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Abstract
In the sector of mobile hydraulics, valve controlled systems are pre-

dominant. In these systems the load force and speed are adjusted by control
valves. In machines where multiple drives are used in parallel at extremely
varying loads the energy efficiency of such systems is often compromised
over large working regions. Most valve controlled systems also lack the possibility to recuperate potential energy.
A different category of hydraulic systems, called displacement controlled
hydraulics are based on the manipulation of the hydraulic flow using the
relative displacement of the hydraulic machines as the final control element.
This type of hydrostatic power transfer, yields a resistance free velocity control, ideally leading to lossless load actuation.
This thesis concerns the introduction of a new type of displacement controlled hydraulic system, adapted for construction machinery. The system
decouples the hydraulic functions using one dedicated hydraulic machine
for each drive. These machines are of open circuit type, capable of over
center operation which enables energy recuperation. The system also comprises four separate valves that by means of switching allow the cylinder to
be controlled over all four load quadrants. Depending on the selected valve
hardware, the system may also include features available in a conventional
valve controlled system, such as meter-out flow control. The system supports
both symmetrical and asymmetrical cylinders. However, using the asymmetrical type the load may be controlled in two distinct states of operation. This
yields an increased region of operation, which is otherwise generally stated
as a drawback in displacement controlled systems. It also allows the selection between different control modes, where one of the modes is always more
efficient than another.
In this research both theoretical studies and a practical implementation
demonstrate the energy related benefits of the new concept. The target application of this study is a medium-size wheel loader. Measurement results
using the wheel loader in a short truck loading cycle show a 10% percent
reduction in fuel consumption. According to the theoretical investigation,
this corresponds to a 20% reduction in energy consumption for the hydraulic
system itself.
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Nomenclature

Table 0.1 Quantities.

Quantity

Description

Unity

A
B
C
D
F
L
M
V
n
p
q
s
t
v
x
βe
δ
ε
η
κ
ω

Effective area
Friction coefficient
Flow leakage coefficient
Displacement of machine
Force
Length
Mass
Volume
Rotational speed
Pressure
Flow
Laplace operator
Time
Velocity
Position
Effective bulk modulus
Damping factor
Relative displacement
Efficiency
Cylinder area ratio
Resonance frequency

[m2 ]
[Ns/m]
[m3 /sPa]
[m3 /rev]
[N]
[m]
[kg]
[m3 ]
[rev/s]
[Pa]
[m3 /s]
[-]
[s]
[m/s]
[m]
[Pa]
[-]
[-]
[-]
[-]
[rad/s]
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Table 0.2 Subindexes.

6

Subindex

Description

A
B
d
e
m
max
n
re f
p
t

Piston chamber
Piston rod chamber
The differential state of operation
The effective part of a quantity
The hydraulic machine
The maximum desired velocity
The non-differential state of operation
The reference value of a quantity
Refers to the cylinder piston
The total of a quantity

1
Introduction and
Background
H

istorically, energy efficiency of fluid power systems has been especially important in industrial applications. These systems often work around
the clock, handling high power. Even small improvements in system efficiency therefore often have a significant economic impact on the total lifecycle cost. In the mobile sector on the other hand, the energy consumption of
the hydraulics has only been a minor part of the total life-cycle cost. However,
in the last decade increased fuel costs and greater environmental demands,
such as stricter regulations regarding combustion engine emissions, are pushing the development of energy efficient solutions forward also in this sector.
Fluid power transmission technology has been used for a long time in all
sorts of mobile machinery, for example in construction, forestry and agricultural machines. Common to these applications is that high power is often
required to perform the desired work, for example moving material or harvesting crops. The power for such drives is often generated by a centralized
source, usually an internal combustion engine. Using fluid power systems
the power is easily distributed via hydraulic lines to either linear or rotary
drives. The components of a hydraulic system are often characterized by
their comparatively high power density, defined by the components’ maximum power rating in relation to their installation volume. Another property
of fluid power systems is their good heat transfer capability, inherently using
the hydraulic flow to transport any generated heat to coolers located somewhere in the system. This property is generally seen as a benefit, at least for
the system manufacturers. As heat generation is not an issue, stability problems are easily solved at the expense of energy efficiency. A typical measure
is to increase the occurrence of hydraulic resistance during actuation. In the
field of power electronics, this type of resistance control is seldom accepted
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as it consumes far too much energy and better solutions are available.
As the energy debate has been intensified over the years, hydraulic systems
have become much more efficient. Today the majority of high-end mobile
machines use hydraulic systems comprising pressure controlled variable displacement pumps in combination with pressure compensated valves. When
power is applied to the loads, for example to lift a hanging load with a mobile crane, these systems generally suffer less power loss in comparison to
constant pressure systems or open-center systems for example. On the other
hand, these systems are equally incapable of utilizing the power that may be
generated by the load, in this thesis referred to as overrunning loads. For
example, when the mobile crane lowers an elevated load, the stored potential energy is simply throttled over a meter-out orifice to tank, leading to a
reduced duty cycle efficiency.
Another energy related issue in mobile hydraulic systems is that one pump
is often shared by several drives. If the drives are actuated simultaneously
this will in most cases result in pressure losses over some of the valve sections, in this thesis referred to as metering losses. Depending on how the
loading conditions vary for a specific duty cycle and how the actuators are
dimensioned these losses have different significance for the cycle efficiency.

1.1 Aims and Contribution
The purpose of the research presented in this thesis is to identify the predominant power losses in various hydraulic systems commonly used in construction machinery and to find alternative solutions. A specific aim is to
develop a new energy efficient hydraulic system in the research field of displacement control. The system layout presented in this thesis is based on
displacement controlled pumps operating in an open circuit. In the literature
a substantial amount of work can be found on displacement controlled actuators operating in closed circuits, but very little on open circuit solutions.
For the proposed hydraulic system, control strategies enabling four quadrant
actuation and energy recuperation are presented. Special emphasis and also
the greatest contribution of this thesis is on a control strategy that maximizes
the amount of recuperated energy in overrunning loads, using displacement
controlled hydraulics. The hypothesis is that a displacement controlled hydraulic system based on an open circuit configuration has a greater potential
in energy recuperation as well as a greater region of operation than that of a
closed circuit solution. Some degree of focus is also on the specific hardware
requirements for implementing the system in a practical application.
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1.2 Scope and Limitations
Since the research question of this thesis concerns the energy efficiency of
hydraulic systems suited for construction machines, most of the literature
study conducted and the subsequent system design are focused on mobile
hydraulics, rather than industrial hydraulics.
To better understand the shortcomings regarding energy efficiency in any
hydraulic system, it is important to look not only at the system itself, but
also under what loading conditions it operates. In order to validate the ideas
and theories presented in this research, a wheel loader has been selected as
a representative target application. This specific selection of application is
not generic to or representative of all mobile machines. Some load quadrants
are hardly ever used, some are used very much. However, wheel loaders
are multipurpose machines and there are many different duty cycles that in
total cover most points of operation necessary for concept validation. Another limitation in this study is that all these different duty cycles cannot be
investigated in depth; instead, a few cycles are considered where the energy
efficiency of the hydraulic system is especially important to the end user. Being aware of these limitations, the hydraulic system proposed by the author
is designed to be applicable not only for the wheel loader application, but in
all mobile machines where energy efficiency is of high priority.
Further limitations relate to questions of production cost contra customer
value, which of course is of great interest for any profit-driven machine
manufacturer. This subject is only considered as far as comparing parts of
the proposed system hardware to other displacement controlled systems.

1.3 Thesis outline
The next chapter in this thesis will give the reader a background to some of
the important improvements in energy efficiency that have been seen historically. In the third chapter the author establishes the proposed displacement
controlled hydraulic system in respect of hardware and control requirements.
The fourth chapter describes the system in detail from an implementation
perspective, including the realized system performance regarding energy efficiency. In the fifth chapter the results of this thesis are presented and in the
sixth chapter some suggestions for future work are outlined. The final chapter summarizes the three appended papers, which by themselves describe the
proposed hydraulic system in closer detail.
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2
Achievements in
Improving Energy
Efficiency
Much progress has been made in making the individual hydraulic com-

ponents, such as valves, pumps and motors, more energy efficient. The
problem is that each component has its own optimum working condition,
a condition which in many cases is quite restricted. When combining these
components into a hydraulic system it is seldom possible to have all components operating in an optimum condition over a wide operating region,
which leads to poor overall system efficiency. New ways of combining components constantly arise from academia and industry; some concepts become
widely accepted, some do not. In this chapter a selection of these concepts
are described with the emphasis on energy efficiency. In the first section
valve controlled systems are briefly described. Systems based on "throttleless" hydraulic machine control are then described more in detail as these
play a central role in this study.

2.1 Valve controlled systems
What are here referred to as valve controlled systems are systems based on
resistance control, where flow and pressure are modulated by manipulating
hydraulic orifices. Over the past decade load-sensing systems have increased
in popularity in the mobile hydraulics industry, but have also been the subject
of much debate. It is claimed that they are more energy efficient than many
other concepts, such as constant pressure systems and systems based on fixdisplacement pumps combined with open center valves. Drawbacks of this
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concept relate to instability tendencies due to its dynamic properties [Krus,
1988] and high cost.
In most valve controlled systems used in mobile machinery one pump is
shared among several drives of cost reasons. The problem in doing so arises
when the load pressures differ among the drives in the hydraulic system,
shown in Figure 2.1. Any simultaneous motion of drives with unequal pressure levels results in an undesired pressure difference over all valves but the
one controlling the drive operating at the highest pressure level. This pressure difference multiplied by the required actuator flow is referred to as a
metering loss and is an issue where parallel operation takes place. This is a
well known fact that can be compensated for by dimensioning the cylinder
drives to minimize the power loss for a given duty cycle. This will always
lead to a compromise in efficiency and component size. Another approach in
fix ΔpLS

load 2

pressure

load 1

Δpload
load 1
load 2
flow

Figure 2.1 Losses related to parallel operation in a conventional load sensing system.

valve controlled systems is based on distributed throttle control. In contrast
to the valve arrangement using spool valves the meter-in and meter-out orifices are no longer mechanically coupled. These concepts provide a higher
degree of freedom in control as all four orifices are separated and can be
controlled individually. Much work has been done on such concepts, both
in academia and industry [Jansson and Palmberg, 1990] and [Elfving and
Palmberg, 1996]. Some systems based on this technology have reached the
market over the years, even if the focus has not always been on saving energy. In more recent studies, for example [Liu and Yao, 2002], a greater emphasis is laid on the efficiency aspects of separate metering valve controlled
systems. When the appropriate hardware is combined with sophisticated
control strategies, these systems can potentially save a considerable amount
of energy in mobile machines. The state-of-the-art systems in this field of
research not only minimize the meter-out losses but also enable energy recuperation. Energy recuperation in this case refers to letting back pressurized
flow to the supply line to be shared by other hydraulic drives in the hydraulic
system. As mentioned earlier, a general problem with valve controlled systems is that controlling multiple drives with unequal drive pressure levels can
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lead to substantial power losses. In a concept presented in 2007 the loads are
controlled with the objective of minimizing these losses by using the asymmetrical cylinder as a discrete transformer [Eriksson, 2007], shown in Figure
2.2. Furthermore, the controller presented together with this concept is capable of recuperating energy by letting the overrunning cylinder provide any
simultaneously operated drive with flow and pressure.
load 1

load 2

min ΔpLS

pressure

min
Δpload
load 1
load 2
flow
Figure 2.2 Metering losses in systems with separate metering that are capable of using
the cylinder as a discrete transformer by connecting the cylinder chambers.

Moreover, in the field of distributed digital hydraulics a substantial energy
saving potential has been shown, for instance by [Linjama et al., 2008a] and
[Linjama et al., 2008b].
Another obvious approach to eliminate these metering losses is to introduce a separate pump for each hydraulic drive. Figure 2.3 shows an example
of this using load sensing hydraulics. This solution of course comes with a
higher cost for components, but for some applications this can be justified by
a higher system efficiency.
fix ΔpLS

load 2

pressure

load 1

load 1

fix ΔpLS
load 2
flow

Figure 2.3 A load sensing system used for each drive will eliminate all metering losses.
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One topic of research that has attracted increasing interest is the development of alternative hydraulic
systems in which the control valves
are eliminated along with the throttling losses. The three most interesting and distinctive concepts are here
categorized by: hydraulic transformers, electro hydraulic actuators, and
displacement controlled actuators.

2.2.1

pressure

2.2 Throttleless systems

load 1
load 2
flow

Secondary control with transformers

In a secondary control system all drives are connected to a common pressure
rail (CPR) which holds a "quasi-constant" pressure level by means of a pressure compensated pump. The CPR can be seen as a hydraulic equivalent of
the electricity grid. It is easy to attach and add different loads to the power
grid. An accumulator connected to the CPR allows the power source to be
downsized according to the mean flow over a duty cycle and to the potential
of storing recuperated power generated by the load [Rydberg, 2005]. Controlling hydraulic rotary drives (motors) is the most common use of secondary
control. However, this technology cannot be used directly on linear cylinder
drives, as in contrast to rotary drives, the displacement of a cylinder is fixed
(the piston area). This can be solved by using the "hydraulic transformer"
technology.
A hydraulic transformer is capable of converting an input flow at a certain
pressure level to a different output flow at the expense of a change in pressure
level. In the transformation between flow and pressure the hydraulic power
is ideally maintained. For example; a low load pressure can be transformed
to the common pressure rail level, with a smaller flow. One common way to
build such a transformer has been to combine two hydrostatic units, where
at least one has a variable displacement, see Figure 2.4(a). As no valves are
needed in the transformer configuration, the throttling losses can be completely eliminated. However, the efficiency of a conventional transformer is
limited as it includes two piston units, of which, in most operating points,
at least one of the machines will operate under a partial loading condition
resulting in decreased overall efficiency [Werndin and Palmberg, 2003]. In
order to increase efficiency another hydraulic transformer concept was developed by the Dutch company Innas BV [Achten et al., 1997], shown in Figure 2.4(b). The big conceptual difference between a conventional transformer
and the IHT transformer is that the two axial piston units in the conventional
transformer are replaced by one fixed displacement axial piston unit contain-
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CPR

CPR

1

2

1

3

2

2.4(a) Classic hydraulic transformer comprising two hydrostatic
machines controlling a single
acting cylinder.

3

2.4(b) The IHT transformer.

Figure 2.4 Examples of hydraulic transformers powered by a pressure compensated
pump connected to a common pressure rail, actuating a single acting cylinder load.

ing three valve plate kidneys. The efficiency of the IHT is higher than that
of a conventional transformer because no real partial load conditions occur.
The power provided to the load can be controlled by turning the port plate
around its axis.
In mobile machinery this technology could be used for controlling one or
several actuators, linear or rotary, with one transformer for each drive. All
the transformers are then supplied with pressure and flow from the CPR.
As for four quadrant actuation, a number of possible solutions have been
investigated, all of them implying that the originally developed transformer
must be complemented with additional valves [Vael et al., 2003] and [Vael
et al., 2004]. The transformer technology is still new but the IHT is state-ofthe-art in this field of research and conceptual improvements have yet to be
made. Seen in Figure 2.5(a) is one of the proposed solutions enabling four
quadrant actuation and its ideal region of operation shown in Figure 2.5(b).
Controller

F v

Max force due to
maximum system
pressure

F
Plausible region
of operation

supply
qp,pp

v
tank
qT,pT

2.5(a) Simplified schematic of arbitrary 4-quadrant transformer.

Available hydraulic
power

Max speed due
to transformer
max flow

2.5(b) Idealized region of operation for a four quadrant transformer.

Figure 2.5 Examples of transformer layout capable of 4-quadrant actuation and its potential working region.
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2.2.2

Electrohydraulic actuators

The electrohydraulic actuator systems (often referred to as EHA) are based
on the principle of closed-circuit hydrostatic transmission. In these systems,
as opposed to conventional open circuit hydraulics, the main component is
a bidirectional hydraulic pump that rotates at a variable speed. A conventional EHA requires a symmetrical actuator in order to ensure flow balance
between the actuator and the pump; no additional oil reservoirs or additional
control valves are therefore needed [Raymond and Chenoweth, 1993]. A DC
motor is usually used to power the pump that causes oil flow and pressure
changes in the hydraulic actuator. The pressure difference in the actuator
chambers, in turn, results in an exertion of force on the external load and the
movement of this load according to the speed and direction of the pump. A
schematic of the EHA is shown in Figure 2.6(a). In the EHA, there are no
throttling losses and the pump operates only when control action is needed.
The result is better overall energy efficiency in comparison to valve controlled
and displacement controlled hydraulic systems. The disadvantage of using a
variable-speed fixed displacement pump in hydrostatic actuation is that the
volumetric efficiency is often compromised at low pump speeds [Habibi and
Goldenberg, 1999]. As a result of its energy efficiency and compactness the
F
F v

Max force due to
maximum system
pressure

Plausible region
of operation

Controller

v
EM

2.6(a) Simplified schematic of the electrohydraulic actuator.

