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To Jennie

”
Mycket få människor lever i dag – de

flesta gör förberedelser för att leva i

morgon.

Jonathan Swift (1667-1745)



”
Att inse att man är okunnig är ett bra

steg mot kunskap.

Benjamin Disraeli (1804-1881)



Abstract

This thesis studies an innovative working hydraulic system design for
mobile applications. The purpose is to improve the energy efficiency and
the dynamic characteristics compared to load sensing systems without
increasing the complexity or adding additional components.

The system analysed in this thesis is referred to as flow control. The
fundamental difference compared to load sensing systems is that the
pump is controlled based on the operator’s command signals rather than
feedback signals from the loads. This control approach enables higher
energy efficiency since the pressure difference between pump and load is
given by the system resistance rather than a prescribed pump pressure
margin. High power savings are possible especially at medium flow rates.

Furthermore, load sensing systems suffer from poor dynamic charac-
teristics since the pump is operated in a closed loop control mode. This
might result in an oscillatory behaviour. Flow control systems have no
stability issues attached to the load pressure feedback since there is none.

Pressure compensators are key components in flow control systems.
This thesis addresses the flow matching problem which occurs when
using conventional compensators in combination with a flow controlled
pump. Flow sharing pressure compensators solve this problem since the
pump flow will be distributed between all active functions. A novel con-
trol approach where the directional valve is controlled without affecting
the cylinder velocity with the objective of optimizing the damping is
proposed.

In this research, both theoretical studies and practical implementa-
tions demonstrate the capability of flow control systems. Experiments
show a reduced pump pressure margin and energy saving possibilities in
a short loading cycle for a wheel loader application.
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Nomenclature

The quantities used in this thesis are listed in the table. Capital letters
are used for linearized and Laplace transformed variables.

Quantity Description Unity

Ac Cylinder area m2

Ac1
Compensator area exposed to control pressure m2

Ac2
Compensator area exposed to control pressure m2

As Directional valve opening area m2

Bp Viscous friction coefficient Ns/m
Cq Flow coefficient -
Fs Compensator spring stiffness N
Kca Flow-pressure coefficient for the inlet orifice m3/Pa s
Kcaopt

Kca which gives the highest damping m3/Pa s

Kcb
Flow-pressure coefficient for the outlet orifice m3/Pa s

Kcbopt
Kcb

which gives the highest damping m3/Pa s

Lp Pump inductance Pa s2/m3

m
L

Load mass kg
Pa Pressure on the piston side of the cylinder Pa
Pamax Maximum pressure on the piston side Pa
Pb Pressure on the piston rod side of the cylinder Pa
p

L
Load pressure Pa

p
Lmax

Maximum load pressure Pa
Pp Pump pressure Pa
pr Reduced pressure Pa
ps Supply pressure Pa
Qa Flow into the cylinder m3/s
Qb Flow out of the cylinder m3/s
q

L
Load flow m3/s
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Qp Pump flow m3/s
Qpref

Pump flow demand m3/s
s Laplace variable 1/s
U Mechanical gear ratio -
Va Volume at the piston side of the cylinder m3

Vb Volume at the piston rod side of the cylinder m3

Vp Pump hose volume m3

Xp Piston position m
βe Bulk modulus Pa
γi Parameter for the inlet orifice -
γo Parameter for the outlet orifice -
δhmax

Maximum damping -
Δpp Pump pressure margin Pa
ΔPp Pump pressure margin Pa
ΔPpref

Pump pressure margin demand Pa
κ Cylinder area ratio -
ρ Density kg/m3

Go Open loop transfer function
GpF C

Pump transfer function
GpLS

Pump transfer function
Gva Inlet valve transfer function
Gvea Inlet valve transfer function
Gvb

Outlet valve transfer function
Hs Pump hose transfer function
Z

L
Load transfer function

x



1
Introduction

Fluid power systems are used in a wide range of applications, mobile as
well as industrial. In mobile machinery, such as construction, forestry
and agricultural machines, fluid power is used for both propulsion sys-
tems and working hydraulics. An example of working hydraulics is the
system controlling the bucket motion of an excavator. This thesis covers
the area of working hydraulics in mobile machinery. An innovative sys-
tem design is presented and discussed in relation to both existing and
not yet commercially available mobile hydraulic systems.

1.1 Motivation and Needs

There are several different reasons for preferring fluid power systems
to other technologies. Fluid power components have a superior power
density compared to other technologies, for example electrical compo-
nents [1]. Furthermore, fluid power systems have the ability to handle
force impacts, which makes it more robust than for example mechanical
transmissions. Fluid power components are generally available at lower
cost compared to other technologies, especially for high power applica-
tions [1]. Another property of fluid power systems is their good heat
transfer capability.

Fluid power systems also present some challenges. The most impor-
tant one concerns their energy efficiency [2] [3]. Much progress has been
made in making the individual components more efficient [4] [5]. How-
ever, each component has its own optimum working condition, which
often leads to poor overall system efficiency [5].

When improving energy efficiency in fluid power systems, the trend
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Fluid Power Systems for Mobile Applications

is to use additional components and more sophisticated control algo-
rithms [2] [6]. Meanwhile, less attention has been paid to the dynamic
properties. A hydraulic system with poor dynamic properties has a ten-
dency to oscillate, which has a negative impact on both the productivity
of the application and the comfort of the operator.

1.2 Aims

The purpose of this thesis is to investigate and analyse how the energy
efficiency and the dynamic characteristics of the working hydraulics in
mobile machinery can be improved. Different valve concepts are studied.
The hypothesis is that there exist valve controlled systems which im-
prove the energy efficiency and the dynamic properties compared to load
sensing systems, without increasing the complexity or adding additional
components. The solutions presented in this thesis are demonstrated
through both simulation and experiments.

1.3 Delimitations

This thesis concerns the energy efficiency and dynamic characteristics
of mobile fluid power systems. Other aspects, such as manufacturing
and marketing are not taken up. Industrial hydraulics and propulsion
systems are not included in this work. The thesis is also limited to the
hydraulic system; the combustion engine powering the hydraulic pump
is therefore not included. The field of digital hydraulics is not included
in this thesis.

1.4 Contribution

The most important contribution of this thesis is a deeper understanding
of the dynamic characteristics of flow control systems. Novel ways of
designing and controlling the directional valves in order to optimize the
damping are proposed and demonstrated. Energy measurements, where
flow control and load sensing systems are compared in a wheel loader
application, are performed analytically and verified by experiments.

2



2
Mobile Working

Hydraulic Systems

Mobile hydraulic applications distinguish themselves from other hy-
draulic applications, such as industrial hydraulics, because the pressure
and flow demand varies greatly over time and between different func-
tions. Unlike other hydraulic applications, several functions are often
supplied by one single pump. This means that the total installed power
on the actuator side is generally considerably higher than the installed
pump power. This is possible because the actuators almost never require
their maximum power at the same time.

Fluid power systems have successfully been used in mobile machines
for several decades. Because of the machines’ versatility, different hy-
draulic systems have been developed for different applications. Impor-
tant properties for hydraulic systems are energy efficiency, dynamic char-
acteristics and complexity. However, the order of these properties varies
for different applications. The following sections give an overview of
the most commonly used working hydraulic systems of today. It also
presents some interesting system designs that have not yet been com-
mercialized but are attracting considerable attention both in industry as
well as academia. Energy efficiency, dynamic characteristics and system
complexity are discussed and compared.

3



Fluid Power Systems for Mobile Applications

2.1 Valve Controlled Systems

The most common hydraulic systems in mobile machines are systems
based on valve control. Common to these systems is that they can be
supplied by one single pump, which gives a cost effective and compact
system solution. Four different hydraulic system designs are here cate-
gorized by open-centre, constant pressure, load sensing and individual
metering.

