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ABSTRACT

Nowadays, hydraulic actuator system has become a major drive system
in industrial sector especially when involving motion control or position tracking
applications. However due to its natural behaviour which is highly nonlinear,
associated with many uncertainties and having parameters that change with time-
variation, handling and controlling a hydraulic actuator system is a challenging task.
The purpose of this study is to model and to design a controller for hydraulic actuator
system. Thus in order to develop a system that meets the desired performance such as a
high accurate trajectory tracking, a special knowledge about the system synchronously
with a suitable modelling and control design for the system is mandatory. In
this research, Self-tuning Controller using Generalized Minimum Variance Control
Strategy and Model Reference Adaptive Controller using Gradient Method was
designed to improve the performance of the hydraulic actuator system. System
Identification technique with the aid of System Identification Toolbox in MATLAB
was used to estimate the mathematical model of the system. System Identification was
chosen because of its simplicity where it only required a set of input and output data
in order to obtain system’s transfer function. Auto Regressive with eXogeneous input
(ARX) model was selected as system’s model structure and the best model was selected
base on the analysed result of fitting percentage, loss function and Akaike’s Final
Prediction Error FPE . The obtained model was then used to develop the controller
for hydraulic actuator system. The output performance was analysed and it has
been shown that the output of controlled system successfully tracked the given input
signal for both simulation and experimental modes. It has also been observed that
Model Reference Adaptive Controller using Gradient Method demonstrated a better
output performance compared to Self-tuning Controller using Generalized Minimum
Variance Control Strategy in terms of having a minimum phase lagging and a better
transient response in terms of rise time, settling time and steady state error.
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ABSTRAK

Pada masa kini, sistem penggerak hidraulik telah menjadi satu sistem pemacu
utama dalam sektor perindustrian terutamanya apabila melibatkan aplikasi kawalan
gerakan atau pengesan kedudukan. Walau bagaimanapun disebabkan oleh tingkah
laku semula jadi yang sangat tak linear, mempunyai ketidaktentuan yang tinggi
dan mempunyai parameter yang berubah dengan masa yang berbeza-beza, ini telah
menyebabkan pengendalian dan mengawal sistem penggerak hidraulik satu tugas yang
mencabar. Tujuan kajian ini adalah untuk memodel dan untuk mereka bentuk pengawal
bagi sistem penggerak hidraulik. Oleh itu dalam usaha untuk membangunkan satu
sistem yang memenuhi prestasi yang dikehendaki seperti trajektori menjejak tepat
yang tinggi, pengetahuan khas mengenai sistem serentak dengan pemodelan dan
kawalan reka bentuk yang sesuai untuk sistem ini adalah wajib untuk difahami. Dalam
penyelidikan ini, Pengawal Sendiri Penalaan menggunakan Strategi Pengawalan
Minimum Varian Umum dan Pengawal Model Rujukan Adaptif menggunakan
Kaedah Kecerunan direka untuk meningkatkan prestasi sistem penggerak hidraulik.
Teknik Pengenalan Sistem dengan bantuan Kotak Perkakasan Sistem Pengenalan
dalam MATLAB digunakan untuk menganggarkan model matematik sistem. Sistem
Pengenalan dipilih kerana kesederhanaan di mana ia hanya memerlukan satu set
input dan output data untuk mendapatkan rangkap pindah sistem. Auto Regresif
dengan eXogeneous model input (ARX) dipilih sebagai struktur model sistem dan
model yang terbaik dipilih berdasarkan keputusan analisis peratusan pemasangan,
kehilangan fungsi dan FPE. Model yang diperolehi kemudiannya digunakan untuk
mereka pengawal untuk sistem penggerak hidraulik. Prestasi keluaran dianalisis dan
ia menunjukkan bahawa keluaran system kawalan berjaya mengikut isyarat input
yang diberikan untuk kedua-dua mod iaitu simulasi dan eksperimen.Dari kajian
didapati Pengawal Model Rujukan Adaptif menggunakan Kaedah Kecerunan terbukti
memberikan prestasi yang lebih baik berbanding dengan Pengawal Sendiri Penalaan
menggunakan Strategi Pengawalan Minimum Varian Umum dari segi mempunyai fasa
ketinggalan yang minimum dan sambutan fana yang lebih baik dari segi masa naik,
penetapan masa dan ralat keadaan mantap.
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CHAPTER 1

INTRODUCTION

1.1 Background

The hydraulic actuator system was briskly developed starting from the era of
the 20th century. The principle of hydraulic was first introduced by Blaise Pascal,
who is a French Physicist in the year of 1993. Starting from the introduction, many
books [1] has been published to discuss and share about the histories, principle and
application of the hydraulic actuator system. Tracing back the history of invention that
applied the principle of hydraulic mechanisms there is the invention of water clock by
Ctesibios in about 250 B.C and the invention of the steam engine by James Watt in
the year 1763. As time flies, the importance and advantages of the hydraulic actuator
system have become crucial, especially for the development of modern technology.

There are a number of advantages in the hydraulic actuator system compared
to other actuators such as pneumatic and electrical motors that are available nowadays.
One of the important advantages of the hydraulic actuator system is to have a good
ratio between hydraulic actuator size and weight over the force delivered by the
actuator. This means that a small and compact structure of the hydraulic actuator
system is capable of producing a great actuator force. This has made hydraulic actuator
system suitable to use, especially in the transportable industrial field. Furthermore, the
combination between electrical and hydraulic system can make the hydraulic actuator
system becomes more flexible, especially when applied in advance control strategy.
Apart from this, another advantage of the hydraulic actuator system is, it manages to
perform a self-cooling activity as the fluid is driving away from the actuator and other
control element. Besides that, hydraulic fluid also can act as a lubricant that helps
to make the component more durable [1]. The hydraulic actuator system can also be
operated under continuous, intermittent, large speed range and in an immediate stop
situation without damaging the system. This is due to the combination of valve and
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pumps that help to make the open and closed-loop control of the hydraulic actuator
system become much easier.

In previous research, many works have been done concerning the hydraulic
actuator system. As mentioned in by Cetinkunt et al. [2], about thirty percent of the
world market is possessed to industrial equipment which is related to the hydraulic
system. By relating hydraulic actuator system in industrial equipment, this will help to
increase the safety of workers together with the decreasing of the physical effort when
handling a big and bulky work. One example of application of the hydraulic actuator
system is in automotive industries. In automotive industries the active part which is
the actuator is used to drive the passive part. Some research had been done that relates
hydraulic actuator system to the automotive field [3] where the hydraulic actuator is
used to activate the suspension bar system test rig. Meanwhile, the research by Sam et

al. [4] used a hydraulic actuator system to operate the suspension system of a quarter-
car model. Similarly in the work by Ayalew [5] , an in-laboratory road simulation that
used a the hydraulic actuator system was developed to test the vehicle structure and
durability without the need to test the vehicle on the actual road.

From the discussion above, it is clear that the hydraulic actuator system is
important for the development of current and future technology. For the purpose of
engineering design approach, modelling and control of the system play important roles
in realizing and enhancing the advance technology. Unfortunately, for the hydraulic
actuator system, it is difficult to establish or identify the exact dynamic model as
the system is naturally highly non-linear and have many uncertainties. With the
nonlinearities and uncertainties property that existed in the system, this makes the
modelling and control design of the hydraulic actuator system hard and complicated.
Some of the nonlinear properties in the hydraulic actuator system are caused by non-
linear flow of fluid, backlash in control valve, actuator friction, variation in the trapped
fluid, external disturbance [6–10] and others. In the work done by Loukianov et al.

[8], external load, that was modelled as a parallel spring and damper attached to the
piston and considered as an interference to the system where the friction happened was
taken as an external disturbance. Meanwhile, in some previous researches [7, 9, 10]
an unknown, but bounded signal and deterministic signal was considered as external
disturbance. Regarding the non-linear behaviour in hydraulic actuator system, some
works [11–14] considered that it happened due to the friction while some [15–22] some
considered variation of fluid, unknown dead zone, bulk modulus of fluid and leakage
that caused the system to become non- linear. With the difficulties that complicate the
modelling and control design process, it has motivated the researchers and academia
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to further study and investigate on the hydraulic actuator system performance. In
hydraulic actuator system, from electrical technique and signal processing coupled
with high pressure in HSA itself when moving loads generate a combination of flexible
and accurate system.

Several research had been carried out discussing about the force control
problem that occured in the hydraulic actuator system [4, 23–25], where this type
of control is useful in some application that requires an output force from hydraulic
actuator system. However, not all applications require the same amount of force,
some applications only require a certain amount of force to be applied to hydraulic
actuator system. In contrast, position control of the hydraulic actuator system is also
becoming a popular research subject as it is used in a wide range of application such
as in construction machinery, robotic application and machinery tools that normally
require an accurate actuation position control. This is further enhanced by the increase
in the number of publications that have been published concerning about the position
control of the hydraulic actuator system.

