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Abstract

Along with increased oil prices and rising environmental issues, a demand for
alternatives to combustion engine driven hydraulic applications has risen. In
the field of mobile hydraulics, the hydraulic applications have traditionally been
driven by the combustion engine of the vehicle on which they are mounted. By
instead using a battery driven power pack the hydraulic application is able to
operate without the engine running, saving fuel costs and reducing sound levels.

In this thesis, the concept of using an electric-hydraulic power pack with a
variable-speed electric motor and a fixed-displacement hydraulic pump to pro-
vide power to a truck-mounted loader crane is investigated. This concept is
compared to an electric-hydraulic system imitating the conventional combus-
tion engine system by using a fixed-speed electric motor connected to a variable-
displacement pump. The use of a variable speed motor where the speed can be
controlled electrically by a control unit creates possibilities of using different con-
trol strategies to improve the efficiency and responsiveness of the application.

The efficiencies of the two electric-hydraulic systems are compared by con-
structing a physical test rig and performing measurements in a test lab. The tests
have shown an increased efficiency of about 20 % when using the variable speed
configuration.

Three different control strategies are also investigated and tested on a simu-
lated model. The simulations show that very good responsiveness and robustness
can be achieved by using a hydraulic flow feed forward controller with a comple-
mentary pressure feedback controller.

Furthermore, by controlling the hydraulic flow to the heaviest of the crane
loads entirely with the flow from the hydraulic pump, the hydraulic pressure can
be reduced and energy efficiency increased.
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Notations

General notations

Notation Meaning

P Power
I Current
V Voltage
p Hydraulic pressure
q Hydraulic flow
ρ Density
T Torque

Electric notations

Notation Meaning

fe Electrical frequency
Uoc Open circuit voltage of the battery
n Rotational speed
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xii Notations

Hydraulic notations

Notation Meaning

∆p Difference in pressure
pLS Load sensing pressure, pressure of heaviest load
ppump Pressure after pump/system pressure
qL Hydraulic flow to a specific load
Cq Flow factor, geometric parameter
Av Area of valve/orifice
xv Position of valve
kg,i Geometric parameter of valve

qcontrol Flow signal from the controller
qf f Flow signal from the feed forward controller
qf b Flow signal from the feedback controller

qadjust Dimensionless signal from the complementary feed-
back controller

qest Estimated hydraulic flow required by application
Ff f Transfer function of feed forward controller
Ff b Transfer function of feedback controller
ηhm Hydro-mechanic efficiency of hydraulic pump
ηv Volumetric efficiency of hydraulic pump
Dp Displacement of hydraulic pump
εp Variable displacement setting (=1 for fixed pumps)



1
Introduction

1.1 Background

Due to increased oil prices and rising environmental issues the need for develop-
ing more energy efficient applications is a big driving factor for development in
the world today.

In mobile applications, hydraulic systems have traditionally been driven by
a combustion engine connected to a hydraulic pump. This allows for great flexi-
bility, possibility of using high power along with low cost and low extra weight,
since the engine is required anyway. In recent years, falling prices of batteries
and great development on customer-oriented electric vehicles, interest in using
electrical motors as a power source for work hydraulics has aroused.

The proposed benefits of using an electric motor instead of a combustion en-
gine would be lower noise levels, a lower energy cost and fewer emissions. How-
ever, a battery pack of adequate size would be expensive to purchase and be a
major part of the total price of the application. An improved energy efficiency
of the power pack would require a smaller battery pack, thereby significantly
reducing the overall cost of the final product.

In applications where the demand for power is very uneven, the overall effi-
ciency of an combustion engine driven system is very low, but the possible effi-
ciency benefits of using an electric motor are very high, due to the electric motor
not using any power at all during idle.

In Hudiksvall, a town with long traditions of hydraulic business, several hy-
draulic companies have come together and formed a "hydraulic cluster", a coop-
eration that focuses on education and joint projects. This master thesis project is
collaborating with several of the companies in the cluster, mainly Hiab, Goodtech
and Sunfab.

Hiab, a subsidiary in Cargotec, specializes in manufacturing cranes of differ-
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2 1 Introduction

ent sizes for mounting on on-road trucks. The cranes use a hydraulic system
with cylinders and pistons for maneuvering the cranes. The power is provided
by a load-sensing hydraulic pump which is connected to the diesel engine of the
truck. An electric driven system could be a substitute to the diesel driven system
in Hiab’s applications which is why they are collaborating in this project.

1.2 Problem formulation

The purpose of this project is to study and evaluate the possibility of using a load
sensing power pack featuring a hydraulic pump with fixed displacement where the
flow is controlled by a variable-speed electric motor and powered by a battery (re-
ferred to as configuration 2), as opposed to an existing load sensing system with a
variable-displacement hydraulic pump that runs on a constant speed electric motor
(referred to as configuration 1). The emphasis will be on studying controllability
and energy efficiency.

A model for simulation of the power-pack, the hydraulic system and the me-
chanical crane of configuration 2 will be produced and several control concepts
will be evaluated in simulation.

A physical test rig consisting of the power pack will also be constructed and
measurements will be performed on the two configurations in order to evaluate
and compare energy efficiency. The test rig will be evaluated using a drive cycle
similar to a general Hiab truck crane drive cycle.

The main questions to be answered during the project are:

• Controllability: Can the hydraulic system be well controlled by a fixed-
displacement pump and a frequency-controlled electrical motor? Will the
system be able to provide enough power during a specified duty cycle?

• Efficiency: Will the variable-speed pump with fixed displacement solution
(configuration 2) be more energy efficient than a fixed-speed pump with
variable displacement solution (configuration 1)? How can the efficiency of
the system be increased?

• Energy study: How large batteries will be needed in order to provide enough
energy to the system? How does the energy flow through the power pack
and where is energy lost?

There are also some other interesting questions that will be briefly discussed:

• Validity: Will the produced model correspond well enough to the real sys-
tem so that qualitative conclusions can be drawn from simulations?

• Cost effectiveness: Will the new solution be cost effective? Could this
change in the near future due to changing prices of the components?

• Environmental analysis: How will the new solution affect the environment
during the product life-cycle?



1.3 Previous work 3

1.3 Previous work

In the following sections, previous work and research in different areas related to
this project are discussed.

1.3.1 Electric hydraulic systems

The idea of using an electric-hydraulic power source with a load-sensing (LS)
hydraulic system is not new and has been studied on several occasions, both in
the industry and academia.

Berkner has written a good summary on which technologies (motors, invert-
ers and batteries) are available on the market today and their respective pros
and cons [Berkner, 2008]. The advantages of the asynchronous AC motor (that
is applicable for this project) are its low cost and that it is simple to build not
requiring any rare materials. The disadvantages of this motor are that it suffers
from relatively poor energy efficiency and poor power density. An alternative
to the asynchronous motor is the synchronous AC (permanent magnet) motor
which has the advantage of higher energy efficiency but is more expensive and
requires rare earth metals to be produced. Berkner further concludes that it is
possible to greatly improve the energy efficiency by using an electric-hydraulic
system, compared to a conventional hydraulic system.

There are also numerous studies of using hydraulic combustion engine-electric
hybrids, for example Lin [Lin et al., 2009] who has studied the use of the hybrid
concept in construction machine applications. Lin writes about several manufac-
turers that have hybrid prototypes or products. His summary states that there
are large efficiencies to gain when using hybrid technology.

There are also some products available on the market based on the electric-
hydraulic approach. The Bosch-Rexroth SY.DFE pumps for industrial use are a
series consisting of a variable-displacement hydraulic pump combined with an
electric motor, this configuration is proposed by the manufacturer to have the
benefits of good energy efficiency and good dynamic properties.

1.3.2 Variable-speed fixed-pump

One goal with this project is to investigate whether a system with a variable-speed
hydraulic pump with fixed displacement is more energy efficient than a system
with a fixed-speed pump with variable displacement. This is investigated in a
study by Tasner [Tasner and Lovrec, 2014] where the conclusion is that the latter
system is the more energy efficient. The drive cycle used in the study differs from
the cycle planned to be used in this project in the fact that is does not include
any idle parts. The ability to slow down the speed of the motor to zero when
idling is a big benefit with the prior system and the answer to which system is
most energy efficient doesn’t have to be the same in this project. Tasner’s results
indicate however that the difference in efficiency might not be very big. Tasner
also studies a third concept, which is a combination of the two mentioned above,
with a pump with both variable speed and variable displacement. This gives an
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additional degree of freedom and as a consequence a possible higher efficiency
than the two other systems but also requires a more complicated controller. The
study presents such a controller but the possibility of using it is outside the scope
of this project.

Lovrec et al[Lovrec et al., 2008] has also studied the concept of using a system
with a fixed displacement pump and an induction motor with variable speed for
usage in an industrial forming machine. This is the same motor-pump configura-
tion as in this project, the results from the study is therefore a good indicator of
the challenges and expectations of this project. Lovrec et al conclude that there
are some issues in responsiveness due to the high inertia of the electric motor
compared to the inertia of a variable displacement pump, although there are im-
provements gained in the overall efficiency compared to an ordinary LS system.

Minav [Minav et al., 2012] has conducted a study of using the hydraulic pump,
directly driven by an electric motor, to power a lifting system. The pump has a
fixed displacement and the hydraulic flow is controlled by varying the speed of
the motor (as is the case this project). Minav discusses the possibility of recuper-
ation during lowering of the load, however in this project this opportunity will
not be considered due to the need of modifying the hydraulic system. In gen-
eral, by using an electric motor the energy efficiency increased, even when not
considering recuperation.

1.3.3 Flow control

In this project the concept of controlling the flow directly from the pump, so
called "flow control", will be used. The main difference between flow control and
traditional load sensing (LS) systems is that the flow is directly controlled (fed
forward) from an operator "required flow" signal, unlike the load sensing system
which utilizes a pressure feed-back loop in order to control the flow.

Eriksson [Eriksson, 2010] has studied the difference between a flow controlled
system and a conventional LS-system on a drive cycle for a wheel loader. The re-
sult from the study is that the energy consumption of the flow controlled system
is about 14 % lower than that of the LS-system (for that specific application). The
flow controlled system is also found to be less oscillative than the LS-system.

Axin et al [Axin et al., 2014] have conducted a study of the flow control con-
cept on a wheel loader application. The increased stability of the feed forward
control compared to an LS system is discussed and found to be in great favor to
the flow control concept. The reason for this is that the responsiveness of a (LS)
feed-back loop is often limited by stability issues in the stiff hydraulic system,
whereas the feed forward flow controller can be designed considering only the
desired properties of the system, without having to take stability issues into ac-
count. Axin et al also conclude that there are reduced energy losses in the system
due to lower pressure drops over various components when using flow control,
rendering a better overall energy efficiency.

The company Parker is promoting a flow controlled hydraulic system [Stege-
mann and Acharya, 2011], claiming great benefits in terms of efficiency and per-
formance in comparison to traditional (such as constant pressure, constant flow
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and load sensing) hydraulic systems.

1.3.4 The approach of this project

The approach of this project is to try to increase the overall efficiency of an LS-
designed hydraulic system by using the flow control concept, together with a
fixed displacement pump and a variable speed motor. This specific configuration
has not been found by the authors to have been studied before. This is probably
due to that a more conventional approach for using the flow control concept has
been to initially design the hydraulic system with regards to flow control, rather
than using an unmodified LS-designed hydraulic system.

By specifically not modifying the hydraulic system, other than the pump, this
control concept is possible to apply on a modular or an already existing system.

Although this specific configuration may not have been studied before, the
results mentioned earlier indicate that it might be a good solution with regards
to energy efficiency and controllability.

1.4 Delimitations

Hydraulic system design: The hydraulic system (not specifically considered to
be a part of the power pack) is not modified. This means that the system’s using
valves designed for a traditional load sensing hydraulic system.
Selection of components: The hydraulic pump is selected from the Sunfab prod-
uct series. The induction motor that was already installed on the test bench is
not replaced, but the possibility of using a smaller motor or a permanent magnet
motor is discussed.
Testing and comparison of the systems: The systems are not compared with re-
gards to the ability to withstand rough conditions, such as extreme temperatures,
altitude or other uncommon usage environments.
Energy study of the power pack: The efficiency is only calculated for the battery,
the motor and the pump. It is not investigated in detail which parts in the above
components that give rise to the energy losses.

1.5 Outline

This report is made up of nine chapters, this one being the first. The theory
behind the concepts and components used in the project and present in the report
is presented in the second chapter. The theory lays the base of understanding
needed to carry out a thesis project in the area for a reader with an engineering
background.

The third chapter describes the work of constructing the test rig with the two
different configurations to be compared and how efficiency measurements were
carried out.

Chapters four and five concern the simulation model of the system with a
fixed displacement pump. The fourth chapter describes the different parts of the
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model, how they are implemented and how they are validated in the cases where
validation is possible. In the fifth chapter the structures of the different con-
trol strategies are presented, as well as their implementations in the simulation
model.

The results from the measurements on the test rig and the simulations of the
model are presented in chapter six. The results from the measurements focus on
energy efficiency and the results from the simulations focus on controller perfor-
mance.

The seventh chapter is a study of the energy flow through the different compo-
nents of the power pack. The study is carried out on the simulation model but the
results are applied to the physical components of the system. The chapter also
includes discussions about how well the components are matched to the typical
operation of the system with regards to efficiency.

In chapter eight a comparison of the two configurations of the system on the
test rig is presented and discussed. A comparison is also made and discussed
between the different control strategies implemented in the model. The pros and
the cons of using an electric system are discussed.

Finally, the conclusions of the thesis are presented in the last chapter together
with recommendations on interesting future work based on the results of this
thesis.



2
Theory

2.1 Hydraulic systems

The biggest advantage of a hydraulic system compared to an electrical power
system is that the hydraulic actuators (i.e. motors, pistons etc) have a very high
power density, which makes them much more attractive to use in mobile systems
where a high amount of power is required as well as a low weight.

There are several kinds of hydraulic systems, which differ in terms of how the
pressure and flow of the hydraulic fluid is created and controlled.

