use of a precompression filter volume (PCFV) [10]; 
• a decompression filter volume (DCFV) possibly combined with PCFV [11]; 
• the use of check valves [12, 13]; 
• so called cross angle designs of axial piston pumps [14, 15]; 
• the use of an indexing valve plate with a controlled rotational position of the valve plate [16].  

Most of these concepts were meant to reduce the noise level of pumps, not the power losses. Furthermore, most 
designs were aimed at (slipper type) axial piston pumps. 

In 2021, INNAS presented a more general solution for applying shuttles in hydrostatic pumps and motors [3]. 
Shuttles can, in theory, completely eliminate the commutation losses, thereby strongly increasing the overall 
efficiency. The solution can be applied in any hydrostatic machine which uses a distributor or valve plate. The 
solution is applicable for both fixed and variable displacement machines.  

In this paper, the shuttle solution is described for a 28 cc fixed displacement axial piston pump from Bosch 
Rexroth (A4FO28/32R). This pump is tested with and without shuttles, in a wide range of operating conditions.  
This paper describes the results of this empirical study: the effects of the use of shuttles on the overall efficiency, 
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the drain leakage and the total losses, the hydromechanical losses and the volumetric losses. The tests were 
performed at INNAS. The test bench has been described in [17]. The efficiencies and losses, as presented in this 
paper, are defined in [18]. 

2. Construction details 

In order to measure the effects of the shuttles, the pump has been tested first as a standard pump, without any 
adaptations and without shuttles being applied. After that, the pump was adapted for allowing shuttles to be used: 

• Connections i.e. shuttle cylinders were made between each pair of neighbouring barrel cylinders; 
• A new valve plate was designed and manufactured, without silencing grooves but with larger sealing lands; 
• After the production of the new port plate, the spherical bearing surfaces of the port plate and the barrel were 

lapped together in order to match both surface profiles. 

Aside from the new valve plate and the adaptation of the barrel, all other components have been kept the same: 
the housing, the pistons, the cylinders, the slippers and the other components of the rotating group, such as the 
bearings, the shaft, the shaft seal and the barrel springs all remained the same. This way, any effects measured 
can only be attributed to the shuttles and the new valve plate. 

2.1. Applying shuttles in the barrels 

Fitting the shuttles into the design of the existing barrel was a challenge. Evidently, the original A4FO28 [19] is 
not designed for having shuttles applied. As is described in [3], the shuttles need to be positioned in a certain 
way in order to use the pressure difference across the barrel ports. Furthermore, the shuttle volume needed to be 
large enough for any pump operation between 0 and 400 bar. Finally, the shuttles must be positioned as such that 
the centrifugal forces don’t influence the movement and positioning of the shuttle balls.  

The design of the adapted barrel has also been made as such, that the shuttles could be altered, allowing to 
change the size of the shuttle balls or to apply balls with a different material and mass. These constraints created 
some difficulties in fitting the shuttles inside the existing barrel designs. It resulted in a compromise solution, in 
which one end of the shuttles has a 90° angled connection to the cylinder, which results in a larger flow 
restriction and thus in higher pressure differences than preferable. 

 

Fig. 1: Shuttles in the barrel of the A4FO28-pump. The drawing on the left shows  
three of the nine pistons and cylinders. Each cylinder is connected to two shuttles,  

as is shown for the middle cylinder. In total, there are nine shuttles applied.  
The photo on the right shows the hollow plugs which were mounted via the existing barrel ports. 
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Each barrel cylinder is connected to two shuttles: one leading (in the direction of rotation of the barrel) and one 
following. The shuttle-balls are ceramic balls with a diameter of 4,5 mm and a mass of 0,37 gram. The shuttle 
chamber has a diameter of 4,9 mm. The shuttle balls make a stroke of 6 mm inside the shuttle cylinder. In the 
end positions, the shuttles act as a check valve, having the shuttle balls pushed into a conical seat. It is not 
necessary to have a tight fit between the shuttle ball and its cylinder. In this example, the diameter difference is 
0,4 mm. 

2.2. New valve plate  

A new valve plate design is needed when shuttles are mounted in the barrel. Figure 2 shows the old and the new 
design of the valve plate. The new valve plate does not rely on silencing grooves anymore. Instead, the sealing 
lands around the top and bottom dead centres (TDC and BDC) are increased. The length of the sealing lands is 
determined by the maximum pump pressure and should be at least large enough to allow for a full compression 
(after the BDC) and full expansion (after the TDC). The sealing lands may even be larger, as long as the shuttles 
are large enough to compensate for any differences or mismatches.  

 

Fig. 2: Old and new design of the A4FO28 valve plates 

The barrel ports, which move across the port plate, have an arc length of 30,2°. In the new valve plate design, the 
sealing lands have a length of 15,1 + 28,1 = 43,2° in the TDC and of 15,1 + 37,1 = 52,2° in the BDC.  This is 
much larger than the arc length of the barrel port. The difference is used to allow for a full compression and 
expansion of the oil in the barrel cylinder, even when the pump is operated at maximum pressure. The distance 
between the end of the low pressure kidney and the BDC, and between the end of the high pressure kidney and 
the TDC is 15,1°, which is half the arc length of the barrel port. Consequently, the barrel ports close exactly at 
the TDC and BDC positions of the pistons. Immediately after having reached one of the two dead centers, the 
piston movement starts the compression (BDC) or expansion (TDC) of the oil contents of the cylinder.  

If the pump is operated at a lower pressure than the maximum pump pressure, the compression or expansion will 
stop after the pressure in the barrel cylinder has reached the pressure level of the next kidney. At that point, the 
shuttle ball of the leading shuttle will start to move, thus avoiding any overpressure or cavitation. 

Contrary to the positive overlap of the new valve plate, the old valve plate has a negative overlap with respect to 
the silencing grooves. Consequently, there is some degree of short-circuiting. Furthermore, the barrel ports are 
immediately connected to the next kidney, which results in an extremely fast compression or expansion with 
high pressure change rates. The silencing grooves limit these rates to some extend, but nevertheless the rates are 
very high, resulting not only in dissipative losses across the silencing grooves, but also in strong pressure and 
flow pulsations, noise and possibly cavitation and wear. 
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3. Test procedure 

The pump was tested at INNAS following the pump specifications of Bosch Rexroth [19]. Details about the test 
bench and test procedure can be found in [17, 20]. A list of sensors and their specification can be found in 
Appendix A. All tests have been performed with Shell Tellus Oil S2 MX46 at an oil supply temperature of 50°C 
(±0,5°C). In order to measure at a maximum allowable rotational speed of 3750 rpm, the supply pressure needed 
to be 1 bar above atmospheric pressure [19]. Efficiencies and losses are defined according to [18]. The A4FO28 
has been tested in 104 different operating points, ranging between 50 and 400 bar and between 10 and 3750 rpm 
(see Table 1).   

All operating points are measured at steady state conditions for a period of 10 seconds with 0,05 seconds interval 
between the individual measurement points. These data are averaged in post-processing. The pump was provided 
with an external drain which allows for the measurement of the drain leakage from the case. Before each test 
cycle, a running-in procedure was performed for the pump, for the original and the adapted pump. 

At low rotational speeds, the leakage of the pump can become larger than the flow that the pump can deliver. In 
those cases, the pump is not capable of maintaining the desired pump pressure, and an additional supply pump is 
used to maintain the desired pressure level. When the additional supply pump is operated, it is no longer possible 
to measure and define the overall efficiency. In Table 1, these points are indicated by * or **.  

Table 1: Measured operating points of the A4FO28. In the points indicated with ✓* an 
additional supply pump was needed for the original A4FO28 to overcome the leakage. In 

the points indicated with ✓** an additional supply pump was needed for both the 
original and the adapted A4FO28 to overcome the leakage

pump pressure p2

50 bar 100 bar 150 bar 200 bar 250 bar 300 bar 350 bar 400 bar

10 rpm ✓** ✓** ✓** ✓** ✓** ✓** ✓** ✓**

25 rpm ✓ ✓* ✓* ✓** ✓** ✓** ✓** ✓**

50 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓* ✓*

100 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

250 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

500 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

1000 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

1500 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2000 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2500 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3000 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3500 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3750 rpm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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4. Test results 

4.1 Overall efficiency and total power losses 

Shuttles and the complementary new valve plate have significantly improved the performance of the pump 
(Table 2). The peak efficiency has been increased from 91,9% to 96,4%. In the range between 500 and 3000 rpm, 
and 100 and 400 bar, the average overall efficiency has increased from 90,8% to 94,3%. The overall losses are 
reduced on average by 41%. The contour plots of Figure 3 show the measured overall efficiency of the A4FO28, 
without shuttles (left diagram, Fig. 3a) and with shuttles (right diagram, Fig 3b). 

*500 ≤ n ≤ 3000 rpm, 100 ≤ p2 ≤ 400 bar 

           

a.      b. 

Fig. 3: Overall efficiency of the A4FO28 with (a) and without (b) shuttles applied 

The contour plot of Figure 4a shows how much the overall efficiency has increased in each point when shuttles 
are applied. Appendix B includes two tables with the measured test results. Only at 50 bar and high rotational 
speeds (n ≥ 3500 rpm), there is no improvement of the overall efficiency. In all other points the overall efficiency 
has increased, especially at pump pressures above 200 bar. This is also expected. The shuttles reduce the 
commutation losses, which are strongly pressure dependent. 

In addition, the right diagram of Figure 4 (Fig. 4b) shows the relative reduction of the total power losses: 

The subindexes ‘with’ and ‘without’ refer to the pump with or without the shuttles. The shuttles strongly reduce 
the overall losses of the pump and create a significant increase of the overall efficiency. 

Table 2: Main effects of the shuttles on the overall efficiency and losses

without shuttles with shuttles improvement

peak efficiency 91,9% 96,4% 4,5%-points higher efficiency

average* efficiency 90,8% 94,3% 3,5%-points higher efficiency

average* overall power loss [kW] 1,93 1,14 0,79 kW or 41,0 % reduction
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a.      b. 

Fig. 4: Measured reduction of the overall efficiency (a.) (in %-points) and the overall losses (b.) (in %) 

Table 3: Average measured power losses (500 ≤ n ≤ 3000 rpm, 100 ≤ p2 ≤ 400 bar) 

The most remarkable results are at operating speeds below 1000 rpm. In this area, the overall efficiency has been 
increased by more than 30%-points. For instance at 100 rpm and 400 bar, the shuttles have increased the overall 
efficiency from a value of 49,6% to 75,3%, an increase of 33,5%-points.  

Table 3 shows the split of the total power losses in hydromechanical power losses and volumetric power losses. 
As before, the data are average values of all test points between 500 ≤ n ≤ 3000 rpm and 100 ≤ p2 ≤ 400 bar. The 
losses are defined according to [18]. 

The measurements show that the largest improvement of the overall power losses comes from the reduced 
hydromechanical losses. From the 0,79 kW reduction of total power losses, 0,60 kW is caused by the reduction 
of the hydromechanical losses. The rest (0,19 kW) originates from the reduced volumetric losses. The next two 
paragraphs will look in more detail into the hydromechanical and volumetric losses. 

4.2. Reduced torque and hydromechanical losses 

Figure 5a shows the relative reduction of the hydromechanical part of the power losses, defined as follows: 

For comparison, figure 5b plots once more the measured reduction of the total power losses with respect to the 
overall power losses when no shuttles are applied. This is the same diagram as shown in Figure 4b. 
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a.                    b. 
Fig. 5: Reduction of the hydromechanical power losses (a.) and reduction of the overall power losses (b.) 

relative to the overall power losses when no shuttles are applied 

The diagrams of Figure 5 show that the reduction of the overall power loss is dominated by a reduction of the 
hydro-mechanical losses. At 1000 rpm and 300 bar, the reduction of the hydro-mechanical losses is larger than 
the decrease of the overall power loss. This is due to an increase of the volumetric losses in this point, which will 
be discussed later. 

It could be possible that the shuttles affect the geometrical displacement of the pump, and thus reduce the driving 
torque. However, for both pumps, the method of Toet [21] resulted in the same geometrical displacement volume 
(27,9 cc). The shuttles therefore do not influence the pump capacity, which allows for a direct comparison of the 
driving torque of the two pumps. 

Figure 6 shows the measured difference in required torque input at various operating conditions. The relatively 
modest reduction of the drive torque at rotational speeds above 1000 rpm was expected due to the elimination of 
the commutation losses. In this area, the reduction, or even elimination, of the commutation losses results in an 
efficiency improvement of 3% on average. 

 

Fig. 6: Reduction of the input torque as a result of applying shuttles in the A4FO28 
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In the area below 1000 rpm, the overall efficiency is, on average, improved by more than 10%-points, from 
79,0% to 89,5%.  Figure 7 compares, at a pump pressure of 350 bar, the measured input torque, with and without 
shuttles. At the lowest speed measured (10 rpm), the input torque was reduced by as much as 20% or 44 Nm. 
Apparently, the shuttles not only reduce the commutation losses, but also result in a reduction of the friction of 
the pump itself, in particular of the mixed and solid friction at low speed conditions.  

 

Fig. 7: Measured input torque at a pump pressure of 350 bar 

4.3. Reduced volumetric losses 

The use of shuttles has also influenced the volumetric losses of the pump. Figure 8a shows the reduction of the 
volumetric power losses, divided by the overall power loss of the pump without shuttles applied: 

As before, the relative reduction of the overall power losses is shown in Fig. 8b for comparison. Almost in all 
operating points, the shuttles have resulted in a reduction of the volumetric losses. Only at 1000 rpm and 350 bar 
an increase of the volumetric power loss was measured. In all other points, the volumetric losses of the pump 
were reduced by the shuttles, especially at low rotational speeds. 

           

a.       b. 
Fig. 8: Reduction of the volumetric power losses (a.) and the overall power losses (b.)  

relative to the overall power losses when no shuttles are applied 
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 a.       b. 
Fig. 9: Measured drain flow from the pump without (a.) and with (b.) shuttles applied 

The volumetric losses can be divided in losses which are directly flowing and leaking between the high and low 
pressure side of the pump (i.e. cross-port leakage), and losses which directly leak to the housing. These last 
leakage drain losses are measured for both pumps. The results are shown in the two diagrams of Figure 9. By 
applying shuttles, the drain leakage has been reduced by about 70%. 

5. Conclusions 

A 28 cc conventional slipper type pump (A4FO28 from Bosch Rexroth) fixed displacement axial piston pumps 
has been converted to allow shuttles to be applied. In a field of 104 points, stationary performance measurements 
have been performed. First with the original pump, without the shuttles. After this test, shuttles were mounted in 
the cylinder block or barrel and the valve plate was replaced by a new design to be combined with the shuttle 
operation. Finally, the same performance test was performed with the converted pump. The objective of the tests 
was to measure the effects of the shuttles on the overall efficiency, the overall losses, the hydromechanical and 
volumetric losses and the drain leakage in a wide range of operating points. 

The experiments have proven the shuttles substantially increase the overall efficiency. The total losses are 
reduced by 41% on average, and up to 60% at high pump pressure and low rotational speeds.  

The improvement is largely due to a reduction of the hydromechanical losses. Part of the improvement is a result 
of a reduction of the commutation losses, which was the reason for developing the shuttle-solution. But the 
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Table 4: Overall efficiencies and total power loss

without shuttles with shuttles effect of the shuttles

average efficiency 
(500 ≤ n ≤ 3000, 100 ≤ p2 ≤ 400) 90,8% 94,3% + 3,5%-points

peak efficiency 91,9% 96,4% + 4,5%-points

average overall power loss 
(500 ≤ n ≤ 3000, 100 ≤ p2 ≤ 400) 1,93 kW 1,14 kW -0.79 kW (-41%)
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measurements show that, on top of the reduced commutation losses, the shuttles also reduce friction losses in the 
pump itself, especially at low rotational speeds. The shuttles also reduce the volumetric power losses bij 56% 
and the drain leakage by about 70% on average. The reduction of the volumetric loss is most probably partly due 
to the elimination of the silencing grooves, i.e. of the negative overlap which exists in the original port plate. 

It should be noted that this is the first test result of shuttles in a conventional pump. It is expected that the 
shuttles can be improved even further when the design of the shuttles is integrated in the design of a new pump, 
instead of adapting a conventional pump.  

According to the design principle, the shuttles also work in hydrostatic motors, and in two-quadrant pump/
motors. In theory, the shuttles might also work in variable displacement machines. In these pumps and motors, 
the detrimental effects of the dead volume is much more important than in fixed displacement machines. It is 
therefore expected that the shuttles could even result in higher efficiency improvements than in fixed 
displacement machines. Further development work and experiments are needed in this direction.  
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Appendix A: Sensor Information 

Table  A.1:  List  of  sensors  in  the  test  bench  and  their  specifications. 

        *accuracy for this sensor is defined as a percentage of the measured value (MV) 

Variable Symbol Sensor Range Accuracy resolution

Torque T Kistler 4541A / 4550A500 -500...500 Nm ±0,25 Nm

Supply pressures p1 Honeywell TJE 500 psig 0...34.5 bar ±0,035 bar

Discharge  
pressure

p2 Honeywell STJE 7500 psig 0...517.1 bar ±0,259 bar

case pressure p3 Omega 
PXM02MD0-040BARGV

0…40 bar ±0,02 bar

Flow rate Q2 VSE RS 400/32 1.0...400 l/
min

0.5% MV*

Leakage ßow Q3 VSE VSI 0.1/16 0.01...10 l/
min

0.3% MV*

Temperature t1, t2, t3 Testo type 13 PT100 class B -50...+400 0°C ±0.3 °C

rotational speed n Kistler 4541A / 4550A500 60 pulses/rev
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Appendix B: Measured values of the overall efficiency 

The following two tables show the measured values of the overall efficiency of the A4FO28 

Table B1: Without shuttles 

Table B2: With shuttles 

rotational 
speed  
[rpm]

pump pressure p2 [bar]

50 100 150 200 250 300 350 400

10

25 0,544

50 0,713 0,691 0,646 0,524 0,456 0,318

100 0,825 0,835 0,806 0,736 0,724 0,623 0,571 0,496

250 0,892 0,907 0,896 0,881 0,866 0,840 0,825 0,772

500 0,890 0,918 0,919 0,912 0,903 0,894 0,886 0,860

1000 0,880 0,914 0,918 0,919 0,914 0,911 0,901 0,890

1500 0,860 0,907 0,916 0,919 0,916 0,915 0,909 0,902

2000 0,843 0,899 0,912 0,919 0,918 0,917 0,912 0,906

2500 0,826 0,890 0,907 0,916 0,916 0,917 0,914 0,910

3000 0,812 0,881 0,902 0,913 0,915 0,917 0,914 0,911

3500 0,795 0,871 0,896 0,908 0,911 0,914 0,913 0,911

3750 0,787 0,867 0,891 0,902 0,905 0,903 0,900 0,895

rotational 
speed  
[rpm]

pump pressure p2 [bar]

50 100 150 200 250 300 350 400

10

25 0,779 0,811 0,783

50 0,828 0,872 0,869 0,837 0,799 0,805 0,746 0,753

100 0,887 0,913 0,935 0,913 0,881 0,869 0,834 0,831

250 0,910 0,950 0,961 0,956 0,951 0,922 0,906 0,896

500 0,917 0,946 0,958 0,956 0,964 0,958 0,927 0,920

1000 0,893 0,930 0,946 0,951 0,960 0,960 0,940 0,951

1500 0,872 0,919 0,940 0,948 0,956 0,958 0,953 0,955

2000 0,854 0,910 0,934 0,944 0,952 0,954 0,957 0,954

2500 0,837 0,899 0,927 0,939 0,948 0,951 0,954 0,952

3000 0,819 0,888 0,920 0,934 0,943 0,947 0,950 0,949

3500 0,796 0,878 0,911 0,927 0,939 0,943 0,947

3750 0,781 0,873 0,907 0,921 0,930 0,930 0,932
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Despite the introduction of advanced battery electric mobile machines with zero CO2 and tailpipe emissions, it is 
not until these machines are widespread that the environmental benefit will be felt. Currently the hydraulic systems 
required for low cost and robust linear actuation remain inefficient. This directly affects the required battery 
capacity, and the cost and operation time of the machines. In this paper, an electro-hydraulic system consisting of 
highly efficient components is tested to allow the creation of a validated loss model. The model is then used in 
combination with excavator operation data to show that the energy required to perform a typical day of operation, 
and therefore the capacity of the battery, can be reduced by 24.8%. 

Keywords: Digital Displacement, Efficiency, Electrification, Hydraulics, Excavator 
Target audience: Mobile Hydraulics, Electro-Hydraulics, Off-Highway Machinery 

1 Introduction 

Off-highway equipment has been powered by diesel internal combustion engines (ICE) since the start of the 20th 
century and a significant shift from diesel is a huge challenge. However, with the urgency of climate change, 
emissions need to be reduced and alternative solutions for powering mobile construction machinery must be found. 

With analytical support from the International Energy Agency, the Global Commission for Urgent Action on 
Energy Efficiency found that around 37% of the CO2 emission reduction globally needs to come from an 
improvement in efficiency, while 32% should come from a switch to renewable energy [1]. The off-highway 
market is no exception, with conventional hydraulic systems showing an efficiency of 30 to 40% [2], [3]. Powered 
by a 40% efficient diesel engine [4], heavy equipment vehicles present an overall efficiency of less than 16%. In 
addition, tailpipe emissions of fine particulate matter and nitrogen dioxide have been identified as a cause of poor 
public health [5]. 

Electric drives are well known to have a much higher efficiency than ICE and could be one way of reducing CO2 
emissions and eliminating local tailpipe emissions. They have been successfully implemented to replace 
conventional propel transmissions [6]; but, so far, have failed to replace hydraulic linear actuators. For reasons of 
cost, reliability and power density, hydraulic rams are still the preferred choice to generate linear movements and 
hydraulic systems are likely to stay in the heart of off-highway technologies for many years.  

The use of electro-hydraulic systems in which the prime mover is an electric machine, but the actuation remains 
hydraulic, is common in stationary applications and a limited number of mobile applications, for example forklift 
trucks. For high power applications with limited or no access to an electricity network the cost of the associated 
energy source can be prohibitive. To achieve around 6 hours of operation the dealer Pon Equipment install a 
300kWh battery in the CAT320 Z-line excavator and report that this contributes considerably to the 3-fold price 
increase over the standard ICE driven machine [7]. Any improvement in system efficiency would of course reduce 
the energy requirement and therefore this cost. 

The aim of this study is to understand the system efficiency benefit that the combination of a state-of-the-art 
electric machine and hydraulic machine could deliver. The efficiency of the components is tested to create 
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validated loss models. The models are then used in a 1D simulation model of a 16 ton tracked excavator to compare 
the power requirement of different duty cycles and different system architectures employing these components. A 
baseline scenario using the loss model of a conventional swashplate machine is also simulated for comparison. 
The power requirements are then used to estimate the electrical energy required for a typical 8-hour shift. Finally, 
a breakdown of the system losses and the overall efficiency of the excavator is presented in Sankey diagrams. 

2 System under test and experimental setup 

2.1 Aim of the test 

The aim of the test is to measure the steady-state efficiency of the electro-hydraulic system shown in Figure 1. 
The system is capable of converting direct current (DC) electrical power to hydraulic power. The test is also 
designed to measure the split in losses between the electric components and the hydraulic pump. For this reason, 
it is necessary to measure the electrical power, the hydraulic power, but also the mechanical rotational power. For 
completeness, the electrical power consumption of the pump controllers is also measured. 

 

Figure 1: Photo of the system under test. A: electric converter, B: electric machine, C: hydraulic pump 

2.1.1 Electric converter (EC) 

An Editron C1200 converter is used as an inverter to control the rotational speed of the electric machine and has a 
switching frequency of 8kHz. It is sourcing its power from an active front end (AFE) which acts as a constant 
700Vdc voltage source. While this voltage is high in comparison to that used in currently available electrified off-
highway machines [8] it is expected that the off-highway market will follow the trend of increasing voltage that 
has been seen in the on-road sector, as evidenced by the voltage ratings of other electrification products. 

2.1.2 Electric machine (EM) 

The electric machine, operating as an electric motor, is based on synchronous reluctance assisted permanent 
magnet technology [9]. The model under test is from the PMI375 series and has dual windings for additional torque 
and power capabilities. 

2.1.3 Hydraulic pump 

The DDP096T hydraulic pump is a Digital Displacement® pump with a theoretical maximum displacement of 
192cc/rev. It is a high-power, positive, and variable displacement pump, with radially arranged pistons and 
electronically controlled valves [10]. The DDP096T pump is the tandem version of the DDP096, which means 

C 
B 

A 
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that it is two DDP096 pumps mounted front-to-back and mechanically coupled. For the hydraulic system, this 
means that there are two inlet and two outlet lines. 