1.2 Problem Statement

From the earlier discussion, it is proven that the hydraulic actuator system
has many uncertainties and is highly non-linear that cause inaccurate performance,
especially when an accurate position tracking that is desired is hard to achieve. This
situation has attracted many researchers and academia to propose a different technique
of control design to improve the tracking performance of the hydraulic actuator
system, and these conditions cause the modelling and controller design process for
the hydraulic actuator system to become a challenging task [16, 26–32].

Thus, to increase the tracking performance of the hydraulic actuator system, a
proper method should be implemented in designing and modelling a hydraulic actuator
system. In this research, a dynamic model for hydraulic actuator system test bed
was developed in order to be used in controller designing process part. Two types of
adaptive controller, which is STC with GMVC strategy and MRAC using MIT method
were designed to help increase the tracking performance of the hydraulic actuator
system. Adaptive controller was chosen because this type of controller is widely used
for controlling hydraulic actuator system [7, 33–36]. Another reason for choosing
an adaptive controller is because the scheme will assist the controller to adapt to any
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changes that occur in the system and at the same time this will help to reduce the effort
to achieve the best tracking performance for hydraulic actuator system.

The most important part in this research is the validation process that is done
to support the theoretical work that had been done and need to be realized in the
real system. From the previous work, many researches are lacking in experimental
validation. Thus, in this research, an experimental procedure is compulsory to be done
in order to validate that the proposed controller is manageable to control the hydraulic
actuator system and which controller from these two controllers is able to give the best
performance when it is applied in the real hydraulic actuator system test bed.

1.3 Research Objectives

The objectives of this research are:

1. To identify the mathematical model that represents the hydraulic actuator
system by using system identification technique and parameter estimation method
approach.

2. To design a suitable controller for hydraulic actuator system based on the
mathematical model obtained from the experiment and system identification technique.

3. To analyze the tracking performance of the complete control system that
consists of hydraulic actuator system with servo valve and the controllers.

1.4 Research Scope and Limitation

To achieve the objective of this research, there are several scopes and limitation
that need to be outlined:

1. MATLAB’s System Identification Toolbox was used with linear ARX model
structure to estimate the system’s model and also to test for the model’s suitability.
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2. Hydraulic actuator system was assumed as a linear system to reduce the
complexity in developing the hydraulic actuator system model.

3. STC with GMVC strategy and MRAC using MIT method were designed to
control hydraulic actuator system.

4. Electro hydraulic actuator system with servo valve test bed was used in
experimental mode to verify the tracking performance of the designed controller.

5. NI PCI 6221 DAQ card was used as an interface between MATLAB program
in the PC and electro hydraulic actuator system with servo valve test bed.

1.5 Thesis Outline

This thesis consists of five chapters. The first chapter describe a brief
introduction about the project in terms of objective, problem statement, scoped of work
and summary of work.

Chapter two focuses on the theory of the project and literature review that has
been done, as well as quoting other previous research which will help to support the
project.

Chapter three focuses on the methodology of the project where the idea on
the project flow, method involved together with the software used are explained and
discussed.

Chapter four presents the result and discussion of the project where
the simulation and experimental results are presented together with the detailed
descriptions and discussions on the obtained result are also made.

Chapter five shares the conclusion and findings of the project together with the
future recommendation that may be done to improve the project in the future.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, a literature review on hydraulic actuator system, component
implementation for real time experiment together with modelling and adaptive
controller for hydraulic actuator system will be included.

2.1.1 Basic Overview

Hydraulic actuator system utilizes fluid power to convert mechanical power
like motion or force from hydraulic power. In other words, hydraulic actuator system
is a transmission of force or motion through a pressurized fluid such as water or
oil. If comparing hydraulic actuator system with other actuation system such as
pneumatic system or electric motor, hydraulic actuator system is more powerful in
terms of energy, power density and also it manages to generate a very high force with
only a relatively light actuator cylinder. Due to high bulk modulus property in fluid
especially oil, this has made hydraulic actuator system to have a good positioning
ability togather with precise position control ability. With all of the listed features,
this has led hydraulic actuator system to become a major driving tool in many working
areas especially in industrial field.
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Displacement 
Transducer

Linear ActuatorDesired 
Position Load

Hydraulic Power 
Supply

Flow Control ValveServo Controller

Figure 2.1: Fundamental Operation of Hydraulic Actuator System

Generally, hydraulic actuator system may consist of hydraulic pump and two
other elements which are control element and actuating element. These elements
are connected to each other to form a complete hydraulic actuator system. Figure
2.1 shows the basic fundamental on how hydraulic actuator system operates. From
the figure, when servo controller received an input signal, it will compare the signal
with the signal from the feedback displacement transducer. This will determine the
position difference or position error of the system. Then servo controller will produce
a command signal that will drive the flow control valve to adjust the flow of pressurized
hydraulic fluid where this will lead to the movement of the actuator to the desired
position.

2.1.2 Actuator system

Cylinder actuator is one of the important parts in hydraulic actuator system. It
is operated by a source of energy from pressurized hydraulic fluid. A typical cylinder
actuator may consist of a hollow cylindrical tube which has a piston attached to a piston
rod that can move back and forth in this closed cylinder.
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 1.Forcing compressed air into the port 

2.Pushes 
piston 
out 

3.Compressing spring 

Figure 2.2: Single Acting Hydraulic Cylinder with Spring Return

There are two types of cylinder actuator which are single acting hydraulic
cylinder and double acting hydraulic cylinder. In single acting hydraulic cylinder as in
Figure 2.2, the force and motion is transferred in one direction only and it needs help
from external device like spring or weight to help to move the piston to the opposite
direction. This is because in single acting hydraulic cylinder, the pressurized fluid is
supplied at one side only during both expansion and retraction activities.

For double acting hydraulic cylinder, the force and motion can be transferred in
two directions as in Figure 2.3. There is a port at each end of the cylinder that functions
to omit and return the hydraulic fluid from the cylinder.

 

 

 

1.Forcing compressed air into the port 

2.Pushes 
piston 
out 

3.Compressing spring 

F 

F 

Retracting 

Advancing 

Fluid pumped in 
at pressure P 

Fluid flows out at 
low pressure 

Fluid pumped in 
at pressure P 

Fluid flows out at 
low pressure 

Figure 2.3: Double Acting Hydraulic Cylinder
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2.1.3 Valve System

As mentioned in previous section, controlled system is one of the elements in
hydraulic actuator system. There are several types of control system or transmission
system commonly used in hydraulic actuator system including solenoid valve,
proportional valve, manual valve, motorized valve and servo valve. All of these valves
are classified by how they are actuated.

 

 

 
Ball Valve  

Butterfly Valve 
 

Check Valve 

 
Gate Valve  

Globe Valve 

 
Y Strainers 

 

Coil / Solenoid 
Spring 

Lead Wires 
Coil Windings 

Inlet Port 

Plunger 

Outlet Port 

Valve Body Orifice 

Figure 2.4: Solenoid Cross-sectional Diagram

Solenoid valve works when current passes through a coil, a magnetic field will
be developed that makes the plunger inside the coil to move up and down or side
to side. And the valve will be back to its original state or de-energized state when the
current is stopped. Figure 2.4 shows a cross-sectional diagram of solenoid valve. From
the figure, the fluid that is controlled by solenoid valve will enter through the inlet port
and pass through the orifice to the outlet port. This is where the plunger is used to
control the opening and closing of the orifice in order to control the flow of the fluid.
Meanwhile, the spring at the top of plunger is used to push the plunger to resist the
opening of the orifice.



10

In motorized valve, a motor that is driven by electric is used to control the
opening and closing of valve. This valve is also known as on-off valve as it is only
operated fully opened to fully allow the fluid to flow or fully closed to fully stop the
fluid to flow. There are various types of motorized valves such as gate valve, ball valve,
butterfly valve and others.

Servo valve is normally used in application that requires a precise and accurate
control valve. And due to these properties, to some extent it does help to decrease
the nonlinearity behaviour in servo valve itself [37]. Since the nonlinear property is
reduced thus, in majority of research work related to hydraulic positioning system,
there is a dead band that leads to the ignoring of the linear properties. There is some
other advantages of using a servo valve where it only requires a low power electric
signal to accurately move and station the actuator.

Figure 2.5 shows the diagram of servo valve that uses spool valve and driven by
current induced by torque motor. From the diagram, the relationship between voltage
and current is written as:

 

 

 

Cr Cr 

xs xs 

(b) New valve (a) Old valve 

Figure 2.5: Servo Valve Configuration

Vv =
dlv
dt
Lc +RcLc (2.1)
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whereRc and Lc represent resistance and coil inductance respectively. The servo valve
dynamic can be derived from the relationship between current from torque motor and
the spool valve position, xv which gives:

d2xv
dt2

+ 2ζvωv
dxv
dt

+ ω2
v = Ivω

2
v (2.2)

where ζv and ωv represent damping ration and frequency of the servo valve
respectively.

Equation (2.3) shows the equation of the liquid flow in each chamber, Q and
can be derived from the relationship between xv, Kv and Pv which represent spool
valve position, servo valve gain and pressure different respectively.