2.1.1 Constant flow system

The most basic kind of hydraulic system is the constant flow system, where a
pump is running continuously, providing a constant hydraulic flow to the system.
The loads (i.e. motors, cylinders etc) are controlled by valves of open-center type
(see Figure 2.1), which means that when the valve is in idle (center position)
the flow passes right through the valve and to the next one (or the tank, in the
end). This means that when the whole system is idle, the hydraulic flow runs
straight from the pump, through each valve and back to the tank. When a valve
is shifted from the idle position, the flow is diverted to the load in question, and
the pressure in the system (which in idle is low) will rise to meet that of the load.

This kind of system is simple, due to the simple components required, but
unfortunately very energy inefficient, especially when idle or at low speeds (i. e.
low flows), see Figure 2.2. Another drawback is that the velocity of different loads
will be dependent of each other, since they share a common path of the hydraulic
flow.

7



8 2 Theory

Figure 2.1: Schematic of a sim-
plified constant flow system. The
loads are connected in series with
the hydraulic pump.

Figure 2.2: pq-diagram of a con-
stant flow system. The "losses"-area
represents power lost due to excess
flow from the hydraulic pump.

2.1.2 Constant pressure system

Another kind of system is the constant pressure system, see Figure 2.3, where
the hydraulic pressure is kept constant by a variable displacement pump1. The
loads are controlled by valves connected to a common pressure rail. Since the
pressures to the loads will be kept constant by the pump, the functionality of
different loads won’t be dependent of each other.

This kind of system uses less power than the constant-flow system when idle,
but still suffers from poor energy efficiency when moving light loads, see Figure
2.4.

2.1.3 Load sensing system

A load sensing system, LS-system, features a variable-displacement pump that
keeps the system pressure at a certain level, ∆p, above the pressure determined
by the heaviest load.

The pump receives the maximum load pressure, the LS-signal, through a se-
ries of check-valves from the loads, see Figure 2.5. Since the system pressure is
determined by the heaviest load, this kind of system is very energy efficient when
moving a single load, but when moving multiple loads there might be significant
losses, see Figure 2.6, due to pressure drops in the valves controlling the flows to
lighter loads.

Since the system pressure varies, the flow through a valve is not only depen-
dent of the valve position but also of other loads. Since it is desirable to have the
flow dependent only of the valve position, a compensator valve is inserted at each
valve, which keeps the pressure drop over the valve constant at a certain level.

1A variable displacement pump features a mechanism for adjusting its displacement (i. e. volume
output per revolution), often controlled by a hydraulic pressure.



2.1 Hydraulic systems 9

Figure 2.3: Schematic of a simpli-
fied constant pressure system. The
loads are connected in parallel to
a common pressure rail, rendering
the functionality of the loads inde-
pendent of each other.

Figure 2.4: pq-diagram of a con-
stant pressure system. The "losses"-
area represents power lost due to
excess pressure from the hydraulic
pump.

Figure 2.5: Simplified schematic
of a load sensing hydraulic system.
The loads are connected in parallel
to a common pressure rail, where
the hydraulic pump uses the pres-
sure of the heaviest load to control
the system pressure.

Figure 2.6: pq-diagram of a load
sensing hydraulic system. The
losses are smaller compared to pre-
vious systems, but can still be sig-
nificant if the pressures of different
loads differ.
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The flow through the valve and to the load, qL, is determined by the following
equation:

qL = CqAv

√
2
ρ

(p1 − p2) (2.1)

where the opening area Av = Av(xv) is dependent of the valve position xv .
Since the pressure drop over the valve, p1 − p2, is kept constant, the flow will
only be dependent of the valve position.

2.1.4 Flow control

In a hydraulic application, it may be desired by the operator to control the speed
of a movement by the angle of a joystick. In this case the hydraulic flow required
from the pump can be determined by measuring the joystick positions and calcu-
late an estimated required flow, see equation 2.2.

qest =
n∑
i=0

f (xi)kg,i (2.2)

The function f (x) is an arbitrary, possibly nonlinear function often designed
to increase the sensitivity of small movements and fine adjustments. The kg,i are
geometric parameters derived from the valve and load characteristics and n is the
number of functions.

The hydraulic system which diverts the hydraulic flows can be almost identi-
cal to the LS-system, with the exceptions that the flow from the hydraulic pump
will now be controlled by a controller and the LS-pressure is measured by a sen-
sor.

When the operator requests a certain movement of a load, the required flow of
the system will be fed-forward to control the speed of the hydraulic pump, along
with a signal to the directional valve in question to be opened. As the flow from
the pump increases, the pressure at the pump will also increase until it is higher
than that of the load, which will cause a flow to the load through the valve.

The biggest advantage of using a feed-forward concept to control the speed
of the pump is that the stability of the system will improve. Hydraulic systems
are generally quite under damped and by controlling the systems with a feed-
back loop (such as the previously discussed pressure controlled LS system) large
oscillations can easily occur if the controller is not tuned correctly, or dampened
further by adding hydraulic dampeners. By using a feed-forward loop instead,
the risks of oscillations are significantly reduced and the speed of the controller
can be increased without much risk of instability.

Pressure feed-back

As with all feed-forward controllers, the performance of the controller could be
largely affected by errors in the model estimation (in this case; the required hy-
draulic flow estimation).
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Figure 2.7: Left: The desired flow and pressure of two loads. Right: The
actual flow and pressure of the loads, the flow to Load A is reduced due to
pump saturation.

An error in the model will result in a too high or a too low flow from the
hydraulic pump. These two situations are discussed below:

• The controlled flow from the feed-forward controller is too low.

This could be due to that the pump flow is saturated, or that there is a model
error in the feed-forward controller.

When the flow is too low the compensator valve of the heaviest load will
react by opening fully, but the flow to the load will still be lower than ex-
pected, or even none at all.

Due to the lower flow, the pressure drop over the compensator valve, ∆p,
will be lower than usual, see figure 2.7

• The controlled flow from the feed-forward controller is too high.

This is probably due to a modeling error in the feed-forward controller.

When the flow is too high the compensator valves of the different loads will
close and only allow their share of flow through them. The pressure at the
pump will rise until the pressure relief valve opens up, essentially creating
a constant pressure system with great power losses, see Figure 2.8.

In order to cope with the errors in the feed-forward controller model, effec-
tively causing unwanted pressure variations, a feedback controller is introduced
to compensate for these behaviors.

The resulting controller will achieve an initial fast response (thanks to the
feed forward controller) and, in a short while, a correct flow and pressure level
thanks to the feed-back controller.
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Figure 2.8: Left: The desired flow and pressure of two loads. Right: The
actual flow and pressure of the loads. The pressure rises to max system pres-
sure due to a too high flow from the pump.

1
q_control

1
p_required

p_err q_fb

Pressure controller
feedback

q_est q_ff

Flow controller
feed forward

2
p_actual

3
q_est

delta_p

Figure 2.9: Overview of the feed-forward control strategy. The resulting con-
trol signal is the sum of the signals from the feed forward and the feedback
control blocks.
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Adaptive parameter set

As previously discussed, the feed forward controller users the control signal qest
that can be calculated from the sum of the operators signals together with the
geometric parameters kg,i .

An error in the geometric parameters would result in an error in the cal-
culated required flow, making the performance of the feed-forward controller
worse. Unfortunately, the geometric parameters may be hard to determine exact,
due to manufacturing variations, operating conditions or wear. If the exact flow
to each of the loads could be measured the relation between the operator signals
and the resulting flows would be known and the current values of the parameters
determined. Flow-measurement sensors are however quite expensive and/or in-
accurate so another approach with a quasi-observer that estimates the parameters
is proposed:

When using a feed-forward controller together with a feed-back controller,
the feed-back controller should ideally be outputting a value not modifying the
feed forward signal at all, and an ideal feed-forward controller should take care
of all control signals needed to control the system.

However, when introducing a model error in the feed-forward controller the
feed-back controller will take care of the adjusting needed in order to cope with
the model error.

A schematic view of the controller can be viewed in Figure 2.9. A correla-
tion between the estimation error of the feed forward controller, qest,err , and the
feedback control signal, qf b, can be derived using Equations 2.3 through 2.9.

The feed forward flow signal is a function of the estimated flow (see Equation
2.2).

qf f = Ff f qest (2.3)

The total flow signal is the sum of the feed forward and the feedback flow
signals.

qcontrol = qf f + qf b (2.4)

The estimation error of the flow is the difference between the actual flow and
the estimated flow.

qest,err = qactual − qest (2.5)

The system flow error is the difference between the control signal (sent to the
inverter) and the actual flow (coming from the pump).

qsys,err = qactual − qcontrol = (qest,err + qest) − (Ff f qest + qf b) (2.6)

⇔

qf b = qest + qest,err − Ff f qest − qsys,err (2.7)

When looking at steady state, the system flow error can be assumed to reach
zero and the feed forward controller to reach one.
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t →∞⇒ qsys,err → 0, Ff f → 1 (2.8)

In time, the feedback controller signal qf b will thus approach the estimation
error in flow, qest,err .

t →∞⇒ qf b → qest,err (2.9)

This implies that the qf b signal could be used as a measure of the estimation
error.

The weighted values, Ni are introduced as a way of determining which of the
parameters kg,i that are currently affecting the model estimation:

Ni =

t1∫
t=t0

f (xi)dt (2.10)

Nn,i =
Ni∑m
i=1 Ni

(2.11)

Nn,i are normalized values between (0-1).
Thanks to the linear relation between kg,i and qest in equation 2.2 it is easy

to realize that the model error qerr will be counteracted by increasing/decreasing
the current acting kg,i according to equation 2.12.

k̇g,i = Nn,i kg,i qerr Kobs (2.12)

Kobs is a design constant, determining the rate of changes in kg,i . Kobs is typ-
ically selected so that the value of kg,i reflects the average value from a large
number of previous movements.

True flow control

In Section 2.1.4 the situation that arises when the hydraulic flow from the pump
is lower than required by the constant-flow valves is discussed. A side effect can
be seen in Figure 2.7, more precisely the slightly lower ∆p that occur due to the
constant-flow valve opening fully (since it is trying to keep the flow constant) and
thereby lowering the pressure loss over the valve.

By forcing the valve of the heaviest load (the one that requires the most pres-
sure) to open fully the flow through the valve will instead be controlled by the
speed of hydraulic pump. The fully opened valve will cause a lower pressure
drop, thus reducing the pressure of the whole hydraulic system resulting in in-
creased energy efficiency.

This control concept is referred to as "True flow control" in this thesis, how-
ever variations of this concept have been studied before and it is known simply
as "Flow control".
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2.2 Inverter

The purpose of an inverter, or a variable frequency drive, is to output AC cur-
rent at variable frequency. The amplitude and frequency of the current then
determine the speed of the electric motor. Three different control strategies for
controlling the frequency of an induction motor are common today, scalar con-
trol in the form of constant voltage-frequency control (V/Hz), or vector control
in the form of field-oriented control (FOC) or direct torque control (DTC). FOC
and V/Hz are used in this project and will be further explained in this section.

The idea of FOC is to control the torque and the rotor flux independently of
one another in order to achieve a fast response to changes in operating conditions.
This is possible by using the so called dq0 transformation to transfer the stator
flux and current into two components each that rotate synchronously with the
rotor.

The principle of the V/Hz control is to keep a constant magnetic flux density
and thereby a constant maximum torque in the motor for frequencies equal to
or lower than rated. If only the frequency was changed to change the speed of
the motor the flux would be so high at low frequencies that the motor could be
damaged due to large core losses and large currents. If the input voltage Va is
changed along with the electrical frequency fe to satisfy Equation 2.13 then the
flux remains constant if the voltage drop over the stator resistance is neglected.

Va
fe

=
Va,rated
fe,rated

(2.13)

Figure 2.10: Relation between voltage and frequency during constant V/Hz
control. The ratio of voltage to frequency is constant up to a maximum volt-
age level.

Since the voltage should not be higher than rated to avoid damage on the
insulation of the motor it is kept at its rated value as the frequency increases
over the rated frequency, see Figure 2.10. In this region, the magnetic flux is no
longer constant and the maximum torque decreases since it is now proportional
to the inverse of the frequency. Instead of the torque, the maximum power is now
kept constant according to Equation 2.14 since the voltage is equal to Vrated and
the current is independent of the frequency and allowed to take the values up to
Irated .



16 2 Theory

Pmax = Vrated Irated (2.14)



3
Efficiency measurements on test rig

In order to measure and evaluate the concept of using a variable-speed controlled
hydraulic pump, compared to a conventional fixed-speed variable-displacement
pump, a test rig is built in order to perform tests and gather measurements of the
two system configurations.

3.1 Setting up the test rig

The test rig (see Figure 3.1) is based upon an existing rig that has been used
by Hiab to evaluate an electric-hydraulic drive with a fixed speed motor and a
variable displacement pump in a previous project.

Several components are reused from the old rig. The old frame, oil tank, elec-
tric motor, battery and variable pump are all kept, whereas the old inverter is re-
placed with a newer one which features better controllability. Discussions about
how to select a suitable battery or electric motor can be found in Appendix B and
C, if a replacement of those components would be relevant in the future.

The components of the test rig and their connections to one another are dis-
played in Figure 3.2. The properties of the components are described below.

Battery

The battery is a conventional lead-acid battery at 40kWh with a peak voltage of
120 V if all cells are connected. For the tests of this project the voltage is limited
to 94 V in order not to overload the inverter.

17
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Figure 3.1: The test rig. The electric motor and hydraulic pump are located
at the lower level. At the top the inverter and controller PLC are located.
The hydraulic tank is in the back.

Figure 3.2: Schematic overview of the test rig.
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Electric motor

The motor is of asynchronous type with nominal data according to Table 3.1.
It is reused from the old rig and not selected specifically for this project. The
efficiency of the motor as a function of speed and torque can be viewed in Figure
3.3.

Voltage 80 V
Power 47 kW
Current 418 A
Speed 2339 rpm
Frequency 80 Hz

Table 3.1: Nominal data of the electric motor.
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Figure 3.3: Efficiency map of the motor, derived from measurement data
from the motor manufacturer.

