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Today’s mobile machines most often contain hydraulic valve controlled actuator loads in an open loop circuit. For the 
purpose of saving energy, the constant pressure pumps have in the past often been replaced by load-sensing pumps and 
load-sensing valves. In mobile applications, these load-sensing solutions have significantly reduced the energy 
consumption. However, stricter environmental demands and rapidly increasing fuel costs require an even lower 
consumption. By analyzing a typical working cycle of a construction machine, the possibility of energy recovery has 
been identified. The analysis also confirms the importance of minimizing the metering losses. In a load-sensing valve 
solution, these losses arise as a result of the unequal drive pressure levels. By instead adopting a displacement 
controlled regenerative solution, a significantly higher level of efficiency can be obtained. A comparison between an 
open and a closed circuit solution shows that the open circuit solution has a great potential and is interesting for 
further research. This regenerative open circuit eliminates the metering losses of conventional valves and replaces each 
actuator valve/supply system with a variable displacement pump/motor. This pump/motor can also be used to recover 
the potential and kinetic energy either to the power train or directly to other hydraulic functions. The hydraulic system 
is designed to actuate asymmetrical cylinders. Concepts are evaluated where the cylinder chambers are connected to 
each other in order to reach a higher pressure level and thus higher regeneration efficiency. To achieve stable behavior 
of this circuit an accurate control is required. The controller handles the synchronization of switching between different 
modes and is also used to suppress oscillations. In order to measure the potential energy recovery an efficiency model 
is used together with the simulated open circuit solution. 

Keywords: pump control, open circuit, energy efficiency, energy recovery 

1 INTRODUCTION 
Stricter environmental demands, such as regulations regarding combustion engine emissions, and 
increased fuel costs are pushing the development of energy efficient solutions forward in the 
construction machinery sector. The purpose of this study is to evaluate existing solutions and to find 
new solutions to meet the demands mentioned. Cost efficiency, yet comparability in means of 
performance, is of high importance for these solutions. The target application of this study is a 
medium sized wheel loader performing a typical duty cycle loading gravel. However, the resulting 
hydraulic concept is applicable in other construction machines as well.  

Historically, great improvement in energy efficiency has been reached by introducing load-sensing 
working hydraulics in these machines. In some cases, the load-sensing systems are very good, but 
when higher flexibility in parallel operation is required by the loads, this solution is no longer good 
enough. The problem arises because one pump is used to provide more than one cylinder with 
pressure and flow at a time. When these actuators are used simultaneously, as when loading gravel 
with a wheel loader, the drive pressure levels will often be unequal due to different loads. Via the 
load-sensing control valve, the pump senses the greatest of these pressure levels and controls its 
pressure to a sufficiently high level to meet the highest drive pressure. The other less pressure- 
demanding actuators, also supplied with pressure from the same pump, will inevitably suffer a 
pressure drop. This pressure drop is referred to as metering loss and is a well known consequence 
when using load-sensing hydraulic systems in applications where parallel operation takes place. 
This problem can be avoided by instead using one displacement controlled pump per drive. The cost 
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of doing so is of course the extra pumps that need to be installed and also some extra valves to 
handle an asymmetric actuator. Concepts in managing pump controlled asymmetric actuators have 
previously been developed by, for instance; Habibi, S. and Singh, G. (2000), Rahmfeld, R. and 
Ivantysynova, M. (2001), Wendel, G. (2002). For various reasons, not all of these concepts are 
suitable for mobile applications. 
 
In this study a new concept for the working hydraulics referred to as open circuit pump controlled 
actuator is examined. Within this concept, alternative solutions for energy regeneration, actuator 
dynamics and the possibilities to achieve energy efficient active structure oscillation damping are 
evaluated. The main idea is to use more cost efficient open circuit pumps to control asymmetric 
actuators and, in particular, to exploit the advantages in energy regeneration of the open circuit 
solution.  