2.1.4 Pump controllers 

The DPC12 controllers are embedded computers that control each mechatronic valve individually and can vary 
the pump displacement by choosing which piston to enable in real time. With a DDP096T pump, two DPC12 
controllers are required to control all 24 valves. The controllers are setup in master/follower mode, which is the 
default configuration for tandem DDP096 pumps. The controllers are powered by a 24Vdc power supply. 

2.2 Experimental setup 

 

Figure 2: Simplified schematic of the hydraulic circuit used during the tests. 

2.3 Measurement devices 

Variables Symbols Sensor Range Accuracy 
Shaft speed n HBM T40B ±20 000 rpm 1024 p/rev 
Shaft torque T HBM T40B/1000 ±1000 Nm 0.04% FS 
Low pressures p1,LP , p2,LP

 HBM P3ICP 0…20 bar 0.1% FS 
High pressures p1,HP , p2,HP HBM P3ICP 0…500 bar 0.1% FS 
Flow rate qv VSE RS 400/10 1…400 L/min 0.5% MV 
Temperatures θ1,LP , θ2,LP , θHP PT100 1/10 DIN -100…200 °C 0.13 °C 
DC-Link Voltage UDC LEM DVL 1000 ±1000 V 0.5% FS 
DC-Link Current IDC LEM IT 605-S ±600 A 0.0032% FS 
DCP12 Voltage UA , UB Class A resistors ±30 V 0.07% FS 
DPC12 Current IA , IB PICO TA018 ±60 A 2.0% FS 

Table 1: Instrumentation devices and their characteristics. Relative accuracy is given with respect to full scale 
(FS), measured value (MV), or actual units. 

The sensors were connected to two synchronized DEWE-43A data acquisition units; except for the temperature 
sensors which were connected to Seneca ZC-4RTD units. The temperature readings were then broadcast via CAN 
bus and recorded by the DEWE-43 units.  
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According to ISO 4409:2019 [11], the shaft speed, flow rate, oil temperature and pressure measurements can be 
classified under class A in terms of their permissible systematic calibration errors. While most (88.7%) of the 
torque measurements fall under class A, few (8.5%) of them are under class B and very few (2.8%) under class C. 

2.4 Range of requested steady-state operating points 

To get an accurate representation of the performance of the electro-hydraulic system, a wide range of operating 
conditions were targeted: 

Variables Range Unit 
Outlet pressure 50, 100, 150, 200, 250, 300, 350, 400 bar 
Shaft speed 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500 rpm 
Displacement fraction 25, 50, 75, 100 % 
Oil temperature 50 °C 
DC-Link Voltage 700 V 

Table 2: Operating conditions of the system for the efficiency measurements 

Due to the system and instrumentation limitations, some corners of the matrix of operating points could not be 
tested. For example, the flow meter’s maximum capacity of 400 L/min limited the shaft speed to 2000RPM when 
operating at 100% pump displacement. 

The fluid used in the hydraulic circuit is Q8 Haydn 46 mineral hydraulic oil. This hydraulic oil is commonly used 
in many fluid power systems, both industrial and off-highway. 

3 Definitions 

3.1 Overall efficiency and losses 

To determine the overall efficiency of the electro-hydraulic system, the input electric power Pelec and the output 
hydraulic power Phyd first need to be defined.  

ISO 4409:2019 standard does not give any guidance when it comes to testing a tandem pump with independently 
variable displacement front and rear pumps. One approach could be to consider the tandem pump as one single, 
big pump. But arguably, it is more accurate to look at the hydraulic power delivered by the front and the rear pump 
separately.  

𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑈𝑈𝐷𝐷𝐷𝐷 ∙ 𝐼𝐼𝐷𝐷𝐷𝐷  (1) 

𝑃𝑃ℎ𝑦𝑦𝑦𝑦 = (𝑞𝑞𝑣𝑣1,𝐻𝐻𝐻𝐻 ∙ 𝑝𝑝1,𝐻𝐻𝐻𝐻 − 𝑞𝑞𝑣𝑣1,𝐿𝐿𝐻𝐻 ∙ 𝑝𝑝1,𝐿𝐿𝐻𝐻) + (𝑞𝑞𝑣𝑣2,𝐻𝐻𝐻𝐻 ⋅ 𝑝𝑝2,𝐻𝐻𝐻𝐻 − 𝑞𝑞𝑣𝑣2,𝐿𝐿𝐻𝐻 ∙ 𝑝𝑝2,𝐿𝐿𝐻𝐻) (2) 

The DDP096T pump would not be able to output any flow without its DPC12 controllers, and therefore its 
associated electric power consumption Pdpc12 should be accounted for. 

𝑃𝑃𝑦𝑦𝑑𝑑𝑒𝑒12 = 𝑈𝑈𝐴𝐴 ∙ 𝐼𝐼𝐴𝐴 + 𝑈𝑈𝐵𝐵 ∙ 𝐼𝐼𝐵𝐵  (3) 

The overall efficiency of the system, ηtot, and overall power loss Ploss,tot can now be defined as: 

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑃𝑃ℎ𝑦𝑦𝑦𝑦

𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑃𝑃𝑦𝑦𝑑𝑑𝑒𝑒12
 

(4) 

𝑃𝑃𝑒𝑒𝑡𝑡𝑙𝑙𝑙𝑙,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑃𝑃𝑦𝑦𝑑𝑑𝑒𝑒12 − 𝑃𝑃ℎ𝑦𝑦𝑦𝑦 (5) 
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3.2 Hydraulic power simplification 

With un-boosted inlet lines, the hydraulic power of the fluid on the low-pressure side is very low and assuming 
that the inlet flow is equal to the outlet flow will result in negligible error. Equation (2) can now be simplified to:  

𝑃𝑃ℎ𝑦𝑦𝑦𝑦 = 𝑞𝑞𝑣𝑣1,𝐻𝐻𝐻𝐻 ∙ (𝑝𝑝1,𝐻𝐻𝐻𝐻 − 𝑝𝑝1,𝐿𝐿𝐻𝐻) + 𝑞𝑞𝑣𝑣2,𝐻𝐻𝐻𝐻 ∙ (𝑝𝑝2,𝐻𝐻𝐻𝐻 − 𝑝𝑝2,𝐿𝐿𝐻𝐻) (6) 

Equation (6) uses the respective outlet flow of the front and of the rear pump. However, with the presented 
experimental setup on Figure 2, the flow meter is measuring the total flow produced by the tandem pump. The 
digital nature of the DDP096T pump can however be used to estimate what proportion of the total flow is produced 
by which outlet. The DPC12 units control the pump’s displacement fraction by adjusting the ratio of enabled 
cylinders versus disabled cylinders. Conveniently, the displacement fractions at which the DDP096T pump was 
tested produce fixed patterns of enabled cylinders, with the front and rear pumps using the exact same number of 
cylinders. The measured flow rate is therefore assumed to come equally from each outlet and the hydraulic power 
can be re-written as: 

𝑃𝑃ℎ𝑦𝑦𝑦𝑦 = 𝑞𝑞𝑣𝑣 ∙ (𝑝𝑝𝐻𝐻𝐻𝐻 − 𝑝𝑝𝐿𝐿𝐻𝐻) (7) 

With, 

𝑝𝑝𝐻𝐻𝐻𝐻 =
𝑝𝑝1,𝐻𝐻𝐻𝐻 + 𝑝𝑝2,𝐻𝐻𝐻𝐻

2  (8) 

𝑝𝑝𝐿𝐿𝐻𝐻 =
𝑝𝑝1,𝐿𝐿𝐻𝐻 + 𝑝𝑝2,𝐿𝐿𝐻𝐻

2  (9) 

3.2.1 Note about the hydraulic power definition 

The definition of the hydraulic power presented in Equation (2) does not account for the oil compressibility within 
the pump. A more accurate definition was proposed by Peter Achten et al. [12], although it is not yet recognized 
as the new standard calculation for hydraulic power and would result in higher efficiency values. In that respect, 
it can be said that the presented values are conservative. 

3.3 Split of power losses 

To differentiate between the losses of the electrical components and of the hydraulic pump, we need to calculate 
the mechanical rotational power Pmech: 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑛𝑛 ∙ 𝑇𝑇 (10) 

The power loss of the combined electric converter and electric machine Ploss,ec+em and the power loss of the 
DDP096T pump Ploss,ddp are defined as follow: 

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑚𝑚𝑚𝑚+𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑚𝑚𝑚𝑚 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ (11) 

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑦𝑦𝑦𝑦𝑑𝑑 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ − 𝑃𝑃ℎ𝑦𝑦𝑦𝑦  (12) 

4 Test results 

4.1 Overall efficiency results 

Figure 3 presents the measured overall efficiency of the electro-hydraulic system, from inverter input power to 
pump hydraulic power, while also accounting for the DPC12 controller losses. The efficiency peaks at 89.0% 
efficiency, while being above 85% for most of the operating points where displacement fraction is greater than or 
equal to 50% (see Appendix A for details). In comparison, Ge et al. [13] measured a peak efficiency for their 
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electro-hydraulic system of 71%. This was achieved using a frequency converter, an asynchronous electric motor, 
and a variable displacement electro-hydraulic axial piston pump. 

Figure 3 shows that even with a pump displacement of 25%, the overall efficiency reaches 86.2% and most tested 
points are still above 80%.  

 

Figure 3: Overall efficiency results, measured at various displacement fractions. 

4.2 Split in losses for a displacement fraction of 50% 

Figure 4 presents a more detailed analysis of the losses for a displacement fraction of 50%. At this displacement, 
the peak efficiency is 88.5% and is reached at the maximum tested speed and pressure (2500 rpm and 400 bar). It 
can also be noted that the overall efficiency stays above 85% for over 60% of the tested map. 

Figure 4 helps visualize the contributing loss of each component, and the trend they are following. The combined 
overall losses of the inverter and electric motor are, on average, slightly lower than those of the DD® pump. In 
fact, over the range of tested points, the EC + EM losses account for 46.7% of the losses, while the DDP096T 
pump contributes 50.9% and the DPC12 controllers only 2.4%.  
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Figure 4: Contour map of the overall efficiency (A) and breakdown of the losses (B, C, D and E), at 50% 
displacement 

 

  

Displacement fraction: 0.50 
      

Maximum efficiency point 
Efficiency 88.5 % 
Outlet pressure 400 bar 
Shaft speed 2500 rpm 
EC+EM losses 7.5 kW 
DDP096T losses 11.5 kW 
DPC12 power 0.3 kW 
      

Percent of map (tested area 
only) above given efficiency 

ηtot   > 85 % 63 % 
ηtot   > 80 % 90 % 
ηtot   > 75 % 98 % 
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5 Loss models 

A loss model of the different components was created for the case study of a 16t tracked excavator. 

5.1 Digital Displacement® pump loss model 

The DDP096T pump loss model is based on the equations derived by Caldwell [14]. The model is semi-empirical 
with the pump losses being calculated from polynomial curves fitted to the measured data, while the flow and 
torque are calculated taking account of oil compressibility and pump geometry. 

The model proposed by Caldwell was based on a different Digital Displacement® pump design which presented 
a linear increase in losses with respect to pressure, while the DDP096T pump’s losses are non-linear. The loss 
model was modified to account for this non-linearity. 

As explained by Caldwell, the loss model takes advantages of the digital nature of the pump and calculates the 
losses as a proportion of the idle losses and of the losses at maximum displacement. The model presented in this 
paper was derived from the measured data at 50% displacement fraction, instead of 100% since more operating 
points could be tested at this partial displacement, resulting in more accurate curve fitting. 

5.2 Pump controller loss model 

The pump controllers’ power consumption is dominated by the electric power drawn by the solenoid valves and 
is, therefore, proportional to the frequency at which the solenoid valves are being actuated. This actuation 
frequency is itself proportional to the displacement fraction and shaft speed. 

5.3 Electric converter and machine loss model 

The inverter and electric motor are modelled as one system, taking torque and shaft speed as inputs and outputting 
DC-Link voltage and current. 

The test data shows that the voltage decreases very slightly (less than 2Vdc) and linearly as the torque increases, 
whilst the current increases following a 2nd order polynomial trend. These trends are also a function of shaft speed 
and, as a solution, the collection of polynomial coefficients are implemented as 1D look-up tables. 

5.4 Analysis of the models’ accuracy 

Figure 5 (A) shows how the different loss models interact with each other to calculate the required electric power 
from a set of shaft speed, outlet pressure and flow rate values. It also shows how the “Overall loss error (absolute)” 
was calculated to validate the accuracy of the loss models. Using the measured data, across the whole matrix of 
operating points, the maximum error is less than 0.4 kW. Figure 5 (B) presents a scatter representation of that error 
and shows that, in proportion to the input power, this overall loss error is less than 1.5%, while more than 90% of 
the points fall below 0.5% error. This is more than satisfactory for the purpose of the models. 

   

Figure 5: (A) Diagram of the loss models validation; (B) Scatter plot of the loss models’ overall loss error (abs.) 

(A) 

(B) 
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6 Simulation of an excavator duty cycle 

6.1 Duty cycle data description 

To evaluate the performance of the combined system in an off-highway application, a 1D simulation was carried 
out in MATLAB Simulink using data recorded during duty cycle testing of a JCB JS160 tracked excavator. The 
excavator under test was equipped with a 93kW IC engine and a 2 x 96cc/rev Digital Displacement® pump [3]. 
The test data consists of 12 datasets of between 3 and 10 minutes duration, recorded during digging (including 
lorry loading and trenching), grading and tracking operations. Each dataset contains pressure and displacement for 
all functions (boom, bucket etc.), pump outlet pressure and flow, and prime mover shaft speed. The sampling rate 
is 10Hz. 

6.2 Implementation of the electro-hydraulic system model 

Table 3 details the hardware configurations that were simulated. The baseline, Case 1, was created by combining 
the Editron inverter and electric motor model created in the previous sections with a Kawasaki K3V [15] pump 
model, created following the method described by Dorey [16]. The Dorey loss model of the K3V pump was created 
using test data from a 112cc/rev displacement pump. The displacement of the K3V is scaled down to match that 
of the DDP096T (2 x 96cc/rev).  

Cases 2 and 3 use the same inverter and electric motor model combined with the DDP096T pump model, as 
described in 5.15. System Architecture 1 (SA1) is typical of excavators of this size; two pumps provide flow to a 
main control valve (MCV) with two inlets, and the MCV can combine flow from both inlets to satisfy high flow 
demand functions [17]. System Architecture 2 (SA2) describes a system in which the main control valve has two 
inlets and two sets of spool valve but no ability to combine the inlets; high flow demand is satisfied by selectively 
increasing the pump displacement associated with each inlet, which is achieved using a Digital Displacement® 
pump with multiple outlets and an arrangement of switching valves. This configuration reduces control valve 
losses as described in [18], increasing system efficiency. 

Case Electric components Hydraulic pump model Hydraulic System Architecture 

1: K3V SA1 

Editron C1200 
inverter and PMI375 
electric motor 

Kawasaki K3V  

2 x 96 cc/rev  
SA1  

2: DDP SA1 
DDP096T  

2 x 96 cc/rev 

3: DDP SA2 
DDP096T 

2 x 96 cc/rev 

SA2  

Table 3: Presentation of the hardware configurations used in the duty cycle simulation 

6.3 Assumptions and limitations 

The same PMI375 motor is used for all cases rather than applying a more conventional electric machine to the 
baseline case. Although efficiency data for an asynchronous motor as used for example by Ge et al [13] is available, 
it is unlikely that such a low power density and inefficient machine will be deployed in battery powered off-
highway applications. A more appropriate comparison would be with another state-of-the-art motor (e.g. ABB 
AMXE), but efficiency models are not publicly available. 
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In all cases, the cooling system required to regulate the temperature of the electric motor, electric converter and 
hydraulic system is not included. It is expected that the power requirement of this system will be dramatically 
reduced compared to that in a conventional ICE driven system. In this study it is considered to be constant across 
the simulation cases and is neglected.  

A pilot pump of 10cc/rev operating at 39bar is included in all cases and is given a fixed efficiency of 70% [17].  A 
DC/DC converter with a fixed efficiency of 80% is assumed to supply the electric power to the DPC12 controllers. 
The pilot pump and the DC/DC power consumption are lumped together and described later as ‘additional load’. 

The input voltage to the electric converter is assumed to be constant; no attempt to model the voltage characteristic 
of a battery has been made in this study. The additional 24Vdc control voltage supply to the inverter is neglected 
as it is <20W. 

In all cases the prime mover speed percentage deviation from the mean is the same as the original ICE, with no 
dynamic speed adjustment. However, it is assumed that for the proportion of the time that an excavator is idle the 
prime mover speed is zero, and as a result the power requirement is zero. The relatively low inertia of the 
DDP096T, the high peak torque capability of the electric motor and therefore the ability to rapidly accelerate the 
shaft would enable this. In Case 1 it is not clear that this could be achieved, given the higher inertia of the K3V 
and the inability to operate at zero swash angle, but the same assumption of zero idle power requirement has been 
made. 

In Case 1, it is assumed that the K3V torque and pressure limiting behaviour and frequency response matches that 
of the DDP096T, and as such it can deliver the required flow. In reality, the response time of the K3V is an order 
of magnitude higher, which in an ICE driven system reduces system efficiency by requiring a significant engine 
torque headroom to be maintained [3]. The effect of this on a system driven by an electric prime mover has not 
been studied. 

In Case 3, the pump outlet pressure is modified to take into account the pressure drop of the additional switching 
valves and the reduction in main control valve pressure drop. 

Finally, the backwards facing nature of the simulation means that no change in actuator trajectory or operator 
behaviour is accounted for. For example, increased actuator velocity resulting from reduced losses and therefore 
higher power to the actuator is not considered. 

6.4 Simulation results 

The average electric input power, Pelec, for each duty cycle and case is shown in Table 4.  

The reduction in input power achieved in Case 2 is similar across all duty cycles and comes from a reduction in 
pump losses. But in Case 3, there is significantly more reduction for grading and digging, where multiple functions 
are operated simultaneously and the SA2 architecture is most beneficial. During travel, Case 3 offers no 
improvement over Case 2 since only one function is operational and there is no benefit to the SA2 architecture. 

 Average input electric power, Pelec (kW) - [% reduction vs. Case 1] 

 Case 1: K3V SA1 Case 2: DDP SA1 Case 3: DDP SA2 

Digging 60.8 57.1 [6.1%] 45.5 [25.1%] 

Grading 62.6 59.4 [5.1%] 39.3 [37.3%] 

Travel 63.6 60.8 [4.5%] 60.8 [4.5%] 

 Table 4: Average input electric power, for each case scenario and each duty cycle 

In normal operation, an excavator performs a combination of these duty cycles. According to a study of 2015 [19], 
tracked excavators spend 60% of their time digging, while the remaining time is shared between grading (15%), 
travelling (10%) and idling (15%). Using these weighting coefficients, the energy consumption for a typical 8-
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hour day shift is calculated for each case scenario and presented in Figure 6. Cases 2 and 3 show respectively 
5.7% and 24.8% reduction in input energy compared to the baseline, Case 1. Neglecting battery efficiency and 
considerations such as dynamic behaviours, thermal effects, and state of charge, this means that Case 3 would 
require 24.8% less battery storage than Case 1; 314kWh instead of 418kWh. Clearly, different weighing 
coefficients would yield a different result, within the range 4.5% to 37.3% as shown in Table 4. 

 

Figure 6: Weighted electric input energy of an 8-hour day shift for each case. Showing the percentage reduction 
with respect to Case 1. 

With the weighting coefficients used in this study, the digging duty cycle accounts for most of the energy used. 
Figure 7 looks in detail at the different losses for that duty cycle, comparing the baseline Case 1 to Case 3. In both 
cases, the main source of losses is the MCV, but in Case 3 these losses are reduced to almost half (from 23.4 to 
12.9kW). Case 3 also shows lower pump losses since the DDP096T has significantly higher efficiency than the 
K3V pump. Finally, the additional losses of Case 3 are slightly higher than for Case 1 since the DPC12 losses are 
only included for the DDP cases. However, it is a relatively small increase (0.3kW). 

The overall efficiency in Case 3 is 54.6%, compared to 40.9% in Case 1. Using an asynchronous machine would 
reduce the baseline efficiency further. [13] shows the peak combined efficiency of a frequency converter, 
asynchronous motor and swashplate pump to be 71%. Using Case 1 output power and MCV losses shown in Figure 
7, this would result in an input power of 68.0kW and therefore a system efficiency of 36.6%. 

 

Figure 7: Sankey diagrams of the digging duty cycle, for the baseline K3V SA1 and DDP SA2 case scenarios 
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7 Summary and Conclusion 

A state-of-the-art electro-hydraulic system, combining a Danfoss Editron inverter and electric motor with a Digital 
Displacement DDP096T pump and DPC12 pump controllers was tested so that a validated efficiency model of 
each component could be created. The test data shows a peak overall efficiency of 89.0%, from DC electric input 
power to pump hydraulic output power, while also accounting for the pump controller losses. For pump 
displacements of 50, 75 and 100%, most operating points show an efficiency of 85% and above. In fact, even with 
a pump displacement of 25%, the overall efficiency peaks at 86.2% and most tested points are above 80%. 

Loss models of the inverter and electric motor combination (EC + EM), DDP096T pump and DPC12 controllers 
were made and validated based on experimental data. The validation shows an absolute error of less than 0.4kW, 
which in proportion to the input power, is less than 1.5% error. 

These loss models were used to calculate the input energy required during typical operation of a 16 ton excavator, 
using duty cycle data and a backwards facing simulation model. The results show that depending on the system 
complexity and the duty cycle weighting, a reduction in energy requirement of up to 24.8% is possible. This is 
achieved by using a DDP SA2 system (Case 3) which reduces pump and MCV losses. This system achieves an 
overall system efficiency of 54.6% during a digging operation. Neglecting battery considerations, a system based 
on Case 3 would require a 24.8% lower capacity battery than the baseline Case 1 to complete 8hrs of typical 
operation; 314kWh compared to 418 kWh 

As part of further work, it would be interesting to investigate the benefits of efficiency optimization with respect 
to shaft speed. In fact, any given flow can be achieved by a range of speed/displacement combination and the shaft 
speed used in the simulation model might not currently yield optimum efficiency results. In addition, to further 
increase system efficiency and reduce battery storage, the use of a Digital Displacement® pump/motor could be 
evaluated as it allows energy recovery [20]. 
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Nomenclature 

Variable Description Unit 
𝑛𝑛 Shaft speed [1/s] 
𝑝𝑝𝑖𝑖,𝐻𝐻𝐻𝐻 Outlet pressure [Pa] 
𝑝𝑝𝑖𝑖,𝐿𝐿𝐻𝐻 Inlet pressure [Pa] 
𝑞𝑞𝑣𝑣 Flow rate [m3/s] 
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  Electric power [W] 
𝑃𝑃𝑑𝑑𝑑𝑑𝑒𝑒12 DPC12 controllers’ power consumption [W] 
𝑃𝑃ℎ𝑦𝑦𝑑𝑑  Hydraulic power [W] 
𝑃𝑃𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 Power loss of the DDP096T pump [W] 
𝑃𝑃𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙,𝑒𝑒𝑒𝑒+𝑒𝑒𝑒𝑒 Power loss of the electric converter and machine [W] 
𝑃𝑃𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡𝑙𝑙𝑡𝑡 Overall power loss [W] 
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒ℎ  Mechanical power [W] 
𝑇𝑇 Shaft torque [Nm] 
𝜃𝜃𝐻𝐻𝐻𝐻 Oil temperature in high pressure line [K] 
𝜃𝜃𝑖𝑖,𝐿𝐿𝐻𝐻 Oil temperature in low pressure line [K] 
𝜂𝜂𝑡𝑡𝑙𝑙𝑡𝑡 Overall efficiency [-] 
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Appendix A: Efficiency contour plots and summary tables 

 

 

 

Displacement fraction: 100% 
      

Maximum efficiency point 
Efficiency 88.8 % 
Outlet pressure 250 bar 
Shaft speed 2000 rpm 
EC+EM losses 8.8 kW 
DDP096T losses 9.8 kW 
DPC12 power 0.4 kW 
      

Percent of map (tested area 
only) above given efficiency 

ηtot   > 85 % 76 % 
ηtot   > 80 % 100 % 
ηtot   > 75 % 100 % 

Displacement fraction: 75% 
      

Maximum efficiency point 
Efficiency 89.0 % 
Outlet pressure 300 bar 
Shaft speed 2500 rpm 
EC+EM losses 8.6 kW 
DDP096T losses 12.0 kW 
DPC12 power 0.4 kW 
      

Percent of map (tested area 
only) above given efficiency 

ηtot   > 85 % 75 % 
ηtot   > 80 % 96 % 
ηtot   > 75 % 100 % 

Displacement fraction: 25% 
      

Maximum efficiency point 
Efficiency 86.2 % 
Outlet pressure 400 bar 
Shaft speed 2000 rpm 
EC+EM losses 4.0 kW 
DDP096T losses 5.4 kW 
DPC12 power 0.1 kW 
      

Percent of map (tested area 
only) above given efficiency 

ηtot   > 85 % 17 % 
ηtot   > 80 % 70 % 
ηtot   > 75 % 85 % 
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Closed Loop Pneumatic Levelling Control for CV Driver Seats 

Stephan Merkelbach, Ulrich Teschke, Ralph Riedel, Sebastian Schubert 

Norgren GmbH, Bruckstr.93, 46519 Alpen, Germany 
E-Mail: stephan.merkelbach@imi-precision.com 

Trucks, busses, and other commercial vehicles are widely used in everyday life. As drivers often spend long time 
spans behind the steering wheel, the levelling control system of the seat is crucial to ensure safe operation of the 
vehicle and a high level of comfort for the driver.  