Inverter

The inverter is rated at 24.5kVA at continuous operation with a current limit of
550 A and a nominal voltage of 80 V. It uses the Field-Oriented Control (FOC)
strategy explained in Section 2.2 and receives a reference speed signal from the
PLC to control the speed of the motor.

The inverter has many features such as signal filtering, speed ramps etc that
could be useful in other types of applications. In this project however, it is desired
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to have a step response that is as quick as possible, thus most of the filtering
options are subsequently turned off or set to as quick as possible.

PLC - controller

The PLC is a programmable logic controller responsible for controlling things
such as:

• Turning power on and off, based on key switch or emergency kill switch.

• Receive measured pressures from pressure sensors.

• Calculate desired motor speed.

• Sending reference speed signal to the inverter.

The control strategy used on the test rig is a pressure feedback control and
it calculates the speed required by the motor to maintain the correct pressure in
the hydraulic system by reading measurements of the pump pressure and the LS-
pressure from the hydraulic test equipment, see Section 3.2. The control strategy
is developed in Simulink and then implemented in the PLC.

3.2 Performing measurements

The test rig is tested in a hydraulic lab where a test cycle with predefined flows
and pressures can be applied to the test rig. The pressures and flows of individ-
ual functions cannot be simulated, making pressure feedback control the only
available strategy of the control strategies proposed in Chapter 5.

The reasons for using a predefined load cycle instead of a real hydraulic crane
are lower costs, better repeatability and easier logistics.

The original drive cycle, see the left part of Figure 3.4, is derived from several
operating points given by a crane simulator, where the crane performs a typical
"lift and move" operation. The pressures and flows between the points are lin-
early interpolated in order to be able to create the cycle with simple ramps and
steps.

When the test rig was initially tested it became clear that it would not be able
to reach some of the toughest operating points in the drive cycle, due to a lower
maximum power output than previously expected. The culprit to this is mainly
a voltage drop from the battery in combination with the inverter.

Since there was no available way of increasing the power output an easier
drive cycle is used instead, with lower flows and lower pressures, see the right
part of Figure 3.4. Compared to the original cycle the flows and pressures have
been decreased and the cycle time has been increased, rendering a lower maxi-
mum power needed. Since the pressure over the pump and the pump torque are
closely related, the decreased pressure effectively reduces the torque required of
the motor to complete the drive cycle.

Another change is that the flow is saturated to a lower level of 10 litres/min
since the hydraulic lab equipment cannot keep a lower flow than that constant.
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Figure 3.4: Original (left) and modified (right) drive cycles with flow and
pressure levels. The modified drive cycle features lower pressure and flows
but has a longer duration.

Although this is not ideal, the results in the following tests are considered to be
scalable to reflect the original drive cycle, if considering the following things:

• The motor is rated at 47kW, thus is currently under loaded. A somewhat
lower efficiency can be expected when putting on lighter loads.

• The battery is operating at its maximum power output and needs to be
replaced with a bigger one to be able to increase overall power output. In-
creasing the battery size will also have a positive effect on battery efficiency
during discharge thanks to a lower internal resistance.

Measurements were performed on the two different configurations of the test rig:

• Configuration 1: Fixed speed motor and variable displacement pump

• Configuration 2: Variable speed motor and fixed displacement pump

During the tests, the following signals are measured:

• Battery voltage, transformed from 0-100 V to 0-10 V

• Battery current, 0-400 A transformed to 0-400 mV

• Pump pressure, measured as 4-20 mA

• LS-pressure, measured as 4-20 mA

• Pump flow

The signals are connected to a LabView [Lab] based interface where they can be
monitored and logged, the following drive cycle tests were performed:

• Drive cycle test with configuration 1 - pump with variable displacement,
speed of motor fixed to 2000 rpm
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• Drive cycle test with configuration 1 - pump with variable displacement,
speed of motor fixed to 2500 rpm

• Drive cycle test with configuration 2 - pump with fixed displacement, vari-
able motor speed, two test runs



4
Modeling

In order to be able to construct satisfactory control strategies, a model of the full
application is built in MATLAB Simulink.

The model is constructed with the following constraints in mind:

• The model should capture dynamic behaviors from the mechanic system
(the crane) in order to present variations in hydraulic pressures depending
of load, crane position, speed and acceleration.

• The model should capture dynamic behaviors from the hydraulic system in
order to provide some of the behaviors of a load-sensing hydraulic applica-
tion as well as the challenges in controlling it.

• The model should capture dynamic behaviors down to approximately 0.1
seconds in order to provide a suitable subject for the controllers.

• The efficiencies of the different components should be modeled, to enable
analysis of energy flow through the system.

The model of the system consists of several component models, a battery, an
inverter (a variable frequency drive), an electric motor, a rotating mass, a hy-
draulic system and a mechanic system. The model, made up of the component
models and the signals connecting them, can be viewed in Figure 4.1. The con-
troller structure (seen as the "Controller" block in the figure) is largely neglected
in this chapter and is described later on.

As seen in Figure 4.1, most of the blocks have one or more input-output pairs
of signals, for example the battery has an input of electric current and an output
of voltage. To determine which of these signals are to be inputs or outputs, a
bond graph is constructed and causalities are determined. For example it can be
seen by looking at the battery junction in the bond graph, see Figure 4.2, that
the causality mark of the arrow connected to the inverter is pointed outwards,

23
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Figure 4.1: A simplified overview of the Simulink model. The different
subsystems are connected in series and the power flows from the battery,
through the whole system and finally into the mechanic system.
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Figure 4.2: Bond graph of the model. The power flows through the system
from left to right.

towards the inverter. This implies that the effort variable (the voltage) is to be
modeled as an output and the flow variable (the electric current) as an input.

In the bond graph, see Figure 4.2, it can also be noted that most of the com-
ponents work as transformers, transforming power between physical domains
(e.g. the motor transforms electrical power to mechanical power, the hydraulic
pump transforms the mechanical power to hydraulic power) or transforms power
within the same domain (e.g. the inverter converts electrical power to another
electrical power).

The rotating mass of the motor and pump is the only inductance in the sys-
tem, thus is determining the flow variables (i. e. current, angular velocity and
hydraulic flow) of the system. The mechanic system is considered a capacitance,
determining the effort variables (i. e. voltage, torque and pressure).

4.1 Mechanic system

The mechanic model is a simplified model of one of Hiab’s hydraulic cranes, mod-
eled in SimMechanics and provided by Hiab. The appearance of the model crane
can be seen Figure 4.3. The mechanic model features several motions of the crane
as well as a linkage system for the cylinders. There are four ways of moving the
crane in this model: Rotating the crane at the base, lifting the first boom with
cylinder A, lifting the second boom with cylinder B and extending the crane. The
function rotating the crane at the base will not be actively used in this project
since it has proven too hard to control by the operator simulator, see Section 5.4.
There are also linkage systems that connect the cylinders with the next boom. The
linkages are geometrically designed so that the effective lever distance between
the cylinders and the rotation point is more advantageous at different angles than
what would otherwise be possible.
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Figure 4.3: 3D model of the crane, with its different components marked in
the figure.

The mechanic model receives hydraulic flows to its four functions. The flows
cause pressures to build up inside the cylinders, which in turn causes the crane
to move. The built up pressures are fed back to the hydraulic system.

4.2 Hydraulic system

The hydraulic system is a simplified model derived from Hiab’s load-sensing
hydraulic valves. To accurately model a hydraulic system a huge amount of
work and many measurements performed on the real hydraulic system would
be needed. Unfortunately this was not possible in this project and the hydraulic
system is instead modeled from a set of standard components in Hopsan [Hop],
a hydraulic simulation program, developed at LiU.

The hydraulic model, see Figure 4.4, is modeled to capture the basic behavior
of a controller valve for a load-sensing system. The different components and
motivations are listed below:

• The system gets its hydraulic flow from the hydraulic pump, (A), located
at the bottom-left in the figure . The implementation of hydro-mechanical
and volumetric efficiencies of the pump is not done in Hopsan, but is in-
stead put in a separate block in Simulink.

• The system features a pressure-relief valve, (B), next to the hydraulic pump.
If the system pressure increases above a set maximum pressure, this valve
relieves some of the pressure back to the tank.
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• The system is designed to operate at various pressure levels on the pump
side. In order to keep the flow of oil independent of the pressure level, a
compensator valve (C) reduces the pressure to keep the pressure drop over
the orifices (D and E) at a constant level. The compensator valve uses the LS
(load-sensing) pressure (E) from the heaviest load and adjusts the passed-
through flow to keep the pressure at point G at a defined level above the
LS-pressure, ∆P .

• The adjustable orifices (D and E) are controlled by signals from the oper-
ator. Since the pressure drop over the orifices is constant a resulting flow
can be well defined.

• In a real crane there is a load-keeping safety valve on each cylinder to pre-
vent the load from falling, in the event of a tube breaking. In the model, this
safety valve is not implemented, instead a pressure-reducing valve (G and
H) is implemented, which reduces the pressure of the returning oil to a de-
fined level. This causes the pressure drop over the orifices (D and E) to be
constant for the returning as well, which enables a pressure-independent
flow through the orifices.

• There are also several connections between the Hopsan model and the Simu-
link model. The model has outputs modeled as pressure-sensors (I and
J, pump and LS-pressures respectively) and flow-sensors (K and L). The
model receives flow from Simulink through ideal flow sources (M and N),
it also receives signals to set the orifice-sizes (O) and pump speed (P).

4.3 Electric motor

The linear, per equivalent Y-phase, model in figure 4.5 is used to model the elec-
tric motor. The model captures the behavior of the motor well in steady state and
should be sufficient for the efficiency comparison according to Umans [2014]. For
the control design, the dynamics of the motor is also of interest and this is mod-
eled by connecting an inertia to the motor. The inertia represents the rotating
parts both of the motor and of the pump.

The values of the parameters of the model, see Table 4.1, have been provided
by the motor manufacturer together with measurement data from different op-
erating points. In the simulation model used in this project, see Figure 4.1, the
motor voltage and the rotational speed of the rotor are input arguments and the
motor current and the torque are output arguments. The model fit was investi-
gated by inputting measured values of voltage and speed to the model and com-
paring the resulting current and torque with the corresponding measured values.
The fit was found to be quite bad, the mean relative errors were 12.5 % for the cur-
rent and 17.0 % for the torque. The parameters were therefore tuned by a least
squares search algorithm were the sum of the relative least square error in cur-
rent, torque and efficiency was used as goal function. The algorithm was stopped
when the rate of the improvement in model fit was very low. The algorithm was
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Figure 4.4: The hydraulic system modeled in Hopsan. For simplicity, only
one of the four hydraulic valves is shown.
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Figure 4.5: Model of the electric motor. The model is a linear, per phase
equivalent model that includes winding, magnetizing and core losses.

able to decrease the sum of the relative errors by 67 % and the resulting model fit
with mean values of the model errors of 5.9 % for the current and 3.9 % for the
torque is considered to be sufficiently good.

Parameter Description Given value Optimized value
R1 rotor resistance 2.92 mOhm 2.92 mOhm
L1 rotor inductance 54.35µH 40.89µH
X1 (@ 80 Hz) rotor reactance 0.0273 Ohm 0.0206 Ohm
Rc core losses resistance 4.45 Ohm 3.0147 Ohm
Lm magnetizing inductance 0.98 mH 1.06 mH
Xm (@ 80 Hz) magnetizing reactance 0.493 Ohm 0.533 Ohm
R2 stator resistance 2.02 mOhm 2.58 mOhm
L2 stator inductance 54.35µH 38.51µH
X2 (@ 80 Hz) stator reactance 0.0273 Ohm 0.0194 Ohm

Table 4.1: Values of parameters of the equivalent model provided by manu-
facturer together with values achieved by optimization

When inputting the measurement values of speed and voltage to the model
the efficiency map in Figure 4.6 is achieved. The map differs slightly from the
measured map, see Figure 3.3, in the fact that the highest efficiency is centered at
a higher torque level.

4.4 Inverter

The inverter, also known as a "variable frequency drive", is a controller unit that
controls the speed of the electric motor by varying the frequency and amplitude
of the current to the motor.

The inverter used in this project, see Section 3.1, uses a control strategy called
field oriented control (FOC) to determine the output frequency and voltage. This
method requires a three-phase model which is not used in the simulation model.
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Figure 4.6: Efficiency map of the simulated motor model. The efficiency is
calculated for the working points where measurements are provided by the
manufacturer.

However, in steady state, the output from FOC is approximately the same value
as from constant V/Hz control (explained in section 2.2) [Umans, 2014] that can
be implemented in a quasi static model.

The model of the inverter is modeled to base its output voltage and frequency
at a constant V/Hz ratio, with several tweaks added to handle situations of poor
performance.

As can be seen in the Simulink model in Figure 4.7 the model uses the error
between measured speed and requested speed (output from the controller block,
see Chapter 5) to feed a PID-controller. Due to the control problem of controlling
a speed (that of the motor) with another speed (the electrical frequency), the
former clearly not being the derivative of the latter, the output of the PID is fed
to an integrator block to complete the loop of a derivative/integrational action
required for a PID-control loop to function correctly. The output of the integrator
block is added to the original rpmrequested signal, resulting in a combination of a
feed forward and a feedback loop. The resulting signal is fed to the "Limit slip"-
block which operate to limit the slip of the electrical motor, in order to keep the
efficiency and torque within their optimal regions. A slip limiter is present in the
real inverter as well.

There is also the "Current limit"-block which limits the output power if the
motor current reaches above the rated current. This functionality is also present
in the real inverter and plays a significant role during rapid acceleration, deceler-
ation or high load.

The required current of the battery Ibattery is calculated using output power
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Figure 4.7: The inverter model, created in Simulink. The model uses the rpm
signal from the controller together with the measured rpm signal to control
the output voltage and frequency of the current to the motor.

Figure 4.8: Equivalent circuit of the battery, modeled as an internal open-
circuit voltage as well as an internal resistance, resulting in a linear, current
dependent voltage drop.

and a pre-defined internal efficiency eta. The efficiency is assumed to be constant,
a simplification of the real inverter where the efficiency is actually dependent on
the load. The load dependency is only significant when the inverter is operated
far below its rated power so the simplification will probably not affect the perfor-
mance of the system at normal operation.

