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Abstract

Electro-Hydraulic (eh) systems are commonly used in the industry for applica-
tions that require high power-weight ratios and large driving forces. The eh
system studied in this master thesis have recently been upgraded with new hard-
ware components and as a part of this upgrade a new controller was requested.
The system consists of a controller that computes a control signal for an electric
motor. The motor drives a gear pump that generates a flow of hydraulic fluid.
The flow is then directed to a cylinder. The movements of a piston in the cylinder
is affected by the flow and the piston position can be measured. The measured
piston position is then fed back to the controller and the control loop is complete.
The system was previously controlled using a Proportional-Integral-Derivative
(pid) controller and the purpose of this thesis is to compare the old controller
with alternative control strategies suitable for this application. The evaluation of
the controllers is based on both software and hardware simulations and results
in a recommendation for final implementation of the best suited controller. The
control strategies chosen for investigation are: a retuned pid controller, a pid con-
troller with feed forward from reference, a pid based cascade controller, a Linear
Quadratic (lq) controller, and a Model Predictive Controller (mpc). To synthe-
size the controllers an approximate model of the system is formed and imple-
mented in the software environment Matlab Simulink. The model is tuned to
fit recorded data and provides a decent estimation of the actual system. The pro-
posed control strategies are then simulated and evaluated in Simulink with the
model posing as the real system. These simulations resulted in the elimination of
the cascade controller as a possible candidate since it proved unstable for large
steps in the reference signal. The remaining four controllers were all selected
for simulation on the real hardware system. Unfortunately the mpc was never
successfully implemented on the hardware due to some unknown compatibility
error and hence eliminated as a possible candidate. The three remaining control
strategies, pid, pid with feed forward from reference and the lq controller, were
all successfully implemented and simulated on hardware. The results from the
hardware simulations compared to simulations made with the old controller, as
well as the results from the software simulations, were then evaluated. Depend-
ing on the purpose one of two control strategies is recommended for this appli-
cation. The lq controller achieved the best overall performance and is presented
as the control strategy best suited for this application.
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Notation

Abbreviations

Abbreviation Meaning

eh Electro-Hydraulic (system)
lq Linear quadratic (controller)
mpc Model predictive controller
pid Proportional, integral, differential (controller)

ix



x Notation

Nomenclature

Notation Meaning

A Mean area of A1 and A2
Ai Area of piston for each chamber, i=1,2

Cf actor Constant factor used in the hydraulics model
Clp Pump leakage coefficient
Cpos Constant gain used in the hydraulics model
Dp Pump displacement coefficient
Gcyl Process model of hydraulics
Gm Process model used for controller synthesis

Gmotor Process model of electric motor
KD Gain for the pid controller
KI Gain for the pid controller
Km Gain used in the electric motor model
KP Gain for the pid controller
L Length of the cylinder

Mmax Maximum engine torque of the electric motor
N Prediction horizon
Pmax Maximum load pressure of the system
Qi Weights used in problem formulations, i=1,2,3

Qkalm Dynamics weight for the observer gain synthesis
Rkalm Measurement weight for the observer gain synthesis
ti Time constants for chirp signal
T Time constant for three parameter model
TD Time constant for low pass filter
TL Time delay constant for three parameter model
Ts Sample time
V Volume of cylinder
Vi Volume of cylinder chamber, i=1,2
xp Piston position displacement
ẋp Piston movement speed
y Measured piston position
ydist Disturbance on measured piston position
yref Reference (or target) piston position
α Factor used when evaluating controllers
γ Accuracy of sensor measurements
ζ Factor used for choosing external loads
σ Rate limit of electric motor
Φ Flow through hydraulic pump
Φi Flow in/out of cylinder chambers, i=1,2
ψ(t) Frequency function
ω Motor speed

ωmax Maximum speed of the motor



1
Introduction

Electro-Hydraulic (eh) systems are widely used since they offer high power-weight
ratio and large driving forces. The systems are however influenced by highly non-
linear effects caused by oil viscosity, friction and leakage as mentioned in Chiang
et al. [2014]. These nonlinearities, and the need for high precision control, put
high demands on finding a precise model and robust controller. This thesis will
mainly be focused on finding a control strategy for an Electro-Hydraulic system,
hence the models used will be based on approximate linear models. A thesis run-
ning parallel to this one will focus on finding a more precise model of the same
system. The expectation for these projects are that these theses can help each
other achieve a precise controller and a model that provides a good representa-
tion of the actual system. The time units and value axes in the plots and figures
of this thesis have been modified in order not to disclose company secrets.

1.1 Related Work

Since eh systems have been widely used in industry, substantial research have
been made on the topic. For most applications a basic Proportional-Integral-
Derivative (pid) controller is used to track a given reference signal, as for instance
in Skarpetis and Koumboulis [2013] and Lei et al. [2011]. These controllers per-
form decently in terms of reference tracking but at the expense of a quite oscilla-
tory control signal, which in turn could increase actuator wear and shorten the
life expectancy of the system.

Another popular choice for controlling eh systems is to use fuzzy pid controllers,
like for instance in Chiang et al. [2014] and Truong and Ahn [2009]. These con-
trollers utilizes both the general pid controller as well as more loosely specified
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2 1 Introduction

controls of the type “Use high throttle when going up a hill”. In other words a
fuzzy controller performs similar to as what an operator would be expected to do.
In order to construct a well performing fuzzy control, an extensive knowledge of
the system behavior is needed since “control laws”, like the one mentioned earlier,
has to be interpreted as a specific mode with various numbers and gains. A fuzzy
pid controller is similar to a parametrized controller where the controller gains
are changeable and dependant on, for instance, the displacement of an object or
its movement speed.

Another approach is to build the control strategy on a model and utilise this
information when choosing the control signal. Creating a model that describes
a system requires an extensive knowledge of the system, including the specific
behavior of each included subsystem. Generally each subsystem is modeled on
its own and then a full model is constructed based on the submodels and ap-
proximations, as for instance in Gnesi et al. [2013]. The constructed model can
then be used when choosing the control signal by, for instance, using a linear
quadratic (lq) controller, Micheal et al. [2013], or by using a model predictive
controller (mpc), Marusak and Kuntanapreeda [2011]. These type of model based
controllers generally achieves a high reference tracking performance, which can
be seen in the previous referrals, with the possibility to choose a smooth control
signal by tuning the parameters. These advantages do however come at the ex-
pense of higher required computational power, at least for thempc, Enqvist et al.
[2010], and sensitivity to model errors, since they depend on a model to estimate
future states which, as mentioned in Glad and Ljung [2004], is almost never per-
fect. The computational requirement might be a problem for this application
where the computational power of the control unit is limited. Hence, the com-
putational power requirement is an important aspect to keep in mind since this
puts limits on the possible complexity of the controllers.

Other types of control strategies have been investigated, e.g. a sliding mode con-
trol in Chen et al. [2005]. A nonlinear backstepping controller was presented in
Kaddissi et al. [2007]. A force controller utilizing quantitative feedback theory
was presented in Niksefat and Sepehri [2000]. These control strategies have all
presented well performing closed loop systems. They all require an extensive
knowledge of the analytical descriptions of the system, hence they will not be fur-
ther investigated in this report. The reports will however be used as basis for the
modelling parts of this thesis. For this purpose the work presented by Alleyne
and Liu [2000] will also be used since it presents a model of a similar system.

Most eh systems are controlled using a pid controller since it provides an accept-
able result in most cases, with a low demand on computational power. When
an accurate model of the system exists the model based controllers can utilize
predictions of future states and possibly achieve a higher performance compared
to controllers solely dependent on a feedback. The remainder of this thesis will
focus on investigating different types of control strategies and determine which
strategy that performs best in a system where accuracy and stability are key per-
formances.
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1.2 Purpose

The eh system investigated in this thesis has previously been controlled using a
pid controller. The components of the system have recently been upgraded and as
a part of this upgrade the effectiveness of the preconfigured pid was questioned.
The goal of this thesis is hence to investigate different types of control structures,
implement the most promising ones on hardware and choose a controller for final
implementation. The controller that is chosen for the final implementation must
satisfy the following criteria

• it must have a small overshoot

• it must have a limited steady-state error

• it must be stable and non-oscillatory for a wide variety of loads

• it should have the fastest rise time of the proposed controllers when per-
forming a step response, given that the previous demands are fulfilled

• it must be possible to implement on a pre-existing control unit.

Whether these criteria are achieved or not will primary be validated using soft-
ware simulations in Matlab Simulink and verified by implementing the promis-
ing control strategies on the real hardware system.

1.3 System Description

The eh system in this application is used to control the position of a piston that
is connected to a load. Figure 1.1 shows a principal outline of the system set up,
whereas Figure 1.2 provides a block diagram of the system layout as well as the
labels of some of the signals defined in the system. The complete set up consists
of:

• a controller

• a power unit, consisting of an electric motor and a gear pump

• an asymmetrical hydraulic cylinder, including the hydraulic hoses as well
as the piston and a displacement sensor.

Figure 1.4 provides a slightly more detailed description of the gear pump while
Figure 1.3 shows the defined parameters of the cylinder.

The controller computes the desired number of revolutions per minute for the
electric motor. The motor drives one of the gearwheels in the gear pump which
means that the rotational speed of the gearwheels are the same as the speed of
the motor. Furthermore the displacement of the pump generates a flow that is di-
rectly proportional to the rotational speed of the gearwheels in the pump, which
then implies that the flow generated by the pump is proportional to the rotational
speed of the motor. A simplified figure illustrating how the motor speed is con-
nected to the flow can be seen in Figure 1.5. The fluid is then directed to the
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Load 
Hydraulic cylinder 

Control signal Reference 

Sensor Hydraulic hoses 

Controller Power Unit 

M 

Figure 1.1: Principal outline of the system configuration showing the con-
troller, power unit, the assymetrical cylinder and the connected load.

Controller 
Electric 
motor 

Gear 
pump 

Cylinder 

Load 
model 

FL
 

ωref
 

ω Φ 

P1 & P2
 

 

Piston position 

ydist
 

y yref 

Figure 1.2: Representative block diagram of the system. The blocks repre-
sent the components of the system and the arrows the signals. Dashed lines
represent non measured signals whereas solid lines represent measured sig-
nals. The diagram shows how the blocks are connected as well as the signal
that forms the connection.

cylinder via the hoses. This flow causes a pressure increase which applies a force
on the piston and thereby moves it. The piston rod is connected to the load and
hence the load moves in the same way as the piston. The displacement of the
piston is measured by a sensor and fed back to the controller. The existing sys-
tem is currently controlled by a pid controller. Although the basic pid controller
provides decent results, there is still room for improvements.

1.4 Goals for the Controller

The piston position is measured in millimetres and the sensor has an accuracy of
γ mm, where γ < 1 mm. Ts is the sample time for this application.