2.1.1 Open-centre

Today, most hydraulic systems in mobile machines are of the open-centre
type. In such systems, the directional valves are designed so that the
entire pump flow is directed to tank when no valve is activated. This
is commonly achieved by providing the directional valve with a chan-
nel in the centre position connecting the pump port and the tank, see
figure 2.1a. By means of this open-centre channel, the system pressure
is kept at a low level while the system is idle and the valve is closed.
These systems are designed for use with fixed displacement pumps and
are therefore often called constant flow systems.

(a) Simplified schematic of an
open-centre system.

flow

useful wasted powerp
re

ss
u
re

power

load demand

system operation point

(b) Pressure and flow characteristics
in an open-centre system.

Figure 2.1 Schematic and efficiency of an open-centre system.
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Mobile Working Hydraulic Systems

When a valve is shifted from its centre position, the open-centre chan-
nel begins to close and the pump pressure increases. Simultaneously,
the pump port is connected to either of the load ports, depending on
the direction of spool movement, while the other load port is connected
to tank. When the pump flow is restricted so that the pump pressure
is higher than the load pressure, the check valve opens and there will
be a flow to the load. The rate of this flow is thus not only dependent
on spool displacement, but also on load pressure. This is called load
dependency.

If several valves are activated simultaneously, the flow to each ac-
tuator will not only be dependent on its own load, but also on other
activated loads. This means that the pressure level at one load can
heavily influence the speed of another actuator, a phenomenon called
load interaction.

Another disadvantage of open-centre systems is that the flow is load
dependent. For heavy loads, the major part of the lever stroke is used to
restrict the pump flow in order to obtain a high pump pressure. Only a
minor part of the stroke is then left for controlling the speed. This might
be a serious problem if a heavy load is be positioned with accuracy, as
is often the case for instance with mobile cranes.

The fact that the flow is load dependent is from a dynamic point of
view actually an advantage. It gives the system a naturally high damp-
ing, which means that the system is less prone to oscillations. To obtain
damping from a valve, the flow has to increase when the pressure drop
across the valve increases and vice versa. Damping is a preferred prop-
erty when handling large inertia loads, for example the swing function
of a mobile crane.

The most important disadvantage of open-centre systems is that it
may have poor energy efficiency. High energy losses accur when lifting
heavy loads slowly; the pump pressure needs to be high but only a minor
part of the flow is directed to the load, see figure 2.1b. Most of the flow
is then directed through the open-centre channel to the tank with a high
pressure drop, resulting in high energy losses.

To summarize, open-centre systems have the following advantages and
disadvantages:

Advantages The system is simple and robust. It has high damping,
which makes it suitable for heavy mobile applications.

Disadvantages Poor overall efficiency and interaction between simul-
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taneously operated loads. The actuator velocity does not corre-
spond to a specific lever displacement but is also a function of the
load pressure.

2.1.2 Constant Pressure

A constant pressure system can be realized using a pressure controlled
variable displacement pump or a fixed pump working against a pressure
relief valve. In this section, the pressure controlled pump solution will
be discussed because of its higher efficiency, see figure 2.2a. When the
system is idle, each directional valve has a closed pump port and the
variable pump is de-stroked to a small displacement, compensating for
its own losses and thus keeping the pressure constant. The directional
valves are of closed centre type.

(a) Simplified schematic of a
constant pressure system.

useful power

wasted power

flow

p
re

ss
u
re

load demand

system operation point

(b) Pressure and flow characteristics
in a constant pressure system.

Figure 2.2 Schematic and efficiency of a constant pressure system.

There is a flow to the actuator when its directional valve is shifted
from neutral position. Simultaneously, the pump controller increases its
displacement in order to maintain a constant system pressure. The flow
rate is dependent on both spool displacement and load pressure. Conse-
quently, constant pressure systems suffer from load dependency. How-
ever, the controllability of these systems is better than in open-centre

6



Mobile Working Hydraulic Systems

systems as far as interaction between actuators is concerned. This is be-
cause there is no dependency between the load pressure and the pump
pressure. From a dynamic point of view, constant pressure systems have
similar characteristics to open-centre systems due to their load depen-
dency. The damping is therefore high.

Regarding energy efficiency, constant pressure systems are a good
choice if the present loads tend to be constant. The pump pressure
is then matched against the mentioned constant load. However, if the
load situation alters, high losses might occur. This is especially true
when raising a light load with a high velocity, see figure 2.2b. The main
part of the entire pressure drop then occurs across the directional valve
and only a minor part is used to lift the load. The major fraction of the
total power is therefore spent in heating the oil. Consequently, these sys-
tems not only have large energy losses but also often need extra energy
to cool the oil.

Advantages No interaction between simultaneously operated loads and
a high damping.

Disadvantages Poor efficiency for light loads and the actuator velocity
does not correspond to a specific lever displacement but is also a
function of the load pressure.

2.1.3 Load Sensing

Load sensing systems use a variable displacement pump and closed cen-
tre valves, similar to constant pressure systems. However, the pump con-
troller is designed in a different way. Instead of maintaining a constant
pressure, the pump pressure is continuously adapted according to the
highest load, see figure 2.3. Another load sensing system design would
be to use a fixed displacement pump and a pressure relief valve, adapt-
ing its cracking pressure according to the highest load. That solution,
however, is not discussed in this thesis because of its lower efficiency.
An early review of load sensing systems was made by Andersson in [7].

When all directional valves are closed, the pump is de-stroked, main-
taining a low system pressure. When a valve is shifted from neutral
position, the pump controller senses the load and increases its pressure,
thereby allowing a flow to the actuator. Since the pump pressure con-
tinuously adapts to the load, a specific lever displacement results in a
certain flow, independent of the load pressure.

7
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Figure 2.3 Simplified schematic of a load sensing system.

Load sensing systems have no load dependency as long as only one
load is controlled. However, when several loads are operated simultane-
ously, only the heaviest load will be load independent. All lighter loads
will suffer from both load dependency and load interaction. In applica-
tions where controllability is an important feature, the valves are often
equipped with pressure compensators. The pressure drop across each
directional valve is then kept at a constant level and all functions are
thereby load independent and there will be no load interaction. Pressure
compensators are studied in detail in section 3.1.

One weakness of load sensing systems using pressure compensated
valves is the hydraulic damping. The primary design endeavours to
achieve low influence on the flow from the load pressure. This decreases
the damping capability of the valve. The dynamics of load sensing sys-
tems are studied in more detail in chapter 4.

Load sensing systems have high energy efficiency since the pump con-
tinuously adapts its pressure just above the highest load. A pressure
difference, usually around 20-30 bar, between pump and load is necess-
ary to overcome losses in hoses and valves. This pressure margin is often
set substantially higher than necessary to ensure it is high enough at all
operational points. More details regarding the pressure margin can be
found in section 3.3. When several functions are operated simultane-
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ously, high losses might occur at lighter loads. An example is when a
light load is operated with a high velocity and a heavier load is activated
at the same time, see figure 2.4.

p
re

ss
u
re

flow

useful power
wasted power

useful power

pump pressure margin

load 1

load 2

system operation
point

Figure 2.4 Pressure and flow characteristics in a load sensing system.

To summarize, pressure compensated load sensing systems have the
following advantages and disadvantages:

Advantages Energy efficiency is high although pressure and flow de-
mands vary greatly over time and between different functions. The
system has excellent controllability since there is no load interac-
tion and no load dependency.

Disadvantages Low damping, meaning that the system can show an
oscillatory behaviour in certain points of operation. High losses at
lighter loads when several functions are operated simultaneously.
A needless pressure loss in most points of operation due to an
excessive pressure margin.

2.1.4 Individual Metering

A step forward from load sensing systems using conventional spool valves
is to decouple the inlet and outlet orifices in the valve, see figure 2.5.
Numerous configurations for individual metering systems have been de-
veloped, both in academia as well as in industry [8]. These concepts
provide a higher degree of freedom as all four orifices are separated

9
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and can be controlled individually. The main benefit of this increased
freedom is that the flow paths can be changed during operation. Four
different operational cases can be identified [9], see figure 2.7.

