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Abstract

The principle of integrated vehicle dynamics is investigated in this the-
sis by proposing a new control scheme to coordinate active aerodynam-
ics subsystems, active rear steering, and hydraulically interconnected
suspension. A nonlinear vehicle model is utilized by employing VI-
CarRealTime commercial software for this study, incorporating non-
linear tire model. This model consists of 14 degrees of freedom that
include longitudinal, lateral and yaw motions of the vehicle and body
roll, pitch and heave motions relative to the chassis about the roll,
pitch and heave axis as well as the rotational dynamics of four wheels.
The vehicle dynamics are analyzed for the entire handling region, and
three distinct control objectives are defined, i.e., safety, performance,
and comfort which correspond to yaw rate tracking, sideslip and roll
motion bounding, respectively. In this thesis, different subsystems are
developed in order to improve safety, performance, and comfort of the
vehicle. Active Aerodynamics Control (AAC) subsystem is designed
based on the response of vehicle in cornering maneuvers at high speeds.
This control logic monitors the states of the vehicle to correct vehi-
cle behavior by altering load distribution of the vehicle. Active Rear
Steering (ARS) is utilized to track the yaw rate reference and bound
the sideslip motion of the vehicle. Electronic Stability Control (ESC) is
developed in order to increase the safety of the vehicle. Hydraulically
Interconnected Suspension (HIS) is employed to reduce roll motion and
lateral load transfer. Active Anti-Roll Bar (AARB) is designed to in-
crease the comfort of the vehicle, reduce the lateral load transfer and
enhance the safety and performance of the vehicle. Torque Vectoring
system (TV) is used in high-performance vehicles in order to enhance
traction and cornering ability. Active Suspension system (ASS) is em-
ployed to be able to change the longitudinal load distribution of the
vehicle to overcome the understeer and oversteer situations in tran-
sient situations. The effectiveness of each standalone chassis control
system is assessed for the different range of handling via various ma-
neuvers. It is proved that each controller has a capability of improving
vehicle handling in the certain range of handling where a passive ve-
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hicle cannot. After analyzing and investigation, four subsystems are
selected in order to develop integrated vehicle chassis control system.
In the first part, three controllers (ARS, TV and HIS) are integrated
based on two methods: an optimal control and a fuzzy logic approach.
These proposed integrated control systems are evaluated by comparing
passive, each subsystem and combined control. The second part is re-
lated to the integration of four controllers (AAC, ARS, TV and HIS)
based on a fuzzy logic approach. The results demonstrate that the pro-
posed integrated scheme can optimize the overall vehicle performance
by minimizing the objective conflicts of the subsystems and increasing
the functionalities of individual subsystems.

ii



Acknowledgement

This work was conducted in the Department of Mechanical Engineer-
ing at Politecnico di Milano. The author gratefully acknowledges the
support of the department and also wishes to thank them for their
financial support throughout the Ph.D. study.

I would like to express my sincerest gratitude to my supervisor,
Prof. Stefano Melzi, who has been instrumental to me throughout this
thesis. He has forever changed my life, and I cannot begin to thank
him enough for his help and support. This project would not have
been possible without him. Also, I would like to thank him for kindly
offering me the opportunity to cooperate with the research group of
Virginia Tech. In addition, I would like to express my appreciation for
the given opportunity to be a teaching assistant.

I feel very fortunate to have been given the opportunity to work
closely with Prof. Mehdi Ahmadian at Virginia Tech in the laboratory
of CVeSS who graciously granted me the privilege of a visiting scholar
in Blacksburg during the first semester of 2016-2017. I enjoyed working
with his research team, and the cooperation was very productive and
fruitful under his supervision.

I would like to take this opportunity to pass my gratitude to Prof.
Federico Cheli for his guidance at the beginning of my Ph.D. project
and for providing me the opportunity to be involved in the Ferrari
project.

I am also grateful to my tutor Prof. Roberto Vigano for his critical
comments throughout Ph.D. study.

Also, I would like to thank my colleagues and friends in Department
of Mechanical Engineering for providing a good working environment.

Finally, but by no means least, thanks go to mom, dad, and Mina
for almost unbelievable support. They are the most important people
in my world, and I dedicate this thesis to them.

Arash Hosseinian Ahangarnejad
November 2017

Milan, Italy

iii





Contents

Abstract i

Acknowledgement iii

Contents v

List of Figures ix

List of Tables xiii

1 Introduction 1
1.1 Electronic control in modern vehicles . . . . . . . . . . 1
1.2 Active Chassis Control . . . . . . . . . . . . . . . . . . 3

1.2.1 Driver, controller and vehicle dynamics interactions 4
1.2.2 Standalone Chassis Controllers . . . . . . . . . 5
1.2.3 Integrated Chassis Control . . . . . . . . . . . . 6

1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.1 Problem Statement . . . . . . . . . . . . . . . . 7
1.4.2 Objectives . . . . . . . . . . . . . . . . . . . . . 8

2 Literature Review 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Major Strategies for Vehicle Dynamics and Control . . 11
2.3 Suspension System . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Quarter-car model . . . . . . . . . . . . . . . . 12
2.3.2 System requirements and performance evaluation 13
2.3.3 Mechatronic suspension systems: State of the art 14

2.4 Hydraulically Interconnected Suspension . . . . . . . . 19
2.5 Active Antri-Roll Bar (AARB) . . . . . . . . . . . . . 21

2.5.1 Hydraulic anti-roll bars . . . . . . . . . . . . . . 22
2.5.2 Electromechanical anti-roll bars . . . . . . . . . 22

2.6 Active Aerodynamics Control . . . . . . . . . . . . . . 24

v



Contents

2.7 Active Steering . . . . . . . . . . . . . . . . . . . . . . 27
2.7.1 Active Rear Steering (ARS) . . . . . . . . . . . 27
2.7.2 Active Front Steering (AFS) . . . . . . . . . . . 28
2.7.3 Four Wheel Steering (4WS) . . . . . . . . . . . 29

2.8 Anti-lock Braking System (ABS) . . . . . . . . . . . . 31
2.9 Electronic Stability Control (ESC) . . . . . . . . . . . 31
2.10 Torque Vectoring Control . . . . . . . . . . . . . . . . 33

2.10.1 Semi-active differential . . . . . . . . . . . . . . 34
2.10.2 Active differential . . . . . . . . . . . . . . . . . 34

2.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 Integrated Controllers 37
3.1 Introduction and Background . . . . . . . . . . . . . . 37
3.2 Development of Integrated Vehicle Dynamics Control . 38
3.3 Integrated Control Structure . . . . . . . . . . . . . . . 39

3.3.1 Decentralized Control Structure . . . . . . . . . 39
3.3.2 Centralized Control Structure . . . . . . . . . . 40
3.3.3 Multi-layer Control Structure . . . . . . . . . . 41

3.4 Coordination and Integration Strategy . . . . . . . . . 42
3.4.1 Longitudinal and Lateral System Integration . . 42
3.4.2 Suspension Integration . . . . . . . . . . . . . . 44

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 45

4 Vehicle Dynamics 47
4.1 Vehicle and tire modeling . . . . . . . . . . . . . . . . 47

4.1.1 Introduction . . . . . . . . . . . . . . . . . . . . 47
4.1.2 Tire Dynamics . . . . . . . . . . . . . . . . . . 47
4.1.3 Tire model . . . . . . . . . . . . . . . . . . . . . 50
4.1.4 Vehicle Modeling . . . . . . . . . . . . . . . . . 51

4.2 Vehicle lateral dynamics . . . . . . . . . . . . . . . . . 61
4.2.1 Steady-state handling characteristics . . . . . . 61
4.2.2 Oversteering and Understeering . . . . . . . . . 62
4.2.3 Vehicle behavior at the handling limit . . . . . . 65
4.2.4 Lateral vehicle dynamics regimes . . . . . . . . 65
4.2.5 Control targets . . . . . . . . . . . . . . . . . . 66

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 67

5 Design of Dynamic Stability Subsystem Controllers 69
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2 Normal load control by active suspension . . . . . . . . 70

5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . 70
5.2.2 Active longitudinal load transfer control . . . . 72
5.2.3 Actuator model . . . . . . . . . . . . . . . . . . 78

vi



Contents

5.2.4 Numerical results . . . . . . . . . . . . . . . . . 79
5.3 Active aerodynamics control . . . . . . . . . . . . . . . 83

5.3.1 Introduction . . . . . . . . . . . . . . . . . . . . 83
5.3.2 Control logic of active aerodynamics . . . . . . 84
5.3.3 Reference of normal loads for front and rear axles 85
5.3.4 Reference of angle of attack for front and rear

spoilers . . . . . . . . . . . . . . . . . . . . . . 86
5.3.5 Spoilers actuation . . . . . . . . . . . . . . . . . 89
5.3.6 Numerical analysis . . . . . . . . . . . . . . . . 90

5.4 Active rear steering(ARS) . . . . . . . . . . . . . . . . 95
5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . 95
5.4.2 Vehilce model for ARS . . . . . . . . . . . . . . 95
5.4.3 Linear Quadratic Regulator Control . . . . . . . 97
5.4.4 Actuator model . . . . . . . . . . . . . . . . . . 98
5.4.5 Numerical results . . . . . . . . . . . . . . . . . 99

5.5 Hydraulically interconnected suspension (HIS) . . . . . 101
5.5.1 Introduction . . . . . . . . . . . . . . . . . . . . 101
5.5.2 HIS Operating System . . . . . . . . . . . . . . 103
5.5.3 Mathematical Model of Half Car . . . . . . . . 104
5.5.4 The Mathematical nonlinear model of HIS . . . 105
5.5.5 Numerical Results . . . . . . . . . . . . . . . . 105

