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Abstract: Displacement-controlled actuators, advanced continuously variable transmissions and hydraulic hybrid
power trains represent new technologies for mobile hydraulic machines, off road and on road vehicles. These new
technologies allow major fuel savings and reduced emissions, but they change the performance requirements of
positive displacement pumps and motors. Additionally, the market demand for positive displacement machines
will increase. This paper briefly discusses these technology trends and the impact on existing pump and motor
designs. The three major challenges are efficiency improvements, noise reduction and advancements in pump
and motor control. Examples from the author’s research team documenting the progress in computer modeling
of piston pumps and motors will be given.
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 Introduction

High power density is one of the grea-
test strengths of fluid power technolo-
gy. This makes fluid power especially
advantageous for mobile applications
where part of the consumed energy
is required to move the installed
actuators and transmissions. Fluid
power is the best choice for actuators
and drives in agricultural, mining
and construction machinery as well
as other automotive and aerospace
applications. However, the efficiency
of fluid power systems is relatively
low compared to electromechanical
actuators and transmissions. This
fact is becoming distressing due
to rising fuel prices and stringent
emissions requirements. The current
use of metering valves (hydraulic re-
sistances) in nearly all hydraulically
powered actuation systems is one
of the main reasons for low overall
system efficiency. Another problem
is the relatively low efficiency of

most of the currently used pumps
and motors. This paper will briefly
discuss the potential of displacement
controlled systems and other major
trends in mobile machines like power
split drive and hydraulic hybrids.
These new technologies allow major
fuel savings and reduced emissions,
but they change the performance re-
quirements of positive displacement
pumps and motors. Furthermore, the
market demand for positive displace-
ment machines will increase.

 Trends in mobile hydraulics

Displacement control for working 
hydraulics

Displacement controlled actuators
avoid throttling losses and allow ener-
gy recovery. Berbuer [1] studied the
performance of displacement control-
led actuation introducing a hydraulic
transformer 20 years ago. Since then
many others have contributed to new
circuit solutions for displacement
controlled actuators. An overview

of early pump
controlled actu-
ation concepts
can be found in
Ivantysynova [2].
Figure 1 shows
the circuit soluti-
on proposed by
Rahmfeld and
Ivantysynova [3]
for displaceme-
nt controlled li-
near actuators
with single road
cylinder. Several
advantages make
this concept at-
tractive:Figure 1. Displacement controlled actuator with single rod 

cylinder

126 Ventil 15 /2009/ 2

HIDRAVLIČNI POGONI IN KRMILJA



– Throttling losses are eliminated
– Relief and check valves can be in-

tegrated into the pump case,
thereby reducing the number of
discrete components and fluid
connectors

– Multiple cylinders can share a sing-
le low pressure line

– Recovery of potential and kinetic
energy is possible since the pump
automatically runs in motoring
mode when the cylinder is driven
by an aiding load

A similar solution has been studied
by Lawrence et al [4]. An open circuit
solution for displacement controlled
actuators has been introduced by
Haybroek, Larsson and Palmberg [5].

Although much research effort has
been spent over the last 20 years and
impressive fuel savings have been
reported displacement controlled ac-
tuators are still not on the market[10].
The author’s research group continues
its effort on introducing displacement
controlled actuators to mobile ma-
chinery. Figure 2 shows a simplified
circuit for an excavator with displa-
cement controlled actuators for all
functions. Detailed dynamic models
of the standard LS excavator system
and the proposed displacement con-
trolled system were constructed, and
a trench digging cycle was simulated
for both. The displacement controlled
excavator consumed 29% less total
energy than the LS excavator for the
simulated operation, more details can
be found in [6]. In displacement con-
trolled actuators the pump becomes
the main source of losses. In addition,
more pumps need to be installed in
each machine. Therefore the pump
efficiency will determine the achie-
vable energy savings. The impact
of pump efficiency on total power
consumption has been studied by the
author’s research group [7].

