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ABSTRACT

Controlling vehicle speed is a challenging task, moreover when road gradient disturbance is
taken into consideration. In this study, Model Reference Adaptive Control PID (MRAC PID)
was proposed to handle the task. The study was conducted via simulation in MATLAB-
Simulink environment. Vehicle model used was constructed by combining validated Vehicle
Longitudinal Model (VLM) and Electronic Throttle Body model (ETB) where VLM act as
plant and ETB as the actuator. MRAC PID was utilized as the plant controller whereas Fixed
Gain PID (FG PID) controls the actuator. A unique self-induced data was used as the
Reference Model for the proposed controller together with MIT Rule as the adjustment
mechanism. The performance of MRAC PID was studied by subjecting the vehicle to a set
of gradient disturbances ranging from 0° to 25° with 5° increment at a driven speed of 90
kph. The results were compared against Gain Scheduling PID (GS PID) and FG PID control
strategies. Simulation results shows that the proposed controller outperform the other
controllers in both transient and disturbance region. HILS with Throttle-in-the-Loop was
conducted as the means of validating the simulation results. It was observed that the
simulations and HILS results shows similar pattern thus conclude that the results are valid.
Several HILS data were collected for Repeatability Analysis. The Coefficient of Variance
(CV) obtained from the analysis indicates that the HILS has high repeatability and well
conducted. For future works, it is recommended that the actual torque curve from
dynamometer test is used for the vehicle model and the braking effect is considered as it may
offer better result as well as exploring several new actuators for HILS.



ABSTRAK

Kawalan halaju kenderaan merupakan bidang yang mencabar terutama bila gangguan
kecerunan diambil kira. Dalam kajian ini, sistem Kawalan Bolehubah dengan Model
Rujukan PID (MRAC PID) dicadangkan untuk mengatasi masalah tersebut. Kajian
dijalankan secara simulasi menggunakan perisian MATLAB-Simulink. Model kenderaan
yvang digunakan dihasilkan dengan menggabungkan Model Kenderan Membujur (VLM ) dan
Badan Pendikit Elektronik (ETB) yang telah disahkan dimana masing-masing berfungsi
sebagai perumah dan penggerak. MRAC PID digunakan untuk mengawal perumah
manakala kawalan Pekali Tetap PID (FG PID) mengawal penggerak. Sistem kawalan yang
dicadangkan dilengkapi dengan data janaan-kendiri yang unik sebagai Model Rujukan serta
Undang-undang MIT sebagai mekanisma perubahan. Prestasi MRAC PID dikaji dengan
mengenakan gangguan kecerunan dalam julat 0° ke 25° dengan kenaikan sebanyak 5°
setiapkali pada kenderaan yang bergerak dengan kelajuan 90 km/j. Keputusan yang
diperolehi dibandingkan dengan kawalan jenis Pekali Berjadual PID (GS PID) dan FG PID.
Keputusan simulasi menunjukkan prestasi sistem kawalan yang dicadangkan adalah yang
lebih baik berbanding pesaingnya. HILS menggunakan Simulasi-Pendikit-dalam-Gegelung
telah dilancarkan bagi mengesahkan keputusan simulasi. Didapati keputusan simulasi
adalah bertepatan dengan keputusan HILS dari segi sifatnya sekaligus mengesahkan
keputusan tersebut. Beberapa data HILS telah dikumpulkan untuk Analisa Kebolehulangan.
Pekali Varian (CV) yang diperolehi dari analisa tersebut menunjukkan HILS telah
dilaksanakan dengan baik dan mempunyai kebolehulangan yang tinggi. Untuk kajian
dimasa hadapan, dicadangkan lengkung dayakilas kenderaan sebenar yang diperolehi dari
ujian dinamometer digunakan pada model kenderaan dan kesan brek juga diambil kira. la
diharap dapat memberi keputusan yang lebih baik disamping membuka ruang kepada
menggunakan beberapa pengerak baru untuk HILS.

ii



ACKNOWLEDGEMENTS

I would like to express my sincerest gratitude to my main supervisor, Assoc. Prof. Dr.
Noreffendy Bin Tamaldin, second supervisor Prof. Dr. Md Razali Bin Ayob and third
supervisor Dr. Mohd Azman Bin Abdullah for their guidance and support. I also would like
to thank my mentor and friend Assoc. Prof. Dr. Khisbullah Hudha for giving me ideas about
this topic and constantly providing help and advices throughout this research.