2 ENERGY EFFICIENT HYDRAULIC SOLUTIONS  
Backé, W. (1995) introduced and summarized high-efficiency hydraulic solutions for mobile 
machines in the following areas: 
 
1. LS Power Supply with LS-Controlled Valves 
2. Electro-hydraulic LS Power Supply 
3. Secondary Control Technologies 
4. Hydraulic Transformer 
5. Pump-Controlled Actuators  
6. Separate Metering Valve Control 
7. Optimized Motion Control 
8. Energy Regeneration Technologies 
9. Optimized Mechanical Structure Design 
10. Energy Saving in Parallel Operation 
 
This study is limited to pump-controlled actuators, but some aspects of energy regeneration 
technologies and energy saving in parallel operation are also examined. The main focus is on the 
principles and advantages of two different circuits which deal with the actuation of asymmetric 
cylinders and have the potential for energy regeneration. 
 
The actuator in a pump controlled system is traditionally a motor or a symmetric cylinder. 
However, as asymmetric cylinders are generally used in construction machines, the pump control 
must be slightly different from an ordinary transmission circuit. Pump control can principally 
appear either in a closed circuit (described in Chapter 2.2) or in an open circuit (described in 
Chapter 2.3). The main difference between the two concepts comes down to how the pump is 
supposed to operate in the hydraulic system. If the pump does not have a pre-defined high and low 
pressure compartment, it is said to work in a closed circuit. In the other case, when the pump only 
operates against high pressure on one side, it is working in an open circuit. What the system 
configuration looks like between the pump and the actuator depends on what functionality is needed 
in a given application and what type of actuator is used. Energy regeneration and energy saving in 
parallel operation is possible in both solutions. 
 
The regenerated energy from the loads could in a pump controlled system either be used directly by 
other actuators or be stored until needed. If more than one drive is used at the same time, referred to 
as parallel operation, energy can be transported directly through the common pump shaft. The same 
holds for energy transportation to the power train. Energy storage can be achieved in many different 
ways depending on the application. Each solution of course has its own advantages and drawbacks. 
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In a wheel loader application, the following possibilities of storing energy should at least be 
considered. 

• Pressure accumulator (hydraulic potential energy) 
• Flywheel (kinetic energy) 
• Electrical buffer (Electrical energy) 

By using accumulators, some of the potential load energy can be reused, making it possible to 
design a system with improved endurance compared with a similar one without such devices. This 
kind of regenerative capability increases the power supply capacity. The additional power can 
according to Rydberg, K-E. (2005) be used to improve the performance of the system, without 
increasing the power from the existing hydraulic supply units. However, there are some difficulties 
in dimensioning the accumulator to obtain the correct time constant for charging and discharging 
pressure in order to attain high regeneration efficiency. Further literature on energy regeneration 
where accumulators are successfully implemented is the PhD. thesis by Liang, X. (2002), who 
developed a passive energy regeneration (ER) system using a hydraulic accumulator and a pair of 
additional balance cylinders on a hydraulic crane. According to Liang's work, the system can reduce 
the energy consumption of the lift cylinder by 16.8% compared to the original system without an 
ER unit. Furthermore, Bruun, L. (2002) presented an ER solution called “Eco mate”, used on the 
inner boom cylinders of a CAT 50-ton crawler excavator. The solution is based on a hydraulic 
accumulator system controlled by logical seat valves to suppress the throttling losses. Average fuel 
consumption compared for each cycle of rising and lowering the load is claimed to be 37% lower 
than the consumption for the same machine without Eco mate.  

 
In the case of a flywheel storage device, the recovered energy is converted into kinetic energy in 
form of rotational speed. The key advantage of the flywheel system is its ability to handle high 
power transferred to and from the flywheel through an electric motor/generator. The disadvantage 
of flywheels in an ER system is the cost and the limited holding time. In an earth-moving 
application, there could also be some durability problems due to the rough working conditions. 
Historically, flywheels have been implemented in city buses to regenerate the decelerating power 
when braking, which for an idealized city round trip showed great potential, Rydberg, K-E. (1983). 
 
In the electrical buffer case the potential energy can be saved in batteries by a motor-converter 
system when lowering the lifting drive. The main problem of electric battery systems for mobile 
machines is that they cannot be charged with high power, Wei, S. (2004). A better alternative might 
be to use supercapacitors, for which high power can be buffered and taken out rapidly. 
Supercapacitors have recently been developed to recover braking energy and assist during 
acceleration in hybrid vehicles, Guzzella, L.; Sciarretta, A. (2005). 