Figure 2.5 Simplified schematic of an individual metering system.

Normal operation The load is operated as in a conventional system;
oil is withdrawn from the pump and the return oil is fed to tank. In
conventional systems, the outlet orifice opening area is determined
by the spool position. For an independent metering system, the
outlet orifice can be separately controlled with the objective of, for
example, reducing metering losses.

Regenerative operation When operating a light and a heavy load si-
multaneously, it is possible to use the cylinder as a discrete trans-
former. This is done by connecting both load ports to the pump
line, thereby increasing the pressure level and decreasing the flow
level. As can be seen in figure 2.6, this might result in substantially
lower power losses.

Energy neutral operation This mode is beneficial when, for exam-
ple, lowering a load while the system pressure level is high. Instead
of taking high pressure oil from the pump and throttling it across
the control valve, the oil could instead be withdrawn from tank.

10



Mobile Working Hydraulic Systems

No power is then needed from the system pump. The return oil is
fed to tank.

Recuperative operation This mode is similar to energy neutral op-
eration. However, instead of feeding the return oil to tank, it is
directed into the pump line. The cylinder thus works as a pump
and can be used to drive other loads or operate the system pump
as a motor.

p
re

ss
u
re

flow

useful power
load 1

load 2

wasted power

useful power

system operation point

Figure 2.6 It is possible to reduce the losses when using the regenera-

tive operation mode in individual metering systems.

Advantages Possibility to optimize the efficiency by means of changing
the flow paths. Recuperation of energy is possible. Active damping
measures are easy to implement because of increased flexibility.

Disadvantages Complex controller and often sensor dependent for flow
path selection.
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(a) Normal operation, the load is
operated as in a conventional sys-
tem.

(b) Regenerative operation, both
load ports are connected to the
pump with the objective to even out
pressure differences between loads.

(c) Energy neutral operation, a load
can be lowered without any power
from the pump.

(d) Recuperative operation, the
cylinder works as a pump enabling
energy recuperation.

Figure 2.7 Flow paths for the different operational cases in individual

metering systems.
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2.2 Valveless Systems

One hot research topic in the area of mobile hydraulics is systems in
which the control valves are eliminated along with the metering losses,
see figure 2.8. Three interesting concepts are here categorised by hy-
draulic transformers, pump controlled actuators and electro hydraulic
actuators. Such systems are not yet common commercially in mobile
applications but can be found in, for example, the aerospace indus-
try [10].

p
re

ss
u
re

flow

useful power

useful power

load 1

load 2

Figure 2.8 Pressure and flow characteristics in a valveless system. All

metering losses are ideally eliminated.

2.2.1 Secondary Control using Transformers

In a secondary control system, all actuators are connected to a common
pressure rail. This can be realized, for example, by a pressure controlled
pump. An accumulator is often connected to the common pressure rail,
allowing the pump to be downsized according to the mean flow over a
duty cycle. It also allows the possibility of storing recuperated power
generated by the load [11]. Controlling hydraulic motors is the most
common use of secondary control [12]. This technology can, however,
not be used directly on linear cylinder drives since the piston area is
fixed. In that case, a hydraulic transformer is required, see figure 2.9.

A hydraulic transformer converts an input flow at a certain pressure
level to a different output flow at the expense of a change in pressure

13
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level, ideally maintaining the hydraulic power. One way of realizing a
transformer is to combine two hydraulic machines, where at least one has
a variable displacement. However, the efficiency is limited, mainly be-
cause at least one of the machines will operate under partial loading [13].
In recent years, an innovative transformer concept has been developed
by the Dutch company Innas BV [14]. The conventional transformer
with 2 hydraulic machines has been replaced by one axial piston unit,
thereby avoiding partial loading conditions. A mean efficiency of 93%
in a broad region of operation has been reported [5].

Figure 2.9 Simplified schematic of a constant pressure system

equipped with transformers and an accumulator, enabling energy recu-

peration.

Advantages High efficiency, even when several loads are operated si-
multaneously. Possibility to recuperate energy from the loads.

Disadvantages The number of hydraulic machines is increased, which
means more required space and a higher cost. Low damping since
the flow is load independent.

2.2.2 Pump Controlled Actuators

Instead of using one pump to supply all actuators, each actuator has a
dedicated pump in pump controlled actuator systems. To control the

14
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speed, the pump displacement setting is used as the final control element.
All losses are thereby ideally eliminated. In reality, the losses are heavily
dependent on the efficiency of the system pumps. Pump controlled ac-
tuator systems can principally be differentiated into two different circuit
layouts, either with the pump arranged in a closed circuit [15] [16] or in
an open circuit [17], see figure 2.10.

Since all actuators have their own dedicated pump, each has to be
sized to handle maximum speed. A typical example of a dimensioning
motion is the lowering bucket motion in a wheel loader. The lowering
flow can be several times higher than the maximum pump flow in a
similar valve controlled system. The difference is that all flow has to be
handled by the pump in pump controlled actuator systems. In single
pump systems, the pump can also be downsized since not every load
is actuated at full speed simultaneously very often. For these reasons,
the total installed displacement tends to be high in pump controlled
actuator systems.

Figure 2.10 Simplified schematic of a pump controlled actuator sys-

tem. It can be realized in both closed- and open circuit.

Advantages High efficiency, even when several loads are operated si-
multaneously.

Disadvantages One hydraulic machine for each actuator, which means
more required space and a higher cost. Low damping since the flow
is load independent.

2.2.3 Electro Hydraulic Actuators

The main component in electro hydraulic actuator systems, often re-
ferred to as eha, is a fixed displacement bidirectional hydraulic pump.
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An electric motor is usually used to power the pump, enabling active
control of the rotational speed and thereby the flow to the actuator,
see figure 2.11. A conventional eha requires a symmetrical actuator in
order to ensure flow balance. In that case, no additional oil reservoirs or
control valves are needed [10]. However, the pump in mobile applications
is usually powered by and mechanically coupled to an internal combus-
tion engine. Moreover, asymmetrical cylinders are predominantly used
in mobile applications. Some modifications of the conventional eha lay-
out are therefore needed. Solutions for handling asymmetrical cylinders
have been proposed [18].

Figure 2.11 Simplified schematic of an electro hydraulic actuator sys-

tem. An electric motor is controlling the rotational speed of a fixed bidi-

rectional pump.

In eha systems, there are no metering losses and the pump only oper-
ates when control action is needed. One disadvantage of using a speed
controlled fixed displacement pump is that the volumetric efficiency is of-
ten compromised at low pump speeds. However, the overall efficiency in
eha systems is still higher than in, for example, pump controlled actua-
tor systems due to the pumps’ low efficiency at small displacements [19].
The eha technology has become well-established in the aerospace indus-
try due to its efficiency and compactness.

Advantages High energy efficiency and does not require a variable
pump.

Disadvantages Requires one hydraulic machine and an electric motor
for each actuator. Low damping since the flow is load independent.
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2.3 System Summary

The systems described in this chapter are all used in different appli-
cations. Open-centre and constant pressure systems can be considered
rather simple and often inefficient system layouts. In such systems, the
component costs themselves are often important and efficiency might be
of less importance. Load sensing systems are often a good compromise
between efficiency and complexity, but suffer from poor dynamic charac-
teristics due to their closed loop pressure control. More details regarding
the dynamics of load sensing systems can be found in chapter 4.

When more than one load is actuated, often only the heaviest load
can be operated efficiently in single pump systems. This issue is solved
in valveless systems. When all loads have their own dedicated pump,
the pressure can always be matched against the present load. It can
be realized with transformers, pump controlled actuators or eha, where
eha is the most efficient solution. However, one has to bear in mind that
valveless systems might require several valves to handle, for example,
asymmetrical cylinder actuation and safety requirements [17] [19].