Q = Kvxv
√

∆Pv (2.3)

The ideal liquid flow in each chamber, Q equation are as in Equation (2.4) and (2.5) as
given by Bin et al.[38].

Q1 =

Kv1xv
√
Ps−P1 if xv ≥ 0,

Kv1xv
√
P1−Pr if xv < 0,

(2.4)

Q2 =

−Kv2xv
√
P2−Pr if xv ≥ 0,

−Kv2xv
√
Ps−P2 if xv < 0,

(2.5)

Ps represents power supply that is generated from the pump that is used to drive servo
valve. Equation (2.6) shows the equation that represents the power supply, Ps.

Ps =
βe
Vt

ˆ
(Qpump −QL)dt (2.6)

where βe, Vt, Qpump andQL represent effective bulk modulus, piping volume, constant
flow rate and servo valve flow rate respectively.



12

2.1.4 Nonlinearities Effect in Industrial Hydraulic Actuator with Servo Valve

In hydraulic actuator system, nonlinearities and uncertainties issues are
common that always arise when researchers attempt to derive and recognize the
mathematical model and characteristics of hydraulic actuator system. There are
some important preliminary works that needs to be done before a controller can be
developed. Thus, many present researchers tend to use high technology component in
their hydraulic actuator system such as servo valve, pressure transducer and others to
assist in minimizing the nonlinearities and uncertainties effect in the system. However,
even with the high technology, the problem still cannot be completely solved. There
are several issues that still occur such as dead-zone and internal leakage.

In a publication by Kim and Singh [39] it is stated that, the dead zone is an
unavoidable symptom and it occurs when the valve is losing an information when the
input signal falls in the dead band area. This describes why at certain input range, an
output signal is not produced or detected. Figure 2.6 shows dead zone diagram of an
actuator system which can be represented in mathematical form as:
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Figure 2.6: Dead Zone Diagram of an Actuator System
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Uz(u) =


gz(u) < 0, u ≤ un

0, un < u > up

hz(u) < 0, u ≥ up

(2.7)

where, un, up, gz(u), hz(u), uz and u are negative limit of dead zone, positive limit
of dead zone, negative slope of output, positive slope of output, output and input
respectively.

Dead-zone may happen in hydraulic actuator system when an input is supplied
to the system but no flow is detected in control valve. The presence of dead-zone
may interfere in designing a controller. Thus, this will lead to the unstable closed
loop control system. The dead-zone characteristics are familiar in actuator system
especially in hydraulic and pneumatic actuator system [40–42]. In hydraulic actuator
system, the study of dead-zone is important when involving the control problem of
nonlinear system and also when a high accuracy system is required. Thus, this has
caught the attention of many researchers in the recent years to further study on this
issue [43–45].

Internal leakage usually occurs at the servo valve area. For ideal servo valve,
there will be zero leakage. However in practical, internal leakage will occur even at
the low percent of the overall flow rate. The internal leakage can even be observed in a
new servo valve system. A study on servo valve leakage had been carried out [17] and
it has been stated that, for a new servo valve, internal leakage still occurs especially
when the spool valve is moving from the neutral position. This behaviour is similar to
the old servo valve, the only difference is that the leakage is a bit bigger. This situation
is caused by the wear-out of the spool edges and sleeves in an old servo valve.

2.1.5 Linearization in Industrial Hydraulic Actuator with Servo Valve

Linearization of hydraulic actuator system has been tested and used many
years ago in order to cope with the non-linearities that exist during the modelling
process. Examples of research which used linear model for controller design have
been published [46–50]. Normally for hydraulic actuator system linearization,
assumption and facilitation are made to reduce the complexity caused by uncertainties
characteristic and non-linearization behaviour that is naturally developed [6]. However
during the development of linear model, assumption and restriction will always be
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considered and addressed at the first place. In a work done by Jelali and Kroll [51] the
researchers had listed down some of the assumptions that commonly meet the needs
of the normal practice. Some of the assumptions are:

1. In hydraulic pump, an oil flow will develope a constant supply pressure.

2. Constant pressure is assumed inside of hydraulic actuator tank and oil flow
inside of hydraulic actuator valve.

3. Oil leakage is laminar.

4. Rigid structure of actuator and load.

2.2 Linear Modelling of hydraulic actuator system

In this research a double acting hydraulic cylinder with single ended piston was
used. The schematic diagram of the hydraulic actuator system is shown in Figure 2.7
which is the same model as in the work by Zulfatman [50] and Ghazali et al. [52].

Figure 2.7: Structure of Double Acting Hydraulic Cylinder with Single Ended Piston

From the figure, a rod is attached at the end of a piston end without the aid from
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spring where also Pa, Pr, xv, Q1, Q2, P1 and P2 represent hydraulic supply pressure,
return pressure, spool valve displacement, fluid flow from cylinder, fluid to cylinder,
fluid pressure in lower cylinder chamber and fluid pressure in upper cylinder chamber
respectively.

Piston’s mechanical dynamic relies on the damper that is placed parallel to it
and the dynamic equation can be represented as:

ẋp = vp (2.8)

mv̇p = −ksxp − bsvp + AlPl − Ff − du (2.9)

where xp, vp and du represent piston’s displacement, piston’s velocity and external
disturbance respectively.

Actuating force, Fa and hydraulic friction force, Ff can be derived from the
dynamic of servo hydraulic and can be written as:

Fa = APPL (2.10)

Load pressure, PL which is pressure across the piston is given by:

vt
4βe

ṖL = QL − CTPL − AP ẋp (2.11)

Relationship between spool valve displacement, xv and load flow, QL is given as:

QL = Cdwxd

√
PS − sign(xv)PL

ρ
(2.12)

where AL, PL, Vt, βe, CT , Cs, xd and ρ represent hydraulic cylinders cross sectional
area, cylinder’s differential pressure, actuator’s volume, hydraulic oil bulk modulus,
total leakage coefficient, discharge coefficient, spool valve area and oil density.

Thus, from Equation (2.8) to Equation (2.12), hydraulic cylinder actuating
force can be written as:

ṖL = −αVP − βPL + (γ
√
PS − sign(xv)PS)xv (2.13)

where, α = 4Apβe
vt

, β = 4CT βe
vt

and γ = 4Cdwβe
vt
√
ρ

.
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The spool displacement, xv is controlled by input servo valve, u can be written
in a dynamic equation as:

˙
xv =

1

τv
(−xv + kau) (2.14)

where ka and τv represent a constant that can be find in a data sheet.

And from Equation (2.8) to Equation (2.14), state equation of hydraulic
actuator system can be expressed as:

ẋ1 = x2 (2.15)

ẋ2 =
1

Ms

(−kSx1 − bsx2 + APx3 − Ff ) (2.16)

ẋ3 = −αx2 − βx3 + (γ
√
PS − x3sign(x4))x4 (2.17)

ẋ4 =
1

τv
x4 −

ka
τv
u (2.18)

Meanwhile the output of the hydraulic actuator system can be written as:

y = APx3 − Ff (2.19)

Or in matrix form:
ẋ1

ẋ2

ẋ3

ẋ4

 =


0 1 0 0

−wa −wb −wc 0

0 −Pa −Pb Pc
√
Ps − x3sign(x4)

0 0 0 −ra



x1

x2

x3

x4

 +


0

0

0

rb

 [u]

(2.20)

y =
[

0 0 Ap 0
]

x1

x2

x3

x4

− Ff (2.21)

where appropriate conditions are expressed as ra = 1
τv

, rb = ka
τv

, wa = ks
Ms

, wb = bs
Ms

,
wc = AP

MA
, wd = Ff , Ps = α, Pb = β and Pc = γ [50, 52].

2.3 Previous Research on Hydraulic Actuator with Servo Valve

In this section, previous research on hydraulic actuator system modelling and
controller design will be discussed.
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2.3.1 Modelling of Hydraulic Actuator with Servo Valve via System
Identification Technique

Hydraulic actuator system can be modelled by using many techniques such
as system physical law or system identification. For system physical law, expert
knowledge and understanding about the system under study is a must. This is because
most of the necessary mathematical equation will be related to the system component
itself. Due to the complexness of the process, many researchers are avoiding this
technique as an option to develop a system model. However, there are still some
researchers who are using physical law to derive the system mathematical equation
[15, 31, 38, 53–62]. Different with system identification, only a set of stimulus
response data without prior knowledge of the system is needed in order to develop
a system model. This technique is a popular technique among researchers as this
technique is simpler compared to system physical law technique.

As mentioned before, system identification can be used as another approach to
obtained system model or system mathematical model. In system identification, only
system input-output data or stimulus response is required to obtain the system model.
The term identification in system identification technique was first introduced by Zadeh
[62]. The term identification is referring to the identification problem in defining the
input-output relationship based on the experimental data set.

System identification can be divided into two types of method which are black
box model and grey box model. For black box model, system model can be constructed
without the needs of physical model interpretation. Meanwhile in grey box model,
friction in a system will be considered [63].