The output voltage Vmotor is (due to obvious reasons) limited to the maximum
available voltage from the battery. Since Vmotor is an RMS-value, the value is
limited to a maximum of Vbattery /

√
2.

4.5 Battery

The battery is modeled as an equivalent circuit (see Figure 4.8) with a potential
and an internal resistance. The internal resistance is important for the compar-
ison to include in the model since a less efficient system will require a higher
current from the battery in order to provide the same power as a more efficient
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system. A higher current will result in a higher loss in the battery due to the
internal resistance and this will affect the overall efficiency of the system. In real-
ity, the potential of the battery is a function of the state of charge but during the
short drive cycle that will be used to compare the systems in the project the vari-
ation will probably not be significant. Even if it was, it would affect the systems
equally.

To determine the internal resistance of the battery a test was performed on
the test rig. A load was varied so that the current drawn from the battery varied
between 0 and 520 A. The battery voltage was then measured for several operat-
ing points. A plot of the voltage drop due to the internal resistance as a function
of current can be seen in Figure 4.9. Since the relation appears to be almost linear,
the internal resistance is calculated as the least square solution to IRi = URi.
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Figure 4.9: Measured voltage drop in the battery as a function of current.
The voltage drop is approximately a linear function of the current.
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Control

In this chapter different control strategies used for controlling the hydraulic flow
and pressure are addressed.

If a conventional hydraulic pump (with a mechanical controller) is to be re-
placed by an electrically controlled fixed pump, there are several possible control
strategies available, each dependent in different magnitudes on how many of the
system properties that need to be measured.

The conventional strategy and the strategies proposed in this project are pre-
sented in Table 5.1 together with the input signals required for each strategy.
The four strategies that can be implemented with a fixed displacement pump are
investigated with the model of this project and are described in the following
sections. An evaluation of the different strategies is made in Section 6.2.

5.1 Pressure feedback control

The simplest feedback controller is a PID-controller that uses the difference in
pressures as the error input. This requires only two measuring points (actual
and load-sensing pressures) which is a cheap implementation, but it might suffer

Name Required input signals
Conventional, var. displ. pump ppump, pLS (mechanically sensed)
Pressure feedback control ppump, pLS
Flow feed forward control (FF) Operator commands (OC)
FF + complementary pressure feedback OC + ppump, pLS
True flow control OC + individual load pressures

Table 5.1: Comparison between the proposed control strategies

33
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from poor performance or instability issues.
The controller is implemented in Simulink, see Figure 5.1, with a standard

PID-controller block which outputs a signal corresponding to a hydraulic flow.
The flow is converted to a corresponding rotational speed of the pump, using the
pump displacement. This allows for easy testing of different pump sizes, without
the need to change the PID parameters.

As seen in the figure, a maximum limit of pressure is present to prevent the
controller for exposure of any pressures higher than the rated maximum system
pressure. This is used to prevent the controller from outputting a flow that would
only pass to the hydraulic pressure reducing valve, during maximum load.

1
rpm signal1

p_req

2
p_act

q_set rpm

convert
q -> rpm

delta_P
delta_p

min
p_max
p_limit PID(s)

PID Controller

Figure 5.1: The pressure feedback controller in Simulink. The controller
uses the required pressure together with the actual pressure to control and
output the rpm signal to the inverter.

The rpm-signal from the controller is sent to the inverter which controls the
speed of the pump to the desired speed.

5.2 Flow feed forward control

The operator of the crane controls the crane by levers, shifting the position of one
or several of the valves to the different functions, diverting the oil flow to these
functions.

By measuring the lever positions of the operator a resulting flow demand can
be calculated, using the pre-defined flow characteristics of the valves. This flow
can be directly fed forward to control the speed of the hydraulic pump.

The biggest advantage of using a feed forward controller is that it can be made
arbitrarily fast without risking the instability issues that are introduced when
speeding up a feedback controller. The feed forward controller can be set to
simply forward the actual flow demand as a required speed. The only delay in
the power pack will then be due to the maximum power of the inverter together
with the inertia of the electric motor and the hydraulic pump.

A disadvantage of simply feeding forward the valve positions is the risk of
outputting a too high flow, due to model errors. When outputting a too high flow
the hydraulic compensator valves will close (to keep the flow constant), and as
a result, the pressure on the pump side will increase rapidly. A high pressure
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Figure 5.2: The feed forward controller together with the complementary
feedback controller in Simulink. The feed forward block uses a required
flow, calculated from the operator commands xi . The output of the feed
forward block is modified by the pressure feedback block, which uses the
required and actual pressures as inputs.

on the pump side causes large unnecessary losses, both in the hydraulic pump
(that has to deal with a large pressure difference, causing bad efficiency) and the
compensator valves (which lower the pressures by converting the excess pressure
to heat). If on the other hand, the feed forward controller outputs a too low flow,
due to model errors, the hydraulic pressure at the pump will decrease until the
compensator valves opens up completely (to try to keep the flow constant) and
equilibrium ensues. This will result in a lower hydraulic flow than expected, but
is not dangerous or ineffective, the movement of the crane will only be slower
than expected.

5.2.1 Complementary pressure feedback

The risk of the feed forward control outputting an incorrect flow due to model
errors, described in the previous section, can be avoided by implementing a com-
plementary feedback controller that uses the measured pressures to modify the
feed forward signal. The complementary feedback controller can be made much
slower than the standalone feedback controller discussed in Section 5.1 since it
doesn’t have to be able to have a fast step response, the feed forward controller
takes care of that. This implies that the controller can be made more robust
which makes it better suited for controlling highly nonlinear systems, such as
this hydraulic system.

The implementation of the feed forward controller together with the comple-
mentary pressure feedback controller can be found in Figure 5.2. It is worth
noting that the output of the feedback controller is multiplied with the output of
the feed forward controller, instead of the two signals being added together. The
advantage of this becomes apparent when the operator quickly sets the valve po-
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Figure 5.3: The internal workings of the complementary feedback controller.
The PID-controller primarily uses the error in pressure to output the flow
adjustment value, but is also using the error in motor speed (due to the in-
verter being unable to control the motor) to prevent integrator wind-up.

sitions (i.e. the required flow) to zero. If the values would be added together the
FF-signal would return to zero arbitrarily fast, but the FB-signal wouldn’t return
to zero until after a while (due to the pressure spiking). When the signals are
multiplied instead the resulting signal will return to zero arbitrarily fast, which
is desirable. The fact that the contributions from the two controllers are multi-
plied rather than added requires some modifications of the reasoning regarding
the correlation between the model error and the feedback signal in Section 2.1.4.
qf f + qf b in Equation 2.4 has to be replaced by qf f · qadjust , where qadjust is the
dimensionless output of the feedback controller. This gives the relation in Equa-
tion 5.1 and further, the expression for qf b in Equation 5.2. Since the conclusion
from Section 2.1.4 is that qf b can be used as a measure of the model error in the
additive case it now holds that qf f (qadjust − 1) can be used as the same in the
multiplicative case. qf f depends only on the required flow (i.e. not on the model
error) and is thus constant at a working point. It follows that qadjust alone can
be used as a measure of the model error and that the structure of the adaptive
parameter set proposed in Section 2.1.4 is still valid.

qf f + qf b = qf f · qadjust (5.1)

⇔

qf b = qf f (qadjust − 1) (5.2)

The feedback controller, seen in Figure 5.3, consists of a PID controller that
uses a sum of two signals. The first signal is the measured error in pressure as
previously discussed.
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The second signal is an input that is used to cope with situations that arise
when the inverter (or the electric motor) is unable to control the speed of the
electric motor, often caused by limitations in available power or voltage from
the battery. When the inverter/motor/pump is unable to provide the speed (or
rather the hydraulic flow) required, the system pressure drops, which causes perr
to rise. This causes the feedback controller to raise inappropriately and later, due
to integrator wind-up, temporary but still unpleasant oscillatory behaviors when
the system returns to normal operation. To prevent the integrator wind-up the
input error signal is adjusted with the error between the actual and the required
speed of the motor. When the measured speed of the motor differ too much from
the required speed the PID controller will adjust down the required motor speed,
so that the whole system is more balanced later when the situation changes or
more power is available.

The reset feature in the lower part of Figure 5.3 should also be noted. This re-
sets the value of the PID controller to 1 when the controller is idle and makes sep-
arate movements independent of previous movements, which is desirable when
different movements have different characteristics.

5.2.2 Adaptive parameter set

When utilizing a feed forward type controller the performance is limited by the
understanding of the model. Any errors in the model will directly result in an
error in the feed forward control signal. As described in Section 5.2, a control
signal that is too high will quickly result in a pressure build-up in the system,
with large energy losses as a result.

By utilizing an adaptive parameter set to calculate the required flow (see the
theory in Section 2.1.4) the feed forward controller will be tuned to forward the
average flow required in most situations, ideally rendering the complementary
feedback unnecessary.

The adaptive parameter set is implemented in Simulink as a separate com-
ponent, see Figure 5.4. The block takes the operator signals as well as the flow-
adjusting signal from the feedback controller as inputs and outputs a set of pa-
rameters used for calculating the required flows.

Inside the adaptive parameter set block, displayed in Figure 5.5, the four
functions are separated and takes as inputs the operator signal, xi , and the flow-
adjusting signal, qadjust , as well as a reference set of points of signal magnitudes
of which to calculate parameter points at. For each function, a parameter k corre-
sponding to the current signal magnitude is returned.

The "signal magnitudes" is a vector consisting of different possible values of
the operator signal, for example [−1 −0.75 −0.5 −0.25 0 0.25 0.5 0.75 1]. At each
of the points specified by this vector, a parameter state is created, corresponding
to an adjustment of the model at this specified signal value. When an operator
signal is currently between some points, the returned parameter value will be
calculated by a mix of the nearby points.

In the function-specific adaptive parameter set block, see Figure 5.6, where
the actual work is done, the operator signal is subtracted from the magnitude
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Figure 5.4: The flow feed forward and pressure feedback controllers, with
adaptive parameter set block added at the bottom. The adaptive parameter
set uses the output from the feedback controller together with the operator
signals xi to adjust and output its parameters, used to calculate the required
flow.
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Figure 5.5: The internal workings of the adaptive parameter set block. The
operator signals and the flow adjustment values are distributed to four sub-
systems, each associated with one of the four different crane functions. The
subsystems are further explained in Figure 5.6.
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vector, resulting in a vector containing weights depending on the distances from
the signal value to the parameter magnitude. The vector is then used as a base for
influencing the weighting of the different parameter points. An example of the
weight distribution is displayed in Figure 5.7, for a parameter with magnitude of
50 %.

The flow adjusting value combined with the magnitude weight is used to ad-
just the parameter state. For example, a negative value of the adjusting value will
cause the parameter state to fall, but thanks to the combination with the magni-
tude weights, only the states corresponding to signal values currently used will
be affected. This is desirable because it is probably the signal magnitudes cur-
rently in use that are responsible for any adjustments needed to be made, and
thus it is these points that should be adjusted.

The magnitude weights are also used to create a signal magnitude dependent,
weighted average of the parameter set. This average is then output and will be
used for adjusting the calculated required flow used by the feed forward con-
troller.
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Figure 5.6: The internal workings of a parameter set block. The operator
signal is used together with the adjustment value to adjust some of the values
in the parameter set. A weighted average of the parameter set is then output.
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Figure 5.7: Example weight distribution for the parameter at 50 % in the
parameter set. Note that there is an equivalent weight distribution for each
parameter in the parameter set.

The gain constant is used to scale the flow adjusting value to set how fast the
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parameter states should be adjusted. The constant is set to a low value, so that
parameter states are only slightly adjusted during a single duty cycle. This way
the parameter states will approach an average value (this happens after many
duty cycles) that will minimize the usage of the feed controller. A higher value of
gain will make the parameter state adjustment faster, but will also increase the
risk of local optimization and within-cycle impact, which is undesirable.

5.3 True flow control

One of the goals in this project is to examine different ways of increasing the
efficiency of the overall system. One way of increasing the efficiency in the hy-
draulic system would be to decrease the system pressure and avoid unnecessary
pressure losses. As described in the theory (Section 2.1.4) the system pressure
can be decreased by forcing the valve of the heaviest load to open fully, render-
ing the compensator valve and the constant-flow function paralyzed. The flow of
the function with the heaviest load is instead controlled by the hydraulic pump
and the feed forward controller.

To achieve a correct behavior, some conditions have to be fulfilled:

• Since the ∆p of the hydraulic system won’t be at a fixed level anymore, the
complementary feedback controller (which uses this for control) must be
disabled.

• The feed forward controller requires a well calculated required flow. Erro-
neous flow will result in a too slow movement (when too low) or a drastic
increase in system pressure (when too high).

• The pressures of the individual loads have to be measured, in order to de-
termine which of the loads that is the heaviest one.

The true flow control is implemented in Simulink as a block that intercepts
the valve signals, xi, modifies the appropriate signals and outputs the new sig-
nals, xiadjusted , that are to be sent to the valves. The resulting controller, includ-
ing the flow feed forward controller, the adaptive parameter set and the addi-
tional valve signal adjustment block, is displayed in Figure 5.8.

Inside the valve signal adjustment block (see Figure 5.9) the individual pres-
sures pi are compared in order to determine which function is the heaviest one.
The result of this evaluation, together with the operator signal xi and the active
dampening signal xdampening is fed to subsystems which outputs the adjusted sig-
nals.

The subsystem (see Figure 5.10) is designed to only activate the "True flow
control" concept when certain requirements are fulfilled, to avoid overall bad
controller performance or stability issues during change of modes. During initial
simulations, bad performance was discovered during zero-crossings of the signal.
This was derived to be caused by the discrete change of valve position (-100 % to
100 %). The controller performance was also worsened during mode changes, i.e.
changes in whether the function is working in "true flow control mode" or not.
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Figure 5.8: The previously mentioned feed forward controller and the adap-
tive parameter set, with the valve signal adjustment block added. The valve
signal adjustment block uses the operator signals and a vector of load pres-
sures to output the (possibly) adjusted valve signals.
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Figure 5.9: The internal workings of the valve signal adjustment block. The
load pressures are compared to determine which is the heaviest. The four
subsystems are further described in Figure 5.10.