Many manufacturers use pneumatic bellows to actuate the driver seat. To adjust the seat height and dampen 
external disturbances from the unevenness of the road a pneumatic levelling control system is used. Besides 
adjusting the height and damping of vertical movements of the driver seat, this system often includes additional 
features like a fast-lowering system for boarding and deboarding of the cabin as well as a memory function that 
resets the seat height to its position prior to lowering.  

The paper describes a linear levelling system that controls the height of the driver seat in a fully pneumatic-
mechanically closed loop. The design of the levelling control valve and its integration into the pneumatic circuit 
including a fast-lowering system are shown.  
 

Keywords: Pneumatics, Commercial Vehicle, Levelling Control 
Target audience: Pneumatics, Commercial Vehicle  

1 Introduction 

Commercial vehicles like trucks and busses play an important role in everyday life. Besides the steering wheel, 
the driver seat is probably the most important point of contact between the driver and the vehicle. To ensure safe 
driving and to optimize the driver’s comfort it is crucial to ensure a constant height of the driver seat and to dampen 
vertical movements of the cabin due to uneven driving surfaces. To do so, driver seats often use a pneumatic 
levelling control system that combines several features. Main functionalities are: 

 Damping of vertical movement of the cabin to increase driver comfort 

 Height adjustment of the seat 

 Fast lowering of the seat for boarding and deboarding of the vehicle 

 Memory function to reset the seat to the desired height  

 

The paper describes the design and control system of a pneumatically controlled linear levelling system for seats 
used in commercial vehicles. The seat levelling system can be modelled as pneumatic bellows which are vented 
and emptied to adjust the seat height.  

Figure 1 shows a schematic of the levelling control valve (a) mounted on the seat support structure (b). The seat 
itself rests on top of the scissor system. To control the height H of the seat, the spread of the seat support is changed 
by a set of pneumatic bellow cylinders (c) installed below the scissor system.  
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Figure 1: Schematic of the seat mounting and levelling control 

 

As shown in the CAD model in figure 2, the linear levelling control system is mounted in between two of the 
scissor arms. The attachment of the levelling control system ensures that its length A is proportional to the overall 
height H of the seat support structure. This way, direct feedback of the height of the seat is given and a simple, 
pneumatic-mechanical control system can be used without the necessity to install additional components like 
sensors, piping or switching valves.  

 

Figure 2: Mounting of the levelling control valve on the seat support structure 

 

Figure 3 depicts the pneumatic circuit of the linear levelling control system. It comprises of a proportional 3/3-
way valve (V1) to control the volume of the seat bellows and an additional 3/2-way valve (V2) that is installed 
downstream of the control valve V1. This 3/2-way valve is used to quickly exhaust the bellows to lower the seat 
when the driver needs to mount or dismount the seat.  

Other common systems for levelling control of CV driver seats are based on two 2/2-way switching valves that 
either vent or exhaust the bellows. A discussion of the differences in the dynamic behaviour of the two alternative 
control systems is given later in the paper. 

 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1108



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

Figure 3: Pneumatic circuit diagram of the seat levelling control system 

 

To reduce parts and costs, the levelling system comprises the height adjustment and the level control in one 
common component. The integrated valve design, its functionality, and its implications on the dynamic behaviour 
of the seat and the valve will be discussed in the following.  

Figure 4 and Figure 5 show a comparison of the linear levelling control valve and a system using two 2-way-
switching valves that is also produced by Norgren. It is obvious that the linear levelling control valve requires 
significantly less installation space than an equivalent system with two 2-way switching valves.  

 

Figure 4: Comparison of the size of the linear levelling control system (a) and levelling control system with two 
2-way-valves (b) - side view 
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Figure 5: Comparison of the size of the linear levelling control system (a) and levelling control system with two 
2-way-valves (b) - top view 

 

Besides the differences in size, the linear system has a smaller number of parts, which leads to a reduction in cost 
and complexity. This also reduces the number of possible failure modes and reduces maintenance effort. 

The following abstracts give an overview over the pneumatic design and functionality of the linear levelling 
control. This also includes a discussion of the dynamic behaviour of the system. This is influenced by several 
effects like the weight of the seat and driver, the desired position of the seat or the supply pressure.  

 

2 Levelling Control Valve 

2.1 Valve design 

During operation of the vehicle, several external disturbances may occur that force the seat out of its pre-set height. 
Besides the gravitational force applied by the weight of the seat itself and the driver, the main reason for these 
disturbances is the unevenness of the ground on which the vehicle operates. At higher travel velocities, even small 
bumps in the terrain can cause strong oscillations of the chassis and therewith the driver seat. To ensure save 
driving, it is crucial to keep the distances between the driver and the control elements of the vehicle, such as 
steering wheel and pedals, constant. Therefore, changes in the seat height must be levelled rapidly without 
overshoot and without causing additional oscillations of the system.  

In the following abstract, the different functionalities of the pneumatically controlled levelling control valve V1, 
as schematically depicted in figure 6, are described. Depending on the displacement of the seat that is directly 
proportional to the overall length A of the valve, the bellows are either vented through ports P and Z to increase 
the height or exhausted from port Z to R to lower the seat. 

 

Figure 6: Schematic of the levelling control valve 

The height of the seat is manually adjusted using a Bowden cable that sets the length HV in between the upper 
mounting of the levelling control valve and the outer tip of the valve spool. By adjusting the length HV the overall 
length A of the levelling control valve at its centre position is set. This then defines the spread of the seat supporting 
structure and therewith the set height of the seat.  

As shown in figure 3, the levelling control system comprises the functionality of a proportional 3/3-way valve 
(V1) and an additional 3/2-way valve (V2) downstream of V1. In contrast to the design shown in the paper, many 
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systems use two independent switching 2/2-way valves to control the bellows instead of a single proportionally 
acting 3/3-way valve. In the following, the advantages of the integrated, linear design are discussed.  

2.2 Pneumatic Characteristics 

The spool of the linear valve is equipped with control notches, as schematically shown in figure 7. As the spool 
displacement is proportional to the displacement of the seat height, a reduced flow rate can be achieved at small 
displacements. This is favourable for the driver’s comfort as a high flow rate at a small displacement of the seat 
may result in overshooting. Systems using 2/2-way switching valves cannot provide this level of control as the 
opening cross section of each valve is constant.  

 

Figure 7: Schematic of the control notches 

Figure 8 shows a schematic of the flow through both a conventional system using two switching valves (solid 
blue line) as well as through the linear levelling control valve (dashed red line). It is obvious that there is a 
significant difference in the flow characteristics of both systems. The system using two valves has a strict “on-
off”-switching functionality where either the full orifice area is opened, or no flow occurs at all. At a given 
displacement of the seat, either the lifting valve opens to allow flow to the bellows, or the lowering valve opens to 
exhaust the bellows. Due to the switching functionality, the control of the bellows’ volume is not very precise.  

 

Figure 8: Schematic of the dynamic behaviour 

The linear levelling control on the other hand shows a more sophisticated flow characteristic. At small 
displacements of the seat and therewith the valve spool, only a small cross section is opened due to the control 
notches in the valve spool. This soft start functionality improves the driver’s comfort as overshoot of the seat 
height is reduced. At high displacements, a larger orifice is opened that allows for a large flow to or from the seat 
support. When the seat now approaches its desired height, the proportional valve is closed, and the flow is reduced 
which again reduces overshoot of the levelling and improves the driver’s comfort.  
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2.3 Fast-lowering system and memory function 

Boarding and deboarding of the cabin is simplified when the seat is lowered to its bottom position. Therefore, an 
additional 3/2-way valve V2 is added downstream the levelling control valve V1. In normal operation V2 connects 
the levelling control valve and the seat bellows. To mount or dismount the seat, the driver exhausts the bellows by 
opening the 3/2-way valve V2 downstream of the levelling control valve. Obviously, this has no influence on the 
set distance HV. Therefore, the levelling control valves opens the connection P-Z to the maximum orifice area. 
Due to the state of V2, this does not influence the height of the seat. Closing the valve V2 will now lead to an 
immediate return of the seat to its position prior to exhaustion of the seat bellows as the set point of the control 
system stays constant. As the seat approaches its set height, the displacement of the valve is reduced. Due to the 
control notches of the valve spool, the air mass flow to the seat bellows is reduced as well. This prevents excessive 
air being vented to the bellows and an overshoot of the seat height. 

3 Electromechanical Actuation 

Recent developments in both personal and commercial transportation show a growing interest in software 
controlled, motorised comfort functions. The following abstract shows how the existing pneumatic linear levelling 
control system can be upgraded to fit into such a more sophisticated system without adding additional sensors etc. 
to close the control loop.  

In the current system presented in abstract 2, the height of the seat is adjusted using a Bowden cable that sets the 
distance HV and therewith the overall length of the levelling control valve. Due to the pneumatic-mechanical 
feedback this sets the seat height H, as shown in figure 1. 

Figure 9 gives a schematic of how the actuation using a Bowden cable (B in figure 9 (a)) to set the distance HV, 
length A, and, therewith, the seat height can be exchanged for a motorised option (figure 9 (b)). In that option, HV 
is changed by extending or retracting a small lead screw (S) that is actuated by a motor (M).  

 

Figure 9: Schematic comparison between mechanical (a) and electromechanical actuation (b) 

A simplified CAD-model of both options is shown in figure 10. To set the seat height, a low torque motor which 
needs little installation space can be used in conjunction with a low-pitch lead screw to manipulate the dimension 
HV and, therewith, the overall length A of the levelling control valve, as the speed-requirement for the adjustment 
of the length HV is very small. Therefore, both options do not show large differences in size. 
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Figure 10: Simplified CAD-image of actuation using Bowden cable (a) and electromechanical actuation (b) 

One major advantage of the motorised control over the use of a Bowden cable is the practically infinite number of 
seating heights due to the continuous motion of the motor. The Bowden cable on the other hand needs mechanical 
resting positions which cannot be added at infinitely small increments.  

The option to add motorised precise control of the set position of the seat whilst keeping the seating comfort, good 
controllability and simplicity of the pneumatic levelling system shows the readiness of the system for future 
generation commercial vehicles.  

4 Summary and Conclusion 

The paper describes a linear levelling control system for commercial vehicle driver seats. The levelling control 
system consists of a proportional valve that is mounted directly onto the seat support structure and an additional 
quick exhaust valve which enables fast lowering of the seat to its bottom end stop for boarding and deboarding of 
the cabin. Closed loop control of the seat height is implemented by mounting the levelling control valve on the 
scissors of the seat support. Thereby, the displacement of the valve spool is proportional to the deflection of the 
seat height away from its set position. In contrast to systems that use two 2-way switching valves, the system 
enables a progressive curve of the air flow to and from the bellows that support the seat and set its height. The 
future option of motorising the height adjustment underlines that the pneumatic control system is future proof for 
upcoming vehicle generations. 
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The tightening of legal regulations to reduce global CO2 emissions is forcing efficiency improvements and, in 
particular, the electrification of future mobile machinery. This disruptive technological change demands a holistic 
redesign of existing vehicle concepts, powertrains and components. In this paper, the drivetrain topology and 
component sizing of a hybrid electric dozer is presented. The base vehicle consists of a diesel-hydraulic driven 
system[1], whose drivetrain has been electrified and utilises a battery as its energy source [2]. Its drivetrain is 
developed for the use of different energy sources such as a diesel generator or fuel cells. 

Keywords: electric drivetrain, hybrid vehicle, power management, vehicle topology  
Target audience: Electrified Mobile Machinery, Construction Industry, Design Process 

1 Introduction 

In non-road mobile machinery (NRMM) applications the energy and power demand during a work task and cycle 
is comparably high. Today’s dominant power source in NRMM is a diesel engine, whose energy is stored in the 
fuel tank. In construction machinery, hydraulic powertrains attached to the diesel engines have been used over 
decades because of its compactness and flexibility. In many cases a hydraulic pump powers the traction system 
with the motor drives and the shield or shovel and ripper actuation system with the linear hydraulic cylinders. 
Advanced hydraulic systems use load sensing drivetrains to optimize the behavior and performance of the vehicle. 
Nevertheless, the efficiency of the systems is limited due to the serial connection of the diesel engine and the 
hydraulic drive units. The demand of increasing emission standards and the trend to reduce local emissions requires 
a rethinking of the energy storage and the energy conversion system of such applications [3]. In this paper the 
application of a dozer is analyzed and described. In general, alternative drivetrains of bulldozers have been 
simulated in [4] - [5] and their clear potential for electrification was described. Furthermore, there are already 
systems on the market with serial hybrid powertrains, such as the Caterpillar D7E, which avoids the need for an 
electro-chemical energy storage unit.  

The progressive development of electro-chemical storage technology, such as battery or fuel cell systems, is 
making hybrid concepts feasible, especially in the construction machinery sector. In this paper, the requirements 
and variants of hybrid powertrains are discussed on the basis of a diesel-engine driven dozer and a previously 
developed battery-electric vehicle. The goal of the design is to comply with the limited installation space, to ensure 
continuous operating cycles and to minimize the initial and operating lifetime costs. 

2 Drivetrain and Topology 

In this section, the diesel-hydraulic driven system and its requirements are introduced as a reference. The 
conventional Shantui DH17 [1] dozer has a weight of 18,340 kg to 20,600 kg and is equipped with a 140 kW diesel 
engine. The two traction motors and shield actuation are hydraulic driven and valve block controlled. Based on 
this main setup, different vehicle options depending on the user application and use case are available. In general, 
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the vehicle is equipped with a straight-tilt blade with a digging depth up to 520 mm and a ripper option. The 
maximum forward and backward driving speed is of 10 km/h. 

Figure 1: Battery-electric driven dozer SD17E-X [2]

2.1 Reference Electric Drivetrain

The electrified vehicle shall meet the same requirements and surpass the performance of the diesel-hydraulic 
system, except for the duration of the continuous operation. In the first project step, the drivetrain was electrified 
by replacing the hydraulic main pump and the two hydraulic traction motors. The hydraulic shield actuation system 
was kept. In the chosen topology, the vehicle is equipped with a battery pack, a power distribution unit and 
drivetrain components such as inverters, two electric traction machines and one electric motor to power the 
hydraulic pump. In this vehicle, permanent magnet synchronous machines were used due to their high torque 
density and efficiency. The machines were controlled by the inverter and by the superimposed vehicle controller 
(WISE-40). An overview of the vehicle topology is shown in Figure 2. The vehicle operates at a rated dc-link 
voltage of 500 V and achieves traction peak power of more than 240 kW and hydraulic peak power of up to 
100 kW. The electric energy is stored in a Lithium-Iron Phosphate (LFP-) battery with a capacity of up to 240 kWh
and fast charging capability. The final assembled electric vehicle prototype is shown in Figure 1.

Figure 2: Drivetrain of battery electric dozer

Since the electric drivetrain outperforms the diesel hydraulic vehicle, the measurements and requirements of the 
electric vehicle were used. The following design considerations of the proposed hybrid vehicles are based on this 
battery-electric dozer and the related test data.
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2.2 Field Test and Data Extraction 

To derive the user demands at different use cases, the presented vehicle was operated at various test conditions. 
Starting with simple driving and steering tests, the vehicle parameters and loss distribution within the drivetrain 
up to the chain-ground contact were extracted. Therefore, the vehicle was driven without load and without earth 
pushing at an increasing speed. In addition, the measurements were repeated with the lifted vehicle and with 
disassembled chains. The power transfer and reference losses of the electric drivetrain, including inverter and 
electric machine, were extracted from separate test bench measurements. In  

Figure 3 the normalized losses of the ground contact resistance, the final drive and the chains are shown. The 
losses of the ground contact resistance and the final drive increase over speed, while considering the chain losses, 
show a weak maximum at ca. 5 km/h. These losses have to be considered as minimum load of the electric drivetrain 
during driving with and without push operation. At high speeds, such as when driving to and from the construction 
site, these losses become significant and must be taken into account in the user cycles. 

  

 

Figure 3: Unified power losses of mechanical traction drive from input of final drive to the ground 

Furthermore, several conditions were tested to extract the load applied to the vehicle. Hence, repetitive push tests 
at different speed and environment conditions were investigated in detail to validate the drivetrain and cooling 
system performance. The push tests were performed in the range of 2 km/h up to 4.5 km/h at different seasons. 
Since the ripper condition is not in the focus of this analysis, only the push tests are used in the following. In 
general, the topology and the size of all components is dependent on the use case and user cycle. For better 
comparability of the hybrid and electric vehicle performance, four customer consumer cycles with increasing 
average power demands were defined. The duration of the respective cycles approximately lasted for 7 h 45 min. 
Each cycle contains four main operating conditions: 

 Round trip to the construction site with different speeds  

 Pushing condition at different speeds, including direction reversal and steering 

 Driving backward to starting point with different speeds 

 Idle break split over the shift 

The power demand of the system was extracted from the measurements of torque, speed and power and included 
in a Fourier analysis to build new artificial cycles with varying time length. The new cycles were generated related 
to the defined condition described above. Starting with low average power in cycle 1, the system power is increased 
up to cycle 4 as shown in Figure 4. A detailed zoom of the time dependent normalized system power demand is 
shown in Figure 5. Due to the high energy demand of the cycles, it is impossible to operate the dozer continuously 
without recharging. For this reason, hybrid topologies can be considered as a promising solution.  
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Figure 4: Typical user cycles over 7 h, 46 min work shift 

 

Figure 5: Zoomed view of typical user cycles 

Each traction drive demands a rated power of 95 kW during pushing. Furthermore, the peak torque has to be 
ensured for a duration of more than 120 s. The average torque over a bulldozing cycle is 35 % of the peak torque 
at forward pushing condition with 4.5 km/h. The peak torque is required during steering only. Additionally, the 
peak power of the machines is applied during steering while driving at high speed. With these demands, the best 
performance and optimum efficiency was reached by matching the optimum efficiency of the torque-speed map 
of the traction drive with the operating area of the vehicle. The desired optimum efficiency characteristic is plotted 
in Figure 6 with the bulldozing condition range marked in blue. The optimum efficiency occurs in the normalized 
torque range from 0.08 to 0.6 and 2 km/h to 4.5 km/h for pushing and from 0.08 to 0.25 at 4 km/h to 6 km/h during 
driving forward and backward. The green area has to be covered by the drive, but with less efficiency as it is used 
less often.  
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Figure 6: Operating range and suggested optimal efficiency range for bulldozing condition (blue) 

The different drivetrain requirements of the hydraulic, electric and hybrid vehicle with different drivetrains and 
energy sources are summarized Table 1. In this comparison, the overall vehicle performance is different, since the 
hybrid and diesel-hydraulic vehicles must operate the entire shift and the electric vehicle needs to be recharged in 
between. Furthermore, the vehicles equipped with electric drivetrains outperform the diesel hydraulic system.  

Vehicle Electric drivetrain Diesel engine/ fuel cell Battery capacity 

Hydraulic - 140 kW - 

Electric 2x95 kW + 50 kW - 240 kWh 

Hybrid 2x95 kW + <50 kW To be optimized To be optimized 

Table 1: Considered vehicle drivetrains 

3 Hybrid Vehicle Design 

In a complex multi-drive system, there are several hybrid topologies which are possible and have a reasonable 
application. In this section, four topologies are briefly described and one is chosen as the most promising final 
system. Assuming the two energy sources battery and diesel engine or fuel cell stack, different types and use cases 
of a hybrid system are possible. For topologies one to three, it is assumed that the average power is delivered by 
the diesel engine and the peak and boost power is provided by the electrical battery. 

3.1 Hybrid Vehicle Topologies 

In a parallel hybrid system, the main energy and power is supplied by the diesel engine, as depicted in Figure 7. 
Therefore, a parallel diesel electric hybrid system with a hydraulic pump attached to the diesel engine and electric 
traction drives eliminates the need for an electric motor to drive the hydraulic pump. However, it is impossible to 
operate the vehicle without the activated engine. Furthermore, the hydraulic pump speed is independent of its 
workload, but it is fixed to the operating speed of the engine which lowers the system’s efficiency and dynamics.  
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Figure 7: Parallel hybrid system 

To operate the diesel electric parallel hybrid vehicle in electric mode only, a clutch between generator and diesel 
engine would be needed, whereby the hydraulic pump has to be attached in serial with the generator. Thus, the 
generator in Figure 8 can power the hydraulic pump in motoring mode without the connected engine. The diesel 
engine is activated in normal operation and at heavy load. In this case the generator is operated in generating mode. 

 

Figure 8: Parallel hybrid system with full electric operation 

Thirdly, a serial structure with a diesel engine connected to a generator or a fuel cell stack with a dc/dc-converter 
is a reasonable solution, in which the energy source delivers power to the dc-link directly and charges the battery 
if required. In principle, an electric motor driven hydraulic pump is essential to operate the hydraulic system 
independent of the diesel engine and its operating point. The system topology is shown in Figure 9 with the option 
of a fuel cell system with dc/dc-converter. 
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Figure 9: Serial hybrid system 

Fourthly, a serial hybrid system without a battery would be possible, if the diesel engine provides average and 
peak power during the cycle. Nevertheless, the advantage of peak power shaving, to keep the transient power low, 
becomes impossible in such a topology. This can be improved by adding super-/ultra-capacitors or other energy 
storage elements (such as a flywheel accumulator) to cover the peak power with low energy. Due to its limitations, 
this topology is not considered to be goal-oriented. 

To compare the options of hybrid systems, several key aspects, such as system compactness, simplicity of power 
management, vehicle performance, system efficiency and flexibility of energy sources need to be considered in 
detail. In order to be able to classify these aspects better, the hybrid vehicle options are compared in relation to the 
diesel hydraulic and full electric dozer systems. 

 system compactness - measure of spatial dimension, including main energy source and drivetrain 
components and auxiliaries such as wiring, cooling, etc 

 simplicity of power management - simplicity of power distribution in the powertrain by known and 
unknown variables and simplicity of dynamic energy source control 

 vehicle performance - measure of endurance and overload capacity, continuous operability and lowest 
limitations 

 system efficiency – related to user work cycles including reaching the initial state of charge  

 flexibility of energy sources - opportunity to exchange future energy sources and technology 

 

Figure 10: Comparison of energy sources and drivetrain systems for dozer applications in a net diagram 

0

1

2

3

4
system compactness

simplicity of
power management

vehicle performancesystem efficiency

flexebility of
energy sources

diesel hydraulic
parallel hybrid
serial hybrid
full electric

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1145



The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany 

 

The key aspects are not weighted here but simply sorted in their ascending order of ranking. The highest number 
indicates the best coverage of the requirements. As shown in Figure 10, the serial hybrid and fully electric 
powertrain meet the requirements in the best possible way. Since the weighting is not included in this diagram, the 
strong limitation of the working endurance is not clearly evident. Here, the fully electric dozer is clearly 
outperformed by the hybrid system. For this reason, the serial hybrid system is considered for dimensioning only 
in the following. 

3.2 Topology Sizing 

For dimensioning and optimization of the topologies, a particle swarm optimization (PSO) is used. The PSO is 
based on randomly generated particles of a swarm. The adaptation of each particle is determined with the help of 
the gradient of a cost function. The adaptation is based on the equation of motion of a particle with given mass and 
inertia. The velocity and the resulting new position of the particle in the parameter field can be determined 
accordingly.  

The PSO is performed in MATLAB and recalls a vehicle model implemented in SIMULINK to compute the 
resulting values. The battery capacity, required discharge and charge rate, technology, diesel engine power and 
drivetrain power were selected as input parameters. Based on the input parameters, the vehicle model is 
automatically parameterized, which schematic structure is shown in Figure 11. 

 

Figure 11: schematic representation of the vehicle model for topology sizing with outputs forwarded to cost 
function of particle swarm optimization 

The driving requirements, load collectives for the hydraulic system and the auxiliaries are fed into the model as 
time-dependent data, which are first used to calculate the required system power and drivetrain losses at each time 
step. In the following, the power limitation is verified on the basis of the swarm parameters and a penalty function 
is calculated in case of limitation. The subsequent energy and power management distributes the load across the 
available energy sources, taking into account the optimal operating range, dynamics and the expended energy. 
Finally, the actual power, consumption and torque limitation, including an estimate of the auxiliary units, are 
determined in an engine model, taking into account the transient behavior and dynamic limitation. In parallel, a 
battery model determines the state of charge, the occurring losses and the cell voltage. 