The first process in system identification technique is to generate stimulus
signal in order to excite the system’s operation region[64]. And commonly the stimulus
signal is generated using software in a computer and then the signal is sent to hydraulic
actuator system servo valve through the aid of DAQ card. Then the servo valve will
drive the piston to the desired position by controlling the flow of the hydraulic fluid.
Draw wire sensor will be used to measure the system’s output or the piston position.
The input-output data from the experiment is collected and used to obtain the system’s
model.

When the system model is available, the next process is to validate the obtained
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model. This process is done to ensure the obtained model is fit with the real system
behavior. Usually validation process is done by comparing the performance result from
system identification with the real system performance. To standardize the validation
result, best fitting percentage is used where the highest best fitting percentage will
indicate the more accurate system model [61].

In MATLAB, we can use System Identification Toolbox as an aid to obtain
system model. There are two categories of parametric models provided which are
polynomial model and state space. For polynomial model, it includes Auto-Regressive
Exogenous Model (ARX), Auto-Regressive Moving Average Model (ARMAX), Box-
Jenkins (BJ) and Output-Error (OE).

Figure 2.8 shows the ARX model. ARX model is the simplest model involving
stimulus signal. Estimation using ARX model is the most efficient among other
polynomial estimation method because ARX model uses analytical form to solve the
linear regression equation. The result will only give one unique solution. This makes
ARX model a popular choice to be chosen especially when dealing with the model
with high order.

          +

+
1/A(q)B(q)

e(n)

u(n) y(n)

Figure 2.8: ARX Model Structure

The disadvantage of ARX model is that, it will include disturbance in the
dynamic of the system. The transfer function G(q − 1, ė) and H(q − 1, ė) which
represent deterministic part and stochastic part of the system have the same set of
the poles. Their combination can be inappropriate. Thus, the disadvantage of ARX
model can be reduced by having a good signal-to noise ration. e(n) represents the
disturbance in the system. When the disturbance is not a white nose combination
between G(q− 1, ė) and H(q− 1, ė), this can affect the estimation of the ARX model.
This can be solved by setting the model order higher than the actual model order to
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decrease the equation error. Unfortunately, increasing the model order can affect the
dynamic characteristic of the model itself for example the stability of the system.

2.3.2 Controller design for Industrial Hydraulic Actuator with Servo Valve

Numbers of controller haved been designed by researchers from all over the
world in order to improve the performance and stability of hydraulic actuator system.
Some of the controllers that have been designed are adaptive controller, robust control,
state feedback control, variable structure control system and others [7, 65–68].

To ease the designing process, majority of researchers choose to use linear
control technique to design a controller for hydraulic actuator system [61, 69].
For example in a research by Del and Isidori [70], the researcher used feedback
linearization technique meanwhile Zulfatman [50] and Wenhou and Jun [71] chose
to use classic proportional-integral-derivative controller which applied a feedback
linearization technique. Even though the linearization technique is simple and easy,
unfortunately this technique will degrade some of the important dynamic information
in the system itself. This deficiency has made a nonlinear control technique the best
controller design method for hydraulic actuator system or any other system. Examples
of nonlinear control technique are non-linear back stepping control [72], sliding mode
control [73, 74] and many others. In this section, a brief discussion of the common
controller design methods that have been used and proposed earlier for controlling
hydraulic actuator system will be shared.

To achieve the best performance in controlling hydraulic actuator system, an
appropriate controller needs to be designed. To have this, many advance control
strategy have been introduced and studied by many researchers. However, from the
findings, it has been shown that a simple PID controller is sufficient enough to control
a hydraulic actuator system. For example, Ishak et al. [75] chose to use feedback PID
controller to control hydraulic actuator system because this controller is simple and
robust when it is applied to a specific operating region.

To achieve the best performance in PID controller, a suitable value for
proportional gain, kp, integral gain, ki and derivative gain, kd must be tuned properly.
Tuning method that is widely used to tune the PID parameters are Ziegler-Nichols’ and
Nelder-Mead tuning method. And for tuning process, these tuning methods require the
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information from the ultimate gain and ultimate period of oscillation to estimate the
PID parameters.

Razali et al. [76], used Ziegler-Nichols’ tuning method to tune PID controller
to control electro hydraulic actuator system. And from the result, it has been shown that
the best fitting percentage achieved is 92.8% which is over the minimum acceptance
percentage which is 90% that indicates the output signal that has managed to track
the given input signal. The slight difference in the result obtained is probably due to
the linearization of a nonlinear system which had caused some of the nonlinearity and
uncertainties property in the system neglected. Tajjudin et al. [77], used Nelder-Mead
tuning method to tune the PID controller. From the result, it has been proven that the
Nelder-Mead tuning method has managed to control electro hydraulic actuator system
to follow the given reference signal.

Fuzzy controller was first introduced by Mamdani [78]. Since the introduction
of this controller, numbers of researchers have applied the controller in their research
study [79, 80]. Unnoticeably, this controller is frequently used in industrial field and
also in small applications like washing machine, elevator, automobile and etc.

FUZZY RULE INFERENCE

Controller Input Change in Control Action

e
Δe ΔuFuzzification Fuzzy Rules Defuzzification

Figure 2.9: Schematic Diagram of a Typical Fuzzy Controller

Figure 2.9 shows the schematic diagram of a typical fuzzy controller [81].
From the figure, there are three basic components in fuzzy controller which are
fuzzification, fuzzy rules and defuzzification. In fuzzification, the input signal
is transformed to linguistic fuzzy variable such as small, medium or large. The
fuzzy rule part consists of linguistic control rules which are conditional linguistic
statements of the relationship in-between input and output signal. This means that, the
characteristic of the fuzzy controller is reflecting the behavior of the human operator
[82]. The function for defuzzification is to convert inferred control action to the
original continuous signal. This step makes fuzzy controller to be also known as
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continuous logic [83].

As time passed, numbers of control strategies have been studied, implemented
and suggested. In every control strategy there are some advantage and disadvantages.
Due to this the trend of hybrid controller has been introduced and utilized. Hybrid
controller is a type of controller that consists of more than one type of control
technique. For example, researchers have applied hybrid controllers that comprise
of combination between fuzzy controller and PID controller or adaptive controller and
PID controller [50, 81, 84–86]. From the overall result, it can be concluded that the
hybrid controller is appropriate to control hydraulic actuator system.

Other types of controller that are normally used to control hydraulic actuator
system are nonlinear tracking law [70, 87], feedback linearization controller [15, 60],
robust force controller via nonlinear quantity feedback [88], robust control test
controller [89] and etc.

2.3.3 Adaptive Controller

Adaptive controller is a type of controller that has the capability to tune itself to
any parameter variation that occurred in the controlled system. Normally in classical
control technique, coefficient of the controller is set to a fixed value or to any value that
is specified by the controller’s designer. Therefore, this technique is not adequate for
a time-varying system and also a system with varying operating system or disturbance
acting on it. This is where adaptive controller is required to solve the problems in
deciding the suitable control laws that gratify a bigger range of operating conditions.

There are many types of adaptive control technique, where each technique
possesses its own structure and design technique that result in different advantages
and capability. Examples of commonly used adaptive control technique are model
reference adaptive controller (MRAC), self-tuning control (STC), gain scheduling,
neuro-fuzzy adaptive control, self organizing fuzzy logic and others.

In this research two types of adaptive controller were designed and the
performance result for the controllers was studied and compared. The adaptive
controllers that were chosen are self-tuning controller and model reference adaptive
controller.
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2.4 Summary

In this chapter, a brief introduction about hydraulic actuator system with
servo valve is explained, where function and explanations about each component
in the hydraulic actuator system is shared. As the hydraulic actuator system
is highly nonlinear and have many uncertainties, the nonlinearities effect on the
hydraulic actuator system is also being discussed together with the explanation on
why linearization process is done during the modelling of hydraulic actuator system.
In the next part of this chapter, literature reviews on modelling and controller design
for hydraulic actuator system is shared. In this part, a derivation of hydraulic actuator
system modelling from various researches is shared together with the controller for
hydraulic actuator system that had been designed in many other researches.



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This research was started with the problem definition and the literature review
on matters relevant to the research or study. This was done in order to understand more
on the concept and also to know the function of hydraulic actuator system with servo
valve component that will help to ease the flow of the research. Then, the next step
is where the system identification technique is used to process the collected data from
the real life hydraulic actuator system. This is where the collected data were examined
and the best data were chosen for further analysis.

After the best data were chosen, model structure was determined and model
estimation was done to obtain the best estimated model to represent hydraulic actuator
system. The model estimation was carried out using an interactive procedure that is
available in system identification technique that includes data examination, selection
of model structure, parameter estimation and lastly model validation. Model validation
process was done by comparing the output of the estimated model with the output from
the experiment. The best fit percentage was used as an acceptance standard for model
validation process where model with the best fit percentage that is equal or more than
90% will be accepted. Once the best fit percentage is satisfied, the next process which
is controller design process can be started. If the best fit percentage is not fulfilled,
experiment needs to be restarted again from data capture until the best fit percentage is
satisfied. Figure 3.1 is the summary for the flow of this research.
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Figure 3.1: Summary of research flow.