5.6 Active Anti-Roll Bar (AARB) . . . . . . . . . . . . . . 107
5.6.1 Introduction . . . . . . . . . . . . . . . . . . . . 107
5.6.2 Control theory . . . . . . . . . . . . . . . . . . 108
5.6.3 Numerical results . . . . . . . . . . . . . . . . . 110

5.7 Electronic stability control (ESC) . . . . . . . . . . . . 112
5.7.1 Introduction . . . . . . . . . . . . . . . . . . . . 112
5.7.2 Control strategy . . . . . . . . . . . . . . . . . . 112
5.7.3 Numerical results . . . . . . . . . . . . . . . . . 113

5.8 Torque vectoring . . . . . . . . . . . . . . . . . . . . . 115
5.8.1 Introduction . . . . . . . . . . . . . . . . . . . . 115
5.8.2 Torque vectoring control . . . . . . . . . . . . . 117
5.8.3 Numerical results . . . . . . . . . . . . . . . . . 119

5.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 121

6 Design of Integrated Vehicle Active Control Systems 125
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1.1 Design objectives . . . . . . . . . . . . . . . . . 125
6.2 Combined Control . . . . . . . . . . . . . . . . . . . . 127
6.3 Integration of ARS, TV and HIS . . . . . . . . . . . . 127

6.3.1 LQR method . . . . . . . . . . . . . . . . . . . 127
6.3.2 Fuzzy logic method . . . . . . . . . . . . . . . . 131

vii



Contents

6.3.3 Comparison of two methods . . . . . . . . . . . 136
6.4 Integration of ARS, TV, AAC and HIS . . . . . . . . . 140

6.4.1 Numerical Results . . . . . . . . . . . . . . . . 143
6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 148

Conclusion 149

7 Conclusion 149
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 149
7.2 Recommendations for Further Work . . . . . . . . . . . 152

Bibliography 155

viii



List of Figures

1.1 Chassis Dynamics Variables Using ISO Coordinates . . 3
1.2 Block diagram of the driver-vehicle interaction . . . . . 4
1.3 Block diagram of the driver-vehicle-controller interactions 5

2.1 Quarter car models of a passive, semi-active and fully
active suspension system . . . . . . . . . . . . . . . . . 12

2.2 Classification of suspension systems [157] . . . . . . . . 16
2.3 High bandwidth active suspension concept by BOSE [88]

(left) and its quartercar model (right) . . . . . . . . . . 17
2.4 Active Body Control (ABC) low bandwidth active sus-

pension system by Mercedes Benz [144] (left) and its
quarter-car model (right). . . . . . . . . . . . . . . . . 18

2.5 Concept behind electromechanical AARB [191] . . . . . 23
2.6 Semi-active differential scheme [198] . . . . . . . . . . . 34
2.7 :Active differential scheme [198] . . . . . . . . . . . . . 35

3.1 Decentralized control structure [213] . . . . . . . . . . 39
3.2 Fully centralized control structure [213] . . . . . . . . . 40
3.3 Multi-layer control structure [213] . . . . . . . . . . . . 41

4.1 Tire coordinate system with forces and moments on the
tire [36] . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2 ISO coordinate system . . . . . . . . . . . . . . . . . . 52
4.3 Two degrees of freedom bicycle model . . . . . . . . . . 53
4.4 14-DoF vehicle dynamic model . . . . . . . . . . . . . . 56
4.5 Planar vehicle model . . . . . . . . . . . . . . . . . . . 57
4.6 Torque balance at the roll axis . . . . . . . . . . . . . . 58
4.7 Torque balance at the pitch axis . . . . . . . . . . . . . 58
4.8 Longitudinal wheel model . . . . . . . . . . . . . . . . 60
4.9 Vehicle sideslip angle for low and high speed steady state

curves [85] . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.10 Neutral-, over- and under-steering conditions [62] . . . 63
4.11 The effect of speed on the steering angle [65] . . . . . . 64

ix



List of Figures

5.1 Understeer coefficient VS longitudinal load transfer . . 74
5.2 Understeer coefficient VS lateral load transfer for differ-

ent roll stiffness ratios . . . . . . . . . . . . . . . . . . 75
5.3 Schematic diagram of control logic . . . . . . . . . . . 77
5.4 Reference of front and rear axles normal force according

to lateral dynamics . . . . . . . . . . . . . . . . . . . . 78
5.5 Scheme of a suspension . . . . . . . . . . . . . . . . . . 79
5.6 Simulation results relevant to step steer maneuver (90°)

on a dry road . . . . . . . . . . . . . . . . . . . . . . . 80
5.7 Actuator force and power corresponding to step steer

maneuver . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.8 Simulation results relevant to step steer maneuver (90°)

on a wet road . . . . . . . . . . . . . . . . . . . . . . . 82
5.9 Simulation results relevant to lane change manoeuvre

(45°) on a dry road . . . . . . . . . . . . . . . . . . . . 83
5.10 Schematic of the control strategy . . . . . . . . . . . . 84
5.11 2D schematic of the vehicle model . . . . . . . . . . . . 85
5.12 load transfer as function of Ilat, for front and rear axles 86
5.13 Lift-force and moment coefficient of spoiler . . . . . . . 87
5.14 Drag coefficient of spoiler . . . . . . . . . . . . . . . . . 87
5.15 Aerodynamic loads on front as function of the angles of

attack at 150 km/h . . . . . . . . . . . . . . . . . . . . 88
5.16 Aerodynamic loads on rear as function of the angles of

attack at 150 km/h . . . . . . . . . . . . . . . . . . . . 88
5.17 Angle of attack for front spoiler required to obtained a

desired load transfer on rear axle (V=150 km/h) . . . . 88
5.18 Angle of attack for rear spoiler required to obtained a

desired load transfer on rear axle (V=150 km/h) . . . . 88
5.19 Simulation results of step steer maneuver for various ve-

locities on dry road - passive vehicle . . . . . . . . . . 90
5.20 Simulation results of step steer maneuver for various ve-

locities on dry road - actively controlled vehicle . . . . 90
5.21 Simulation results relevant to fishhook manoeuver (90°)

on dry asphalt . . . . . . . . . . . . . . . . . . . . . . . 92
5.22 Simulation results relevant to lane change manoeuver

(45°) on dry asphalt . . . . . . . . . . . . . . . . . . . 93
5.23 Simulation results relevant to lane change manoeuver

(45°) on wet asphalt . . . . . . . . . . . . . . . . . . . 94
5.24 Bicycle model for ARS vehicles with kinematic quanti-

ties and forces . . . . . . . . . . . . . . . . . . . . . . . 96

x



List of Figures

5.25 simulation results of ramp steer maneuver for two dif-
ferent road surface conditions; µ = 1 (a), µ = 0.6 (b)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.26 Simulation results of constant speed step steer (90°) at
150km/h . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.27 Simulation results of single lane change input with am-
plitude of 45° at 150km/h . . . . . . . . . . . . . . . . 101

5.28 Schematic diagram for hydraulic circuit of half-car HIS
system . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.29 Scheme of HIS in AMESim software . . . . . . . . . . . 103
5.30 Simulation results of ramp steer maneuver for various

velocities on dry road; passive vehicle (a), vehicle with
Hydraulically Interconnected Suspension (b) . . . . . . 107

5.31 Simulation results of step steer maneuver with final am-
plitude of 90° at 100 km/h . . . . . . . . . . . . . . . . 108

5.32 Simulation results of ramp steer input with final ampli-
tude of 100° at 150km/h . . . . . . . . . . . . . . . . . 111

5.33 Simulation results of double lane change input with final
amplitude of 45° at 120km/h . . . . . . . . . . . . . . . 112

5.34 Lookup able of brake pressure . . . . . . . . . . . . . . 113
5.35 Simulation results of ramp steer maneuver for various

velocities on dry road; passive vehicle (a), actively con-
trolled vehicle (b) . . . . . . . . . . . . . . . . . . . . . 114

5.36 Simulation results relevant to step steer maneuver (90°)
on dry asphalt . . . . . . . . . . . . . . . . . . . . . . . 115

5.37 Understeer characteristic through torque vectoring control117
5.38 Simulation results of ramp steer maneuver for various

velocities on dry road (µ = 1); passive vehicle (a), ac-
tively controlled vehicle (b) . . . . . . . . . . . . . . . 120

5.39 Simulation results of ramp steer maneuver for various
velocities on wet road (µ = 0.6); passive vehicle (a),
actively controlled vehicle (b) . . . . . . . . . . . . . . 121

5.40 Simulation results of double lane change maneuver at
125 km/h on dry road . . . . . . . . . . . . . . . . . . 122

6.1 Simulation results of ramp steer input with final ampli-
tude of 150° at various velocities . . . . . . . . . . . . . 130