Figure 3 shows a simulated working
cycle for a skeed-steer loader with
displacement controlled boom and
bucket functions, where two different
pumps were used. Pump A had a ma-
ximum efficiency of 87% and pump
B 90%. Although the difference in
maximum efficiency is just 3% the sy-
stem using type B pumps consumed

16% less energy for the same cycle.
Thus improving efficiency in the
entire range of operating parameters
is very important for displacement
controlled actuation.

Power Split & Hybrid Power
Trains 

The power train technology will also
undergo major changes. Among the
continuously variable transmission
concepts (CVT) the power split tran-

smission principle is the most effi-
cient. It allows very effective engine
management and can be used for a
wide range of applications. Besides
the current tractor applications power
split and hydraulic hybrids will be in-
troduced in different off road and on
road vehicles [8],[9]. The transmis-
sion efficiency and ratio are strongly
dependent on the efficiency of the
pump and motor.

Closed loop control & Automation

A th i rd c lea r
trend is the intro-
duction of more
automatic fun-
ctions and the
development of
small and large
heavy-duty mo-
bile robots or
robot like machi-
nes. The replace-
ment of human
control by closed
loop control will
allow faster ope-
ration. The instal-
lation of neces-
sary sensors to
measure cylinder
and pump displa-
cement, system

Figure 2. Simplifi ed hydraulic circuit of a displacement controlled excavator

Figure 3. Total power consumption of displacement con-
trolled skid steer loader
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pressure, speed and machine accelera-
tion will allow the use of the installed
actuator power for additional functions
like active vibration damping [10].

Pump and motor 
requirements

The described new system technolo-
gies require major changes in pump
and motor design. Highly efficient
electrohydraulically controllable
overcenter pumps are requested for
the realization of displacement con-
trolled linear and rotary actuators.
The power split and hydraulic hy-
brid technology requires overcenter
pumps and variable motors of the
highest efficiency. The closed loop
control of actuators and drives will
require variable displacement pumps
with installed sensors to measure the
pump displacement. The integration
of microcontrollers into the pump
or motor will allow implementing
many different control concepts and
customer features by software, i.e.
the design of smart pumps. Pumps
for displacement controlled actuators
usually require higher bandwidth
of the pump controlled system. In
addition pump noise will become a
major challenge for mobile equip-
ment when installing multiple pumps
and motors in machines with quieter
engines. The replacement of valve
controlled systems by displacement
control will increase the demand for
smaller pumps. The future direction
for pump and motor design need to
address the following objectives:
– reduction of pump and motor

power losses in the entire range
of operating parameters

– increase of bandwidth of pump
control

– reduction of pump and motor
noise

– high operating pressures
– compact design and high power

density

 Innovations in pump design 

The first question to be answered
is; do we need to invent new pump
principles to fulfill the above listed
requirements? With gear, vane, screw
and piston pumps and many different
existing designs for each type the

number of designs to choose from
seems to be large enough. The current
designs are usually much simpler than
those developed 50 years ago [11].
The market share of variable units has
continuously increased over the last
30 years and this trend will continue.
That’s why this paper focuses on
trends in the area of variable displace-
ment machines and will not include
gear and screw pumps. Among the
variable positive displacement ma-
chines only piston machines are ap-
plicable for high pressures, i.e. vane
pumps are not suitable for the di-
scussed new technologies. In mobile
hydraulics radial piston pumps have
not been used very often, except ra-
dial piston motors for high torque and
low speed applications. Radial piston
pumps with outer piston support are
very similar to swash plate type axial
piston pumps, thus both design allow
high pressures, high efficiencies and
comparable power density. However
due to the radial piston arrangement
the radial piston pump with outer
piston support is much shorter than
the swash plate type axial piston
pump. This could be an advantage for
the displacement controlled systems
requiring the installation of a larger
number of pumps in a single machine
like the excavator shown in Figure 2.
One of the disadvantages of varia-
ble radial piston pump with outer
piston support is the higher mova-
ble mass compared to swash plate
type, thus for applications with high
bandwidth of
the pump con-
trol system the
swash plate ty-
pe is clearly the
best solution.
There are only
two types of ax-
ial piston mac-
hines - bent ax-
is axial piston
and swash pla-
te axial piston
machines. The
main difference
between these
two different de-
signs is the ge-
neration of tor-
que. In swash
plate axial pi-