Available
electric/hydraulic
power

Max speed due
to pump max flow

2.6(b) Region of operation
for the electro hydraulic actuator.

Figure 2.6 The EHA principle and its working region.

EHA technology has become well established in the aerospace industry. One
obvious problem with introducing the EHA in mobile machines is that the
hydraulics in these machines are usually powered by and mechanically coupled to an internal combustion engine (ICE). Given a system where speed
controlled electrical motors (EM) are available, this would of course not be
an issue. However, a second problem is the fact that asymmetrical cylinders
are predominantly used in mobile machines today, for which no support is
provided in a standard EHA circuit. Moreover, in this circuit the maximum
flow capacity of the hydraulic machine strictly limits the actuator speed in all
load quadrants, shown by Figure 2.6(b).
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2.2.3

Displacement controlled actuators

Throttleless actuation can also be achieved by using a variable displacement
machine for each drive. In such a system swashplate angle displacement is
used as the final control element. In comparison to the EHA concept, displacement control is suitable for applications where the rotational speed of
the drive shaft cannot be adjusted freely. Displacement control, also known
as pump control, can principally be differentiated in two different circuit layouts, either with the hydraulic machine arranged in a closed circuit or in an
open circuit, see Figure 2.7. In an open circuit the pump always has a predefined high and low pressure compartment contrary to the closed circuit,
where the side of pressurization depends on the actuator load quadrant. Ever

ICE

2.7(a) Displacement control in a
closed circuit arrangement.

ICE

2.7(b) Displacement control in
an open circuit arrangement.

Figure 2.7 Pump control in two principally different circuit configurations.

since the Second World War many authors have investigated displacementcontrolled actuators using symmetrical cylinders or rotary motors. However,
in mobile machinery asymmetrical cylinders are used almost exclusively due
to space considerations. In closed circuits the unequal differential volume
flows from the cylinder must be compensated for. Several different solutions to this can be found in the literature. For example, Berbuer [Berbuer,
1988] complemented a conventional hydrostatic circuit with two additional
hydraulic machines with displacements adapted for the cylinder area ratio. In 1994, work based on the same principle solution was continued by
Lodewyks [Lodewyks, 1994]. In his circuit, shown in Figure 2.8, a sum pressure control valve was used to increase the pressure on the low pressure side
in order to increase the otherwise relatively low resonance frequency of a
displacement controlled system. These technologies may be suitable for industrial applications, but due to the relatively high number of components
and often also the complexity in control these concepts generally not considered suitable for mobile applications. In 1994 a displacement controlled
closed circuit system consisting of fewer components, capable of asymmetric cylinder actuation, in four-quadrants, was patented [Hewett, 1994]. The
invention was based on a variable displacement pump, a 3/2-valve and an
asymmetric cylinder. The valve is controlled to connect a charge line to the
low pressure side of the cylinder thereby compensating for the difference
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Controller

Figure 2.8 Displacement controlled asymmetric cylinder arranged in a closed circuit
with flow compensation by means of two additional hydraulic machines.

in volume flow through the cylinder. The valve control was based the detection of load quadrant, using pressure sensors. A similar closed circuit
solution also designed for use with asymmetric cylinders was presented in
2000 [Rahmfeld and Ivantysynova, 2000], shown in Figure 2.9(a). The differential volume of the cylinder is balanced on the low pressure side by a
charge pump and an accumulator. In this system the coupling between the
cylinder’s low-pressure side and the charge line is solved hydromechanically
using pilot-operated check valves. In the adaption of this system for use in
Max force due to
maximum system
pressure

Controller

F
Plausible region
of operation

F v

v
Available
hydraulic power

2.9(a) Displacement
closed circuit solution.

controlled

Max speed due
to pump max flow

2.9(b) Region of operation.

Figure 2.9 Closed circuit solution for one asymmetric cylinder.

mobile applications it is proposed that shut-off valves are added in order
to hold the load in emergency situations, such as engine failure [Rahmfeld,
2002]. If several drives are used, they can conveniently be coupled via the
low pressure side, sharing the charge pump and the accumulator. The total
number of components can consequently be kept relatively low. Just like a
hydrostatic transmission circuit, this system handles four-quadrant actuation
of the asymmetric cylinder in a simple hydromechanical manner, making the
solution robust and reliable. Its feasible region of operation in four quadrants is shown in Figure 2.9(b). The hydraulic machine works as pump or
motor depending on the operating point, recuperating energy through the
drive shaft whenever possible. The recuperated energy is mechanically trans-
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ferred to other drives via the common drive shaft. An obvious drawback of
this circuit configuration is the lack of functionality to manage load power
greater than the installed hydraulic power on the supply side. Compared
to a valve controlled system where the meter-out orifice size is not really a
cost issue, the displacement controlled system requires the pump to be dimensioned to handle the full lowering flow and bigger pumps are generally
more expensive. On the other hand the closed circuit pumps can operate at
comparatively high angular speeds. A prototype of the closed circuit solution
implemented in a wheel loader showed a saving of 15% in fuel consumption
compared to a standard loader equipped with a conventional load sensing
hydraulic system [Rahmfeld et al., 2004].
In this thesis a novel displacement controlled solution is examined. The
concept is based on the use of open circuit pumps contrary to the closed
circuit described above. The open circuit concept is capable of four quadrant actuation by means of controlling four separate valves included in the
circuit. The additional valves makes it possible to combine some of the advantages from the distributed valve technology with the advantages from the
field of displacement control. For example, the open circuit solution covers
a larger region of operation than that of a closed circuit solution, as shown
in Figure 2.10. Within this region, energy can potentially be recuperated for
an overrunning load using the open circuit pump as a motor. However, the
valve configuration allows the loads to be controlled in several different ways
rendering the concept interesting for further investigation.
Max force due to
maximum system
pressure

F v

F

Plausible region
of operation
Cylinder used for
transformation

Controller

v
Available
hydraulic power

2.10(a) Displacement control in
an open circuit solution.

Max speed due
to pump max flow

2.10(b) Region of operation.

Figure 2.10 Open circuit solution allowing four quadrant actuation of one asymmetric
cylinder.
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3
The Open Circuit
Concept
In this chapter the open circuit solution is described in more detail. Both

Supervisory controller

hardware requirements and applicable control strategies are explained. Its
potential concerning energy savings is shown, with a special emphasis on
energy recuperation in overrunning loads. Figure 3.1 illustrates the simplified schematics of the open circuit solution, implementable on two drives,
including necessary sensors and controllers.
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pump
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open-circuit,
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valve
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pump
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further
drives

Figure 3.1 Simplified circuit diagram of the open circuit solution implemented on two
drives.
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3.1 Hardware requirements
Manipulation of the relative pump displacement yields the final control element in this hydraulic system. However, there are several situations where
displacement control must be countermanded by pressure control. First, any
flow into a volume must, according to the continuity equation, correspond
to an equally fast volumetric expansion of that volume or else pressure will
build up. The pressure is of course allowed to build up in order to meet
the load requirement, but from a safety perspective it must not exceed the
hydraulic component pressure rating. This is solved by either letting pressurized oil exit the control volume or letting less oil enter the control volume.
The first alternative requires the use of a pressure relief valve throttling flow
to tank, which yields a robust but energy inefficient solution. The second alternative is to limit the pump displacement with the objective of maintaining
the maximum allowed system pressure. The technique of controlling pressure with variable displacement pumps has been available for decades and is
solved either hydro- or electromechanically. Secondly, a load standing still
should, in the open circuit solution, be held in that condition by means of a
closed valve rather than zero pump displacement for the purpose of saving
energy. The pump pressure in this situation should be as low as possible to
minimize the viscous drag losses created in the pump housing. When actuation is once again desired, the pump must re-establish the pressure required
by the load prior to opening the load holding valve. This requires "on demand" pump pressure control. Consequently, what is required is a primarily
displacement controlled pump with the capability of switching to a pressure
control whenever this is demanded by the controller unit.
Concerning the cylinder, this circuit incorporates either a symmetric or an
asymmetric cylinder, but as shown later in this chapter, there are certain advantages to using an asymmetrical cylinder. In contrast to valve controlled
systems, the cylinder dimensions play an important role for the achievable
actuator speed in all four load quadrants, not only when the cylinder is subjected to resistive loads but also to overrunning loads. How the cylinder
should be dimensioned from a system energy efficiency point of view is further clarified in Section 3.2.
The valves in this circuit must meet certain requirements as they must be
actively controlled during changes in operation quadrant as well as in mode
switchings. The valves connecting the cylinder chambers to the pump must
be of the bi-directional type in order to achieve four quadrant actuation and
preferably produce low pressure losses at high flows. The valve dynamics
are of great importance, especially response time and bandwidth. The valve
configuration should for most applications also incorporate anti-cavitational
as well as pressure relief functionality for the load side.
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Concerning the system pressure, there are three different levels:
1. High pressure, which is determined by the cylinder load up to the predefined maximum pressure level.
2. Enhanced low pressure, which maintains a level sufficient to overcome
the pressure losses in lines and connectors when suction flow is required by the cylinder. This can be achieved in several ways, for example by means of a pilot-operated pressure relief valve and a check valve
on the low pressure side of the pump. Alternatively a pressurized tank
can be used.
3. Low pressure, determined by the atmospheric pressure.
Moreover, three pressure sensors are required for each drive in order to
achieve all the modes of operation described later in this chapter: one on the
supply side of the valve and one for each cylinder chamber. The sensors are
preferably placed in the proximity of the valve.

3.2 Control aspects
Considering the aspects of motion control, the open circuit solution is indeed
a displacement controlled hydraulic system rather than a valve controlled
system, but in order to achieve four quadrant actuation with a two quadrant
pump, valve control is also of great importance. The four-valve configuration
renders the circuit closely related to any other valve controlled system using
independent metering techniques. This section describes the the fundamental
approach to achieve four quadrant actuation of the open circuit solution, its
capabilities in energy recuperation, and its dynamic properties.

3.2.1

Four quadrant actuation

The load quadrants are defined by the four combinations in the axial direction
of load force and actuator velocity.
If the directions of the force and velocity vectors are equal, the quadrant
is here defined as overrunning; otherwise it is defined as a resistive quadrant. In Figure 3.2, quadrants A and C are the overrunning quadrants and
quadrants B and D the resistive quadrants. In traditional valve controlled
systems, the flow to and from an asymmetric cylinder is controlled by one
spool through one pair of meter-in and meter-out orifices for each cylinder
chamber, all four mechanically coupled via the spool. To avoid large differences in actuator speed when the load force direction is changed, the area
gradients of the orifice notches are chosen accordingly. However, this way of
achieving accurate velocity control leads to increased power losses. In recuperative displacement controlled systems, changes in direction of velocity are
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Figure 3.2 Definition of directions in load force and actuator speed in the four quadrants.

controlled directly through machine displacement without any major losses
in any quadrant. To make the open circuit solution controllable over all four
quadrants, the four valves must be controlled actively. This of course makes
control more complex, but it also results in greater flexibility when it comes
to the selection of modes targeting the highest possible efficiency described
later in this chapter.
In the open circuit solution the pump has only one designated high pressure port and consequently crossing the quadrant borders must be solved by
controlling not only the pump but in most cases also several valves. Actuator velocities and load forces crossing the quadrant borders require a specific
control strategy.
Load forces crossing zero may occur either at positive or negative actuator
velocity. In either case, the relative pump displacement must cross zero in
order to pressurize one or the other of the actuator’s chambers. Simultaneously, the valves must be controlled to direct the flow to the right side of the
cylinder. However, in the crossing moment the force, and thereby the system
pressure, is zero, thus making the transition non-critical.

3.2.2

Differential operation

Another control aspect of the open circuit includes the load being actuated
in a differential manner, here referred to as a differential state of operation,
see Figure 3.3(a). In the differential state the cylinder piston chamber is connected to the piston rod chamber hydraulically, by means of opening two
valves. The cylinder can be either extracted or retracted differentially, but
only in the load quadrants where it is subject to a compressive force. The differential state yields one couple in flow and pressure and the non-differential
state another couple. Either state touches the available hydraulic power limit
in different operating points. Thus, the asymmetric cylinder can be considered a discrete transformer with two possible states of operation. The limited
region of operation in quadrants A and B for the two possible states is shown
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3.3(a) Illustration of the change in actuator properties for the differential mode.
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Figure 3.3 Non-differential and differential state of operation of an asymmetric cylinder.

in Figure 3.3(b). The limits in load force Fn∗ and actuator velocity v∗n in the
normal state "I", expressed in maximum allowable system pressure ps,max ,
piston area A and maximum machine flow qm,max are given by Eq. 3.1:
qm,max
]
A
velocity v∗d in the

[ Fn∗ , v∗n ] = [ ps,max · A,

The limits in load force Fd∗ and actuator
"II" are given by Eq. 3.2:

[ Fd∗ , v∗d ] = [ Fn∗ · (1 − κ ),

3.2.3

v ∗n
1 −κ

(3.1)
differential state

]

(3.2)

Energy recuperation

According to section 3.2.2 the valve configuration allows the system to be
used in two discrete states of operation when the cylinder is subjected to
a compressive load force. For retracting cylinder motions, multiple options
in control are available. In this study, all plausible combinations in valve
states, such as: on, off, flow control, pressure control are referred to as control
modes, or modes of operation. A summary of the control modes applicable
for a retracting drive which is subject to a compressive load force is shown in
Figure 3.4 and a brief description of these modes is listed below:
I Non-differential state of operation
II Non-differential state of operation with meter-out flow control
III Differential state of operation
IV Differential state of operation with maximum pressure control
V Differential state of operation with meter-out flow control
VI Differential state of operation with meter-out flow control and maximum
pressure control
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Figure 3.4 Plausible control modes in case of an overrunning cylinder retraction.

Optimal control modes

The limits where one mode of operation is better than the other regarding the
efficiency in energy recuperation are defined by both the current load couple
and the hardware at hand. For the operating points covered by the pure
differential and non-differential modes the limits are explicitly defined. All
other operating points beyond this limit can be reached in two different ways:
by operation in the non-differential state by means of meter-out flow control,
or in the differential state by means of pressure control. Figure 3.5 illustrates
which state of operation is preferred given the desired actuator velocity and
current load force. Switching between these discrete states, while the load
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Figure 3.5 Distinction of which mode of operation is the most efficient, only considering
the throttling losses related to the selected state of operation.

is in motion, usually requires a greater control effort than making the same
switch at zero velocity. However, how difficult this is depends on which
mode transition is desired. For example, in quadrant A, going from meter-out
flow control in non-differential mode to differential mode usually requires a
reduction in displacement and simultaneously an abrupt closure of the meterout valve. This is of course achievable, but usually at the expense of operation
comfort. Other authors have looked at alternative methods to solve this kind
of mode switching, for instance [Shenouda, 2006] and [Shenouda and Book,
2008].
One method includes the step of detecting the current load force by the
use of pressure sensors and selecting the appropriate operating state based
on that information. The easiest solution is to always have a preference for
a certain state of operation when initiating a motion. If the preference is
differential mode but pressure control is not supported in the hardware it is
important that the maximum pressure is not exceeded during a stroke. This is
solved by calculating what the pressure will be in the differential state, given
the piston area ratio and the pressure level in the non-differential state. If
the calculated pressure exceeds the maximum allowed system pressure level,
non-differential mode is used instead. If the calculated pressure is lower than
the maximum system pressure the pump must be actively controlled to meet
the load pressure prior to opening the valve holding the load, see 3.2.4 for
details.
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Adaptiveness in control

According to a further development of the control strategy described above, a
so-called adaptive solution is explained below. This strategy involves some or
all modes described earlier in this chapter. The switching between different
states of operation during motion should preferably be avoided. This implies
that a motion which is initialized in one of the two states will remain in that
state at least until the motion has stopped. The question to be answered
is how to select which of the two states to initialize in order to maximize
the amount of recuperated energy over time. One solution is to continually
calculate a cumulative figure representing the recuperated energy for both
states. When a certain difference between these figures is reached, the state of
operation is changed for the upcoming motion. This strategy does not require
any further sensors. Input to the calculation is pressure and commanded
velocity and output is the mode preference. The idea behind such a controller
is shown in Figure 3.6 with its fundamental steps enumerated below. In
the figure the open circuit is used in an application operating under two
distinctly different conditions (op.1 and op.2). The load characteristics for
each of these conditions yield one state of operation more efficient than the
other. The adaptive solution is used to detect this and after a specified time,
(tconf ), the mode of operation is changed accordingly (mode switch).