6.2 Coordinator of W1 for safe driving based on δ and vx . 133
6.3 Coordinator of W1 for safe driving based on β and ψ̇ . 133
6.4 Coordinator of W2 for safe driving based on δ and vx . 133
6.5 Coordinator of W2 for safe driving based on β and ψ̇ . 133
6.6 Coordinator of W1 for sport driving based on δ and vx 134
6.7 Coordinator of W1 for sport driving based on β and ψ̇ . 134

xi



List of Figures

6.8 Coordinator of W2 for sport driving based on δ and vx 134
6.9 Coordinator of W2 for sport driving based on β and ψ̇ . 134
6.10 Simulation results of ramp steer input with final ampli-

tude of 150° at various velocities . . . . . . . . . . . . . 135
6.11 Simulation results of ramp steer input with final ampli-

tude of 150° at various velocities . . . . . . . . . . . . . 138
6.12 Coordinator of W1 based on δ and vx . . . . . . . . . . 143
6.13 Coordinator of W1 based on β and ψ̇ . . . . . . . . . . 143
6.14 Coordinator of W2 based on δ and vx . . . . . . . . . . 143
6.15 Coordinator of W2 based on β and ψ̇ . . . . . . . . . . 143
6.16 Simulation results of ramp steer input with final ampli-

tude of 150° at various velocities . . . . . . . . . . . . . 145
6.17 Simulation results of step steer input with final ampli-

tude of 45° at 250km/h in Power ON mode . . . . . . . 147
6.18 Simulation results of step steer input with final ampli-

tude of 45° at 250km/h in Power OFF mode . . . . . . 147
6.19 Simulation results of step steer input with final ampli-

tude of 45° at 250km/h in Power OFF mode on a wet
road . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

xii



List of Tables

1.1 Examples of Electronic Control Units (ECUs) [54] . . . 2

2.1 Brief description of active chassis control systems . . . 36

5.1 Vehicle model in Simulink environment . . . . . . . . . 71
5.2 Coefficients used in MF-tire model . . . . . . . . . . . 73
5.3 Main dimensions of adopted spoilers . . . . . . . . . . 87
5.4 Specifications of actuator . . . . . . . . . . . . . . . . . 89
5.5 Simulation results of step steer maneuver with final steer

of 30° at various velocities . . . . . . . . . . . . . . . . 94
5.6 Properties of the hydraulic interconnected suspension

system . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.1 Brief description of active chassis control systems . . . 126
6.2 Comparison of understeer coefficient kus where ay/g =

0.4 in ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 129

6.3 Comparison of understeer gradient kus where ay/g = 0.7
of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 131

6.4 Comparison of understeer coefficient kus where ay/g =
0.4 of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 136

6.5 Comparison of understeer coefficient kus where ay/g =
0.7 of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 137

6.6 Comparison of understeer gradient kus where ay/g = 0.4
of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 139

6.7 Comparison of understeer gradient kus where ay/g = 0.7
of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 139

xiii



List of Tables

6.8 Simulation results of step steer maneuver with final steer
of 45° at 75 km/h in two modes: a) Power ON = constant
speed b) Power OFF = releasing throttle . . . . . . . . 140

6.9 Simulation results of step steer maneuver with final steer
of 45° at 100 km/h in two modes: a) Power ON = con-
stant speed b) Power OFF = releasing throttle . . . . . 141

6.10 Simulation results of step steer maneuver with final steer
of 45° at 125 km/h in two modes: a) Power ON = con-
stant speed b) Power OFF = releasing throttle . . . . . 141

6.11 Comparison of understeer gradient kus where ay/g = 0.4
of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 144

6.12 Comparison of understeer gradient kus where ay/g = 0.7
of ramp steer maneuver with final steer amplitude of
150° at various velocities . . . . . . . . . . . . . . . . . 146

xiv



List of Symbols

Al Area of lower chamber in HIS

Au Area of upper chamber in HIS

ax Longitudinal acceleration

ay Lateral acceleration

B Stiffness factor in magic formula

C Shape factor in magic formula

Cα Tire cornering stiffness

ct Tire damping

cs Damper coefficient of suspension

cφ Damping coefficient of anti-roll bar

D Peak value of the curve in magic formula

d Longitudinal distance of front spoiler to CoG

dp Pipeline diameter

E Curvature factor in magic formula

e Longitudinal distance of front spoiler to CoG

FD Drag force of spoiler

xv



List of Symbols

FL Lift/down force of spoiler

Fx Longitudinal force

Fy Lateral force

Fz Vertical or normal force

hCoG Height of center of gravity

hf Height of front spoiler

hr Height of rear spoiler

hP Height of pitch center

hR Height of roll center

Iw Moment of inertia of wheel

Ixx Moment of inertia about x-axis

Ixz Moment of inertia about x-z axis

Iyy Moment of inertia about y-axis

Izz Moment of inertia about z-axis

ks Spring constant of suspension

kt Tire stiffness

kus Understeer coefficient

kφ Stiffness of anti-roll bar

L Weighting constant

lf Distance between the front axle and the vehicle’s center of mass

lr Distance between the front axle and the vehicle’s center of mass

xvi



List of Symbols

l Distance between front and rear axles

m Vehicle mass

ms Sprung mass

mu Unsprung mass

Mz Aligning moment

M Torque generated by spoiler

P Actuator power requirement

Pa Pressure of accumulator in HIS

Pl Pressure of lower chamber in HIS

Pu Pressure of upper chamber in HIS

ql Volumetric flow rate of accumulator in HIS

ql Volumetric flow rate of lower chamber in HIS

qu Volumetric flow rate of upper chamber in HIS

R Radius of turn

Rt Tire effective rolling radius

tf Vehicle front track

tr Vehicle rear track

us Actuator force

Va Volume of accumulator in HIS

Vchar Characteristic speed

vx Longitudinal velocity

xvii



List of Symbols

vy Lateral velocity

(W ) Weighting parameter

Wf Static load on front axle

Wr Static load on rear axle

x Tire sideslip angle or longitudinal slip ratio in magic formula

y longitudinal force, lateral force, or aligning moment value in magic formula

zs Vertical displacement of sprung mass
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Chapter 1

Introduction

Nowadays, high end vehicles are equipped with highly advanced user
interfaces which respond to the driver requirements and choices. Ad-
dresses, directions and traffic information are supplied by these sys-
tems. Another object of the systems is to prevent collisions and en-
hance the vehicle’s dynamics according to vehicle situations. Moreover,
they can assist the driver to park the vehicle and to keep the lane and
follow the correct speed limit. This thesis focuses on the intelligent
control of the vehicle’s lateral stability. A target is to enhance the ve-
hicle performance in order to reduce the possibility of accidents and
increase passengers’ safety. In this chapter, the existence of electronic
elements in modern vehicles will be introduced. Then, the controllers
which is given in this thesis will be introduced.

1.1 Electronic control in modern vehicles

In the last three decades, the automotive manufacturers have been fo-
cused on car mobile computers which are known as Electronic Control
Units (ECUs). In the 1980s, radio and engine controllers were the main
electronic devices and the main criteria to buy a car were engine power,
car speed, and body design [51]. However, nowadays automotive man-
ufactures utilize more electronics to enhance the comfort, safety, fuel
consumption and extra luxury option. Therefore, these arising options
affect customers choice. Bosch [10] pointed out that a modern upper-
class car would have likely 70 ECUs. Some examples of ECUs which
can be found in today’s car are shown in Table 1.1. It is interesting to
point out that the expense of ECUs present which is the ratio between
the cost of an electronic embedded system to the cost of the car was
one percent during the 1980s and boosted to twenty percent during
2005 and raised up to forty percent in 2015 [167].
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Table 1.1: Examples of Electronic Control Units (ECUs) [54]

ECU Description

Active Steering systems adds a steering correction value to im-
prove the car handling and stability

Airbag Control Unit (ACU) the control unit responsible of the deploy-
ment of the airbag

Anti-lock Braking System (ABS) a braking control system that prevents
the wheels from locking up (ceasing ro-
tation) and avoids uncontrolled skidding

Battery Management systems in electric and hybrid vehicles

Body Control Module (BCM) monitors and controls various car elec-
tronic accessories like; power windows,
power mirrors, airconditioning, immobi-
lizer system, central locking, etc

Electric Power Steering Control Unit
(PSCU)

responsible for the managing of the power
assisted steering

Electronic Stability Control (ESC) a braking control system that detects and
prevents skids, by varying the braking
moment in different wheels

Electronically Controlled Suspension
(ECS)

including control systems of active and
semiactive suspensions

Engine Control Unit (ECU) monitors and controls internal combus-
tion engine to ensure its optimum running

Human Machine Interface (HMI) responsible for the high level interactions
between the car users and the car control
units

Navigation systems including GPSs, speed control units,
radar based brake assist(BAS), park as-
sist, lane keep assist, collision prevention
assist, trafic sign assist, etc

Powertrain Control Module (PCM) Sometimes the functions of the Engine
Control Unit and Transmission Control
Unit are combined into a single unit called
the Powertrain Control Module

Radio system including radios, music players, speakers
and amplifiers

Transmission Control Unit controls modern electronic automatic
transmissions to calculate how and when
to change gears in the vehicle for optimum
performance, fuel economy and shift qual-
ity
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1.2 Active Chassis Control

Several active control systems have been developed for enhancing ve-
hicle performance and active safety by utilizing different concepts or
advanced control methodologies. The most of the active control sys-
tems by consideration of improving passenger comfort and vehicle ride
handling can be classified into three groups based on control objects
(see Figure 1.1):
1. Longitudinal control
2. Lateral control
3. Vertical control

Figure 1.1: Chassis Dynamics Variables Using ISO Coordinates

Longitudinal control systems consist of Anti-lock Braking System
(ABS) and Traction Control System (TCS) by modifying the braking or
tractive force for the enhancement of braking or traction performance of
the vehicle. Lateral control systems act cornering maneuvers to control
the vehicle stability and avoid the vehicle from oversteering and under-
steering conditions, such as Active Four-wheel Steering (4WS), Torque
Vectoring (TV) and Direct Yaw Moment Control (DYC). Vertical con-
trol systems intervene to control the vertical movement of the vehicle on
uneven, such as active and semi-active suspensions, Hydraulically In-
terconnected Suspension (HIS), Active Roll Control (ARC) and Active
Anti-Roll Bar (AARB). This thesis mainly focuses on lateral control
systems which will be discussed in the next chapters.
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1.2.1 Driver, controller and vehicle dynamics interactions

The vehicle dynamics can be controlled by a driver in three ways which
are the control of vehicle throttle, the braking pedal, and the steering
wheel. Vehicle throttle and braking pedal are related to vehicle’s lon-
gitudinal motion while the steering wheel controls the lateral motion.
As mentioned before, this thesis concentrates in the control of lateral
motion, so that the driver steering input is of utmost importance of ve-
hicle lateral control. Path following which is normal direction task and
vehicle stabilization which is the action of an attempt to compensate
for any undesired maneuver or lateral instability are the main aspects
which affect the driver steering input. The both of the tasks are ac-
complished by the driver by monitoring the feedback of vehicle motion
(see Figure 1.2). The second task which is not favored by driver leads
to reduce the feeling of safety and ride comfort.