The resulting output values are fed to the cost function of the PSO and weighted together with the input values of 
the swarm. In addition, the total cost of ownership, such as the system costs and energy costs are summarized and 
evaluated on a weighted basis. Furthermore, the compliance with driving performances such as max. acceleration, 
spin-turn and others are included in the valuation. 

3.3 Final Serial Hybrid System 

According to the defined user cycles and to meet the requirements, a serial hybrid structure with the capability of 
full electric operation is chosen as final system with the structure shown in Figure 9. Besides the already defined 
traction and hydraulic pump drives, the battery has to provide 70 kW continuous power and 125 kW peak power 
to boost for at least 6 s during pushing and steering. The determined battery capacity results in 25 kWh with the 
use of LFP cells. For the engine-generator set or fuel cell system a continuous power of 110 kW and 150 kW peak 
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power is selected. The drivetrain components remain as for the full electric dozer system except the downsized 
hydraulic pump drive as shown in Table 1. 

4 Summary and Conclusion 

The transformation of today's construction machinery requires a redesign of the entire drive train. In particular, 
supplying large energy volumes remains a challenge. In this work, the case study of a bulldozer was considered 
and a requirements profile was derived on the basis of standardized field test data. For this purpose, the losses and 
load collectives were extracted from field measurement data and illustrated. New user requirements and load cycles 
for a system with increased performance were subsequently derived from this analysis. 

In the following, different options of a hybrid powertrain were examined and evaluated with the help of 
classification. It is shown that the concept of a serial hybrid system offers the best coverage with the requirements 
and flexibility of the energy sources. In addition, the system achieves high energy efficiency and thus low lifetime 
costs. 

Due to the versatile requirements and constraints, economic as well as physical, a nonlinear optimization problem 
arises in the design of the respective topology. Therefore, a swarm optimization with automatically parameterized 
vehicle model was performed and described. The optimization results in an efficient and life cycle cost effective 
serial hybrid powertrain with diesel-generator system or optional fuel cell stack instead. In principle, the use of 
LFP cells with a high continuous discharge rate has been proved to be advantageous. 
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Nomenclature 

Variable Description Unit 

𝑃𝑃, 𝑃𝑃Batt Battery power [kW] 

𝑣𝑣 Speed [km/h] 

𝐸𝐸 Energy / capacity [kWh] 

𝑉𝑉 Voltage [V] 

𝑑𝑑 Digging depth [mm] 

𝑤𝑤 Vehicle weight [kg] 

𝑡𝑡 time [h, min, sec] 
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As an open-source framework in robotics and automation, the Robot Operation System (ROS) provides extensive 
ready-made software modules for environment detection, path planning, navigation, and control, as well as a 
comparatively simple integration. The automation of mobile machines is a challenge that has not yet been 
completely solved. Here, the use of existing and proven software can significantly simplify the development of 
automation solutions. This contribution presents a ROS-based environment detection and trajectory planning 
concept for a 1.8 t excavator using the ROS modules of Google Cartographer and MoveIt. 

Keywords: Environment detection, Mobile Machinery, Robot Operation System, Automation  
Target audience: Automation  

1 Motivation 

For decades, unlike in most industries, labor productivity in the construction industry stagnated. Reasons include 
a lack of automation and standardization on the construction site. In addition, the construction industry increasingly 
struggles with an acute shortage of skilled workers due to high accident and disability risks and the high level of 
physical stress. These factors lead to a migration of associated young, well-trained workers to more attractive 
industries. In order to meet these challenges in the future new approaches are required. In particular, the increased 
use of automation solutions is indispensable in the construction industry. [1] 

Manufacturers in the field of earthmoving and civil engineering have made great progress in this area in recent 
years. For example, digging and grading assistants on excavators or graders have proven to be a productive aid in 
daily use. However, these systems have so far relied exclusively on sensors such as cylinder displacement or 
GNSS. For further automation and advanced assistance systems, continuous data collection and knowledge about 
the environment is necessary. Here, sensors for environment recognition such as LiDAR or camera are used. 
However, these require powerful algorithms and software structures to process the sensor signals and derive 
actions. In other disciplines, such as robotics it exists extensive preliminary work on this. Highly automated 
construction machines are virtually also robots. For this reason it is suitable to use algorithms developed for 
robotics on construction machines, too. 

In the following a concept for extending an excavator with an environment recognition and trajectory planning 
including collision avoidance as a use case to investigate how far solutions from the field of robotics can be 
transferred to mobile machines, is presented. For this purpose in this contribution the open source Robot Operation 
System (ROS), which is originated as an open source framework for robot development and related modules for 
motion planning, mapping and localization, is used, as well as the simulation software Gazebo for virtual testing. 

This contribution is organized as follows. Section 2 gives an introduction into automation of mobile machines and 
open source frameworks used in robotics. Section 3 starts with a description of the demonstrator, and the simulation 
environment, followed by an explanation of the implementation, including the high level architecture, the sensor 
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data processing, the mapping algorithm, and finally the motion planning. The paper closes with a conclusion in 
section 4. 

2 State of the Art 

2.1 Automation of Mobile Machines 

Construction sites are complex dynamic environments. Mobile machines have to perform a variety of different 
complex and constantly changing work tasks with a huge impact on environment and workforce. While there is a 
lot of progress in making mobile machines more efficient and environment friendly [2, 3], the automation of 
mobile machines is still a challenge [4]. Considering, that there is still a long way to go to reach a complete 
automation of construction machinery, assistance systems can already be found on numerous construction 
machines today. These represent sometimes a more or less extensive automation of sub-functions. Digging and 
grading assistants are in particular widespread assistance systems in practice today. These systems unburden the 
operator by relieving him of complex movements and constant measuring during excavation or grading work. 
However, the automation systems used to date are based only on the machine's internal sensors and the position 
determined via GNSS. The machine is not able to recognize its environment and therefore cannot react to other 
machines, obstacles or other conditions. 

A comparable challenge can be found in autonomous driving. Systems, such as cruise control, are based solely on 
internal sensors. If the vehicle is tasked to drive autonomously, completely new requirements arise. For example, 
Pendleton et al. [5] identifies the fields of planning, perception and control as areas for action. Transferred to 
mobile machines, it can be said that the control field has already been solved to a large extent in the form of digging 
and grading assistants. The perception of the environment, and planning of actions continue to be challenging. 
This includes the localization and mapping of the environment, using SLAM (Simultaneous Localization And 
Mapping) algorithms and object tracking, as well as the planning of the mission at all, the behavior of the machine 
on site and the movements in detail [4]. 

However, in the automation of mobile working machines, it is not only the driving on the construction site that 
plays a decisive role, but rather the automation of the working tool. Thus, the automation of mobile working 
machines, especially excavators is reminiscent of the automation of robots. In the field of robotics, there are 
extensive open source solutions available for the development of highly automated robots, including solutions for 
environment perception and task planning. Therefore, it is of interest, to what extent solutions from robotics, can 
be transferred to mobile working machines. 

2.2 Open Source Frameworks and Middleware in Robotics 

The development of software for highly automated machinery is a mayor challenge. For example complex 
algorithms in the areas of image processing, processing of LIDAR data or path planning are necessary. These 
algorithms require a high implementation effort and developing robots from scratch is a difficult task. To simplify 
development, there are numerous approaches for frameworks or middleware for robots. Many of these approaches 
are easy available by being open source. A very comprehensive comparison of the different approaches can be 
found at [6]. In the following, the two most important current approaches are presented. 

2.2.1 YARP 

YARP stands for “Yet Another Robot Platform” and is designed as an open source middleware for the development 
of humanoid robots, with a focus on inter-process communication, visual and tactile perception, human robot 
interaction, legged locomotion and image processing. It is executable under Windows, Linux and Mac OS. Robot 
control systems using YARP as middleware can be built from different programs communicating with each other 
through a variety of communication interfaces (UDP, TCP, mcast, local, shemem, …). YARP enables developers 
to be very flexible regarding the communication and the deployment of the software on distributed hardware. An 
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example is shown in Figure 1. Furthermore YARP allows the flexible connection of different sensors and actuators 
and a good integration of libraries for image processing, like the OpenCV library. YARP is programmed in C++, 
but also offers possibilities to integrate programs in other programming languages, such as Java or Python. A 
strong focus is also on the interoperability with other middlewares, especially with ROS. [7, 8] 

 
Figure 1: YARP example [8] 

2.2.2 ROS 

The Robot Operating System (ROS) in particular is becoming increasingly popular in both the academic and 
industrial sectors. ROS is an open-source operating system for controlling robots and sensor data processing. It 
allows users to access ready-made code modules. This reduces the implementation effort considerably and 
extensions and adaptations are straightforward. For example, it offers extensive mapping and localization 
algorithms [9]. So far, ROS is not common in industrial applications. Reasons are the lack of real-time and security 
features and missing certifications. ROS 2 as a successor should solve these problems [10] [11]. But already today, 
companies are using ROS for the development of agricultural, industrial or collaborative robots [12]. ROS has 
already been used sporadically in research work on mobile machines. ROS was used for implementing a force 
feedback input device for an excavator like mobile manipulator at [13], or for controlling a highly automated 
excavator over a network, or realizing visualization tools in [14]. 

ROS is designed as a communication layer, installed on the host operation system (Ubuntu). It includes several 
frameworks for reducing complexity in robot development and accelerating prototyping. ROS manages 
communication between distributed program parts, which are used for machine control and sensor data processing. 
This natively includes tools and libraries for sensor integration, data processing, navigation and control, as well as 
tools and libraries for distributed computing. 

As shown in Figure 2, ROS programs are divided into software modules, called nodes, which can run on different 
hardware within an IP-network. ROS connects the different modules with a Peer-to-Peer-Topology and sends 
information between the nodes using a message format that is independent of the programming languages used for 
implementation of the node. A master supervises the communication, registers the individual hardware and 
software modules and enables communication with each other. The communication between the nodes is organized 
with a publish subscribe pattern, where nodes publish messages types as topics, and all other nodes, registered in 
the same master, can subscribe to this topic to receive the messages. For the direct exchange of information 
between nodes according to the server-client principle, it is possible to use services based 
communication. [15] [16] 

 

yarpdev 
/camera 

yarpview /viewer1 

yarpview /viewer2 

motor_control 
/motor/position 

tracker 
/tracker/position 

/tracker/image 

machine 1 (Linux) 

machine 2 (Linux) 

machine 3 (Windows) 

mcast 

tcp 

udp 

mcast 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1162



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

ROS
Master

Sensor 
Node

Data
Processing

Node

Motion 
Control 
Node

Host Computer

Sensor

RegistrationRegistration

/Sensor_data
_Message

Publish

Subscribe

Subscribe

/Message

Actuator
Driver

Reply Reply
Request

Service based
Pub/Sub

 

Figure 2: Communication in ROS 

2.3 Comparison 

Both ROS and YARP are currently under active development and offer a wide range of functions. However, so 
far only ROS has been used in the context of mobile working machines. While YARP is mainly used for the 
development of humanoid robots, the focus of ROS is put on mobile robots. ROS is currently the system with the 
larger community, has a comprehensive feature set and is under heavy development. In particular, since numerous 
industrial companies are involved in the development of ROS2, a high code quality and an improved amount of 
functions can be expected here. A migration from ROS1 to ROS2 is possible with comparatively little effort [15]. 
If the functional range of ROS is not sufficient, a connection of YARP to ROS is also possible. For these reasons, 
in this contribution ROS1 is used as automation middleware. 

3 Demonstrator and Implementation 

3.1 Demonstrator 

As shown in Figure 3, an excavator of the type Volvo EC 18 with an operating weight of 1.8 t is used as a test 
vehicle. The excavator is equipped with sensors for measuring all relevant variables such as cylinder pressures, 
cylinder displacement, pump flow rate and fuel consumption. An industrial PC is used for measurement and control 
purposes. Via electrohydraulic pilot valves it can control working and travel hydraulics of the excavator. An 
operator can also control remotely the excavator using this PC and the connected cameras. For the realization of 
first environment recognition, the excavator is equipped with a LIDAR (Ouster OS1 with 64 layers), an RTK GPS, 
with an accuracy of a few centimeters, (SparkFun GPS-RTK-SMA Breakout - ZED-F9P (Qwiic)) and an Inertial 
Measurement Unit (IMU) (Phidget 1044 - PhidgetSpatial 3/3/3 Precision). Data processing is also performed in 
the first step on the industrial PC. 

The position of the LIDAR at the top right of the excavator with an inclination of 30° represents a compromise. 
On the one hand, the surrounding area must be captured as far as possible in order to create a map of the 
surroundings, but on the other hand, the area directly in front of the excavator should also be captured. In order to 
keep shadows caused by obstacles as low as possible, the highest possible placement on the excavator is also 
advisable. The GPS receiver is mounted directly on the roof center and the IMU directly below on the ceiling of 

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1163



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

the driver's cab. The IMU must be mounted as far away as possible from the engine and hydraulic system to avoid 
interference with the magnetic sensor. 

 

Figure 3: Demonstrator and model 

Numerous functions in ROS, such as the calculation of inverse kinematics, the filtering of point clouds or trajectory 
optimizations, require a volume model of the machine with a description of the kinematic chain and the position 
of all components, actuators and sensors. For this purpose, the excavator is modelled in the file format URDF. 
Developers can export URDF models from the most common CAD programs with little effort. However, URDF 
can describe joints only in a strictly hierarchical way. It is not possible to specify double dependencies, as in the 
case of a cylinder attached to two components. The approximate position of the cylinder can be described by an 
equation depending on other components. Certainly, only linear relations can be used, which always leads to a 
slightly wrong position of the second cylinder joint. [17] 

3.2 High Level Architecture 

Due to the loose coupling of the nodes in ROS, it is possible to build up a complete program in the same way for 
the case of the simulated machine as well as for the case of the real machine. Only individual nodes need to be 
replaced when the network is started. For the real machine, the sensor drivers and a hardware interface to the real-
time controller of the machine are loaded instead of the simulation. While sensor drivers are available for LIDAR, 
IMU and GPS, the interface to the Matlab Simulink based real-time controller, which controls the machine and 
collects the sensor data of all internal sensors, was not yet ready for use at the time of this publication. 

The data processing shown in Figure 4 consists of three parts, preprocessing the sensor data, creating the map of 
the environment, and deriving actions based on information about the environment and the states of the machine. 
The relevant sensor data consists of the point cloud acquired by the LIDAR sensor, the IMU data (accelerations, 
rotation rates and the magnetic north pole), the GNSS position and the deflections of each excavator cylinder. The 
SLAM algorithm creates a map of the environment from the filtered point cloud, as well as the orientation of the 
excavator calculated from IMU data and GPS (odometry). Map, position, start and endpoints, defined by the 
operator of the machine, are used to plan trajectory’s for the cylinders. The generated trajectories are then 
controlled by the real-time controller on the machine. 

Figure 3a: Demonstrator Figure 3b: URDF Model 
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Figure 4: High level architecture 

3.3 Excavator Simulation 

Practical tests with unfinished software are costly and dangerous, therefore the use of simulation software is 
necessary. The simulation software Gazebo offers easy integration into ROS and provides extensive possibilities 
to design robots and test algorithms. Gazebo uses the physics engines ODE, Bullet, Simbody or DART, as well as 
the graphics engine OGRE. It is possible to simulate sensors, such as cameras, LIDAR, contact, force or torque 
sensors. Since these simulations are sometimes very computationally intensive, Gazebo supports cloud simulations 
as well as simulations on remote servers. For models of the environment or the robot, Gazebo uses the SDF 
(Simulation Description Format) file format designed specifically for robot development. SDF is an XML file 
format comparable to URDF, which can also describe double dependencies, as in the case of hydraulic cylinders. 

The excavator model can be moved freely in the simulation. In this contribution input commands are supplied 
using an Xbox controller. The movement of the excavator model is realized by a differential drive plugin, which 
is adapted to the geometry of the simulation model. The movement of the arm is performed by a 
"JointTrajectoryController", which is able to execute outgoing goal commands from the motion planning program.  

The laser scanner is integrated into the SDF model. The ROS laser plugin is used to broadcast the laser scans as a 
Topic. The scans actually depict only isolated 2D scans. However, a custom plugin is created to rotate the simulated 
scanner with 10 Hz, similar to the actual LIDAR. These isolated scans are assembled using a node from the ROS-
package "laser_assembler" and are converted into a point cloud. However, if the laser rotates with 10 Hz around 
its own axis, this point cloud corresponds to the output of the LIDAR sensor used on the real excavator.  

The inertial measurement unit and the GPS are realized with the plugins "GazeboRosImu" and "GazeboRosGps", 
provided by the ROS-package "hector_gazebo_plugins". To adjust the output of the simulated sensors to the real 
sensor data, measuring noise is added through the plugins. The simulated sensor and robot state data is published 
accordingly to the published data of the real robot. Therefore, all mapping, locating and planning modules used, 
run on both the simulated and real excavator analogue. 

3.4 Point-Cloud Preprocessing 

Sensors for environment detection require extensive data processing. The raw sensor data cannot be used. Thus, 
the immense amount of data of several 100,000 measuring points at 10 to 20Hz, must be reduced, as well as 
measuring errors and the parts of the machine that obstruct the view must be removed. The presented 
implementation uses the VoxelGrid, CropBox, and statisticOutlier filter from the PointCloud [18] C++ library.  

In the first step, the VoxelGrid filter reduces the amount of data by up to 90% by combining all points within a 
cube with a defined edge length. The size of the voxels depends on the performance of the used hardware and the 

Controller

Sensors

Control 
Inputs

Odometry
estimation

Point cloud 
filter

Joint 
states

Sensor-
data

Joint 
states

Sensor-
data

SLAM

Map

Global 
Position

Trajectory planning

Simulation

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1165



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

required accuracy. The size of the voxels can also be changed depending on the distance or relevance of the area 
under consideration. In this implementation, a voxel size of 10 cm was chosen. In the next step, the CropBox filter 
deletes all measurement points from this reduced data set that represent the excavator itself. The filter identifies 
these from the overlap of the point cloud with the URDF model of the excavator. The position of the components 
is calculated from the measured cylinder position. Finally, false measurements, such as reflections from dust 
particles or raindrops in the air, are removed by the statisticOutlierFilter using a statistical probability. For each 
point in the point cloud, the distance to a definable number of nearest neighbour points is calculated. Points that 
fall outside of a configurable standard deviation are considered outliers. An example of a filtered point cloud is 
shown in Figure 5. 

 

Figure 5: Point-Cloud preprocessing 

3.5 Odometry Estimation 

Knowing the position of the excavator, its actors, sensors and components in space is essential both for mapping 
the environment and for performing automation tasks. Therefore, each component is referenced by an individual 
coordinate system and in ROS the tool ROS-Transforms provides an easy way to connect their movements. For 
this purpose it uses the kinematic chain described in the URDF model of the machine. For static relations, for 
example, the fixed position of a sensor on a robot, the transformation is defined only once. For dynamic relations, 
like a sensor mounted at the excavator's arm, the relation is updated continuously. The absolute position of the 
machine is calculated using measured values from the IMU mounted in the excavator and the GPS position. 

The built-in IMU measures acceleration and velocity around all three spatial axes and the orientation of the sensor 
to the earth's magnetic field. The latter, in particular, is strongly influenced by disturbance variables such as the 
magnetic field of the motor. The used sensor can reduce the disturbance by calibration. However, to determine the 
absolute orientation of the excavator, a sensor fusion of all quantities of the IMU is necessary. For this purpose, a 
Madgwick filter [19] is used. This filter uses the data of the gyroscope as well as the accelerometer and 
magnetometer for the estimation of the absolute pose. The result is the orientation of the sensor and thus the 
machine, in an east-north-up coordinate system.  

In addition, it is necessary to fuse the orientation with the GNSS position of the excavator. GNSS usually has an 
accuracy of a few meters. Since this is not sufficient for the automation of construction processes, the use of a 
correction signal is recommended. The satellite positioning service of the German Land Surveyors SAPOS [20], 
has reference stations distributed throughout Germany, which permanently evaluate GNSS signals of the various 
systems, GPS, GLONASS, Galileo and Beidou. The receiver of the excavator gathers this correction signal via an 
internet connection and can thus determine the GNSS position within a few centimetres to millimetres. 

Figure 5a: Raw Point-Cloud Figure 5b: Filtered Point-Cloud 
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The GNSS unit is read via a serial interface. For the fusion with the orientation data, an Extended Kalman Filter 
is used [21]. This represents the core of the ROS project “robot_localization” and allows to fuse an arbitrary 
number of input variables. 

3.6 Mapping 

For the further automation of mobile machines or robots beyond strictly delimited and defined scenarios, the 
perception of the environment is essential. In robotics, autonomous driving and in future automated construction 
machines, sensors for environment recognition, such as LIDAR or cameras, are used. However, these only provide 
individual images of the environment, which the machine must understand and compile into an overall picture, the 
so-called mapping. SLAM (Simultaneous Localization and Mapping) algorithms are used for this purpose. These 
transform the point clouds, continuously captured or calculated from the sensor into a global coordinate system, 
using a sensor fusion of point cloud, pose and GPS data. Especially in the case of strong vibrations, fast movements 
and a changing and heterogeneous environment the exact localization of the images is challenging. 

In the context of this contribution, Google Cartographer is used as a SLAM algorithm. Google Cartographer is 
comparatively powerful, supports ROS integration and includes good documentation [22]. As shown in Figure 6, 
the Cartographer node in ROS scans the filtered point cloud, the position of the excavator and the GNSS position. 
The algorithm continuously combines a few individual scans into a submap in a process known as scan matching. 
In a Global SLAM, working in the background, the cartographer merges the submaps into a global map. The 
separate computation reduces the computational effort of the scan matching. To avoid drift in large maps 
cartographer considers the GNSS Position while performing the global SLAM. 

 

Figure 6: Cartographer node 

All nodes in the network must be able to access the generated map of the environment efficiently. Furthermore, 
especially in the context of construction sites, it is necessary to continuously adapt the map to changes in the 
environment. Especially if the machine itself generates these changes. In the context of this contribution, the open-
source framework OctoMap is used for this purpose. Octomap clusters the point cloud into sub-volumes (voxels), 
which in turn are recursively divided into eight sub-volumes up to the desired resolution. For each scan, the 
probability of existence is recalculated for the scanned sub-volume. This allows dynamic updating of the map. [23] 

In simulation the mapping performed reliably, but on the real demonstrator vibrations degrade the performance of 
the mapping. To overcome this issue the mounting of the sensor needs to be optimized. In addition, a hardware 
interface for transmitting the set points for the actuators must be implemented. A controller for adjusting the 
hydraulic actuators is already available.  

3.7 Trajectory Planning 

The motion planning of the excavator is implemented in MoveIt. MoveIt is an open-source ROS module that 
provides extensive algorithms and interfaces for robot motion planning and collision avoidance. MoveIt obtains 
all the information necessary to compute the kinematic relationships from the URDF model of the machine. The 
inverse kinematics are calculated using the KDL solver. This determines the required Jacobi matrices numerically. 
The transfer of target coordinates, or actions, by users or higher-level systems can be done via various interfaces, 
such as the "move_group_interface" (C++) or the "moveit_commander" (python). The environment information 
necessary for planning actions can be obtained by MoveIt from the map described in chapter 2.6.  
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In order to transfer the necessary information regarding the kinematics of the excavator model and path planning 
methods to MoveIt, a setup assistant is included in the MoveIt package. The setup assistant creates the MoveIt 
package based on the robot description in the form of the URDF. While the URDF is the expected format of MoveIt 
and many other ROS modules, it is not capable of defining closed-loop kinematic systems. For the description of 
a hydraulically actuated excavator arm, closed-loop kinematics are necessary. To solve the problem, a reduced 
URDF description of the excavator is created by excluding the hydraulic cylinders of the excavator and specifying 
the joint limits of the rotational joints according to the real excavator. With this reduction, MoveIt is able to 
calculate the inverse kinematics and path planning in regard to the rotational joints. This reduction does not affect 
the accuracy of the calculations because the kinematics of the model remains unchanged. 

From the map data of the environment a module of the "moveit_package" generates the planning space, which is 
also extended in the Move Group by the 3D sensors of the robot model to be able to create collision-free motions 
of the system. Once the trajectory planning calculation is complete, the control information is passed to the robot's 
controller. While in movement, the controller also returns the joint positions of the robot to the Move Group, so 
that a collision can be prevented even in dynamic environments. 

Due to the defined controllers of the simulated excavator model, rotation commands for the joints can be executed 
directly. The controllers of the real excavator, however, expect position commands for prismatic joints to actuate 
the hydraulic cylinders. To provide the needed information to the controller, the angular joint commands given by 
MoveIt need to be transferred to translation commands for the cylinders. This is calculated based on the 
trigonometric characteristics of the excavator's arm. The translation is then published in a topic to make it 
accessible to the controller unit. At the time of this publication, the hardware interface between ROS and the 
excavator was still in progress, which is why it was possible to read out the sensors but not to test the controllers. 
Therefore the trajectory planning could only be tested in simulation. 