This thesis proposes a system design that can be placed somewhere
between load sensing and pump controlled actuators, see figure 2.12. It
is called flow control system. It is similar to pump controlled actuators
because the pump displacement setting is used to control the speed of
the actuators. However, only one system pump is needed and it uses
similar valves to load sensing systems. A complete description of flow
control systems is given in the following chapters.
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Figure 2.12 The system design analysed in this theses, flow control
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trolled actuators in terms of energy efficiency and performance.
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3
The Flow Control

Concept

In mobile hydraulic systems, the actuation of different loads is controlled
by joystick signals. These signals pose either a flow or pressure demand
from the operator. In applications where velocity control is important,
the signals from the operator often correspond to flow demands. An
example is load sensing systems equipped with pressure compensators.
The compensators maintain a constant pressure drop across the direc-
tional valves, which make the signals from the operator correspond to
flow demands. Nevertheless, the pump in these kinds of systems is still
often pressure controlled.

In systems where the operator’s signals correspond to flow demands, it
seems more natural to also control the pump by flow. This approach has
some benefits regarding energy efficiency, dynamic characteristics and
increased flexibility compared to load sensing systems. It also presents
some challenges, for example the compensator design.

The idea of flow control is to use the joystick signals to control the
pump flow and the valve opening simultaneously. This means that the
pump software needs information about the flow demands for different
functions. The pump displacement setting is controlled according to the
sum of all requested load flows.

When no function is activated, the pump is de-stroked, delivering no
flow to the system, and all directional valves are closed. Activating a
joystick will simultaneously open a valve and increase the displacement
of the pump. Pressure is built up in the pump hose and when the pump
pressure becomes higher than the load pressure there will be a flow to
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the actuator. When stationary, the flow delivered by the pump will go to
the load. The pump pressure will therefore adapt itself to a level needed
by the system. This results in efficiency improvements compared to load
sensing systems, which are described in more detail in section 3.3.

Figure 3.1 Simplified schematic of a flow control system. The pump

displacement setting and the valve openings are controlled simultaneously

by the operator’s joystick signals.

Flow control systems will suffer from load dependency if more than
one load is activated simultaneously. This can be solved by introducing
sensors into the system. Zähe [20] used the velocities of the actuators
as the main feedback signals for pump and valve control. Jongebloed et
al. [21] used pressure sensors at all load ports for the valve control. To
optimize energy efficiency, the valve at the highest load can be opened to
its maximum while lighter loads are controlled by their valve openings.

Load dependency can also be solved by using pressure compensators.
Since the pump is flow controlled, there will be different demands on the
compensator functionality compared to load sensing systems. However,
it also opens up new possibilities regarding the control of the directional
valves. Details regarding the compensator requirements and the control
approaches are described in sections 3.1 and 3.2.

Flow control systems have many similarities with load sensing systems.
Except for the pump controller, the two systems are almost equivalent.
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The pump controller used in flow control systems could also be used
in pump controlled actuators. All components needed in flow control
systems are therefore available on the market [22].

3.1 Pressure Compensators

In some mobile fluid power applications, load dependency and load in-
teraction are undesired system characteristics. An example is forestry
machines, where the operator wants to position the load with accuracy.
Pressure compensators are commonly used in these kinds of applications
to ensure good handling capabilities. Two different types of compen-
sators can be realized, which are explained in section 3.1.1 and 3.1.2.
In applications with less demand for accuracy, it is also possible to take
advantage of flow forces for the pressure compensation functionality.

3.1.1 Traditional Compensators

The most common design is to place the compensator upstream of the
directional valve. The reduced pressure is then working against the load
pressure and a preloaded spring, see figure 3.2a. The force equilibrium
for the compensator, equation (3.1), together with the flow equation
gives the flow across the directional valve. According to equation (3.2),
the compensator spring force sets the pressure drop across the directional
valve, making the flow load independent.

Fs + Ac1
p

L
= Ac1

pr ⇔ pr − p
L

=
Fs

Ac1

(3.1)

q
L

= CqAs

√
2

ρ
(pr − p

L
) = CqAs

√
2

ρ

(
Fs

Ac1

)
(3.2)

It is also possible to achieve the same functionality by placing the
compensator downstream of the directional valve. In that case, the
supply pressure is working against the reduced pressure and a spring
according to figure 3.2b. The force equilibrium, equation (3.3), together
with the flow equation gives the same result, equation (3.2) compared
with (3.4).

Fs + Ac1
pr = Ac1

ps ⇔ ps − pr =
Fs

Ac1

(3.3)
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Figure 3.2 Two different ways of realizing a traditional pressure com-

pensator. The pressure drop across the directional valve is set by the

compensator spring force.
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These types of compensators are designed for use with a pressure con-
trolled pump. In case of the pump being saturated, the supply pressure
will drop, resulting in the compensator spool at the heaviest load open-
ing completely. That function will lose speed and possibly even stop.
Functions operated simultaneously at lower pressure levels will, however,
move normally.

3.1.2 Flow Sharing Compensators

Another design is to implicate the highest load pressure into the compen-
sator. When the pressure is actively controlled, this design is equivalent
to the traditional compensator design. However, its characteristics are
different when the pump is saturated. All functions will then be given
the same priority, which means that all functions will decrease in speed.
This flow sharing functionality can be achieved by placing a compensator
either downstream or upstream of the directional valve.

In case of the compensator being located downstream of the direc-
tional valve, the reduced pressure is working against the highest load
pressure and a spring, see equation (3.5) and figure 3.3a. The pump
pressure margin is defined according to equation (3.6) and the flow can
be calculated according to equation (3.7).

Ac1
pr = Ac1

p
Lmax

+ Fs ⇔ pr = p
Lmax

+
Fs

Ac1

(3.5)
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Figure 3.3 Two different ways of realizing a flow sharing pressure com-

pensator. The pressure drop across the directional valve is set by the pump

pressure margin.

The flow sharing pressure compensator placed upstream of the direc-
tional valve is similar to its traditional equivalent. Instead of a spring,
two pressure signals that constitute the pump pressure margin are act-
ing on the compensator, see figure 3.3b. Equation (3.6) together with
the force equilibrium for the compensator, equation (3.8), gives the flow
according to equation (3.9). The spring in this type of compensator is
not required for the functionality. It can rather be used as a design
parameter for, for example, prioritization [23].
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Flow sharing pressure compensators will distribute the entire pump
flow relative to the individual valve openings also when the pump is
saturated. A pressure controlled pump which has been saturated cannot
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control the pressure and can therefore be seen as a flow controlled pump.
These compensators are therefore appropriate to use together with a flow
controlled pump.

3.2 Pump and Valve Control Approaches

In flow control systems, the operator’s joystick signals control the pump
flow and the valve opening simultaneously. For this to work properly,
the system software needs knowledge about every flow consumer in the
system. However, solutions for attaching auxiliary functions without
knowledge about their flow demand have been presented in [24] and [25].
Different control approaches are possible depending on whether tradi-
tional compensators or flow sharing compensators are used.

3.2.1 Flow Control using Traditional Compensators

When all directional valves are closed, the pump is ideally de-stroked
to zero, delivering no flow to the system. When the operator moves
the joystick, signals are sent to the pump and the valve simultaneously.
The valve is shifted from neutral position and the pump starts to deliver
flow. Since the valve is traditionally pressure compensated, the spring
force sets the pressure drop across the directional valve, and thereby the
absolute flow level that the valve is expecting, see figure 3.4. When the
pump is delivering flow, pressure is built up in the hose connecting the
pump and the valve. There will be a flow to the load when the pump
pressure is higher than the load pressure. This works fine as long as the
flow sent by the pump equals the flow expected by the valve. If this is
not the case, two situations may occur.

The pump flow is too low This is the same case as when the pump is
saturated in a load sensing system. The consequences will be that
the compensator spool at the highest load will open completely,
resulting in a decrease in speed for that load. It will possibly even
stop.