2.1 Energy Consumption Study of a Typical Duty Cycle 
The target application of this research is a medium sized wheel loader. The machine is a complex 
system where drives, such as working hydraulics, transmission, brakes and steering, constantly 
interact with each other. To evaluate the energy efficiency of the working hydraulics in a wheel 
loader, a typical short duty cycle has been studied. Performing this cycle is often the main purpose 
of these machines; therefore, the cost effectiveness of the cycle is economically significant to the 
entrepreneur. The cycle (Figure 1) lasts for about 30 seconds and includes the machine going into a 
pile of granular material, lifting a full bucket, reversing out from the pile, forwarding to empty the 
bucket in a truck, and going back out while lowering the empty bucket. 
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Figure 1 – Wheel loader movement during duty cycle, source: Filla R. (2005)  

In this study, the power losses are analyzed using recorded data from a duty cycle with a medium 
sized wheel loader equipped with a load-sensing system. To evaluate different alternative pump 
controlled hydraulic concepts from an energy point of view, a systematic approach is needed. The 
evaluation of efficiency for different hydraulic concepts is based on a comparison with the pure 
mechanical energy required to perform the duty cycle according to Eq. (1-2) derived from the 
pressure levels and piston speeds.  

 vFP ⋅=                                                                       (1) 

� ⋅= dtPE                                                                      (2) 

The calculation corresponds to a hydraulic system with no losses and ideal energy regeneration. In  
Figure 2 the lifting power required to perform a typical duty cycle is presented. Positive power is 
the ideal power needed to perform the lifting and negative power is the ideal recoverable power. 
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Figure 2 – Lifting power required to perform a typical loading cycle with a medium sized wheel 
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The energy calculations used for concept comparison are concept specific and input to the 
evaluation is measurement data from the complete duty cycle, component specific parameters, and 
efficiency models for each component. The recorded data confirms the issue that when a load-
sensing system is used in a machine where there are big differences in the drive pressure levels a 
significant level of energy is lost due to metering losses. In the following two chapters, two 
different pump controlled hydraulic solutions that solve this problem are evaluated. 

2.2 Closed Circuit Pump Controlled Actuator 
Rahmfeld [Rahmfeld, R. (2000); Rahmfeld, R. and Ivantysynova, M. (2001)] uses an 
asymmetric cylinder in a closed circuit (see Figure 3) in which the differential volume of the 
cylinder is balanced on the low pressure side through a charge pump together with an accumulator. 
Additionally, a shut-off valve will hold the load in case of emergency situations, such as engine 
failure. In case several drives are wanted, they can be coupled via the low pressure side, sharing the 
charge pump and accumulator. The total number of components can consequently be kept low. 
Similar to a hydrostatic transmission this circuit handles four-quadrant actuation of the asymmetric 
cylinder in a simple hydro-mechanical manner, which makes the solution robust and reliable. The 
pump works as pump or motor depending on the operating point, automatically regenerating energy 
through the pump shaft when possible. 
  

 
Figure 3 – Closed circuit solution for one asymmetric cylinder 

 
In the same article (2001), Rahmfeld presents an extensive loss model, showing that the dominant 
losses occur in the servo-pump and charge-pump. To make the configuration even more energy 
efficient, it is therefore suggested that the charge-pump is pressure compensated and used in 
combination with an accumulator as a low-pressure source. In the case of multiple pump controlled 
actuators, the charge-pump and therefore also the losses are shared among all the actuators. In the 
same article, a simulation study of a demolition excavator shows that the closed circuit is more 
energy efficient than a conventional load sensing system for the same application. Rahmfeld also 
shows how this valve-less solution substantially reduces the power required for cooling the heat 
dissipated by the valves, due to the omission of metering losses. The controller described in 
Rahmfeld’s PhD thesis is based on an LQG/LTR structure, working with position, velocity and 
force control and handles integrator wind-up and limit cycles. The servo-pump used in the 
configuration has a high bandwidth and can therefore effectively diminish structural oscillations in 
an energy efficient way; also, floating mode can be achieved by actively controlling the pressure on 
both sides of the pump. Concerning energy regeneration, lowering flow is taken through the pump, 
making it possible to transfer torque (Eq. 3) directly to other drives via a common pump shaft.  