Primary goals:

• steady-state error should be less than 3γ (preferably equal to zero)
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A1 V1 

β P1 

A2 V2 

β P2 

xp L/2 

L 

Figure 1.3: A detailed description of the hydraulic cylinder and the param-
eters describing the cylinder.

Φin Φout 

Figure 1.4: A detailed view of the principal functionality of the gear pump.
The blue arrows represent the path of the flow while the red arrow represents
that there is some leakage in the pump. One of the gearwheels is connected
to the electic motor and hence the rotational speed of the gearwheels are the
same as for the motor.

• overshoots should be less then 10γ for steps of all sizes within ±80γ

• a fast rise time when performing a step response, given that the previous
demands are fulfilled

• the piston position should be non-oscillatory, it is considered non-oscillatory
if it remains within ±γ for a constant reference value after 10Ts from reach-
ing the target.

Secondary goal:

• avoid oscillations in the control signal to reduce wear on the equipment.

1.5 Problem Formulation

The system requires a robust and non-oscillatory control for a wide variety of
loads, hence these are the primary goals for the controller. Precision is of high
importance hence the controller has to be designed to limit overshoots and re-
move steady-state errors. A note of consideration when choosing the controller
is that the existing control unit has a limited amount of memory and computa-
tional power. These limitations may challenge the implementation of more com-
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ω 

M 

Φin Φout 

A1 A2 

Figure 1.5: An overview of the internal dependencies of the system. Blue
arrows represent the flow and the green arrow is the positive rotational di-
rection of the electric motor. This figure illustrates how the load M is affected
by the electric motor. The red arrow is the same leakage illustrated in Fig-
ure 1.4.

plex control strategies. For more complex control strategies a stated optimiza-
tion problem is required. Since the demands on the system require fast reference
tracking while using a smooth control signal, a quadratic optimization problem
penalizing these factors were chosen and the representation looks as follows:

minimize
u∈U

∞∑
t=1

(Cx(t) − r(t))TQ1(Cx(t) − r(t)) + uT (t)Q2u(t) (1.1a)

subject to x(t + 1) = f (x, u, t), t = 0, ..., N − 1 (1.1b)

U = [−ωmax, ωmax] (1.1c)

In this minimization problem reference tracking is regarded the main priority,
hence Q1 is chosen to be significantly higher than Q2 since oscillations in the
control signal is only a secondary objective. For simpler controllers like the pid
controller, a tuning process will be performed in order to find a compromise
between fast control and limited overshoot.

1.6 Limitations

This thesis only stretches over a limited period of time, hence there is only room
to investigate a limited amount of controllers. This time limit might also affect
the tuning possibilities of the controllers, hence there might exist a set of param-
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eters for the controllers presented that slightly enhances their performance.

1.7 Method

The outline of the methodology of this thesis is as follows:

• Modelling and software implementation

• Software simulation

• Testing

• Evaluation

• Hardware implementation and validation on real system

• Comparison between controllers and the pre-existing PID on the real sys-
tem

The models will be fitted to recorded data and created using linear approxi-
mations combined with nonlinear elements. The software implementation is
done using Matlab Simulink. When the models and the proposed controllers
have been implemented they are simulated in the software environment. Simula-
tions are performed to evaluate their performance by comparing estimations with
recorded data. The most promising controllers are then implemented on hard-
ware using Real-Time Workshop. New hardware simulations will be recorded for
each controller and form the basis for the comparison of the results with those of
the pre-existing pid controller.

A description of the methodology written in pseudo code is:

Initialize models:
Find approximate models using logged data and calculations;
for each model do

Implement the model in Simulink;
Set tuning condition to not OK;
while tuning condition is not OK do

Tune parameters by software simulation;
Validate model using logged data;
Evaluation:
if model seems reasonable then

Set tuning condition to OK;
end

end
end
Compare models;
Choose the best model;

When a suitable model has been determined, the procedure of finding a con-
troller is started. The method for this is very similar to when determining the
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model and looks as follows.

Initialize controllers:
Decide on reasonable controller strategies based on the chosen model;
for each controller do

Implement the controller in Simulink;
Set tuning condition to not OK;
while tuning condition is not OK do

Tune parameters by software simulation;
Validate controller using model and logged data;
Evaluation:
if controller is not improving then

Set tuning condition to OK;
end

end
end
Compare controllers;
Implement the most promising on hardware;
Compare and validate versus existing PID controller;

Since another master thesis is focusing on finding an accurate model of the sys-
tem, the models created in this thesis will be approximate and suitable for con-
troller synthesis. The main objective with these approximative models is to give
a reasonable description of how the system behaves in various situations. These
approximate models do however possibly introduce model errors which have to
be taken into consideration both when designing and validating the controllers.

The models and controllers created for this thesis will be implemented in Mat-
lab Simulink. In Matlab, parameters will be tuned and the models validated.
This step with software implementation and simulation is of great value in or-
der to avoid damaging the equipment later on when implementing the solutions
on hardware. The hardware implementation will be done using C-code, either
written by hand or generated via Simulink.



2
Modeling

When designing a control strategy for a system, a valid model can be valuable
and even necessary when software simulations are required. Since the controller
designed in this thesis is implemented on a real hardware system, it is important
that the control signal is physically reasonable in order to avoid harming the hard-
ware. The control signal is saturated in the hardware set up but an unreasonable
control signal might still have a negative effect on the system. To validate that
the control signal is reasonable, a decent model of the system and its components
is required.

In most cases, determining a valid model of a system requires much effort, es-
pecially for systems with nonlinearities. In order to find a model the system is
divided into smaller subsystems. Since the speed of the electric motor can be
measured, the motor is modeled as a separate subsystem. Since no more signals
except for the piston position are available, the gear pump, hydraulic hoses and
cylinder will be modelled as a combined subsystem. In order to find approximate
models for these subsystems, identification experiments were performed. These
identification experiments consisted of various step responses by setting a target
reference speed for the electric motor. The actual motor speed as well as the
piston movements were then recorded and the models configured to fit the data.

2.1 Hardware Limitations

When designing the model of the system, some hardware limitations may need
to be taken into consideration.

• ωmax is the maximum speed of the electric motor, which can also be inter-
preted as the maximum speed of the pump and thereby a maximum flow

9



10 2 Modeling

rate through the cylinder.

• Mmax is the maximum torque of the electric motor, in other words the lim-
ited strength of the motor.

• Pmax is the maximum load pressure of the system, this puts a limit on the
possible forces applicable to the piston which in turn causes a limit on max-
imum acceleration of the piston.

2.2 Electric Motor

The electric motor is pre-equipped with a controller that makes the motor track
a requested speed. The input to the internal controller is the reference angular
velocity and the actual velocity as output, instead of a voltage input resulting in
an angular velocity. Ideally the implemented controller would make modelling
of the motor redundant since the output would be a replica of the input. This
is however not the case. From Figure 2.1 it is clear that the step response of the
electric motor has a time delay of 1 time unit and a steady-state error of approx-
imately 5%. The rise time of the motor is about 3 time units which is significant
for this application. The figure also illustrates that there are nonlinearities to
consider since the slope of the step response seems constant.

Figure 2.1: Plot showing a step response for the speed of the electric motor.
The plot also illustrates that the motor speed has a small steady-state error
and the constant slope shows that it has a maximum acceleration rate.
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Figure 2.2: Plot showing a step response for the speed of the electric mo-
tor. The step response with the model gives a decent approximation of the
measured data.

The motor is modeled using a three parameter model

G(s) =
Kp

sT + 1
e−sTL , (2.1)

where Kp is the gain, T is the time constant and TL is the delay. The constants in
(2.1) can be determined from the step response in Figure 2.1 as is done in Enqvist
et al. [2010]. The parameters were chosen as Kp = 0.95, T = 2.5Ts and TL = Ts,
where Ts is the sample time. For low rotational speeds the model (2.1), although
fairly simple, accurately describes the relation between commanded and mea-
sured rotational speed. This relation can be seen in Figure 2.2.

When large changes in rotational speeds are commanded, the model predicts
higher speeds than measured, see Figure 2.3. In order to describe the behavior
of the electric motor also for these cases, a rate limit is added to (2.1). The need
of a rate limit is probably caused by the maximum torque Mmax mentioned in
Section 2.1. This torque limit would cause a constant slope in the step response
and is the same for all loads. However, when a big load is applied on the piston,
the torque demand on the electric motor is higher. With the constant limit and
higher load this would result in a step response with a flatter slope. This bahavior
could then be modeled by assuming that the rate limit is dependent on the load.
The rate limit was tuned to correspond to the load disturbances expected in this
work. The parameters in model (2.1) had to be reconfigured after the rate limit
was added to better fit the majority of the data and were chosen as Kp = 0.98,
T = Ts and TL = Ts. In the hardware set up the rotational speed of the electric
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Figure 2.3: Plot showing a step response for the speed of the electric motor.
The model estimates a much faster increase in rotational speed than mea-
sured. The model also estimates a bigger steady-state error than measured.

motor is saturated to within ±ωmax. With the added saturation and rate limit the
modeled rotational speed can now be described by

ω(t) = fs(G(p)hr (ωref (t))) (2.2a)

hr (ω(t)) =


ω(t − Ts) − σ, ω̇(t) < −σ,
ω(t − Ts) + σ, ω̇(t) > σ,
ω(t), otherwise

(2.2b)

fs(ω(t)) =


−ωmax, ω(t) < −ωmax,
ωmax, ω(t) > ωmax,
ω(t), otherwise

(2.2c)

where G(p) is the three parameter model (2.1), ωref (s) is the requested rotational
speed, ωmax is the maximum rotational speed, Ts is the sample time and σ is the
rate limit. hr here defines the rate limit function and fs defines the saturation.
Combined with the rate limit the model accurately describes the input-output
relation of the modeled electric motor, and can be used for controller synthesis.

In Figure 2.4 a validation of the model is presented. The output of the model
is plotted together with the measured output for a step change in the reference
signal. From the figure it is seen that the proposed model accurately describes the
relation between the input and output of the motor. The steady-state error used
for the new model fits most of the step sizes larger than one, which are the most
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common step sizes. For steps smaller than one the model estimates a slightly
smaller steady-state error than measured. Before implementation in Simulink
the model was transformed to a discrete time model, with sample time Ts, using
the Matlab command c2d with the zero order hold option.

Figure 2.4: Plot showing a step response for the speed of the electric mo-
tor. It illustrates the resemblance between the model estimations and the
recorded data. Here a rate limiter was used to better model the behavior of
the electric motor.