The pump flow is too high Both compensator spools will close more
and the pump pressure will increase until the system relief valve
opens. The throttle losses will be huge and the system will emerge
as a constant pressure system.
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Figure 3.4 Simplified schematic of a flow control system using tra-

ditional pressure compensators. The system can also be realized with

traditional compensators placed downstream of the directional valves.

The reason for this is that traditional pressure compensators control
the absolute flow across the directional valve by reducing the pump
pressure relative to the load pressure of its own load. This works fine
as long as the pump pressure is actively controlled, with for instance a
load pressure feedback. Otherwise, the flow situation in the system is
over-determined.

A lot of research solving this flow matching problem has been pre-
sented. Djurovic and Helduser [26] introduce a position sensor placed
on the directional valve. It allows precise knowledge of the flow expected
by the valve. It is also possible to equip the compensator with a position
sensor [27]. If no compensator is close to fully opened, the pump flow is
too high. In case of the pump flow being too low, the compensator at
the highest load would be completely opened. A bleed-off valve to tank
is proposed by several authors [24] [26] [27]. A small overflow is then ac-
ceptable, which could be used in closed loop control if a position sensor
is added. Fedde and Harms [28] discuss the pros and cons with overflow
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and underflow when using a bleed-off valve. Grösbrink et al. [29] [30]
propose a system design where the pump is pressure controlled for low
pump flows and flow controlled for high flow rates. It is also possible to
shift from flow control to pressure control in case of an undesirable press-
ure build up [31]. A review of solutions to the flow matching problem in
flow control systems using traditional compensators has been made by
Djurovic in [32].

3.2.2 Flow Control using Flow Sharing Compensators

There are alternatives to address this flow matching problem without
adding additional components or sensors to the system. The key is to
implicate the highest load pressure into the compensator and thus get
the flow sharing behaviour described in section 3.1.2. The compensators
than act as relief valves instead of reducing valves and all valve sections
will work against the highest load pressure, see figur 3.5. This has been
studied in, for example, [22] and [33].

Figure 3.5 Simplified schematic of a flow control system using flow

sharing pressure compensators. The system can also be realized with flow

sharing compensators placed downstream of the directional valves.
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Using a flow controlled pump in combination with flow sharing press-
ure compensators opens up new possibilities in terms of controlling the
directional valves independently of the cylinder velocity. This can be
explained with a small example. Imagine that two loads are active, the
first with 50% of the maximum velocity and the second with 25% of
the maximum velocity. The directional valves have an opening area of
50% and 25% and the flow delivered by the pump is constant. Both
directional valve openings are now increased, the first to 100% and the
second to 50%. The pump flow is still the same. Since the flow sharing
pressure compensators will distribute the entire pump flow relative to
the individual valve openings, the velocities will be unchanged. What
happens is that the absolute pressure drop across both directional valves
has been reduced, see figure 3.6.
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Figure 3.6 Flow sharing system characteristics. Both directional valve

opening areas are increased without affecting the actuator velocities. The

pressure drop across both directional valves will decrease.

This system characteristic is different from most other valve controlled
systems. Instead of controlling the flow, the valves will serve as flow
dividers. One control approach is to open the valve section at the load
with the highest flow demand to its maximum [34] [35]. Other active
functions must always be opened in proportion to its flow request. This
approach will minimize the pressure drop across the directional valves
and thus save energy. This is further discussed in section 3.3.

Another control approach might be to use the valves to increase the
damping of the system. There is an optimal valve opening where the
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damping is maximized. For example, when a function is oscillating the
valve opening could be reduced temporarily in order to dampen the
oscillations. When no oscillations are present, a more energy efficient
control approach can be used. This is further discussed in section 4.3.1.

3.3 Energy Efficiency

The energy efficiency of flow control systems is similar to load sensing
systems. The pump pressure is adjusted according to the highest load
and high losses might occur when loads with different pressure demands
are operated simultaneously. However, instead of a prescribed pressure
margin, as in load sensing systems, the pressure drop between pump and
load is given by the resistance in the hoses and in the valves. Further-
more, it is also possible to lower the pressure drop across the directional
valve by means of a more energy efficient control strategy.

In load sensing systems, the pump pressure margin is set to overcome
the losses in the pump hose, the compensator and the directional valve.
These losses are system dependent and will change with internal and
external conditions such as temperature, oil properties, hose length, etc.
The pressure margin is set according to the worst case to ensure it is
high enough at all operating points.

The pressure drop between pump and load can be divided into three
different losses:

Losses between pump and valve There will be a pressure drop be-
tween the pump and the valve. The magnitude will depend on
the internal and external properties mentioned above, but most
importantly the flow rate. A simplified model is that the losses
increase with the square of the flow rate.

Losses across the compensator There will be a pressure drop across
the compensator. High losses occur if the supply pressure is much
higher than the load pressure. This is the case at partial loading
conditions. The smallest possible loss occurs when the compen-
sator is fully opened. In that case, the required pressure drop
increases with the square of the flow rate.

Losses across the directional valve Typically, the compensator
makes sure that the pressure drop across the directional valve
is constant. However, the smallest possible pressure drop occurs
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if the valve is fully open. The pressure drop will then follow the
flow equation, similar to the compensator pressure drop.

In figure 3.7a, these three different losses are shown. If the pressure
margin is set perfectly, there would be no unnecessary losses at maxi-
mum flow rate in load sensing systems. However, at lower flow rates,
unnecessary losses will occur. In flow control systems, these losses will
be eliminated since the pump pressure is set by the resistance in the
hose and the valve.

It is possible to further reduce the losses in flow control systems. This
is done by opening the valve section with the highest flow demand to its
maximum, as described in section 3.2.2, in which case the pressure drop
across the directional valve is minimized and additional energy savings
are possible, see figure 3.7b.

A flow control system without pressure compensators would increase
the efficiency even further. In that case, the valve section at the highest
load pressure might be opened completely. However, its functionality
requires closed loop control and is therefore sensor dependent [21].
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Figure 3.7 Classification of the losses between pump and load. Three

different losses occur; hose, compensator and directional valve losses. At

lower flow rates, unnecessary losses occur in load sensing systems. No

unnecessary losses occur in flow control systems.

As can be seen in figure 3.7, the two system layouts have the same effi-
ciency at maximum flow rate if the pump pressure margin is set perfectly
in the load sensing system. Flow control systems have higher efficiency
for smaller flow rates. However, it is important to consider the power
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losses rather than the pressure losses. For low flow rates, the power loss
will be small even for high pressure drops. Figure 3.8 shows the power
saving opportunities for flow control systems. The largest power savings
occur in the medium flow rate area. If the directional valve is opened
completely, even more power can be saved.
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Figure 3.8 Power savings in flow control systems compared to load

sensing systems. More power can be saved if the directional valve is com-

pletely opened. No power is saved at maximum flow rate.

Flow control systems have no unnecessary losses for the highest load.
All losses that occur are necessary and limited by, for example, the diam-
eter of the hoses and the maximum opening areas in the valve. However,
flow control systems still have high losses at partial loading conditions.
To increase efficiency even further, individual metering valves or addi-
tional hydraulic machines are required.

A flow control system with two hydraulic pumps has been studied
in [36] and [37]. The aim is to reduce the losses at partial loading
conditions without increasing the total installed displacement. This is
achieved by connecting the two pumps when high flow rates are required
by one load. Connecting several pumps at high flow rates is a common
solution for more simple systems, for example, in excavators.
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4
Dynamic Analysis

The dynamic analyses in this thesis were made to show the fundamental
differences between load sensing systems and flow control systems. Lin-
ear models are used and different types of compensators are considered
in the analysis. The only difference between the load sensing system
model and the flow control system model is the absence of the feed-
back to the pump controller in the flow control system, see figures 4.1
and 4.2. Nevertheless, there are fundamental dynamic differences be-
tween the two system layouts.
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Figure 4.1 Dynamic load sensing system model.
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Figure 4.2 Dynamic flow control system model.

4.1 Mathematical Model

A linear mathematical model is constructed to perform the dynamic
analyses. The derivation of the equations is shown in [38].