I would also like take this opportunity to thank my colleagues at the Faculty of
Mechanical Engineering, UTeM, for their help physically and emotionally; Masjuri Bin
Musa, Adzni Bin Md. Saad, Mohd Hanif Bin Harun, Mohamad Zakaria Bin Mohd Nasir,
Mohd Muzaini Bin Sahari, Fauzi Bin Ahmad, Mad Nasir Bin Ngadiman and many more.

Finally, my deepest grateful and thanks go to my parents, Abdul Kadir Bin Daraman
and Junaidah Binti Pa’Adek, the love of my life, Dr. Fazlina Binti Rosli, the jewels of my
heart, Ahmad Rijaluddian, Imran Qhalif and Khayra Husna, my dear siblings, Mohd Fazuid
Akram and my dear parent in law, Rosli Bin Isa and Ramlah Binti Abdul Wahab.

I gratefully acknowledge Universiti Teknikal Malaysia Melaka (UTeM) for

providing the financial support and facility throughout my study.

iii



TABLE OF CONTENTS

DECLARATION
APPROVAL
DEDICATION
ABSTRACT

ABSTRAK
ACKNOWLEDGEMENT
TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS

LIST OF ABBREVIATIONS
LIST OF PUBLICATIONS

CHAPTER

1

INTRODUCTION

1.0 Introduction

1.1 Problem Statement

1.2 Research Background

1.3 Aims and Objectives

1.4 Scope of Researches

1.5 Contribution of the Thesis
1.5.1 Control Strategies
1.5.2 Validation Method

1.6 Thesis Structure

LITERATURE REVIEW
2.1 Introduction

2.2 Vehicle Longitudinal Model (VLM)

2.2.1 Type of VLM
2.2.2  Subsystems in VLM

2.2.2.1 Powertrain Model

2.2.2.1.1 IC Engine
2.2.2.1.2 Type of IC Engine
2.2.2.1.3 Transmission System
2.2.2.2 Vehicle Body Dynamics
2.2.2.2.1 Load from Vehicle Weight
2.2.2.2.2 Load from External Disturbances

2.2.2.3  Wheel Model
2.2.2.4 Tyre Model
2.2.3 VLM Selection
2.3 Electronic Throttle Body (ETB)
2.3.1 Modelling Methods
2.3.2 Modelling Challenges

iv

PAGE

i

i
Viii
Xiii
XViii
XX

NelNolNo e JBENEEN e N L

11
11
12
13
13
13
14
16
17
18
19
19
20
21
22
23
24



2.3.2.1 Friction Modelling 24

2.3.2.2 Nonlinear Spring Modelling 26
2.3.2.3 Additional Details in Modelling 26
2.3.3 ETB Controller 27
2.4 Control Strategies 28
2.4.1 Inner Loop Controller 28
2.4.2  Outer Loop Controller 29
2.4.2.1 PID Based Controller 29
2.4.2.2 Fuzzy Based Controller 30
2.4.2.3 Other Related Controller 30
2.5 Controller Selection 30
2.5.1 PID 31
2.5.1.1 Advantages of PID 32
2.5.1.2 Disadvantages of PID 32
25.2 GSPID 33
2.5.2.1 Application of GS PID 33
2.5.2.2 Disadvantages of GS PID 34
2.5.3 MRAC PID 35
2.5.3.1 Adjustment Mechanism 36
2.5.3.2 Advantages of MRAC 36
2.6 Controller tuning 37
2.6.1 Open Loop Method 37
2.6.1.1 Open Loop Zeigler-Nichols Method 37
2.6.1.2 Cohen-Coon Method 39
2.6.1.3 C-H-R Method 40
2.6.2 Close Loop Method 42
2.6.2.1 Close Loop Zeigler-Nichols Method 42
2.6.2.2 Tyreus-Luyben Method and Shinskey Method 43
2.6.2.3 The Damped Oscillation Method 44
2.6.3 Soft Computing Method 45
2.6.3.1 Fuzzy Tuned PID 46