hmmp
D

T η
π

ε ⋅∆⋅
⋅
⋅=

2
                                                        (3) 

Here, �p is the pressure drop over the pump acting motor, directly given by the load pressure and 
the low pressure. An important aspect of this circuit configuration is the lowering speed (Eq. 4) 
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which for a given engine speed is strictly limited by the pump displacement, as all the flow from the 
cylinder chamber must pass through the pump, qm. 

volmAA

m
p A

nD
A
q

x
η

ε 1⋅⋅⋅==�                                                       (4) 

The pump controlled actuator is evaluated on an O&K wheel loader whereby a fuel consumption 
saving of 15% could be obtained compared to a standard loader in the same duty cycle. In the same 
article the limitation in lowering speed is simply solved by choosing a larger pump.  
 
In the present study, the closed circuit solution is evaluated in means of energy efficiency and 
capability of energy regeneration. Important in the evaluation is to validate how the solution fulfills 
the requirements given by the recorded duty cycle. The result from the evaluation is the total energy 
consumption for a duty cycle with the given concept, which indicates at which degree the hydraulic 
circuit utilizes the available power. The evaluation involves a number of factors, such as metering 
losses over the control valves and pump efficiency at the given working point. Losses in the 
hydraulic components are accounted for in a simple loss model in which the sum of losses 
integrated over the whole loading cycle adds up to a positive contribution to the energy 
consumption. A result from the evaluation of the closed circuit solution (Figure 4) shows the 
“Lowering while reversing” part of the cycle. The potentially recoverable energy during load 
lowering is, as expected, low. The simple explanation is that the pump is too small (230 cc) to 
handle the desired lowering flow, demanded by the operator, at the current motor speed; 
furthermore the pressure level is relatively low due to the empty bucket, resulting in a working 
point which is not ideal for the pump acting motor. The left figure illustrates how only a small 
amount of the required lowering flow can be taken through the pump, and the rest must somehow 
be taken to tank to fulfill the desired lowering speed. The right figure shows how much energy can 
be regenerated and how much is lost. The dashed line represents the engine speed, which in this 
case is at idle rpm. This speed could of course be controlled differently. 
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Figure 4 - Flow dispersion (left) and recoverable energy and losses (right) when lowering lift drive 
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2.3 Open Circuit Pump Controlled Actuator 
After analyzing the requirements of the working hydraulics in a wheel loader, a hydraulic circuit 
utilizing the energy related advantages of pump control in combination with the flexibility of valve 
control was developed. The open circuit pump controlled actuator is illustrated in Figure 5 below. 
By using open circuit pumps, fully displaceable in both directions, in combination with simple 
logical valves, a four quadrant operation can be achieved by actively controlling the pump and the 
valves. The valves are either fully opened or closed; consequently no significant metering losses 
will arise. If normal lifting or lowering operation is desired the pump is simply connected to the 
piston chamber and the piston-rod chamber is connected to tank. If higher lowering speed is desired 
or force is required to push down the bucket, the pump can be connected to the piston-rod chamber. 
Both cylinder chambers can be connected to tank to achieve floating mode. Furthermore both 
chambers can be connected to each other and pump allowing the load to be lowered in differential 
mode, as described in the following section.  
 

 
Figure 5 – Open circuit solution for one asymmetric cylinder 

 
For each drive the following components are needed: 

• One asymmetric cylinder 
• One variable [�p = ±1] open circuit pump 
• Either two logical 3/2-valves or four separate logical valves (built into one block) 
• Pressure relief valves and anti-cavitation valves (built into the valve block) 

 
In construction machinery the desired lowering speed can be relatively high, often twice as high as 
the lifting speed. This means that the pump in closed circuit must be dimensioned to handle the 
lowering flow. The open circuit on the other hand has the capability to lower the load in differential 
mode, meaning that the cylinder chambers are connected to each other. When lowering the load, 
flow will still be taken through the pump but additional flow will pass over to the piston rod 
chamber, resulting in a higher lowering speed. In Eq. 5-7 the relation between the lowering speed in 
differential mode and normal mode is calculated statically for a given pump flow, qm. 
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This means a higher lowering speed of typically three times the normal case. What is actually done 
is a flow-pressure transformation where the decrease in flow out from the volume for a certain 
piston speed corresponds to an aggregation in pressure (Eq. 8-9) with the same ratio.  