To cope with these issues a strategy is made up to only allow for the "true flow
control" to be activated if the following statements have been true for a certain
period of time:

• No zero crossings in the signal have occurred

• The function is the heaviest one

Also a first-order transfer function is added to soften the transition modes.
The output of the transfer function (the "degree-of-activation") is a value between
zero and one which is used to produce a weighted mix between the original (un-
modified) signal and the modified (forced to -1 or 1 depending of sign) signal.

During a drive cycle, the degree-of-activation will gradually increase (up to
fully activated) for one of the functions until one of the requirements previously
listed no longer is true, then it will return to zero.

As is seen in Figure 5.11, during periods of sustained movement in a single
direction (0-35 s and 55-75 s) the true flow control is activated a large part of
the time. During periods of non-sustained or directional changes, the true flow
control isn’t activated as much.

5.4 Operator simulation

When evaluating the performance of the controllers together with the crane there
is a need for running the crane in a pre-defined and repeatable cycle in order to
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Figure 5.12: The operator block and its relations to the controller and crane
blocks. The operator block uses the measured angles of the crane as well as
an internal pre-set drive cycle and outputs its operator signals to the con-
troller block.

be able to compare different runs with each other. The crane is operated with
four signals indicating a desired speed for each of the functions. A first approach
to this would be to define a cycle consisting of steps and ramps in the control
signals. However, if the step response of the crane (i.e. the hydraulic power
pack) is changed between runs, the resulting angles of the crane would not be
consistent between runs - rendering the drive cycles incomparable.

To create a scenario with repeatable results, an "operator" controller is imple-
mented as a separate block in Simulink. The operator block and its relations to
the other parts of the system model can be viewed in Figure 5.12. The operator
controller is meant to simulate the actions of a real operator, using the actual
angles of the crane, comparing them with the target angles provided by a pre-
defined drive cycle and outputting control signals to the controller block.

To ensure a repeatable drive cycle it is desirable that the crane follows a cer-
tain path and does not divert from the path too much, since this would allow for
the crane to "take a shortcut" to the target position, resulting in a lower power
consumption unrelated to the hydraulic system performance.

If using a fixed drive cycle with target positions associated with fixed time
points, it would be impossible to make certain that the crane actually follows
the path, since there might be limitations in available power or other controller-
related issues making is impossible to follow the path fast enough. To cope with
this the cycle time is not fixed, instead the cycle uses a "time variable" that in-
creases at different rates, depending on how well the crane is currently following
the position target. If the crane has trouble following the path there will be a
big error between the current and actual position. A big error will slow down
the rate of which the "time variable" is increased, causing the drive cycle to slow
down and allow the crane to "catch up", without allowing it to take any shortcuts
in the pre-defined path.



46 5 Control

1
s

time variable

|u|

|u|

|u|

|u|

max

[0 1]

0

0.5

0.5

50

0.3

1

PID(s)

PID(s)

PID(s)

PID(s)

1
s+1

[-1 1]

>= operator.t(end)

restart cycle

1-D T(u)

1-D T(u)

1
angles_actual

timeangles_ref

drive cycle

1
xi

time in cycle

Figure 5.13: The internal workings of the operator block. The reference an-
gles from the drive cycle block (at the bottom) is compared to the measured
angles and fed to PID-controllers, generating output operator signals (at the
top). The errors in angle are also used to determine the speed of the drive
cycle, slowing it down if the errors in angle are too high.

The operator block (see Figure 5.13) takes the current angles as input signals
and creates an error together with the target angles obtained from the drive cycle.
The errors are directed to the PID-controllers which control the crane movement.
The error of largest magnitude is also used to slow down the input of the "time
variable" integrator, effectively causing the drive cycle to slow down in case of
large errors.

The operator controller proved to be able to successfully control the motions
of functions two, three and four (boom 1, boom 2 and the extender). Function
one (rotation of the crane) however proved to be very difficult to control due
to a severe signal delay from control signal to measured movement. Since the
operator was able to control the other three functions well it was decided to use a
drive cycle featuring only movements of the three working functions. The results
from simulations are expected not to be affected by running the crane on three
functions only and should be applicable to the crane as whole.
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5.5 How to investigate the robustness of the
controllers

To be able to mathematically investigate the robustness of the controllers men-
tioned above a mathematical model of the controlled system must be produced.
Many parts of the model have nonlinear behaviors and it is improbable that the
model can be approximated by a linear model that can be used to investigate the
robustness for the whole working area of the application. The purpose with the
investigation in this section is to find out whether the system can be linearized
around certain operating points. If the system can be approximated by a linear
model in a certain area, the robustness of the controllers in this area can be inves-
tigated mathematically.

A schematic of the system with pressure feedback can be found in Figure
5.14. The transfer function from the reference value (required pressure at the
pump side, preq + ∆p) to the controlled signal (motor speed, n) when using the
pressure feedback controller Ff b can be derived be Equations 5.3 to 5.5. G is
the unknown transfer function of the inverter, the electric motor, the hydraulic
system and the mechanical model combined, i.e. from n to pact . G will have to
be estimated. When using feed forward control with complementary pressure
feedback the expression for n in Equation 5.3 will be different but G will still
have to be estimated.

Figure 5.14: Schematic of the feedback system. The reference signal is the
required pressure at the pump side and feedback signal is the actual pres-
sure.

n = Kq−>nFf bperr = Kq−>nFf b(preq + ∆p − pact) (5.3)

pact = Gn (5.4)

5.3, 5.4⇒

n =
Kq−>nFf b

1 + Kq−>nFf bG
(preq + ∆p) (5.5)

The pressure outputs of the mechanical model depend on the positions of the
different parts of the crane. Since the positions change when a flow is applied to
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the system the system doesn’t stay around a single working point. To get around
this and to be able to find a transfer function for a working point, the pressure
outputs are measured for a certain position and then set to those constant values.
The mechanical model is thereby omitted from G.

The rotational speed n is not the only input to the system, the operator signals
x1, x2, x3 and x4 also affect pact . To obtain a SISO system from n to pact , an oper-
ating point for the operator signals is chosen where valves 1 and 4 are closed and
valves 2 and 3 are fully open. To estimate the transfer function G, simulations of
the systems are made for different input values of n and the response in pact is
measured.

When a step is made in n from 700 to 800 rpm at 4 s a response in pact is
obtained according to the solid line shown in Figure 5.15. A nonlinear behavior
can be observed since the system responds faster to a decrease in speed than an
increase. Furthermore, when trying to approximate the system G by a second
order transfer function, the dashed line in the figure is obtained as pressure re-
sponse when the speed is changed from 700 to 800 rpm. The gain of the transfer
function is fitted to the pressure level corresponding to 700 rpm and as can be
seen in the figure the gain does not fit the pressure level corresponding to 800
rpm. This indicates that the gain depends of the magnitude of the speed value.
The error when using the linear transfer function model is not very big however
and the approximation of a constant gain could be reasonable.

However, the previously discussed linearization prove to be very erroneous
if the speed is significantly higher or lower than the range 700-800 rpm. Figure
5.16 displays the step response in pressure from the model, together with the
estimated pressure response from the same transfer function used in Figure 5.15
when a step in speed from 600 to 700 rpm is made. The same nonlinear behavior
can be observed when the pressure level of a second order transfer function is
tuned to match the pressure level corresponding to a speed of 800 rpm and a
step in speed is made from 800 to 900 rpm, see Figure 5.17.

The conclusion from this investigation is that the system is highly nonlinear
and that in order to approximate it by linear models around several working
points the speed windows in which each model is valid will have to be very small.
Since the motor is supposed to work in a speed range of 3000 rpm it is not reason-
able to define a linear model for each range of about 20 rpm. The lack of suitable
transfer function models of the system makes a mathematical analysis of the ro-
bustness of the controllers difficult. The amount of noise or model errors that the
controllers can handle will therefore be investigated by simulations.

5.6 Evaluation of controller performance

How well a controller performs is defined by several performance factors and by
how well they handle disturbances. Different sets of controller parameters (P, I
and D values of the PID-controllers in the pressure feedback and the comple-
mentary feedback) are tested on the reference drive cycle (see Section 6.2). The
resulting values of the performance factors are measured and logged between the
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Figure 5.15: Pressure response
from transfer function fitted to a
pressure level corresponding to 700
rpm (dashed) compared to pressure
response from model for a step in
speed from 700 to 800 rpm.
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sets. The parameter sets are then tested with different disturbances during the
drive cycle. The different controller strategies (pressure feedback, flow feed for-
ward with complementary feedback and true flow control) and different version
of those can then be compared according to reference following, noise sensitivity
and oscillative behavior. See Appendix A for a more detailed description of the
process of selecting the best controllers and how the performance factors and the
disturbances are defined.



6
Results

This chapter is divided in two main sections, Measurements on test rig and Con-
troller strategy performance. In the first section the results obtained from the test
rig are presented. These results focus on energy efficiency. In the second sec-
tion the results from the simulations of the Simulink model are presented. These
results, as the title suggests, focus on controller performance.

6.1 Measurements on test rig

In this section the results from the drive cycle tests defined in Section 3.2 are pre-
sented. The drive cycle is also defined in Section 3.2.

6.1.1 Performance during drive cycle - configuration 1

The noisy signals in Figure 6.1 are the unfiltered values of the measured pressure
and flow during the drive cycle from the test with a pump speed of 2000 rpm.
The unfiltered signals from the test with a pump speed of 2500rpm follow the
same pattern.

To be able to calculate the efficiency and compare it with the second configu-
ration the signals had to be filtered, the filtering method is described in Section
6.1.2. The filtering prevents any analysis of the transient performance of the sys-
tem, but for an efficiency comparison only the steady state-like level is important.
The filtered signals are displayed together with the unfiltered signals in Figure
6.1. In the zoomed in parts of the figure it can be seen that the filtered version of
the signals follow the steady state levels of the original signals, if the noise pulses
are disregarded.

In Figure 6.2 the filtered signals of the two tests are displayed together with
the drive cycle values. The reference following is deemed to be sufficiently good.

51
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Figure 6.1: Original and filtered measurements of pressure (left) and flow
(right) during the test drive cycle.
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Figure 6.2: Filtered measurement signals of flow (upper) and pressure
(lower) compared to the reference drive cycle values. As can be seen, the
flow and pressure follow the references very well.
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Figure 6.3: Original and filtered measurements of battery voltage (upper)
and current (lower). The filtering manages to remove the high frequent mea-
surement noise.

The battery voltage and current were also measured to be able to calculate the
efficiency of the system. The noise of those signals is a constant high frequency
noise that can be filtered by a normal low pass filter. Original and filtered ver-
sions of those signals from the test with a speed of 2000 rpm are displayed in
Figure 6.3. As described in Section 4.5 the voltage drops almost linearly with
increasing current.

The efficiency of the test rig system (excluding the battery) can be calculated
from the filtered measured data according to Equation 6.1, where ppump and
qpump are the measured pressure and flow and Vb and Ib are the measured voltage
and current from the battery.

η =
Pout
Pin

=
ppumpqpump

VbIb
(6.1)

The efficiencies of the two tests are displayed in Figure 6.4 together with the
output power. Note that the efficiency is significantly higher for high loads than
for light loads, ∼ 60 % and ∼ 35 % respectively. Note also that the efficiency for
the test with a speed of 2000 rpm is higher than that for the test with a speed of
2500 rpm for light loads.

6.1.2 Performance during drive cycle - configuration 2

The measurement noise during the tests with configuration 2 was even higher
than during the tests with configuration 1. Unfiltered measurements of pressure
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Figure 6.4: Calculated efficiency (upper) and output power (lower) during
the two tests. The efficiency is significantly lower during periods of low
power output.
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Figure 6.5: Original and filtered measurements of pressure (left) and flow
(right). Note that the magnitude of the noise is periodic and that the average
values of the noisy signal parts are offset to the values of the non-noisy parts.

and flow of one the two tests are shown in Figure 6.5. As can be seen in the
zoomed in parts of the figure, the noise consists mostly of periodic pulses. This
periodic noise can be removed by a filtering method that calculates a weighted
gliding average for each sample in the signal. The weight for each sample is the
inverse of the amount of noise in that point. The amount of noise is defined as the
gliding-average deviation from a low-pass filtered signal. The noise-reduced sig-
nals are displayed together with the original signals in Figure 6.5. When zoomed
in, it is noticeable that the steady state levels of the filtered signals follow the
original signals if the periodic noise is disregarded.

In Figure 6.6, the filtered signals from the two measurements are plotted to-
gether with the drive cycle. The reference following is deemed to be sufficiently
good.

The measurements of voltage and current drawn from the battery have the
same appearance as during the measurements with configuration 1 and can thus
be well smoothed by the low pass filtering and used for the efficiency calculation.

The efficiencies, calculated with filtered measurement signals according to
Equation 6.1, are displayed in Figure 6.7. The output power is also displayed
so that the efficiency can be related to the level of output power. Note that the
difference in efficiency between the sections with high and low loads, ∼ 70 %
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Figure 6.6: Filtered measurement signals of flow and pressure compared to
the reference drive cycle values. As can be seen, the flow and pressure is
following the references quite well.
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Figure 6.7: Efficiency and output power of the two test runs. The efficiency
is notably lower during periods of low power output, but still higher than in
Figure 6.4.

and ∼ 47 % respectively, is somewhat lower than the difference for the tests with
configuration 1.

6.2 Controller strategy performance

The purpose of the simulation model is to evaluate the performance of different
controller strategies on the system with configuration 2. In the following sections
the performance of the three strategies pressure feedback, flow feed forward with
complementary pressure feedback and true flow control will be presented and com-
pared according to different criteria. One controller from each strategy will be
investigated. The selection of these controllers is made according to the method
described in Appendix A and represents a tradeoff between the criteria discussed
below.