2.3 Gear Pump and Hydraulic Cylinder

This subsystem will be based on the measured speed of the motor (input) and
the piston position (output). It will be harder to find an appropriate model for
this system since it is impossible to get a clean step response with the measured
motor speed. Since a step response will not be an option another approach has
to be considered. This identification could for instance be done by using white
noise as input and fit the model to the frequency response Glad and Ljung [2004].
In this thesis a more analytical way of modeling is attempted.

The flow through a gear pump, like the one used in this system, can be calculated
as done in Chiang et al. [2014]:

Φ(t) = Dpω(t) − ClpPL(t) (2.3)

where Φ is the flow through the cylinder, Dp is the displacement constant for the
pump, ω is the rotational speed of the motor, Clp is a leakage factor and PL is
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the load pressure. To calculate a simple approximation of the flow one can make
the assumption that there is no leakage, which in turn makes the flow linearly
dependent on the motor speed. This approximation is in most cases reasonable
since ClpPL(t) usually is much smaller than Dpωp.

The flow Φ has the unit volume per second and can hence be related to the piston
movements as

Φ(t) ≈ Aẋ(t) (2.4)

where A is the area of the piston and ẋ its movement. By rearranging (2.4) the
piston position position can be described as

x(t) ≈
t∫

0

Φ(τ)
A

dτ. (2.5)

The model then takes the shape of a Ziegler Nichols model and look as follows:

Y (s) =
b
s
e−sTLΦ(s) (2.6)

where Y (s) is the piston position, b represents the unknown gain, TL is the delay
and Φ(s) is the flow. By combining (2.3), (2.6) and the approximation Clp = 0, the
model is:

Y (s) =
Cpos
s
e−sTLΩ(s) (2.7)

where Cpos has to be tuned to fit validation data.

The fairly simple model (2.7) appears to describe the system remarkably well. A
plot displaying the resemblance to the real system can be seen in Figure 2.5. By
looking at the figure it is clear that the hydraulics can not be fully described by
this linear system since the gain Cpos seems dependent on the direction of which
the piston is moving. The gains dependency on the direction comes from the fact
that the cylinder used in the system is asymmetrical, whereas the different areas
for each side of the piston affects the flow in and out of the cylinder differently.
Cpos has been tuned for movement in positive direction and Figure 2.5 implies
that the gain when moving in the opposite negative direction, should be about

25% larger, which coincides quite well with the ratio
A1

A2
≈ 1.25.
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Figure 2.5: Plot showing the relation between modeled and measured piston
position where the measured motor speed is the input for the model. It
clearly shows that the model estimates positive slopes very well and seems
to lack the capability to give a good estimation of negative slopes.

The model was modified by multiplying the gain with the increased factor when-
ever the rotational speed of the motor was negative. The increase gain was then
tuned in Simulink to give a good approximation. This simple change resulted in a
well behaving model of the hydraulics, which can be seen by looking at Figure 2.6.
It is clear that for the validation data the model describes the actual system well.
For data stretching over a longer time period the estimation slightly deviates but
the principal behavior of the system is still accurate. The behavior for a longer
simulation can be seen in Figure 2.7. The reason for the deviations at time 1100
is unclear. Possible explanations are that the pure integration approximation is
too naive and that there are other factors that has to be accounted for, like for
instance friction, leakage, inertia, dead bands and fluid transport delays. These
factors have not been further investigated. They were however forwarded to the
parallel master thesis since that thesis’ main purpose is to find a high performing
model of the system. Another possible explanation is that at time 1100 the used
reference motor speed takes the shape of a stair, which can be seen in Figure 2.8.
This means that multiple steps are made subsequently which results in multiple
approximation errors being added together, hence the model estimations devi-
ates from the measured signal.
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Figure 2.6: Plot showing the relation between modeled and measured piston
position where the measured motor speed is the input to the model. For this
model the gain is different depending on the movement direction making
the model able to estimate both positive and negative slopes.

Figure 2.7: Plot showing the relation between modeled and measured piston
position when doing a long simulation. For the first half of the simulation the
model estimates are remarkably similar to the measured positions. For the
other half of the simulation deviations between estimates and measurements
start to appear.
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Figure 2.8: Plot showing the control signal used when evaluating the hy-
draulics model during a long simlation.

2.4 Combined Model

To validate the combined model the two models were connected in series and sim-
ulated. The model gave a good estimation of the piston position and a comparison
for a long simulation can be seen in Figure 2.9. From the figure it is clear that the
model is not perfect, but still provides good results considering the simplicity
of the model. Some differences can be seen when comparing Figure 2.7 and 2.9.
The main differences between these simulations are that the model estimations
are less accurate in Figure 2.9 and the deviations around time 1100 are bigger.
The reason for these differences is that the model of the pump and cylinder is
now driven by the simulated motor speed instead of the real measured speed. A
figure showing the differences between the modeled motor speed and the mea-
sured for the same data as in Figure 2.9 can be seen in Figure 2.10. This figure
illustrates that the modeled motor speed is not perfect and is a probable cause
of the differences in Figure 2.9. For instance, the measured overshoots around
zero would have the effect of slowing down the piston movement speed faster
than what is simulated, whereas the parts where the simulated speed is higher
than the actual speed will cause a result where the simulated piston movement
is faster than the measured. Figure 2.11 shows a close up on the control signal
before the increased deviations around the time 1100. From this figure it is clear
that the modeled motor speed differs from the measured speed and is a probable
cause of the increased deviations. Another difference between the modeled speed
and the measured, seen in both Figure 2.10 and Figure 2.11, is that the measured
speed appears to take longer time to reach the reference after a zero crossing.
This is probably caused by unmodeled inertia that would counteract the changes
that require a reversed rotational speed. These model errors increases the devia-
tions from the actual system but are considered small enough to use the model
for controller synthesis and validation. This combined model will therefore later
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be used when tuning and comparing the different control strategies.

Figure 2.9: Plot showing the combined model estimation and the measured
piston position when doing a long simulation. The estimations for the first
half of the simulation are very accurate. For the other half of the simulation
some clearly noticable deviations appear.

Figure 2.10: Plot illustrating the simulated and measured motor speeds
when doing a long simulation. It also makes it clear that the model is not
perfect since there are obvious differences between the estimations and mea-
surements. The stairs around 1000 are a probable cause of the deviation
shown in Figure 2.9 around the time 1100.
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Figure 2.11: Plot showing a close up around the time 1000 on the control
signal used duing a long simulation. It is clear that there are a few differences
between the model estimations and the measurements.

2.5 State-Space Model

Some model based controllers require a state-space model. In this section, an
approximate linear state-space model on the form

ẋ(t) = Ax(t) + Bu(t), (2.8a)

y(t) = Cx(t), (2.8b)

is determined. Since the combined process model presented in the previous sec-
tion achieved good results it will form the basis from which the state-space model
is formed. A block diagram showing the time continuous representation of the
combined process model can be seen in Figure 2.12. In this block diagram the
gains K1 and K2 represents the gains Cpos and CposCf actor used in Section 2.3.

The rate limit is hard to approximate using linear methods and is therefore ne-
glected. This approximation will cause the model to estimate a faster rise time
than that of the real system. One of the primary demands on the controller is
that there must only be a very limited overshoot. If a controller predicts a slower
movement than that of a real system, it will apply a large control signal to com-
pensate for the slow response. The large control signal applied to a faster system
will then cause an overshoot. Hence it is preferable to estimate a faster response
than a slower since this would counteract an overshoot. This means that the
state-space model will differ a bit in estimation compared to the combined pro-
cess model. The saturation is moved before the three parameter model instead
of after which causes the saturation to affect the control signal instead of an in-
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Rate limit 
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K 

1

Saturation 
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Figure 2.12: Block diagram showing a representation of the combined model
in continous time. The three blocks to the left represent the model of the
electric motor while the other blocks represent the hydraulics model.

ternal state. The moved saturation will however have a slight effect on the re-
sults. The previous location of the saturation would abruptly limit ω(t) to within
±ωmax. The new location of the saturation will limit ωref (t) instead and hence
the dynamics of the filter will be noticeable even for the reference values that pre-
viously exceeded the limits. Since the time constant of the filter is very small this
will however not have a significant impact on the results. The three parameter
model is then separated into a filter and a time delay. With this separation the
time delay can be handled separately. The new block diagram of the continuous
time process model now looks as in Figure 2.13.

1sT

Km

K1 

K2 

>=0 
s

1

Saturation 

sLe

Figure 2.13: Block diagram showing a representation of the combined model
in continous time after the rate limit has been removed and the saturation
moved.
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u x1 x2 x3 

Figure 2.14: Block diagram showing the assigned state variables in the sim-
plified continuous time process model.
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By assigning state variables to signals between the various blocks in Figure 2.13
a state-space model can be achieved. A new block diagram with the inserted
state variables and the control signal can be seen in Figure 2.14. From the block
diagram it is now possible to define the equations for the model

X1(s) =
Km

sT + 1
U (s), (2.9a)

X2(s) = e−sTLX1(s), (2.9b)

X3(s) =


K1

s
X2(s), X2(s) ≥ 0,

K2

s
X2(s), X2(s) < 0

, (2.9c)

Y (s) = x3(s). (2.9d)

The interpretation of these dependencies is that x1 is the control signal u after a
low pass filter, x2 is the same as x1 but with a time delay of TL seconds and x3
is the integration of x2 multiplied by a constant. The two states x2 and x3 are of
special interest since these states have a clear connection to the actual speed of
the electric motor (x2 ≈ ω) and the measured piston position (x3 = y).

The time delay presented in (2.9b) is somewhat problematic since it is hard to
express in a linear state-space model. In order to get a linear state-space model
this delay is approximated with

e−sTL ≈ 1 − sTL/2
1 + sTL/2

. (2.10)

This approximation as well as the comprehension that the only difference be-
tween the two cases in equation (2.9c) is whether the constant K1 or K2 is used,
allows for two separate linear state space models to be formed. The model used
will then be dependent on the sign of x2. This now results in the following repre-
sentation:

X1(s) =
Km

sT + 1
U (s) (2.11a)

X2(s) =
1 − sTL/2
1 + sTL/2

X1(s) (2.11b)

X3(s) =
K
s
X2(s) (2.11c)

Y (s) = X3(s) (2.11d)
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K =

K1, X2(s) ≥ 0
K2, X2(s) < 0

(2.12)

where the constants K1 and K2 can here be related to the factors Cpos and CposCf actor
used in the combined process model in Section 2.4. Transforming (2.11) to the
time domain results in a state-space model:

ẋ(t) =


− 1
T

0 0
2
TL

(1 +
TL
2T

) − 2
TL

0

0 K 0


x(t) +


Km
T

−Km
T

0

 u(t) (2.13a)

y(t) =
[
0 0 1

]
x(t) (2.13b)

x =
[
x1 x2 x3

]T
(2.13c)

which is now on the form presented in (2.8). The constant K is defined by (2.12).
This state-space model was transformed to a discrete time model using the Mat-
lab command c2d with the zero order hold option. A plot from a simulation of
the presented model, using the same data as when validating the process model,
can be seen in Figure 2.15. This figure shows that the performance is slightly
inferior than that of the process model. The same deviations that appeared in the
combined process model can be seen here and on top of that, because of the ne-
glected rate limit, the flanks are steeper. This results in a state-space model with
slightly lower simulation performance compared to that of the combined process
model presented in Section 2.4.