Figure 1.2: Block diagram of the driver-vehicle interaction

The second task influenced by the driver’s response time, driving ex-
pertise and the possibility of overacting to the situation. Also, the risk
of the vehicle lateral instability increase when the vehicle faces stressful
situations such as driving at high speed or on slippery road surfaces
or severe maneuvers, and this makes harder for the driver to control.
Therefore, vehicle dynamics control system evolve into a very valuable
system to prevent the probability of human-error through avoiding and
recovering from any unwanted road disturbance. The control systems
monitor the feedback information from the vehicle motion through sen-
sors and observers to obtain the desired response. During this process,
the controller decides and acts the control action by comparison of the
vehicle dynamics states and the desired ones as shown in Figure 1.3
which is related to the block diagram of the general concept of control
systems.
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Figure 1.3: Block diagram of the driver-vehicle-controller interactions

1.2.2 Standalone Chassis Controllers

As mentioned above, nowadays automotive are equipped with numer-
ous active chassis control systems. These controllers are working on
their own without collaboration or network system between them. The
primary purpose of the controllers is to control the vehicle handling
dynamics actively. Each controller has its effective region and a prin-
cipal function and can be classified concerning tire forces they target
as follows:

• Longitudinal force: Electronic stability Control (ESC), Torque
Vectoring (TV)

• Lateral force: Active Front Steering (AFS), Active Rear Steering
(ARS) and Active Four Wheel Steering (4WS)

• Normal force: Active suspension, Active Anti-roll Bar (AARB),
Hydraulically Interconnected Suspension (HIS), Active Aerody-
namics Control (AAC)

The first group of controllers perform directly on the differential longi-
tudinal tire forces between the right and left tires with respect to the
condition of the vehicle in order to generate a counter yaw moment to
stabilize the vehicle. The advantage of these controllers is that they are
also effective when the vehicle reaches its handling limits of adhesion.
However, the drawback of them is actively influencing the longitudinal
dynamics of the vehicle in normal driving conditions. The second group
which influences the lateral tire forces is useful in the linear handling
region. In this region, the lateral tire forces are proportional to the

5



1. Introduction

corresponding tire sideslip angle. But when the vehicle reaches to its
handling limit, it is not very efficient. The third group aims to change
the load distribution of vehicle between front and rear or between right
and left sides of the vehicle. Each controller in this group has its ef-
fective region, and the way of performing is different. For instance,
Active Aerodynamics Control is changing the load distribution of ve-
hicle from front to rear and vice versa concerning the understeering or
oversteering situation of the vehicle. This system is effective when the
vehicle is traveling at high speeds. Active Anti-Roll Bar (AARB) is al-
tering the roll moment distribution between front and rear suspensions
during cornering, so the modification of the normal forces of the front
and rear axles regulates the vehicle handling behavior. This system is
efficient when the vehicle subjects to high levels of lateral acceleration
situations [165].

1.2.3 Integrated Chassis Control

Each of the aforementioned standalone chassis control system has its
advantage and disadvantage as can be seen in the previous section.
Therefore, the combination of the standalone controllers is suggested to
be able to overcome the weakness point of each controller. However, the
combination of these systems is not an easy task due to the probability
of a conflict between these subsystems or an overcorrection behavior.
Therefore, a precise and careful the system of integration should be de-
veloped corresponding to the behavior of each of subsystems which the
integration system has the characteristics of modularity, scalability and
robustness [195]. Another benefit of the integration system is reducing
the complexity of the controlling system and cost because of sharing
sensors and actuators between different subsystems. Also, the integra-
tion system can enhance the flexibility of the control system design. In
other words, the integration system can handle the control target in
case of a broken subsystem [76, 68]. A detailed study of the previously
mentioned active control systems will be discussed in Chapter 2 and
these chassis control systems will be developed in Chapter 5. In this
thesis, an integration system of Active Rear Steering (ARS), Torque
Vectoring (TV), Active Aerodynamics Control (AAC) and Hydrauli-
cally Interconnected Suspension (HIS) will be addressed in Chapter 6
along with the explanation of reasons for choosing these subsystems in
particular.
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1.3 Thesis Outline

In this thesis, the arranging of the next chapters will be as follows:
Chapter 2 Introduces the review of the state of arts of several stan-
dalone chassis control systems. The chapter details the different stan-
dalone chassis controllers, and it explains the commercial and academic
attention which these systems have received.
Chapter 3 describes the various methods for integration and the con-
cepts integration technique. Emphasizing on the significance of in-
tegrated systems and the challenges faced while integrating different
systems.
Chapter 4 starts by describing tire modeling and various models of the
vehicle dynamics for the aim of using. Then it continues with expla-
nation of the vehicle cornering dynamics and the characteristics of the
vehicle stability state.
Chapter 5 depicts the simulation results obtained by several standalone
chassis control system in comparison to a passive vehicle. Different ma-
neuvers and various road surfaces are tested in order to evaluate the
robustness and effective handling range of the controller.
Chapter 6 proposes a novel integrated vehicle dynamics control system.
An integrated vehicle dynamics system control of the two subsystems,
Active Rear Steering (ARS) and Torque Vectoring (TV), is first devel-
oped based on optimal control and fuzzy logic for further integration
analysis. Then, integrated vehicle dynamics system based on four sub-
systems by utilizing fuzzy logic method is proposed. The proposed
integrated control system is compared with the combined control sys-
tem for various maneuvers. Simulation results for this approach are
presented, and the improvements in overall vehicle handling perfor-
mance are analyzed.
In Chapter 7, the conclusions and the contributions of this thesis are
presented. Besides, the possible future steps to continue the work done
in this project are mentioned.

1.4 Objectives

1.4.1 Problem Statement

Undesired or higher level of lateral acceleration leads the vehicle to be
unstable and uncontrollable from driver’s point of view when a vehicle
is turning at high speeds. In other words, an undesired vehicle behav-
ior such as understeer or oversteer causes the vehicle to leave intended
path or rollover. Also, the lateral vehicle in leading severe deadly ac-
cident is verified by statistical studies. For overcoming this problem,
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researchers introduced various control system to generate a reverse ac-
tion to be able to bring back to its desired path. Therefore, control
systems aim to change the tire force for making compensation forces to
stabilize the vehicle’s lateral motion. Each control system introduces
a distinct control strategy; some targets are to directly influence longi-
tudinal forces to create a yaw moment around the vertical axis of the
vehicle, others affect and alter the vertical load distribution between
the tires and others adjusts the tire steering angle to generate lateral
forces. Therefore, the capabilities of control systems are entirely dif-
ferent to each other due to the different characteristic of each system.
Consequently, some control systems are more efficient at moderate in-
stability conditions, others are more efficient when the vehicle reaches
its handling limits, and others are more efficient when the lateral ac-
celeration of vehicle surpasses a definite value. On that account, the
utilizing of several control systems can ve advantage due to the distinct
controlling concepts. However, the combination of several standalone
vehicle control systems is a complex and challenging task due to the
conflict between control systems or overlapping the objectives of control
systems. Besides, the combination of active controllers can reduce the
cost because of the possible repetition of sensors, actuators, and signal
connecting cables and systems. Therefore, For coordination of several
chassis control systems Integrated Vehicle Dynamics Control (IVDC)
has been introduced. Integrated Vehicle Dynamics System can remove
the conflict between different active chassis control systems and pro-
vide a better performance compared with standalone control systems.
As mentioned before, by integrating various chassis control system, the
cost and complexity of the system can be decreased because of the pos-
sible use of sensors, actuators, cables and control units in shared with
others. Nowadays, the IVDC has attracted more and more attention
by automotive manufacturers and researchers. The different combi-
nation of active chassis control systems and various control strategies
have been proposed. In addition, in past years utilizing different vehicle
chassis control systems individually, which all chassis control systems
are working in parallel, has been common. The working principle of
this kind of chassis control is that each chassis control system has its
hardware and controllers do not share information. Therefore, target
overlapping between controllers can occur.