2.6.3.1.1 Incremental Fuzzy Expert PID Control
(IFE) 47

2.6.3.1.2 Fuzzy Self-Tuning of A Single Parameter
(SSP) 47
2.6.3.1.3 Fuzzy Gain Scheduling (FGS) 48
2.6.3.1.4 Fuzzy Set-Point Weighting (FSW) 49
2.6.3.2 Genetic Algorithm Tuned PID 50
2.7  Set Point Setting 51
2.8 Disturbance Selection 52
2.8.1 Road Gradient Disturbance 53
2.8.2 Road Gradient Applications 53
2.9 Results Validation Method 54
2.10 Experimental Result’s Statistical Analysis 55
2.11  Summary 56
METHODOLOGY 58
3.1 Introduction 60



3.2 Mathematical Modelling
3.2.1 Vehicle Longitudinal Model
3.2.1.1 Vehicle Body Dynamics Model
3.2.1.2 Tyre Traction Model
3.2.1.3 Wheel Dynamics Model
3.2.1.4 Powertrain Model
3.2.2 Electronic Throttle Body Model
3.2.3 Model Validation
3.3 Controller Development, Tuning and Performance Testing
3.3.1 Control Structure
3.3.2 Proposed Controller
3.3.2.1 PID Controller
3.3.2.2 GS PID Controller
3.3.2.3 MRAC PID Controller
3.3.2.3.1 Development of Reference Model
3.3.2.3.2 Derivation of Adjustment Mechanism
Algorithm
3.3.3 Controller Tuning
3.3.3.1 Primary Tuning
3.3.3.1.1 ETB Tuning
3.3.3.1.2 VLM-ETB Tuning
3.3.3.2 Secondary Tuning
3.3.3.2.1 GS PID Tuning
3.3.4 Performance Evaluation
3.4 Experimental Works
3.4.1 HILS Setup
3.4.2 Voltage-Throttle Angle Calibration
3.4.3 Repeatability Analysis
3.5 Summary

RESULTSAND DISCUSSION
4.1 Introduction
4.2 VLM and ETB Validation Results
4.2.1 VLM Validation
4.2.2 ETB Validation
4.3  Primary Tuning Results
4.3.1 ETB Tuning Results
4.3.2 VLM-ETB Tuning Results
4.4 Determining Simulation Models-PCI Card Connection Constant ‘K’
4.5 The Simulation Results
4.5.1 The Effect of Road Gradient on Vehicle Speed for FG PID
4.5.2 The Performance of GS PID and MRAC PID
4.5.2.1 Case 1: 5° Ascending
4.5.2.2 Case 2: 10° Ascending
4.5.2.3 Case 3: 15° Ascending
4.5.2.4 Case 4: 20° Ascending
4.5.2.5 Case 5:25° Ascending
4.5.2.6 Overall Performance Summary

vi

60
60
61
62
64
64
66
70
72
73
73
74
74
77
78

79
81
82
83
83
83
84
84
86
86
88
91
92

93
93
93
93
94
96
96
98
100
101
101
107
108
112
114
117
119
121



4.6 Results Validation

4.6.1
4.6.2

4.6.3

4.6.4

4.6.5

Vehicle Speed for Flat Road Case
Vehicle Speed at Different Magnitude of Disturbance