κ−= 1
,

,

normm

diffm

q

q
                                                                  (8) 

κ−
=

1
1

norm

diff

p

p
                                                                   (9) 

With the same pump size used in Figure 4 the left figure in Figure 6 illustrates how the lowering 
flow, from the piston chamber, is divided between the pump and rod chamber. The right picture 
illustrates how the potentially recoverable energy can be turned into useful work assuming that all 
power is needed for propulsion or in other actuators without preceding storage. The dashed line 
illustrates how the maximum flow through the pump/motor is limited by the engine speed. This 
limitation in speed makes the differential mode, to a large extent, dependent on how the engine 
control is managed. Flow could of course be taken to tank over a valve in this mode as well, but 
compared to the non-differential mode it is not necessary as the desired lowering speed can be 
acheived just by slightly increasing the engine speed. Concerning the pressure aggregation when 
working in differential mode it should be observed that the bucket is empty while lowering and the 
increased pressure level will in most cases contribute to a more suitable working point for the pump 
acting motor. 
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Figure 6 –Flow dispersion (left) and recoverable energy and losses (right) when lowering lift drive 

Another interesting aspect of the differential lowering mode is how the actuator dynamics are 
affected. As flow and pressure can freely pass between the cylinder chambers, the area of the piston 
rod can be depicted as the only effective area, This is illustrated in Figure 7 below. 
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Figure 7 – Illustration of the change in actuator properties for the differential mode  

 
The resulting effective pressurized area and the compressible fluid volume will change according 
to:  

BAdiff AAA −=                                                               (10) 

deadpBpAdiff VxLAxAV ⋅+−⋅+⋅= 2)(     (11) 

 
Where L is the maximum piston displacement and Vdead is the dead volume for each cylinder 
chamber including hydraulic connectors. This change in properties will impact on the hydraulic 
resonance frequency according to: 
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According to Merritt, H. E. (1967), the resonance frequency of a traditional actuator where the 
load is controlled by pressurizing one chamber at a time is given by the following equation:  
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In  
Figure 9, �diff and �normal are compared over a range of parameters suitable for a mobile application.  

 
Figure 8 - Hydraulic resonance frequency as function of piston displacement and cylinder area ratio 

in normal mode (upper) and differential mode (lower) 

In the differential case, the resonance frequency is significantly lower at all working points; 
furthermore, it varies only a little with changes in piston displacement. When this actuator is used in 
a pump controlled system to lower a load, this reduction in frequency is generally seen as a problem 
as the oscillation will be more noticeable than a higher frequency would be. However, if the pump 
is controlled to suppress these oscillations, it is in fact easier to dampen “slow” oscillations as a 
lower pump bandwidth is required. This is illustrated in a simulation result, shown in  
Figure 9, where a load corresponding to an empty bucket in the wheel loader application is lowered 
from maximum displacement and then is suddenly stopped.  The left plot shows the lowering in 
normal mode while the right plot shows the lowering in differential mode. The dashed lines in the 
figures respectively represent the same operation but the pump is used as a control element to 
suppress the oscillations. 

Figure 9 – Simulated step response in maximum negative reference signal for differential and 
normal lowering of a mass load 
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3 LABORATORY SETUP  
To be able to evaluate the open circuit solution at an early stage, a laboratory test rig was set up. 
The rig consists of an electrically displacement controlled pump connected to a custom-made valve 
block and an asymmetric cylinder mounted on a lorry crane. Currently, the test rig only has one 
pump controlled drive, the boom drive. The rig allows changes in the dynamic properties by 
changing mass loads and geometry. The pump and valves are connected to a computer where 
controllers and energy evaluation algorithms are implemented. To achieve anti-cavitation the rig is 
equipped with an extra pump used to increase the tank pressure to a level sufficiently high to 
compensate for the pressure drop over hydraulic lines and switching valves during operation.  