1.4.2 Objectives

The primary goal of this thesis is to overcome the problems faced and
introduce a reliable, robust and predictable Integrated Vehicle Dynam-
ics Control in order to improve vehicle handling, maneuverability, and
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stability of the vehicle in all range of vehicle handling through optimum
using the actuators in a coordinated manner. Therefore, the aim of the
proposed IVDC is to act in the best way possible over a wide range
of handling in a wide range of road conditions. To obtain the goal, a
work breakdown of aims should be defined:

• Detailed review of state of the art and literature review for the
each of standalone chassis control and presenting the pros and
cons of each controller

• Describing and analyzing linear and non-linear full vehicle model
with respect to the Degrees of Freedom and complexity

• Detailed review for state of the art of integrated Vehicle Dynamics
System strategies

• Introducing several standalone vehicle chassis controllers where
each one covers the part of handling range

• Evaluating standalone vehicle chassis control systems by compar-
ing with the passive vehicle in various maneuvers and velocities
and road conditions in order to illustrate the improvement regard-
ing vehicle handling

• Selecting the proper standalone active chassis control system for
Integrated Vehicle Dynamics Control with consideration of com-
pliment the uncovered zones of handling, complexity, cost, market
availability

• Definition of two methods for integration and comparing to each
other

• Introducing two types of driving mode on Integrated Vehicle Dy-
namics System for driver for different situation and conditions

• Exploiting the maximum advantages of standalone chassis vehicle
control system by employing Integrated Vehicle Dynamics System

• Comparing the results of Integrated Vehicle Dynamics System
and standalone chassis controllers
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Chapter 2

Literature Review

2.1 Introduction

This chapter presents a detailed investigation of literature available in
the field of standalone chassis control.

2.2 Major Strategies for Vehicle Dynamics and
Control

• Suspension system

• Active aerodynamics control

• Active four-wheel steering

• Hydraulically interconnected suspension

• Active Anti-roll bar system

• Anti-lock braking system

• Electronic stability program

• Torque vectoring control

The following sections will describe these strategies in detail and
review the research literature available in those fields.

2.3 Suspension System

In this section, an outline on the essential theoretical basis for vehicle
suspension will be described.
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2.3.1 Quarter-car model

The heave, roll and pitch movements of chassis are the primary degrees
of freedom in vertical dynamics of a vehicle. Various models exist in
the literature to explain dynamic behavior. These models are: quarter
car model which represents only the heave motions of a corresponding
sprung mass and one wheel, half car model for the evaluation of pitch
and roll movements, and full car model that consider the dynamic be-
havior of complete vehicle [118]. A quarter-car model is a proper model
in the frequency range of interest (i.e., 0-25 Hz) to control suspension
under an assumption that the motion of four wheels is decoupled [157].

Figure 2.1 demonstrates the quarter car model for various types
of suspensions, which will be described in more detail in this section.
Generally, a quarter car model includes unsprung mass mu (tire, wheel,
brake and suspension system are included in this part), sprung massms

(a quarter of the mass of the chassis including passengers and loading
is involved) and suspension system represented by a parallel spring and
damper configuration which connects the two masses and a tire model.
Semi-active suspension adjusts damping cs(t) while active suspension
generates a force us(t) by an actuator between sprung and unsprung
mass. For the evaluation of vertical dynamic behavior, a quarter car
model is suitable because of simple structure and acceptable accuracy
in case the consideration of nonlinear suspension [57, 81, 89, 100, 168].

Figure 2.1: Quarter car models of a passive, semi-active and fully active
suspension system
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2.3.2 System requirements and performance evaluation

Ride comfort

The minimization of root mean square (RMS) value of the vertical
chassis acceleration is described as ride comfort. A suspension system
isolates chassis from vibration which is caused by road in order to
improve ride comfort. Accordingly, in terms of vertical translatory
vibrations, ride comfort can be evaluated by the acceleration of the
chassis mass in case of neglect of the suspension of the seat. However,
human sensitivity for vibrations which the most sensitive frequency
range is 4-8Hz [59, 118] must be taken into account for the evaluation
of ride comfort. This reality is considered in the design of suspension
setups because the mass proportion of sprung and unsprung mass and
additionally the stiffness of spring and tire are selected in order that
the frequency interval is situated between the natural frequencies of
sprung and unsprung mass.

Safety requirements

Ride safety as far as the behavior of vertical vehicle dynamic is given
by the suspension if forces can be transferred between tire and road.
This characteristic provides a more freedom to a driver to authorize
over steering, braking and throttle actions. A clear rule to ensure ride
safety is that the dynamic wheel load must not surpass the static wheel
load, which can be accomplished if the dynamic wheel load is limited.

Requirements on suspension deflection

For preventing of peak-like chassis accelerations and wear of compo-
nents, the deflection of suspension must be constructionally kept within
given limits. In addition, the behavior of the suspension can be pre-
dictable for the driver by following the suspension limits. So, the sus-
pension deflection must restrict between its lower and upper bound.
A violation of compression limit (lower bound) is more critical than a
violation of rebound limit (upper bound); for instance, the base value
of the damper can be damaged by hitting the compression end stop.
Moreover, the transferred energy may be higher so the compression end
stop must dissipate the heavier sprung mass.

Normal load distribution control

In ordinary driving, longitudinal load transfer is a consequence of the
longitudinal acceleration of the vehicle. Active suspensions can gener-
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ate a system of internal forces inside the vehicle to control the heave,
pitch and roll motion of chassis. In principle, a longitudinal load trans-
fer can be obtained with a proper combination of vertical and pitch
accelerations produced through active suspensions.

Actuator power demand

An active suspension system should work with a minimum amount of
power. For classification of actuator power demand, the RMS value of
actuator power ||P|| is taken into account as calculated in the following:

||P || =
√

1
T

∫ T

0
P 2τdτ

P (t) =

u(t)∆ẋact(t), for u(t)∆ẋact(t) > 0
0, else

(2.1)

where
∆ẋact(t) = the relative velocity of the actuator rod
u(t) = actuator force

Furthermore, For analyzing of total power demand in a more real-
istic way, the efficiency of actuator system (e.g., hydraulic/electrical)
and additionally potential recuperation effects should be considered.
In the design of actuator, low actuator friction, compact packaging,
low weight and cost, less moving part for minimizing wear and low
maintenance effort have to be considered.

2.3.3 Mechatronic suspension systems: State of the art

Mechatronic suspension system can be categorized concerning their
actuator bandwidth, the power demand of actuators and range of their
controllability [157]. Correspondingly, mechatronic suspension system
can be classified as follows [157]:

• Automatic level control systems act quasi-statically and the
distance between chassis and road is consistently kept for compen-
sation in different loading levels of the vehicle [77]. A level control
system can found on air springs and compressors. Therefore, soft,
comfort adapted suspension configuration with sufficient suspen-
sion travel can be independently recognized from the vehicle’s
load level. The range of requirement of power is 100-200 W [157].

• Adaptive suspension systems have a slow variation of spring
and damper characteristics. The working principle of this system
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is changing the height of vehicle’s center of gravity according to
vehicle velocity in order to ensure a more sportive road holding.
This system was utilized in Porsche Panamera 2009 by using air
spring [78]. An adaptive suspension system named hydractive
suspension was introduced by Citroen in 1989. The operating area
of this system is to adjust air spring and damper characteristics
[144]. Their power requirement relies on the demand energy to
change spring stiffness.

• Semi-active suspensions generate force based on the direction
of relative motion of the element. Semi-active dampers can alter
the level of energy dissipation, but energy is not applied to the
system. Correspondingly, the power requirement is about 20-40
KW per damper. The bandwidth of the system can be altered
from 0 to 40 Hz [157]. Currently, Audi R8, BMW 7 series, Porsche
911 and Mercedes Benz E-class use a semi-active damper.

• Slow active systems use an additional actuator (e.g., a linear
electrical motor or hydraulic cylinder), which is integrated into
series to the suspension. Suspension forces are applied which are
independent of the relative motion of chassis and wheel. The
bandwidth of the system is 5 Hz. The energy demand of slow
active suspension is in the range of 1-5 KW [157].

• fully active systems utilize an actuator with a bandwidth of
20 Hz or higher which is replaced or supplemented with a pas-
sive damper [157]. The main disadvantage is that fully active
suspension requires high energy which ranges from 4-20 KW [77].

The primary classifications of a mechatronic suspension system are
summarized in Figure 2.2 Semi-active and fully active suspension sys-
tems are explained in more detail in the following section.

Semi-active suspension systems

Semi-active suspension systems are able to adapt the damper charac-
teristics of the shock absorber swiftly [90]. Three principles of operation
are listed below:

• Hydraulic damper dissipate energy with entering hydraulic oil
between chambers inside the damper. The system utilizes valves
to vary the cross-section of opening between the chambers so that
the level of dissipation is modified [72].
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Figure 2.2: Classification of suspension systems [157]

• Magnetorheological damper alters the viscosity of a magne-
torheological fluid by employing a magnetic field, which makes
magnetic particles in the fluid to arrange chains [157, 61].

• Electrorheological damper performs according to the varia-
tion of flow properties of the contained electrorheological fluids.
Besides, an electrical field is utilized to form particle chains in
the fluid [40]. The durability of the seals is better compared to
magnetorheological damper since the particles in the fluids are
not wearing.

Since semi-active cannot provide energy to the suspension system,
the damper is described as a passive element. Because of low power
consumption, low cost and simple structure, a semi-active damper is
more popular than active systems among automotive manufacturers.
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Active suspension systems

Fully active and slow active systems are classified as active suspension
systems as described in the previous section. A company which has
been working on a fully active suspension system since 1980 is BOSE
[88]. In the system mentioned above, linear electrical motors replace a
conventional passive damper; additionally, torsion bar suspends static
load of the vehicle as demonstrated in Figure 2.3. For the reduction of
the resonance peak at the natural frequency of the unsprung mass, each
wheel attaches to a reaction mass absorber as shown without transmis-
sion to the chassis (see Figure 2.3 right). Even though a fully active
suspension system can recover energy by driving linear motor in gener-
ator mode, and BOSE company claimed that the power consumption
of their system is less than 1/3 of the power requirement which is used
by air condition of the car [88]. However, the BOSE system has not
been used in automotive manufactures because of packaging aspects,
costs, and power requirement.