As a first application a motion planning system for automatically moving the bucket back to a predefined position 
is realized. The operator can save a defined point in space by pressing a controller key. If another key is pressed, 
MoveIt calculates the fastest motion, avoiding obstacles and moves the excavator to the desired position. Figure 7 
shows the graphical output of MoveIt. 

 

Figure 7: MoveIt Graphical Interface 

The KDL solver provided by MoveIt is used to calculate the inverse kinematics for the excavator model. In order 
to generate faster solutions for the inverse kinematics, the KDL solver will be replaced by closed-form kinematic 
solver IK-fast [24] in future. IK-fast is an analytical inverse kinematics solver provided within the motion planning 
software OpenRAVE. 
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4 Conclusion 

This contribution describes a concept for extending an excavator with an environment recognition and trajectory 
planning. It is of interest, to investigate how far solutions from the field of robotics can be transferred to mobile 
machines. There are various open source frameworks and middleware in robotics that simplify the development 
of control software. ROS and YARP are particularly worth mentioning here. 

While YARP focuses more on humanoid robots, the Robot Operation System (ROS) offers a variety of solutions 
that seem suitable for the automation of mobile machines and is therefore used in this contribution. Motion 
planning, environment mapping and localization are implemented using the related modules of MoveIt and Google 
Cartographer, as well as the simulation software Gazebo for virtual testing. 

All in all, the use of ROS as framework in the development of automation solutions for mobile machines is 
promising. It is possible to exploit ready-made, proven and powerful algorithms with comparatively little effort. 
Extensive mapping and motion planning algorithms can be used without specific know-how in these domains. 

Currently the focus is on transferring the software, which has so far only been tested virtually, to the real 
demonstrator. For this purpose, a hardware interface must be created to connect to the real-time hydraulics 
controller. In addition, the performance of motion planning is to be increased by using more suitable solvers. 

Nomenclature 

Abbreviation Description 

GNSS Global Navigation Satellite System 

IMU Inertial Measurement Unit 

LIDAR Light detection and ranging 

ROS Robot Operation System 

SLAM Simultaneous Localization and Mapping 

YARP Yet Another Robot Platform 
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Excavators creating a planum or digging a trench without an operator on the machine – are automated machine 
functions the near future? THOMAS can answer this not alone, but our products can pave the way. Modern 
mechatronic pilot systems for de-centralized axis control simplify interaction with the overall machine control by 
supporting the integration of assistance and automation systems. With the electro-hydraulic actuator, an intelligent 
and simple configurable component for closed-loop operation of directional control valves is available. Model-in-
the-loop approaches lead to a robust and accurate controller design. Adaptation to different customer systems is 
taken into account both by the controller architecture and by supporting parameterization via self-adaptation. The 
integration of these functions thus maximizes customer benefits while leaving room for their own visions. 

Keywords: Control design, embedded electronics, model-in-the-loop 
Target audience: Mobile Hydraulics 

1 Introduction 

Electrification in the construction and agricultural machinery sector has already led to the further use of electro-
hydraulics for many years. The replacement of mechanical driven components with ones including proportional 
actuators such as solenoids or motors is not the only trend in this field of application. The integration of electronics 
improves product characteristics in terms of performance, efficiency and safety. Furthermore, the manufacturers’ 
desire for machine-wide assistance and automation functions can also be realized with this type of products. The 
advantages are on the one hand the low cabling effort for necessary sensors and the achievable dynamics by 
avoiding signal transmission latencies. On the other hand, the machine control need not necessarily handle every 
single axis control. Thus, the implementation of machine-wide functions such as trajectory control including 
multiple axis benefits from this level of abstraction. 

The electro-hydraulic actuator (EHA) shown in Figure 1 is an innovative and configurable product made by 
THOMAS that enables the realization of machine-wide automation solutions. The EHA serves all customer 
requirements for controlling the aperture of directional control valves for mobile hydraulic axes. Exemplary fields 
of application include municipal vehicles, concrete pumps, cranes and tractors. Therefore, the EHA includes two 
proportional pressure-reducing valves, a redundant position sensor and an integrated electronic with field bus 
interface. With these properties, the EHA provides the link between the information processing and the power 
section of the machine. Adaption to different pressure and voltages levels is simply possible by changing the 
inserted pressure valves. 

With such intelligent mechatronic devices as the EHA, the software with its features becomes the key component. 
Here, the software enables the implementation of various functionalities without having to change the hardware 
components. In addition, the integration and testing effort increases with these different features, moving efficient 
model-based development techniques such as model-in-the-loop to the center of attention, especially in the 
development stage. Keeping this problem in mind, this article deals with the model-based design and testing of the 
entire control structure with the outlook on self-adaption to different customer systems. Especially in the case of 
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de-centralized control, the exchange with the customer is a prerequisite for success. Therefore, the knowledge 
about the controlled system and its properties plays an important role during the design of the single software 
modules. 

 

Figure 1: Electro-hydraulical actuator piloting directional control valves 

This article is organized in the following manner: In the 2nd section the system of interest is analyzed whereas 
subsystems are defined for the model-in-the-loop (MIL) approach that follows. The first part of the 3rd section 
deals with the functional design of that part of the control structure originating from THOMAS as the supplier of 
the mechatronic pilot system. The customer system gets into focus in the second part. Here, a key challenge is the 
appropriate integration of the connected system with its often not fully known properties. The separate 
considerations end also in this section with the virtual pre-commissioning of the complete control structure. Based 
on the whole control design, discussions on self-adaption and its realization are held in the 4th section. The last 
section summarizes the content of this article. 

2 System analysis 

The electro-hydraulic actuator shown in Figure 1 drives the main spool in directional control valves used in mobile 
machines. A simplified illustration [1] of such a working section shows Figure 2. Here, each outlet port of the 
installed proportional pressure-reducing valves is connected to one side of the spool to be controlled. At the same 
time, an integrated spring presses the position sensor rod against the main valve spool making its motion with the 
embedded electronics detectable. 

 

Figure 2: Exemplary customer system [1] with electro-hydraulic actuator (EHA) 

The common principle of operation of the combined pilot-customer-system can be described as follows: with the 
energization of a solenoid, the corresponding pressure control valve causes a pressure build-up on one side of the 
valve spool inducing a pressure force on it. In open-loop mode, the spool position results from the balancing of 
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the spring and pressure forces. Friction and flow forces act as disturbances on the force equilibrium causing 
position deviations depending on pressure and flow rate. A visual summary of these interdependencies is shown 
in Figure 3. Increased requirements for the accuracy of the controlled flow rates make it necessary to control the 
position of the main valve spool in closed-loop. From the pilot manufacturers’ perspective, the interface to the 
customer system is the controlled pilot pressure 𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂. Although the pilot supplier can influence all elements up 
to this interface, the final performance is additionally influenced by system parameters of the customers’ system 
such as pilots’ pump 𝑝𝑝𝑃𝑃𝑂𝑂𝑃𝑃𝑃𝑃 or tank pressure 𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 or interface reactions such as 𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 . 

 

Figure 3: Simplified schematic representation of the physical interaction structure for a single pilot circuit 

With regard to the desired closed-loop position control, at least the main valve position 𝑥𝑥𝑉𝑉𝑇𝑇𝑂𝑂𝑉𝑉𝑂𝑂  has to be measured. 
For the intended setup of a compact, stand-alone component, the EHA is equipped with an onboard position sensor 
whose signal is fed back to the embedded electronics. Bringing the physical components from Figure 3 in a block 
diagram and dividing the entire system into three major subsystems, an idea for a suitable control scheme is derived 
and outlined in Figure 4. In this illustration, the exchanged in- and outputs are the system states. A closer look 
also shows that these system states are relatively easy to measure and are thus available as a possible feedback 
signal. 

Taking a closer look on the divided system from Figure 4, the clocked Voltage 𝑈𝑈Π, adjustable by the micro-
controller, is the system input whereas the valve position 𝑥𝑥𝑉𝑉𝑇𝑇𝑂𝑂𝑉𝑉𝑂𝑂 is its output. Handling this system complexity 
with only one control loop is not suitable due to the different time constants along the dependency path. For this 
reason and with the help of auxiliary control variables such as the coil current 𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂  or the outlet pressure 𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 , 
an extended control loop is implemented. Hereby each downstream controller receives its setpoint from the output 
of the upstream loop – a well-known structure called cascade control. The exception for pilot hydraulics results 
from the structural setup of pressure-reducing valves as explained by Erhard [2]. Neglecting the spool dynamics 
inside these valves, the hydraulic-mechanical layout results in a proportional controller for an integral process. 
The vanishing errors for setpoint inputs and remaining deviations for disturbances are the typical properties of this 
structure apparent in each data sheet with characteristic curves for pressure-current and pressure-flow rate. For the 
sake of completeness, an additional pressure loop is outlined in parallel to the built-in functionality of the pilot 
valve. 

model-in-the-loop

software-in-the-loop

hardware-in-the-loop

processor-in-the-loop µC

main valve within the customer system

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1187



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

The separation into individual control loops results in various advantages with regard to usability. In the case of 
open-loop operation, only individual blocks need to be switched off while the inner loops can continue to operate. 
Furthermore, the customer can limit himself to the parameterization that is relevant for him. 

 

Figure 4: Cascaded position control layout for functional software design 

Based on the chosen control structure form Figure 4, the following sections discuss the detailed control design, 
taking into account the subsystem specifics. Here, the relevant subsystem or the entire model serve as a virtual 
counterpart for the MIL approach. It is worth noting, that pilot valve design is not part of this article although its 
transfer function is an essential part of the entire feedback loop. 

3 Model-based control design 

The cascaded control structure offers the possibility to design each controller in the feedback loop separately, 
starting with the innermost loop. According to Lunze [3], the inner loop acts as static gain if the cut-off frequency 
of the inner controller is significantly greater than that off the outer control loop. This condition should be fulfilled 
due to the strongly deviating time constants of coil inductivity and main valve movement. According to Figure 4, 
the starting point for the design process is the current controller described in the next section. 

3.1 Current control loop 

The design of the current controller aims to maximize the control performance independent of control strategies 
built into customer ECU’s. Therefore, knowledge about the installed solenoids is used to robustly determine the 
controllers’ parameters and completely de-couple the current controller from the customer. This is consistent with 
the objective of a stand-alone, automation-capable component. 

Starting point for the model-based current control design is a nonlinear lumped-parameter simulation model for 
the solenoid including an eddy current diffusion network as well as motion induced effects. The model parameters 
for the considered solenoid come from data sheets or are computed with the finite-element-simulation. 

3.1.1 System characterization 

In a first step, results from this lumped model are used for static and dynamic characterization of the controlled 
system. Here the response of the solenoid is calculated for applied voltage ramps or steps. This gives enough 
information for fitting a linear time invariant transfer function 𝑋𝑋𝑂𝑂𝑂𝑂𝑂𝑂 𝑋𝑋𝐼𝐼𝐼𝐼⁄ = 𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈Π⁄ . Figure 5 shows a summary 
of the simulation results for static and dynamic inputs. It is worth mentioning that a nonlinear optimization 
technique with constraints is used to calculate the parameters of the chosen physical-based transfer function. 

The results for the static gain from Figure 5 are self-explanatory since the coil represents a constant resistance. 
Constant in this case means that there is no current-dependence of the resistor value or static gain 𝐾𝐾𝑆𝑆. Temperature 
effects caused by current-depending heating are neglected, but the robustness of the controller is verified for 
different resistance values. The results of the stair steps are much more interesting. For the nominal air gap of the 
solenoid, Figure 5 clearly shows a non-negligible dependence of the time constant 𝑇𝑇𝑆𝑆 on the average coil 
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current 𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 . Nevertheless, the transient response shows first-order-plus-dead-time (FOPDT) characteristics, an 
important property for the subsequent controller design. 

 

Figure 5: Results of simulation-based solenoid characterization 

Non-constant time characteristics complicate the design of linear controllers unless additional measures are 
considered. Taking into account the 4-times variation of the determined time constant, a consideration of this fact 
within the following design process is mandatory. 

3.1.2 Control architecture 

In advance, a decision must be made regarding the interaction of controller and power stage. Specifically, this 
involves the use of a switching controller directly driving a power source, or of a separate controller with its own 
dynamics in combination with a clocked power source. Advantage of the first one, the so-called hysteretic control, 
lies in its inherent stability as long as the controlled system is stable. In doing so, the response of the control loop 
is usually linked with the response of the system. With the well-known puls width modulation (PWM), a separate 
controller offers the possibility to shape the control behavior. Focusing on the last choice, the control design aims 
at a linear controller with additional measures dealing with existing nonlinearities, as outlined in Figure 6. The 
control architecture used is based on the state-of-the-art with a proportional part 𝐾𝐾𝑃𝑃 and an integral part 𝐾𝐾𝑃𝑃 𝑇𝑇𝐼𝐼⁄  
connected in parallel. Nevertheless, the control architecture contains some important extensions. 

First, detailed knowledge about the installed solenoid is used to compensate for the nonlinearity of the system, a 
well-known method called gain scheduling 𝐾𝐾𝑃𝑃 ≠ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. = 𝑓𝑓(𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶). At this point, the pilot valve supplier can 
benefit from its component knowledge. 

Second, the driving voltage 𝑈𝑈Π for the solenoid is limited. In the case of unipolar excitation, the minimum level is 
simply represented by the off-state and the maximum level approximately by the supply voltage 𝑈𝑈𝐵𝐵𝐵𝐵𝐵𝐵. In 
normalized notation, this corresponds to a duty cycle 𝐷𝐷𝐷𝐷 of 0 or 1. If the normalized output exceeds or falls below 
the previous mentioned limits then windup occurs in the integrator part of the control law. Compensation of these 
undesirable windup effects is often achieved by switching logic for the integrator part. However, a self-adjusting 
approach solves the problem in a better way. The so-called back calculation method mentioned by Visioli [4] uses 
the limit over- or underrun 𝑒𝑒𝐷𝐷𝐶𝐶 calculated with the saturated duty cycle 𝐷𝐷𝐷𝐷𝑆𝑆𝐵𝐵𝐵𝐵  in an additional feedback loop only 
for the integrator part. This means that the difference between the unrestricted controller output and the saturation 
limits, scaled with a constant gain 𝐾𝐾𝑆𝑆𝐵𝐵𝐵𝐵 , reduces the integral part so that no more limit violation occurs. 

The only thing not handled until now is the negative influence of fluctuations in the power supply. This problem 
arises from normalizing the physical controller output to duty cycle with 𝑈𝑈𝑛𝑛𝐶𝐶𝑛𝑛𝑛𝑛, as Equation (1) illustrates. 
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𝑈𝑈Π
𝑈𝑈𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

= 𝑈𝑈𝐵𝐵𝐵𝐵𝐵𝐵
𝑈𝑈𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

∙ 𝐷𝐷𝐷𝐷 
(1) 

If the normalization voltage differ from voltage supply, the solenoid receives a control signal that is too high or 
too low. The back-propagation of this influence into the control law indicates a scaling error in the control law. 

 

Figure 6: Extended PI-control architecture for current control loop 

3.1.3 Model-in-the-loop testing and validation 

The determination of the controller parameters is the last missing step before starting the tests. At this point, 
reference is made to the literature and the setting rules according to Chien, Hrones, Reswick for FOPDT-systems 
as printed by Zacher, Reuter in [5]. However, there is the difficulty of the non-existing dead time for the solenoid. 
Since ideal first-order transfer functions can be stimulated with extremely high proportional gains, the dead time 
of the PWM-frequency used later is considered. Based on the existing electronics and following [5], the PWM 
period 𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃 is chosen to allow quasi-continuous control also during digital implementation. 

Figure 7 shows some simulation results for the solenoid and its current control. First, the controller is simulated 
continuously in time meaning that the output voltage is adjustable in each time step. 

 

Figure 7: Continuous-time verification of anti-windup strategy and control accuracy/stability 

Due to the limited voltage supply, the current rise time is limited in practice as expected. Even more dramatic 
appears the overshoot of the coil current successfully reduced by the anti-windup method applied. After 
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considering the saturation-induced nonlinearity, the system nonlinearity and the associated gain scheduling come 
into focus. The results from Figure 7 clearly show the successful handling of this system property recognizable by 
comparable small step responses. After this brief insight, the focus is now on the digital implementation of the 
control law, focusing on the characteristics of the microcontroller and its required peripherals. 

The simplified block diagram of the corresponding discrete control law contains Figure 8. The main difference to 
Figure 6 is the signal discretization resulting in additional dead times. Although the analog-to-digital conversion 
takes place with a multiple of the PWM period, the current averaging results in a dead time of half a period. 
Another dead time in the order of one period results from the finite calculation time of the microcontroller. 

 

Figure 8: Discrete-time current control loop for digital implementation 

So far, everything is in line with the state-of-the-art. To prevent further dead times and their influence on control 
stability, special attention must be paid to the algebraic loop in the anti-windup for the integrator, approximated 
with Euler-backward. In the saturation state of the controller output, only values of the current sampling time 

according to Equation (2) are used for the calculation of the new integral error 𝑒𝑒𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖
(𝑘𝑘) . The implementation of this 

timing and calculation scheme on the microcontroller leads to the validation results shown in Figure 9. 

𝑒𝑒𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖
(𝑘𝑘) ∙ (1 + 𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝐾𝐾𝑆𝑆𝑆𝑆𝑖𝑖

𝐾𝐾𝑃𝑃
𝑇𝑇𝐼𝐼
) = 𝑒𝑒𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖

(𝑘𝑘−1) + 𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝑒𝑒𝑖𝑖
(𝑘𝑘)[1 − 𝐾𝐾𝑆𝑆𝑆𝑆𝑖𝑖𝐾𝐾𝑃𝑃] + 𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝐾𝐾𝑆𝑆𝑆𝑆𝑖𝑖 {01} 

(2) 

 

Figure 9: Discrete-time validation of dry solenoid (left) and in hydraulic operation (right) 

Even if discrete-time simulation results are omitted in Figure 9, the validations impressively show the performance 
achieved. The control performance for large and small setpoint changes exhibits good dynamics and stability 
regardless of the step height. In both cases, with and without dither, accurate closed-loop control of an average 

…including dither

no anti-windup

with anti-windup

large step measurements…

model-in-the-loop

software-in-the-loop

hardware-in-the-loop

processor-in-the-loop

validation

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1191



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

current is easily possible. In combination with the chosen PWM frequency, the remaining current ripple is also 
acceptable. At this point, the model-based design, testing and validation of the inner current control loop is 
complete, and the focus must be placed on the outer position control loop. 

3.2 Position control loop 

The main difficulty in designing a suitable position control architecture is that the pilot valve supplier does often 
not know the customer system in detail. The generalized structure is to be selected so that different customer 
systems can be adequately controlled by parameter tuning alone. To ensure a high degree of usability and field 
customization, the number and complexity of the controller parameters shall be reduced to a level that can be 
handled practically. This necessarily leads to well-known, industrially widely used control structures. 

Nevertheless, question arises as to which typical system responses the controller has to deal with. As a virtual 
reference serves again a lumped-parameter simulation model that could be parameterized with the help of one of 
our customers. However, it should be noted that this is just one example of the whole variety of customer systems 
available on the market. 

3.2.1 System characterization 

In accordance with section 3.1.1, the controlled system is excited with coil current ramps or steps to obtain and fit 
the underlying transfer function 𝑋𝑋𝑂𝑂𝑂𝑂𝑂𝑂 𝑋𝑋𝐼𝐼𝐼𝐼⁄ = 𝑥𝑥𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉⁄  of 3rd order modeling pressure build-up and valve 
motion. Figure 10 shows the simulation and approximation results for the exemplary customer system selected. 

 

Figure 10: Results of simulation-based customer system characterization 

The determined static gain for the customer system under consideration has two nonlinearities, each localized in a 
subsystem, as shown in Figure 10. A fraction of the deadband in the current-position-response results from the 
pilot valve. The other fraction mainly originates from the spring preload on the main valve spool in the customer 
system. The saturation in the main valve position represents the end stop in one moving direction. The intermediate 
curve is weakly nonlinear and usually approximated by straight sections. The shape of the gain curve is similar 
across different customer systems as there are analogous physical interactions. 
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In contrast to the static identification, dynamic valve responses generally differ from one customer system to 
another. From a control-engineering point of view, the diameter of the main valve in combination with the spring 
package and the damping orifice between pilot valve and main valve spool are the most important factors 
influencing the natural frequency and the time response. Because of superimposed dither, the normalized steps in 
Figure 10 show a strongly fluctuating current putting the main valve into weak vibrations as well. The system 
under consideration show FOPDT-characteristic. For controller parameterization, not the individual values of the 
parameters within the fitted transfer function are of interest, but the variables derived from them. This includes 
both the dead times 𝑇𝑇𝑈𝑈 and the compensation times 𝑇𝑇𝐺𝐺 , whereby the ratio 𝑇𝑇𝐺𝐺 𝑇𝑇𝑈𝑈⁄  indicates good controllability of 
the overall system. Here, the values are mostly constant in the operating range, but viscosity-related temperature 
effects can change them significantly. 

3.2.2 Control architecture 

As mentioned in the introductory part, usability plays an import rule in selecting a suitable control architecture. 
For this reason, and in accordance with the current controller, a modified PID-control law with anti-windup 
capabilities is chosen. Details about the continuous- and discrete-time realization were explained in the previous 
sections. Apart from the differential part of the control law, the only difference from the current control architecture 
is the possible use of a static feedforward current 𝑖𝑖𝐹𝐹𝐹𝐹 , as depicted in Figure 11. 

 

Figure 11: Complete cascaded control architecture for position control loop 

Why static feedforward and closed-loop control in parallel? The exclusive consideration of the static part of the 
controlled system in the feedforward path is a consequence of the temperature-dependent side effects. A full model 
inversion can only consider one viscosity or temperature, so the other operating points are disregarded. Since the 
oil temperature in the pilot circuit is usually not known, static feedforward represents a trade-off between accuracy 
and usability. If the feedforward path is not used, the position controller has a purely regulating effect, while the 
inclusion of the feedforward path in parallel to the feedback path improves tracking behavior. 

The dither current 𝑖𝑖𝐷𝐷𝐷𝐷𝐷𝐷ℎ, also shown in Figure 11, adds the dither trajectory to the setpoint of the current controller. 
The location of the summation point between the cascaded controllers is necessary, because the dynamic properties 
of the position controller will otherwise distort the signal setpoint causing a reduced hysteresis minimization. 

3.2.3 Model-in-the-loop testing and validation 

In order to test the applicability of the selected structure together with der underlying customer system, controller 
parameters are predicted according to the setting rules for FOPD-characteristics with the objective of an asymptotic 
step response. Therefore, the corresponding times from Figure 11 are used together with the inversion of the gain 
curve as model-based feedforward. 

Starting point for the verification of selected and parameterized control architecture are the small and large step 
responses as shown in Figure 12. On the left side of this figure, the main valve follows the stepwise setpoint 
changes in comparable responses at each step. The only observable differences are in the first and last step. The 
dead times for the first step results from the summation of the individual fractions of pilot and main valve delaying 
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the overall time response. In the last step, the main valve is pressed inside the end stop causing an abrupt stop of 
the movement. 

 

Figure 12: Continuous-time verification of control applicability and anti-windup strategy 

In contrast to the expected behavior, the small step responses are characterized by a slight overshoot disappearing 
when the feedforward current is omitted. This difference results from the integrator part of the control law. In ideal 
PI-operation with vanishing steady-state error, the I-component generates the controller output alone. However, in 
simultaneous operation with the feedforward, this additional path takes over this part. Disappearing errors, 
however, require the sign of the error to be reversed, resulting in overshoot. A solution to this problem will 
discussed later in this section. 

The large step shown on the right side of Figure 12 indicates the same windup problem already known from the 
current controller. As a result of current limiting, large over- and undershoots occur. A special feature here, is that 
the lower limit corresponds approximately to the deadband current of the nonlinear gain curve. This prevents the 
controller output from entering a range without influence on the valve movement. Due to positive overlap, the 
actual minimum current setpoint in operation is usually higher than the deadband current. When anti-windup 
calculation is switched-on, the overshoots are similarly suppressed. 

The transfer from a continuous-time approach to a sample-based implementation with its boundary conditions is 
less critical for position control than for current control. The inertia of the main valve causes a time response that 
is much slower than the current control period, so that the choice of the sampling frequency for the position control 
allows a lot of flexibility. For the digital implementation and the validation measurements, a suitable integer divisor 
of the PWM frequency is used for each position control cycle. 