The pump controller can be described in two different ways. In load
sensing systems, the controller consists of a pressure controlled valve
that controls the displacement piston. If the pressure balance, ΔPp =
Pp −Pa, is disturbed, the valve is displaced and the pump setting is then
proportional to the integrated valve flow. Here, the pump is modelled
as a pure inductance, see equation (4.1).

GpLS
=

Qp

ΔPpref
− ΔPp

=
1

Lps
(4.1)

The pump controller in flow control systems controls the displacement,
and thereby the flow, directly instead of maintaining a certain pressure
margin above the highest load pressure. Such a pump controller has no
external feedback from the system, similar to the load sensing feedback.
Here, the transfer function describing the displacement controlled pump
dynamics is called GpF C

, see equation (4.2).

GpF C
=

Qp

Qpref

(4.2)

The continuity equation of the pump volume yields the transfer func-
tion in equation (4.3).

Hs =
Pp

Qp − Qa
=

βe

Vps
(4.3)
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The model for the inlet orifice in the directional valve will be different
depending on the compensator design. A non-compensated valve will
have a flow-pressure dependency according to equation (4.4). In this
analysis, the valve is considered to be much faster than the rest of the
system. The valve dynamics is therefore ignored. The dynamics of
pressure compensated valves have been studied in, for example, [39]
and [40].

Gva =
Qa

Pp − Pa
= Kca (4.4)

A traditionally compensated valve will have no flow-pressure depen-
dency since the pressure drop across the directional valve is constant,
see equation (4.5).

Gva =
Qa

Pp − Pa
= 0 (4.5)

A flow sharing pressure compensated valve will have a flow-pressure
dependency, similar to a non-compensated valve, for the highest load.
Lighter loads have no flow-pressure dependency, like traditional com-
pensated valves. However, lighter loads will be disturbed by the highest
load due to cross-coupling of the highest load pressure to all compen-
sators [41].

Gva =
Qa

Pp − Pa
= Kca , ∀Pa = Pamax

Gva =
Qa

Pp − Pa
= 0, ∀Pa < Pamax (4.6)

Gvea =
Qa

Pp − Pamax

= Kca , ∀Pa < Pamax

A detailed investigation of valve models using different compensation
techniques can be found in [41] and paper [II].

A mass load with a gear ratio is considered to act on a cylinder. The
continuity equation for the cylinder chambers together with the force
equilibrium for the piston is shown in equations (4.7), (4.8) and (4.9).

Qa =
Va

βe
sPa + AcsXp (4.7)

U2m
L
s2Xp + BpsXp = AcPa − κAcPb (4.8)

κAcsXp − Qb =
Vb

βe
sPb (4.9)
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It is also possible to describe a load which consists of a hydraulic motor
by similar equations [II].

The outlet orifice in the directional valve is considered to have a flow-
pressure dependency according to equation (4.10).

Gvb
=

Qb

Pb
= Kcb

(4.10)

4.2 Pump Stability

Due to the absence of the load pressure feedback to the pump con-
troller in flow control systems, there is a fundamental dynamic differ-
ence between load sensing and flow control systems. To show this, the
mathematical model in section 4.1 can be simplified. A flow-pressure
dependency at the inlet side of the valve is assumed and the outlet ori-
fice is ignored. The simplifications will not influence the fundamental
differences but is important to bear in mind when making other dynamic
analyses.

A transfer function from inlet flow to pressure in the cylinder can
be derived using equations (4.7) and (4.8). Ignoring the outlet orifice
results in a constant pressure on the piston rod side.

Z
L

=
Pa

Qa
=

U2m
L
s + Bp

Va

βe
U2m

L
s2 + Va

βe
Bps + A2

c

(4.11)

4.2.1 Load Sensing Systems

The dynamic behaviour of load sensing systems can be described by
equations (4.1), (4.3), (4.4) and (4.11). By reducing the block diagram
in figure 4.3a, the open loop transfer function from desired pump press-
ure margin, ΔPpref

, to actual pressure difference, ΔPp = Pp − Pa, can
be derived according to equation (4.12). A complete investigation of
load sensing systems and their dynamic properties, including pump con-
trollers, can be found in [42].

GpLS
Go = GpLS

Hs

1 + Gva (Z
L

+ Hs)
(4.12)

By closing the control loop, the pump controller, GpLS
, is a part of the

loop gain, GpLS
Go, as shown in figure 4.3b. To achieve a stable system

the loop gain must be kept lower than unity when the phase crosses
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(a) Block diagram of a load sensing system derived from the transfer
functions (4.1) (pump controller), (4.3) (pump volume), (4.4) (inlet valve)
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Figure 4.3 Linear model of a load sensing system.

-180◦. On the other hand, it would be feasible to increase the gain of
the pump and its controller to achieve a system that meets the response
requirements. To achieve a system, with desired response, the gain of
the pump controller is increased, but at the same time the system is
approaching its stability limit. One should bear in mind that stability
at one operational point will not guarantee stability at another, see
figure 4.4.

4.2.2 Flow Control Systems

The dynamic behaviour of flow control systems can be described by
equations (4.2), (4.3), (4.4) and (4.11). This results in almost the same
block diagram as in figure 4.3. The only difference is the absence of
the feedback to the pump controller, see figure 4.5b. This results in a
fundamental dynamic difference between load sensing systems and flow
control systems. Since there is no closed loop for the pump controller,
the stability issues described in section 4.2.1 are eliminated. The pump
and its controller can thereby be designed to meet the response require-
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Figure 4.4 Bode plot of the open loop gain in figure 4.3b, GpLS
Go.

Table 4.1 Parameter values used in figure 4.4.

Parameter Value Unity

Ac 0.008 m2

Bp 10000 Ns/m
Va 4·10−3 m3

Vp 5·10−3 m3

Kca 1·10−9 m5/Ns
Lp 5·108 Pa s2/m3

m
L

[6000 12000 30000] kg
U 1 -
βe 1·109 Pa

ments without considering system stability. This has been verified by
experiments in [22] and [34].
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with no feedback present.

Figure 4.5 Linear model of a flow control system.

4.3 Damping

Hydraulic systems by themselves are normally poorly damped and need
some additional damping from the valves to prevent, or at least reduce,
the tendency to oscillate. To obtain damping from a valve, the flow
should increase when the pressure drop across the valve increases and
vice versa. Andersson [43] gives an overview of the valves’ contribution
to damping in mobile hydraulic systems. An overview of active oscil-
lation damping of mobile machine structure is given by Rahmfeld and
Ivantysynova in [44].

Open-centre and constant pressure systems have a high damping as
described in section 2.1. Load sensing systems are poorly damped, es-
pecially if pressure compensators are used. Valveless systems are ideally
undamped since no valves are present in those kinds of systems.

4.3.1 Active Control of the Inlet Orifice

In this section, the damping contribution of the inlet orifice in flow
control systems is analysed. The cylinder friction and the outlet orifice
are ignored to simplify the analysis, see figure 4.6. The inlet valve is
assumed to have a flow-pressure dependency, which means that it could
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be a non-compensated valve or a flow sharing valve at the highest load
according to equation (4.6).

Qa Ac

Va,Pa

m
L

U

Qp

Vp,Pp

Kca

Xp

Figure 4.6 Dynamic model of a flow control system with a mass load.

The outlet orifice and the cylinder friction have been ignored.

The system can be described by equations (4.2), (4.3), (4.4) and (4.11).
An expression for the flow-pressure coefficient of the inlet orifice that
gives the highest damping has been derived in paper [II] according to
equation (4.13).

Kcaopt
=

Ac

γ
3/4
i

√
Vp (γ

i
− 1)

βeU2m
L

(4.13)

where

γ
i

= 1 +
Vp

Va
(4.14)

The maximum damping in the system can be calculated using equa-
tion (4.15).