Due to the deviations and the fact that only one state can be observed, an observer
is necessary to keep track of the states. This observer will be based on (2.13). The
generalized equations representing an observer looks as follows, Glad and Ljung
[2006],

˙̂x(t) = Ax̂(t) + Bu(t) + K(y(t) − Cx̂(t)) = (A − KC)x̂(t) + Bu(t) + Ky(t) (2.14)

where x̂ are the estimated states and K is the observer gain matrix. This observer
was chosen as a Kalman filter and hence the observer gain was determined by
using the Matlab function kalman, with the discrete time version of model
(2.13) as argument as well as the weights Qkalman and Rkalman. These weights are
used to determine the Kalman filter and can be used as tuning constants were
Qkalman is applied to the model and Rkalman is applied to the measurement. The
ratio of the weights determine whether the filter will primarily use the model
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Figure 2.15: Plot showing the estimation capability of the state-space model.
The estimations are similar to the measurements although some deviations
are clearly visible.

estimations or the measurements to estimate the next states. For instance, a high
value on Qkalman and a low value on Rkalman means that the measurements are
more trusted than the model estimations. The weights were for this application
defined as

Qkalman = 102, Rkalman = 10−2. (2.15)

With these weights the observer relies a great deal on measurements and only
a small part on the model. The close relation between the observed states and
the measurements was necessary in order to be able to fulfil the requirement of a
limited overshot. The state-space model with the observer is now able to track the
states more accurately than without an observer. The results from a simulation
using the same data as for the previous validations can be seen in Figure 2.16. In
Figure 2.17 the observer estimations of the two remaining states can be seen. This
figure makes it clear that the two states are very similar to the control signal used.
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Figure 2.16: Plot showing the tracking performance of the state-space model
using an observer. The model estimations are very similar to the measure-
ments.

Figure 2.17: Plot showing the observer estimations of the two states not mea-
sured. Also in the figure is the control signal used. It is clear that both of the
observed states are very similar to the control signal.



3
Control Strategies

This chapter will describe the control strategies that were investigated and why
they were chosen. Some explanations on the theory behind the controllers will
be provided as well as a procedure to follow for evaluation.

3.1 Deciding on Control Strategies

Since the system has previously been controlled using a basic pid-controller, this
will be used as a reference controller. The other controllers will be compared to
the old pid and hence the advantages and disadvantages of other controllers can
be compared and discussed.

3.1.1 Retuned PID Controller

The pre-installed pid controller generates a quite oscillatory piston position. It
has however proven to be able to handle large quantities of situations and vari-
ous loads. A retuned pid will be implemented to see if the performance of the
controller can be enhanced. A block diagram showing the implementation of the
pid controller can be seen in Figure 3.1.

As can be seen in the block diagram the pid controller uses the control error,
which is the difference between reference and measurement, as input and gives
a reference value for the electric motor as output. The pid basically consists of
three parts, the proportional, the integral and the derivative parts. The propor-
tional part is a gain multiplied with the control error, the integral part is a gain
times the integrated value of the control error and the derivative part is a gain
times the derivative of the control error. These parts are then added together
which then forms the control signal for the electric motor. The equation of the

25
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F Gmotor Gcyl + 
yref y ωref ω 

- 

Figure 3.1: Block diagram showing the implementation of the pid controller.
The block marked F is the controller while Gmotor and Gcyl are the two pro-
cess models presented in Chapter 2.

controller is:

u(t) = KP e(t) + KI

t∫
0

e(τ)dτ + KD
d
dt
e(t) (3.1)

where u(t) in this case isωref (t), e(t) = yref (t)−y(t) and the parameters KP , KI , KD
are the gains for the respective parts of the controller.

These parameters will initially be tuned by performing a self pulsation experi-
ment using a relay and thereafter fine tuned by hand with the goal of finding
a good compromise between speed and limited overshoot. The control error
e(t) might contain measurement noise, hence it is passed through a low-pass fil-
ter with time constant TD before derivation to avoid differentiating a high fre-
quency signal. In order to avoid controller wind-up conditional integration is
used Enqvist et al. [2010]. Hence the integral contribution is not updated when
|u| > ωmax.

3.1.2 Feed Forward from Reference

Since one of the most important requirements for the controller is high perfor-
mance reference tracking, a pid controller with an added feed-forward from refer-
ence signal will be used. This customization should improve the tracking results
while still keeping the advantages of handling a variety of disturbances with a
pid controller. The feed forward link requires a decent model of the system for
this strategy to be able to improve the tracking performance. A block diagram
showing the implementation of the feed forward controller can be seen in Fig-
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F2 Gmotor Gcyl + Gm + 

F1 

yref y ωref ω 

- 

Figure 3.2: Block diagram showing the implementation of the pid controller
with a feed forward from reference. The block marked F1 is the feed forward
from reference and the block marked F2 is a pid controller. Gmotor and Gcyl
are the two process models presented in Chapter 2. Gm is a process model
with similar behavior to that of the combination of Gmotor and Gcyl .

ure 3.2.

The block marked F2 in Figure 3.2 is a pid controller defined in the same way
as (3.1). The purpose of the feed forward link F1 is to give a smooth and accu-
rate reference tracking. Gmotor and Gcyl are the two process models presented in
Chapter 2 whereas Gm is a model with the desired characteristics of the closed
loop system. In order to choose F2 it is necessary to write down the closed loop
transfer function Gc for the control loop. Based on the block diagram in Fig-
ure 3.2 Gc(s) is given by

Gc(s) =
Gmotor (s)Gcyl(s)(F2(s)Gm(s) + F1(s))

1 + F2(s)Gmotor (s)Gcyl(s)
= Gm(s)+

F1(s)Gmotor (s)Gcyl(s) − Gm(s)

1 + F2(s)Gmotor (s)Gcyl(s)
.

(3.2)

To achieve smooth reference tracking, F1(s) is chosen so that Gc(s) ≈ Gm(s). This
can be done by defining F1(s) as

F1(s) =
Gm(s)

Ĝ(s)
. (3.3)

where Ĝ(s) is an approximate process model based on the models Gmotor (s) and
Gcyl(s). The transfer function for Ĝ(s) is created by neglecting the rate limit and
by using the mean value of the two gains for the different directions. These ap-
proximations lead to
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Ĝ(s) =
KmCpos(1 + Cf actor )/2

s(sT + 1)
e−sTL . (3.4)

Gm(s) is a process model that defines the desired behavior of the system. It is
necessary for Gm(s) to have at least as many poles as Ĝ(s) in order for the feed
forward link to be proper, which in this case means that 2 poles are required.
Since the goal of the controller is to achieve smooth reference tracking with no
overshoot, Gm(s) is chosen as a second-order filter with real poles. The pole place-
ment was chosen as a double pole at the same location as for the three parameter
model of the electric motor in Section 2.2. Hence, Gm(s) is defined as

Gm(s) =
1

(sT + 1)2 . (3.5)

With F1(s) defined as in (3.3), a problem occurs with the time delay in (3.4) since
this would require F1(s) to use future reference values. To avoid this, Gm(s) is
assumed to have the same delay and now becomes

Gm(s) =
1

(sT + 1)2 e
−sTL . (3.6)

With Gm(s) and Ĝ(s) defined, it is now straight forward to define F1 as in (3.3).

3.1.3 Cascade PID

The system is based on two systems, an electric motor and the hydraulics. The
speed of the motor can be measured which should allow for a cascade control
to be implemented. The motor speed would then be controlled by the inner loop
whereas the hydraulics can be controlled by the outer loop. Since the motor speed
is already controlled by an internal controller the main purpose of the inner loop
would be to eliminate the steady-state error of the motor speed and thereby make
the system achieve higher performance. One demand on the system is that the
inner loop needs to be significantly faster than the outer loop which would allow
for the inner loop to be treated as a static gain by the outer loop. A block dia-
gram showing how the controller is implemented can be seen in Figure 3.3. The
controllers F1 and F2 are both pid controllers described in Section 3.1.1. The two
controllers will be tuned separately. First, the inner loop is tuned on its own and
thereafter the outer loop controller is tuned using the complete implementation,
including the inner loop.
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F1 Gmotor Gcyl + + F2 

yref y ωref ω 

- - 

Figure 3.3: Block diagram showing the implementation of the cascade con-
troller. The block marked F1 is a pid controller used to make the piston
follow the reference signal. The F2 block is a pid controller used to enhance
the tracking performance of the electric motor. Gmotor and Gcyl are the two
process models presented in Chapter 2.

3.1.4 Linear Quadratic Controller

The lq controller is a state-feedback controller, i.e it calculates the control signal
based on the reference value as well as the current states of the system. The
control strategy requires a state-space model and hence the model presented in
Section 2.5 will be used. The control signal is calculated as

u(t) = Lryref (t) − Lx(t), (3.7)

where u(t) is ωref (t), Lr is a scalar gain for the reference signal and L is a feedback
gain for the states. By inserting (3.7) into the general linear state-space model
presented in (2.8) the closed loop state-space model is

ẋ(t) = Ax(t) + B(Lryref (t) − Lx(t)) = (A − BL)x(t) + BLryref (t) (3.8a)

y(t) = Cx(t) (3.8b)

From this state-space representation, as well as the quadratic optimization prob-
lem presented in Section 1.5, it is possible to define the feedback gain L. The the-
ory behind lq does however not support a problem formulation with constraints.
Hence the problem formulation was modified by removing the saturation on the
control signal before determining the feedback gain. The control signal calcu-
lated by the controller is then saturated to provide an approximative solution to
the original optimization problem. With no saturation the feedback gain can be
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determined using lq theory as in Glad and Ljung [2003]. Basically, L is chosen
as

L = Q−1
2 BT S, (3.9)

where S is the positive semi-definite solution to the algebraic Riccati equation

AT S + SA + CTQ1C − SBQ−1
2 BT S = 0, (3.10)

where A, B and C are the matrices defining the state-space presented in (3.8).
Q1 and Q2 are the weights used in the linear quadratic problem formulation
presented in Section 1.5. These calculations are not necessary to do by hand
since the lqr command in Matlab can be used. The state-space model and the
weights are then used as input to the function. The theory behind defining Lr can
also be found in Glad and Ljung [2003]. The purpose of Lr is to obtain a static
gain equal to one for the closed control loop. For this application it is defined as

Lr = (C(BL − A)−1B)−1. (3.11)

The lq controller requires that all states are estimated. Since only one of the
states are measured an observer like the one presented in Section 2.5 is required.
Using this observer, the control signal is now defined as

u(t) = Lryref (t) − Lx̂(t) (3.12)

where Lr and L are defined as mentioned earlier and x̂ are the estimated states.
This control signal is the solution to the modified problem formulation without
constraints. By saturating the control signal to stay within the limits ±ωmax,
an approximative solution for the original optimization problem stated in Sec-
tion 1.5 is obtained. A block diagram showing how the lq controller is imple-
mented can be seen in Figure 3.4.