The comparison of the step responses out of neutral position in simulation and measurement, as shown on the left 
side in Figure 13, dampens the positive overall impression. Although the initial dead times for different position 
commands are comparable, a large overshoot occurs in both simulation and measurement. This problem addresses 
a similar problem closely associated with the integrator part of the control law, the so-called deadtime windup. As 
long as the controller waits for a detectable change in position, the error remains constant causing an accumulation 
of the integral action over time. Commonly proposed methods such as de-tuning the controller parameters or 
having a dedicated deadtime for the integral path are suitable solutions, but reduce the dynamics and do not account 
for viscosity-induced deadtime changes. A more promising approach seems to be an intermittent integral action 
depending on the actual position error. By adapting the already existing anti-windup calculation scheme, an 
efficient numerical implementation is easily possible. The right side of Figure 13 depicts the promising results. 
The additional measures reduce the deadtime-induced overshoot in both the simulation and the measurement. A 
positive side-effect lies in the likewise improved small step responses. 
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Figure 13: Discrete-time validation of cascaded control scheme with customer system connected 

3.3 Summary 

The model-based design of a cascaded control architecture was successfully completed focusing on easy and 
efficient reusability with respect to other valves or customer systems. The existing nonlinearities such as power 
limitation, spool overlap, spring preload and time delays from digital realization are handled appropriately in the 
control architecture or the controller parameters. The performance improvements achieved are not the only feature 
of this targeted approach. Individual steps inside this procedure can be the basis for the further development of 
innovative features such as self-adaption. 

4 Self-adaption 

Only a brief insight into self-adaption to a customer system is possible in this section. As previously described, an 
initial determination of controller parameters based on standard rules is possible if system characteristics are 
known. This system identification is divided into a static and a dynamic characterization. For the identification to 
be online-capable, it’s computational and data acquisition effort must be adapted to the microcontrollers’ 
performance. 

In this short section, the focus lies on the determination of the static gain curve additionally resulting in values for 
deadband current and maximum stroke. The idea behind the mathematical implementation is based on a recursive-
least-squares optimization as explained by Schröder and Buss [6]. This approach avoids the need for gathering 
many data samples and standardizes the calculation effort. Equation (3) shows the numerical scheme for this 
method, using sorted dither-averaged measurements in our case. 

    𝛾𝛾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘)𝜉𝜉(𝑘𝑘+1)

1 + 𝜉𝜉𝑇𝑇(𝑘𝑘+1)𝑃𝑃(𝑘𝑘)𝜉𝜉(𝑘𝑘+1)
, 

𝜃𝜃(𝑘𝑘+1) = 𝜃𝜃(𝑘𝑘) + 𝛾𝛾(𝑘𝑘) (𝜓𝜓(𝑘𝑘+1) − 𝜉𝜉𝑇𝑇 (𝑘𝑘+1)𝜃𝜃(𝑘𝑘)) , 

𝑃𝑃(𝑘𝑘+1) = (𝐼𝐼 − 𝛾𝛾(𝑘𝑘)𝜉𝜉𝑇𝑇 (𝑘𝑘+1)) 𝑃𝑃(𝑘𝑘) 

(3) 

The individual variables in Equation (3) are the target value 𝜓𝜓, the regressors 𝜉𝜉𝑇𝑇 and the independent parameters 𝜃𝜃. 
The matrix 𝑃𝑃 is connected with the variance of the parameter vectors and updated every iteration. Using a 
convenient regressor formulation, interval-based learning of the static nonlinearity, as outlined in Figure 14, 
succeeds using a pre-defined steady-state excitation signal. 
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Figure 14: Learning results for static gain curve usable for self-adaption of controller parameters 

Another advantage of this recursive approach is the easy monitoring of the convergence of the parameter values 
as outlined on the right side of Figure 14. Based on this curve, all required values for the control law are extracted 
or interpolated. The suitability of this approach for dynamic characterization is still under investigation and is 
outside the scope of this article. 

5 Conclusion 

In this article, the model-in-the-loop design stage as well as the validation stage of the cascaded control architecture 
used in intelligent pilot systems have been discussed. Particular attention was paid to the digital implementation 
of the current control law, including in-house expertise regarding the installed solenoid. This clearly demonstrates 
the advantage of modern embedded electronics in the realization of fast and accurate closed-loop controls. With 
constant consideration of user-friendliness, a successful design and parameterization of the position control loop 
essential for the customer took place. The selected control architecture supports the customer in customization and 
tuning of the control system and offers starting points for self-adaption. One of these points was briefly touched 
upon using the example of static feedforward identification. Another advantage of the model-based approach and 
the control laws used is the availability of tuning rules. With the help of these rules, online controller tuning is 
feasible without solving complex equations. The result of the adaption is only a reference value, but it provides 
the customer with a ready-to-use parameter set for his system in use. 
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𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠  saturated duty cycle [-] 

𝑒𝑒𝐷𝐷𝐷𝐷 duty cycle over-/underrun [-] 

𝑒𝑒𝑖𝑖 current error [A] 

𝑒𝑒𝑖𝑖,𝑖𝑖𝑖𝑖𝑠𝑠 integral current error [A∙s] 

𝑒𝑒𝑝𝑝 pressure error [Pa] 

𝑒𝑒𝑥𝑥 position error [m] 

𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃  pressure force on valve spool [N] 

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑖𝑖𝑆𝑆𝑖𝑖𝑆𝑆  solenoid force [N] 

𝑖𝑖𝐷𝐷𝑆𝑆𝑖𝑖𝑆𝑆  coil current [A] 

𝑖𝑖𝐷𝐷𝑖𝑖𝑠𝑠ℎ  dither-related current [A] 

𝑖𝑖𝐹𝐹𝐹𝐹  feedforward current [A] 

𝑖𝑖𝑆𝑆𝑃𝑃𝑠𝑠  current setpoint [A] 

𝐾𝐾𝑃𝑃 proportional gain […] 

𝐾𝐾𝑃𝑃 𝑇𝑇𝐼𝐼⁄  integral gain […] 

𝐾𝐾𝑆𝑆 system gain […] 

𝐾𝐾𝑆𝑆𝑠𝑠𝑠𝑠  saturation gain […] 

𝑝𝑝𝑂𝑂𝑃𝑃𝑠𝑠𝑆𝑆𝑃𝑃𝑠𝑠  outlet pressure [Pa] 

𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝 pump pressure of pilot circuit [Pa] 

𝑝𝑝𝑇𝑇𝑠𝑠𝑖𝑖𝑇𝑇  tank pressure of pilot circuit [Pa] 

𝑄𝑄𝑂𝑂𝑃𝑃𝑠𝑠𝑆𝑆𝑃𝑃𝑠𝑠  outlet flow rate [m³/s] 

𝑡𝑡 time [s] 

𝑇𝑇𝐺𝐺  system compensation time [s] 

𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃  PWM period [s] 

𝑇𝑇𝑆𝑆, 𝑇𝑇𝐷𝐷 system time constant(s) [s] 

𝑇𝑇𝑈𝑈  system dead time [s] 

𝑈𝑈𝐵𝐵𝑠𝑠𝑠𝑠  power supply voltage [V] 

𝑈𝑈Π (clocked) voltage [V] 

𝑥𝑥𝑆𝑆𝑃𝑃𝑠𝑠  position setpoint [m] 

𝑥𝑥𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆, �̇�𝑥𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆  pilot spool position, velocity [m, m/s] 

𝑥𝑥𝑉𝑉𝑠𝑠𝑆𝑆𝑉𝑉𝑃𝑃  main valve position (within customer system) [m] 
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victor.de.negri@ufsc. 

Electro-hydrostatic actuators (EHA) applied to the operation of subsea process valves have a high potential role in 
the “All-Electric Subsea” (AES) implementation, which has the aim of minimizing the environmental impact and 
cost of subsea fields, especially with long tiebacks or in ultra-deep water. This paper presents the development and 
qualification process of a novel EHA for small-bore process valves in subsea applications, in which a continuous 
integration (CI) approach with the aid of a physical simulation model was utilized. One obtained benefit of such 
an approach was the acceleration of the development process of the evaluated controller, achieved through faster 
verification iterations and an automated partial qualification up to TRL 3 according to API 17N. In addition, the 
actuator model gives an accurate assessment of the performance in terms of loads, power consumption, and safety 
of the studied actuator in several operational scenarios. 
 
Keywords: Subsea valve actuator, HIL testing, test automation, electro-hydrostatic actuator, process valves. 
Target audience: Oil & Gas Industry, Industrial Hydraulics, Software Development. 

1 Introduction 

All-Electric Subsea (AES) is an alternative to the conventional Electro-Hydraulic (EH) technology for the 
controlling of the subsea production valves, which is a key enabler to reduce the CAPEX and OPEX of subsea 
fields and its environmental impact, especially with long tiebacks or in ultra-deep water [1], [2], [3]. Electro-
hydrostatic actuators (EHAs) are a solution that can be implemented in AES while preserving the positive 
characteristics encountered in EH systems, namely reliability, compactness, robustness, high power density, high 
load capacity, simple and effective overload protection, and uncomplicated commissioning [4] [5].  

A novel subsea valve actuator (SVA), with an electro-hydrostatic drive, was designed at Bosch Rexroth for small-
bore rotary valves for applications in depths up to 4,000 meters and wellbore pressures up to 15 kpsi (1,035 bar) 
[6], in which its physical size and weight should not exceed that of the conventional subsea hydraulic actuators as 
illustrated in Figure 1. Moreover, it features a reliable fail-safe mechanism using coil springs for closing the valve. 
In addition to these characteristics, the actuator is constrained to a maximum power consumption of 96 W. Finally, 
the actuator has an embedded system to control its motion and to provide a Subsea Instrumentation Interface 
Standardization (SIIS) compliant communication interface for the operator.  
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Figure 1: Comparison of components integrated in the new Subsea Electric Actuator. 

An embedded controller, located at the system’s control module as illustrated in Figure 1, runs the application 
software (ASW) to the control actions of the designed SVA. To comply with the requirements heretofore 
mentioned, the embedded controller needs to monitor a set of process variables, such as position, pressures, 
available power supply, command signal, etc., and perform the adequate actions, namely actuate the electric motor 
and the internal directional control valves accordingly. 

Complying with the SIIS and the customer requirements, an interface has been implemented in the ASW to 
command the actuator’s functionalities as well as to enable continuous monitoring of the relevant process 
variables. 

To accelerate the development of the ASW with the embedded controller, allowing an early detection of possible 
software bugs and a fast feedback of any integration issues, a continuous integration method was applied in the 
SVA development, based on already validated and mature procedures used in the automotive industry [7], [8]. The 
test scenarios presented in this paper are categorized in the integration testing and system testing levels, according 
to the definition from the International Software Testing Qualifications Board (ISTQB). 

2 SVA modelling 

The model of the SVA’s electro-hydrostatic subsystem was developed with the aid of the modelling and simulation 
tool Dymola, represented in the standard modelling language Modelica. The simplified schematic diagram of the 
modelled system is shown in Figure 2. The parameters of its components were obtained through datasheets and 
experimental data from tests perform.  

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1200



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

A1

P1

M1

V1
V2

V5

V4

A2

G2

G1xA1

xA2

M

U

P

U

P

U

GS1

S2

S3

V3

V6

V7

 

Figure 2: Exemplary hydraulic circuit diagram. 

The servomotor and hydraulic pump is modelled according to the following equations [13]. 

𝑈𝑈𝑆𝑆𝑆𝑆 = 𝐾𝐾𝑒𝑒. 𝜔𝜔𝑆𝑆𝑆𝑆 + 𝑅𝑅𝑆𝑆𝑆𝑆. 𝑖𝑖𝑆𝑆𝑆𝑆 + 𝐿𝐿𝑆𝑆𝑆𝑆.
𝑑𝑑𝑖𝑖𝑆𝑆𝑆𝑆
𝑑𝑑𝑑𝑑  

(1) 

𝑇𝑇𝑆𝑆𝑆𝑆𝑒𝑒 = 𝐾𝐾𝑡𝑡. 𝑖𝑖𝑆𝑆𝑆𝑆 (2) 

�̇�𝜔𝑆𝑆𝑆𝑆 = 1
𝐽𝐽𝑆𝑆𝑆𝑆

. (𝑇𝑇𝑆𝑆𝑆𝑆𝑒𝑒 − 𝑇𝑇𝑆𝑆𝑆𝑆
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) 

(3) 

𝑇𝑇𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑇𝑇𝑃𝑃
ʎ  

(4) 

𝜔𝜔𝑃𝑃 =
𝜔𝜔𝑆𝑆𝑆𝑆
ʎ  (5) 

𝑇𝑇𝑃𝑃 = 𝐷𝐷𝑣𝑣. (𝑝𝑝𝐵𝐵 − 𝑝𝑝𝐴𝐴) ± 𝑇𝑇𝑃𝑃
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ± 𝐽𝐽𝑃𝑃. �̇�𝜔𝑃𝑃 (6) 

𝑞𝑞𝑣𝑣𝑃𝑃 = 𝐷𝐷𝑣𝑣. 𝜔𝜔𝑃𝑃 − 𝑞𝑞𝑣𝑣𝑃𝑃𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 (7) 

𝑞𝑞𝑣𝑣𝑃𝑃𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 = 𝐶𝐶𝑓𝑓𝑖𝑖. (𝑝𝑝𝐵𝐵 − 𝑝𝑝𝐴𝐴) (8) 

where the electrical drive (M1) variables are 𝑈𝑈𝑆𝑆𝑆𝑆 [V] supplied electric voltage, 𝐾𝐾𝑒𝑒 [V.s/rad]  back electromotive 
force constant, 𝜔𝜔𝑆𝑆𝑆𝑆 [rad/s] angular velocity, 𝑅𝑅𝑆𝑆𝑆𝑆 [Ω] electrical resistance, 𝑖𝑖𝑆𝑆𝑆𝑆 [A] electrical current, 𝐿𝐿𝑆𝑆𝑆𝑆 [H] 
electrical inductance, 𝑇𝑇𝑆𝑆𝑆𝑆𝑒𝑒  [N.m] electrical torque, 𝐾𝐾𝑡𝑡 [Nm/A] electrical torque constant, �̇�𝜔𝑆𝑆𝑆𝑆 [rad/s2] angular 

acceleration, 𝐽𝐽𝑆𝑆𝑆𝑆 [kg.m2] moment of inertia, 𝑇𝑇𝑆𝑆𝑆𝑆
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 [Nm] frictional torque and 𝑇𝑇𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [N.m] output torque. The 

parameter ʎ [dimensionless] is the transmission ratio between servomotor and hydraulic pump. The hydraulic 
pump (P1) variables are  𝑇𝑇𝑃𝑃 [Nm] input torque, 𝜔𝜔𝑃𝑃 [rad/s] angular velocity, 𝐷𝐷𝑣𝑣  [m3/rad] volumetric displacement, 

𝑝𝑝𝐴𝐴 and 𝑝𝑝𝐵𝐵 [Pa] respectively the pressures in chambers A and B, 𝑇𝑇𝑃𝑃
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 [N.m] frictional torque, 𝐽𝐽𝑃𝑃 [kg.m2] moment 

of inertia, �̇�𝜔𝑃𝑃 [rad/s2] angular acceleration, 𝑞𝑞𝑣𝑣𝑃𝑃 [m3/s] useful flow rate, 𝑞𝑞𝑣𝑣𝑃𝑃𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙  [m3/s] leakage flow rate and 𝐶𝐶𝑓𝑓𝑖𝑖 
[m3/s.Pa] the leakage flow coefficient. 

𝑝𝑝𝐴𝐴 𝑝𝑝𝐵𝐵 
𝑝𝑝𝐶𝐶  

𝑝𝑝𝐷𝐷 
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The equations that model the hydraulic cylinders and hydraulic lines pressure are [10]: 

𝑑𝑑𝑝𝑝𝐴𝐴
𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑒𝑒

𝑉𝑉𝐴𝐴
. (𝐴𝐴𝐴𝐴1. 𝑑𝑑𝑥𝑥𝐴𝐴1

𝑑𝑑𝑑𝑑 + 𝑞𝑞𝑉𝑉2 + 𝑞𝑞𝑉𝑉7 − 𝑞𝑞𝑣𝑣𝑝𝑝 − 𝑞𝑞𝑉𝑉4 − 𝑞𝑞𝑉𝑉6) 
(9) 

𝑑𝑑𝑝𝑝𝐵𝐵
𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑒𝑒

𝑉𝑉𝐵𝐵
. (𝑞𝑞𝑣𝑣𝑝𝑝 + 𝑞𝑞𝑉𝑉3 + 𝑞𝑞𝑉𝑉6 − 𝐴𝐴𝐴𝐴1. 𝑑𝑑𝑥𝑥𝐴𝐴1

𝑑𝑑𝑑𝑑 − 𝑞𝑞𝑉𝑉5 − 𝑞𝑞𝑉𝑉7) 
(10) 

𝑑𝑑𝑝𝑝𝐶𝐶
𝑑𝑑𝑑𝑑 = 𝛽𝛽𝑒𝑒

𝑉𝑉𝐶𝐶
. (𝑞𝑞𝑉𝑉4 + 𝑞𝑞𝑉𝑉5 − 𝐴𝐴𝐴𝐴2. 𝑑𝑑𝑥𝑥𝐴𝐴2

𝑑𝑑𝑑𝑑 − 𝑞𝑞𝑉𝑉1) 
(11) 

𝐹𝐹𝐴𝐴1 = (𝑝𝑝𝐵𝐵 − 𝑝𝑝𝐴𝐴). 𝐴𝐴𝐴𝐴1 ± 𝐹𝐹𝐴𝐴1
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (12) 

𝐹𝐹𝐴𝐴2 = (𝑝𝑝𝐶𝐶 − 𝑝𝑝𝐷𝐷). 𝐴𝐴𝐴𝐴2 − 𝐾𝐾𝑠𝑠𝑝𝑝. 𝑥𝑥𝐴𝐴2 − 𝐹𝐹0
𝑠𝑠𝑝𝑝 ± 𝐹𝐹𝐴𝐴2

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (13) 

𝑇𝑇𝐺𝐺1 = { 𝐹𝐹1𝐴𝐴1. 𝑅𝑅𝐺𝐺1, 𝑥𝑥𝐴𝐴2 > 𝑥𝑥𝐴𝐴1
𝐹𝐹1𝐴𝐴1. 𝑅𝑅𝐺𝐺1 + 𝐹𝐹𝐴𝐴2. 𝑅𝑅𝐺𝐺1 , 𝑥𝑥𝐴𝐴2 ≤ 𝑥𝑥𝐴𝐴1

 (14) 

where 𝑝𝑝𝐴𝐴, 𝑝𝑝𝐵𝐵 and 𝑝𝑝𝐶𝐶  [Pa] are the pressures in chambers A, B and C and their hydraulic lines, 𝛽𝛽𝑒𝑒 [Pa] the equivalent 
bulk modulus, 𝑉𝑉𝐴𝐴, 𝑉𝑉𝐵𝐵 and 𝑉𝑉𝐶𝐶 [m3] the volumes of the chambers A, B and C and their lines, and 𝑞𝑞𝑉𝑉1, 𝑞𝑞𝑉𝑉2, 𝑞𝑞𝑉𝑉3, 
𝑞𝑞𝑉𝑉4, 𝑞𝑞𝑉𝑉5, 𝑞𝑞𝑉𝑉6 and 𝑞𝑞𝑉𝑉7 [m3/s]  are the valves V1, V2, V3, V4, V5, V6 and V7 flow rate . 𝐹𝐹𝐴𝐴1 [N],  𝐹𝐹𝐴𝐴2 [N], 

𝐹𝐹𝐴𝐴1
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  [N],   𝐹𝐹𝐴𝐴2

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  [N], 𝐴𝐴𝐴𝐴1 [m2], 𝐴𝐴𝐴𝐴2 [m2], 𝑥𝑥𝐴𝐴1 [m], 𝑥𝑥𝐴𝐴2 [m] are,  respectively, the cylinders A1 and A2 useful 
forces, friction forces, areas and positions. The parameter 𝐾𝐾𝑠𝑠𝑝𝑝 [N/m] is the spring elastic constant, 𝐹𝐹0

𝑠𝑠𝑝𝑝 [N] is the 
spring preload force, 𝑅𝑅𝐺𝐺1 and 𝑅𝑅𝐺𝐺2 [m] are the gears transmission equivalent ratios, and 𝑇𝑇𝐺𝐺1 [N.m] is the resultant 
torque in gear 1. Valves V1 to V7 are modelled according to Silva [9]. As the system is pressure compensated, 𝑝𝑝𝐷𝐷 
is equivalent to the hydrostatic pressure caused by the water column according to the system’s depth. 

From the variables in the equations 1-12, the most critical for the system modelling are the ones correlated with 
frictional losses, due to the several nonlinearities present in friction behaviour. Valdiero [11] points out that friction 
is a multifaceted nonlinear phenomenon that exhibits several nonlinear characteristics, which are generally 
dependent on speed, temperature, the direction of movement, lubrication, and wear between surfaces, position and 

even the previous states of the displacement. The friction variables 𝑇𝑇𝑆𝑆𝑆𝑆
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑇𝑇𝑃𝑃

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝐹𝐹𝐴𝐴1
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , and 𝐹𝐹𝐴𝐴2

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  were modelled 
as Stribeck friction models, which are compound by the static, viscous, coulomb, and Stribeck frictions [13] [14]. 
The implemented Stribeck friction equation for a generic component with frictional torque is 

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐵𝐵. 𝜔𝜔 + tanh ( 𝜔𝜔
𝐾𝐾𝑠𝑠. 𝜔𝜔𝑠𝑠

) . (𝑇𝑇𝑓𝑓 +  (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑓𝑓). 𝑒𝑒−( 𝜔𝜔
𝜔𝜔𝑠𝑠

)
𝛿𝛿

)  
(13) 

where 𝐵𝐵 [N.m.rad/s] is the viscous damping coefficient, 𝐾𝐾𝑠𝑠 [dimensionless] a smoothing coefficient, δ 
[dimensionless] an arbitrary exponent, 𝜔𝜔𝑠𝑠 [rad/s] the Stribeck velocity, 𝑇𝑇𝑓𝑓 [N.m] the coulomb torque, and 𝑇𝑇𝑠𝑠 [N.m] 
the Stribeck torque. 

In addition, the system is instrumented with two pressure transducers, each measuring a pressure line of the 
hydraulic drives 𝑝𝑝𝐴𝐴 and 𝑝𝑝𝐵𝐵, and an angular position encoder to measure the angular position of the actuator shaft 
directly. These sensors have an analog signal output of 4 to 20 mA. The sensors have been accordingly modeled 
with their resolution, accuracy, range, and signal-to-noise in consideration. 

3 Application software 

The application software is designed from normative, proprietary, and customer requirements to fulfil a set of 
functions in the actuator. These functions can be represented here on a higher level as use cases, as demonstrated 
in the UML use case diagram in Figure 3, where the user is represented by the actor “Operator” and the mechatronic 
system of the actuator is the actor “SVA”, comprised by the sensors, valve solenoids and electrical drives. 
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Figure 3: Reduced use case diagram of the SVA’s application software 

The use cases most relevant to the integration of the ASW and the physical system are: 

 Latch fail-safe mechanism: the ASW commands the electrical drive M1 of the SVA in the direction to 
increase the pressure 𝑝𝑝𝐵𝐵, thus compressing the cylinder A2 fully against the spring, without moving the 
cylinder A1. Simultaneously, the ASW also commands valve V1 to close, which maintains the cylinder 
A2 compressed against the spring, keeping the fail-safe mechanism latched. 

 Open process valve: the ASW commands the electrical drive M1 in the SVA in the direction to increase 
the pressure 𝑝𝑝𝐴𝐴, driving the cylinder A1. The rack on the rod will engage with the transmission G1, turning 
the actuator axis in the opening direction. If the fail-safe mechanism is not latched, the rack of G2 will 
also engage with its contact with A2, forcing the cylinder to compress and latch the fail-safe mechanism. 
The drive remains active until the axis reaches the opened position threshold according to sensor S1. 

 Close process valve (active): the ASW commands the electrical drive M1 in the SVA in the direction to 
increase the pressure 𝑝𝑝𝐵𝐵, driving the cylinder A1. The rack on the rod will engage with the transmission 
G1, turning the actuator axis in the closing direction. The rack of transmission G2 also moves, although 
it does not encounter any mechanical resistance other than its own friction. The drive remains active until 
the axis reaches the closed position threshold according to sensor S1. 

 Close process valve (passive): the ASW commands valve V1 to open. The spring in cylinder A2 will push 
the clutch attached to the rod. If the actuator is opened, the clutch will engage the rack, which will drive 
cylinder A1 and the axis transmission G2 to their respective closed positions. If the actuator is closed, the 
cylinder A2 will simply be displaced to its unlatched position. 

 Read sensors: the ASW reads the outputs from sensors S1, S2 and S3 and scales them accordingly. This 
use case is periodically called by the ASW internally. 