(FG PID controller)

Vehicle Speed at Different Magnitude of Disturbance

(GS PID controller)

Vehicle Speed at Different Magnitude of Disturbance

(MRAC PID controller)
Overall HILS Result Summary
4.7 Repeatability Analysis
4.8 Summary

5 CONCLUSION
5.1 Overview
5.2 Conclusion

Model Setup and Validation

5.2.1

5.2.2 Model Integration and Assigned Controllers
5.2.3 Performance Evaluation and Results Validation

5.3 Recommendation for Future Works
Enhancing the Current Results

5.3.1

5.3.2

REFERENCES
APPENDIX A

APPENDIX B

APPENDIX C
APPENDIX D

APPENDIX E

APPENDIX F

APPENDIX G
APPENDIX H

5.3.1.1 The Proposed Controller
5.3.1.2 The Modelling Approach

5.3.1.3 The HILS Setup

Extension of Research Boundaries

Controller Parameter Tuning using Sensitivity Analysis

for ETB

Controller Parameter Tuning using Sensitivity Analysis

for VLM-ETB

Close up Figurefor FG PID

Controller Parameter Tuning using Sensitivity Analysis

for GSPID

Close up Figurefor MRAC PID VsGSPID VsFG PID

(Simulation)

Throttle Opening Angle for Different Control Strategies

at Difference Cases

Close up Figurefor Simulation Vs HIL S Results
Repeatability Analysis Related Figures

vii

126
126
122
127

131

134
136
138
139

141
141
141
142
142
142
143
143
143
144
144
144

146
176

177

178
180

185

190

193
201



TABLE

2.1

2.2

23

24

2.5

2.6

2.7

3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

4.5

LIST OF TABLES

TITLE PAGE
K, K; and K, for Open Loop Zeigler-Nichols Method 38
Kp, Ki and Ky for Cohen-Coon Method 40
K,, Ki and K, for Load Rejection C-H-R Method 41
K, K; and K, for Desired Input Tracking C-H-R Method 42
K, K; and K, for Closed Loop Zeigler-Nichols Method 43
Ky, K; and K, for Tyreus-Luyben and Shinskey Method 43
Kp, Ki and K, for Damped Oscillation Method 45
Pacejka’s Coefficient for Different Road Surfaces 63
Definition and Value of Parameters a; to ag 70
Vehicle’s Model Parameters 71
Controller Parameters Versus Road Gradient 84
Data Summary for ETB Validation 96
Data for ETB Tuning 97
Data for VLM-ETB Tuning 99

Detail Data in Disturbance Influence Region (Region A and B)
for FG PID 102
Detail Throttle Angle Data in Disturbance Influence Region for FG

PID 102

viil



4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15a

4.15b

4.16a

4.16b

4.17a

4.17b

Controller Parameter for GS PID

Learning Rate for MRAC PID

Data for Region 1 and 2 in Case 1

Data for Region A and B (in Figure 4.13)

Data for Region 2 in Case 2

Data for Region 2 in Case 3

Data for Region 2 in Case 4

Data for Region 2 in Case 5

Data for Simulation Vs HILS for Flat Road Case
Data for Simulation Vs HILS for FG PID (Region 1)
Data for Simulation Vs HILS for FG PID (Region 2)
Data for Simulation Vs HILS for GS PID (Region 1)
Data for Simulation Vs HILS for GS PID (Region 2)
Data for Simulation Vs HILS for MRAC PID (Region 1)

Data for Simulation Vs HILS for MRAC PID (Region 2)

X

107

107

109

111

114

116

118

121

127

130

130

133

133

135

136



FIGURE

2.1

2.2

23

24

2.5

2.6

3.1

3.2

3.3

3.4

3.5a

3.5b

3.6

3.7

3.8

39

3.10

LIST OF FIGURES

TITLE

Example of Power and Torque Curve of Vehicles

Effect of Throttle Opening on Engine Torque at Different Engine

Speed

Method of Finding b and L

t1, 2 and C in Graphical Interface

Control Structure for FSW Method

Flow Chart for Tuning by Using GA

Flow Chart of the Research

Vehicle Longitudinal Model’s Block Diagram
Schematic Diagram of a Two Wheels Traction Model
Automatic Gear Box Shift-Map Diagram