ston machines the torque generation
takes place at the cylinder block. The-
refore the piston is heavy loaded by a
large radial pressure dependent force.
This large force does not allow using
piston rings to seal the displacement
chamber better. The piston-cylinder
pair requires a very good design to
fulfill its double function (sealing
and bearing). In bent axis axial piston
machines the torque is generated on
the driving flange. The lateral piston
force is very small and therefore
piston rings can be used to seal the
displacement chamber. Consequently
this principle allows achieving higher
efficiencies than all other known
designs. High starting torque and hi-
gher speed limit due to lighter pistons
and the possibility to have very large
tilt angles (45°and more) are further
advantages of the bent axis principle.
The main disadvantages are higher
production costs, lower bandwidth
and more complex design, which
does not allow a through shaft in case
of larger tilt angles. The swash plate
type axial piston machine represents
the simplest design. Unfortunately
swash plate machines have a higher
number of sealing and bearing gaps,
which create a real challenge in
achieving comparable high efficien-
cies. Computer based design offers
certain opportunities as will be di-
scussed later in this paper. Another
drawback of the swash plate unit is
the limitation of maximum swash pla-
te angle due to the high radial force

Figure 4. Comparison of main dimensions of rotating group 
of different piston machines
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exerted on the piston. This limits the
power density of this design. Figure 4
shows a comparison of size of rotating
group of different axial piston machi-
nes with different tilt angles, floating
cup 10°, swash plate 18°, bent axis
45°. The dimensions shown are the
main dimensions of the rotating group
of a 125 cm3 unit.

The floating cup design proposed by
INNAS [12] is a bent axis machine
with a limited tilting angle of 10°due
to geometrical constraints [13]. The
unit has 24 pistons and requires
two valve plates and two cylinder
blocks, i. e. the resulting number of
parts of the rotating group is with 83
much higher compared to a 9 pi-
ston bent axis machine requiring 23
parts. Table 1 shows a comparison of
power density of the three different
designs. The swash plate unit and
the bent axis have both 9 pistons.
The high number of pistons (24) of
the floating cup design allows redu-
cing flow pulsation, but requires 50
gaps to be sealed. Compared to that,
a bent axis with 9 pistons has only
19 gaps. Thus shows innovations in
pump and motor design should rather
focus on continuous improvement
of well-known and well-understood
principles, like bent axis, swash plate
and radial piston units. Although de-
cades of research many effects taking
place in our current machines are not
completely understood and models
are still not accurate enough to reflect
the complex nature of physical effects
taking place in these machines. Sea-
ling of the displacement chamber is
the biggest challenge when designing
a positives displacement machine for
high pressure application. Therefore

the design of
the sealing and
bearing gaps in
the area of pi-
ston machines
will offer many
opportunit ies
for innovations
necessary to im-
prove efficien-
cy in the entire
range of opera-
ting conditions.
Surface shaping,
surface textur-

ing, the application of new materials
and coatings together with new ma-
nufacturing technologies will form
the basis for further innovations to
meet the described challenges.

Figure 5 shows measured power
loss and overall efficiency of a 75 cm3

variable swash plate unit for four
different displacements and two
operating pressures when running at
2000rpm. The power loss at lower
swash plate angles is too high to keep
the efficiency curve flat. In addition
to that keeping the efficiency high
also for lower pressures is very im-
portant for displacement controlled
actuation and transmissions. Thus a
further reduction of losses occurring
at lower pressures is another chal-
lenge for the design of high pressure
pumps and motors.