The operator commands the ASW via CAN communication, as specified by the SIIS Recommended practice [16]. 
Typically, the communication interface is realized through an external subsea control module (SCM), to which the 
operator may have direct access to from the topside or it may be controlled autonomously by a supervisory system. 
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4 Hardware-in-the-loop test setup 

A hardware-in-the-loop (HIL) setup, compound mainly by the components shown in Figure 4, was then devised 
to run the model of the physical system – actuator and process valve – and emulate the electrical interface of the 
electrical devices. Overall, the HIL performs the roles of both the operator – by commanding the ASW via CAN 
– and the SVA – by processing the electrical signals from the embedded controller to the simulated actuator model 
and vice-versa. The HIL setup contains a programmable logic computer (PLC) connected to a set of input/output 
modules and a CAN communication module. These modules are electrically connected to the embedded controller. 
The PLC runs three main tasks, one to handle the IO signals and CAN frames from the modules, another is 
dedicated to execute the actuator’s model, and a third task is responsible to emulate the user interface. This last 
task provides the interface where test scenarios can be programmed and executed autonomously, coordinating the 
commands to the embedded controller in order to verify the software and system requirements automatically. The 
dataflow in the HIL setup is depicted in Figure 4, where the dark arrows represent electrical signals and light 
arrows represent virtual data exchanged internally in the PLC. 

 

Figure 4: Dataflow between the HIL setup components. 

The HIL setup is connected to a build agent running a continuous integration pipeline, which constantly supervises 
a file repository for updates in the application software, in the simulation model or in the test scenarios. Once a 
change triggers the CI pipeline, it automatically loads the embedded controller with the new ASW and the PLC 
with the new simulation model and test scenarios. The tests are then executed in an automated manner and the 
results are uploaded as a report in the repository for the scrutiny of the system engineers and software developers. 
The tests provide high-fidelity results for both system engineers and software developers to react swiftly on 
improving the system. The implementation of the HIL is shown in Figure 5. 
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PLC, I/O and CAN modules

Embedded controller

Auxiliary electronics

 

Figure 5: The physical implementation of the HIL setup cabinet. 

5 Test scenarios 

The test scenarios were developed to comply with the norm requirements, namely API 6A, API 17D, API 17F and 
API 17N up to TRL 3, as well as internal quality specifications and costumer specifications. In the context of the 
SVA, the requirements can be summarized as: 

 Provide an output torque of up to 225 N.m throughout the opening and closing operations, according to 
the load; 

 Actively drive a full stroke of the valve, preferably, under 15 seconds; 

 Perform a passive fail-safe closing operation under a time of 5 seconds; 

 Operate nominally in a depth of 4000 meters. 

To evaluate these requirements, the test scenarios were programmed as sequences of ASW functions – described 
in section 3. There are two sequences relevant to validate the system requirements and the ASW functionality: a 
regular actuation cycle and a fail-safe actuation cycle. The regular actuation cycle is comprised of a command for 
latching the fail-safe mechanism, followed by a command to open the valve and finalized with a command to close 
the valve actively using the electrical drive. The fail-safe actuation cycle is composed of a command for latching 
the fail-safe mechanism, followed by a command to open the valve and finally a command to close the valve 
passively using the fail-safe springs. The hydrostatic pressure as well as the load torque are input signals of the 
FMI (Functional Mock-up Interface) model that can be set during the test sequences. 

In the following subsections, the results are presented in terms of internal pressures [bar], actuator axis angular 
position [degrees], and hydraulic torque provided by cylinder A1 [N.m]. Four scenarios are studied: regular 
actuation cycle without load, fail-safe actuation cycle without load, regular actuation cycle with a constant 225 
N.m resistive load and fail-safe actuation cycle with a constant 225 N.m resistive load. In the following analyses, 
the signals from the FMI model are considered the ground truth. The average error and standard deviation between 
the internal signals of the FMI model and the acquired electrical signals by the ASW are calculated to assess the 
accuracy of the physical system perception by the software. 

5.1 Scenario 1: Regular actuation cycle without load 

In the first scenario, the cycle begins with the ASW commanding the model to latch the fail-safe mechanism. It 
can be seen in Figure 6, between 2 to 28 seconds, as the axis shows no displacement, however the pressure 
measured in the closing line (𝑝𝑝𝐴𝐴) increases linearly, as the fail-safe spring is compressed. Likewise, the pressure 
in the fail-safe cylinder chamber (𝑝𝑝𝐶𝐶) also increases, although there is no instrumentation to measure it. Then, the 
ASW commands the FMI to open and close without a load torque applied. Despite having no load applied, the 
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torque is calculated from the pressure differential read by the sensors, which explains the perceived hydraulic 
torque during the latch of the fail-safe system and at the end of stroke. The time durations for opening and closing 
are 9.77 and 9.98 seconds respectively. 

The average error calculated for the 𝑝𝑝𝐴𝐴 signal is 0.06 bar with standard deviation of ±1.74 bar. For the pB signal, 
the average error is 0.09 bar with a standard deviation of ±2.16 bar. The position error average is 0.504 degrees 
with a standard deviation of ±0.385 degrees.  

 

Figure 6: Pressures, actuator position and load torque signals read by the ASW and the FMI for scenario 1. 

5.2 Scenario 2: Fail-safe actuation cycle without load 

The fail-safe actuation cycle also starts with the ASW commanding the model to latch the fail-safe mechanism. 
Then it commands the electrical drives to open the valve, only to release the fail-safe mechanism right afterward. 
It takes 0.80 seconds to close the valve completely with the fail-safe mechanism. In this scenario, no load torque 
was applied as well. The signal profiles are shown in Figure 7. 

The average error for the pA signals is 0.01 bar (standard deviation: ±1.68 bar). For the pB signals, the average 
error is 0.03 bar (standard deviation: ±2.79 bar). The position error average is -0.461 degrees (standard deviation: 
±0.560 degrees). 
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Figure 7: Pressures, actuator position and load torque signals read by the ASW and the FMI for scenario 2. 

 

5.3 Scenario 3: Regular actuation cycle with a constant 225 N.m resistive load 

Scenario 3 follows the same command sequence from scenario 1, except here there was a constant resistive load 
(acting in the opposite direction of the movement) throughout the open and close operations. In this scenario, it 
takes 10.98 seconds to open the valve and 10.65 seconds to close the valve. 

The signal profiles are shown in Figure 8, their average errors and standard deviations are the following: pA average 
error is -0.04 bar (standard deviation: ±1.96 bar), pB average error is -0.05 bar (standard deviation: ±2.29 bar), 
position average error is -0.524 degrees (standard deviation: ±0.394 degrees), torque average error is 0.11 Nm 
(standard deviation: ±15.32 Nm). 

 

Figure 8: Pressures, actuator position and load torque signals read by the ASW and the FMI for scenario 3. 

5.4 Scenario 4: Fail-safe actuation cycle with a constant 225 N.m resistive load 

Likewise, scenario 4 follows the command sequence from scenario 2. In this scenario, however, it takes 1.56 
seconds for the fail-safe mechanism to close the valve. The pA signal average error is -0.01 bar (standard deviation: 
±1.62 bar), the pB signal average error is -0.0775 bar (standard deviation: ±2.84 bar), the position signal average 
error is -0.477 degrees, (standard deviation: ±0.510 degrees) and the torque signal average error is 0.08 Nm 
(standard deviation: ±17.11 N.m). The signal profiles are depicted in Figure 9. 
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Figure 9: Pressures, actuator position and load torque signals read by the ASW and the FMI for scenario 4. 

6 Summary and Conclusion 

The results obtained after the fast design iterations demonstrate that the final SVA design – represented by the 
modelled subsystems and the control module hardware/software – fulfils all functional requirements and even 
excels the required performance in certain features. The functional requirements evaluated were torque 
availability, time to open/close, active and passive actuation, and influence from external hydrostatic load.  

When compared with conventional verification methods with physical prototypes, the continuous integration 
practices utilized during the development of the actuator considerably accelerated the fulfilment of a final product. 
In average, to build, execute and evaluate all four scenarios, the continuous integration pipeline took 20.7 minutes. 
This demonstrates a massive contrast to the time required to perform a test with the physical prototype on a physical 
load fixture in a hyperbaric chamber facility – which requires weeks of planning and execution. 

The presented development approach also enabled rapid incorporation of customer feedback as design 
requirements, adding substantial value to the customer in the process. Another major advantage observed is the 
automated qualification of several aspects of the design up to TRL 3, in accordance with API 17N. Finally, the 
numerical model has been considered suitable to be applied as a digital twin for the physical prototype, enhancing 
the condition monitoring capability of the final product. 
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The ongoing developments in the field of microfluidics is opening up new possibilities regarding the conversion 
of laboratory-scale analysis to a micro scale that is automated, easy to handle and close to patient care. As these 
achievements heavily rely on the precise controlling of fluids in small scale, the enhancement of components like 
micropumps and valves evolved to be in focus of microfluidic research. Motivated by this, the concept of a 
peristaltic micropump based on the magnetic shape memory (MSM) technology arose, holding a great potential 
regarding a precise delivery of fluid with high resolution and providing features such as self-priming, reversibility 
and scalability. The proposed paper presents an experimental investigation on this innovative concept enhanced 
by the feature of a medium compatibility that is indispensable in medical and diagnostic systems.  

Keywords: magnetic shape memory, micropump, hose pump, peristaltic pump, microfluidic 
Target audience: Microfluidic, Medical Industry, Laboratory Diagnostics 

1 Introduction 

1.1 Motivation 

In the field of microfluidics, the micropump is an essential centrepiece as the accurate control of the fluid flow 
becomes more important due to the developments regarding automatization and mobility. Inventions of 
microfluidic devices like micrototal analysis systems (μTAS), point-of-care diagnostics (PoCD) and lab-on-chips 
(LoC) allow for a mobile and efficient handling of fluids in a small scale [1]. Motivated by involved challenges, 
like a high dosing accuracy and repeatability, medium compatibility, self-priming feature, and operation at pressure 
differences of 1 bar, the investigation of micropumps remains in focus of research revealing a huge variety of 
pump concepts [2]. Each technology has its deficits: either a high power source, limited durability, complexity in 
manufacturing or limitation with respect to the volume flow [3]. For example, diaphragm pumps need more than 
one chamber or valves to realize a pumping without backflow [4]. In contrast, hose pumps are widely used due to 
their simple structure. But their performance changes over time as a consequence of the ageing of the hose [5].  

An interesting concept with a high potential regarding the above-mentioned requirements is a micropump based 
on magnetic shape memory (MSM) alloys. The MSM alloys are relatively new smart materials, usually 
monocrystalline Ni-Mn-Ga Heusler alloys providing a deformation up to 6 % when subjected to either a magnetic 
field or an external mechanical stress [6]. Induced by a moving magnetic field (e.g. realized by a rotating permanent 
magnet) a moving wave at the surface of the MSM material can be generated. That can be used as a basic principle 
of a peristaltic pump [7]. Volume flows up to 2000 μl/min and a self-priming functionality was already reported 
[8], but one significant requirement involves a special design that is the medium compatibility of the fluid channel. 
This feature is indispensable in the field of microfluidics, where the transport media must not be contaminated. In 
this paper we present a micropump based on the MSM technology including a disposable component that acts as 
a media separation between the MSM alloy and the fluid to avoid contamination.  
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1.2 Research Goal and Approach 

The aim of this research is the enhancement of the idea of an MSM-based micropump by integration of a disposable 
component to allow for application in the field of medicine and laboratory. This is challenging due to the non-
linear magneto-mechanic hysteresis of the MSM alloy. The integration of an MSM element in a system requires a 
whole observation of mechanical interactions with the mechanical load that is in this case the fluid housing 
including the media separation. As the pressure differences of the addressed applications are expected to be very 
low (under 500 mbar), the main influence will be given by the media separation. For the usage of the 
unidirectional stroke, several models exist, e.g. listed in [9]. But an approach describing the local behaviour of the 
MSM is still missing. Thus, in this paper an experimental investigation will be presented as a possibility to develop 
a solution for the advantageous extension of the MSM micropump by a disposable component. The aim of this 
paper is to prove the functionality of the proposed micropump and the investigation on the dependency of the 
volume flow and tightness on geometric parameters by means of a functional prototype. The design procedure of 
the MSM micropump is illustrated in Figure 1.  

 

Figure 1: V-model of the design process. 

It follows the common procedure of a product development, focussing on the media separation. Based on a 
requirement analysis, a morphological analysis was conducted to identify adequate concepts for the integration of 
a disposable fluid channel. As a result, the concept inspired by the classic hose pump turned out to be most 
promising. It is easy in manufacturing, maintenance and should provide the same advantages such as self-priming, 
gentle pumping low in shear forces and the ability to pump suspension as well as fluids of different viscosities. 
The working principle is sketched in Figure 2, where the concept assembly is visualized by means of a sectional 
view of the fluid channel along the long axis. The proposed micropump consists of an MSM element, a rotating 
permanent magnet, a tube clamped between the MSM element and a housing. 

 

Figure 2: Working principle of the hose micropump based on MSM technology consisting of (1) a rotating 
diametral magnetised permanent magnet, (2) an MSM element, (3) a tube and (4) a housing. 
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A moving shrinkage of the MSM element is generated where the magnetic field is normal to the MSM element, 
resulting in a cavity between the tube and the MSM surface. Because of the stress condition induced by the form 
stability, the tube expands within this cavity. This results in a peristaltic motion and enables fluid transportation. 
In contrast to the conventional hose pumps, a significantly smaller change of stress condition is applied, which can 
be beneficial regarding the durability and the influence of the hysteresis due to the viscoelastic behaviour. 
Additionally, no rolling friction is applied and the lower limit of volume flow can be expanded as the MSM element 
determines the dimension of the displacement that can be further downsized.  

This contribution presents a step-by-step characterisation of the concept using different demonstrators in order to 
find a configuration and the sizing parameters that meet the requirements. It starts with an estimation of the MSM 
cavity neglecting the mechanical load as a starting point for the design of the tubing system compromising the 
tube and its housing. The reason for this is that the shape of the squeezing directly impacts the stress condition of 
the tube that is essential for the functionality of the micropump as it needs to develop a volume that is only open 
to the suction side at the beginning and to the pressure side at the end of a cycle. Based on this estimation and the 
results of a preliminary test to identify an appropriate squeezing configuration, a reduced but efficient parameter 
study is shown, emphasising design guidelines and a well sized solution according to the addressed volume flow 
�̇�𝑉 range from 1.6 to 1700 μl/min (guide value 10 μl/min) and a pressure difference ∆𝑝𝑝 between 300 and 
500 mbar. These requirements are derived from typical medical applications such as allergy tests and drug dosage.   

2 Actuator system 

2.1 Functional prototype 

For this research a functional prototype was provided by HNP Mikrosysteme GmbH and ETO MAGNETIC GmbH 
within the framework of the research project SMFA supported by the innovation network smart3. The prototype 
consists of a rotational stored permanent magnet, enclosed by a housing where the MSM element is embedded. 
The rotation of the permanent magnet is driven by a motor (FAULHABER 2232S024BX4 CSD) and can be 
controlled by potentiometer or via the software Motion Manager over a RS232 port. The MSM element used for 
this study is provided by ETO MAGNETIC. For this functional prototype, a specimen with the size of 1×4×15 mm3 
([ × 𝑤𝑤 ×  ]   ) cut from a large Ni-Mn-Ga single crystal was used. A special treatment of the MSM surface was 
applied to improve the smoothness of the moving wave.  

2.2 Surface characterisation 

As already mentioned in the introduction, an estimation of the area and length of the cavity is necessary to design 
the tubing system as they determine the squeezing characteristics. The squeezing length must be higher than the 
cavity length to ensure the valve function of the micropump, meaning that in each state the suction and pressure 
side are disconnected to avoid inner leakage. On the other hand, it must be not too long as it has to provide the 
connection between the cavity with the suction side at the beginning and with the pressure side at the end of the 
pumping cycle. An easy and fast way to identify this information is illustrated in Figure 3a. With the help of a 
laser triangulations system (OptoNCDT 2200-2) the surface movement of MSM was traced along a path in the 
centre of the MSM element with a resolution of ∆𝑧𝑧 =  0.5 mm. The surface movement was analysed both, quasi-
statically and dynamically. For the quasi-static analysis, the distance 𝑥𝑥me s was measured at each coordinate 𝑧𝑧 for 
each degree of the permanent magnet revolution with a resolution of 𝜑𝜑 = 36 °. For the dynamic characterisation 
the transient scope of the distance was measured at each coordinate 𝑧𝑧. Afterwards the data were sorted by the angle 
𝜑𝜑 of the permanent magnet. A weakness of this measurement method is a missing surface reference, since only 
the distance of one surface spot can be measured with this system. When moving the demonstrator, it could deviate 
in vertical position due to a radial play of the positioning stages. The radial play for the stages amounts up to 
0 02 mm, which is the same scale of the expected maximum cavity height      of 0 03 mm. Still, the movement 
can be visualized when using the mean value of the distance at each position 𝑧𝑧 as a reference value. The results of 
the measured distances 𝑥𝑥me s over the 𝑧𝑧-axis along the MSM-length      are visualized in Figure 3b. It can be 
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seen that there are two overlapping movements. As the endings of the MSM element are not fixed but only limited 
by end stops, they lift as a result of a bending caused by a changing reluctance force. 

a)  b)  

Figure 3: a) test rig and b) results of the experimental characterisation of the MSM surface movement. 

The cavity movement can be assumed between the intersection areas of the curves. These indicate the positions 𝑧𝑧, 
where the surface change tends to zero and thus the limits of the cavity`s motion range. With both, the quasi-static 
and the dynamic analysis, very similar results were generated and a motion range      of about 6 mm as well as a 
cavity length      of about 3 mm can be estimated. Thus, the squeezing length should be some value between them. 

3 Tubing system 

3.1 Materials and methods 

As the MSM actuation can be induced both magnetically and mechanically, it needs to be assumed that the 
development of the cavity at the surface of the MSM element is affected by the mechanical load of the tubing 
system. A pre-stress of the tubing is essential for the functionality of the pump. The tubing must be squeezed to 
such an extent that on the one hand the tightness of the displacement is guaranteed and on the other hand the 
mechanical stress due to form stability of the tube is high enough to follow the moving wave at the MSM elements 
surface. For the design process of the tubing system, it is therefore important to take the interaction between the 
MSM alloy and the tubing system into account. In case of using a unidirectional hub resulted by a macroscopic 
strain of the MSM length, the influence of the mechanical load could be excluded, if it does not exceed the strain 
dependant so-called twinning stress of the MSM alloy. The twinning stress can be imagined as an inner friction 
resulting in a resistance that needs to be overcome to reset the MSM element after its actuation. As in this case a 
local deformation is of interest, this condition needs to be fulfilled at each position along the MSM length. In a 
preliminary test using a force sensor to measure the mean pressure to fully squeeze a tube was found out, that the 
required stress is in the same level of the twinning stress.  

To find an efficient design and sizing procedure an examination of the tubing system’s variation possibilities 
required. The design approaches can be reduced to the following aspects: the squeezing configuration, the cross-
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sectional shape of the tubing and the material as well as geometrical parameters. An overview of the variation 
possibilities regarding these aspects is given in Figure 4. As the tube should follow the movement of MSMs cavity 
only by means of the pre-stress condition, the analysis of the squeezing configuration is of high interest. It is 
reasonable to distinguish three types. One possibility is to squeeze the tube with a housing contour against the 
MSM element, which carries the risk of the whole tube bending towards the cavity. In turn, an inverted arrangement 
could lead to the problem of the tube being sealed at the endings of the MSM element during the whole cycle. A 
symmetrical squeezing could combine the advantages of the asymmetric solutions. Concerning the cross-sectional 
shape of the tube the two ideas were evolved deviating from the classic round tube established in roller pumps. 
This is motivated by the known disadvantage regarding the durability of the tubing material. To assure a high 
tightness, the tube needs to be kinked at two points, which is associated with a high mechanical stress and 
consequently with an increased wearing process. Therefore, a shape that already includes kinks in the fully relaxed 
condition would be advantageous. The remaining variation possibilities are the material and geometric parameters. 
These are the sizing parameters determining the development of the displacement in the tube. Due to the 
requirement that media compatibility is necessary for the aspired applications, meaning neither reaction with nor 
contamination of the transport media may occur, the selection of material is restricted. In the field of laboratory 
and medicine the following materials are admitted and therefore considered as tubing material: polyethylene (PE), 
polyvinyl chloride (PVC), polyurethane (PUR), silicone and thermoplastic elastomers (TPE). Regarding the tube 
diameter, it should be checked whether it is possible that the tube kinks are at the outside of the MSM. This would 
firstly be beneficial to keep mechanic stress nearly static and secondly the whole cavity of the MSM could be used. 

 

Figure 4: Variation possibilities of the tubing system. 

All these variation possibilities lead to a high amount of sizing approaches. A theoretical analysis as well as an 
experimental parameter study is associated with an effort of cost and time exceeding the scope of this investigation. 
Independent from the design approach the interaction between the drive and the tubing system is challenging due 
to the magneto-mechanical hysteresis of the MSM behaviour and the characteristic of the tubing material which is 
visco-elastic. Several models of the MSM behaviour have been published, but only representing a unidirectional 
hub. The modelling of the local MSM deformation is still challenging. Hence, it is efficient to prefer an 
experimental investigation to find the appropriate configuration and design parameters of the MSM micropump 
[10]. A full parameter study includes a complex test series, whose procedure and analysis are very time consuming 
and requires a high number of different demonstrators. To keep a manageable effort the selection was restricted to 
combinations that can be realised with catalogue products. With this restriction only a part of the combination 
possibilities can be covered up. For example, no tubes with cross-sectional shapes deviating from the classic round 
shape are available in the dimensions that are required for this study. But this procedure allows for the identification 
of an opportune MSM pump design and sizing. Despite these limitations, the number of possibilities for a test 
series is still very high. For a further reduction of the measurement effort, a preliminary test was made to find a 
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type of efficient squeezing. Thus, only one demonstrator including a predefined squeezing type is necessary for 
the parameter study reducing its effort to a third.   

3.2 Preliminary squeezing test 

The aim of this preliminary squeezing test is to identify the most efficient squeezing type with regard to the tube’s 
expansion in the developed cavity. This test was done at a bigger demonstrator of the suction condition scaled by 
factor six to allow for a better optical observation of the behaviour. The test rig is shown in Figure 5a exemplary 
for the symmetric squeezing type including a numeration of the components according to the following functions: 

 Function of the counterpart (housing) to the MSM according to the squeezing type: supporting surface 
or squeezing contour (SQ1) 

 Housing part of the suction area at the side of the cavity (SQ2) 

 Adjustable part to create a cavity using gauge blocks (SQ3) 

 Housing part of the pressure area at the side of the cavity including the sealing area of the MSM (SQ4).  

a)  

b)  c)  

d)  

Figure 5: a) test rig, the sub-tests b) SqT1 and c) SqT2 and d) possible tube conditions during the squeezing test.   

The analysis was done in two sub-tests SqT1 and SqT2 that are sketched in Figure 5b) and c). In SqT1, the tube 
volume ∆𝑉𝑉   that opens depending on the squeezing height ∆𝑥𝑥 was determined with the help of a water gauge ∆ . 
Therefore, the squeezing height was set using a linear stage and gauge blocks to assure a parallelism of the 
supporting surfaces. As a reference point for the minimal squeezing height ∆𝑥𝑥0 the distance was chosen, where no 
leakage occurred, when the part SQ4 was removed. Starting at this reference height, the squeezing height ∆𝑥𝑥 was 
changed with an increment of 0   mm and the tube volume ∆𝑉𝑉   was calculated by the formula:  

∆𝑉𝑉  =
 
4    gg

2 ∆  (1) 

where    gg is the inner diameter of the tube used for the water gauge. For each squeezing type the test series was 
done five times to check for reproducibility. To evaluate the quality, a theoretic maximum volume ∆𝑉𝑉 h was 
calculated for each squeezing height ∆𝑥𝑥 respecting a cavity length of     = 60 mm  an inner diameter of  
     =   mm and the calculation of the squeezing width 𝑤𝑤s  according to an assumed constant inner perimeter: 

SQ2

SQ3

SQ4

gauge
blocks

SQ1

∆𝑥𝑥

∆ 

𝑧𝑧

𝑥𝑥

 
𝑧𝑧

𝑥𝑥

𝑥𝑥me s 𝑧𝑧

meas.-
range

∆𝑥𝑥 

𝑧𝑧

𝑥𝑥

∆𝑥𝑥

𝑧𝑧

𝑥𝑥

∆𝑥𝑥

𝑧𝑧

𝑥𝑥

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1215



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

∆𝑉𝑉 h = 𝐴𝐴    = (𝑤𝑤s ∆𝑥𝑥 +
 
4 ∆𝑥𝑥

2)      wit  𝑤𝑤s =
 (     − ∆𝑥𝑥)

2  
(2) 

In the second test configuration SqT2 without water, the block SQ3 was completely removed to measure the outer 
contour of the tube along the centre line. This test should allow to estimate whether the pre-stress condition is high 
enough for the tube follow the cavity. The combined analysis of these sub-tests enables the assessment of the tube 
condition, how it fills the cavity. Some possible scenarios are illustrated in Figure 5d). 