δhmax
=

1

2

(√
γ

i
− 1

)
(4.15)

Equation (4.15) shows that the maximum damping given by the inlet
orifice only depends on the value of γ

i
, which includes the pump hose

volume and the volume at the inlet side of the cylinder according to
equation (4.14). To get a high damping contribution from the inlet
orifice, the pump hose volume should be large compared to the volume
on the inlet side of the cylinder. However, this relationship will change
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during the cylinder stroke. The damping as a function of the inlet orifice
opening area for different values of γ

i
is shown in figure 4.7.

To get the highest possible damping for a given value of γ
i
, the inlet

orifice opening area has to be small. During certain points of opera-
tion this might result in substantial power losses [II]. To avoid this it
is possible to use the more energy efficient control strategy described
in section 3.2.2 while no oscillations are present. When damping is re-
quired, the valve can temporarily be closed more to reach the peaks in
figure 4.7. Finally, when the oscillations have died out, the energy effi-
cient control strategy can be applied again. This is possible to do in flow
control systems without affecting the cylinder velocities if flow sharing
pressure compensators are used.

Theoretically, a flow control system using traditional compensators
obtains no damping from the inlet orifice since the flow is independent
of pressure changes, see equation (4.5). This is also true for lower loads
using flow sharing compensators according to equation (4.6). One way
to obtain damping for such loads is to implement active damping, using
for example a dynamic load pressure feedback.

A special case of this analysis is when the inlet orifice opening area
approaches infinity. This is the case in valveless systems, which have no
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orifices at all. As can be seen in figure 4.7, the damping then approaches
zero. Consequently, a valveless system is ideally undamped.

4.3.2 Design and Control of the Outlet Orifice

In this section, the damping contribution of the outlet orifice is analysed.
This analysis is not limited to flow control systems, but is valid for all
pump controller designs. The prerequisite is that the inlet flow can be
modelled as a perfect flow source, which is true if the inlet orifice has no
flow-pressure dependency, see figure 4.8. This can be realized with, for
example, a traditional pressure compensator.

Pa

Qa

Ac

Va

Vb

κ

Qb

Pb
m

L

U

Kcb

Figure 4.8 Dynamic model of a flow controlled cylinder with a mass

load and an outlet orifice. The pump controller can be of any design; it

does not affect the analysis.

The system can be described by equations (4.7)-(4.10). Similar to the
analysis in section 4.3.1, the viscous friction in the cylinder has been
ignored to simplify the analysis. An expression for the flow-pressure
coefficient of the outlet orifice that gives the highest damping has been
derived in paper [III] according to equation (4.16).

Kcbopt
= κAc

√
Vb

βeU2m
L

(γo − 1)
γ3/4

o
(4.16)

where

γo = 1 + κ2 Va

Vb
(4.17)
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The maximum damping in the system can be calculated using equa-
tion (4.18).

δhmax
=

1

2

(√
γo − 1

)
(4.18)

Equation (4.18) shows that the maximum damping of the system de-
pends only on the value of γo , which includes the volume at each side of
the cylinder and the cylinder area ratio according to equation (4.17). To
get a high damping contribution from the outlet orifice the volume on
the inlet side of the cylinder should be large compared to the volume on
the outlet side. However, this relationship will change during the cylin-
der stroke. A high value of the cylinder area ratio increases the damping,
which means that a symmetrical cylinder gives higher damping than an
asymmetrical. The damping as a function of the outlet orifice opening
area for different values of γo is shown in figure 4.9.
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A valve design that is suggested in paper [III] is to optimize the damp-
ing when the piston is at its lower end position. While the piston moves
upwards, the damping will increase. If a higher damping is required, it
is possible to design the valve with a smaller orifice area. The drawbacks
with such a design are, however, that the damping will be slightly lower
at the piston’s lower end position and that the losses across the outlet
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orifice will be higher. If lower losses are required it is possible to design
the valve with a larger opening area. However, this is at the expense of
a lower damping. There is no point in designing the valve with a too
small orifice area. The damping will then be low and the losses high.

In case of the inlet and outlet orifices being decoupled, as in indi-
vidual metering systems, it would be possible to optimize the damping
during the cylinder stroke. While the piston is moving, the outlet orifice
could be controlled in order to achieve the highest possible damping. It
would also be possible to use a similar control approach as described in
section 4.3.1. When no oscillations are present, the outlet orifice could
be fully opened, minimizing the losses. When damping is required, the
controller could shift to optimize the damping and temporarily allow
higher losses.
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5
Experimental

Results

The energy efficiency improvements described in section 3.3 have been
validated using a wheel loader application. Also, the theories concerning
the design and control of the outlet orifice described in section 4.3.2 have
been validated in a test rig.

5.1 Energy Efficiency Improvements

5.1.1 Hardware Requirements

The hardware requirements in flow control systems are similar to load
sensing systems. To achieve the same system capacity, a pump size of
the same magnitude is used. Only the pump controller needs to be dif-
ferent. Instead of actively maintaining a certain pressure margin above
the highest load pressure, the pump displacement is controlled directly
from the operator’s demand signals. This requires an electrically con-
trolled displacement controller for the pump. However, the load sensing
hose to the pump controller can be removed.

Flow control systems use the same type of valves as load sensing sys-
tems. Flow sharing pressure compensators are favourable but work-
arounds with traditional compensators also exist, see section 3.2.1. In
some valve designs, a traditional compensator placed upstream of the
directional valve can be replaced with its flow sharing equivalent without
even replacing the valve housing [23].

Sensors are not required to achieve the desired functionality in flow
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control systems if pressure compensators are used. However, it would
be beneficial to use sensors to detect if the cylinder end stops have been
reached. In that case, the valve could be closed and the pump flow
adjusted to avoid unnecessary energy losses.

5.1.2 A Demonstrator System

To verify the energy efficiency improvements in the flow control concept,
measurements where performed on a wheel loader application, see fig-
ure 5.1. The machine was equipped with a pump that can be operated
in both pressure and flow control modes and a valve prepared for use
with both traditional and flow sharing compensators, placed upstream
of the directional valve.

Figure 5.1 The machine used for experiments.

In figure 5.2c, the pump pressure margin for both the load sensing and
the flow control systems can be seen. The measurements agree with the
theoretical pressure margin shown in figure 3.7. The flow sent by the
pump is similar in both systems, see figure 5.2a. It can also be observed
in figure 5.2b that the pressure is more oscillative in the load sensing
system. This is because the pump controller operates in a closed loop
control mode [42].

A short loading cycle has also been performed to compare load sensing
and flow control. Only the working hydraulics have been taken into con-
sideration, neither the steering nor the transmission. Figure 5.3a shows
the position of the actuators and figure 5.3b the energy consumption.
The energy consumption was reduced by 14% for the flow control system
for this particular application. This is the same order of magnitude as
experiments performed in [24] and [34].
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Figure 5.2 Experimental results showing the potential of reducing the

pump pressure margin in flow control systems compared to load sensing

systems.
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Figure 5.3 Experimental results showing the actuator positions and

the consumed energy in a short loading cycle. The flow control system

consumed 14% less energy during the cycle compared to the load sensing

system.
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5.2 Improved Damping

A test rig to validate the damping contribution by the outlet orifice has
been constructed. It consists of a traditional pressure compensated valve
on the inlet side, a cylinder with a mass load and a servo valve on the
outlet side, see figure 5.4. Different designs of the outlet orifice can be
achieved by controlling the opening area of the servo valve. A constant
pressure pump supplies the system. Pressure sensors are attached on
the supply side and on both cylinder chambers. The cylinder and the
servo valve are equipped with position sensors. External volumes are
mounted on both sides of the piston. By using either one, it is possible
to manipulate the dead volumes on either side of the piston.

Figure 5.4 The experimental test stand. The pressure compensated

valve can be seen at the lower right and one of the volumes to the left.