An important part of the comparison is to compare the behavior of the differ-
ent controllers during a pre-defined reference drive cycle. The reference drive
cycle used in this project consists of two consecutive lifts of the load, first with
the crane largely extended horizontally and then with the crane more folded, see
Figure 6.8. The drive cycle is realized by the operator controller block, see Section
5.4 to make sure that different runs are comparable with each other.
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Figure 6.8: Visualization of the positions of the crane during the reference
drive cycle used in simulations.

6.2.1 Energy efficiency

Since the controllers aren’t able to follow the drive cycle exactly, the output en-
ergy from the systems differs a little between the simulations with the different
controllers (from 0.0495 kWh to 0.0510 kWh). This implies that it is better to
compare the energy efficiency than the energy consumption. The efficiencies of
the power pack, the hydraulic system and the two combined are presented in Ta-
ble 6.1. It can be noted the efficiency of the power pack is very similar for all
controllers but that the efficiency of the hydraulic system is significantly higher
for the true flow controller than the other two. As a consequence, the total effi-
ciency for the true flow controller is also higher than for the other two.

Strategy
Efficiency

power pack
[%]

Efficiency
hydraulic system

[%]

Efficiency power
pack + hydraulic

system [%]
Pressure feedback 63.3 36.0 22.8
Flow feed forward 63.1 35.5 22.4
True flow control 63.3 40.5 25.6

Table 6.1: Efficiencies of subsystems during a drive cycle. The charge/dis-
charge efficiency of the battery is included in the efficiency of the power
pack. Note the increased efficiency of the hydraulic system during "True
flow control", thanks to lower pressure losses.
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Figure 6.9: Step responses of the feedback controller (left) and the feed for-
ward controller (right) during a step of 0-100 % at 5.0 s and 100-0 % at 10.0
s.

6.2.2 Reference following

Step responses

A basic (and perhaps the most intuitive) way of determining the performance
of a controller is the step response test. A step in valve position of the valve
controlling the first boom is made from 0 % to 100 % and a while later a second
step from 100 % to 0 % is made.

As seen in Figure 6.9, using feedback control the system pressure ppump reacts
quickly to the new LS-pressure pLS , allowing the crane to move. However, it takes
as much as two seconds for the pump speed to rise to its final value, rendering
the initial movement of the crane very slow.

At the negative step there is a quite large peak in pressure, due to the valve
quickly shutting off the flow, before the pump speed gets down to zero.

Also seen in Figure 6.9, the feed forward controller shows a much quicker
response in pump speed, rendering the crane much more responsive. On the
other hand, both the pressures and the speed display an overshoot, this is due to
a model error in the estimation of required flow. The complementary pressure
feedback controller compensates for this and the pressures and the flow return
to a constant, stable value.

At the negative step the peak in pressure is significantly smaller than that of
the previous case, thanks to the feed forward controller’s more responsive behav-
ior.

When looking at the response of a step from 0 % to 50 % and later back to
0 % the feedback controller (see Figure 6.10) shows a behavior much similar to
the 0-100 % step. Note that the pump speed doesn’t approach a value 50 % of
the previous value. This is due to the pre-designed, nonlinear flow curve of the
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Figure 6.10: Step responses of the feedback controller (left) and the feed
forward controller (right) during a step of 0-50 % at 5.0 s and 50-0 % at 10.0
s.

valves.

The feed forward controller displays a slightly worse step response, compared
to the 0-100 % step response. It is clear that the adaptive parameter set (described
in Section 5.2.2) which is used for calculating the required flow is not able to cap-
ture the nonlinear behavior of the valves fully. Nevertheless, the complementary
pressure feedback controller is able to compensate for the model error and reach
steady state.

When a step is made to a valve position that is less than fully open it is also in-
teresting to study the response from the true flow control. The response of a step
from 0 % to 50 % and later back to 0 % with true flow control can be seen in Figure
6.11. The initial part of the response is the same as for the feed forward since true
flow control is not activate until the operator signal has been set for some time.
The valve starts opening more than what the original operator signal corresponds
to 1.5 s after the step has been made, see the degree-of-activation in Figure 6.12.
At this point, the pump speed starts to increase, following the increase in valve
opening. When the flow through the valve corresponds to the required flow from
the feed forward the pump speed settles on a level even though the valve opening
continues to open. As the valve continues to open and the flow is constant the
pump pressure starts to decrease and does not follow the LS-pressure any longer.
About 5 s after the step has been made the valve is fully opened and the true flow
control is completely activated. Both the pump pressure and the pump speed are
now settled on stationary levels. Note that the stationary level of the speed differs
from the level obtained with ordinary flow feed forward due to model errors that
the complementary feedback no longer takes care off when true flow control is
activated. The true flow control is deactivated about 1 s after the step 50 - 0 %
has been made since the function is no longer the heaviest load.
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Figure 6.11: Step responses of the true flow
controller during a step 0-50 % at 5.0 s and
50-0 % at 13.0 s.
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Positions in drive cycle

Another way of evaluating the performance of the controllers is to analyze how
well the crane is able to follow a pre-defined drive cycle.

The drive cycle reference angles can be seen topmost in Figure 6.13. How
well the crane is following the drive cycle is presented in the second and third
graphs of the figure, where the differences between actual and reference angles
are plotted for the feedback controller, the feed forward controller and the true
flow control. As can be seen in the figure, the deviations are quite large for the
true flow control, this is due to the modeling error not handled by the adaptive
parameter set.

For the feedback and feed forward controllers, the largest deviations occur
during changes in angular speed.

6.2.3 Speed

To define how fast a controller is, both the time to complete a drive cycle realized
by operator signals and the response time to a step in the operator signals are
interesting to investigate. The time for the different controllers to complete the
drive cycle can be found in Table 6.2.

Strategy Time [s]
Pressure feedback 75.80
Flow feed forward 74.46
True flow control 78.62

Table 6.2: Time to complete drive cycle for the different controllers.
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Figure 6.13: Reference following of the crane. The upper graph shows the
drive cycle angles. The middle and lower graph shows the difference be-
tween actual and reference angles when the drive cycle is run with the feed-
back controller, the feed forward controller and the true flow controller. The
runs have been scaled time-wise due to the different completion time of their
respective runs.
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As can be seen on the left side of Figure 6.9 the rise time for the pump speed
from a step in the operator signal from 0-100 % (for the first boom) is approx-
imately 2 s when using pressure feedback control. When using the flow feed
forward the rise time is only about 0.1 s, see right side of Figure 6.9. A fast step
response in pump speed means that the crane function gets the desired flow and
thereby starts moving with the desired speed quickly.

The time for the system pressure to settle is about 2 s for the pressure feed-
back and 1.5 s for the flow feed forward according to the previously mentioned
figures. If the pump pressure overshoots the LS-pressure before settling, unnec-
essary energy losses occur.

The initial response of the true flow controller is identical to that of the flow
feed forward since the true flow control is not activated until the function has
been used for a certain period of time.

6.2.4 Oscillative behavior

The controllers described in previous sections have been tuned to primarily fea-
ture a very good robustness and secondly as fast as possible responsiveness.

During simulations of different drive cycles, step responses of different magni-
tudes etc, the controllers show very little or no tendencies of oscillative behavior.
If the controllers would be tuned to show faster responses the robustness low-
ers and the risks of oscillative behavior increases. The oscillations can occur in
several forms, magnitudes and frequencies, some examples are:

• Oscillations due to the inverter not being able to realize the signals from
the controller fast enough. These oscillations are more probable during fast
events or high pressures (power limitations). These oscillations are typi-
cally in the frequency range of 10-20 Hz.

• Oscillations due to low dampening of the crane. These oscillations are
caused by the crane, which is a quite under damped system. These oscil-
lations are typically in the range of 0.5-3 Hz depending on the distance to
the center of gravity of the crane.

A discussion regarding the problems of oscillations can be found in Section
8.3.3.

6.2.5 Robustness

Since the system is highly nonlinear and a mathematical description of it is hard
to define, see Section 5.5, the robustness of the controllers is investigated by sim-
ulations of the reference drive cycle.

First, a model error is introduced in the controller by changing the value of
the displacement of the pump. Neither the pressure feedback nor the flow feed
forward have any problems performing the drive cycle with a good cycle time and
energy consumption when having a large model error, they show no tendency of
not managing the drive cycle for values of the displacement between 1/2 to 2



64 6 Results

10-2 10-1 100 101E
n
e
rg

y
 c

o
n
s
u
m

p
ti
o
n
 [
k
W

h
]

0

0.1

0.2

0.3

0.4

Energy consumption sensitivity to measurement noise on p
LS

fb controller

ff controller

tfc controller

SNR [-]

10-2 10-1 100 101

C
y
c
le

 t
im

e
 [
s
]

75

80

85

90

95

100

Cycle time sensitivity to measurement noise on p
LS

fb controller

ff controller

tfc controller

Figure 6.14: Comparison of energy consumption (upper) and cycle time
(lower) sensitivity to measurement noise on pLS . The feedback controller
seem to be most affected by this type of noise, being unable to complete the
drive cycle when there is too much noise.

times the correct value. A larger model error than the half or the double size of
the correct value is not considered to be plausible.

The true flow control, that does not have the help of a feedback when fully
activated, suffers more from model errors than the other controllers. It can man-
age the drive cycle with the value of the displacement between 50 to 200 % of
the correct value but for larger deviations the movements of the crane become so
slow/oscillative that it does not complete the drive cycle in time.

Secondly, measurement noise is added to the measurements of the LS-pressure
and the pump pressure. In Figures 6.14 and 6.15 the energy consumption and
the cycle time are displayed as function of the signal-to-noise-ratio (SNR) for the
LS-pressure and the pump pressure respectively.

None of the controllers show any sign of being much affected, with regards to
the cycle time, by noise down to an SNR of the LS-pressure of about 0.1. How-
ever, at an SNR of 0.03 the cycle time of the feedback controller is 100 s. This is
the limit of simulation time set during simulations and the simulation was thus
stopped before the crane had completed the drive cycle. The energy consumption
for this point should be discarded since the drive cycle wasn’t completed.

As to energy consumption, the flow feed forward and the true flow control
show no sign of being affected by the noise. The pressure feedback starts to be
affected at an SNR of about 1.

Similar to the behavior with noise on the LS-pressure, the energy consump-
tion of the pressure feedback starts to rise at an SNR of about 1-2 for the pump
pressure. The feed forward and the true flow control are somewhat affected be-
low an SNR of about 0.4.

The cycle time sensitivity to noise on the pump pressure is most significant
for the feed forward controller.
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Figure 6.15: Comparison of energy consumption (upper) and cycle time
(lower) sensitivity to measurement noise on ppump. The feedback controller
seems to be most affected by this type of noise with regards to energy con-
sumption and the feed forward is a little bit more affected with regards to
cycle time than the other two.

6.2.6 Performance of the adaptive parameter set

The adaptive parameter set controller block, described in Section 5.2.2, is created
with the aim of adjusting the parameters to a "good average" where many previ-
ous situations play a part. The set up/tuning of the parameter set is done by
simulating the crane over a long time (several hours), while performing a large
number of random movements. This way most of the valve positions are affected
and the corresponding parameters thereby get tuned in.

Figure 6.16 shows the values of the different parameter sets for the functions
first boom, second boom and extender respectively during 10’000 seconds simu-
lating random drive cycles. The set for the crane rotation at the base is omitted
due to operator control problems, see the discussion in Section 5.4. As seen in
the figure, some parameters don’t settle completely at a specific value during the
random drive cycles, but they do end up in the vicinity of a certain value. Fig-
ure 6.17 shows the original values of the parameter sets together with the values
achieved after tuning. The values are later used to calculate the hydraulic flow
required of the pump, at different valve positions (i. e. operator commands).

When the parameter set has been tuned in, it is apparent during simulations
that the signal of the complementary feedback controller is centered on the value
one (note that this value is multiplied with the feed forward signal, hence the
value "one" is the equilibrium), but only when looking over a fairly large period of
time. When inspecting shorter time periods it becomes apparent that the feed-
back controller signal is not constantly at the value one, see Figure 6.18, but can
be quite a bit away from this level. A non-one value indicates that the feedback
controller has to adjust the feed forward signal. This suggests that there are other
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Figure 6.16: The parameter values of the adaptive parameter sets, during a
long simulation time with the crane performing random movements. The
parameter values aren’t constant, but remains in the vicinity of a certain
value over time. Note that parameter set 1 is omitted due to the control
problems mentioned in the discussion chapter.
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Figure 6.17: The adaptive parameter sets (i. e. the parameters correspond-
ing to different operator magnitudes). The dashed lines represent the start
values from before tuning has begun and the solid lines the values achieved
after tuning. Note that the tuned values vary significantly, indicating that
the flow characteristics of the valves are highly non-linear.
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Figure 6.18: The output from the feed forward controller (top) and the com-
plementary feedback controller (bottom). Note that the feedback signal is
centered around a value of one, which indicates that the adaptive parameter
set is properly tuned.

phenomena that play a part in the resulting flow through the valves, besides the
operator signal-valve position relationship portrayed by the adaptive parameter
set.

Even though the adaptive parameter set does not manage to perfectly adjust
the feed forward model both the flow feed forward controller and the true flow
controller show better performance when using the tuned parameter values com-
pared to using the original values. The problems of using an incorrect flow model
are described in Section 2.1.4.



7
Energy study

In this chapter the energy losses in the different components of the power pack
is presented, compared and discussed. Data to the study is obtained from simu-
lations of a reference drive cycle in the Simulink model using the selected feed
forward controller. The results from this study can be used to indicate where im-
provements can be made to decrease the total energy consumption of the system.
Another purpose with this study is to investigate if the size and working area
of the components are matched to the operating points of the drive cycle, with
regards to energy efficiency. This is discussed for each component of the power
pack.

7.1 Battery

As can be seen in Figure 4.9 the internal resistance of the battery gives rise to a
large voltage drop over the battery for high currents, causing large energy losses.
In the model, the internal resistance is modeled as a constant and thus the ef-
ficiency of the battery decreases linearly with increasing current and also with
increasing input power since Pin = UocI and Uoc = constant. The efficiency of
the battery during the drive cycle is displayed in Figure 7.1 together with the in-
put power as a reference. It is clear that the difference between the efficiencies
at low power inputs, > 90 %, and at high power inputs, down to 70 %, is large.
To increase the efficiency at high power a battery with a lower internal resistance
would be needed.
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Figure 7.1: Efficiency of the battery (upper) and input power to the battery
(lower) during the drive cycle.