The results of the preliminary squeezing test, summarized in Figure 6a, indicate that in case of the symmetric 
squeezing the tube fills the cavity best and is close to the theoretical volume. This applies especially for low cavity 
heights ∆𝑥𝑥 including the interval 0 2 mm, that is of high interest, because it corresponds to the expected maximum 
height of the MSM cavity of about 30 μm. This squeezing type shows less spreading with a standard deviation of 
7.  μl compared to  2.  μl and  3.  μl for the asymmetric squeezing by the housing or the MSM. Additionally, 
the squeezing percentage (ratio of the compressed to the relaxed wall thickness of the tube) to seal the tube leakage 
with 5,4 % was lower than for the asymmetric variants, where 7,1 % was necessary.  

a)  b)  

Figure 6: Results of the squeezing type analysis for a) SqT1 and b) SqT2.   

Because of this clear advantageous behaviour, only the symmetric squeezing type was considered for the parameter 
study. The contour lines in Figure 6 indicates that all types lead to a pre-stress condition that is high enough for 
the tube to follow the cavity. The difference in the released displacement within the cube that can be observed in 
SqT1 indicates a bending of the whole tube in direction to the cavity. This could be avoided by fixing the tube at 
the housing. 

3.3 Experimental parameter study  

3.3.1 Functional prototype and parameter variations 

The functionality and performance of the proposed micropump is very sensitive to the squeezing parameters as 
well as to the properties of the tubing like material and dimensions. The structure of the functional prototype used 
for the analysis of these dependencies is motivated by the aspects that are listed in Table 1. Its final CAD-design 
is shown in Figure 7a for an exemplary tube size and allows for the following adjustment modifications. Tubes 
of different dimensions can be assembled and centred using a combination of an appropriate tube adapter and 
gauge elements. A distance block clamped between the two housing parts enables a defined preload of the whole 
tube to support a symmetric squeezing, meaning the middle axis of the tube is nearly aligned over the whole length. 
The distance block needs to be non-magnetic to avoid an impact to the magnetic circuit. The squeezing in the 
movement area of the cavity is realized by means of a squeezing block, available in different lengths, preloaded 
by a spring. The spring force is adjusted by a linear guided rod and enables a fine tuning of the squeezing degree. 
As indicated in the assumption according to the pre-stress in Table 1, a big challenge is to find a compromise 
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between the sealing and the maximum volume flow rate. The two extreme scenarios near the limitation of the 
functionality of the micropump are illustrated in Figure 7b. 

Description of the analysis issue Expectation 

Which squeezing length  s  is suitable for the 
functionality of the micropump? 

low  s  values result in a fluidic short circuit and too long 
in a permanent sealing 

Which tube dimensions provide the best 
characteristics of the micropump? 

volume flow increases with the inner diameter       

Where is the optimal squeezing position 𝑧𝑧s ?  volume flow decreases with increasing distance to the 
position 𝑧𝑧s = 0 due to the reduced magnetic flux 

At which pre-stress the pump exhibits its best 
characteristics? 

increasing pre-stress is advantageous regarding the 
tightness but reduces the cavity, if at some level 

Table 1: Description of analysis aspects and expectations. 

The squeezing block is available in different lengths  s , because the mechanic interaction between the MSM 
element and the tube is unknown. The cavity development can only be guessed with the help of an optical 
measurement of the MSM surface without mechanical load. Finally, the adjustment of the position of the squeezing 
block is possible by the positioning stages, as the movement area of the cavity could be out of the centre due 
manufacturing tolerances in terms of both the test rig and the MSM element. 

a)  

b)  

Figure 7: a) CAD-design of the functional prototype for the parameter study b) preload scenarios near the limits 
of the functionality of the MSM micropump.   

3.3.2 Test rig and procedure of the parameter study 

For the parameter study the maximum volume flow and the tightness were chosen as evaluation criteria, since they 
determine the performance of the micro pump. The test rig, depicted in Figure 8a, was therefore built up according 
to the feature that was characterised. For the investigation of the maximum volume flow the functional prototype 
was connected in a circuit with a liquid flow sensor LPG10-1000 from Sensirion and a fluid reservoir according 
to Figure 8b. In this configuration the pressure difference is limited to the pressure losses of the system. To analyse 
the tightness of the functional prototype, the test rig was changed according to the structure in Figure 8c. The 
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pressure side of the pump was connected to a second fluid reservoir, placed at a height of  50 mm to create a 
geodetic altitude of  5 mbar. For this leakage test a predefined position of the permanent magnet was set to assure 
a comparable state of the MSM element. The position was chosen, where the pole was closest to the MSM element, 
and identified with the help of a magnetometer. This is the state where the cavity is expected to reach its maximum 
and should be sealed well as it otherwise reduces the pumping performance due to leakage backflow. In both cases 
the system was slowly filled with distilled water using a syringe to avoid the inclusion of air bubbles. The filling 
level of both fluid reservoirs were regularly balanced to minimise the deviation of the predefined back pressure.   

a)  

b)  

c)  

Figure 8: Test rig for the parameter study a) with the corresponding circuit diagram for b) volume flow 
characterisation and c) leakage characterisation.  

The first measurement was made under the following conditions to check for repeatability and the influence of the 
suitability of the chosen squeezing lengths: 

 Constant tube with dimension 1 mm × 0.5 mm (     ×     )  

 Setting of different positions 𝑧𝑧s  and squeezing lengths  s  

Setting the preload to the level, where the leakage is nearly zero (this was previously determined for each squeezing 
length  s  at 𝑧𝑧s = 0 and ∆𝑝𝑝 = 0 bar and defined by overhang of the tappet ∆𝑥𝑥  p). The results of the volume flow 

curves �̇�𝑉(𝑛𝑛) (volume flow over the motor speed) are depicted in Figure 9. They show that with each squeezing 
length a volume flow can be generated, but the volume flow correlates with the squeezing length in the surveyed 
area. For this reason, the maximum manufactured squeezing length was selected for the following investigation 
on the tube dimensions. Additionally, the trend can be seen, that the volume flow increases with the position 
towards 𝑧𝑧s = 0 (middle of MSM element).  

 

Figure 9: Volume flow in dependency of motor speed for different squeezing lengths     and positions 𝑧𝑧  . 
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The diagram of the volume flow in dependence of the squeezing position 𝑧𝑧s  for different motor speed 𝑛𝑛 in Figure 
10a show no clear correlation as expected due to the increasing magnetic flux near to the middle of the MSM 
element. This indicates that the method is inaccurate to find the preload, where the leakage tends to zero. An 
expanded method was therefore considered. The volume flow curves were measured for different preloads defined 
by ∆𝑥𝑥  p. Before each measurement the leakage was measured for the preload 𝑉𝑉�̇�𝑙(∆𝑥𝑥  p). Afterwards the curve 
was filtered corresponding to the preload just before the kink in the leakage curve, as illustrated exemplary in 
Figure 10b. The comparison of the results to that of the previous method is given in Figure 10c, demonstrating 
significantly higher volume flows and a clearer correlation to the position 𝑧𝑧s  consistent to the expectation.    

a)  b)  

Figure 10: a) Comparison of the two methods to identify the volume flow curves, where the leakage tends to zero 
and b) an exemplary procedure for the second method. 

With this improved method the functional prototype was characterised for different tube dimensions at three 
position closest to the centre 𝑧𝑧s = [−0.2  0 0.2]. Each parameter combination was tested three times after re-
adjustment of the squeezing block to check for repeatability by releasing and tightening the screw. Concerning the 
tube selection, samples were searched that allow the comparison according to the three criteria listed in Table 2.  

Analysis criteria Variant 1 /  
mm ×  mm 

Variant 2 /  
mm ×  mm 

Variant 3 /  
mm ×  mm 

Variant 4 /  
mm ×  mm Identifier Description 

C1      = konst. 1×0.5; 1×1 2×0.5; 2×1; 2×1.5, 2×2 2.5×1; 2,5×1,25 4×0.5; 4×1 

C2    = konst. 1×0.5; 2.5×0.5 0.5×1; 1×1; 2×1;2,5×1; 4×1   

C3    
     

= konst. 1×0.5; 2×1; 
2.5×1.25 

   

Table 2: Summary of the tube selection considered for the parameter analysis, grouped by analysis criteria. 

This high amount of dimension variants was only available for tubes made of silicone (60 Shore A). A possibility 
to check for material dependency was to analyse tube samples of different materials of the same size. Samples of 
the other materials were found for the dimension of 2×1, but they are too rigid for this concept. Fully squeezing of 
the tubes would result in a pressure level that exceeds the MSM blocking stress of 2 MPa under which no strain 
can be induced magnetically. 
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3.3.3 Results and discussion of the parameter study 

As result of the parameter study the volume flow characterisation of all considered tube dimensions are collected 
in Figure 11 except for 4×0.5, 4×1, 2×1.5 and 2×2 with which no functionality could be proven due to a high 
leakage. The mean value of the three samples is given for each position and the area showing the boundaries of 
the maximum scattering is outlined. The high spreading of the results is caused by uncertainties of the adjustment 
modifications. When repeating the measurements without re-adjustments, the deviations were under 1%. The high 
spreading does not allow for clear statements with respect to the dependency of the volume flow on the tube 
dimensions, but tendencies can be detected and the tube 2×0.5 stands out significantly as the best solution for the 
highest achievable volume flow rates.  

 

Figure 11: Volume flow characteristics for different tube dimensions 

For the analysis regarding the criteria listed in Table 2 the results were collected in Figure 12a-c according to the 
variant groups of same criteria value. By the analysis of the results under C1 in Figure 12a the assumption that the 
volume flow increases with the inner diameter of the tube can be confirmed, but only up to an inner diameter of 
2 mm. Tubes with an inner diameter of 2.5 mm are presenting the limit solution were the channel just fits the 
width of the MSM element. Due to deviations in manufacturing, it is impossible to assure a perfect centring of the 
tube over the MSM element to realise an ideal squeezing. According to the results under C2 in Figure 12b the 
volume flow decreases with increasing wall thickness of the tube. This can be explained by the assumption that an 
increasing wall thickness reinforce the effect that a part of the displacement in the tube is compensated due to a 
relaxation of the tube wall during the cavity development. The analysis of C3 Figure 12c does not show a clear 
correlation to further strengthen the design guideline about the ratio of wall thickness to the inner diameter. That 
is why additionally a volumetric efficiency 𝜂𝜂𝑣𝑣𝑣𝑣𝑣𝑣 was calculated to account for the maximum theoretical volume 
that is possible according to the inner diameter neglecting the impact of the mechanical load to the MSM element. 
This was done according to the formula:  

𝜂𝜂 o =
�̇�𝑉me s

�̇�𝑉 h(     )
= �̇�𝑉me s

∫ 𝐴𝐴 h  
𝑣𝑣cav
0

= �̇�𝑉me s

∫  
4  ( )

2 + 0.5 ( )(      −   ( ))  𝑣𝑣cav
0

 
(3) 

under the assumptions of a cavity length      of 3 mm. It includes the calculation of the theoretical volume basing 
on Equation (2) but expanded by a location dependant height. This is presumed by the approximation over the 
points 𝑃𝑃 ( = 0;  = 0) 𝑃𝑃2(0.5    ;     )  nd 𝑃𝑃3(    ; 0) with the help of the following function: 

 ( ) = 𝑐𝑐 ( − 𝑐𝑐2)2 − 𝑐𝑐3 (4) 
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a)  b)  

c)  
d)   

Figure 12: Volume flow characteristics for different tube dimensions according to criteria a) C1, b) C2, c) C3 
and d) volumetric efficiency 

Although the fact that the maximum efficiency of 165 % indicates that the deviation the calculated theoretical 

volume flow is very high, a clear trend regarding the ratio 𝛿𝛿tb
𝑑𝑑tb i

 can be seen. The results in Figure 12d reveal the 

efficiency decreases for increasing ratios of the wall thickness to the inner diameter with an asymptotic course. 

The three solutions for a ratio of 𝛿𝛿tb
𝑑𝑑tb i

= 0.5 indicate that the volumetric efficiency remains constant when 

maintaining a constant ratio. That is why it can be presumed that the guideline to keep the ratio low can be 
transferred to all tubes of different inner diameters. This can be applied as a design rule for scaling this concept by 
changing the width of the MSM element. The lower limit of the ratio is restricted by available solutions of 
catalogue products. This does not correspond to the manufacturing possibilities that are estimated with 0.3 
according to an extensive research of manufacturer information. 

4 Summary and Conclusion 

This contribution proves the functionality of an MSM micropump including a disposable fluid channel. It provides 
volume flow rates up to 350 μl/min that can be controlled easily by the driving frequency. A minimal resolution 
in a scale of a fiew μl/min can be achieved allowing for a precise dosing which is essential for medical and 
diagnostic applications in the field of microfluidics. In addition, an efficient design procedure is presented based 
on experimental methods which can be used as a guideline for the successful realisation of other concepts. It can 
be highlighted that a very simple method was successfully applied for the estimation of the cavity development at 
the MSM surface to derive design parameters for the squeezing configuration. 

Based on the knowledge gained so far, the next planned steps are the evaluation of further important aspects like 
the invertible performance (negative volume flow by switching the rotation direction of the permanent magnet), 

    =     
    =       

𝑉𝑉
/ μ

l/
m

in

𝑛𝑛    e   min  

     =       
     =     
     =     
     =       

𝑉𝑉
/ μ

l/m
in

𝑛𝑛    e   min  

   = 0 5 mm
   =   0 mm
   =   25 mm

𝑉𝑉
/ μ

l/
m

in

𝑛𝑛    e   min  

         = 0 4
         = 0 5

𝜂𝜂 𝑣𝑣
𝑣𝑣𝑣𝑣

/  

/

tube 0,5 x 1
tube 1 x 0,5
tube 1 x 1
tube 2 x 0,5
tube 2 x 1
tube 2,5 x 1
tube 2,5 x 1,25

The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

1221



The 13th International Fluid Power Conference, 13. IFK, March 21-23, 2022, Aachen, Germany 

 

dosing accuracy and functionality depending on the back pressure. The latter requirement is especially important 
for medical treatment as the blood pressure needs to be overacted. For this purpose, a revision of the functional 
prototype by elimination of the variable position of the squeezing and replacing the elastic pre-load by a rigid 
clamping is planned. The aim of this modification is the reduction of the deviation causes to enable a better 
repeatability for the detailed characterisation of the micropump with the preferred tube size of 2×0.5. Other 
influences linked with the MSM materials will be considered like the deviation in size and behaviour depending 
on the sample and orientation. One step to improve the repeatability could be an elastic embedding of the MSM 
like it was proposed in [8]. Additionally another revision of the functional prototype is planned that enables the 
optical characterisation of the MSM surface movement when it is pre-stressed by a tube. This can be realised by 
the assumption that the behaviour of the MSM element at each z-coordinate is only influenced by the mean value 
of the mechanical load over the width. A small tube can be aligned over one half of the MSM element providing 
the other half as a free surface for an optical characterisation. For this analysis a more precise measurement method 
than that proposed in this paper will be considered, e.g. a white light interferometry. The motivation of this detailed 
surface characterisation is the better understanding of the interaction of the MSM element and the tubing depending 
on the squeezing parameters to develop ideas to increase the volume flow and the tightness.  
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Nomenclature 

Variable Description Unit 

𝐴𝐴 Surface  [mm2] 

𝑐𝑐 Coefficients of an approximation function  

   gg Inner diameter of the water gauge [mm] 

      Inner diameter of the tube [mm] 

  Height  [mm] 

     Cavity height [mm] 

∆  Height difference [mm] 

     Length interval of cavity movement [mm] 

     Cavity length [mm] 

     Length of MSM element [mm] 

 s  Squeezing length [mm] 

𝑛𝑛 Motor speed  [min-1] 

∆𝑝𝑝 Pressure difference  [mbar] 

     Thickness of MSM element [mm] 

�̇�𝑉 Volume flow μl/min 

∆𝑉𝑉   Tube volume [ml] 

∆𝑉𝑉 h Theoretic maximum volume [ml] 
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𝑤𝑤    Width of MSM element [mm] 

𝑤𝑤s  Squeezing width [mm] 

𝑤𝑤   Width of squeezed tube inner diameter [mm] 

𝑥𝑥 Coordinate along thickness of MSM element [mm] 

𝑥𝑥me s Measured distance [mm] 

∆𝑥𝑥0 Minimal squeezing height [mm] 

∆𝑥𝑥  p Overhang of the tappet [mm] 

𝑧𝑧 Coordinate along MSM length [mm] 

𝑧𝑧s  Squeezing position [mm] 

    Tube wall thickness [-] 

𝜂𝜂 o  Volumetric efficiency [%] 

𝜑𝜑 Angle of permanent magnet revolution [°] 
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Micro hydraulic pump for battery powered portable rescue tools and more 

Titus L. van den Brink MSc.* 

Holmatro, Postbox 66, NL-4940 AB Raamsdonksveer, Netherlands* 
E-Mail: t.vandenbrink@holmatro.com 

A compact staged high pressure pump was developed for hydraulic rescue tools. The axial configuration of the 
piston pump showed more piston wear than its radial alternative. A low pressure plate type check valve is preferred 
over a port valve because its reduced leakage loss. Switching off pistons to vary the pump displacement is realized 
by closing off the cylinder inlet and although this does cause pressures below the vapor pressure in the cylinder 
volume no durability problems were experienced due to cavitation or bad lubrication. 

Keywords: Micro hydraulics pump, Displacement control, Hydraulic tools 
Target audience: Mobile hydraulics, Portable hydraulic tools 

1 Introduction 

In 2020 Holmatro launched a new Pentheon series battery powered rescue tools. These cutters, spreaders, combi 
tools and rams are used all over the world to rescue people after car accidents or building collapse. Rescue workers 
require portable and speedy tools that can generate enormous forces to lift concrete or cut the B-pillar in the crashed 
car. Traditionally the rescue tools are powered via hydraulic hoses to a separate stationary pump. ‘Challenge the 
hose tool’ has been the motto right from the start of the development and in the Pentheon tools the complete 
battery-electro-hydraulic power plant is integrated in the tool without compromising on speed, force, or mass. In 
fact, Pentheon tools are even faster than hose tools! 

 

Figure 1: PENTHEON rescue tools. 

This development urged for more compact, efficient, and variable micro high pressure hydraulic pumps. In this 
paper we report on this development process. 

1.1 Testing experiences 

Three different micro hydraulic check valve pumps were designed, built and tested. Testing showed significant 
differences between the durability of the axial and radial machines. Also large differences in both durability and 
efficiency were found between pumps with a metering type of low-pressure port and a plate type check valve. 
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1.1.1 Radial 8 piston pump with port valve 

In this pump the piston compression force is delivered by the rotating eccentric via a needle bearing. Springs power 
the return stroke. In the return stroke a vacuum is created in the cylinder volume until the piston head covers and 
closes the inlet bore. (We call this a ‘port valve’.) As the piston moves further to its bottom dead centre the inlet 
bore opens and oil flows into the cylinder volume. The compression starts when the piston closes off the inlet bore 
in its compression stroke. 

 

In the first tests the cylinder was not filled completely at higher speeds. This problem was solved when a gallery 
in the cylinder bore was introduced. 

 

Figure 2: Radial 8 piston pump. 

In endurance tests excessive wear was found on the piston head and in the cylinder bore. This wear is caused by 
the friction in the contact between piston and the outer bushing of the eccentric bearing. In comparable common 
designs with 2 or 3 cylinders this wear is not found. This is explained by the fact that in the 8 piston machine at 
least 3 neighbouring cylinders are presurized and thus in a heavy sliding contact with the outer ring of the needle 
bearing and in the 3 piston machine one only, allowing the outer ring to move freely and thus there is no large 
friction. 
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bearing 

Inlet bore 

Check valve 

concentrated wear 

Neighboring pistons are 
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Figure 3: Axial 8 piston pump. 

1.1.2 Axial 8 piston pump with port valve 

In this machine the same inlet ports are used. A spring plate holds the piston to the wobble plate. Although in this 
machine there is friction between piston and wobble plate just like in the radial machine much less wear was seen 
in endurance testing. This may be explained by the fact that in this machine the pistons rotate around their axis 
and the wear is distributed over the whole circumference of the piston. However substantial wear due to 3 point 
abreasion was found on the sealing side of the pistons. After ~100 hours a local diametrical decrease of 10 micron 
was measured effecting in a significant loss of efficiency. Oil leaks in the gap between cylinder and piston along 
a relatively short length, this length starts with zero when the piston just closes off the inlet bore and increases to 
no more than the compression stroke. Pumps with this type of inlet valve are sensitive to wear because of the short 
leaking length.  The hold down was changed because in endurance testing the wave spring failed. The relatively 
large diameter of the spherical spring seat and its large contact angle cause a frictional moment that overloads the 
wave spring locally. A very simple alternative was found in replacing the wave spring and spherical seat with a 
helical spring (Figure 4). 
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Figure 4: Axial piston pump with plate type check valve at low pressure inlet. In hold down the wave spring and 
spherical seat was replaced with a simple helical spring. 

1.1.3 Plate-type check valve at low pressure side 

Using all lessons learned a third machine (Figure 4) was designed and tested. In this machine a plate-type check 
valve was placed at the low pressure side. Endurance testing proved that the efficiency of this machine is less 
sentitive to wear because the leakage length along the piston is much longer. Our worry that the plate valve would 
limit the maximal speed too much proved wrong: speeds up to 6000 rpm are feasible in self aspirating use. 

1.2 Displacement control with stage ring valve 

Typically, the pumps have a maximal pressure of 720 bar, and a maximal flow of 3 litre per minute. To meet the 
user’s requirements of high speed (but moderate force) and high force (but moderate speed) the pump displacement 
volume is variable. Commonly this is realized by, at high pressure, switching the output cylinder port of some of 
the pistons from the load to the tank by means of a so called hydraulic ‘stage valve’. In most stationary pumps two 
of these stage valves are used to realize 3 pump displacements. The more displacements the better as this increases 
the power available to the user at the varying load pressure.  

However, the hydraulic stage valve is rather large and commonly no more than one is used in battery tools. 
Therefore, a new staging principle was adopted: Cylinder inlet ports of the 8-piston pump are covered by a plastic 
valve ring. A small stepper motor controls its position and enables the pump to switch from 8 to 6, 4, 3 and 2 active 
pistons (Figure 5). With this 5-stage pump revolutionary speedy tools are possible with a small electric motor 
only. Electronics control the stepper motor and ads intelligence to the drive which enables it to optimize the power 
output and adapt the drive to the different applications. The pressure difference over the valve ring is l bar only 
and this is allows for a very compact and economical way to vary the pump displacement. 
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Figure 5: valve ring principle to switch off pistons and vary pump displacement. 

Figure 6 illustrates the stage control, the electronic motor controller keeps the motor output power constant. (In 
this way the battery power is almost constant too.) In stage 1 all cylinders are active. While the pump pressure and 
thus motor torque are increasing the motor speed decreases to maintain a constant output power. When, due to the 
increasing pump pressure, the motor torque supersedes the maximum motor torque (2.7 Nm) the stage controller 
switches to stage 2 and 2 pistons are switched off. Switching to higher stages works in the same way. Switching 
down to lower stages is also based on the motor torque. 

In theory the pump pressure may be controlled by limiting the motor torque as pump pressure and torque are 
proportional, however in case of bad filling of the pump the pressure may get much higher as with good filling 
and this could lead to dangerous over pressure. This is the reason the pressure is measured with a pressure sensor.  

 

Figure 6: Stage control. 

One of the most important applications of this pump is the hydraulic cutter (Figure 7). In cutting the load pressure 
may rise very fast and the stage controlled pump has to be able to follow these dynamics. Would the pump switch 
too late to a smaller pump volume the electric motor may stop because of over torque. Dynamic behaviour of the 
stage controller is improved by an extra ‘control rule’: at high positive pressure gradients the controller switches 
up 1 or 2 stages.  
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Figure 7: Hydraulic rescue cutter with battery drive. 

Closing the inlet port of the cylinder causes pressures below the vapor pressure in the cylinder volume and wear 
due to cavitation and bad lubrication may be expected. Testing showed none of this at all. First test with stage 
rings were done with 3D printed rings. With these rings the inlet ports were not closed of totally due to bad 
positioning and too wide tolerances of the ring geometry which effected in a larger displacement and torque than 
expected. The control of the stage motor is homed by moving the stage ring to a stop. It proved to be necessary to 
put the stop on the stage ring close to the place where it is driven to exclude the deflection of the stage ring in the 
homing. On the displacement control with stage ring valve a patent was granted [1]. 

2 Summary and Conclusion 

A compact staged high pressure pump was developed for hydraulic rescue tools. The axial configuration of the 
piston pump showed more piston wear than its radial alternative. A low pressure plate type check valve is preferred 
over a port valve because its reduced leakage loss. Switching off pistons to vary the pump displacement is realized 
by closing off the cylinder inlet and although this does cause pressures below the vapor pressure in the cylinder 
volume no durability problems were experienced due to cavitation or bad lubrication. The new pump was 
integrated in a drive with a Li-ion battery, brushless electric motor, electronic motor and stage controller. With 
this drive unparalleled speedy battery rescue tools are built and the drive may also be used on other mobile high 
pressure hydraulic systems. 
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