Erecup.

mode 1

mode 2
tconf

Elimit

op. 1

mode
switch

op. 2

t

Figure 3.6 The principles behind a suggested adaptive mode selection where switching
between different modes will only occur before a motion is initialized.

1. An initial state of operation is selected, either a non-differential or a
differential mode. For example, it can be automatically selected depending on the operation in a previous working period, or randomly
selected, or selected based on an operator input.
2. The load power is calculated from a pressure sensor (which yields the
load force) and the joystick signal (which yields the desired speed)
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3. The calculated load power is multiplied by an efficiency factor that is
mode specific and depends on the working condition. The result is
saved for both non-differential and differential states of operation, independently of which is currently in use.
4. The results from 3. are integrated over time to obtain figures related to
the theoretically recuperated energy for the two modes respectively.
5. The energy-related figures for the differential and normal mode in 4.
are compared and if the difference between these two shows that the
other mode would consume less energy, that mode should be used instead. How great a difference is required and for what duration of time
this difference must be sustained is set by separate parameters. The
procedure starts over at 1.

3.2.4

Pressure matching

The valves hold the load when there is no command signal. In this state the
pump should maintain a relatively low standby pressure in order to minimize the viscous drag losses. Whenever actuation is commanded the pump
pressure must once again meet the load pressure prior to opening the load
holding valve, otherwise large pressure spikes and noise will occur. If the
lifting framework is subject to a hanging load and an extracting cylinder motion is commanded, the piston chamber pressure can be matched by means
of controlling the pump pressure close to its level before opening the valve.
For retracting cylinder motions the on/off valve control strategy becomes a
little more complicated. The load pressure still needs to be matched prior
to opening the valve, but using the pump for this purpose implies initially
positive displacements in a pressure control mode, soon followed by negative
displacements in flow control mode. Moreover, if the cylinder is retracted in
its differential state the pressure matching becomes even more complex. One
way of solving this is illustrated in 3.7(a). Here the pressure in the pistonrod chamber is controlled by the pump until it reaches a level close to the
piston chamber pressure, whereby the valves can be opened. Depending on
the pump dynamics, the system response time for this approach may not be
satisfactory enough for some applications. A second alternative, shown in
3.7(b) is to let the cylinder itself increase the supply side pressure. This strategy requires proportional control of the A-P valve to maintain controllability
of the load. Further, a third alternative, shown in Figure 3.7(c), minimizes the
number of proportionally controlled valves in case the system already uses
proportional meter-out valves. In this alternative, the pressure is built up by
the pump same as for the first alternative, but simultaneously the A-T valve
is controlled in a meter-out manner in order to get the motion going quickly.
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Figure 3.7 Different approaches in matching the load pressure prior to retracting a differentially operated cylinder subjected to an overrunning load.
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3.2.5

Dynamic properties

For the hydraulics control design it is for several reasons relevant to know
the dynamic characteristics of the system. A common approach in system
dynamics evaluations, is to derive a linearized approximation of the system in the frequency domain [Merritt, 1967]. This is achieved by a Laplace
transformation of the interesting system state equations. In a displacement
controlled open circuit the cylinder can be considered a single acting cylinder. Illustrated in Figure 3.8 is the schematics of a displecement controlled
single-acting cylinder with the relative pump displacement (ε p ) as input and
the piston displacement (x p ) as output.
pA,AA,
VA

pB,AB,VB

Mt

q

F

xp, xp

ε
n

Figure 3.8 Schematics of displacement controlled single acting cylinder.

The force equilibrium for this system yields:
p A · A A − p B · A B − B p · ẋ p − F = Mt · ẍ p

(3.3)

along with the continuity equation for the pressurized volume (VA ):
q=

V
dp
dVA
+ A· A
dt
βe
dt

(3.4)

and the pump flow, including flow losses (Ct · p A ) due to internal pump
leakage:
q = ε · D · n − Ct · p A
(3.5)
Along with the approximation that p B (tank pressure) is zero, linearization
and Laplace transformation of Eq. 3.3–3.5 yield:
A A · ∆PA − B p · s · ∆X p − ∆F = Mt · s2 · ∆X p
V
∆Q = s · A A · ∆X p + A · s · ∆PA
βe
∆Q = ∆ε · D · N − Ct · ∆PA

(3.6)
(3.7)
(3.8)

This system of equations (3.6–3.8) can be visualized in a block diagram, illustrated in Figure 3.9. Solving these equations in respect to ∆X p leads to the
reduced block diagram illustrated in Figure 3.10.
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Figure 3.9 Block diagram of a displacement controlled cylinder.

Figure 3.10 Block diagram of the actuator dynamics in a displacement controlled system
expressed in δh and ω h .

Here δh is the hydraulic damping, and ωh is the hydraulic resonance frequency given by Eq. 3.9–3.10.
Ct
δh =
·
2 · AA

s

Bp
β e · Mt
+
·
VA
2 · AA

ωh =

s

s

VA
β e · Mt

βe · AA 2
VA · Mt

(3.9)

(3.10)

Regarding operation in the differential state, not only the feasible region of
operation is affected but also the dynamic properties of the actuator. In the
differential state the pressure in both chambers is approximately the same
as the pressurized fluid freely passes between the cylinder chambers. The
effective pressurized area and the compressible fluid volume in the control
volume will change according to:
Adi f f = A A − A B

Vdi f f = A A · x p + A B · ( L − x p ) + 2 · Vdead
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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:
v
s
u
u β e · A2di f f
β e · ( A A − A B )2
ωdi f f = t
=
(3.13)
Vdi f f · Mt
( A A · x p + A B · ( L − x p ) + 2 · Vdead ) · Mt

According to 3.10, including the piston stroke x p in the equation, the resonance frequency of the non-differential state is given by:
s
β e · A2A
ωnon−di f f =
(3.14)
( A A · x p + Vdead ) · Mt
In Figure 3.11(a), ωdi f f and ωnon−di f f are compared over a range of parameters suitable for a mobile application. In the differential case, the reso-
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3.11(a) Hydraulic resonance frequency
as function of piston displacement and
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Figure 3.11 A comparison in resonance frequency for the two states of operation.

nance frequency is significantly lower at all working points; furthermore, it
varies only a little with changes in piston displacement. Figure 3.11(b) shows
a simulation result from a load lowering scenario, where the displacement
controlled system is used. The reduced resonance 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 generally easier to dampen low frequency oscillations as a
lower bandwidth in the relative pump displacement is required.
In mobile hydraulic applications the system dynamics is generally of high
importance, as an operator often works close to the machine, and consequently will notice any rapid change in acceleration or increased oscillations.
This is especially true of displacement controlled systems, which in contrast
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to valve controlled systems ideally have (neglecting leakage and friction) no
hydraulic damping in combination with relatively low resonance frequency.
Several studies in oscillation damping are to be found in the literature, for
example in [Krus and Palmberg, 1989] and more recently in [Rahmfeld and
Ivantysynova, 2004]. One way to increase the damping of a displacement
controlled system is to introduce a load pressure feedback loop to the control
system. Figure 3.12 illustrates how the pressure feedback is included in the
block-diagram of the actuator.

Figure 3.12 Load pressure feedback loop in a displacement controlled system.
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4
The Wheel Loader
Demonstrator
Traditionally, wheel loaders are work machines used for material han-

dling. The machines are often operated with heavy loads in areas where
there are no roads, for example in connection with road or tunnel building,
sand pits, mines and similar environments. The wheel loaders come in a
broad range of sizes, with different technical specifications, suitable for different tasks in different environments. However, almost all wheel loaders
use a hydraulic system to transmit the engine power to the work functions,
such as the steering and the lifting and tilting device controlling the work
implement. The predominant hydraulic systems in the mobile industry today, including wheel loaders, are load sensing hydraulics. As described in 2.1
these systems are fairly energy efficient given that only one drive is used at a
time or the magnitude of all loads is well known and kept at a constant level
during actuation. Of course this is seldom if ever the case in a wheel loader
application, where the loads vary over a broad spectrum and several drives
are usually actuated simultaneously. Furthermore, the work implement of
a wheel loader is subject to changes in potential energy, which presumably
opens up for energy recuperation. This is a feature not supported for in
a conventional load sensing system. These facts render the wheel loader a
potent application for the pump controlled open circuit solution.

4.1 Hardware configuration
For concept verification a prototype of the pump controlled system was implemented in a medium-size wheel loader, shown in Figure 4.1. The wheel
loader is originally a retail Volvo L60E, equipped with a 100 kW diesel engine, a hydrodynamic transmission for the drivetrain and an 85 cc pump for
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Figure 4.1 Volvo L60E, the full scale demonstrator equipped with a displacement controlled hydraulic system.

the working hydraulics. Changing from a valve controlled system to a pump
controlled system requires most of the standard components for the working
hydraulics to be replaced. Shown in the simplified hydraulic scheme in Figure 4.2 the lifting and tilting drive is equipped with the the new open circuit
solution. Regarding the less energy intensive drives, such as the steering, the
brakes and the auxiliary hydraulics, these systems are still powered by load
sensing hydraulics, using a down-scaled pump (56 cc). For measurement
and control the demonstrator is equipped with three pressure sensors for the
lift and tilt respectively. These are mounted close to the motor ports of the
valves and inside the pump housing. The hardware of the new hydraulic system can be divided into the following subsystems, described in more detail
in this chapter:
Open circuit pumps, controlled electrically
Main valves for four quadrant actuation and mode switching
Safety circuitry for pressure relief and anti-cavitation on the supply side
Counter-pressure circuitry enhancing the tank pressure level
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Figure 4.2 Hydraulic configuration for wheel loader demonstrator.
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4.1.1

Pumps

The pumps used in the concept demonstrator are commercially available electrically controlled open circuit over-center pumps, shown in figure 4.3. Inside
the pump housing, pressure, temperature and shaft speed are measured. The
integrated electrical pump controller is capable of flow and pressure control,
where the pressure control is a feature primarily designed to function as a
maximum pump pressure adjustment [Merrill et al., 2008]. In the demonstrator, the pressure control capability is used to re-establish the pressure
required by the load prior to opening the valve holding the load. A known
problem with pumps going over-center is to maintain controllability should
the port pressure drop. Here this is simply solved by using an external servopressure of an adequate level for controlling the swashplate angle whenever
pump port pressure is too low, seen in Figure 4.3(b). The servo-pressure is
taken from an appropriate spot on the load sensing system. In the wheel
loader the two pumps are mounted in a tandem configuration connected to
the diesel engine via a fixed cog gear. As regards the conceptual capabilities
of energy recuperation, recuperated energy is mechanically transferred to all
other power consuming systems powered by the diesel engine. This energy
must immediately be either converted to useful work or turned into losses.

P

S
p

e

commands
outputs
power

amp

e

e d

n

T

4.3(a) Parker P1-IDEC.

D

4.3(b) Pump controller schematics.

Figure 4.3 Exemplary open circuit pump usable for over center operation (courtesy of
Parker Hannifin Company, Marysville, Ohio.)

4.1.2

Valves

To meet the demands specified in Chapter 3, four seat valves of the
Valvistor R type have been chosen for each working cylinder. An exemplary valvistor is shown in Figure 4.4(a). In its main poppet there is an inner
orifice that consists of a small rectangular slot with a total area that equals
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the pilot valve maximum orifice area. When the pilot valve opens, x pilot,
the pressure, pc , will decrease and the poppet force equilibrium will yield
a poppet displacement upwards, x pop , until the slot orifice area equals the
pilot orifice area. Hence, the valvistor is proportionally controllable. For the
demonstrator implementation the standard valvistor, originally presented
by Andersson, B. [Andersson, 1984], is modified to allow flow control in
both directions, see Figure 4.4(b). This modification is necessary to achieve
the desired recuperative lowering motions, when flow from the load cylinder is returned via the hydraulic machine. There are also solutions where
two valves are used in the pilot circuit, one for each flow direction. There
xpilot

pC

x pop

p

B

pA

4.4(a)
valvistor

A-type

4.4(b) Bi-directional
valvistor.

4.4(c)
Pressure
limited valvistor.

Figure 4.4 Different valvistor configurations.

are several reasons why the valvistor was chosen for this concept. First,
the dominating dynamics of a valvistor are generally described by a first
order system, which in this case brings out the advantageous property of
soft valve closing, which is good as the valve in this system is used for fast
mode-switching. More details of the dynamic behavior of the valvistor have
recently been presented by Eriksson, B. [Eriksson et al., 2007a]. Furthermore,
the valvistor is suitable as a load holding valve because of its great resistance
to pressure disturbances as well as low leakage properties in closed condition. The valvistor inherently operates as a check valve or anti-cavitation
valve if the slot is connected to the tank port. This will ease in control when
different modes of operation are desired. Moreover, the valvistor pilot circuit
can be complemented with additional functionality, such as a pressure relief
function, see Figure 4.4(c). Pressure compensation is also possible [Eriksson et al., 2007b], which is suitable for the meter-out flow control modes,
described in 3.2.3. Another reason why the valvistor technology was chosen for this project was because of its potential of low production cost and
compactness since its high flow gain will only require a small pilot stage,
even with the extra functionality added. For the wheel loader demonstrator
a custom-made valve block for the lift and the tilt drive was manufactured,
comprising four valvistor poppets each, shown in Figure 4.5.
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Figure 4.5 Valve section for one drive consisting of four proportionally controlled valvistor poppets used in the wheel loader demonstrator.

4.2 Software configuration
In order to control the hydraulic components and collect relevant data for system analysis a real-time control and data acquisition system was installed.
All sensors in the demonstrator are operatively connected to this system,
where some are used for acquiring interesting measurement data while others gather input data for the actuator controller. The controller receives its
command signals from the operator control levers, situated in the wheel
loader cabin. Further, the controller is connected to the pump and the valve
control means for controlling them according to a control strategy based on
the principles presented in Section 3.2.

4.2.1

Control and data acquisition

The hardware platform used for control and data acquisition is a commercially available software/hardware solution. The platform is divided into
three subsystems, so called Real-Time Target, Real-Time Host and the FPGA,
shown in Figure 4.6
FPGA stands for Field Programmable Gate Array and is a device containing a programmable logic circuitry, especially suitable for time critical parallelized operations. In this work, the FPGA is mainly used for the communication between the Real Time Target and the different I/O modules, and to
some extent also signal conditioning.
The Real-Time Target is the main control unit of the hydraulic system,
where all calculations for the controllers take place. Signals coming in from
the FPGA are first converted and scaled appropriate, then passed on to the
different controllers. From the controllers the calculated control signals, af-
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ter some conversion, are sent back to the FPGA. The FPGA sends the signals on to the different output modules controlling the hardware. The Real
Time Target also sends information to the Real-Time host for signal monitoring. The time critical parts of the implemented control algorithms are placed
in a timed loop running at the rate of 100 Hertz deterministically. Also a
CAN-bus interface was implemented in the Real-Time Target, extracting useful information from the wheel loaders CAN-bus. For the hydraulic system
control only engine speed is of interest, but for condition monitoring other
information on the CAN-bus is useful as well.
The Real-Time host communicates with the Real-Time Target using a
TCP/IP protocol. In the Real-Time host there is a human machine interface (HMI) with a technical overview of the control system and possibilities
to manually control the system. For example there is an overview of the
valve openings, a declaration of entered mode, emergency stop confirmation,
maximum system pressure setting, exceeded system pressure confirmation,
generated error codes during system failure and possibilities to log all data
during operation.
The real-time control system is described in more detail in [Gunnarsson
and Strid, 2007] and [Lugnberg and Ousbäck, 2008].
FPGA

READ
CAN

HOST

SCALING &
CALIBRATION

PUMP
CONTROLLERS

CONTROLLER
PARAMETERS

SECURITY
SYSTEM

control
signals

FPGA

VALVE
CONTROLLERS

signal
monitoring

TARGET

HOST

Figure 4.6 Information flow in the data acquisition and control system hardware.

4.2.2

Implemented control strategies

As described in Section 3.2 the open circuit solution can operate in several
modes of operation, depending on the operating conditions. For the wheel
loader application an example of this is illustrated in Figure 4.7. In Figure
4.7(a) the wheel loader is used in a truck loading cycle. Heavy material
is loaded and lifted slowly up to a truck, followed by rapid lowering in a
differential mode, described in more detail in Section 4.3.1. In Figure 4.7(b)
the wheel loader is used for material handling. High elevation is reached
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rapidly and loaded material lowered carefully in a non-differential mode. In
this example no modes involving throttling are used; for a real machine the
required modes of operation obviously depends on both the sizing of pumps
and valves and the prescribed force and velocity characteristics of the cycle.