3.2 Problem Definition

As the natural system naturally suffers from the internal and external
disturbance, therefore a proper mathematical together with an appropriate controller
scheme modelling needs to be developed. This is to ensure that the desired
performance of the system can be archived even with the existence of the disturbance.
In this research, two types of controller which are STC with GMVC strategy and
MRAC using MIT method were designed to improve the tracking performance of
the hydraulic actuator system. Introduction to the concept of the controllers is
explained in this chapter and the effectiveness of the designed controller was proven
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by implementing the controllers to the electro hydraulic actuator system test bed in
experimental mode and the output result was analyzed. Then the comparison between
these two controllers is performed to choose the best controller that can be used for
future research.

3.3 Component Implementation

In this research, the electro hydraulic actuator system with servo valve test
bed as in Figure 3.2 was used in the experimental part. This electro hydraulic actuator
system with servo valve test bed is located in Process Control Lab, Faculty of Electrical
Engineering, Universiti Teknologi Malaysia. As this system was used in this research,
knowing the function of the related component is compulsory in order to further
understand about the system under study.

 

Figure 3.2: Electro Hydraulic Actuator System Test Bed

For electro hydraulic actuator systems with test bed, the computer was used to
do all the MATLAB related works, to monitor the input and output signal during online
testing of the system and to obtain all the related data that are needed. Meanwhile the
connector board was used to interface the simulation in PC with the electro hydraulic
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actuator system test bed. The connector board that was used in this research is a data
acquisition system (DAQ) card manufactured by National Instruments, model NI-PCI-
6221. The specification of the DAQ card is that it has 1 GB of Read Access Memory
(RAM) with the speed of clock of 1 GHz. Figure 3.3 shows the NI-PCI-6221 DAQ card
used in this research meanwhile Table 3.1 shows other specifications in NI-PCI-6221
DAQ card.

Figure 3.3: NI-PCI-6221 DAQ Card
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Analog Inputs:

Channels 16 , 8

Single-Ended Channels 16

Differential Channels 8

Resolution 16 bits

Sample Rate 250 kS/s

Max Voltage 10 V

Maximum Voltage Range -10 V , 10 V

Analog Outputs:

Channels 2

Resolution 16 bits

Update Rate 833 kS/s

Max Voltage 10 V

Maximum Voltage Range -10 V , 10 V

Table 3.1: NI-PCI-6221 DAQ Card Specifications

Input output supply was used to supply power to turn on the system. An average
power supply of 20 V is needed to operate the plant. Draw wire sensor was used to
capture the position or displacement of the piston that was connected to the load where
the max displacement that the sensor can detect is 300mm. Servo valve can control a
hydraulic motor by controlling the flow of the fluid so that the motor can spin in either
direction. The servo valve that was used in this research is Bosch Rexroth 4WREE6
with 40 lpm flow rate at 70 bar.

The piston consists of a cylinder-shaped metal component that separates the
two sides of the cylinder barrel. Meanwhile the piston rod is typically a hard chrome-
plated piece of cold-rolled steel which is attached to the piston and extends or retracts
from the cylinder through the rod-end head. A cylinder that is composed of a single
rod and double acting hydraulic cylinder was used where the pressure of the fluid is
applied in both directions of the cylinder. Double-acting cylinder uses the force of
hydraulic to move in both extends and retracts strokes. It has two ports to allow fluid
in for outstroke and instroke movement.

Motor and pump helps to convert hydraulic pressure and flow into rotational
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mechanical energy used to move the fluid. The motor and pump also provided torque
and force to electro hydraulic actuator system. The size and speed of the pump
determine the flow rate and the load on the motor determines the pressure. Meanwhile
reservoir and pressure transducer was used to hold the excess hydraulic fluid to
accommodate volume changes during the cylinder extension and contraction process
and to measure the pressure into and from the cylinder and converts the pressure into
an analogue electrical signal. In this research a 100 bar pressure transducer was used.

3.4 System Identification Process

In system identification part, formulation of the mathematical model for
hydraulic actuator system was done. By using the input output relationship from the
experiment, the mathematical model of the system can be obtained. The mathematical
model is required to predict the behavior of the system and also playing an important
role in controller design part.

3.4.1 Data Capture

To excite the operating region of the system, a stimulus signal was supplied to
the system. The stimulus signal used should be a good stimulus signal that is rich in
frequency and amplitude, where this property can help to excite all the operating region
of the system and to ensure an accurate model is obtained. Usually, a multisine wave
that consists of the combination of three sine or cosine wave with different frequency is
chosen as the best stimulus signal. The maximum acceptance frequency for hydraulic
actuator system is limited to 1Hz as higher frequency can cause the piston to vibrate
instead of moving smoothly and also cause the hydraulic actuator system failed to
follow the fast changes in servo valve that can support up to 10 Hz of frequency.

3.4.2 Model Structure

By using system identification, less effort ws used to develop a mathematical
model for any model based design. This is different from using physical law that
requires an in-depth knowledge of the system before mathematical model of the system
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can be constructed. In system Identification, a variety of model structure is available to
be used as an aid in modelling a system’s model. The selection of model structure
can be based on the understanding of the system identification technique and also
understanding about the system under study. It would be advantageous to try each
of the model structure before deciding on the best model structure to be used. For
this research, Auto-Regressive Exogenous Model (ARX) model structure was used.
As mentioned in the previous chapter, ARX model structure was chosen because this
type of model structure is the simplest model structure involving stimulus signal. And
the estimation process in ARX model structure is the most efficient as it only uses
analytical form to solve the linear regression equation and it will only give one unique
solution. This is very helpful, especially in dealing with a system with a higher order.

3.4.3 Model Estimation and Validation

Once the model structure has been decided, model estimation of hydraulic
actuator system can be done. Model estimation is the process to obtain the
parameters of the system transfer function or the mathematical model of the system
via experiment. The best parameters of the transfer function that were chosen were
fitted to best represent the system and the estimation method that was used to obtain
the parameters, which is a least square method. In this research model estimation was
done by using System Identification Toolbox in MATLAB, where the input-output data
were split into two parts, which were used for model estimation and model validation.

For data estimation in the MATLAB System Identification Toolbox, the
technique used was least square method. The purpose of data estimation by least square
method is to obtain the value of the transfer function’s coefficient that is represented
by a1, a2, a3, b0, b1, and b2. The first step in least square method is to transform the
plant transfer function as in equation (3.1) into a regression form as in (3.2):

y(k) =
z−k(b0 + b1z

−1 + b2z
−2)

1 + a1z−1 + a2z−2 + a3z−3
(3.1)

y(k) = ϕ(k)′θ(k) (3.2)
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where k represents the discrete time index, meanwhile y(k) indicates measured system
output in discrete-time k, ϕ(k) indicates vector of input and output signals and θ(k)

indicates an unknown parameter vector to be estimated and is written as:

ϕ(k) =



−y(k − 1)

.

.

.

−y(k − na)
u(k − nk − 1)

.

.

.

u(k − nk − nb)



(3.3)

θ(k) =



a1

.

.

.

ana

b0

.

.

.

bnb



(3.4)

In least square method, the value of θ(k) needs to be calculated in order to minimize
the sum of square residual ε(k). The θ(k) can be obtained by minimizing the cost
function, j as given in (3.5).

j =
1

2

∑ N

K = 1
[ε(k)]2 (3.5)

Then the next process is to obtain the value of θ̂(k) or the estimated value of θ(k)

according to the below steps:

a. Calculate the estimated error, ε(k) :

ε(k) = y(k)− ϕT (k)θ̂(k − 1) (3.6)
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b. Calculate the least square weighting factor, L(k), this will tells how the
correction and the previous estimate should be combined.

L(k) =
P (k − 1)ϕ(k)

ρ+ ϕT (k)P (k − 1)ϕ(k)
(3.7)

c. Update the matrix P , where matrix P is proportional to the variance of the
previous estimates and ρ is the forgetting factor that determines how fast old data will
be forgotten.

P (k) =
1

ρ
[P (k − 1)− L(k)ϕT (k)P (K − 1)] (3.8)

d. Update the current estimated parameter, θ̂(k) by adding correction to the
previous estimated parameter θ̂(k − 1):

θ̂(k) =
ˆˆ(k − 1) + L(k)ε(k)θ (3.9)

The value of ρ that indicates how fast the old data are discarded is set by the lower
value, where the smaller value of ρ means the faster the old data are discarded:

- ρ = 1 ; if no data are forgotten.

- ρ < 1 ; if the parameters to be identified are time varying.

Model validation was performed by comparing the output from the estimated
model with the output of the real experiment. The best model can be accepted when
the best fit percentage obtained is equal or greater than 90%. Figure 3.4 shows the flow
summary of the system identification technique via System Identification Toolbox in
MATLAB.
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Figure 3.4: Flow Summary of the System Identification Technique via System
Identification Toolbox in MATLAB

3.5 Controller Design

After estimation and validation process were done and the best estimation
model to represent hydraulic actuator system was available, then the STC with GMVC
strategy and MRAC using MIT Method controllers was instituted.