3.1.5 Model Predictive Controller

The main idea with mpc is to compute the next control signal by solving an opti-
mization problem with a finite time horizon at each time step. The control signal
that defines the solution to the problem is then determined for each of the time
instances within the finite time horizon. Although the control signals for all the
next time instances during the finite horizon are determined only the control sig-
nal for the next time step is used. The problem is then solved again at the next
time instance to compute the next control signal. The optimization problem that
is solved for this application is similar to the problem presented in Section 1.5,
but has a limited time horizon as well as an added term in the cost function for
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Gmotor Gcyl + 
yref y ωref ω 

- 

Observer L 

x̂

Lr 

Figure 3.4: Block diagram showing the implementation of the lq controller.
The block marked L is the feedback gain while the block marked Lr is the
reference gain. The block marked observer is the observer presented in Sec-
tion 2.5. Gmotor and Gcyl are the two process models presented in Chapter 2.

the final time step. The problem formulation for the mpc to solve at each time
step looks like:

minimize
u

N−1∑
t=1

(Cx(t) − yref (t))TQ1(Cx(t) − yref (t))+

+
N−1∑
t=1

u(t)TQ2u(t)+

+(x(N ) − CT yref (N ))TQ3(x(N ) − CT yref (N )) (3.13a)

subject to x(t + 1) = f (x, u, t), t = 0, ..., N − 1 (3.13b)

u(t) ∈ [−ωmax, ωmax] (3.13c)

where N is the limited time horizon and f (x, u, t) is the state-space model pre-
sented in Section 2.5. Q1, Q2 and Q3 are the weights that determine the cost of
each term in the optimization problem. Q1 is here chosen significantly higher
than Q2 since the importance of fast reference tracking is regarded much higher
than fulfilling the secondary goal by reducing oscillations in the control signal.
Q3 is here chosen as the solution S to the Riccati equation mentioned in Sec-
tion 3.1.4. By choosing Q3 equal to S, stability of the closed loop system can be
assured, Enqvist et al. [2010].

The quadratic problem is solved using a solver for quadratic programming prob-
lems. Since the computational capacity of the controller is limited, it is of great
importance to find a solver that does not require much computational power.
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Gmotor Gcyl 

yref y ωref ω 

Observer 

x̂

MPC 

Figure 3.5: Block diagram showing the implementation of the mpc con-
troller. The block marked MPC is a solver used to solve the optimality prob-
lem. The block marked observer is the observer presented in Section 2.5.
Gmotor and Gcyl are the two process models presented in Chapter 2.

A promising candidate for this task is CVXGEN, Mattingley and Boyd [2013],
which can be implemented directly using C-code. The CVXGEN solver also pro-
vides compatibility for use with Matlab as well as a user friendly interface in
which to define the problem and generate code for the solver. Using the CVXGEN
in Matlab is very straight forward since it provides tools to create a Matlab
function based on the generated code. The solver predicts all future states within
the time horizon based on the current states. In order for the future state estima-
tions to be accurate, the current states has to be estimated. Since only one of the
states can be measured the observer presented in Section 2.5 is used to estimate
the remaining states. A block diagram showing the implementation of the mpc
can be seen in Figure 3.5.

3.2 Controller Evaluation

The controller types listed in Section 3.1 are the candidates to evaluate in this
thesis. In order to compare the strategies with each other they all have to be
evaluated in the same way. These tests must be designed to cover a variety of
cases and thereby provide a basis for the final evaluation of the controllers. The
following tests will be performed:

• Step responses

• Chirp as input

• Disturbances
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Positive Negative
0 → α α → 0
0 → 3α 3α → 0
0 → 5α 5α → 0
0 → 7α 7α → 0
−α → 0 0 → −α
−3α → 0 0 → −3α
−5α → 0 0 → −5α
−7α → 0 0 → −7α
−α → α α → −α
−3α → 3α 3α → −3α
−5α → 5α 5α → −5α
−7α → 7α 7α → −7α

Table 3.1: Values for step responses to perform by setting the target piston
position value, both for software simulation in Matlab and on the hardware
set up. α is a constant chosen to provide good coverage of the main working
area.

All controller strategies will be tested using the same inputs and starting points.
The measured piston position and motor speed will then provide a clear picture
of how the controllers handle different situations as well as their performances
while doing so.

3.2.1 Step Responses

The purpose of the step responses is to see whether the overshoot and steady-
state errors are within the limits. These tests should also give a clear comparison
of the speed of the different controllers. The step responses will be performed by
setting the target piston position to fixed positions, wait for the piston to settle,
and then set to a new target value. The values to test will all be a factor of α,
which corresponds to approximately 0.15 in the rescaled axes. The constant α
was chosen to provide good coverage of the main working area during the simu-
lations. The values chosen can be seen in Table 3.1.

3.2.2 Chirp as Input

By applying a sine as input to the system, the reference tracking for inputs of
various frequencies and amplitude can be tested. In other words the tracking
capability of the system can be evaluated, it will also become clear whether the
system is fast enough as well as what happens if it is not. Also the system’s
ability to handle high frequency changes can be tested. To cover as wide range as
possible, a chirp signal will be used with which it will be possible to determine
if or when the system deviates from the reference, and at what frequency that
occurs. The chosen amplitudes and the frequency increase for the chirp signal
can be seen in Table 3.2. The amplitudes have all been derived as a factor of α
whereas the frequency function is chosen dependent on time and hence forward
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Amplitude Frequency Function
2α

ψ(t) Amplitude · sin(ψ(t) · t)4α
6α

Table 3.2: Amplitude and frequencies chosen for testing, both for software
simulation in Matlab and on the hardware set up.

referred to as ψ(t),

ψ(t) =
2π

ψf actor (t)
, ψf actor (t) = t0 −

t0 − t1
tsweep

t (3.14)

where t0 is the time period in the beginning of the chirp, t1 is the time period at
the end of the chirp and tsweep is the time it takes for the chirp to reach the final
frequency. Note that the chirp signal might be risky to apply to the hardware,
hence some handling for shutting down the system will have to be implemented.
This limit will be set to stop the electric motor if the piston position diverges
from the reference and reaches a value of ±8α.

3.2.3 Disturbances

Simulations on how the controllers handle different types of disturbances is an
important part of the evaluation. The possibilities to manipulate the hardware
are limited, hence simulations will be different for software and hardware. In
Matlab, software simulations affected by step disturbances will be performed.
This disturbance is meant to simulate the impact on the piston position from
sudden forces applied to the load. The steps will be applied on the measured
piston position and be of various height and starting points. A table showing
the planned disturbances can be seen in Table 3.3. The reference signal will be
kept constant during these simulations to give a clear view of how the step distur-
bances are handled. Software simulations with a disturbance in the form of low
pass filtered white noise will also be performed. These simulations should pro-
vide knowledge of how randomized changes in both directions affect the system.
This noisy signal will be applied during a simulation where the reference is the
step signal presented in Table 3.1.

When investigating the disturbances effect on the hardware system it is only pos-
sible to generate one type of disturbance. The hardware set up for testing the
controllers is connected to the same type of cylinder used in the system. It is pos-
sible to control the back pressure in this cylinder and thereby make the piston
in the controlled system harder to move. The increased back pressure is meant
to simulate the effect of a high load applied to the system and can be related to
increasing the weight of the load. The regular hardware simulations will be per-
formed using a minimum load with no extra back pressure. By doing simulations
using the step signal presented in Table 3.1, with very high back pressure, a clear
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Positive Negative
0 → ζ ζ → 0
0 → 3ζ 3ζ → 0
0 → 5ζ 5ζ → 0
−ζ → 0 0 → −ζ
−3ζ → 0 0 → −3ζ
−5ζ → 0 0 → −5ζ
−ζ → ζ ζ → −ζ
−3ζ → 3ζ 3ζ → −3ζ
−5ζ → 5ζ 5ζ → −5ζ

Table 3.3: Step limits and the direction of the external forces to be tested us-
ing software simulation in Matlab. The step base ζ is chosen to be half the
value of the constant α, which was used to describe the step signal described
in Table 3.1.

view of how the weight of the load affects the performance of the controllers can
be presented. Simulations with these two pressure levels should then provide the
extreme values of the loads impact on the system. Other loads are then expected
to cause a performance somewhere in between that of the two extreme values.

3.2.4 Robustness Analysis

Apart from the evaluations based on step responses, chirp signals and distur-
bances, a basic robustness analysis will be performed. These tests are meant to
illustrate the impact of relative model errors and are performed by multiplying
the gain of the electric motor with an uncertainty constant. The true system G0(s)
can then be described as

G0(s) = (1 + ∆G)G(s) (3.15)

where ∆G is the relative model error, assumed to be a real value, and G(s) is the
model used for controller synthesis. Here the uncertain constant is equal to the
term (1 + ∆G). A relative model error larger than zero corresponds to the system
being faster than modeled. These tests will provide valuable information of the
control strategies performance when the real system is either faster or slower
than modeled. The analysis will be performed based on software simulations in
Matlab Simulink.

An analysis will also be performed where the rate limit is either increased or
decreased. The manipulated rate limit corresponds to a true model were changes
applied to the system take effect either faster or slower than modeled, i.e. an
increased rate limit means that changes to the system are applied faster.





4
Results

In this chapter the results will be presented. Based on these results the control
strategies will be compared and evaluated. When possible, the simulations from
both software and hardware will be compared to illustrate their differences. The
proposed control strategies were all implementable in software. All controllers
were also implementable on hardware except for the mpc due to some unknown
compatibility error. Hence, there are no simulations of thempc on hardware. The
software simulations with the mpc are however still used to provide a basis for
comparing the different strategies.

4.1 Controller Performance

This section presents the results from the tests presented in Section 3.2. Plots
showing an overview of the tests will be presented as well as close up illustrations
to highlight the differences in performance for the proposed controllers.

4.1.1 Step responses

When applying a step response signal as reference in a software simulation, it im-
mediately became clear that the cascade pid controller could not be used for this
application. The proposed control strategy would initially track the reference but
as soon as a big step was applied, the simulated piston position quickly diverged.
This behavior is probably a result of the inner loop not being significantly faster
than the outer loop. If the inner loop is not much faster than the outer loop it can
not be regarded as a static gain by the outer loop. Since the controller appeared
unstable, the cascade pid controller was eliminated as a possible control strategy
for this application.