OP. 1

Lifting

OP. 2

F

F

0

Lowering

4.7(a) Typical truck loading characteristics.

v

Lifting

0

Lowering

v

4.7(b) Typical material handling characteristics.

Figure 4.7 The optimum mode selection depends on the force and speed characteristics
and thereby also on the field of application.

Regarding the cylinder dimensions in the the wheel loader demonstrator
used in this work, the situation is very similar to the one shown in Figure
4.7. The piston diameters and area ratios of its cylinders allows lowering an
empty bucket in the purely differential state of operation and in some cases
the same also goes for the tilting of a full bucket. However, if the maximum
pump flow in not sufficient to meet the requirements as regards a specified
lowering speed this is compensated for by the use of the meter-out flow control modes, shown in Figure 4.8. The controller calculates the required excess
flow generating the control signal for the A-T valve and proportional flow
control is achieved by means of electro-hydraulic pressure compensation of
the valve.
Considering the most common regions of operation for wheel loaders, any
mode involving pressure control of the valves is superfluous and therefore
not supported in the demonstrator implementation. This implies that one
must select which state of operation the cylinders will be actuated in prior
to initializing the lowering motion. According to the control strategy implemented in the demonstrator, the differential mode is always selected if this
is allowed by the current pressure level. Furthermore, all valves are closed
when the joystick signal is zero and the displacement sensor indicates a relative pump displacement close to zero. The next thing to consider is how
the pump is controlled prior to opening the valve holding the load, depending on the selected mode of operation. In the demonstrator this is solved as
described in Figure 3.7(c) in Section 3.2.4.
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Figure 4.8 Plausible regions of operation for the demonstrator and its supported directions in mode transitions considering the implemented control strategies for overrunning
cylinder retraction.

Prioritizing a drive

In a conventional load sensing system, load interference arises if two drives
are operated simultaneously and the least pressurized drive requires maximum pump flow. This phenomenon is often taken advantage of by the experienced wheel loader operator when using the the machine for digging. The
proven technique for efficient bucket filling starts out by propelling the machine towards the pile until the horizontal reaction force results in excessive
tyre slipping. Then a lifting motion is commanded in order to get a better
grip from the front wheels, resulting in a higher tractive force and thereby a
deeper penetration. When the pressure level of this drive is increased a simultaneous motion is commanded to the tilting drive. If all the available pump
flow is used for the tilting motion the pressure can no longer be increased
in the lifting drive, preventing it from moving any further. This hydraulic
"priority" function allows an operator to apply a fixed lever displacement for
the lifting drive which first allows him to increase the tractive force and then
work the load upwards by simply adjusting the tilting lever.
In a pump controlled hydraulic system this priority function no longer
comes as a natural consequence of the hardware design as separate pumps
are used for each function. For the wheel loader demonstrator a tilt priority
function is implemented in software, in order to assimilate a system behavior
which the operators are used to.

4.3 Energy study
The decision to build a demonstrator was motivated by a theoretical energy study, based on measurement data acquired during a previous research
project [Larsson et al., 2004]. The energy study showed a great energy saving
potential using a displacement controlled hydraulic system in large wheel
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loaders operating in a specific duty cycle. For the purpose of optimizing the
control strategies this study was continued throughout the design process
of the new hydraulic system. In this section some theoretical expectations
and the final fuel consumption measurements are presented for the practical
implementation.

4.3.1

Typical duty cycles

As the wheel loader is used in a broad spectrum of tasks and workplaces, it is
impossible to find a specific duty cycle that all machines should be optimized
for. In order to compare different machine concepts to each other one should
therefor select a duty cycle that puts as many technical challenges to the
test as possible. In this thesis, a so-called short truck loading cycle has been
the main interest, see Figure 4.9. Performing this cycle is in many cases the
main purpose of these machines; therefore, the cost effectiveness of the cycle
is economically significant to the entrepreneur. The cycle lasts for about 30
seconds and includes the machine entering a pile of natural earth, scooping
up material from a loading position, lifting a full bucket, moving out from the
pile, forwarding to a dump truck, unloading the material from an unloading
position, and exiting while lowering the empty bucket.
Cycles involving long distance transportation are also of some interest in
this study. Such cycles are performed by simply driving the vehicle on a well
defined path at a given speed and in a given gear. The test provides an indication of how much energy the hydraulic system uses in its passive state,
when the working hydraulics are not used. The energy consumption, concerning the hydraulics, is in this case predominantly affected by the number
and type of pumps connected to the engine.

~45°

Figure 4.9 Typical driving pattern in a short truck loading cycle. Source: [Filla, 2005].

44

The Wheel Loader Demonstrator

4.3.2

Expectations and measurements

According to an energy study of the reference wheel loader presented in
Paper [III], about 50% of all energy throughout the short truck loading cycle is consumed by the hydraulic system. An approximation of the energy
distribution in its load-sensing hydraulic system is illustrated in the Sankey
diagram, shown in Figure 4.10(a). In Figure 4.10(b) the corresponding distribution for the open circuit solution is shown. The omission of the metering
and the LS-∆p losses yields the greatest contribution to the reduction in energy consumption of the hydraulic system. These losses are to some extent
replaced by other losses, such as increased drag losses. However, considering
the whole wheel loader, the energy recuperation capability yields the greatest
contribution to reducing its energy consumption.
Ein,LS-S

Ein,OCS

hydraulic
system

hydraulic
system

Ethrottle+metering losses

Ework

Epump losses
ELS-Dp losses
Eother losses

4.10(a) Using the conventional load-sensing system.

Ework

Erecup

Emotor losses
Epump losses
Ethrottle losses
Eother losses

4.10(b) Using the open
circuit solution.

Figure 4.10 The energy distribution for the hydraulic system, using the wheel loader in
the short truck loading cycle.

In Figures 4.11–4.12 the expected efficiency for the open circuit solution is
presented for the lifting and tilting drives respectively. The surface plot to
the left in the figure shows the system efficiency. This includes pump losses,
line losses and throttling losses over the valves. For the purpose of visualizing the efficiency in three dimensions the engine speed variable is set to
a constant value, given by the mean engine speed computed over all measurement points for each load quadrant individually. The pump losses are
accounted for by means of interpolation in mapped measurement data. The
throttling losses in the valves are calculated in accordance with the selected
control strategy. The red bar to the right shows the normalized hydraulic energy consumption throughout the cycle including the system efficiency. The
outer green bar shows how great a portion of the total energy consumption
can ideally be recuperated. The inner green bar shows portion of recuperated
energy including losses, using the selected control strategy, here referred to
as the recuperation ratio. For the lifting drive, illustrated in Figure 4.11(a),
only about a quarter of the total energy consumption can ideally be recuper-
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ated. Controlling this drive in a non-differential mode, as shown in Figure
4.11(a), leads to significant throttling losses. If a differential mode is used
instead, as shown in Figure 4.11(b), the recuperation ratio is more than doubled. In the differential state the pump operates under partial displacements
over a larger speed range than it would if controlled in a non-differential
state over the same range. On the other hand, the pump operates at higher
pressure levels in the differential state than it would do in a non-differential
state, which also affects the pump’s efficiency. Which state of operation is
most efficient is consequently not only dependent on the degree of throttling
required, but also to a great extent the pump’s efficiency characteristics.

4.11(a) Lowering motions performed in a non-differential state of
operation, using meter-out flow control after pump saturation.

4.11(b) Lowering motions performed in a differential state of operation, using meter-out flow control after pump saturation.

Figure 4.11 Theoretical expectation of energy efficiency for the lifting drive (surface to
the left) and recuperation ratio (bar to the right) depending on the chosen control strategy.
Red dots represent resistive motions and green dots represent recuperative motions.
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Due to different load characteristics as well as different cylinder dimensions, the recuperation ratio of the tilting drive is less dependent on the
mode of operation, as shown in figure 4.12. The average recuperation ratio,
for both drives using their most efficient mode of operation, weighted with
the energy distribution between the drives, is about 20%. If all this energy is
used instantaneously by other energy consumers in the wheel loader, the total energy consumption for the short truck loading cycle would theoretically
be reduced by approximately 10%.

4.12(a) Tilt-out motions performed in a non-differential state of operation, using meter-out flow control after pump saturation.

4.12(b) Tilt-out motions performed in a differential state of operation.

Figure 4.12 Theoretical expectation of energy efficiency for the tilting drive (surface to
the left) and recuperation ratio (bar to the right) depending on the chosen control strategy.
Red dots represent resistive motions and green dots represent recuperative motions.
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The demonstrator machine, here called OCS, was benchmarked against a
standard machine using a conventional load sensing hydraulic system, here
referred to as LS-S. The two machines were driven by an experienced driver.
The tests were performed during the same day, loading gravel from the same
spot. The measurement results are presented in Figure 4.13. For every six
cycles the truck was fully loaded and weighed. Each machine was driven
until four truckloads were filled. Each cycle was clocked in order to measure
productivity. The error bars on top of the staples show the maximum and
minimum measurement value throughout the tests indicating the measurement uncertainty.
LS-S

Performance

Normalized individually [-]

1,2
9%
less

1

2%
longer

13%
less

OCS

0,8
0,6
0,4
0,2
0
fuel volume/loaded mass

fuel volume/time

cycle time

Figure 4.13 Performance measurement from the truck loading cycle.

The transportation driving test was performed on an oval test track. The
engine speed was set to 1600 rpm and the gearbox was locked in fourth gear
for both test objects. The test was carried out over 15 minutes of driving. The
measured difference in fuel consumption is presented in Figure 4.14.
1,2

Fuel consum ption in transport driving test
5.4% more fuel

LS-S
OCS

Fuel consumption [-]

1
0,8
0,6
0,4
0,2
0
LS-S

OCS

Figure 4.14 Fuel consumption in a transportation driving test comparing the OCS prototype machine to the reference machine.
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5
Results and
Concluding Remarks
The focus of the thesis has been to identify the predominant power losses

in mobile hydraulic systems in general and in a wheel loader application
in particular. Fundamentally, most of these losses relates to motion control
based on hydraulic resistance, especially in circuits where several drives use
a shared power source. In machines where the work implement is subjected
to changes in potential energy, significant throttling losses arise due to the
lack of recuperation capabilities.
The innovative hydraulic system proposed and described in this thesis can
be categorized as a hybrid technology combining some of the properties from
displacement controlled systems and others from valve controlled systems.
In most cases the system works like a displacement controlled system, using
the relative pump displacement as the final control element, while in other
situations the system works as a valve controlled system, controlling the four
valves. The hydraulic system was successfully implemented in a full scale
wheel loader. Considering the efficiency in energy recuperation, the axial
piston pumps used in the demonstrator were not optimized for negative
displacement which resulted in a somewhat low recuperation ratio for the
investigated duty cycle. If the pumps were optimized for this application,
more energy could be recuperated. However, the recuperated load power
was in most loading scenarios instantly used by other energy consumers, especially in the short truck loading cycle where the propulsion system often
is used simultaneously to the recuperative motions. The practical implementation also demonstrated a well functioning four quadrant actuation and the
capability of operation in different modes, including the differential state of
operation. Additionally, the research shows a theoretical clarification of the
efficiency aspects of using different modes of operation in a system using
a distributed valve configuration. It should be noted that the essence of the
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suggested control strategies is not only applicable to the open circuit solution
but to all hydraulic recuperative solutions where an asymmetric cylinder is
used together with four separate valves.
In comparison to displacement controlled systems arranged in a closed
circuit, the open circuit solution potentially reaches a greater working region,
due to its different modes of operation, using the asymmetrical cylinder as a
discrete transformer. Additionally, for overrunning loads the velocity control
may be achieved by displacement control up to the maximum flow capacity
of the hydraulic machine, then immediately sequenced by meter-out flow
control.
Another interesting comparison is to put the displacement controlled system presented in this thesis side-by-side with a state-of-the-art valve controlled system using separate metering valves. The valve controlled system
can operate with multiple drives using a common pump, whereas the displacement controlled actuator requires one pump for each drive. If the drive
pressure levels differ and vary over a given duty cycle the valve controlled
system will inevitably suffer from metering losses, which are not present
in the displacement controlled system. However, if substituting it with a one
valve controlled system for each drive, the differences become smaller but are
still significant. In most cases, a load-independent proportional flow control
is desired, this implies the use of pressure compensated valves. The pressure
compensation maintains a constant pressure drop over the valves resulting in
throttling losses. In the displacement controlled system, no pressure compensation is needed in order to achieve a practically load independent proportional flow control. Also, if the valve control system uses a feedback signal
from the load pressure in order to control the supply pressure, this yields another loss related difference from the displacement controlled system which
instead allows the pressure to build up freely until the load requirement has
been met.
Finally, both theoretical investigations and measurement results indicate a
20% energy saving potential for the working hydraulics of a medium-sized
wheel loader using the displacement controlled system instead of the conventional load sensing system. Using the machine in a short truck loading cycle,
this is equivalent to an average 10% reduction in total energy consumption.
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6
Outlook
The open circuit solution was first evaluated in a stationary test rig,

consisting of a mobile crane with an electrical motor as the primary energy
source. The subsequent implementation was on the wheel loader demonstrator described in this thesis. In a future implementation one should focus on
an application operating in duty cycles with even greater potential for energy
recuperation, for example an excavator, in which the work implement itself
often dominates the effective load.
Also any construction machine using an electrohydraulic hybrid power
system could be of interest for this type of system. In such a system an
electrical power grid allows electrical motors to power each drive independently. Another potential cost benefit is to replace the variable pumps with
high-speed fixed displacement pumps, independently speed-controlled by
the electric motors. This would increase the recuperation ratio due to greater
maximum flow in the differential mode and consequently reduce throttling
losses. Any recuperated energy in the hydraulic circuit presented in this thesis must be consumed instantly, in an electrohydraulic hybrid system with
energy storage capabilities this would not be an issue.
If the different modes of operation and their impact on system efficiency is
considered in the cylinder dimensioning process, a maximized recuperation
ratio can be obtained.
As regards the hardware used for the proposed circuit, the pressure sensors are at this stage crucial in order to achieve pressure matching in all load
quadrants. If this is resolved, only one pressure sensor will be needed for
each hydraulic drive. Another desirable feature is the capability to superimpose the pump flow from several pumps. This is possible if further valves are
used for the connection of high pressure lines and if the controller prevents
simultaneous actuation of all other drives not subjected to the superimposed
flow.
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7
Review of Papers
In this section, the three appended papers in the thesis are briefly sum-

marized. The order of the papers is not strictly chronological, but rather
organized according to a logical line of development. Paper [I] explains the
fundamentals of open circuit pump control, while paper [II] concerns the
control theories of interest for this concept. Finally, paper [III] describes an
evaluation of the concept implemented in a full scale demonstrator.

Paper I
Mode Switching and Energy Recuperation in Open Circuit Pump
Control
The pump controlled open circuit solution is introduced and described as a
competitive hydraulic circuit first and foremost in respect of energy energy
efficiency but also cost effectiveness. In the paper the conceptual possibilities
in energy recuperation are described with an emphasis on the great flexibility
in control. The practical use of the open circuit is exemplified by looking at
the working hydraulics of a wheel loader. The requirements on the circuitry
hardware are also elucidated. As the concept comprises four independently
controlled separate valves a number of modes of operation are possible. The
benefits of operating in these modes are described schematically, especially
when the load is actuated in a differential manner. In this state of operation
the pressure level is a critical factor and is subjected to active control in order
to stay below the maximum system pressure. By looking at a linearized
model of the system the stability region given a set of design parameters can
be found. Finally, the outcome is validated and compared with simulation
results from a linearized model of the system.
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Paper II
Applied Control Strategies for a Pump Controlled Open Circuit Solution
In this paper the theoretical fundamentals of the control strategies applied
in the pump controlled open circuit are described. The system capability of
four quadrant actuation is clarified with special focus on the quadrants with
overrunning loads. For these quadrants a detailed description of which mode
of operation is the most energy efficient given a specific load couple in these
quadrants is presented. Also investigated is how loads in these quadrants
can be controlled when the power generated by the load is greater than the
intaslled hydraulic machine corner power. The paper also presents an example of how transitions between these modes can be handled by pressure
matching prior to valve switching.