3.5.1 Self-Tuning Controller (STC)

STC was introduced by Astrom & Wintermark in 1973. The general structure
of STC is shown in Figure 3.5 where the structure consists of parameter estimation
part and controller design part. The input and output of the plant was used to estimate
the model parameters, and then the estimated parameters were used to calculate the
parameters for controller algorithm.
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Figure 3.5: General Structure of Self Tuning Controller (STC)

STC can be divided into two techniques which are explicit or indirect STC and
implicit or direct STC. For explicit STC, the plant parameter was estimated first using
any estimation algorithm such as least square method, maximum likelihood, gradient
method and other. This will be processed to produce controller coefficient. Meanwhile
in implicit STC, the estimator will directly estimate the controller’s coefficients. This
makes implicit method simple and easy as we do not need to estimate the plant
parameters to design the controller. Examples of explicit STC are pole assignment
for servo control, pole assignment for regulation control and pole assignment for servo
and regulation control. Examples of implicit STC include standard minimum variance
(MVC), generalized minimum variance (GMVC) and detuned minimum variance
(Detuned MVC).

3.5.1.1 Self-tuning Controller with Generalized Minimum Variance Control
strategy (STC with GMVC strategy)

In this research, implicit STC which is generalized minimum variance
controller (GMVC) was designed. GMVC is the continuation of standard minimum
variance controller (MVC). The GMVC was introduced to overcome the drawback that
exists in MVC which is the cancelling process dynamic that can cause the controlled
system to become unstable if inexact cancellation happened and also in MVC, the time
delay, k must be known because the overall performance of the controller is affected
by k.
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Figure 3.6: General Structure of STC with GMVC Strategy

Figure 3.6 shows the block diagram for STC with GMVC strategy. From the
diagram, the system model can be represented as:

y(t+ k) =
B

A
u(t) +

C

A
ξ(t+ k) (3.10)

For STC with GMVC strategy, a pseudo-random output is introduced into the system
and its mathematical equation can be written as:

φ(t+ k) = Py(t+ k)−Rw(t) +Qu(t) (3.11)

where y(t), w(t) andu(t) represent output signal, servo signal or setpoint and input
signal respectively. By assuming that p0 = q0 = r0 = 1, automatically the weightings
are laid at the set point and the balanced control effort is penalized by P , Q and R.

The target of STC with GMVC strategy is to reduce the cost function that is
represented by:

J = E[φ2(t+ k)] (3.12)

And the identity equation is defined as:

AE + z−kG = PC (3.13)
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where,
E = 1 + e1z

−1 + ...+ enez
−ne , ne = k − 1

G = g0 + g1z
−1 + ...+ gngz

−ng , ng = max(na − 1, np + nc − k)

and finally, the control law for STC with GMVC strategy can be written as:

u(t) =
−G

EB +QC
y(t) +

RC

EB +QC
w(t) (3.14)

3.5.2 Model Reference Adaptive Controller (MRAC)

Model reference adaptive controller (MRAC) was first proposed to solve the
problem related to the desired performance specification that was described in terms
of reference model. The objective for MRAC is to have the transfer function from
reference signal, r to output signal, y that is equal to the transfer function of the
desired reference model. Figure 3.7 shows the general structure of MRAC consisting
of four main components. The related components are the plant that will be controlled,
reference model that is used to generate the desired closed loop output response,
adaptive mechanism that uses the error or different between plant output and the
desired output to adjust the controller coefficient and the controller that uses the
adjusted coefficient from the adaptive mechanism part. The mechanism for adjusting
the controller’s coefficient can be obtained by applying gradient method, stability
theory or Lyapunov method.

y m

c

r u y

u
θ y

c

Adjustment 
Mechanism

Reference 
model

PlantController

Figure 3.7: General Structure of Model Reference Adaptive Controller (MRAC)
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3.5.2.1 Model Reference Adaptive Controller using MIT Method (MRAC using
MIT Method)

For this research, MRAC using gradient method or MIT rule (MRAC using
MIT rule) was chosen as an adjusting mechanism. Gradient method is also known as
MIT rule because this method was developed at Massachusetts Institute of Technology
(MIT) USA.

In designing MRAC using MIT rule, it is desired for the output of the closed
loop system, y to follow the output of the reference model, ym. Thus, in order to
achieve this condition the error between y and ym must be reduced. This is where a
controller with one or more adjustable parameter should be designed as such that this
can make a certain cost function to be minimized. From Figure 3.7 above, equation for
system or plant model, reference model and controller output is given as:

y(t)

u(t)
=

b2s
2 + b1s+ b0

s3 + a2s2 + a1s+ a0
(3.15)

ym(t)

um(t)
=

b2ms
2 + b1ms+ b0m

s3 + a2ms2 + a1ms+ a0m
(3.16)

u(t) = θ1r(t) + θ2y(t) (3.17)

To minimize the cost function, J(θ) it is needed to adjust the adjustable parameter, θ.
Given that:

J(θ) =
1

2
e2 (3.18)

Then,
dθ

dt
= −γ δJ

δθ
= −γ δJ

δe

δe

δθ
= −γeδe

δθ
(3.19)

where δe
δθ

is known as ‘sensitivity derivative’ that indicates how the error is being
affected by the parameter θ. As to solve the Equation (3.19) or to find de

dθ
first it is

needed to find δe
δθ

or find the expression e in terms of θ. Then we will have:

e = y − ym (3.20)

y =
(b2s

2 + b1s+ b0)θ1r

(s3 + a2s2 + a1s+ a0) + (b2s2 + b1s+ b0)θ2
(3.21)

From Equation (3.20) and Equation (3.21) we will have:

δe

δθ1
=

r(b2s
2 + b1s+ b0)

(s3 + a2s2 + a1s+ a0) + (b2s2 + b1s+ b0)θ2
(3.22)
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δe

δθ2
=

−y(b2s
2 + b1s+ b0)

(s3 + a2s2 + a1s+ a0) + (b2s2 + b1s+ b0)θ2
(3.23)

Both δe
δθ1

and δe
δθ2

are functions of θ2, which require an adaptation. Thus, an assumption
or approximation was made. In this case, an assumption that the input and output of
the system or model is the same or the system acts as a perfect model was used as the
following:

y≈ym

Then, adaptive mechanism becomes:

dθ1
dt

= −γ1e
δe

δθ1
= −γ1e

r(b2s
2 + b1s+ b0)

(s3 + a2ms2 + a1ms+ a0m)
(3.24)

dθ2
dt

= −γ2e
δe

δθ1
= −γ2e

y(b2s
2 + b1s+ b0)

(s3 + a2ms2 + a1ms+ a0m)
(3.25)

3.6 Comparison between Controllers

The last part in this research is to make a good and significant comparison
between the two controllers which are STC with GMVC strategy and MRAC using
MIT Method controllers. This part is essential as the characteristic of each controller
can be further discussed and the best controller among the two can be chosen for future
research use.

3.7 Summary

This chapter presents the process that was involved in this research. It
starts with the problem statement, literature review, system identification process
that involves data capture, model structure, model estimation and model validation
and ends with controller design process. A brief explanation on the component
implementation and each step involved is also shared in this chapter. In controller
design part, the process to obtain the control law and adaptive mechanism for STC
with GMVC strategy and MRAC using MIT method controllers is shown.



CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 System Identification

For this research a System Identification toolbox by MATLAB was used. In
this System Identification toolbox, the user is only required to provide input data and
its resultant output data to the toolbox interface as in Figure 4.1. As mentioned in the
previous chapter, a few steps are required in System Identification technique which is
data capture, model structure, model estimation and model validation.

 

Figure 4.1: System Identification Toolbox’s Interface
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4.1.1 Data Capture

For data capture, an input or stimulus signal is needed in order to excite the
interesting modes in industrial hydraulic actuator system. In this research the stimulus
signal was generated by using MATLAB software. When the stimulus signal was
generated from MATLAB, a DAQ card (NI PCI6221) was used to send the signal to
system’s servo valve. In this research the stimulus signal used is:

y = 1.5cos2π(0.05)t+ 1.5cos2π(0.2)t+ 2.5cos2π(1)t (4.1)

where the stimulus equation contains three cosine waves with 0.05 Hz, 0.2 Hz and 1
Hz frequencies. According to Rahmat et al. [37], to avoid problems like folding and
aliasing from occurring during the sampling process, the sampling time needs to be
set to 50 milliseconds. This will help to ensure that the industrial hydraulic actuator
system is sufficient to capture the data that are useful for further analysis. Thus, in this
research, a sampling time of 50 milliseconds was set for the experiment. Figure 4.2
shows stimulus signal that was obtained for industrial hydraulic actuator system with
servo valve.

 

Figure 4.2: Stimulus Signal for 2000 Samples (Sampling time, Ts=50ms)

As the industrial hydraulic actuator system is a highly nonlinear system, a
linearization process is needed to be done. If this process is ignored, interference
signal or signal with disturbance maybe produced. Thus, to avoid this, an offset was



40

added to the stimulus signal as in Figure 4.3. Meanwhile, Figure 4.4 shows the input
output result for data capture process on industrial hydraulic actuator system.