Figure 2.3: High bandwidth active suspension concept by BOSE [88] (left)
and its quartercar model (right)

Active Body Control (ABC) which was introduced in 1999 by Mer-
cedes Benz in the Mercedes Benz S-class, the coupe CL-class and the
SL roadster [144] by employing a low bandwidth active suspension as
shown in Figure 2.4. A hydraulic cylinder is used and integrated into
the suspension in series to the primary suspension (see Figure 2.4 right)
and the control bandwidth of it is 5 Hz. The system can damp the
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vertical movements additionally pitch and roll motions as well [183].
However, a passive damper is employed to damp the unsprung mass.
An improved version of ABC system was introduced in 2008 in the
concept car Mercedes Benz F700 where lidar scanners were employed
in the vehicle’s headlights to scan the road profile in the front of the
car. By using this information, the control algorithm can prevent road
induced in advance [199, 182].

Figure 2.4: Active Body Control (ABC) low bandwidth active suspension
system by Mercedes Benz [144] (left) and its quarter-car model (right).

Munster et al. [124] introduced a prototype of an electromechan-
ical slow active suspension system which is integrated with series to
the spring of suspension. This system is based on a spindle motor and
it is pointed out that the power consumption of the system is much
lower than the hydraulic ABC system by up to 0.6 litres

100km . But still, it
is not integrated into a production vehicle. In addition, a concept of
an active suspension named ASCA which is based on rotary actuators
to generate a force between chassis and wheel mass was introduced in
[53]. An advantage of the system is low power consumption because
of parallel placement of the efficient actuators to air springs [77, 207].
The design of electromagnetic actuators for active suspension system
are described in [112, 113] and for semi-active suspension in [140]. Fur-
thermore, several types of research have been done about recovering
energy for low bandwidth suspension actuators, and semi-active sus-
pension where energy is recovering can be up to 50% by using proper
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electronics which can be found in [70, 52]. Another utilization of slow
active suspension system is to damp or decrease roll motion which is
available in production cars. Also, integration of semi-active damper
and active anti-roll bars is feasible to attenuate roll motion [78].

Advantages and disadvantages of active suspension are listed below:

Advantages

• Low static deflection

• Low natural frequencies Passenger comfort

• Consistent characteristics with varying loads

• High bandwidth

Disadvantages

• Potentially high cost

• Complexity in servicing

• Concerns over reliability due to complexity

• heavy weight

2.4 Hydraulically Interconnected Suspension

Vehicle posture, ride comfort, road holding and vehicle agility are in-
fluenced by suspension [194]. Therefore the accuracy of suspension’s
model is crucial for predicting the properties of the vehicle. Advanced
models of suspension such as semi-active suspension, active suspension
and various models of shock absorber have been proposed and devel-
oped by researchers in recent years [82, 184]. This kind of suspensions
have some drawbacks such as increased cost, uncertain reliability, power
consumption requirement and inherent complexity [206]. Recently, re-
searchers introduced advanced suspensions to overcome the drawbacks
of above controllable suspensions. Interconnected suspension system
between the individual wheel stations has been introduced to overcome
the ride-handling performance compromise [179]. The working princi-
ple of interconnected suspension is that a displacement at one wheel
station can give rise to forces at other wheel stations. Interconnected
suspensions between wheel stations have been conducted by mechanical
[141], hydraulic [215], air [18, 91], or hydro-pneumatic (hydro gas) [107]
systems. The interconnected suspension has an advantage concerning
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conventional suspension regarding ride comfort and handling perfor-
mance. Interconnected suspension enables the designer to focus on
controlling the stiffness and damping of each suspension mode, rather
than entirely relying on single-wheel stiffness and damping to implicitly
define the suspension’s modal characteristics. Moreover, the Intercon-
nected suspension can individually uncouple the four modes of wheels
with respect to the vehicle movements [179]. The advantages of an
interconnected suspension to an active-type suspension are: low price,
simplicity, reliability and easily fabricated. Nowadays, the hydrauli-
cally interconnected suspension has attracted more and more attention
because of many advantages of a conventional suspension. Not only it
has a functionality of traditional suspension, but also it improves stiff
stiffness in a pitch and roll modes and soft stiffness in the bounce and
wrap modes. Dynamic interactions between the hydraulic circuits and
mechanical motions characterize hydraulically interconnected suspen-
sion system. Therefore, the hydraulically interconnected suspension is
a mechanical and hydraulic coupled system, in which the conventional
damper is replaced by single-acting or double-acting hydraulic cylin-
ders, the cylinder chambers are interconnected via hydraulic circuits,
and the accumulators are incorporated in these circuits to provide addi-
tional stiffness for suspension. The relative motion between the sprung
and unsprung masses forces in HIS depends on pressure which means
that the hydraulic fluids in the high-pressure cylinder chambers to flow
into the low-pressure ones in the circuit. Consequently, the accumula-
tors are compressed or expanded because of existing flow-volume devi-
ation caused by the difference between the inflow and outflow volumes
in this circuit. This causes a pressure change in the circuit and subse-
quently results in a new suspension strut force applied to the sprung
and unsprung masses. Meanwhile, the vibration of sprung and un-
sprung mass is reduced due to damping forces. The research papers
[28, 215, 190] demonstrate that damping coefficient can be indepen-
dently tuned in different motions. Smith et al. [215, 180] developed
the mathematical model of HIS where assumed that damper valves
had a linear characteristic. Oritz [135] introduced integrated mechan-
ical/hydraulic schematic for supplying separate spring and damping
to two-mode combined motion, pitch/bounce and roll/wrap. The new
concept of an interconnected suspension was proposed by Fontdecaba
[25] for implementing a complete model of decoupling by independently
adjusting roll stiffness and damping levels via the central suspension
unit. Mace [108] investigated a theoretical study for a HIS systems
utilizing network theory and system synthesis methodologies with con-
sideration of ideal interconnections. The investigation of the properties
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and dynamic characteristics of interconnected hydro-pneumatic sus-
pension has been done by Cao et al. [27, 29]. The study has been
done in roll and pitch planes with consideration of the pressure loss
of hydraulic circuit and damper valves. The results of investigation
demonstrated that there was an enhancement in stiffness and damping
of roll and pitch mode, as well as the ride and handling performances,
even though there were not any improvement in soft bounce and wrap
modes.

2.5 Active Antri-Roll Bar (AARB)

Two most important aspects of the vehicle are ride and handling which
have a strong relation to the customer perception of satisfaction. Un-
fortunately, there are trade-offs between these aspects, and it is a chal-
lenge for an automotive engineer to make a vehicle with decent ride and
handling at the same time. Many studies have been done for tackling
these trade-offs. Some researchers prefer to develop active suspension
while others prefer to develop an anti-roll bar. However, the cost is
the critical factor in tackling these trade-off from manufacturer’s point
of view. Therefore, anti-roll bar has an advantage to active suspen-
sion in terms of cost for finding a solution at this compromise. The
benefit of the anti-roll bar is reducing body roll acceleration and roll
angle during single wheel lifting or cornering maneuvers for improv-
ing driving safety and handling stability [39]. Besides, anti-roll bar
controls the distribution of lateral load transfer which leads to increase
understeer behavior. The working principle of the anti-roll bar is trans-
ferring vertical forces from one side of suspension to the other side and
it generates moment against lateral one during cornering maneuvers.
When a vehicle is going on straight line, ride comfort can be deterio-
rated due to road irregularities which have the same effect of cornering
maneuvers. Therefore, for tackling these kinds of problems an active
anti-roll bar is developed. Besides, it improves the disadvantages of a
passive anti-roll bar. And also it has advantages with respect to active
suspension concerning lower cost and power consumption. For com-
promising the trade-off between ride and handling, various solutions
have been proposed. Passive suspension systems, semi-active suspen-
sion systems, active suspension systems, and anti-roll bar are included
in the solutions. Among the solutions, anti-roll bar has become more
popular these days for researchers to tackle the trade-off between ride
and handling. The effect of active anti-roll bar on ride and handling for
off-road vehicles has been investigated by Cronjé and Els [45]. They
also studied the potential of active anti-roll bar to enhance handling of
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an off-road vehicle without sacrificing ride comfort. The design of an
active anti-roll bar for increasing vehicle stability and passenger com-
fort has been done by Gosselin-Brisson et al. [69]. For verifying the
performance of active anti-roll bar, it was tested in benchmark with a
conventional suspension with and without Anti-roll bar. There are two
types of active anti-roll bar which are listed as follows:

2.5.1 Hydraulic anti-roll bars

In 1995, Citroen utilized the first application of hydraulic ARB in Xan-
tia Activa. Since then, hydraulic ARB has been developed based on
several rotary and linear actuator systems. Because of some draw-
backs and disadvantages [30] which are following, utilization of hy-
draulic ARB has been limited:

• Requirement for dedicated hydraulic components like supply lines,
control unit, valves, etc. and their associated cost

• Additional power requirements for hydraulic pump and impact on
fuel efficiency

• Relatively poor frequency response

• Maintenance requirements on the hydraulic components

2.5.2 Electromechanical anti-roll bars

The working principle of electromechanical ARB is similar to passive
ARB. The difference is that any torque can be requested at any time
by utilizing electromechanical ARB instead letting the torsion dictate
the produced torque by ARB. Electromechanical ARB consists of two
halves of passive ARB connected to each other by way of an elec-
tric motor and a gearbox. A motor which rules the torque of ARB
is received a signal from a controller to set an output torque. In ad-
dition, a controller determines the output torque by consideration of
disturbance to be able to have a desired value. Figure 2.5 shows the
working concept of electromechanical ARBs. In 2005, Toyota and Aisin
Seiki Co. introduced the first application of electromechanical ARB in
Lexus G430 [43]. Recently, electromechanical ARB has gained pop-
ularity among automotive manufacturers for their premium cars such
as: Bentley [17], Porsche [142], Audi [12] and BMW [71].