Paper III
Evaluating a Pump Controlled Open Circuit Solution
The performance, operability and energy consumption in a wheel loader are
evaluated, first with its original load sensing hydraulic system and then with
a completely new pump controlled hydraulic system. Measurements published in this article demonstrate the advantages and drawbacks of pump
control in an open circuit compared to both a pump controlled, closed circuit solution and a valve controlled, load sensing system. Performance is
evaluated by looking at the fuel consumption, productivity, and operability
of a wheel loader. Theoretical calculations of energy efficiency including the
predominant losses in system components are evaluated and validated. Fuel
consumption is measured and put side by side with measurements of the
same machine equipped with a load sensing hydraulic system. The results
presented in this system evaluation show a substantial energy saving primarily associated to the recuperation of potential energy.
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Abstract

Today’s mobile machines most often contain hydraulic valve controlled drives in
an open loop circuit. For the purpose of saving energy, the constant pressure
pumps have in the past frequently been replaced by load-sensing pumps and
load-sensing valves. However, considering applications where the load is helped
by the gravitational force, even these hydraulic systems often suffer from poor
efficiency. In this article, a novel pump-controlled hydraulic system is studied
where energy recuperation from lowering motions is possible. The pumps are
fully displaceable in both directions, working as motors when lowering loads. The
amount of recuperated energy is highly dependent on the chosen control strategy,
the hydromechanical properties as well as the target application. Furthermore,
the article describes how valve design becomes an important feature in an attempt
to reach high efficiency and machine operability.

1 Introduction
In mobile applications load-sensing solutions have significantly reduced energy consumption. However, in applications with unequal drive pressure
levels the load sensing systems still result in energy losses, referred to as metering losses. In addition to these losses, most hydraulic systems today do not
include the possibility to recuperate the potential energy stored in elevated
loads, when these are lowered. Previously, several authors have shown that
so called pump control or displacement control is a strong competitor in the
∗ Ph.D.

Candidate

† Co-Supervisor
‡ Supervisor
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energy efficiency debate because of its comparatively few loss elements and
versatility in control [1–4]. However, in few of these articles is the utilization
of energy recuperation is examined to any great extent, if even mentioned.
The main purpose of this study is to describe how well the open-circuit
solution, previously presented by the author [5], can recuperate energy in
lowering motions, depending on the chosen control strategy, and how the
recuperated energy can be utilized by the application in hand. Furthermore,
a theoretical linear analysis and non-linear simulations demonstrate the challenges in an energy efficient load lowering mode, referred to as the differential mode.

2 Open Circuit Solution
In this paper the author has studied a hydraulic system configuration
where each actuator/supply system comprises a variable displacement
pump/motor working in an open-circuit together with four separate valves,
see Figure 1 . The four valves render a concept versatile in control, as the
cylinder chambers can be connected to pump and/or tank as well as be
closed at any time. The concept effectively eliminates the metering losses; it
has the potential of energy recuperation and enables a four quadrant load
actuation.
In either operation quadrant the load speed is controlled directly by the
relative pump displacement. The pump controller is capable of switching between displacement control and pressure control in case of excessive pressures. The valve configuration allows loads to be lowered in several different
ways. Similar to conventional load-sensing systems, flow-control via the meter out orifice to tank (A-T) is possible. This manner of lowering a load is
what we try to avoid in this study, as all potential load energy will be converted to heat in the orifice, thus accounted for as an energy loss. In contrast
to this, the author of this study looks upon the advantages of letting lowering
flow go through the pump (A-P), controlling the load speed by adjusting the
relative pump/motor displacement. This can be achieved either by letting all
flow from the piston chamber go to the pump, referred to as "normal lowering"; alternatively, the flow can be divided into one part going to the pump
and the other to the piston rod chamber (P-B). This approach is referred to
as "differential lowering" and can be seen as a pressure-flow transformation
resulting in a decreased amount of pump flow needed to achieve the same
piston speed. Since a pump/motor has a limited flow capability at a certain engine speed, the differential mode will make it possible to lower loads
faster without increasing the pump size. On the other hand, the pressure
level will increase at the same rate, making the load capability lower. An
apparent advantage of the differential mode is that the cavitation issue in
"normal lowering" is intrinsically solved as flow is taken directly from the
piston chamber.
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pA,AA,VA

Mt
pB,AB,VB

qB

qA

PUMP & VALVE
CONTROLLER

p

Figure 1 Pump controlled open-circuit solution

2.1

Valve Configuration

For good functionality of the open circuit solution the valves that are used
for mode switching in the change of operation quadrant, must meet certain
requirements. They must have a relatively high bandwidth, provide a "soft
closing" in addition to producing low pressure losses at high flows. The valve
configuration must also incorporate anti-cavitational capabilities for the load
side. To meet these demands, four seat valves of the valvistor type have
been chosen for each working cylinder. The valvistor is shown in Figure
2(a). In the main poppet there is an inner orifice that consists of a small
rectangular slot with a total area that equals the pilot valve maximum orifice
area. When the pilot valve opens, x pilot, the pressure, pc , will decrease and
the poppet force equilibrium yields a poppet displacement upwards, x pop ,
until the slot orifice area equals the pilot orifice area. Hence, the valvistor
is a follower servo. More details on the functionality of the valvistor are
presented by Eriksson, B. [6]. In this study the standard valvistor, originally
presented by Andersson, B. [7], has been modified to allow flow control in
both directions, see Figure 2(b). This modification is necessary to achieve the
desired recuperative lowering motions, when flow from the load cylinder is
taken back via the pump/motor.
There are several reasons why the valvistor has been chosen for this concept. First, the dynamics of a valvistor is generally described as a first order
system, which in this case brings out the advantageous property of soft valve
closing which is good as the valve is used for fast mode-switching. Furthermore, the valvistor is suitable as a load holding valve because of its inherently
great stiffness against pressure disturbances as well as low leakage properties in closed condition. Moreover, the valvistor pilot circuit can in a simple
manner be complemented with a pressure relief function, see Figure 2(c).
The valvistor yields cost efficient and compact solutions since the pilots are
relatively small due to the high flow gain from pilot stage to main stage. The
open-circuit solution with valvistors inserted to it is illustrated in Figure 3.
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xpilot

pC

x pop

p
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pA
2(a) A-type valvistor

2(b)
Bi-directional
valvistor

2(c) Pressure limited
valvistor

Figure 2 Different valvistor configurations

Figure 3 Open-circuit solution with four valvistors implemented
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2.2

Energy Management

The open-circuit has no hydraulic accumulators or other chargeable devices,
which means that all potential energy must be consumed while it is recuperated. The load energy is transferred via the pump/motor shaft, through a
power take-out (PTO) to all other energy consuming functions as well as back
to the primary power source. Consequently, other energy consumers must be
present, otherwise the power loss, which usually takes place in a meter out
orifice, has merely been replaced with a power loss in engine friction.
In the following fictive example the open-circuit solution is implemented
in a wheel loader. Concerning the hydraulics, the lowering power generated
by the load could be used to help all other hydraulic pumps attached to the
PTO to power their functions respectively, see Figure 4. For example, bucket
lowering and the steering function, or tilting, are often used simultaneously,
[8]. Another interesting possibility is to transfer recuperated power to the
vehicle drivetrain via the combustion engine. Furthermore, the speed of the
cooling fan motor could be increased when recuperated power is available.
By doing so the fan could work at lower speed during the rest of the working
cycle, consuming less energy.
Hydraulic
Power Input/Output

Diesel

Torque
converter

PTO
Lift

Primary
Power Source

Cool

Steer

Hydraulic
Power Output

Tilt

Gearbox

Propulsion Power
Output

Figure 4 Energy distribution of recuperated energy in a wheel loader application

One must note that the most energy efficient operator driving characteristics for a conventional hydraulic system are not the same as for the system
presented here. In the open-circuit solution, the operator can affect the energy efficiency, to a much greater extent, for example by letting the load
lowering drive the vehicle backwards when reversing out from a truck. Figure 5 illustrates the potential load energy versus the required energy while
lowering a load in a typical loading cycle of a wheel loader with load-sensing
hydraulics. The black area in Figures 5(a) and 5(b) represents the sum of
the energy required by the steering, propulsion and cooling for the lifting
and tilting functions respectively. The grey area is the ideally recuperable
energy for each function. While lowering the bucket, cooling is a relatively
small energy consumer compared to the energy required for vehicle propulsion backwards as well as for steering. When the bucket is tilted out, there is
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not much other activity to consume the potential load energy; this operation
consequently requires either a change in control strategy or increased engine
rpm. However, in using the potentially recuperable energy in the present
solution the total hydraulic energy consumption for this loading cycle will be
reduced by 5-10%. In a future solution the surplus power can be transferred
to a hydraulic or electric buffer, which would save approximately another 5%.
Directly Usable Energy
Ideal Recuperable Load Energy

Power [−]

Power [−]

Directly Usable Energy
Ideal Recuperable Load Energy

Time [−]

5(a) Recuperation potential in lift function

Time [−]

5(b) Recuperation potential in tilt function

Figure 5 Recuperable energy in a typical loading cycle of a wheel loader

To choose the most energy optimal control strategy for the working hydraulics, the system controller must be capable of estimating the total available power online as well as the total required energy. One way to implement
this is to supervise the diesel engine, and compute what power it generates.
Also, the total power take out must be estimated online. In practice these
actions often require extra transducers installed on certain components. In
case of recuperative motions, the control system must also define where recuperated power can be consumed, i.e. by other working hydraulic functions
or by the powertrain.

3 Recuperation Efficiency
In order to realize the normal lowering over the whole working range one
must control flow to tank over an orifice to reach speeds exceeding the maximum pump capacity, thus decreasing the recuperation efficiency. In the
differential case, one must instead restrict "the degree of" differential mode
at higher loads to avoid reaching the maximum pressure level. In practice,
this can be achieved by using a valve, that senses the pressure level in the
piston chamber, which for a given maximum pressure level, starts closing the
connection between the cylinder chambers (Figure 6(a) in Section 3.1), converting all power related to the pressure exceeding the pre-defined maximum
level to heat. If this valve closes completely, normal mode is achieved, and
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flow to the piston-rod chamber must instead be taken from tank (T-B). See
Section 3.1–3.3 for further analysis in this subject. However, the most obvious
difference between these two solutions is that the differential mode requires
pressure control of an orifice while the normal mode requires flow control
over an orifice. The most energy efficient strategy is determined according
to the application and under what working conditions the machine usually
operates. Given that point of operation, one can decide which solutions is
the most suitable. In case a mode switching solution is selected there are of
course important changes in system properties to consider. For example in
case of going from normal mode to differential mode not only the pressure
level will change but also the dynamic load properties, such as hydraulic
hydraulic damping and eigenfrequency.

3.1

Static Calculations

To demonstrate the basic functionality of the system, operating in the differential mode, a static model was constructed on the basis of the system shown
in Figure 6(a). Here the control valve, which is a normally open pressure
limiter, is mounted directly in the main circuit to simplify the calculations.
The flow through the valve is given by the orifice equation, Eq. 1
q B = Ks · ( xmax − xv ) ·

p

p A − pB

(1)

where Ks is the orifice coefficient and xv is the valve closure. The static force
equilibrium is given by Eq. 2.

− p A · Ared + k s · ls + k s · xv = 0

(2)

In this model the fluid compressibility and the valve dynamics have been
ignored. Neither has cavitational effects been taken into account. This yields
a piston speed, v p , directly proportional to the pump flow, independent of
the valve closure.
vp =

qp
1
·
AA 1 − κ

(3)

The input variables to the calculation are pump flow, q p , and load force, FL .
In Figure 6(b) the pump flow is kept constant and the load force is ramped
up from zero (right axis). When the pressure level (left axis) has reached
the pre-defined cracking pressure (25 MPa in the figure), the pressure in the
piston chamber, p A , is kept at a fairly constant level and the other pressure,
p B , is closing up to zero as the load force increases further.
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Figure 6 Static behavior of system pressure limiter

3.2

Linearized Model

The static calculations in Section 3.1 are good to describe the conceptual idea
of the pressure limiter, but to get a better understanding of the dynamic
system behavior a linearized model is derived.
A realistic linear model can be conceived from the physical equations described in Section 3.1 along with equations for the load dynamics. After
linearization and Laplace transformation of these equations, Eq. 4–9 are obtained.
∆Q A = ∆Q B

(4)

∆Q B = Kq · ∆Xv + Kc · (∆PA − ∆PB )
βe
∆PA = (−∆Q A + s · ∆X p · A A ) ·
VA · s
βe
∆PB = (∆Q B − s · ∆X p · A B ) ·
VB · s
∆PB · A B − ∆PA · A A + ∆FL
∆X p =
Mt · s2 + B p · s

(5)
(6)
(7)
(8)

To further consider the valve dynamics, the pressure limiting valve is looked
upon according to Figure 7. After linearization and Laplace transformation
the valve closure ∆Xv is given by Eq. 9
∆Xv = −∆PA ·

C
1 + Tr · s

(9)

where the constant C is related to the spring coefficient, k s , and pressurized
area, Ared , within the valve pressure-sense port.
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C=

Asen
ks

(10)

and Tr is a time constant, determined by properties related to the spring as
well as the sense-channel volume and orifice.
Tr =

k s Vsen + β e A2sen
k s β e Kc,sen

(11)

Interesting for further analysis is the transfer function from external load
disturbance, ∆FL , to the change of pressure in the piston chamber, ∆p A . The
algebraic solution to this closed loop circuit, computed in a typical operating
condition for a construction machine, yields a fourth order transfer function.
Gsys =

(s + ω1 )(s + ω2 )
∆PA
=
2
∆FL
(s + ω3 )(s + ω4 )( ωs 2 + 2δωh5s + 1)

(12)

5

qB
psen
Kc,sen

pB

xv

Vsen
Asen

ks

βe
qsen

pA

Figure 7 Schematics of the assumed valve functionality

3.3

Stability of the Linear Model

The C-value is determined by what pressure level, pmax , beyond the cracking pressure level, pcrack, is acceptable before the pressure limiter should be
completely closed.
xmax = ( pmax − pcrack ) ·

Ared
ks

(13)

which along with Eq10 yields the C-value
C=

xmax
( pmax − pcrack)

(14)

Furthermore, there are physical restrictions on the valve properties, such as
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the choice of a realistic spring coefficient as well as size of the pressurized
area in the sense port, see Eq. 10. Also the minimum diameter of the valve
orifice is critical as cavitation on the piston rod chamber must not occur at
full lowering speed. For example, in a 350 bar system the cracking pressure
is set to, say 250 bar, then at 350 bar the valve should be completely closed.
In this case C = 1 · 10−9 is a suitable value in order to get an appropriate
valve size and closure.
If the cracking pressure is set closer to the maximum this yields a higher
C-value. Looking at the poles of the transfer function in Eq. 12, an increase in
C-value eventually leads to system instability. How the other system parameters, such as cylinder area ratio, working volumes and inertia load affects
the limit for instability is rather complex. However, for a given application,
these properties are known, only leaving out the properties of the pressure
limiting valve as design parameters. Except for the C-value, the adjustable
parameters are; the valve time constant, Tr , described by Eq. 11 and the geometric characteristics of the valve, described within Kq and Kc in Eq. 5. In
practice, an increased value of Tr corresponds to a slower valve response to
pressure increase. This would intuitively mitigate the risk of instability as
the dynamic pressure build-up, will not be as remarkable as the valve will
react slowly, adopting its closure only to static changes in pressure. In Figure 8 the system damping is shown for a set of realistic C and Tr values,
linearized close to the valve cracking pressure. The black plane illustrates
where the system damping is zero, thus marginally stable. Seen in Figure
8(b) high C-values can be chosen either by using a very fast valve or quite a
slow valve. Note that without the pressure limiting valve, the system damping is zero as this is an ideal pump controlled system. This stable region will
be greater in case further system damping is introduced, such as friction and
leakage. However, as Gsys in Eq. 12 will change with a different point of
linearization, the stability region will also change. Figure 9(b) illustrates the

8(a) Hydraulic damping in respect to
Tr and C

8(b) Stable region in respect
to Tr and C

Figure 8 System damping and stability when linearizing at valve cracking pressure
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9(a) Hydraulic damping in respect to
Tr and C

9(b) Stable region in respect to Tr
and C

Figure 9 System damping and stability region when linearizing close to zero

stability region when the valve opening is chosen closer to zero. The stable
region is now substantially smaller and will become even smaller as the valve
closes further. Here, it still helps to use a higher value in Tr but eventually
no realistic value is good enough to maintain stability.