ETB Unit

Components of ETB Unit

Schematic of ETB

HILS Structure for Validating ETB Simulation Result
General Control Structure of the System

ETB Control Structure

VLM-ETB Control Structures (Benchmark)

PAGE

15

38

39

50

51

59

60

61

66

67

67

68

72

73

74

74



3.11

3.12

3.13

3.14

3.15a

3.15b

3.16

3.17

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

Detail Control Structure for GS PID

MRAC Control Structure Scheme

Modified MRAC Control Structure Scheme Adopted in this Study
Vehicle Travelling Route

Schematic of Hardware-in-the-Loop Setup

Experimental Hardware-in-the-Loop Setup

Usage of Digital-Analog and Analog-Digital Block to Connect
Software Application with Hardware

HILS Structure to Calibrate the Constant K

VLM Speed-Time History Vs Result from Short et al.

ETB Response Towards Step Input of 90°

ETB Simulation Vs HILS Result

ETB Tuning

VLM-ETB Tuning: Vehicle Speed Vs Time

Voltage Used to Perform Maximum Throttle Opening

Effect of Road Grade on Vehicle Speed

Speed Drop Pattern upon Entering the Disturbance Region
Speed Rise Pattern upon Leaving the Disturbance Region
Vehicle Speed and Throttle Opening Angle for Flat Road Case
Variation of Throttle Opening Angle with Disturbance

Output Speed Vs Controller Type (Case 1)

Throttle Opening Angle of Different Control Strategies

Output Speed Vs Controller Type (Case 2)

Output Speed Vs Controller Type (Case 3)

X1

75

77

78

84

87

87

&9

90

94

95

95

97

99

100

101

103

104

104

105

108

110

113

115



4.16

4.17

4.18

4.19a

4.19b

4.19c¢

4.20

4.21

4.22

4.23

4.24

Output Speed Vs Controller Type (Case 4)

Output Speed Vs Controller Type (Case 5)

Performance Different between Controllers in Disturbance Region
Variation of K, for GS PID and MRAC PID for All Cases
Variation of K; for GS PID and MRAC PID for All Cases
Variation of Ky for GS PID and MRAC PID for All Cases
Simulation Results Vs HILS for Flat Road Case

Simulation Results Vs HILS for FG PID

Simulation Results Vs HILS for GS PID

Simulation Results Vs HILS for MRAC PID

CV for ETB and VLM-ETB HILS Results

Xii

117

119

122

123

124

125

126

128

131

134

139



VLM

R;
i=f,r

I;

Cog

Ui

LIST OF SYMBOLS

Vehicle Mass

Centre of Gravity Height of the Vehicle

Road Grade

Forward Velocity of Vehicle

Rolling Radius of The Wheel

Front or Rear Wheel

Polar Moment of Inertia of the Wheel

Wheel Angular Speed

Wheelbase of the Vehicle

Distance from c,g to Front Axle of the Vehicle
Distance from c,g to Rear Axle of the Vehicle
Centre of Gravity of The Vehicle

Friction between Tire Contact Surfaces to Road Surface

Total Force Acting on Tire Contact Point in X-Direction
Forces Due to Drag
Front Force Acting on Tyre in X-Direction

Normal Force Acting on Tyre Contact Point

xiii



emax

Drag due to Aerodynamic Effect
Drag due to Tire Rolling Resistant
Coefficient of Aerodynamic Drag