7.2 Inverter

The losses in the inverter can be divided in switching losses (constant) and con-
duction losses (proportional to electric current squared). A simplification of this
is to view the efficiency as constant, which is accurate enough for loads over ap-
proximately 20 % of rated power. Below this point, the low conduction losses do
not cancel out the impact of the switching losses and the efficiency drops.

In Figure 7.2, the power drawn from the inverter is plotted, along with marker
lines for rated power and 20 % of rated power. As can be seen in the figure,
the power is above 20 % for a majority of time, by which a conclusion can be
drawn that the simplification of using a constant efficiency value is justified. This
constant efficiency is implemented in the Simulink model.

It can also be noted that the power rarely overshoots the rated power, indicat-
ing that the inverter size is adequately matched to the application.

7.3 Electric motor

The figure 7.3 shows the operating points from the drive cycle simulated on the
model marked on the efficiency map obtained from the measurement points pro-
vided by the operator. When studying the operating points it becomes clear that
the motor is operated in a broad range of speeds. A large part of the time the
motor is operated at lower speeds than rated and the efficiency of the motor un-
fortunately drops fast below 1000 rpm (the efficiency for the operating points
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Figure 7.2: Input power to the inverter during the drive cycle, with marked
rated power and lower limit for high efficiency. The input power lies mainly
between the two limits, which means the efficiency of the inverter can be
simplified as a constant.

outside the efficiency map can be assumed to be low by comparing the map to
other known efficiency maps, see for example Burwell’s article [Burwell, 2013]).
To increase the efficiency of the motor part of the system, during a typical drive
cycle for a crane, a motor with a broader region of high efficiency below rated
speed would be preferable. According to the investigation in Appendix C a syn-
chronous motor could be a better alternative with respect to this than the asyn-
chronous motor currently used.

7.4 Hydraulic pump

The efficiency map of the hydraulic pump can be seen in Figure 7.4. The effi-
ciency of the hydraulic pump is a combination of a hydro-mechanical efficiency
and a volumetric efficiency. The hydro-mechanical efficiency is related to fric-
tion and pressure losses, whereas the volumetric efficiency is related to "internal
leaks" and flow losses. It should be noted that the data points used for creating
the efficiency map is (unfortunately) only placed in the region T=[50-250], the ef-
ficiency map outside this region is therefore extrapolated and the accuracy might
suffer.

In the Figure 7.4, the operating points of the drive cycle are also plotted on
the efficiency map. The size of the pump, i. e. the displacement of the pump,
seems to be reasonably well adapted to the operating points displayed. A larger
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Figure 7.3: Operating points of the electrical motor during a simulation of
the drive cycle, on top of efficiency map derived from measurement data.
Note that the motor during simulations is operated outside the area of mea-
surement points a large amount of the time. The physical motor is able to
run outside the measured area but it’s efficiency is low, indicating that it is
not perfectly fitted to the working area of the system.
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Figure 7.4: Efficiency map of the hydraulic pump derived from manufac-
turer data. Red crosses are operating points from simulation of the drive
cycle

pump would have the operating points displaced towards the upper-left of the
graph, which might render a better efficiency, but due to a maximum torque limit
of the electric motor, this area might be unreachable for the system.

It is worth noting that the hydraulic pump is a general-purpose pump, not
specifically adapted to the operating points common of this application.

7.5 Comparison

In Table 7.1 the energy losses for the different components during a drive cycle
are presented. In Figure 7.5 the power losses of the different components dur-
ing the drive cycle are displayed together with the useful power output from the
power pack. It is clear that the battery and the electric motor give rise to the
highest losses and that improvements in their efficiencies would have a large im-
pact on the total losses. To improve the efficiency of the battery the lead-acid
battery could be switched to a lithium-ion battery with a significantly lower in-
ternal resistance. The efficiency of the motor could be improved by switching to
a synchronous motor or a motor with a rated power better matching that of the
inverter.
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Component Energy loss [kWh] Part of total losses [%]
Battery 0.0296 35.8
Inverter 0.0039 4.7
Electric motor 0.0307 37.1
Hydraulic pump 0.0184 22.2
Total losses in power pack 0.0827 -

Total energy consumption 0.2265 -

Table 7.1: Energy losses for the different components of the power pack

Figure 7.5: Comparison of power losses of the different components during
the drive cycle. The battery and motor are dominating the losses.



8
Comparison and analysis

8.1 Test rig

As can be seen in Figure 8.1 the efficiency of the system with a variable speed
pump (configuration 2) is significantly higher than that of the system with the
variable displacement pump (configuration 1) in the sections with low power
output. This is due to the losses from the constant high rotational speed of the
variable pump of configuration 1 compared to the low speeds of the fixed pump
when a low power is required. However, since the power in these sections is low,
the absolute energy losses are not that significant. The power lost is better visu-
alized in Figure 8.2 where it can be seen that the accumulated losses during the
cycle increase almost linearly for both configurations and that the difference at
the end of the cycle is significant. It is also clear that the system with configura-
tion 1 performs better with a fixed speed of 2000 rpm than 2500 rpm, mostly due
to a higher efficiency in the sections with low power output for the same reason
as mentioned above.

During the drive cycle the best system (n = 2000 rpm) with configuration 1
has produced 0.59 kWh of useful energy and 0.60 kWh of energy losses. The
corresponding values, calculated as a mean of the two test results, for the system
with configuration 2 is 0.56 kWh and 0.40 kWh. This gives a total efficiency of
49 % for the system with configuration 1 and 59 % for the system with config-
uration 2. This result supports the conclusion that configuration 2 is an energy
efficient configuration from the study of previous work in the area, see Section
1.3. It should be noted that there is an uncertainty to these efficiencies due to the
inaccuracy of the measuring instruments. However, although the absolute values
of the efficiencies might be slightly off, the relative difference between them is
deemed to be accurate.

As described in Section 3.2, the system was not able to provide enough power
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Figure 8.1: Calculated efficiencies and output power during the different
runs of the test rig. Config. 2 (the variable speed pump) show higher en-
ergy efficiency than Config. 1 (the fixed speed pump), especially during low
power output.
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than Config. 1 (the fixed speed pump).
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to follow the original drive cycle, mostly due to the high internal resistance of the
battery. A way to deal with this problem would be to replace the lead-acid battery
with a lithium-ion battery that has a significantly lower internal resistance and
a higher power density. To manage the drive cycle, the battery must be able to
provide 81 kW if the efficiency of the system is 70 % at high loads. The inverter
and the electric motor will also have to be replaced in order to be able to produce
the required power.

The question of controllability will be mainly answered by the results from
the simulations. However during the parameter tuning of the physical test rig
it became apparent that the pressure feedback controller has large tendencies of
oscillative behavior, especially at lower speeds. This behavior is thought to be
mainly due to control signal delay in the controller-inverter-motor chain.

As to the cost of investing in and running the electric-hydraulic application it
can be assumed that the motor and the inverter can be the same for both config-
urations. A fixed pump is somewhat less expensive than a variable one but the
majority of the investment can probably be saved in the battery. A 20 % higher ef-
ficiency for configuration 2 gives the opportunity of downsizing the battery with
20 % compared to configuration 1 while keeping the output capacity constant. If
a lithium-ion battery with a capacity of 40 kWh would be suitable for the least
efficient configuration, the capacity needed for the more efficient configuration
would be 8 kWh less. With a price estimate of €600/kWh (see the theory about
battery packs in Appendix B) the savings would be €4800. The use of a battery
with less capacity also means a lighter additional weight to the truck and the
possibility of a heavier load during operation.

8.1.1 Comparison with combustion engine driven system

It is also interesting to compare the electric driven system (both configuration 1
and 2) with the conventional combustion engine driven system dominating the
market today. Two obvious advantages with an electric driven system is the lack
of exhaust emissions and the low sound level during operation. This allows for
operation in new environments, for example indoors or at night.

A significant drawback of the electric-hydraulic system is the additional in-
vestment cost and weight of the battery, inverter and electric motor. The return
of investment time for the electric system is calculated in Appendix D to be ap-
proximately 5 years, although this number largely depends on how much and
how hard the crane is operated. The currently falling lithium-ion battery prices
indicate that the return of investment time will be shorter in the future, making
the concept an interesting technology to further develop.

8.1.2 Environmental impact during product life-cycle

In this section the impact on the environment of the system with configuration 2
during the different stages of its life-cycle will be briefly discussed. The battery is
assumed to be a lithium-ion battery and the motor is assumed to be an induction
motor.
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Manufacturing

Three additional components, battery, inverter and electric motor, are required
by the electrically driven system compared to a conventional diesel driven sys-
tem. The manufacturing of these components requires raw material and energy
in different quantities. The mining of the metals required produce waste and
might pollute the local environment.

Charging

The environmental impact of charging the battery depends on the energy source
used to produce the electricity. An average value that can be used is the emis-
sion value of the Nordic electricity mix, since most of the electricity in Sweden is
bought at the Nordic trade market Nord Pool. According to Energimyndigheten
[Ene], the average value of the emissions from the Nordic electricity mix was
125.5 g CO2 equivalents/kWh during the period 2005-2009. This can be com-
pared with the emissions from diesel fuel which is 263.7 g CO2/kWh.

Operation

The system has no emissions during operation and can thus be operated in urban
areas where pollution of the local environment is undesirable.

Recycling

The metals of lithium-ion batteries can be recycled but since the availability of
the raw materials is high, see Appendix B, and the batteries are not considered as
hazardous waste there is currently no large economical gain in doing so. Accord-
ing to a company that runs a pilot plant for the recycling of lithium-ion batteries,
based in Hofors, Sweden [Hållén, 2009], 95 % of the metals (that make up 1/3 of
the total weight of the battery) can be recycled. Another 1/3 of the material can
be energy recycled.

8.2 Simulation model

The model used for simulation of the system was created with the purpose of eval-
uating the controllers in mind. Due to the extensiveness of the model (including
battery, inverter, electric motor, hydraulic pump, hydraulic system and mechani-
cal crane model), to validate all parts of the model was deemed to be beyond the
scope of this thesis.

The parts most important for the energy study (the battery and the electric
motor) was modeled and validated by measured data and are considered to be
reasonably accurate. The other parts in the model have not been validated to
measured data but have been constructed with best practice in mind.

As a consequence, the absolute values of the results from simulations should
not be used independently. However, they can be used for comparisons between
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different simulation runs to draw conclusions about general trends and behav-
iors.

8.3 Simulated controllers

The first conclusion that can be drawn from the results in Section 6.2 is that all
three proposed controller perform well with respect to the criteria investigated.
It is impossible to determine which controller performs best in all possible situa-
tions. In the following sections the pros and cons of the different controllers will
be discussed.

8.3.1 Energy efficiency

The energy consumption is almost equal for the pressure feedback and the flow
feed forward. The slightly higher energy consumption for the feed forward is
probably due to controller-model errors making the controller initially outputting
a too high flow before the complementary feedback adjusts the flow to a correct
value.

The true flow control concept shows a promising increase in energy efficiency,
thanks to is being able to cut pressure losses in the hydraulic system.

8.3.2 Discussion about speed

The difference between the pressure feedback and the flow feed forward con-
troller in regards to completing the drive cycle is quite small, 74.4 versus 75.8
seconds. However, these values is (unfortunately) very dependent on the opera-
tor controller, which renders the completion time of the drive cycle not a good
measurement of controller performance.

The true flow controller is somewhat slower than the other two (78.6 s in the
drive cycle), but this is due to the system being harder to control for the operator
and not a fault of the controller.

If instead analyzing a step response, the feed forward controller shows a much
faster response than the pressure feedback controller, 0.2 versus 2 seconds. This
kind of behavior is important to the end-user-performance, since a real crane
operator often operates the crane with joystick movements similar to steps.

The true flow controller showcases the same responsiveness as the flow feed
forward controller due to the nature of its delayed activation.

8.3.3 Discussion about robustness

Parameter tuning: The PI-parameters were tuned to a point where a good robust-
ness could be shown and the controllers responsiveness was as good as possible.
Several parameter sets with values ranging around this point where then tested
with regards to robustness and performance. It can be concluded that the systems
are not very sensitive to the exact values of the parameters.
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Oscillations: As previously mentioned, the controllers were tuned to a point
where no or little oscillations are present. When sped up however, the controllers
showed different degrees of oscillating behaviors. Especially the pressure feed-
back controller shows a rather oscillative behavior when tuned too aggressively,
especially at very low speeds. This is due to a signal delay in the inverter/electric
motor, much like in the real hydraulic test rig. The nonlinearity of the pump
only being able to operate in the forward direction is also contributing to the
oscillations at very low speeds.
Model errors: Both the stand alone pressure feedback controller and the one with
complementary feedback controller seem to handle model errors very well since
the controllers manage to complete the drive cycle with a model error of over 100
%. The true flow controller is however completely dependent on the model when
activated, which makes its performance directly proportional to the model error.
Measurement noise: All controllers handle measurement noise very well, a signal-
to-noise-ratio of 10 % causes no big problems to the ability to perform the drive
cycle, as long as the noise is centered around zero. The main reason for this be-
havior is the low pass nature of the controllers together with the inverter and
electric motor.

8.4 Discussion about methods

In retrospective view, there are several things that could have been done differ-
ently during this project. Listed below are some of the biggest possibilities of
improvement:

• During the measurements of the test rig, some of the instruments used were
not calibrated. It would have been good to calibrate the instruments prior
to the measurements and thus have been able to calculate a confidence in-
terval of the results.

• During the modeling of the crane, the model of the hydraulic system was
made in Hopsan using standard hydraulic components. In retrospect, a val-
idated model of the hydraulic system might have provided a better environ-
ment in which to evaluate the controllers, handle realistic system behaviors
and develop well functioning control strategies.

• If the inverter and the motor had been modeled as three-phase-models, the
transient behavior of the system would probably have been more accurate
and well motivated.