3.4

Non-linear Model

To proceed with the analysis and to get a
F
better understanding of the instability issue, described in Section 3.3, the system
q
was modelled in Modelica. Complementx
ing the static system of equations, in Secp
tion 3.1, with the missing dynamic equations for the load and the valve, a dyq
namic and non-linear model is conceived.
Moreover, the main orifice and the sensep
channel orifice are both modelled as turq
bulent restrictors, seen in Figure 10. The
load case parameters are the same as for
Figure 10 Base for non-linear model
the linearized model in previous section.
The C-value is still described by Eq. 10, but Tr is now determined by the
properties of the sense-channel turbulent restrictor and will hence vary with
valve closure. However, making the restrictor area smaller will of course still
increase the Tr-value, given the same pressure level. Furthermore, a higher
Tr value will dynamically increase the cracking pressure which is statically
given only by the C-value. In Figure 11(a) the instability issue is obvious. In
this figure, a very fast valve has been used, low Tr -value. In Figure 11(b) a
higher Tr -value is used, thus a more stable behavior is shown even though
instability is a fact as the valve opening approaches zero.
B

v

B

p

A

A
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Figure 11 Non-linear, dynamic pressure response of system pressure limiter

4 Future Work
The open-circuit solution will be implemented in a full scale wheel loader,
where it will be evaluated in respect to energy efficiency and operability.
Different ways of recuperating energy from the lowering motions will be
evaluated, especially the strengths and weaknesses of the differential mode.
The hydraulic solution of the differential mode presented in this article, will
be further investigated. This solution and its instability issues are familiar
from previous investigations on the dynamic properties of the over-center
valve, by Persson, T. [9]. His work will be an inspiration for further research.
An alternative solution to the differential mode is to accommodate electrohydraulic pressure control of an orifice, thus making the control strategy
more flexible.

5 Conclusions
The chosen valve configuration for the open-circuit carries out a flexible solution that allows the working hydraulics to lift and lower loads in several
different modes of operation. In a wheel loader application the energy recuperated from load lowering can in many cases be used immediately by for
instance vehicle propulsion and/or other hydraulic functions. To achieve an
energy efficient load lowering the choice of mode depends on the requested
speed, the magnitude of the load as well as pump/motor efficiency at that
given operating condition. In this study a hydraulic solution to the differential mode is suggested and analyzed. The suggested pressure limiting valve
demonstrates an unstable behavior when its valve closure approached zero.
This behavior is explained by the dynamic pressure build-up, present in the
up-stream volume due to the increased valve closure, amplifying the load
pressure which further closes the valve.
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6 List Of Notations
Quantity

Description

Unity

A A , AB
Ared
Bp

Effective area, piston chamber, piston rod chamber
Pressurized area in pressure limiter sense port
Viscous cylinder friction coefficient

m2
m2

C
FL
Gsys
βe
κ
δh

Valve closure coefficient, Akred
s
Load disturbance force
Transfer function from ∆FL to ∆PA
Bulk modulus
Cylinder area ratio
Hydraulic damping at the hydraulic resonance frequency
Linearized load disturbance force
Linearized pressure acting on A A , A B
Linearized flow from/to the cylinder chambers
Linearized piston displacement (stroke)
Linearized valve displacement
Resonance frequency for the i:th pole of Gsys
Flow-pressure coefficient
Spring coefficient
q

∆FL
∆PA , ∆PB
∆Q A , ∆Q B
∆X p
∆Xv
ωi
Kc
ks
Ks
Kq
ls
Mt
p A, pB
pc
pcrack
pmax
q A , qB
qp
s
Tr
VA , VB
vp
xv
xmax
x pilot
x pop

Valve coefficient, Cq w

2
ρ

Flow gain coefficient
Spring pre-contraction
Inertia mass load
Pressure acting on A A , A B
Pressure in volume between valvistor poppet and
pilot
Pressure when pressure limiting valve starts to close
Maximum allowable system pressure
Flow from/to the cylinder chambers
Flow to/from pump
Laplace operator
Time constant of pressure limiting valve
Volume of piston chamber, piston rod chamber
Piston velocity
Valve displacement
Maximum valve displacement
Valvistor pilot valve displacement
Valvistor main poppet displacement

Ns
m2
m3
N

N

1
m2

Pa
−
−
N
Pa
m3
s

m
m

rad
s
m3
sPa
N
m√
s
m N
m2
s

m
kg
Pa
Pa
Pa
Pa
m3
s
m3
s

−
s
m3
m
s

m
m
m
m
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Abstract

In this article the authors has studied a hydraulic system configuration where
each actuator/supply system comprises a variable displacement pump/motor
working in an open circuit together with four separate electrically controlled
valves. The four valves render a solution versatile in control, as the cylinder
chambers can be connected to pump and/or tank as well as be closed at any time.
The pump is electrically controlled and is used either in pressure control mode or
flow control mode depending on the state of operation.
In contrast to a conventional hydraulic system the control objectives in this
concept are not strictly defined by the hardware configuration, but instead many
of its critical parameters can be adjusted by software. Greater flexibility in system
design is thus obtained. Consequently, defining the desired system properties
becomes even more important. System robustness must also be considered to a
greater extent, due to the greater number of sensors and components.
One important feature in the open-circuit solution is that the pump can be
operated as a motor, recuperating energy. In this article the focus is on how
much potential load energy can be hydraulically recuperated given a number of
different combinations in controlling the valves and how this control should be
done.

1 Introduction
In previous studies, the authors have pointed out that actuation in different
modes of operation using one pump for each function makes it possible to
recuperate a greater portion of the mechanical load power. In this study this
is quantified and investigated in depth. Depending on the load quadrant,
an asymmetric cylinder can be actuated either with or without its chambers
hydraulically connected to each other, here referred to as the differential or
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Supervisory controller

normal operational state of a cylinder. In either state the maximum hydraulic
power must not be exceeded; the choice of mode is thus only a matter of
transformation in maximum actuator speed and maximum load force. However, by controlling pressure in the differential case or flow in the normal
case it is possible to achieve the same actuator speed at the same load force by
choosing different modes of operation. In this study no consideration is taken
to whether the recuperated energy is utilized or not. The primary mover of
the pumps could be coupled to an electric hybrid system with energy storage
capabilities or a conventional diesel engine. Additionally, it should be noted
that the essence of the suggested control strategies in this study is not only
applicable to the open circuit solution but to all hydraulic recuperative solutions where an asymmetric cylinder is used along with four separate valves.
Figure 1 illustrates the necessities in a practical implementation of the open
circuit solution. In the figure each drive has three pressure sensors, which
is a prerequisite to achieve all the modes of operation studied in this article.
However, in a practical implementation some or all of these sensors might
be redundant depending on which modes of operation are suitable for the
given application. Moreover, some or all of the sensors can be replaced with
hydromechanical solutions, achieving the same result. Also seen in the figure are the required controllers for the pumps, the valves and a more general
controller, called a supervisory controller.
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p

open-circuit,
cross-center
pump

valve
contr.

p

pressure
transducers

p

on/off and
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valves
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contr.

further
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Figure 1 Open circuit solution configuration including sensors and controllers

2 Mode Selection
The technique of saving energy by "mode selection" in hydraulic circuits
using independent meter-in and meter-out control valves has been known
for several years but is still of great interest [1], [2], [3]. In all these studies
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one single pump is used to actuate multiple hydraulic cylinders whereas the
circuit described in this article uses one pump for each drive and thereby has
a greater potential in energy recuperation. In this section the four-quadrant
actuation in the pump controlled open circuit solution is briefly described
together with how differing control modes render the asymmetric cylinder a
discrete transformer with maximized efficiency as a result.

2.1

Four-Quadrant Actuation

The load quadrants are defined by the four combinations in the axial direction
of load force and actuator velocity. If the directions of the force and velocity
vectors are equal, the quadrant is here defined as overrunning; otherwise it
is defined as a resistive quadrant. In Figure 2, quadrants A and C are the
overrunning quadrants and quadrants B and D are the resistive quadrants.
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Figure 2 Definition of directions in load force and actuator speed in the four quadrants

In traditional valve controlled systems, the flow to and from an asymmetric cylinder is controlled by one spool through one pair of meter-in and
meter-out orifices for each cylinder chamber, all four mechanically coupled
via the spool. To avoid large differences in actuator speed when the load
force direction is changed, the area gradients of the orifice notches are chosen accordingly. However, this way of achieving accurate velocity control
leads to increased power losses. In recuperative pump-controlled systems,
changes in direction of velocity are controlled directly through machine displacement without any throttling losses in any quadrant. To make the open
circuit solution controllable over all four quadrants, the four valves must be
controlled actively. This of course makes control more complex, but it also
results in greater flexibility when it comes to the selection of modes targeting
the highest possible efficiency.
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2.2

The discrete states of an asymmetric cylinder

In Figure 3 the corner power, Ps,max is defined by the maximum system pressure, ps,max and a maximum hydraulic machine flow limit, qm,max , see Eq. 1.
Ps,max = ps,max · qm,max

(1)

In the scenario where an ideal hydraulic transformer is used, actuation is
done lossless, due to transformation in flow and pressure [4]. Without the
transformer, a given force and velocity input couple correspond to a flow
and pressure couple with fixed limits, mutually related to the magnitude of
the pressurized area. These limits are present in most systems today and
inevitably narrow the working region. However, an asymmetric cylinder can
be considered to be a discrete transformer with two possible states, a normal
state and one differential state. The differential state yields one couple in
flow and pressure and the normal state another couple. Either state touches
the corner power at its maximum. The differential state can be achieved only
in quadrants A and B where the load force is positive. Given a maximum
system pressure limit and a maximum hydraulic machine flow limit, a region
in load force and actuator velocity can be defined for both states I and II
shown in Figure 3(a). For a hydraulic system the maximum pressure limit is
fixed and determined by the component pressure rating, whereas the limit in
machine flow is variable and determined by the flow achieved with a specific
pump size, shaft rotational speed and volumetric efficiency. Depending on
the application in hand, these two states cover most points of operation also
covered by the ideal transformer.
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Figure 3 Definition of limits in actuator velocity and load force in the normal and the
differential state of an asymmetric cylinder operating across all quadrants

The limited region of operation in quadrants A and B for the two possible
states is shown in Figure 3(a). The limits in load force Fn∗ and actuator velocity
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v∗n in the normal state "I", expressed in maximum allowable system pressure
ps,max, piston area A and maximum machine flow qm,max are given by Eq. 2:

[ Fn∗ , v∗n ] = [ ps,max · A,

qm,max
A

]

(2)

In quadrant A this means that the potentially recuperable load power is
restricted by the maximum negative pump flow and the component pressure
rating.
According to [5] the limits in load force Fd∗ and actuator velocity v∗d in the
differential state "II" are given by Eq. 3:

[ Fd∗ , v∗d ] = [ Fn∗ · (1 − κ ),

v ∗n
1 −κ

]

(3)

In quadrants C and D only the normal state can be achieved. The limited
region of operation in these quadrants is shown in Figure 3(b). In these
quadrants the pressurized piston area is κA and the limits in actuator velocity
Fn∗ and load force v∗n are given by Eq. 4:

[ Fn−∗ , v−∗
] = [ ps,max · κA,
n

2.3

qm,max
κA

]

(4)

Velocity control beyond the limits of recuperation

In the overrunning quadrants A and C, actuator speeds exceeding these limits
can be achieved by meter-out flow control to tank. The principle is illustrated
in Figure 4. In doing so, all load power generated by the load will not only
be recuperated by the hydraulic machine but will also be transformed into
heat.
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Figure 4 System behaviour at boundaries in maximum pump flow

In the overrunning quadrant A, operating in the differential state, the limit
in force is Fd∗ . However, in accordance with previous investigations [6], the
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pressure in the piston chamber can be controlled indirectly by reducing the
pressure in the piston rod chamber, illustrated in Figure 5, the same way as
for the meter-out flow control strategy, all power generated by the load will
no longer be recuperated by the hydraulic machine, but will be transformed
into heat.
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Figure 5 System behaviour at boundaries in maximum system pressure

In Figure 6 the region where velocity control by manipulating pump flow
is sufficient to achieve desired velocity in the normal state is marked "I" and
the region where meter-out flow control is necessary is marked "II". In the
differential state, marked "III", the region where pressure control must be
adopted is marked "IV". To achieve speeds exceeding v∗d in the differential
state, flow control must be adopted there as well, marked "V". In "VI", where
the force is greater than Fd∗ and speed is greater than v∗d , both pressure and
flow control must be adopted in differential state. All these combinations of
states and pressure and flow control are here referred to as different modes
of operation. In this study mode selection in the recuperative quadrants is of
special interest.

2.4

Mode efficiency evaluation

Obviously, in most load quadrants several modes of operation are possible for
a the same force and velocity couple. In these cases the most energy efficient
mode must be determined. Quadrant A has the most possible combinations
and was therefore chosen for further investigations. In Figure 7 and Eq.5-11
the equations and physical quantities are given.
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In Table 1 the conditions for all possible modes in quadrant A are given.
The efficiency in each mode is calculated from Eq.5–11 with definition of
the mode limits according to Eq.2–4 in Section 2.2. Figure 8(a) grafically
visualizes the tabular. Always selecting the best of these modes results in the
contour efficiency plot presented in figure 8(b).
Table 1 Description of the region of operation for each mode and the efficiency calculation
in each region
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closed
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Impact on total energy consumption

To achieve the lowest energy consumption one must investigate the impact of
operating in different control modes. However, the overall impact on energy
consumption very much depends on what point of operation the application
usually works at. An example is a wheel loader operating in a truck loading
cycle. In this type of cycle, the greatest amount of energy in this cycle lies
within quadrant B, where gravel is lifted and dumped into a truck. However,
still a significant amount of energy can be recuperated in quadrant A if the
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Figure 8 Mode selection efficiency in quadrant A

appropriate control mode is selected. A closer investigation of the energy saving potential along with measurement results in fuel reduction, is presented
by the authors in [7]. These results shows a reduction in fuel consumption of
about 10% for a wheel loader working in a typical duty cycle using some of
the theories presented in this study.

3 Mode Transitions
In the open circuit solution the pump has only one dedicated side of pressurization and consequently crossing the quadrant borders must be solved
by controlling not only the pump but also several valves. Actuator velocities and load forces crossing the quadrant borders require a certain control
strategy. Load forces crossing zero can occur either at positive or negative
actuator velocity. In either case, the pump must go over center in order to
pressurize one or the other of the actuator’s chambers. Simultaneously, the
valves must be controlled to direct the flow to the right side of the cylinder.
However, in the crossing moment the force, and thereby the system pressure,
is zero, thus making the transition non-critical. Actuator velocities crossing
zero can occur either at positive or negative load force. In either case, the
pump must go over center in order to provide or receive flow to or from
the actuator. Simultaneously, the valves must be closed at zero velocity in
order to handle pressure matching prior to choosing mode of operation for
the given load quadrant. Switching between modes in the differential state
and the normal state, while the load is in motion, usually requires a greater
effort in control than making the same switch at zero velocity. However, how
difficult this is depends on which mode transition is desired. For example,
in quadrant A, going from meter-out flow control in normal mode to differential mode usually requires a reduction in displacement simultaneous to an
abrupt closure of the meter-out valve. This is achievable, but at the cost of
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operation comfort. The reason why comfort is reduced is that, in most cases,
there will be a step in recuperated power going from one state to another.
The system damping and resonance frequency differs in the two states [5],
which may influence also operator comfort more in one of the states than the
other.

3.1

Pressure matching

When the actuator velocity is zero, the valve on which the load rests should
be closed and the pump stand-by pressure should be set low to save energy. When actuator speed is requested, the valve is gently opened to let the
supply pressure build up before displacing the swash-plate. Alternatively,
the supply pressure can be actively controlled by the pump to a level that
matches the load pressure prior to opening the valve. Active pressure control requires in total three pressure transducers for each hydraulic function
to manage all possible scenarios. Depending on which mode of operation is
chosen the pressure matching is carried out differently. The cylinder operates
in its normal state, the pump pressure set-point is determined by the pressure in the current high-pressure chamber. When the pump has reached this
level the valve is opened. If the cylinder operates in its differential state the
procedure is slightly more complicated. In this case the pressure is matched
by controlling the pressure in the piston-rod chamber to the level where it
is equal to the pressure in the piston chamber, illustrated in Figure 9. When
this is achieved the valve can be opened.

p
pA»pB»pp

pA,i(1-k)
pA
pA,i

pB»pp

pB,i
P-B valve
is opened

P-A valve
is opened

t

Figure 9 Pressure matching in the differential state

4 Future Work
In a situation where the system is used in a repetitive duty cycle, adaptiveness in control is suitable, for example a wheel loader loading gravel. In
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the future, a control algorithm could "observe" the recuperated energy over
time for an initial mode selection. Depending on the characteristics of the
duty-cycle the algorithm could decide if it would be more energy efficient to
operate in another mode given the accumulated energy consumption over a
specified time. Moreover, input from the operator could influence the algorithm priorities as regards energy efficiency and operability. Depending on in
which discrete state of operation the cylinder is actuated, the efficiency of the
individual hydraulic components will differ. In an implementation where the
best possible mode is selected, the mode evaluation must not only include the
results presented in this article, but also the efficiency of the pump, cylinder
and hydraulic lines. In order to achieve all possible modes of operation three
pressure sensors are needed for each hydraulic drive. In a future solution
some or all of these sensors could be replaced with hydromechanical logic
to achieve the same result. The mode efficiency description presented in this
article should be of help when designing the mechanical geometry in order
to avoid complexity in control with maintained efficiency.