The aim of most studies od developing an anti-roll bar system is
to control roll motion. However, Kim et al. [98] proposed Active Roll
Control (ARC) and made a distinction regarding actuator types and
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Figure 2.5: Concept behind electromechanical AARB [191]

the actuator locations. A hydro-pneumatic and hydraulic system is
the most popular actuator in ARC and especially in ARB. However,
the disadvantages of these actuators are manufacturing cost, power
consumption and their slow responses to various roads and steering
inputs. Kim and Lee have conducted an ARC system [97] by utiliz-
ing lateral acceleration and roll rate feedback in an electrical actuating
system. Moreover, they suggested a hybrid roll control system for en-
hancement of controller performance in a transient region by taking
advantage of the variable damper and also Shuuichi developed an elec-
tric active stabilizer suspension system as a technology for controlling
vehicle body roll [176]. Besides, they demonstrated that the possibil-
ity of saving energy could be done by adopting a strain wave gearing
mechanism for reducing gear and utilizing its hysteresis property in
an electric actuation system. The active stabilizer actuators consist
of electric motors and reduction gears for controlling roll and various
sensors for detecting vehicle’s states. BMW introduced Dynamic Drive
which includes an active anti-roll bar system [181]. This system con-
sists of a hydraulic valve block with integrated sensors, a hydraulic
pump coupled to the power steering pump, a lateral acceleration sen-
sor, a control unit, several hydraulic lines, and two active anti-roll bars
with rotating hydraulic actuators. This system is capable of reducing
roll angle during cornering maneuvers significantly. Advantages and
disadvantages of active anti-roll bar are listed below:

Advantages
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• Improving stability and handling without decreasing comfort

• Providing solution to ride and handling trade-off with lower cost
compared to active suspension

• Minimizing rollover accidents

Disadvantages

• High cost

• Power demand

2.6 Active Aerodynamics Control

Vehicle aerodynamic field describes the forces acting on a vehicle when
moving through a fluid. When stationary, the exterior of surfaces of an
automotive (upper, lower, front and rear surfaces) are subjected to an
atmospheric pressure and the sum of all forces acting on an automobile
is equal to zero. The acting pressure on the exterior surface of vehicle
alters proportional to the square of velocity when the vehicle starts
to travel. The change of the pressures generates forces which act on
the surface of the vehicle, and this slow downs the performance of the
vehicle. Therefore, many researchers work on this topic to minimize
these forces and in some cases utilized them to enhance performance
and safety of the vehicle. Two main forces which are acting on the
vehicle are lift and drag forces. The lift force is determined along the
z-axis. Lift vector in the positive z-direction is named as a lift; mean-
while, the vector in the opposite direction is known as downforce. The
drag force is determined along the y-axis, and it is in the negative
direction of the y-axis. The controlling of these forces is essential re-
garding the performance and safety of the vehicle, therefore the usage
of these forces can be different which depends on the logic of the con-
troller. For example, automotive companies are seeking to minimize
the drag for in order to reduce fuel consumption. Meanwhile, they uti-
lize these forces for increasing the performance of the vehicle in terms
of safety and handling. The tire behavior and forces are important
factors which influence the dynamic behavior of vehicle [46]. This di-
rectly impacts longitudinal dynamic which is related to longitudinal
forces generated by tires. Therefore, the acceleration and top speed
of the car can become better by raising longitudinal forces. Similarly,
the lateral dynamics can be affected by aerodynamic effects. So, this
system can enhance of lateral dynamics as well. Generating force in a
pneumatic tire is strongly related to normal tire force and the friction
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coefficient between tire and road. The longitudinal acceleration of a
vehicle is a function of friction, gravity and downforce [116, 14, 47].
Therefore, the vertical load of the tire should be taken into account as
an essential factor that can enhance vehicle dynamics. The downforce
of the vehicle is strongly related to the location of the center of grav-
ity. The location of the center of gravity could be altered in various
maneuvers because of lateral and longitudinal load transfers. So this
influences the behavior of vehicle dynamics, and by adjusting of tire
downward force vehicle handling and dynamics, capabilities can be im-
proved. Wings and spoilers are utilized in order to increase total down
forces. A spoiler can generate downforce, lift force and drag force. The
magnitude of forces is related to the angle of attack of spoiler and the
square of longitudinal vehicle velocity [93].

In a nutshell, various application of aerodynamic forces in the au-
tomotive industry is as follows:

• Increasing normal loads

• Distribution of normal loads

• drag reduction

Nowadays, the capabilities of spoilers for various applications have
been studied in automotive industry [160, 115]. Active spoiler system
known as an Active aerodynamic system as well can be employed to
adjust downforce of the front and rear axles. The working principle of
active aerodynamics control is to change the angle of attack to gener-
ate downforce, lift force and drag force. Corno et al. [42] presented a
paper for enhancement of vehicle’s comfort at high speeds and also in-
vestigated the effects of Active Aerodynamics Control (AAC) on semi-
active suspensions. Savkoor et al. [159] presented the design of the
aerofoil for the pitch control of trucks where a detailed model of fluid
dynamics is employed, and a Linear Quadratic Regulator (LQR) con-
troller is designed. The primary focus of the research is to improve the
pitch dynamics without consideration of trade-off performance. The
paper proposed by Savkoor and Happel [158] further proves the util-
ity of AAC. This paper proposes a comparison of several AAC con-
trol strategies to improve vehicle handling (yaw and roll dynamics).
In [160], authors investigate the potential of active aerodynamics to
improve roll and yaw stability by using Linear Quadratic Regulator
(LQR). However, this logic works when the magnitude and rate of
steering input are small. Doniselli et al. [50] investigate the effects
of aerodynamic forces on ride comfort and road holding by using sky-
hook suspension. Numerical simulations and experimental tests have
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been carried out to evaluate the effects of aerodynamic forces on ride
comfort and road holding of the vehicle in high speed on various road
profiles. Mohrfeld-Halterman, J.A. and Uddin, M. [120] develop a high
fidelity quasi-steady-state aerodynamic model for pitch moment degree
of a race car. They decrease the complexity of quasi-static model while
maintaining the accuracy. In [119], authors implement high fidelity
quasi-static model and conventional quasi-static model independently
in multi-body quasi-steady-state simulations to determine the effects
of the high fidelity aerodynamic model on race vehicle performance.
Other studies were focused on aerodynamic drag reduction: in [22],
drag reduction through active separation control is analyzed both ex-
perimentally and numerically; Fasel, H. et al. [55] analyzed a motor
vehicle with an outer contour to reduce the air resistance. A research
paper which explains the significance of the aerodynamic downforce
and the improvement of performance of race car has been conducted
by Katz [92]. A study for the reduction of drag and lift of automobile
by utilizing front and rear spoilers have been investigated by Schenkel
[163]. Brzustowicz et al. [23] analyzed the complex flow field of aerody-
namic of NASCAR Dodge Intrepid R/T by utilizing scale wind tunnel
models and Computational Fluid Dynamics (CFD). Zhang¤ and Zer-
ihan [216] investigated the effect of a cambered, double-element, high-
lift wing for aerodynamic performance and off-surface flow-field charac-
teristics. It is pointed out that most of the downforce can be generated
by the primary element when flow moves in three dimensional toward
the airfoil but retains quasi-two-dimensional features near the center
of the wing. Also, they found that at considerable heights downforce
increases asymptotically with a reduction in height. Johansson and
Katz [216] tested the aerodynamic characteristics of a sprint car in a
small-scale wind tunnel. Side force, rolling moment, downforce and
drag forces were measured during rapid cornering of race cars. They
focused on conditions when the vehicle was subjected to considerable
sideslip angle. The results were demonstrated that driver visibility
could improve by reducing endplate size of the main wing without sig-
nificant loss of aerodynamic downforce. Dimitriou and Garry [48] inves-
tigated boundary layer measurements above a full-width moving belt
for identifying its side-edge effects in racing cars. The results showed
a strong interaction between the side-belt edges and the fixed ground.
Also, they proved that application of suction between the fixed and the
moving ground is very efficient for removing this boundary layer and
increasing the measurement accuracy. Advantages and disadvantages
of active aerodynamics control are listed below:
Advantages
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• Enhancement of safety and performance of vehicle at high speeds

Disadvantages

• works only at high speeds

2.7 Active Steering

Active steering systems affect vehicle handling behavior through di-
rectly modulating the generation of lateral tire forces. In this section
three existing steering schemes, Active Rear Steering (ARS), Active
Front Steering (AFS) and Active Four Wheel Steering (4WS) will be
examined, respectively.

2.7.1 Active Rear Steering (ARS)

The most important control task for Active Rear Steering is to mini-
mize the sideslip angle of the vehicle to follow the given path. Active
rear steering was developed, and it was commercially used in 1980’s.
Shibahata et al. [172] and Takiguchi et al. [188] for Mazda suggested
the so-called speed sensing Active rear steering. The working principle
of this systems is that at low speeds the rear wheels are steered in the
opposite direction to the front wheels for improving maneuverability,
and at high speeds, the rear wheels are steered in the same direction
to enhance stability. Sano et al. [153, 152] proposed ARS system such
that when the steering wheel is turned at a small angle, the rear wheels
steer in the same direction, but for large steering wheel angles the front
and rear wheels steering in the opposite direction. [153, 152] assumed
that large steering angle inputs are not used at high speeds. Another
ARS system has been proposed by Fukui et al. [60]. The method is
based on the fact that the rear wheels should be steered in the same
direction to the front in case of wheels quick turning of the steering
wheel; on the other hand in the case of slow turning the rear wheels
would be steered in the opposite direction of the front ones. This logic
aims to minimize sideslip angle in both steady and transient states.