The program CASPAR allows suppor-
ting pump design and optimization
based on modeling non-isothermal
gap flow in all three connected gaps
of swash plate axial piston machines
[12]. The model has been extended
to consider fluid structure interac-
tion, i.e. the hydrodynamic effects
due to elastic surface deformation
[15]. The CASPAR model considers
micro-motion of all movable parts of
the rotating group to determine the
varying gap heights between highly
loaded sealing and bearing surfaces
over one shaft revolution. Based on
the final gap heights the load carrying
ability of the gap and all other resul-
ting parameters like viscous friction
and leakage can be predicted. The
program was used to optimize the
piston shape for pumping and mo-
toring conditions [16]. Recently the
impact of a shaped valve plate has
been studied [17]. Figure 6 shows
the gap height between cylinder
block and valve plate for the rotating
angle =0°, i.e. the piston at the outer
dead center. Changing external forces
exerted on the cylinder block lead to
a micro-motion of the cylinder block
which causes varying gap height over
one haft revolution while running
the pump under steady state condi-
tions. Figure 7 shows the impact of
shaping on the fluid film thickness.
The average maximum and minimum
gap heights between valve plate and

Design
MAX.

SPEED[RPM]

Max.
∆p

[bar]

MAX.
POWER

[KW]

Vol.
[cm3]

Power Density

[kW/
cm3]

[%]

Floating
Cup

3000 400 250 2336 0.11 100

Swash
Plate

3500 450 328 1964 0.17 156

Bent Axis 3500 450 375 1711 0.22 205

Table 1. Rotating group power density comparison of 125 
cm3 positive displacement units

Figure 5. Measured power loss and overall effi ciency of a 75 cm3 unit for 
different swash plate angles
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cylinder block are shown for diffe-
rent operating conditions (two speed
settings, two different operating
pressures and 100% and 20% swash
plate angle). The gap heights for the
standard design are shown in light
gray and the gap heights obtained
for the shaped surface in black. The
investigated surface shape contribu-
tes to an increase of gap heights at
lower operating pressures and lower
displacements.

The change in gap height leads to
change in fluid flow conditions and
consequently to a change of friction
and leakage. Viscous friction and lea-
kage determine the power losses ge-
nerated in by the gap in case of full
fluid film conditions. For all simulated
eight operating conditions a sufficient

thickness of the
fluid f i lm has
been obtained.
The shaped valve
plate surface re-
duces the power
loss by more than
60% for lower
operating pres-
sures and low
displacement. In
case of high ope-
rating pressures
the impact of the
investigated sha-
pe is negligible.

Recently there has been an increasing
trend of research on fast switching
valves. The idea of creating a vir-
tually variable displacement pump
has been proposed and studied by
different teams [18],[19]. Lumkes
and Batdorff [19] investigated the
losses associated with the use of fast
switching valves, but did not consider
that the fixed displacement pump will
have in addition considerable losses.
Fast electro-hydraulically operated
switching valves could be used to
reduce losses due to compressibility
when integrating them in piston ma-
chines to connect each displacement

chamber with the high pressure and
low pressure port respectively. Figure 
9 shows an example for a swash plate
axial piston pump with rotating swash
plate. By keeping the displacement
chamber connected to suction during
discharge for the required time the
compression of the volume expressed
by the second term in Eq. (1) will be
avoided. Assuming that the switching
valves are fast enough, for a 75 cm3

pump running at 3000 rpm, 300 bar
pressure and 20% displacement the
theoretical increase in discharge flow
rate is 1.34 l/min.