5 Conclusions
The open circuit solution is capable of recuperating energy. In order to
achieve maximum energy recuperation the concept may involve mode
switching, achieved by active valve control. The complexity in control
depends on the field of application and its specified region of operation.
Fortunately, in many applications the mode selection is relatively simple,
only involving one or two modes, where the transition between these two
can be done while the load stands still. In case the application requires a
greater region of operation this article walks through which mode is to be
preferred in respect to the highest efficiency in energy recuperation. Considering the hardware, the type of valves that should be used depends on which
modes of operation are desired in the application at hand. If modes utilizing
the differential state are superfluous the pressure-controlled valves can be
replaced with simple on-off valves. If the modes implying speeds greater
than v∗n are also superfluous, the "flow-control" valves can be replaced with
on-off valves. Regarding the energy efficiency, the limits are well defined
where one mode of operation is better than the other. Looking only at energy
efficiency of the mode selection, the differential mode is to prefer in case
light hanging loads are lowered at high speeds whereas the non-differential
mode is to be preferred where heavy loads are lowered slowly.
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6 List Of Notations
Quantity

Description

Unity

A
F
Fd∗
Fn∗

Effective area, piston chamber
Load force
Limit in load force operating in differential mode
Limit in load force operating in normal mode in quad
A or B
Limit in load force operating in normal mode in quad
C or D
Cylinder area ratio
Mechanical power generated by the load
The hydraulic power acting on the pump
The limit in power that can be transferred by the
pump
Pressure acting on A, κA
Pressure acting on the pump
Maximum allowable pump pressure
System pressure
Flow to/from the cylinder chambers
Flow to the piston rod chamber in the differential state
Flow passing the meter-out orifice to tank
Flow to/from pump
Load velocity
Limit in load velocity operating in differential mode
Limit in load velocity operating in normal mode in
quad A or B
Limit in load velocity operating in normal mode in
quad C or D

m2
N
N
N

Fn−∗
κ
PL
Pp
Pp,max
p A, pB
pp
p p,max
ps
q A , qB
qd
qm
qp
v
v∗d
v∗n
v−∗
n
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N

−
W
W
W
Pa
Pa
Pa
Pa
m3
s
m3
s
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s
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s
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s
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s
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s
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Abstract

In this article the authors have studied a hydraulic system configuration where
each actuator/supply system comprises an electrically controlled variable displacement pump/motor working in an open circuit together with four separate
electrically controlled valves. Performance, operability and energy consumption
are evaluated in a wheel loader, first with its original load sensing hydraulic
system and then modified with a completely new pump controlled hydraulic system. Measurements published in this article demonstrate the advantages and
drawbacks of pump control in an open circuit compared both to a pump controlled, closed circuit solution and to a valve controlled, load sensing system.
Performance is evaluated by looking at the fuel consumption, productivity, and
operability of a wheel loader. Theoretical calculations of energy efficiency including the dominant losses in system components are evaluated and validated. Fuel
consumption is measured and put side by side with measurements of the same
machine equipped with a load sensing hydraulic system.

1 Introduction
There are three energy related key benefits using an open circuit pump controlled system instead of a traditional valve controlled system in a wheel
loader.
1. No metering losses arise because of unequal drive pressure levels, due
to separate pumps for each drive.
2. The pressure drop over valves is maintained at a low level as to valves
are not used for flow throttling at any great extent. This includes energy
recuperation.
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3. The differential pressure resulting in a meter-in pressure drop, caused
by the load sensing architecture is eliminated.
Obvious drawbacks in a pump controlled system are the greater number of
components and the increased complexity in control. By studying the results from a demonstration machine the advantages and drawbacks of the
open circuit solution is compared to state-of-the-art. In this study the test
results and experience of the hydraulic system implemented in a mediumsized wheel loader are presented. The emphasis in this study is to compare
the performance in open circuit pump control to other pump controlled solutions as well as to conventional load sensing technologies. The comparison
primarily covers energy efficiency and system complexity level.

2 The Open Circuit Solution Concept

Supervisory controller

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. The open circuit solution, in this article referred to as OCS, comprises
four separate valves combined with a number of sensors on top of an electronically controlled pump, used for either pressure or flow control. Figure
1 illustrates the simplified schematics of an implementation of the OCS on
two drives. The two functions are mechanically connected in parallel via the
pump shaft. There are three pressure sensors for each drive, which is a prerequisite to achieve all the modes of operation studied in this article. The
required controllers for the pumps and valves and a supervisory control are
also shown in the figure. The OCS was first presented by K. Heybroek, J-O.
Palmberg in 2006 [1].
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Figure 1 Simplified circuit diagram of the open circuit solution implemented on two
drives.
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3 State-Of-The-Art
Today’s mobile machines most often contain valve controlled drives arranged
in an open loop circuit. For the purpose of saving energy the constant pressure systems have often been replaced by load sensing pumps and load sensing valves. Regarding pump-controlled solutions, some concepts have previously been developed by, for instance; Habibi, S. and Singh, G. [2], Wendel,
G. [3], Rahmfeld, R. and Ivantysynova, M. [4]. For various reasons, not all of
these concepts are suitable for mobile applications.

3.1

Load sensing systems

In mobile applications the load sensing solutions have, in the past, significantly reduced the energy consumption. The load sensing concept renders a
cost effective and compact solution, as there is usually only a need for one
pump to power several cylinder drives. The load sensing systems use variable pressure controlled pumps, where the pressure reference is set by the
cylinder load having the greatest pressure magnitude. However, in applications with several drives operating at unequal drive pressure levels, the load
sensing systems still result in energy losses, referred to as metering losses.
A pressure difference over the valve is required to create flow which yields
a load velocity. This is achieved by the pump controller, often hydromechanically setting the supply pressure to the load pressure plus an additional
differential pressure, here referred to as LS-∆p. The LS-∆p yields a pressure drop over the valve and is thereby yet another source of losses. Another
inherent problem with the load sensing solution is the throttling losses associated with meter-out flow control instead of recuperating energy. In this
study the load sensing system is abbreviated LS-S.

3.2

Pump controlled systems

The most competitive pump-controlled controlled hydraulic concept comparable to the OCS is the closed circuit solution, here referred to as CCS, presented by Rahmfeld and Ivantysynova. In the circuit, the differential volume
of the asymmetric cylinder is balanced on its low pressure side by a charge
pump and an accumulator, see Figure 2. Additionally, shut-off valves for load
holding in emergency situations, as well as high pressure relief valves are optional. If several drives are needed, these can be coupled via the low pressure
side, sharing the charge pump and the accumulator. The total number of
components can consequently be kept low. In a similar way to a hydrostatic
transmission this circuit handles four-quadrant actuation of the asymmetric
cylinder in a simple hydromechanical manner, making the solution robust
and reliable. The hydraulic machine works as pump or motor depending
on the load quadrant, automatically recuperating energy through the pump
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shaft when possible. In construction machinery the desired lowering speed
can be comparatively high, often twice as high as the lifting speed. This
means that the pump in a closed circuit must be dimensioned to handle the
lowering flow. The closed circuit was implemented in an O&K wheel loader
and evaluated and compared to a standard valve controlled machine [5]. The
measurements from the evaluation demonstrated a reduction in fuel consumption of 15% in a truck loading scenario. The energy recuperation capabilities are claimed to be the main reason for that reduction.
control command

QB, pB
EDC
LP

QA, pA

Figure 2 Closed circuit solution schematics [6].

4 Target Application
A wheel loader is used as the target application for this study. The main purposes of this type of machine are often simple; lifting, lowering and transporting loads. To achieve this, both working hydraulics and a propulsion
system are essential. These two systems dominate the useful energy consumption and also to a large extent the non-useful energy consumption in
the wheel loader. One reason why the wheel loader was chosen as the target
application of this study is the good possibility to save energy in the working hydraulics by energy recuperation from lowering motions, energy which
today is dissipated as heat.

4.1

The open circuit solution protoype

The OCS is customized to fit onto a medium sized retail wheel loader. The
old load sensing system is still present, but is now only used for steering.
The original 85 cc pump was replaced with two 28 cc pumps, which is more
than enough for steering. For the working hydraulics, two 75 cc electrically
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controlled open circuit pumps were added to the power take-out (PTO). A
software priority function resembles the system behavior of the reference
machine in prioritizing the tilting drive. Also, a torque limitation is implemented to justify the comparison with a system with less installed hydraulic
power. The working hydraulic LS-valve is replaced with a new valve block,
with separated sections for the lift and the tilt functions. The powertrain configuration and auxiliary hydraulics left unmodified. An simplified overview
of the hydraulic system is illustrated in Figure 3.

PTO

Figure 3 Schematics of the hydraulic system of the OCS prototype wheel loader.

Pumps

Two open circuit pumps power the lifting and tilting drives respectively.
These pumps are electrically controlled and are operated either in flow or
pressure control mode. In the OCS-prototype the pumps are mounted in a
tandem configuration.
Valves

A valve package for the lift and the tilt drive was manufactured, consisting of
eight custom made seat valves. The valves used for meter-out flow control are
proportionally controlled and electrically pressure compensated Valvistor R
valves.
Tank pressure enhancement

When oil is taken from the tank the pressure must be enhanced slightly to
avoid cavitation at the valve suction ports. In the OCS demonstrator this is
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achieved by the use of a pressure relief valve, set to a fixed cracking pressure.
This solution costs some energy as there is a constant pressure drop over
this valve in both lifting and lowering motions. A more efficient solution
is obtained if the cracking pressure is controlled according to the loading
scenario, shown by Figure 4(a). The most energy efficient solution is achieved
by instead using a pre-charged closed tank system, as shown in Figure 4(b).
P

T

P

T

pT,enhanced
4(a) Electrically
controlled
pressure relief
valve

4(b)
Precharged closed
tank system.

Figure 4 Optional solutions to tank pressure enhancement.

Sensors

Three pressure sensors are used for each drive, where one is integrated in
the pump. In addition to pressure, shaft speed and swashplate angle are
also measured. Control system - The software used for control and data
acquisition is implemented in a real-time controller unit operating at a sample
rate of 100 Hz.

5 Control Strategies
This section describes the desired features of a controller for the open circuit
solution. The basic controller workflow is shown in Figure 5, where the steps
are:
1. Identify the present load quadrant by looking at load pressure levels
and operator command signals.
2. The present load pressure and the desired actuator velocity are used in
an algorithm to select the best mode with regards to energy efficiency.
The main components in such evaluations for recuperative motions are:

• Minimize losses in valves comparing different control modes.

• Minimize losses in components such as pumps, cylinders and hydraulic lines, comparing different control modes.
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3. A preliminary mode is selected for further evaluation.
4. Investigate if there is any immediate need for energy to be recuperated
and if the workload on the engine can be reduced.
5. Find an alternative control mode that matches the power need, go back
to 4 and iterate over the mode selection until a match is found.
6. Given the selected mode, define rules for how to match pump and load
pressure prior to opening valves.
7. Command a pump pressure defined by 6.
8. Execute valve settings defined by the selected control mode.
Depending on the chosen mode of operation the pump must be controlled
differently. This is handled by the pump controller which has the mode and
operator joystick signals as input. The control signals are sent to the pump,
which has its own distributed electrical control system, regulating the swashplate angle. The control signal for the pump is either relative displacement
or pressure. A safety control loop handles for example pressure sensor failure and the auxiliary control loop handles load holding functionality. In the
actual OCS prototype, steps 2b, 4 and 5 are at this stage not yet implemented.

Mode
Selection
1

2

3

Load quadrant
definition

Mode efficiency
evaluation

Power
Management
4

5

Power-need
evaluation

Revise selected
control mode

6

Define method for
pressure matching

7

8

Preliminary mode
selection

Pump control

Mode
Transition

Safety functions control

Supply pressure
build-up

Deploy valve
setting

Auxilliary control

Figure 5 Schematics of a proposed controller for the OCS when used in a wheel loader.

99

Paper III

6 The Impact Of Mode Selection
The four valves render a solution versatile in control, as the cylinder chambers can be connected to pump and/or tank as well as be closed at any time.
In previous studies the authors has investigated what influence alternative
control modes have on energy efficiency [7]. What is here referred to as
"control mode" is the way of controlling the load at a requested velocity, i.e.
lifting/lowering a hanging load is achieved either in non-differential or differential mode, either with or without meter-out flow control. The objective
is to recuperate the most energy possible for a commanded specified motion
and still fulfill the lowering speed requirements. Ideally, the recuperated energy equals the energy required to lift the load; in reality, this ratio is much
lower due to losses. The losses are mainly related to the efficiency of cylinders, valves and pumps [6]. Measurement results from the OCS prototype
show the differences in potentially recuperable energy in different modes of
operation. In the non-differential and differential control mode the maximum lowering speed is restricted by the maximum pump flow. If meter-out
control is used the lowering speed is restricted by the flow taken through the
meter-out valve. In tests where meter-out is used the mean lowering time is
specified as 3 seconds. All tests are performed with the diesel operating at
idle speed, 700 rpm. The efficiency in recuperation is here referred to as the
recuperation ratio, defined in Equation 1:
ηrecup =

Erecup
Ein

(1)

where Erecup is the recuperated energy output on the pump shaft and Ein is
the energy input on the pump shaft powering the hydraulics.

6.1

Non-differential lowering

Figure 6(a) illustrates the valve setting for the control mode "non-differential
lowering". The efficiency including pump/motor and the valve losses in this
mode is illustrated in Figure 6(c). Lowering loads in non-differential mode
is associated with unacceptable lowering times, almost 15 seconds. In Figure
6(e) the power and energy are illustrated for the mode. The bar to the right
illustrates the recuperation ratio calculated from measured pump pressure,
relative pump displacement and calculated pump/motor efficiency. The average recuperation ratio is 36%. However, in order to achieve the required
lowering time of 3 seconds, flow must be throttled over the meter-out orifice,
whereas the loss related to control mode increases dramatically. Only a fifth
of the lowering flow goes through the motor, the rest is throttled to tank. In
Figure 6(f) the bar to the right shows the recuperation ratio for the lowering
motion using the required meter-out flow control. The average recuperation
ratio over three cycles is 8%. The achievable lowering speed in this mode is a
trade-off in recuperated energy versus lowering time.
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6(f) Power, energy and recuperation ratio using meter-out flow control.

Figure 6 Impact on recuperation potential given the requirements on lowering speed in
a non-differential state of operation.
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6.2

Differential lowering

Figure 7(a) illustrates the valve setting for the control mode "differential lowering". Due to the differential coupling the limited maximum allowable load
force in this mode is decreased. Exceeding this limit requires pressure control
in order to stay below maximum system pressure [8]. In Figure 7(c) no throttling losses related to meter-out control are present, although higher lowering speed is achieved compared to the pure non-differential control mode.
Lowering the load at the same engine speed as in the non-differential control
mode the operation now takes 6 seconds instead of 15. However, the recuperation ratio is lower than for the pure non-differential control mode, averaging
about 30%. Figure 7(b) illustrates how increased lowering speed is achieved
by meter-out flow control. In this mode half of the flow is throttled to tank.
Again, the pump losses are considered in combination with the losses associated with the control mode. The resulting efficiency is presented in Figure
7(d). It should be noted that the operating conditions for the motor have
changed due to the transformation in pressure and flow that come with this
mode. As shown in Figure 7(f) The calculated recuperation ratio is roughly
double for the differential + meter-out mode compared to the non-differential
+ meter-out mode. The average ratio calculated over three cycles is 16% with
a lowering time averaging the targeted 3 seconds.

6.3

Conclusions from the mode selection evaluation

It is important to note that all calculations are based on measurements from
a lifting and lowering operation with the wheel loader standing still at idle
engine speed. At low speed the hydraulic machine has a comparatively high
internal leakage, resulting in poor efficiency both in the lifting and the lowering phase. The fact that the recuperation ratio is higher in the non-differential
mode than in the differential mode might appear surprising. This is partly
a result of the additional pressure losses apparent in the differential mode
due to its extended flow path via several sharp bends and edges, illustrated
in Figure 8(b). If a dedicated valve, connecting the cylinder chambers, is
installed closer to the load, the losses in differential mode will be reduced.
Moreover, the increased pressure level in differential mode affects the cylinder efficiency, but to what extent has not been further investigated within the
framework of this study. Important in this comparison is how great a recuperation ratio can be achieved for a given speed and force couple. However,
the limits in speed and force are determined by the maximum pump size
and cylinder area properties that can be optimized given a specific field of
application.
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Figure 7 Impact on recuperation potential given the requirements on lowering speed in
a differential state of operation.
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7 System Performance
The goal of this study is to evaluate the OCS with a degree of emphasis
on energy efficiency and compare the system to a conventional load sensing system. In order to do so several tests were conducted. A first simple
test is to perform a single function efficiency test, then proceed to a more
complex loading cycle efficiency test, finally looking at a long distance efficiency test. The performance of the new hydraulic system is evaluated by
comparing various measurement results of two wheel loaders following the
same assignment. Besides the modification, the machines must be equivalent to ensure a credible comparison between the two. The machine chosen
as reference machine is of the same brand and model as the new prototype
with identical specifications as to the working hydraulics. Figure 9 shows the
simplified schematics of the reference machine’s hydraulic system.