Coefficient of Rolling Resistant

Vehicle Frontal Area

Air Density
Pacejka’s Coefficient
Pacejka’s Coefficient

Pacejka’s Coefficient

Pacejka’s Coefficient

Longitudinal Slip Ratio

Engine Torque

Reaction Torque due to Tire Tractive Force
Brake Torque

Torque due to Viscous Friction on the Wheel
Coefficient of Viscous Friction on Each Wheel

Maximum Engine Torque

Engine RPM

Current Gear Ratio
Final Drive Ratio

Energy Transfer Coefficient

Xiv



loy - Equivalent Time Lag for Energy Conversion
Uy, - Throttle Setting Input

hf - Road Elevation Measured by Front GPS
hr - Road Elevation Measured by Front GPS
ETB

u, - Voltage of Motor

0 - Valve Plate Position Angle

o, - Rotor Angular Velocity

T, - Torque Supply by Motor

T - Torque Contribute from Inertia Force
T, - Torque Contribute from Damping Force
T, - Torque Contribute from Friction Force
T, - Torque Contribute from Spring Force
K; - Motor Torque Constant

Z - Current through the DC Motor Winding
Joo - Total Inertia

B,, - Total Damping

F. - Positive Constant for Friction

Im - Inertia of Rotor

Jint - Inertia of Intermediate Gear

Jo - Inertia off Output Shaft

XV



Jps - Inertia of Plate and Shaft

B - Viscous Damping Constant of Rotor

Bint - Viscous Damping Constant of Intermediate Gear
B, - Viscous Damping Constant of Plate and Shaft
gt - Tooth Number of Gear 1

gt - Tooth Number of Gear 2

gt3 - Tooth Number of gear 3

gl - Tooth Number of Gear 4

Lin - Motor Inductance

R - Motor Resistance

Kemp - Motor Back Emf Constant

Do - Relative Displacement Limit

K - Reset Integrator Gain

Oso - Spring Default Position

Osmax - Spring Maximum Position

Osmin - Spring Minimum Position

D - Spring Offset

M1 - Spring Gain

Ms2 - Spring Limit Stop Gain

nin - Ratio Of Gear 3 To Gear 4

N3/ - Ratio Of Gear 1 To Gear 3

Xvi



MRAC PID
Gn

Gp

Ud

Yp

Vm

em

J(0)

Reference Model

Plant Model

Desired Speed

Output From the Simulation

Reference Output

Error between Real Result and Ideal Result.
Form Cost Function

Controller Parameter Representation

Learning Rate

Repeatability analysis

o

Vi

Standard Deviation
Output Result
Mean Value

Number of Repetitive Measurement

Xvil



ACC

IC

CI

SI

CVT

ETB

VLM
VLM-ETB
PID

FG PID
GS PID
MRAC PID
C-H-R
IFE

SSp

FGS

FSW

GA

Kph

LIST OF ABBREVIATION

Adaptive Cruise Control

Internal Combustion (Engine)

Compression Ignition

Spark Ignition

Continuously Variable Situation

Electronic Throttle Body

Vehicle Longitudinal Model

Vehicle Longitudinal Model-Electronic Throttle Body
Proportional-Integral-Derivative

Fixed Gain Proportional-Integral-Derivative

Gain Scheduling Proportional-Integral-Derivative
Model Reference Adaptive Control Proportional-Integral-Derivative
Chien, Hrones and Reswich

Incremental Fuzzy Expert PID Control

Fuzzy Self-Tuning of A Single Parameter

Fuzzy Gain Scheduling

Fuzzy Set-Point Weighting

Genetic Algorithm

Kilometre Per Hour

XVviii



ACC
AFS
GPS
HILS
ECU

DC

RMS
DAQ
cv

RAM

MRAE

Adaptive Cruise Control
Active Front Wheel Steer
Global Positioning System
Hardware-in-the-Loop Simulation
Electronic Control Unit
Direct Current

Volt

Root Mean Square

Data Acquisition
Coefficient of Variance
Random Access Memory

Mean Relative Absolute Error

X1X