37
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With the rescaled axes γ ≈ 0.003, which means that the overshoot limit for
the simulations with step responses is approximately 0.030 and the acceptable
steady-state error is approximately 0.009.

Software Simulation

The remaining four control strategies all produced satisfactory performances. An
overview showing the behavior of the four control strategies can be seen in Fig-
ure 4.1. At a quick glance it looks as if they all gave identical performances. With
a closer look on the results some differences are however seen. A close up of a pos-
itive step, seen in Figure 4.2, shows that thempc reaches the target reference first
with the lq controller following tightly behind. The regular pid as well as the
pid with feed forward from reference are the slowest and gave identical results.
The reason the pid based controllers get a steady-state error is that the integral
gain was chosen very small and close to zero to fulfil the overshoot demand for all
possible situations. Hence the steady-state error is not handled within the time
frame of the step. This steady-state error is however well within the required
limit.

Figure 4.1: Overview of the results for the different control strategies from a
software simulation using a step response signal as referense.
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Figure 4.2: Close up of the results from a software simulation with a step
response in the positive direction for the different control strategies. The
step simulated in this figure went from zero to one. The pid controllers gave
identical results. The pid based controllers also got a small steady-state error
of approximately 1/20 of the accepted limit.

Figure 4.3: Close up of the results from a software simulation with a step
response in the negative direction for the different control strategies. The
step simulated in this figure went from one to zero. The pid controllers gave
identical results.
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When zooming in on the results for a step in the negative direction, another differ-
ence is presented and can be seen in Figure 4.3. Here, the controllers are almost
equal in terms of speed although the pid based controllers both produce some
overshoots. The overshoots are not that big and stay within the required lim-
its, but they are still noticeable. The mpc and lq both reach the target without
overshoots, with the mpc being slightly faster. The two close ups presented were
chosen since they both provide clear illustrations on steps where the difference in
performance is more noticeable. For smaller steps the behavior of the controllers
are roughly the same as for these steps, although the differences between them
are harder to distinguish since they are much smaller.

Hardware simulation

Since the mpc was never successfully implemented, no hardware simulation of
the mpc was recorded. The remaining three controllers were however simulated
on hardware. A hardware simulation using the old pid controller was also per-
formed to provide a comparison between the old controller and the new strate-
gies. A plot showing the results from the hardware simulations using the step sig-
nal as reference can be seen in Figure 4.4. This figure shows that all controllers
succeed in tracking the reference and that there are a few differences. A close
up on an illustrative positive step response can be seen in Figure 4.5. This plot
clearly shows that the response of the old controller is both slower than the oth-
ers and produces an overshoot. The new controllers all have smooth responses
without causing the piston position to overshoot. It also clearly shows that the
lq controller is slightly faster than the pid based controllers and that all the pro-
posed controllers get a small steady-state error.

The reason that the pid based controllers get a steady-state error is the same here
as for the software simulation, the integral gain is very small. A possible explana-
tion for the steady-state error of the lq controller is that the real electric motor
requires a significant input to start spinning, meaning that it is effected by a dead
band. Hence it might be the case that the computed control signal is to small to
make the motor start spinning within the given time frame. The steady-state er-
ror could be handled by tuning the parameters for a faster controller. This would
however result in an increased overshoot and hence will not be done. When
looking at a close up on a step in the negative direction, seen in Figure 4.6, the
results are quite different. In this direction the three new controllers all perform
similarly in terms of speed but reach the target with different signs on the steady-
state error. The old pid controller is significantly slower than the others but does
however not generate a steady-state error. A note of consideration from these
simulations is that the results differ a bit from those of the software simulations.
These differences show that the model is not perfect whereas the similarities show
that the model is still able to give a decent representation of the system.



4.1 Controller Performance 41

Figure 4.4: Overview of the results for the different control strategies from a
hardware simulation using a step response signal as referense.

Figure 4.5: Close up of the results from a hardware simulation with a step
response in the positive direction for the different control strategies. The pid
and pid with feed forward controllers gave practically identical results.
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Figure 4.6: Close up of the results from a hardware simulation with a step
response in the negative direction for the different control strategies. The
pid and pid with feed forward controllers gave practically identical results.

4.1.2 Chirp as Input

The purpose of the tests with a chirp signal as reference was to see how the con-
trollers handle reference signals with high frequency and illustrate their perfor-
mance while doing so. These tests were first performed in a software simulation.
None of the simulated controllers diverged enough to reach the safety limit and
therefore all controllers qualified for testing using hardware. Three chirp signals
were used with the same frequency function but with different amplitudes, stated
in Section 3.2.3. The time constants in (3.14) were for these simulations defined
as t0 = 200, t1 = 20 and tsweep = 1200.

Software Simulation

For the software simulations using the chirp signal as input the same type of re-
sults were gathered for all tests. The different amplitudes used made the results
from the simulations differ from one another. In Figure 4.7 the control errors
when applying the chirp signal with the biggest amplitude are seen. This figure
illustrates that the tracking capability of the proposed controllers changes around
time 900. Equation (3.14) and Table 3.2 implies that this time corresponds to a
frequency of approximately 14 Hz, which is a very high frequency for this appli-
cation. Although the signals overlap, the simulation results show that the lq and
mpc both handle the increasing frequency in the same way. Both control strate-
gies result in a control error with increasing amplitude for inputs of increasing
frequency. The control errors of the pid based controllers both deviate from the
center and tend to produce a control error with a positive sign. The deviation is
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however very small for the pid controller and similar to the model based control
strategies. The deviation for the pid controller with feed forward from reference
is much bigger. The pid with feed forward from reference does however appear
to produce a much smaller control error than the other control strategies up until
time 900. The smaller control error interprets as the pid with feed forward from
reference being better at tracking the reference for these frequencies.

Figure 4.7: Overview of the control error for the different control strategies
from a software simulation using a chirp signal with amplitude 6α as refer-
ence.

A close up on the overview simulation can be seen in Figure 4.8. From this fig-
ure it is clear that the pid controller with feed forward from reference is superior
when it comes to tracking a reference signal with low frequency since the control
error is very small. The three other control strategies all produce similar perfor-
mance with the pid giving a slightly bigger control error compared to the other
two. The overviews of the software simulations with the remaining two chirp sig-
nals, with different amplitudes, can be seen in Figure 4.9 and Figure 4.10. They
both provide results similar to those illustrated in Figure 4.7, although the char-
acteristic control error produced by the controllers tend to shift to the right in
the time domain with decreasing amplitude.
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Figure 4.8: Close up of the control error from a software simulation with a
chirp signal as reference for the different control strategies.

Figure 4.9: Overview of the control error for the different control strategies
from a software simulation using a chirp signal with amplitude 4α as refer-
ence.
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Figure 4.10: Overview of the control error for the different control strate-
gies from a software simulation using a chirp signal with amplitude 2α as
reference.

Hardware Simulation

The hardware simulations with the chirp signals as reference produced results
very similar to those of the software simulations, which can be seen in Figure 4.11.
The controllers all show signs of failing at around the time 900. The pidwith feed
forward from reference is still superior when it comes to tracking performance
for the lower frequencies. The proposed pid based controllers no longer seem
to give a control error that deviates to the positive sign. This behavior reveals
the differences between the model and the real system. A possible explanation
is that the increased frequency results in higher frictional forces being applied
to the system. These frictional forces may impact the piston in the asymmetrical
cylinder differently, depending on the movement direction, and hence balance
out the positive deviations and keep the control error centred around zero. The
previously installed pid controller produces a control error that deviates towards
the positive side of the piston position and does not seem to be able to track the
piston position at all after the 900 mark.

A close up on the overview simulation can be seen in Figure 4.12. The figure
reveals a result that is very similar to those of the software simulations but more
oscillatory. The pid with feed forward from reference still achieves the best track-
ing result for lower frequencies. The other controllers, including the old pid
controller, tend to produce the same level of control error as for the software sim-
ulations, where the old pid controller produces the smallest control error of the
three. An overview of the control error from simulations using a chirp signal with
the two smaller amplitudes can be seen in Figure 4.13 and Figure 4.14. They both
show similar results as in Figure 4.11 but with the characteristic control error be-
havior shifted slightly to the right in the time domain with decreasing amplitude.
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Figure 4.11: Overview of the control error for the different control strate-
gies from a hardware simulation using a chirp signal with amplitude 6α as
reference. All the proposed controllers tend to result in a control error that
oscillates around zero whereas the old pid controller does not.

Figure 4.12: Close up of the control error from a hardware simulation with
a chirp signal as reference for the different control strategies. The control
error was far mor oscillatory for the hardware simulations compared to the
software simulations.
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Figure 4.13: Overview of the control error for the different control strate-
gies from a hardware simulation using a chirp signal with amplitude 4α as
reference.

Figure 4.14: Overview of the control error for the different control strate-
gies from a hardware simulation using a chirp signal with amplitude 2α as
reference.
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4.1.3 Disturbances

This section provides results from simulations with various disturbances. The
procedures for testing will follow those stated in Section 3.2.

Software Simulation - Step Disturbance

The step disturbances are meant to simulate the impact of sudden forces applied
to the load which would result in a sudden movement of the piston. Since no
model of the load exists the force disturbance was approximated by applying
the step disturbance directly on the measured piston position. This disturbance
then corresponds to a force applied to the load in the form of a short pulse. When
simulating the impact of step signals as disturbance the reference signal was kept
constantly equal to zero. The controllers are then expected to move the piston
back to the center in a smooth and controlled manner. An overview of the step
disturbance impact on the piston position as well as the step disturbance applied
can be seen in Figure 4.15. The overview clearly states that all the simulated
controllers are able to handle the disturbance and move the piston back to the
center position without causing overshoots and oscillatory behavior.

Figure 4.15: Overview of the results for the different control strategies from
a software simulation using a step response signal as disturbance on the pis-
ton position.

A close up on how the controllers handle a disturbance step in positive direction
can be seen in Figure 4.16. The lines representing the pid based controllers over-
lap in the figure which means that they produce equal results. The lq and mpc
also overlap and are slightly slower than the pid based controllers. A close up on
a step disturbance in the negative direction can be seen in Figure 4.17. The pid
controllers overlap in this figure as well and the lq overlaps the mpc. The figure
clearly states that for the tuning used here, the pid based controllers handle steps
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in this direction slower than the model based control strategies. In both close ups
it is shown that all the proposed controllers counteracts the step disturbances in
less than 10 time units without overshoots or oscillatory behavior.

Figure 4.16: Close up of the results from a software simulation with a step
response as disturbance in the positive direction for the different control
strategies.