 

Figure 4.3: Offset is Added to Stimulus Signal

Figure 4.4: Input Output Result for Data Capture Process on Industrial Hydraulic
Actuator System
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4.1.2 Model Structure

As ARX model is simple and has become a basic model to other model
structure, in this research ARX model was selected to represent our industrial hydraulic
actuator system with servo valve. Figure 4.5 shows the selection of linear parametric
model which is ARX model as model structure in MATLAB System Identification
toolbox.

 

Figure 4.5: Selection of ARX Model from System Identification Toolbox

4.1.3 Model Estimation and Validation

For model estimation and validation, the input and output set data were tested
as four different set of data where each set of data has a different ARX order, which is
order 2, 3, 4 and 5. Figure 4.6 shows the estimation and validation result for input and
output data set. From the figure, the data are split equally into two groups which will
be used for data estimation and data validation process.



42

Figure 4.6: Estimation and Validation Result for Input and Output Data Set

Model validation process is a compulsory process as this will help to ensure
that the obtained model can adequately represent the real model system. Figure
4.7 shows the best fitting percentage result for the four different ARX orders. The
best fitting percentage was obtained by identifying the best fitting value between the
obtained model and the real model. From the figure, model with the higher best fitting
percentage indicates that the model is able to resemble the real system or model.

 

Figure 4.7: Best Fitting Percentage for 4 Sets of ARX Model
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4.1.4 Model Selection

Table 4.1 shows the summary of the best fit percentage, Alkaike’s Final
Prediction Error (FPE), and lost function for the four different ARX orders, where
the smallest FPE and lost function value will generate the most accurate model.

Table 4.1: Comparison between ARX orders

ARX Best Fitting Loss
FPE

Order Percentage (%) Function
2 92.83 0.0006 0.0006

3 94.90 0.0005 0.0005

4 95.10 0.0005 0.0005

5 95.09 0.0005 0.0005

From the table, ARX 3rd order is the best to be chosen because, from the
best fitting percentage it is explicitly shown that there is a significant increase from
92.83% to 94.90% which is from ARX 2nd order to ARX 3rd order. Then it starts
to slowly increase proportionally with an increase in ARX order. Furthermore, by
referring to Parsinomy’s principle [90, 91] it has been stated that, if there are more
than one identifiable model structure that fulfil certain requirements, the model which
has the simplest form or less parameters among all the models should be chosen. This
means, between 3rd, 4th and 5th ARX order that has higher and almost similar best
fit percentage, the 3rd order ARX model was chosen as it has the least number of
parameters or in the simplest form compared to the others two.

In addition, having lower model or less parameter will also help to make
computation and controller design a lot easier compared to higher order model. Thus
based on best fitting percentage and with the aid of Parsinomy’s Prinsiple, 3rd order
ARX model is the best model to be chosen because it has the best fitting percentage
of 94.90% and it also provides a significant improvement compared to other higher
orders. Meanwhile, at the same time the 3rd order ARX model will definitely help
to make our computation and controller design much easier. Moreover, according to
Ljung [90], in order to have a better result for hydraulic actuator model, an ARX 3rd

order is the best model to be selected.
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4.1.5 Model’s Transfer Function

The discrete transfer function for 3rd order ARX model that was selected
previously can be written as:

G(z) =
(y(t))

(u(t))
=

(B(z))

(A(z))
=

(0.01291z2 − 0.01315z + 0.004696)

(z3 − 1.551z2 + 0.502z + 0.04873)
(4.2)

where A(z) and B(z) represent the polynomial of the transfer function. This obtained
transfer function was then used in the controller design part.

4.2 Controller Design

After obtaining the transfer function for industrial hydraulic actuator system
using system identification, the process of designing a control system can be
conducted. Various controller designs can be used to control industrial hydraulic
actuator system. However, in this research, STC with GMVC strategy and MRAC
using MIT Method was designed and applied to our system in simulation mode and
experimental mode. Then, the performance of both controllers was evaluated and
compared to choose which controller is the best to control industrial hydraulic actuator
system.

Figure 4.8 and 4.9 shows the uncompensated system response of industrial
hydraulic actuator system with step and sine input response respectively. From the
figure, the output response seems to have a severe overshoot that exceed the step
and sine input response. With this condition, definitely, industrial hydraulic actuator
system requires a controller to help improve its performance.
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Figure 4.8: Uncompensated System Response of Industrial Hydraulic Actuator
System with Square Input

Figure 4.9: Uncompensated System Response of Industrial Hydraulic Actuator
System with Sine Input
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4.2.1 STC with GMVC Strategy (via Simulation)

Figure 4.10 shows simulink block diagram for simulation of industrial
hydraulic actuator using STC with GMVC strategy. In this research, the value of
parameter P and R is fixed to 1 and Q is 1.1 after a trial and error test was done
and the best result was achieved. The desired position or input signal is set to be 10
mm with sine signal and square signal. The simulation of model system with controller
was simulated in discrete form with sampling time Ts, equal to 50 ms.

 

Figure 4.10: Simulink Block Diagram for Simulation of Industrial Hydraulic Actuator
Using STC with GMVC Strategy
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Figure 4.11: Estimated parameters of a1, a2, a3, b0, b1 and b2

Figure 4.12: STC with GMVC Strategy Response with Square Input (Simulation)
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Figure 4.13: STC with GMVC Strategy Response with Sine Input (Simulation)

Figure 4.11 shows the estimated controller parameter meanwhile Figure 4.12
and Figure 4.13 shows the output signal from the simulation that had been done. It
is observed that, the output signal manages to follow the square and sine input signal
with a very small tracking error. The rise time and settling time is about 0.31 s and
1.00 s respectively, and the steady state error is ± 0.02 s. From Figure 4.13, a 6.25o

phase lag error occurred at the output signal and can be seen clearly when a sine signal
was given to the system.

4.2.2 STC with GMVC Strategy (via Experiment)

The STC with GMVC strategy was implemented in real time mode and the
output response from the experiment was observed. Figure 4.14 shows the block
diagram of STC with GMVC strategy in real time mode. The values of parameters
P , R and Q are almost the same as the value in simulation mode. This is due to
the non-linear property that had been ignored during the modelling process. Thus the
parameters value need to be manually adjusted in order to get better result.
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Figure 4.14: Simulink Block Diagram for Experimental of Industrial Hydraulic
Actuator using STC with GMVC Strategy

Figure 4.15: Estimated Parameters of fo, f1, f2, g0, g1, g2 and h0
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Figure 4.16: STC with GMVC Strategy Response with Square Input (Experiment)

Figure 4.17: STC with GMVC Strategy Response with Sine Input (Experiment)

Figure 4.15 shows parameter estimation values for the controller whereas
Figure 4.16 and Figure 4.17 show the output response of the experiment that had been
done. It is observed that, the output signal manages to follow the square and sine input
signal with a very small tracking error. The rise time and settling time is about 0.76
s and 1.50 s respectively, and the steady state error is ± 0.05 s. From Figure 4.17, a
5.54o phase lag error occurred at the output signal and can be seen clearly when a sine
signal was given to the system.
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4.2.3 MRAC using MIT Method (via Simulation)

Simulink block diagram of MRAC using MIT method is shown in Figure 4.18.
Meanwhile Figure 4.19 and Figure 4.20 show the output response of the controller
when tested with square and sine input.

 

Figure 4.18: Simulink Block Diagram for Simulation of Industrial Hydraulic Actuator
with MRAC using MIT Method

Figure 4.19: MRAC using MIT Method Response with Square Input (Simulation)
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Figure 4.20: MRAC using MIT Method Response with Sine Input (Simulation)

Based on the figure, it is clearly shown that the output response manages to
follow the input signal given with minimum phase lagging and small tracking error.
The rise time and settling time is about 0.04 s and 2.00 s respectively, and the steady
state error is ± 0.04 s. From Figure 4.20, a 9.36o phase lag error occured at the output
signal and can be seen clearly when a sine signal was given to the system.

4.2.4 MRAC using MIT Method (via Experiment)

After performing simulation with MRAC using MIT method, a good result was
obtained. Then, the MIT controller was fed into the real plant and the output response
of the system is shown in Figure 4.21 and Figure 4.22 respectively.
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Figure 4.21: MRAC using MIT Method Response with Square Input (Experiment)

Figure 4.22: MRAC using MIT Method Response with Sine Input (Experiment)

Referring to Figure 4.21 and Figure 4.22 , it is clearly shown that the output
response has successfully tracked down the given input signal with small tracking error.
However, the output response seems to have a little difference with the given input
mainly due to the nonlinearity and uncertainty property that were included when the
real time control was implemented. The rise time and settling time is about 0.04 s and
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2.00 s respectively, and the steady state error is ± 0.04 s. From the Figure 4.222, a
1.28o phase lag error was found to occur at the output signal and can be seen clearly
when a sine signal was given to the system

4.2.5 GMVC vs MIT

Figure 4.23 and Figure 4.24 shows the experimental result for both STC with
GMVC strategy and MRAC using MIT method controllers. Figure 4.23 shows that the
output response for both controllers has successfully tracked the given square input.
However, in terms of transient response, MRAC using the MIT method is giving a
better output performance compared to STC using GMVC strategy. Table 4.2 shows
the transient response comparison between these two controllers.