In the experiments, a step is made in the flow by opening the inlet
valve. Oscillations in the cylinder velocity are then studied. The exper-
imental results are presented in figure 5.5. In tests (a) and (b), there
is a large volume on the inlet side which means that a relatively high
damping can be expected. In test (a), the outlet orifice area is dimen-
sioned close to the maximized damping. As can be seen in figure 5.5a,
there are almost no oscillations in the cylinder velocity. In test (b), the
outlet orifice area is larger than in test (a) and the damping becomes
lower, see figure 5.5b.

In test (c), there is a large volume on the outlet side of the cylinder,
which means that the damping is expected to be low. The outlet orifice
area is dimensioned close to the maximized damping. Nevertheless, the
damping is still low according to figure 5.5c. This is consistent with the
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mathematical analysis according to equations (4.17) and (4.18).
In test (d), the outlet orifice area is so large that it can be equated

with having no outlet orifice at all. Theoretically, the hydraulic system
will not contribute any damping without an outlet orifice as shown in
section 4.3.2. This is almost the case in the measurements as can be seen
in figure 5.5d. The damping that is still obtained is due to secondary
effects ignored in the mathematical analysis, such as friction and leakage.
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(a) A high damping is obtained
when there is a large volume on the
inlet side of the cylinder and the
outlet orifice is designed close to its
optimum.
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(b) The damping becomes lower
when there is a large volume at the
inlet side and the outlet orifice area
is too large.
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(c) When there is a large volume at
the outlet side of the cylinder, the
damping becomes low even if the
outlet orifice is designed close to its
optimum.
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(d) Without an outlet orifice, only
secondary effects such as friction and
leakage will contribute to the damp-
ing.

Figure 5.5 Experimental results for different designs of the outlet ori-

fice.
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6
Summary and

Conclusions

This thesis studies a system design where the pump displacement set-
ting is controlled based on the operator’s command signals rather than
maintaining a certain pressure margin above the highest load pressure.
Conventional load sensing systems are state-of-the-art in industry today
and are therefore used as comparison base.

The fundamental difference between flow control and load sensing is
that the load pressure feedback hose to the pump controller can be
removed. Instead of controlling the pump in a closed loop control mode,
an open control mode can be used with no feedbacks present. This
makes the system design process simpler since the pump can be designed
to meet the response requirements without considering system stability.
As long as the pump is stable as an isolated component, it will not cause
any stability issues in the complete system. In load sensing systems on
the other hand, an apparently stable pump can cause instability in the
complete system.

Flow control systems are more energy efficient compared to load sens-
ing systems. This is because the pressure difference between pump and
load is given by the system resistance rather than a prescribed pump
pressure margin. The two system layouts have the same efficiency when
the pump is saturated. However, in all other operational points, flow
control systems have a higher efficiency than load sensing systems. There
are also potential energy savings tied to the absence of active control of
the pump.

Pressure compensators are key components in flow control systems.
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Traditional compensators control the absolute flow through the direc-
tional valves. If the pump also controls the flow, the flow situation in
the system is over-determined and flow matching problems occur. This
can be solved by introducing sensors or a bleed-off valve. Another solu-
tion is to use flow sharing pressure compensators. Instead of controlling
the flow, the valves will then serve as flow dividers, eliminating the flow
matching problem. Both traditional and flow sharing compensators can
be realized by placing the compensators either upstream or downstream
of the directional valves. A drawback with flow sharing compensators is
that the highest load dynamically will disturb all lighter loads.

Damping is a desired property in fluid power systems. Low damping
makes the system oscillative, which has a negative impact on both the
productivity and the operator. Two different ways to obtain damping
in flow control systems are analysed in this thesis, either by the inlet
orifice or by the outlet orifice in the directional valve. If flow sharing
compensators are used, it is possible to control the inlet orifice, with-
out affecting the actuator velocity, with the objective to optimize the
damping. Active damping measures are required to obtain damping by
the inlet orifice if traditional compensators are used. Some design rules
to obtain a high damping by the outlet orifice are proposed. From an
energy efficiency point of view, it is often better to obtain damping by
the outlet orifice since a smaller pressure drop is required.

It is possible to combine flow control with other working hydraulic
systems. For example, flow control could be used as a complement to
pump controlled actuators. Some high power consumers could have one
dedicated pump while other, low power, consumers share one common
pump. In that case, the total installed displacement could be kept at
a reasonable level while all pumps could be displacement controlled.
Another possibility could be to use an electric motor in combination
with a fixed displacement pump, like in eha systems, but share it with
several loads. This solution is more favourable in flow control systems
than in load sensing systems because a lower bandwidth is required.

Experiments have been performed to show the capability of the flow
control approach. For example, reduction of the superfluous pump press-
ure margin and energy saving potentials in a short loading cycle for a
wheel loader application have been demonstrated.
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7
Outlook

Today, both academia and industry devote a lot of effort to the area of
energy efficient fluid power systems. This will most likely continue in
the future. In the short term, flow control systems are a complement,
or alternative, to load sensing systems in particular applications. The
challenge is how, and to what extent, sensors should be used. It is
possible to design a flow control system without the need for sensors,
but it might be desirable to use sensors in some operational cases. One
example is when a cylinder reaches its end stop. From an efficiency point
of view, substantial power savings are possible if the pump controller has
such information feedback from the consumers.

In the longer term, independent metering and valveless systems will
probably gain market shares. Those systems are more energy efficient,
especially during partial loading conditions. Furthermore, they also have
the possibility to recuperate energy from the loads. This energy can
either be used to run the system pump as a motor or to be stored in, for
example, an accumulator. One interesting system layout in the future
could be to use a fixed displacement bidirectional pump powered by an
electric motor in flow control systems. This is a hybrid of eha and flow
control.

Which hydraulic system to choose will always be a compromise be-
tween, for example, efficiency, dynamic characteristics, complexity and
cost. It is possible that flow control systems will be the optimal solution
for certain functions in some particular applications.
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8
Review of Papers

In this chapter, the three appended papers in this thesis are briefly
summarized. Papers [I] and [II] analyse different aspects of flow control
systems and compare the findings with load sensing systems. Paper [III]
is not limited to flow control systems; the conclusions are valid for several
system designs.

Paper I

Energy Efficient Load Adapting System Without Load Sens-

ing – Design and Evaluation

This paper studies different pressure compensator techniques in flow
control systems. The fundamental difference between load sensing and
flow control systems is that the pump is controlled based on the oper-
ator’s flow demand rather than maintaining a certain pressure margin
above the highest load pressure. The flow matching problem when using
traditional compensators in combination with a flow controlled pump is
exemplified. Solutions with flow sharing compensators are presented,
which include a control strategy where the directional valve with the
maximum flow rate can be fully opened with the aim of saving energy.
Design requirements for a flow sharing compensator placed upstream
of the directional valve is proposed. Simulation results are shown and
verified by experiments in a wheel loader application. The results show
increased energy efficiency in flow control systems compared to load
sensing systems.
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Paper II

Dynamic Analysis of Single Pump, Flow Controlled Mobile Sys-

tems

In this paper, a dynamic analysis is performed where load sensing and
flow control systems are compared. Different pressure compensators are
included. It is shown that instability might occur in load sensing systems
due to the load pressure feedback to the pump controller and proven that
no such instability properties are present in flow control systems. It is
mathematically shown that flow sharing compensators will dynamically
disturb lighter loads. A novel way of controlling the directional valve in
order to optimize the damping is proposed. This can be done without
affecting the cylinder velocities.

Paper III

Optimized Damping in Cylinder Drives Using the Meter-out

Orifice – Design and Experimental Verification

This paper analyses the damping contribution given by the outlet orifice
in the directional valve. The analysis is not limited to flow control
systems but is valid for all pump controller designs. The requirement
is that there is no flow-pressure dependency at the inlet side of the
valve, which can be realized with for example a traditional pressure
compensator. There is an optimal orifice area to obtain the highest
possible damping. Both smaller and larger areas give lower damping. A
valve design is proposed which optimizes the damping in the worst case
scenario. Experimental results confirming the theoretical expectations
are also presented.
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