(1)

Figure 6. Gap height between valve plate and cylinder 
block using a shaped valve plate surface
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Figure 7. Maximum and minimum gap height between valve plate and cylin-
der block
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Figure 8. Average power loss of the gap between valve plate and cylinder 
block (standard & shaped valve plate)

V0 = VD + R ⋅ A tanβmax + tanβ( )
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 Conclusion

Displacement controlled actuators,
power trains based on power split
transmission and hydraulic hybrids
are the main emerging technologies,
which can significantly reduce fuel
consumption and emissions. These
technologies require elctrohydrau-
lically controllable variable displa-
cement pumps with four-quadrant
operation. Major challenges are
high efficiency in the entire range
of operating parameters; low noise
and advancements in pump control.
Surface shaping and texturing, the
application of new materials and
coatings together with new manu-
facturing technologies will form
the basis for further innovations in
pump and motor design. Due to
the limited length of this paper only
few examples for new directions
in pump design are presented and
the referenced work is very limited
and does not reflect the amount of
research accomplished in this field
worldwide.
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Novosti v snovanju Ïrpalk – kakšne so smernice za prihodnost? 

Razširjeni povzetek

Kot navaja avtorica, podaja ïlanek le del od številnih in obsežnih raziskav novih tehnologij in snovanj v pogon-
sko-krmilni hidravliki, predvsem za podroïje mobilnih strojev s poudarkom na izvršilnih sestavinah, še posebno
hidravliïnih motorjih ter krmiljenih ïrpalkah, ki lahko delujejo kot ïrpalke ali kot motorji. Predvideva poveïano
povpraševanje trga po takšnih sestavinah in pogonih, katerih bistvo sta manjša poraba goriva in zmanjšanje emisij.
Velika gostota moïi pogonsko-krmilne hidravlike je ena njenih najveïjih prednosti, njena slabost – v primerjavi z
elektromehanskimi aktuatorji in pogoni – pa je razmeroma slab izkoristek. Ta pa postaja vse pomembnejši zaradi
zviševanja cen pogonskih goriv. Za odpravo teh slabosti so trendi v mobilni hidravliki odprava izgub zaradi dušenj,
izkorišïanje oziroma vraïanje kinetiïne in potencialne energije ter izboljšanje izkoristka predvsem hidrostatiïnih
enot. V zadnjih letih so bila na znanstveno-strokovnih sreïanjih in v tovrstni literaturi predstavljena številna nova
krmilja, ki vsebujejo tovrstne rešitve. Nekaj tega s konkretnimi številïnimi vrednostmi je predstavljeno tudi v tem
ïlanku. Z vidika sedanjih in bodoïih zahtev in smernic avtorica vrednoti tudi razliïne konstrukcijske izvedbe
ïrpalk, tudi nekaj zelo novih izvedb, ki pa, kljub inovativnosti, ne izpolnjujejo sedanjih in prihodnjih zahtev.
Avtorica napoveduje predvsem intenziven nadaljnji razvoj batnih ïrpalk, ki omogoïajo dobra krmiljenja tlakov
in iztisnin, kar je bistveno za zahteve mobilnih strojev. Številne in obsežne raziskave potekajo tudi na podroïju
drsnih kontaktnih površin, protiobrabnih prevlek, mikrooblikovanja površin in zniževanja višine rež znotraj hidro-
statiïnih enot. Smernice za bodoïa snovanja ïrpalk in hidravliïnih motorjev (hidrostatiïnih enot) so: zmanjšanje
hrupa in izgube moïi oziroma izboljšanje izkoristka v celotnem obmoïju delovnih parametrov, razširitev obmoïja
krmiljenja hidrostatiïnih enot, zvišanje delovnih tlakov ter kompaktnejše konstrukcijske izvedbe in poveïana
gostota moïi.

KljuÏne besede: izvršilne sestavine (aktuatorji) s krmiljenjem iztisnine, snovanje ïrpalk, izkoristek ïrpalk, mode-
liranje ïrpalk,

Nomenclature

A : piston area
R : pitch radius
∆p : differential pressure
V0 : volume of displacement chamber at ODC
VD : dead volume
β : swash plate angle
∆V : volume to be compressed
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