4 FUTURE WORK 
The efficiency evaluation model must be extended to account for the control losses in the pump and 
valves. Also, the augmented viscous drag associated with the increased number of pumps must be 
included before the solution is fully comparable to any commercial solution. The differential mode 
will be further evaluated in the laboratory test rig where different control strategies can be 
implemented to manage the critical mode-shifting. Furthermore, alternative valve configurations 
will be examined to find the most suitable solution. Valve and pump control for parallel operation 
will be investigated in vehicle simulations and later also implemented in a full scale test rig. As the 
present solution cannot store energy over time, the energy regeneration efficiency is limited by the 
need for energy in other drives used simultaneously. Future work will involve additional energy 
storage circuits to solve this issue. In a final solution, anti-cavitation must also be achieved in the 
most energy efficient way, probably different from the present one. Another interesting aspect of 
the energy regeneration is how the current mechanical architecture of the loading unit affects the 
regeneration efficiency. If the geometry of the mechanics and/or the area ratio of the hydraulic 
cylinders can be changed freely, the optimum efficiency of a regenerative solution will probably not 
be the same as the present one.  

5 CONCLUSIONS 
Today, energy efficiency in mobile applications is a popular research field. Several papers 
presented over the past five years point out the potential of pump controlled actuators as a 
competitive substitute to valve controlled actuators. The foremost energy related reason to use 
pump controlled actuators in a construction machine is the prevention of metering losses as loads 
are controlled individually. In this study, measurement data from a typical duty cycle is used to 
illustrate the potential of two different pump controlled actuator concepts. A recently developed 
closed circuit solution and a new open circuit solution are compared in respect of energy 
regeneration capabilities and actuator dynamics. The concluding result of the energy consumption 
studies shows that both solutions significantly improve the overall energy efficiency, but the closed 
circuit solution requires a lager pump than the open circuit solution to handle energy regeneration at 
high lowering speeds. In the open circuit solution this is solved at the cost of a significantly 
decreased hydraulic resonance frequency, resulting in a higher dependency on an appropriate 
control to suppress the augmented oscillations. The controller must also handle smooth mode-
shifting when going from normal to differential mode and, in a final solution, also an optimization 
of where energy should be transferred in respect to the optimum efficiency. The possibility of 
operating in differential mode means higher cost effectiveness as the pump can be relatively small 
and still handle the high piston speeds needed when lowering a load. 
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6 LIST OF NOTATIONS 
 

BA AA ,  Effective area, piston chamber, piston rod chamber m² 

diffA  Effective area in differential mode m² 

eβ  Bulk modulus Pa 
D  Displacement of machine m3/rev 

mε  Relative displacement of machine, pumping or motoring - 
κ  Cylinder area ratio - 
L  Maximum piston stroke m 
T  Torque generated by pump acting motor Nm 

tM  Inertia mass load kg 
n  Engine speed rad/s 

BA pp ,  Pressure acting on BA AA ,  Pa 
p∆  Pressure drop over pump when motoring  Pa 

normaldiff pp ,  Cylinder pressure in differential mode, normal mode Pa 

BA qq ,  Flow to cylinder piston chamber, piston rod chamber m3/s 

mq  Flow through machine, pumping or motoring m3/s 

normalmq ,  Flow going to motor/pump in normal mode m3/s 

normmdiffm qq ,, ,  Flow going to motor/pump in differential mode, normal mode m3/s 

BA VV ,  Volume of piston chamber, piston rod chamber m3 

deadV  Dead volume in cylinder chamber m3 

normaldiff VV ,  Effective volume in differential mode, normal mode m3 

normaldiff ωω ,  Hydraulic resonance frequency in differential mode, normal mode  rad/s 

px  Piston displacement (stroke) m 

px�  Piston velocity m/s  

normpdiffp xx ,, , ��  Piston velocity in differential mode, normal mode m/s 

hmmη  Hydro-mechanical motor efficiency - 

volmη  Volumetrical motor efficiency - 
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