Table 4.2: Transient Response Performance

Transient response STC using GMVC method MRAC using MIT rule

Rise Time (s) 0.80 0.04

Settling Time (s) 1.5 2.00

Steady State Error (s) ±0.05 ±0.04
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Figure 4.23: Comparison between STC with GMVC Strategy and MRAC using MIT
Method Controller with Square Input

Figure 4.24: Comparison between STC with GMVC Strategy and MRAC using MIT
Method Controller with Sine Input
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Important findings can be seen in Figure 4.24 where it shows an output response
comparison between both controllers when a sine signal was fed to the system. From
the figure, it can be clearly seen that MRAC using MIT method is giving a minimum
phase lagging of 1.28o compared to STC with GMVC strategy which is giving a 5.54o

of phase lagging when tracked down with the given input. By having a minimum phase
lagging and a better transient response, this means that MRAC using MIT method will
also be giving a better output performance compared to STC with GMVC strategy.

4.3 Summary

Electro hydraulic actuator system test bed was chosen as the tested system
because a good performance for position tracking of this system is hard to achieve.
The first part of this chapter shows the modelling process for electro hydraulic actuator
systems using system identification technique via system identification toolbox in
MATLAB that involved data capture, model structure model estimation and validation
and lastly model selection. The model selection was performed by choosing the best
model based on the best fitting percentage, auto correlation and cross correlation
performance, loss function and FPE performance. An ARX third order was selected
and the transfer function to represent the system was obtained as in Equation 4.2 and
the obtained model was used next in the controller design part.

In the next part, Simulink block diagram is shared and the system input
and output response for simulation and experiment are presented. Analysis on the
output response was performed, where the transient response and phase transform
performance was done. And based on the results and analysis discussed above, MRAC
using MIT method was found to produce better tracking performance with small
tracking error compared to STC with GMVC strategy.



CHAPTER 5

CONCLUSION AND FUTURE WORKS

5.1 Conclusion

In this research, electro hydraulic actuator system with servo valve test bed
was used as the test system and the position performance of the system was tracked.
A linear mathematical model that represents a hydraulic actuator system by using
system identification technique and a parameter estimation method was successfully
developed and two types of controller which are STC with GMVC strategy and MRAC
using the MIT method were designed based on the mathematical model obtained
from the system identification technique to improve the tracking performance of the
hydraulic actuator system. The performance of the design controller was analyzed by
applying the controller to the system model in simulation mode and to the real electro
hydraulic actuator system test bed in experimental model.

The tracking performance of the controllers was evaluated by comparing the
transient response and the phase difference that were generated. Based on the result,
the performance of the hydraulic actuator system was improved as the designed
controllers successfully tracked the reference input signal given in both simulation
and experimental modes with a good transient response and a small phase lagging.
However MRAC using MIT produced a better tracking performance compared to STC
with GMVC strategy since the output signal produced offers a better output transient
response and has a minimum phase lagging.

5.2 Suggestions for Future Works

In order to further improve the performance of industrial hydraulic actuator
system, a few improvements could be done in the future.
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First is on the model structure of the system; as in this research ARX model
was chosen as model structure of the system. However there are still other methods
available in system identification toolbox such as Auto-Regressive Moving Average
Model (ARMAX), Output Error (OE) and Box-Jenkins (BJ) which can be used and
performance comparison can be made between the model structure and currently used
model structure.

Second is on modelling of the system; where in this research a linear system
was considered where all the nonlinearity property of the system was neglected.
However by having a complete mathematical model of a system which includes the
nonlinearities effect of the system it can help to boost up the performance of the system.

And lastly for the controller design part; in this research two types of adaptive
control method were used. However there are other types of adaptive controller such as
STC with pole placement control strategy, MRAC using Lyponov and other controllers
which can be used as a self-tuning component in the controlled system.
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APPENDIX A

ELECTRO HYDRAULIC ACTUATOR SYSTEM WITH SERVO VALVE TEST
BED SPECIFICATIONS

a. The direct servo valve Bosch Rexroth 4WREE6

Description Value
Command Value Signal ±10 V

Supply Voltage 24 V

Maximum Operating Pressure 3.5× 107Pa

Maximum Flow 80 lpm

Bandwidth 300 Hz

b. The hydraulic actuator and power pack (Motor Pump and Reservoir)
specifications

Description Value
Inertial Load 35 kg

Bore 35 mm

Diameter 63 mm

Cylinder Stroke 300 mm

Supply Pressure 8× 106 Pa

Flow 20 lpm

Maximum Cylinder Frequency 20 Hz

Maximum Working Pressure 2.1× 107 Pa

c. The draw wire sensor
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Description Value
Power Supply 16 - 24 VDC

Displacement Measurement 0 - 300 mm

Signal Output 0 - 10 V

d. The DAQ system specification

Description Value
Power Supply 10 V

Analogue Inputs 8 differential or 16 channel single ended with ±10 V

Analogue Outputs 2 with ±10 V

Digital Input/Output 24 channels

Resolution 16 bits

Maximum sampling rate 250 kHz



APPENDIX B

DATA CAPTURED : SIMULINK BLOCK DIAGRAM AND PROGRAMMING
SCRIPT

 

%%Coding for datataking_final 
t=0:0.05:100; %%Ts=50ms%% 
t=t'; 
cosinesignal=1.5*cos(2*pi*0.05*t)+1.5*cos(2*pi*0.2*t)+2.5*cos(2*pi*t); 
plot(cosinesignal) 

  
%to plot output signal 
plot(cosineoutput(:,1),cosineoutput(:,2));  

  
%%System Identification: For system's mathematical model construction%% 
cosineinput=[t cosinesignal]; 
u=cosineinput(1:2001,2); 
y=cosineoutput(1:2001,2); 
ident 

  

 



APPENDIX C

PARAMETER ESTIMATION : SIMULINK BLOCK DIAGRAM AND
PROGRAMMING SCRIPT

 

  

% This block supports the Embedded MATLAB subset. 
% u=u(k) 
% udelay1=u(k-1) 
% udeley2=u(k-2) 
% udeley3=u(k-3) 
% ydelay1=y(k-1) 
% ydelay2=y(k-2) 
% ydelay3=y(k-3) 
% Pdelay1=P(k-1) 
% theta_est_delay1=theta'(k-1) 

  

  
function [a1,a2,a3,b0,b1,b2,P,theta_est] = 

fcn(udelay1,udelay2,udelay3,y,ydelay1,ydelay2,ydelay3,Pdelay1,theta_est_del

ay1) 

  

  
phi=[-ydelay1 -ydelay2 -ydelay3 udelay1 udelay2 udelay3]';               

%regression vector 
Ff=0.95;                                                                    

%forgetting factor 

  
% RLS estimation 
e=y-(phi'*theta_est_delay1);                                               

%current estimator error 
L=(Pdelay1*phi)/(Ff+(phi'*Pdelay1*phi));                                 

%least square weighting factor 
P=(Pdelay1-(L*phi'*Pdelay1));                                            

%proportional matrix to the previous estimate variance   
theta_est=theta_est_delay1+(L*e);                                          

%current estimate 

  
a1=theta_est(1); 
a2=theta_est(2); 
a3=theta_est(3); 
b0=theta_est(4); 
b1=theta_est(5); 
b2=theta_est(6); 

 



APPENDIX D

STC WITH GMVC STRATEGY: SIMULINK BLOCK DIAGRAM

Simulink block diagram for STC with GMVC Startegy (Simulation):

 

Simulink block diagram for STC with GMVC Startegy (Experimental):

 



APPENDIX E

MRAC USING MIT METHOD : SIMULINK BLOCK DIAGRAM AND
PROGRAMMING SCRIPT

Programming script for MRAC using MIT Method::

 
%%Programming script for MIT Controller (Experiment) 
%Plant model 
a0=-4.003; 
a1=225.8; 
a2=20.31; 
b0=1497; 
b1=89.59; 
b2=9.988; 
%Reference model 
a0m=1140;  
a1m=273.2;  
a2m=25.54; 
b0m=1145; 
b1m=62.77; 
b2m=7.776; 
%MIT 
gamma1=0.1; 
gamma2=-0.15;   

  
%%Programming script for MIT Controller (Simulation) 
%Plant model 
a0=-4.003; 
a1=225.8; 
a2=20.31; 
b0=1497; 
b1=89.59; 
b2=9.988; 
%Reference model 
a0m=1140;  
a1m=273.2;  
a2m=25.54; 
b0m=1145; 
b1m=62.77; 
b2m=7.776; 
%MIT 
gamma1=0.01; 
gamma2=-0.01;  
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Simulink block diagram for MRAC using MIT Method:
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