Figure 4.17: Close up of the results from a software simulation with a step
response as disturbance in the negative direction for the different control
strategies. The pid controllers give identical results.
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Software Simulation - Measurement Noise

This section will investigate the impact of filtered white noise as disturbance dur-
ing software simulation, which corresponds to the position sensor being affected
by measurement noise. The noise was added to the measured piston position
while using the step response signal as reference. A close up on a positive step
can be seen in Figure 4.18. This figure clearly shows that the noise has the same
impact on all controllers and seem to be handled in the same way. Also seen in
the figure is that the mpc gets a slight overshoot as a result of the added noise.
All of the controllers do however remain close to the reference value.

Figure 4.18: Close up on a software simulation of a positive step response
with added low-pass filtered white noise as disturbance.

A close up on a step in the negative direction, seen in Figure 4.19, reveals the
same type of result as for the step in the positive direction. All of the proposed
controllers seem to be affected by the noise in the same way and no clear differ-
ences in how they handle the disturbances can be seen. All in all the disturbance
using filtered white noise is handled in the same way by all controllers. The sim-
ilarities between these steps and the simulations without the noise in Figure 4.2
and Figure 4.3 reveals that the added noise does not cause unexpected behavior
from the proposed control strategies.
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Figure 4.19: Close up on a software simulation of a negative step response
with added low-pass filtered white noise as disturbance.

Hardware Simulation - High Back Pressure

This section will present the results from the hardware simulations where a dis-
turbance in the form of high back pressure was used. These simulations corre-
spond to a load applied to the system with significantly higher weight than mod-
eled. An overview of a step response simulation can be seen in Figure 4.20. This
figure reveals that all controllers reach the target reference but at a slower rate
compared to when no added back pressure was used seen in Figure 4.4.

The close up on a positive step seen in Figure 4.21 reveals that all of the proposed
control strategies achieve very similar performances, with the lq being slightly
faster than the other two. The old pid controller reaches the target reference
first but does so with a small overshoot. All the proposed controllers reach the
target within the steady-state error zone about 7 time units faster compared to
the old pid controller. The same type of results goes for steps in the negative
direction but here all controllers reach the zone of the accepted steady-state error
in approximately the same time. This can be seen in Figure 4.22.

A clear difference between the proposed controllers and the previously imple-
mented pid controller is the produced motor speeds from these simulations, which
can be seen in Figure 4.23. This figure illustrates the measured motor speeds dur-
ing a step in the positive direction. All the proposed control strategies produce
similar and rather smooth motor speeds whereas the old pid controller produce
a far more oscillatory motor speed. This result implies that all the proposed con-
trollers achieves the secondary goal where oscillations in the control signal is to
be avoided, since an oscillatory control signal results in an oscillatory measured
motor speed.
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Figure 4.20: Overview of the results for the different control strategies from
a hardware simulation using a step response signal as reference. For this
simulation a high level of back pressure was applied to the system.

Figure 4.21: Close up on the results for the different control strategies from
a hardware simulation with a positive step response as reference. The pro-
posed controllers all behave similarly and reach the target reference slower
than the previously implemented pid controller.
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Figure 4.22: Close up on the results for the different control strategies from
a hardware simulation with a negative step response as reference. The pro-
posed controllers all behave similarly and reach the target reference slower
than the previously implemented pid controller.

Figure 4.23: Close up on the resulting motor speeds for the different control
strategies from a hardware simulation with a positive step response as ref-
erense. The proposed controllers all behave similarly and produce a much
smoother motor speed than the previously implemented pid controller.
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4.1.4 Robustness Analysis

In this section the results of the robustness analysis are presented. This analysis
consists of software simulations were either the gain of the system is different
than modeled or has a modified rate limit. The impact of a relative model er-
ror of +20%, which corresponds to ∆G = 0.20, can be seen in Figure 4.24 and the
definition of ∆G can be seen in Section 3.2.4. From this figure it is clear that a pos-
itive relative model error of this size would cause clear overshoots that exceed the
demands put on the system. Simulations reveal that the lq and mpc strategies
are able to handle a slightly higher model error compared to the pid based con-
trollers. This increase is however small and the limit for the maximum relative
model error is approximately 0.09 for all control strategies. With a higher model
error the control strategies fail to fulfil the requirements put on the system.

Figure 4.24: Plot illustrating the impact of a relative model error of ∆G =
0.20 while performing a software simulation using the step response signal
as reference. The model error causes clear overshoots that exceed the de-
mands put on the system.
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When applying a relative model error smaller than zero, like for instance ∆G =
−0.2, no overshoots are visible. The step responses are however a bit slower but
all control strategies reach the target reference in a smooth and controlled man-
ner. This can be seen in Figure 4.25. This implies that a negative relative model
error will always be manageable by the control strategies and fulfil the require-
ments put on the system. The tracking performance will however decrease in
terms of speed for relative model errors closer to −1, which is assumed to be the
lowest possible value for the model error.

Figure 4.25: Plot illustrating the impact of a relative model error of ∆G =
−0.20 while performing a software simulation using the step response signal
as reference. The model error causes slower step responses compared to
simulations without the model error.

The simulations where the rate limit of the model was modified proved to gen-
erate the same type of results as the relative model error with a few differences.
For these simulations a rate limit chosen higher than modeled resulted in the fast
responses seen in Figure 4.24 where the relative model error ∆Gwas positive, but
without the overshoots. A lower rate limit than modeled caused the same slow re-
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sponses seen in Figure 4.25 where the relative model error was negative, but with
the overshoots seen in Figure 4.24. Simulations revealed that the rate limit could
be decreased by a factor of approximately 9% before the overshoots exceeded the
requirements. The fact that an increased rate limit enhanced the performance is
not surprising since this implies that the controllers can manipulate the system
more easily, whereas a decreased rate limit hinders the controller from applying
changes to the system and thereby makes it more difficult to control.

4.2 Discussion

All controllers achieve the primary goals presented in Section 1.4. They all end
up with a steady-state error less than 3γ as well as an overshoot less than 10γ .
The proposed controllers also achieve the goal of keeping the piston position
non-oscillatory for a constant reference value. Regarding the goal of having a
fast response the differences between the control strategies start to appear. While
performing software simulations with a step signal as reference the mpc and the
lq control strategies appear to be superior. They both reach the target reference
faster than the other control strategies while maintaining a non existent over-
shoot for almost all step responses of various sizes. There are however a few step
sizes that cause a small overshoot even for these control strategies, hence they
were not tuned to be more aggressive. The lq also shows superiority for step
responses simulated using hardware.

When it comes to the simulations using a chirp signal as references some major
differences appear, at least for the software simulations. For the parts with a low
frequency reference, the tracking performance of the pid controller with feed for-
ward from reference is unmatched. None of the other strategies are close to the
same level of tracking capability and all other strategies achieve almost equal lev-
els of control error. As the frequency of the chirp signal increases the controllers
start to behave differently. With the increasing frequency it is now the model
based controllers lq and mpc as well as the regular pid controller that gets the
upper hand.

At around the frequency 14 Hz all of the proposed control strategies lose their
tracking capability and a control error significantly higher than zero appear. The
control error seems to deviate towards the positive side for the pid with feed for-
ward from reference which is the reason the other control strategies get the upper
hand. The deviating control error is caused by the simulated piston position devi-
ating from oscillating around zero. This deviation from the centralized position
is not ideal and the behavior of the other control strategies, where the control
error remains around zero, is preferable. A possible explanation for the behavior
of the pid with feed forward from reference, is that with the increased frequency
the difference between simulated piston position and requested gets bigger. This
strategy produces a control signal that relies on both the pid controller and the
feed forward link and when the differences increase, the two parts of the control
signal might counteract each other. This might occur if the control error is pos-
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itive at the same time as the reference signal is increasing, then the pid would
demand a negative control signal whereas the feed forward link would demand
a positive control signal.

Hardware simulations using the chirp signal as reference does however reveal
that the differences between the control errors for the control strategies are much
smaller in reality for the higher frequencies. In hardware simulations the control
error for the pid with feed forward from reference no longer deviates from the
centre. That the control error no longer deviates might be caused by unmodeled
features of the system such as dead-band for the electric motor and friction in the
cylinder. With these unmodeled effects it is possible that the speed of the system
was estimated too optimistic when constructing the model. These two features
would both counteract changes of the piston movement and cause the piston to
slow down around the centralized position. This means that by designing a new
model, where these effects have been taken into consideration, the same results
as for the hardware simulations could be achieved even during software simula-
tions.

Since all control strategies handled the simulations with disturbances in a sim-
ilar fashion, no noticeable difference can be pointed out. The only disturbance
that had a major impact on the controllers was during the hardware simulation
with increased back pressure. For this simulation all of the proposed controllers
appeared slower than the previously installed controller, which is a probable re-
sult of the old controller having a significant integral gain and hence it is able to
handle this type of disturbance better. All controllers did however reach the ac-
ceptable steady-state error vicinity in approximately the same time. This implies
that the load has a major impact on the system. The high back pressure made the
controllers slower at reaching the target reference. Since this load was very high,
the performance of the control strategies is expected to increase when smaller,
more common loads are applied.





5
Conclusions

In this thesis five control strategies for piston position control of an eh system
were developed and evaluated. The strategies chosen for evaluation was a pid
controller, a pid controller with feed forward from reference, a pid based cascade
controller, an lq controller and an mpc controller. The control strategies were
first implemented in a software environment created with Matlab Simulink,
and later implemented on actual hardware by code generation of the Simulink
models using Real-Time-Workshop. To synthesize the control strategies an ap-
proximate process model was formed. This model was tuned to fit recorded data
and provided accurate estimations of the behavior of the real system. Based on
this model, a linear state-space model was created to synthesize the model based
control strategies lq and mpc.

During software simulations the cascade controller proved to be unstable when
large step responses were used as reference. The probable cause of this instabil-
ity was that the inner control loop, due to the nonlinear rate limit in the electric
motor, was not fast enough compared to the outer control loop. The remaining
four other control strategies all showed promising results. Although very basic,
the pid controller provided decent results during the simulations and performed
equally to the pid with feed forward from reference during step responses, at
least for larger steps. The pid controller with feed forward from reference pro-
vided a slight enhancement of step responses of low height compared to the pid
controller. The main advantage with the added feed forward link was shown
when chirp signals were applied as reference. For the lower frequencies the pid
with feed forward from reference produced a control error almost equal to zero,
which was significantly lower compared to the other control strategies. For the
higher frequencies all control strategies failed to track the reference signal. These
higher frequencies are however unreasonably high for this application.
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The model based controllers lq and mpc both showed significant improvements
for step responses compared to the pid based control strategies. For large step re-
sponses the mpc provided a slight enhancement compared to the lq. For simula-
tions were a chirp signal was used as reference the model based control strategies
produced result very similar to those of the pid controller. One major downside
with the mpc control strategy was that the implementation on hardware proved
to be unsuccessful. With the failed hardware implementation thempc also failed
to fulfil the requirement of finding a controller that could be implemented on the
actual system.