• The operator controller used for creating a repeatable drive cycle could
have been better modeled with regards to the behavior of a real operator.
This would have resulted in a better environment for evaluating the perfor-
mance of the controllers.

• The method for comparing different controllers was hard to define. It was
difficult to weight different criteria against each other and to sum them to
an overall impression.
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Conclusions

9.1 Conclusions from this thesis

The final conclusion of this thesis is that there are benefits to be gained in terms
of energy efficiency by controlling the speed of a fixed displacement hydraulic
pump, compared to using a fixed-speed variable displacement pump.

The three investigated strategies to control the pump speed are each charac-
terized by different advantages and drawbacks:

• The basic pressure feedback controller shows a decent performance and
requires little modification to the crane controller system.

• The flow feed forward controller shows great performance but requires a
good flow model and some implementations in the crane controller system.

• The "true flow control" concept shows an increased energy efficiency com-
pared to the other two, but is more sensitive to flow model errors and re-
quires the individual load pressures to be measured.

9.2 Future work

The area of energy-efficient hydraulics is a rather young area of study and there
are a lot of things to further investigate.

Some interesting concepts that have arisen during the work on this thesis are:

• Examining the concept of pressure feedback torque control, ignoring the
speed of the electric motor and only focusing on the relationship between
electric current, torque and hydraulic pressure.
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• Further analysis of an adaptive parameter set as an alternative to an actual
observer. Perhaps, by utilizing a multidimensional matrix of parameters
the flow can be properly estimated?

• Examining the hydraulic concept of using two separate pressure rails, one
for high pressures and one for low pressures, further minimizing pressure
losses in the system.

• Examining the concept of a variable-speed, variable-displacement hydraulic
pump. With two degrees of freedom the controllability and energy effi-
ciency might be increased further, since the operating point then can be
arbitrarily selected and optimized with regards to efficiency maps of both
motor and pump.
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A
Selection of controllers

This appendix chapter describes the process of selecting the best controllers from
different controller strategies.

A.1 Method for selecting controllers

To be able to compare controllers from different controller strategies with each
other, the selected controllers should represent the best possible behavior of their
respective strategies. The representative controllers were selected using to the
following steps:

• Step 1: Good P and I values of the PI-feedback controllers were selected
by investigating step responses for the three active functions. A D-part was
also added to the controllers initially but did only increase the tendency of
oscillations so it was discarded during the rest of the investigation.

• Step 2: A range of P and I values, ranging around the above selected values,
were selected. A drive cycle simulation was run for each combination of
values in the range.

• Step 3: The overall performance of the controllers with respect to the fol-
lowing performance factors (see Section A.2 for calculation of the factors)
from the drive cycle simulation were investigated:

– energy consumption, Etot
– cycle time

– oscillativity(pLS )

– oscillativity(ppump)
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– oscillativity(first boom angle)

– oscillativity(second boom angle)

– oscillativity(extender angle)

– referenceFollowing(rpmref , rpmact)

– referenceFollowing(pLS , ppump)

• Step 4: A smaller number of controllers ranging from the best to the worst
performing were selected for further investigation.

• Step 5: A robustness test was performed on each of the selected controllers.
The overall performance of the controllers with respect to the same factors
as above was investigated. The following signals were perturbed:

– Pump displacement (model parameter used in controller)

– pLS measurement

– ppump measurement

– Valve position signal from operator

– Weight of the load

• Step 6: The best candidate was simulated again, without disturbances, and
signals were plotted and investigated to make sure that the numbers repre-
senting the performance factors were a good indication of the behavior of
the system.

• Step 7: The best candidate was tested on the same step responses as in step
1 to make sure that everything looked okay.

A.2 Calculation of performance factors

Etot =
∑

∆P∆t (A.1)

oscillativity(signal) =

∑ |signal−signallowpass |
mean(|signal|,|signallowpass |)

#samples
(A.2)

ref erenceFollowing(signalref , signalact) =

∑ |signalref −signalact |
mean(|signalref |,|signalact |)

#samples
(A.3)



B
Discussion about different types of

battery packs

The battery pack providing the system with energy is a large cost relative to the
whole system, if the system would evolve to a product the selection of the battery
would be important. Several aspects must be then considered:

• Storage capacity

• Maximum power output

• Efficiency

• Weight

• Material

• Life cycle cost

• Life span (number of charge cycles until performance is considerably re-
duced)

• Memory effect (loss of storage capacity due to partial discharge/charge)

• Environmental impact

The current battery pack of the test bench consists of lead acid batteries.
Other common rechargeable battery types are lithium-ion, nickel-cadmium (NiCd)
and nickel metal hydride (NiMH). Table B.1 lists some characteristics of these bat-
teries.
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Battery Advantage Disadvantage
lead acid lowest cost lowest energy density

NiCd best rechargeable cycle life memory effect, cadmium is toxic
NiMH high energy density -

lithium-ion high energy density expensive

Table B.1: Characteristics of common batteries, [Encyclopaedia-Britannica,
2015]

A comparison between lead acid and lithium-ion batteries is done in an article
in the e-magazine AltEnergy [Albright et al., 2012]. The comparison shows that
to get the same life span in terms of cycles the lead acid can only be discharged
to a depth of 30 % while the lithium-ion (LiNCM) can be discharged to a depth
of 80%. This means that to get the same life span the lead acid has to have 2.5
times more storage capacity than the lithium-ion. The cost of purchase for the
lead acid is said to be $120/kWh and for the lithium-ion $600/kWh. If only
the life span together with storage capacity are considered the lead acid will be
the least expensive alternative. The NiMH has about the same cycle life as the
lead-acid and the cost of purchase is somewhere between lead-acid and lithium-
ion[Linden and Reddy, 2006]. Price estimates of different batteries from a paper
about e-bikes [INSG and Stewart, 2014] are €30/kWh for lead-acid, €300/kWh
for NiMH and €600/kWh for lithium-ion.

For a mobile application the weight of the battery could be important. The
specific energy of a lead acid battery is 30-50 Wh/kg, the energy of the lithium-
ion is 150-194 Wh/kg and for the Ni-MH it is 65-95 Wh/kg [Jha, 2012]. However,
the impact of a battery of about a tonne on a large truck that is immobile dur-
ing a large part of its working days might not be so big, but when transporting
the maximum allowed load is decreased by a tonne which must be taken into
consideration.

The battery’s performance in high or low temperatures might also be of im-
portance since the cranes are expected to be able to work outside the year around.
The operating temperatures for discharge are pretty similar for different types of
batteries: -20◦ to 60◦ for lead-acid, -20◦ to 65◦ for Ni-MH and -20◦ to 75◦ for
lithium-ion [Jha, 2012]. A diagram from the article from AltEnergy [Albright
et al., 2012] shows that at 33◦ the lead acid battery loses its capacity 50% faster
(in terms of cycles) than at 25◦. For the lithium-ion no difference can be seen.
Further, while both types of batteries lose capacity at low temperatures the dif-
ference at -20◦ is significant, 80% capacity for lithium-ion and 30% for lead acid.
Another study, [Pierozynski, 2011] shows that the same number for NiMH is 74%.

The article from AltEnergy [Albright et al., 2012] also discusses the environ-
mental impacts of the two types. Since lead acid batteries have the lowest energy
density they also require the most raw material per storage capacity. A large part
of the lead acid batteries is however recycled but the recycling brings its own
problems. Many batteries are recycled in development countries where the secu-
rity measures are very low and people and the environment are being intoxicated
[Hansson, 2014].



89

Element Reserves [million tonnes] Average production per year for
2013 and 2014 [million tonnes]

lead 87 5.49
lithium 13.5 0.036
nickel 81 2.5
copper 700 18.5
cobalt 7.2 0.115
nickel 0.57 0.018

aluminium * 48.45
graphite 110 1.14

Table B.2: Availability of raw material.
* = "Sufficient to meet world demand for metal well into the future"

The lithium-ion battery consists of many different metals that could be harm-
ful to the environment. In a study made by EPA [EPA and et al, 2013] three
different cathode compositions for lithium-ion batteries are studied:
LiN i0,4Co0,2Mn0,4CoO2, LiFeP O4 and LiMnO2. The LiN i0,4Co0,2Mn0,4CoO2
was found to have the largest potential for environmental impacts, mostly due to
the production and use of cobalt and nickel that are more toxic than manganese
or iron.

Copper is another metal that can be found in lithium-ion batteries. According
to the material supplier Targray [Targray, 2014], both the anode and the current
collectors can contain copper. The active material of the anode is often graphite
and the current collectors can also be made of alum inium.

As to the availability of raw materials, lead and copper are the elements with
the smallest reserves in relation with the current production among the elements
mentioned above according to the U.S. Geological Survey [USGS, 2015], see Table
B.2.

The conclusion from this investigation is that lead-acid is probably the battery
with the lowest life cycle cost. NiMH or lithium-ion can be considered as alter-
natives if light weight or small size lead to reduced costs. If the application is
expected to be operated for long periods in low temperatures lithium-ion could
be a good choice since it loses much less capacity in low temperature than the
other types.





C
Discussion about different types of

electrical motors

The electric motor used in this project wasn’t specifically selected to match all of
the requirements of the system. If the system would be commercialized in the
future the motor would have to be selected according to some criteria:

• The motor has to be able to provide a torque higher than or equal to the
highest torque required by the application, see Figure C.1.

• The efficiency should be high for a broad range of speeds since the motor
will be operated at variable speeds.

• The price of the motor should be reasonable with respect to the current cost
of the application.

• The motor should be easily controlled by a variable frequency drive (in-
verter).

• The power density of the motor should be high since any excess weight is
undesirable in a mobile application.

According to Berkner [2008], who discusses the use of electrical to drive a
hydraulic system, two types of motors dominate the market today, AC induction
motors (asynchronous motors) and AC permanent-magnet motors (synchronous
motors). For industrial applications the AC induction motor is the most common,
or the AC synchronous motor for very large applications [Keyes and Eng, 2007].
A third motor type, the reluctance motor, is not very common today but could
be in the future due to good torque-speed characteristics [Hashernnia and Asaei,
2008] and simple construction [DiRenzo, 2000]. Since the price of these motors
is still high they will not be considered as an option in this project but could very
well be an alternative in the future. The rest of this section will be a comparison
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Figure C.1: The operating points of an electrical motor is typically limited
by a maximum torque, speed and power.

between the induction motor and the permanent-magnet motor with focus on the
above criteria.

The power density of a permanent-magnet motor is higher than that of an
induction motor [Hashernnia and Asaei, 2008], [Burwell, 2013] and they are of-
ten more efficient [Keyes and Eng, 2007], [Burwell, 2013]. Burwell shows in his
comparative study [Burwell, 2013] efficiency-speed diagrams for two compara-
tive motors of 50 kW, one induction and one permanent-magnet. The motor used
in this project will be of that magnitude, see Section 3.1, so the comparison is rel-
evant. The weight of the induction motor in the study is 40 % higher than the
permanent-magnet motor and the efficiency for the permanent-magnet is about
5% higher and high in a broader region both in speed and in torque than the in-
duction motor. The main disadvantage of permanent-magnet motors is that they
are more expensive than induction motors due to the large cost of the permanent
magnet, Burwell’s example of production costs is $200 for the induction motor
and $260-540 for the permanent-magnet (large uncertainty due to volatile mag-
net prices). The volatile magnet prices are caused by the availability of the rare
earth elements that the magnet consists of. However, one must also take into ac-
count increased battery cost for the induction motor to compensate for the lower
efficiency. The study shows that for a certain desired battery capacity there will
be a break even between the costs for the two motors. If the desired capacity is
larger than that, the cost for the permanent-magnet system will be lower than for
the induction motor system.

One way to deal with the weight problem of the induction motor could be to
choose a motor rated for lower power than needed and then run the motor over-
loaded. Generally, motors can be overloaded for a short time without any damage
but longer periods of overload can overheat the motor and reduce efficiency and
life time.

A shortened life time however, is supposedly not a very big problem for the
crane application of this project, since the life time of an electrical motor often is
much longer than that of the crane.
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As to controllability the speed of both the induction motor and the permanent-
magnet motor can be controlled by an inverter as will be the case in this project.
Since the permanent-magnet motor is synchronous, its mechanical speed is equal
to its electrical speed which makes the control simple. No feedback is required
as long as the motor does not drop out of synchronicity. The induction motor is
asynchronous, i.e. the mechanical speed that needs to be controlled is not the
same as the electrical speed that the inverter is connected to. The inverter can
compensate for this with the use of a feedback loop. This means that the control
system is a bit more complicated for the induction motor than for the permanent-
magnet motor.





D
Cost comparison with a combustion

engine driven application

In this appendix, the cost for investing in and running an electrical system is
compared to that of a diesel driven system.

Three additional components are required for the electrical system; an in-
verter, an electric motor and a battery. The cost for the inverter and the mo-
tor is approximately 50’000 SEK although this sum may differ depending on the
number of units bought. The price of a lithium-ion battery of 32 kWh would
be € 19’200 (assuming a price of € 600/kWh) which is approximately 192’000
SEK. To calculate an approximate return of investment time for the electric sys-
tem the cost of the electricity needed for charging the battery is assumed to be 0.8
SEK/kWh and the price of diesel fuel assumed to be 10.8 SEK/l (≈ 1.1 SEK/kWh).
Further, a lithium-ion battery of 32 kWh is deemed to be sufficient for a normal
day’s work for an example crane. The number of working days per year is as-
sumed to be 225, giving a total electricity consumption of 9000 kWh per year.
A diesel driven crane of the same size consumes about 5500 l of diesel per year.
This gives that the annual operation cost is approximately 7200 SEK for the elec-
tric system and approximately 59’400 SEK for the diesel driven system. With
this annual saving of 52’200 SEK the return of investment time for the electrical
system is about 5 years. It must be considered that the capacity of the battery
will only last a certain number of discharges and that the battery might have to
be replaced after some time to make sure that it lasts a whole work day. Depend-
ing on the type of lithium-ion battery the cycle life can range from 1000 - 3000
cycles, which means that the battery will have to be replaced every 4 - 13 years.
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