8 Efficiency Test - Single Function
It is interesting to compare the theoretical expectations as regards hydraulic
energy reduction from energy recuperation to the reduction in fuel consumption in practice. The test is performed by simple lifting and lowering a defined load a specified number of times, measuring the fuel tank level just
before and after the operation. In order to compare the results between the
two machines it is necessary to mention a few things about the energy distribution in the wheel loader during this specific test. Only one function is
used at a time throughout the test. The significant difference between the
OCS-prototype and the reference machine is that energy is recuperated by
the OCS machine. Assuming the hydraulic system to be the dominant consumer of useful diesel energy and the losses in the lifting phase are equal for
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Figure 9 Simplified hydraulic system layout of the reference machine.

the two machines; the reduction in fuel consumption depends only on how
much energy is recuperated. The percentage reduction is thereby also directly comparable to the recuperation ratio described in the previous section.
The energy flow through the reference wheel loader is illustrated to the left
in Figure 10. First, the fuel energy is transformed into heat and mechanical
energy in the diesel, which is then transformed into hydraulic power which is
used to actuate the load. When lowering the load again the potential energy is
transformed into heat in the hydraulic valves. No work has been achieved. To
the right is the corresponding energy flow through the OCS prototype loader.
Each cycle of lifting and lowering lasts for 20 seconds and is repeated 15 times
for each machine. The test is performed with two different loads: an empty
bucket and a weight bucket. The lowering time is the same for both cases and
takes about 6 seconds. The measurement results are presented in Figure 11.
The result with weight bucket is a 19.2% improvement compared to the reference machine. The result with an empty bucket is a 23.3% improvement. The
weight bucket test is performed in non-differential + meter-out control mode
and the empty-bucket test in differential mode + meter-out. Relating to the
theories presented in the previous section the test with weight bucket should
be compared to the scenario where non-differential lowering with meter-out
is used. However, in this case the test is conceived with a greater load and a
lower speed, resulting in lower throttling losses, and thereby a higher recuperation ratio. The empty bucket test should be compared to the differential
+ meter out control mode. Also during this test, less flow is throttled to tank
compared to the scenario described in the previous section, resulting in a
recuperation ratio closer to "pure" differential lowering.
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Figure 10 Illustration of energy saving from recuperation in the single function efficiency test.
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Figure 11 Illustration of energy saving from recuperation in the single function efficiency test.
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9 Efficiency Test - Truck Loading Cycle
To evaluate the working hydraulics efficiency in a typical field of operation
for the wheel loader, a truck loading cycle is considered. Operation in the
truck loading cycle is often the main purpose of these machines; therefore, the
cost effectiveness of the cycle has economic significance for the entrepreneur.
The cycle 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 onto a truck, going back out while lowering
the empty bucket and then starting the next cycle. The energy distribution in
the truck loading cycle differs considerably from the single function test. In
this cycle the working hydraulics, transmission, brakes and steering interact
continuously with each other. What remains the same for both systems is the
actual work being done during the loading cycle. The powertrain, including
the propulsion system, is also the same for both systems. In the reference
wheel loader about 50% of the diesel engine’s output power is used by the
propulsion system; the rest is used by the hydraulics.

9.1

Losses in the reference wheel loader

What really differ between the two systems are the losses in the hydraulic
system. The predominant losses in the hydraulic system of the reference
machine are listed below: The pump losses are calculated from measured
pressure, shaft speed, relative displacement and mapped pump efficiency.


n
1
Ppump,loss = ∑ ∆p p,i · ǫ p,i · D p,i · n p,i ·
−1
(2)
η p,tot
i =drive
The throttling losses are calculated from the energy dissipated over meter-out
orifices during regenerative motions measuring actuator speed and pressure
drop from load to tank side.
n

Pthrottle =

∑
i =drive

Ai · ẋ p,i · ∆p( L− T ),i

(3)

The LS-∆p losses are calculated from the sum of pressure losses in the load
sensing valves using measured actuator speed and pressure drop from pump
to load side.
n

PLS−∆p =

∑
i =drive

Ai · ẋ p,i · ∆p( P− L),i

(4)

All other hydraulic losses are collected into the term Pother in this text listed
in order of importance; energy required for cooling, idle losses in pumps,
cylinder friction losses and line losses.
Pother = Pidle,loss + Pcooling + Pcyl. f ric.,loss + Pline,loss

(5)
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Figure 12 Energy distribution in the wheel loader during the truck loading cycle, using
the load sensing system.

The power losses integrated over the loading cycle yield the total energy loss
for the load sensing hydraulic system.

Eloss,tot,re f =

cycle
Z t.
t =0

( Pp,loss + Pthrottle + PLS−∆p + Pother )dt

(6)

The energy distribution in the reference wheel loader is presented in Figure
12. The distribution is based on Equations 2-6, using measurement data from
a truck loading cycle.

9.2

Losses in the OCS-prototype wheel loader

For the OCS prototype losses in the hydraulic machine working as a motor,
occur during the recuperative motions, calculated from measured pressure,
shaft speed, and relative displacement and mapped efficiency.
n

Pmotor,loss =

∑
i =drive

∆pm,i · ǫm,i · Dm,i · n p,i · (1 − ηm,tot )

(7)

However the PLS−∆p term is no longer valid and the Pthrottle term is significantly reduced due to the possibility in recuperation. The Pother element has
increased due to increased idling losses even though the cooling term decreases with the decrease in total losses. The total hydraulic loss for the OCS
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Figure 13 Energy distribution in the wheel loader during the truck loading cycle, using
the open circuit solution.

prototype is given by Eq. 8
Eloss,tot,OCS =

cycle
Z t.

( Pp,loss + Pm,loss + Pthrottle + Pother )dt

(8)

t =0

The energy distribution in the OCS-prototype is presented in Figure 13.
Switching to the differential control mode in the recuperative phase yields
a different point of operation in pressure as well as displacement. This means
that the pump efficiency at a given speed and force couple depends on which
control mode is applied. In Figure 14 the pump efficiency during the recuperative phase of the loading cycle is presented, operating in the two modes
respectively. The efficiency is found through interpolation in measurement
data delivered by the pump manufacturer where pressure level, relative displacement and shaft speed have been considered in the calculation. As seen
in the figure the pump efficiency is 5-10% higher in the differential control
mode. The force and speed characteristics of the lifting drive in one typical
loading cycle is illustrated in Figure 15. The speed and force data is derived
from pressure- and position signals, acquired during operation. The contour
plot in the background shows the system efficiency. The efficiency calculation encompasses pump losses as well as valve losses given the best possible
control mode. The bar to the right shows the recuperation ratio for the truck
loading cycle, in this case 19% of the hydraulic energy input for the lifting
drive throughout the cycle. About the same percentage applies for the tilting drive, resulting in an average of about 20% of the energy input being
recuperated throughout one cycle.
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Figure 14 Pump efficiency in the recuperative phase of the loading cycle depending on
chosen mode of operation.
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Figure 15 The energy recuperation ratio in the truck loading cycle.
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Lowering an empty bucket in the differential mode is not a problem, but
regarding differential operation of the tilting drive, a full bucket of gravel
unfortunately often results in too high a pressure level. However, choosing
the cylinder area ratio differently a higher recuperation ratio could also be
achieved in this drive. In Figure 16 the power, energy and recuperation ratio
throughout the loading cycle are illustrated, including both drives.
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Figure 16 Power, energy and recuperation ratio.

The energy consumption during a truck loading cycle is measured according to Volvo standard fuel measurement procedures. The two machines were
driven by an experienced driver. The tests were performed during the same
day, loading gravel from the same spot. For every six cycles the truck was
fully loaded and weighed. Each machine was driven until four truckloads
were filled. Each cycle was clocked in order to measure productivity. The
measurement results are presented in Figure 17. The left staple pair shows a
9% reduction in consumed fuel volume per loaded mass of gravel, representing how the efficiency in pure Newtonian work is affected. The middle staple
pair shows how the system saves 13% in fuel volume over time. The right
staple pair shows a 2% longer average cycle time. The error bars on top of
the staples show the maximum and minimum measurement value throughout the tests. The reduced size of the error bars in measurements from the
OCS indicates that the operability of the machine is good.
The comparison elucidates some important energy related benefits and
drawbacks of the two systems, which are summarized in Table 1.
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Figure 17 Performance measures from the truck loading cycle.

Table 1 Apparent energy related aspects by introduction of the OCS and their importance.

Effected energy aspects by introducing the OCS hydraulic system

Impact on fuel consumption in a
truck loading cycle

Elimination of ∆p-margin related
to LS-control

Medium impact - the pumps are
mostly able to keep this margin except at maximum flow
Low impact - because the drives
are actuated simultaneously only
to a very small extent

Elimination of metering losses
related to unequal drive pressure levels, introducing separate
pumps for each drive
Reduction in energy required to
cool the oil being throttled to tank
in lowering motions as well as
cooling of engine losses (in case of
saving)
Introduction of increased losses
related to the presence of extra
pumps
Introduction of energy recuperation in lowering motions
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Low/medium impact - reducing
the total energy consumption implies less energy required for cooling of diesel losses
Low/medium impact -increased
viscous friction losses according to
next section
High impact - if the best control
mode is chosen according to previous section
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10 Efficiency Test - Transportation Driving
In both wheel loaders the hydraulic pumps are directly powered from the
power take-out unit which is mechanically coupled to the diesel engine. Consequently the pumps are in motion as long as the engine is on. In the reference machine there is only one pump powering the working hydraulics,
steering and auxiliary functions. In the OCS two pumps are used for the
working hydraulics and for the steering and auxiliary functions, two small
pumps had to be installed instead of one big pump, due to space limitations.
The result is four pumps instead of one. To measure how the increased number of pumps affects the energy consumption, a transportation driving test
was arranged. The distance driving test was performed on an oval test track
at the Volvo Construction Equipment testing ground. The engine speed was
set to 1600 rpm and the gearbox is locked in the fourth gear for both test objects. The test was carried out during 15 minutes of driving. The measured
difference in fuel consumption is presented in Figure 18.
1,2

Fuel consum ption in transport driving test
5.4% more fuel

LS-S
OCS

Fuel consumption [-]

1
0,8
0,6
0,4
0,2
0
LS-S

OCS

Figure 18 Fuel consumption in a transportation driving test comparing the OCS prototype machine to the reference machine.

11 Open Versus Closed Circuit Solution
In measurements from 2004, the CCS demonstrated a fuel consumption reduction of 15% in a truck loading scenario similar to the one described in this
article. Why the energy reduction presented in this study is lower naturally
depends on many factors. For example, in a system where the propulsion requires less energy, the impact of an improvement in the hydraulics is greater.
A better way of comparing the performance of the two solutions is to look at
the capabilities of the individual systems side by side without a specific application involved. In Table 2 the overall capabilities and thereby similarities,
strengths and weaknesses of the systems are listed.
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Table 2 Quality measures.

Quality measures

OCS

CCS

Four-quadrant operation
Energy recuperation
Recuperation in differential mode
Pressure sensors needed
Charge pump needed
Accumulator needed
Based on closed loop control
Increased tank pressure needed

Yes
Yes
Yes
Yes
No
No
No
Yes

Yes
Yes
No
No
Yes
Yes
Yes
No

Regarding the differences in hardware requirement, the aspects of component integration must be considered. Both concepts require pressure relief
functionality, anti-cavitation and load holding functionality. In the CCS almost all the components can be integrated to the pump housing, including
charge pump, pressure relief valves, check valves and load-holding valves.
For the OCS it is suggested that a distributed valve configuration be used,
mounted as close as possible to the cylinder drives. However, in the valve
configuration, pressure relief functionality anti cavitation and load holding
functionality are easily incorporated [8]. Regarding four-quadrant actuation,
the CCS intrinsically operates over all four quadrants; whereas the OCS operates over only two quadrants. To make the open circuit solution controllable
over all four quadrants, the four valves must be controlled actively. This of
course makes control more complex, but it also results in greater flexibility
when it comes to the selection of modes targeting the highest possible efficiency. In lifting operations both concepts are more or less equally energy
efficient. The dominating loss component in this quadrant lies in the pump
efficiency. In lowering operations the OCS is capable of operation at higher
efficiency over a larger region of operation, due to the possibility of operating in the differential control mode. The CCS cannot recuperate energy in the
differential mode as a hydraulic coupling of the cylinder chambers results in
equal pressure on both sides of the hydraulic machine, whereas no torque is
generated. For the wheel loader in this study the CCS would require much
larger pumps to achieve the specified lowering time of 3 seconds. The flow
leaving the lift cylinder is about 4 · 10−3 m3 which in terms of displacement
corresponds to a 350 cc pump at the given engine speed. Another almost as
big pump is required for the tilting motion. Having such big pumps when
only one third of that size is sufficient to achieve the specified lifting times,
does not render the solution cost effective.
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12 Future Capabilities
The open circuit solution is not restricted to use only with the diesel engine
as primary mover, but would actually benefit from the presence of an electrohydraulic hybrid power system. In such a system the diesel engine is replaced
by electrical motors to power each drive independently. Moreover, a cost effective solution would be to replace the variable pumps with smaller, high
speed, fixed displacement pumps, independently speed-controlled by the
electrical motors. This would increase the recuperation ratio due to greater
maximum flow in the differential mode and consequently reduce the throttling losses. Moreover, a prerequisite to save energy in the OCS prototype
is that the recuperated energy is consumed instantly. In an electro-hydraulic
hybrid system with energy storage this would not be an issue. An alternative
to the meter-out flow control would be to use the excess flow to boost the
hydraulic fan motor. In future development of this type of mode-switching
systems one should always consider the differential mode when selecting
the cylinder area ratio in order to fully benefit from using the potential load
energy in recuperative quadrants on all cylinder drives.

13 Conclusion
The calculated results from the single function efficiency test showed that
the non-differential mode is more energy efficient than the differential mode,
but the differential mode soon becomes a better alternative if meter-out flow
control is needed in order to achieve the required lowering speed. The test
showed how the open circuit solution, within reasonable limits in lowering
speed, saves about 20% fuel compared to the reference machine, equipped
with conventional load sensing hydraulics. In the truck loading experiment
fuel consumption was reduced by about 10% compared to the reference machine. According to the theoretical calculations this result corresponds to
a 20% reduction of losses in the OCS hydraulic system. In a final test the
OCS-prototype was driven a longer distance without using the hydraulics.
The result showed how the increased number of installed pumps increases
the fuel consumption by about 5%. Comparing the open circuit solution to
the closed circuit solution, the OCS has a greater potential for energy recuperation over a broader working region while fewer sensors and more active
control are required for the closed circuit. Concerning operability, where
smoothness in control and system response is important for a wheel loader
application, many of these parameters are easily adjusted in software which
makes the hydraulic system usable in many other applications as well.
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List Of Notations

Quantity

Description

Unity

LS − ∆p

Differential pressure determined by the load sensing
controller
Pump displacement
Total energy output on the pump shaft when pump
operates as a motor, measured throughout a specified
operation
Total energy input to the pump shaft when pumping,
measured throughout a specified operation
Load force acting on the cylinder rod
Maximum load force in the non-differential control
mode, system pressure at maximum
Maximum load force in the differential control mode,
system pressure at maximum
Relative pump/motor displacement
The relation between recuperated energy and energy
input to the hydraulic pumps throughout a specified
operation
Pump/motor efficiency
Actuator velocity
Maximum actuator velocity in the non-differential
control mode, pump flow at maximum
Maximum actuator velocity in differential control
mode, pump flow at maximum
Pump flow
Pump pressure
Power losses, x=defines the source of the power loss
Pump shaft speed
Pressure difference over pump/motor
Load pressure minus tank pressure
Pump pressure minus load pressure
Piston displacement

Pa

Dp
Erecup
Ein
F
Fn∗
Fd∗
ǫ p/m
ηrecup

η p/m
v
vn
vd
qp
pp
Px
np
∆p p/m
∆p( L− T )
∆p( P− L)
xp
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m3
J
J
N
N
N

−
−
−
m/s
m/s
m/s
m3 /s
Pa
W
rad/s
Pa
Pa
Pa
m
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