With the cascade controller and the mpc discarded, three control strategies re-
mained for evaluation. All three control strategies improved the performance of
the closed loop system compared to simulations using the previously installed
pid controller. All three control strategies succeeded in fulfilling the require-
ments put on the system. The lq controller excelled during the simulations with
step responses whereas the reference tracking of the pid with feed forward from
reference during simulations with chirp signal as input was unmatched, at least
for lower frequencies. The lq controller produced a simulated piston position
with a clear resemblance to the reference signal during the chirp simulations but
had a slight time delay, hence the lq strategy produced a more noticeable control
error.

With the significant increase of performance for step responses as well as the
tracking performance for chirp signals as reference with the right appearance
and only a small time delay, the lq is recommended for final implementation.
The lq strategy is easily reconfigured by tuning the weights for the terms re-
garding reference tracking and for the control signal. Since the system consists
of clear nonlinearities, one downside with the lq is the requirement of a linear
state-space model since this implies that the controller will always be based on
an approximation of the real system. The linear state-space model used for the
synthesis of the lq controller does however provide an accurate approximation
of the real hardware system with the help of the observer. If the system is used
for a different application than modeled, a new state-space model would have to
be created before a well configured lq controller can be synthesized. This should
however be pretty straight forward by using the same reasoning as when find-
ing the model used here. With an even better model, the performance of the lq
control strategy is expected to increase even more.



Bibliography

A. Alleyne and R. Liu. A simplified approach to force control for electro-
hydraulic systems. Control Engineering Practice, 8(12):1347–1356, 2000.
ISSN 09670661. doi: 10.1016/S0967-0661(00)00081-2. URL http://www.
sciencedirect.com/science/article/pii/S0967066100000812.
Cited on page 2.

H.-M. Chen, J.-C. Renn, and J.-P. Su. Sliding mode control with varying boundary
layers for an electro-hydraulic position servo system. International Journal of
Advanced Manufacturing Technology, 26(1/2):117–123, 2005. ISSN 02683768.
doi: 10.1007/s00170-004-2145-0. URL https://lt.ltag.bibl.liu.se/
login?url=http://search.ebscohost.com/login.aspx?direct=
true&db=aph&AN=17551407&site=eds-live. Cited on page 2.

M.-H. Chiang, L.-W. Lee, and H.-H. Liu. Adaptive fuzzy controller with self-
tuning fuzzy sliding-mode compensation for position control of an electro-
hydraulic displacement-controlled system. Journal of Intelligient and Fuzzy
Systems, 26(2):815–830, 2014. doi: 10.3233/IFS-130773. URL http:
//iospress.metapress.com/content/Q8M258L18T37P7U4. Cited on
pages 1 and 13.

M. Enqvist, T. Glad, S. Gunnarsson, P. Lindskog, L. Ljung, J. Löfberg, A.S. McK-
elvey, and J.-E. Strömberg. Industriell reglerteknik kurskompendium, dec
2010. Cited on pages 2, 11, 26, and 31.

T. Glad and L. Ljung. Reglerteori Flervariabla och olinjära metoder. Studentlit-
teratur AB, Lund, 2:6 edition, 2003. Cited on page 30.

T. Glad and L. Ljung. Modellbygge och Simulering. Studentlitteratur AB, Lund,
2:5 edition, 2004. Cited on pages 2 and 13.

T. Glad and L. Ljung. Reglerteknik - Grundläggande teori. Studentlitteratur AB,
Lund, 4:7 edition, 2006. Cited on page 22.

.E Gnesi, J.C. Maré, and J.L. Bordet. Modeling of EHA module equipped with
fixed-displacement vane pump. In The 13th Scandinavian International Con-

61

http://www.sciencedirect.com/science/article/pii/S0967066100000812
http://www.sciencedirect.com/science/article/pii/S0967066100000812
https://lt.ltag.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=17551407&site=eds-live
https://lt.ltag.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=17551407&site=eds-live
https://lt.ltag.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=aph&AN=17551407&site=eds-live
http://iospress.metapress.com/content/Q8M258L18T37P7U4
http://iospress.metapress.com/content/Q8M258L18T37P7U4


62 Bibliography

ference on Fluid Power, SIFCP2013, jun 2013. URL http://www.ep.liu.
se/ecp/092/015/ecp13092015.pdf. Cited on page 2.

C. Kaddissi, J.-P. Kenne, and M. Saad. Identification and real-time control of an
electrohydraulic servo system based on nonlinear backstepping. Mechatronics,
IEEE/ASME Transactions on, 12(1):12–22, Feb 2007. ISSN 1083-4435. doi:
10.1109/TMECH.2006.886190. Cited on page 2.

X. Lei, M. Ni, D. Li, and Y. Ma. Study on simulation of digital pump-
control cylinder position control system. Procedia Engineering, 16(0):729–
736, 2011. ISSN 1877-7058. doi: http://dx.doi.org/10.1016/j.proeng.2011.08.
1148. URL http://www.sciencedirect.com/science/article/pii/
S187770581102649X. International Workshop on Automobile, Power and
Energy Engineering. Cited on page 1.

P.M. Marusak and S. Kuntanapreeda. Constrained model predictive force
control of an electrohydraulic actuator. Control Engineering Practice, 19
(1):62–73, 2011. ISSN 0967-0661. doi: 10.1016/j.conengprac.2010.09.
002. URL http://www.sciencedirect.com/science/article/pii/
S096706611000198X. Cited on page 2.

J. Mattingley and S. Boyd. CVXGEN: code generation for convex optimization,
dec 2013. URL http://cvxgen.com/docs/index.html. Cited on page
32.

J. Micheal, M.F. Rahmat, N.A. Wahab, and W.K. Lai. Feed forward lin-
ear quadratic controller design for an industrial electro hydraulic actu-
ator system with servo valve. International Journal on Smart Sensing
and Intelligent Systems, 6(1):154–170, 2013. ISSN 11785608. URL
https://lt.ltag.bibl.liu.se/login?url=http://search.
ebscohost.com/login.aspx?direct=true&db=edselc&AN=edselc.
2-52.0-84878951856&site=eds-live. Cited on page 2.

N. Niksefat and N. Sepehri. Design and experimental evaluation of a robust
force controller for an electro-hydraulic actuator via quantitative feedback the-
ory. Control Engineering Practice, 8(12):1335–1345, 2000. ISSN 0967-0661.
doi: 10.1016/S0967-0661(00)00075-7. URL http://www.sciencedirect.
com/science/article/pii/S0967066100000757. Cited on page 2.

M.G. Skarpetis and F.N. Koumboulis. Robust PID controller for electro - hy-
draulic actuators. In Emerging Technologies Factory Automation (ETFA), 2013
IEEE 18th Conference on, pages 1–5, Sept 2013. doi: 10.1109/ETFA.2013.
6648165. Cited on page 1.

D.Q. Truong and K.K. Ahn. Force control for hydraulic load simulator using
self-tuning grey predictor – fuzzy pid. Mechatronics, 19(2):233–246, 2009.
ISSN 0957-4158. doi: http://dx.doi.org/10.1016/j.mechatronics.2008.07.
007. URL http://www.sciencedirect.com/science/article/pii/
S0957415808001190. Cited on page 1.

http://www.ep.liu.se/ecp/092/015/ecp13092015.pdf
http://www.ep.liu.se/ecp/092/015/ecp13092015.pdf
http://www.sciencedirect.com/science/article/pii/S187770581102649X
http://www.sciencedirect.com/science/article/pii/S187770581102649X
http://www.sciencedirect.com/science/article/pii/S096706611000198X
http://www.sciencedirect.com/science/article/pii/S096706611000198X
http://cvxgen.com/docs/index.html
https://lt.ltag.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=edselc&AN=edselc.2-52.0-84878951856&site=eds-live
https://lt.ltag.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=edselc&AN=edselc.2-52.0-84878951856&site=eds-live
https://lt.ltag.bibl.liu.se/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=edselc&AN=edselc.2-52.0-84878951856&site=eds-live
http://www.sciencedirect.com/science/article/pii/S0967066100000757
http://www.sciencedirect.com/science/article/pii/S0967066100000757
http://www.sciencedirect.com/science/article/pii/S0957415808001190
http://www.sciencedirect.com/science/article/pii/S0957415808001190


Upphovsrätt

Detta dokument hålls tillgängligt på Internet — eller dess framtida ersättare —
under 25 år från publiceringsdatum under förutsättning att inga extraordinära
omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för icke-
kommersiell forskning och för undervisning. Överföring av upphovsrätten vid
en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ
art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman
i den omfattning som god sed kräver vid användning av dokumentet på ovan
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära
eller konstnärliga anseende eller egenart.

För ytterligare information om Linköping University Electronic Press se förla-
gets hemsida http://www.ep.liu.se/

Copyright

The publishers will keep this document online on the Internet — or its possi-
ble replacement — for a period of 25 years from the date of publication barring
exceptional circumstances.

The online availability of the document implies a permanent permission for
anyone to read, to download, to print out single copies for his/her own use and
to use it unchanged for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional on the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.

According to intellectual property law the author has the right to be men-
tioned when his/her work is accessed as described above and to be protected
against infringement.

For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity, please
refer to its www home page: http://www.ep.liu.se/

© Simon André

http://www.ep.liu.se/
http://www.ep.liu.se/

	Front Page
	Title Page
	Library Page
	Abstract
	Acknowledgments
	Contents
	Notation
	1 Introduction
	1.1 Related Work
	1.2 Purpose
	1.3 System Description
	1.4 Goals for the Controller
	1.5 Problem Formulation
	1.6 Limitations
	1.7 Method

	2 Modeling
	2.1 Hardware Limitations
	2.2 Electric Motor
	2.3 Gear Pump and Hydraulic Cylinder
	2.4 Combined Model
	2.5 State-Space Model

	3 Control Strategies
	3.1 Deciding on Control Strategies
	3.1.1 Retuned PID Controller
	3.1.2 Feed Forward from Reference
	3.1.3 Cascade PID
	3.1.4 Linear Quadratic Controller
	3.1.5 Model Predictive Controller

	3.2 Controller Evaluation
	3.2.1 Step Responses
	3.2.2 Chirp as Input
	3.2.3 Disturbances
	3.2.4 Robustness Analysis


	4 Results
	4.1 Controller Performance
	4.1.1 Step responses
	4.1.2 Chirp as Input
	4.1.3 Disturbances
	4.1.4 Robustness Analysis

	4.2 Discussion

	5 Conclusions
	Bibliography
	Copyright