Yaw rate feedback ARS has been proposed by Sato et al. [154,
155, 205, 210, 209] with consideration of external disturbances such as
crosswinds or split-µ braking in order to improve vehicle handling. The
control law of Active Rear Steering (ARS) is derived from an inverse
model of vehicle bicycle model. The control logic is a combination
of feed-forward of front wheel steer angle and feedback of yaw rate
for making the vehicle sideslip angle to be zero continuously. The ef-
fectiveness of the proposed control strategy has been tested through
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numerical simulations, especially when the vehicle is subject to exter-
nal distributes. But, the robustness of the proposed control strategy
according to vehicle velocity and the variations of friction coefficient is
questionable. An adaptive sideslip angle ARS has been introduced by
Wakamatsu et al. [200] in order to minimize the vehicle sideslip angle
even on split-µ road surfaces. The proposed control strategy consists
of feedforward compensation, yaw rate feedback and an estimator of
µ. Moreover, intelligent control techniques fuzzy logic control has been
utilized in ARS as well. A feedforward fuzzy logic ARS controller has
been applied in [185] to minimize vehicle sideslip angle. The proposed
control strategy utilizes front wheel steer angle and vehicle velocity
as an input and fuzzy logic control determines rear wheel steer angle.
Numerical simulations approve the effectiveness of the control logic at
high speeds; however, there is no consideration of low speeds in the
control strategy. Another drawback of this research is that the pro-
posed method is not robust to environmental conditions. Senger et al.
[166] introduced sideslip angle minimization ARS in order to improve
regarding quicker steering response and better stability by comparison
with the conventional 2WS. Whitehead [205] and Nalecz et al. [128]
introduced ARS to improve vehicle handling at high speeds and only
correspond to high-frequency excitation at high speeds. [172] reports
that rear wheels steering in the opposite direction to the angle of front
wheels at a large angle are not efficient in improving low-speed maneu-
verability since this causes the rear end of the vehicle stick out further
toward the outside of a curve. Another control strategy to zeroing ve-
hicle sideslip angle, a combination of feedforward part which is derived
from an inverse model of the desired dynamics and utilized to compen-
sate for steady-state response and a feedback part which is computed
based on µ-synthesis and to compensate for the transient dynamics
has been proposed by Hirano et al. [79] in order to make the vehicle
to follow the desired yaw rate and sideslip angle. Meanwhile, another
application of active steering is to avoid obstacle during an emergency
and critical states which are out of the scope of this research.

2.7.2 Active Front Steering (AFS)

Nowadays, the active front steering has gained popularity in vehicle
engineering because it is a useful method to improve vehicle handling.
This control strategy applies an additional steer angle to the driver’s
steer command. A pole-assignment self-tuning adaptive control algo-
rithm and a least square parameter identification method have been
utilized in [202] to track the reference of yaw rate and lateral accelera-
tion. An AFS controller based on a robust model matching algorithm
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has been proposed by Tagawa et al. [186] for achieving robustness ac-
cording to parameter variations and disturbances such as varying speed
and friction coefficient of road surfaces. The realization of closed-loop
frequency between the driver’s steer input and vehicle yaw rate has
been used in the proposed control strategy. Computer simulations in
both frequency and time domains are carried out to show the effective-
ness of developed controller. A new way of investigation and analyzing
of vehicle stability by utilizing bifurcation theory has been introduced
by Ono et al. [133] [132]. Ono proposed H∞ controller based on the
model following structure and demonstrated that the proposed con-
trol strategy could efficiently stabilize a vehicle through identifying the
peak cornering force of a tire and limiting the steering wheel angle so
that all tires work in the unsaturated regions on the slip-force curve.
The development of the robust model for decreasing yaw disturbance
by making yaw rate unobservable from lateral acceleration has been
introduced by Ackermann [7, 4, 3, 177, 201]. Both computer simula-
tions and road tests are carried out and explicitly indicate the effect of
a robust controller on disturbance rejection. Mammar et al. [109, 110]
developed H∞ controller to track yaw rate reference and reject dis-
turbances. Maintaining optimal lateral tire forces during steering by
an AFS system has been conducted by Huh and Kim [83]. In this
research, estimation of lateral tire forces by using Extended Kalman
Filter (EKF) and development of a fuzzy logic controller to compensate
for the lack of lateral tire forces on low-µ surfaces have been designed.
The verification of the method is verified by using a steering Hardware-
In-the-Loop system under different road surface conditions. Güvenc et
al. [73] conduct an AFS system based on two degrees of freedom con-
trol structure to enhance yaw dynamics by tracking of reference and
rejection of disturbance.

2.7.3 Four Wheel Steering (4WS)

This section will consider the Four Wheel Steering (4WS) systems in
which both front and rear wheels can be actively steered in order to
control the balance of lateral tire forces on the front and rear axles.
Such systems are designed by multi-input-multi-output control tech-
niques. Nagai et al. [125] developed 4WS by utilizing an LQR con-
troller to track the reference yaw rate and sideslip angle. Feedforward
and feedback control laws are formulated to steer front and rear wheel
cooperatively actively. Numerical and road tests demonstrated a higher
stability in transient regime. Aga et al. [9] proposed a linear control
law based on bicycle vehicle model to track the references of yaw rate
and sideslip angle. The numerical results indicated that the proposed
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control theory is more stable against external disturbances. An active
rear steering based on active four-wheel steering has been conducted
by Lin [106] to minimize vehicle sideslip angle and at the same time
maintain a constant steering. The proposed method refines the yaw
rate feedback ARS by adding an extra yaw rate feedback control to the
front wheels for overcoming the oversteer tendency at low speed and
extreme understeer at high speeds. The theoretical and comparative
studies of the design of robust active steering have been introduced by
Ackermann and colleagues [5, 8, 6]. An AFS control law to decouple
the yaw mode from the lateral mode of the front axle to assist a driver
to track a given path by yaw rate feedback to the front wheels has been
introduced in the first study. A second research developed a controller
to make independent of vehicle velocity through yaw rate feedback to
rear wheel steering in order to overcome the drawback of degraded yaw
damping by AFS controller. Simulation results show that the control
algorithm can reject disturbances but there is no description of an ap-
propriate vehicle model, and it fails to show enhancement in vehicle
handling in the nonlinear regime. Gianone et al. [64] introduced con-
trol strategy which is the combination of LQR and H∞ controllers for
ARS and 4WS. In this study, optimal robust controllers can reject dis-
turbances and adapt to parameters variation. An active robust Active
Four-wheel Steering controller has been investigated by Horiuchi et al.
[80] by using a two DoF control structure in which a feedforward con-
troller is developed based on an inverse linear model for tracking yaw
rate reference and lateral acceleration reference and a feedback H∞
controller is designed to reject uncertainty and external disturbances
and add an extra robustness to the system.

Advantages and disadvantages of active steering are listed below:

Advantages

• Ultimate cornering ability

• Smallest turning circle possible

• Better stability of the vehicle

• The intensity of four wheel steering can be adjusted by the driver
according to personal preference

Disadvantages

• The linkages are extremely complicated

• Chances of overturning increases
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• More components means more weight of the vehicle

• There is a high rate of failure to incorporate the four wheel steer-
ing just yet

2.8 Anti-lock Braking System (ABS)

Anti-lock braking system (ABS) is one of the most important system in
vehicle’s safety by preventing from locking wheels which helps to keep
a vehicle steerable and stable during hard braking. Longitudinal slip of
wheels increases during severe braking on a slippery road surfaces which
causes instability in vehicle. The aim of ABS is to modify wheel slip
in order to obtain maximum friction coefficient for reducing stopping
distance. Typical ABS components include: vehicle’s physical brake,
wheel speed sensor (encoder), an electronic control unit (ECU), brake
master cylinder, a hydraulic modulator unit with pump and valves
[203]. There are six methods for ABS algorithm which are classical
control, optimal control, nonlinear control, robust control, adaptive
control and intelligent control. So many research papers have been done
by researchers for developing and improving ABS performance and
controller. And some of them have been developed and implemented.
Jiang and Gao [87] suggested a non-linear PID controller which assisted
robust performance and alleviation of tuning. Chen and Huang [33]
proposed adaptive PID controller. In this method a fuzzy logic was
employed to tune PID gains to help robustness of controller on different
conditions. Yu et al [212] and Zhang et al. [214] utilized a fuzzy logic to
optimize slip ratio on different road surfaces. Alleyne [11] investigated
about a sliding mode controller in order to improve ABS performance
and robustness based on vehicle parameters and actuator dynamics.

2.9 Electronic Stability Control (ESC)

Electronic stability control is an active vehicle control system that im-
proves the stability of a vehicle. In general yaw rate and side slip angle
are the two-vehicle state parameters used to define whether a vehicle
is stable or not. The magnitudes and the trends of these two param-
eters are highly complex and nonlinear processes which are generally
controlled by many vehicle parameters, such as vehicle’s inertial prop-
erties, its ability to generate the lateral forces and the rate at which it
can generate the lateral forces, the amount of steering input, the speed
at which a vehicle operates etc. The strategy of controlling vehicle sta-
bility or influencing a vehicle’s dynamic behavior by generating either
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a supporting or an opposing yaw torque is called active yaw control.
In today’s modern ESC system both the brake and drive torque can be
applied for this purpose. For this thesis, an ESC system that is based
only on brake torque is considered. Abe et al. [2] developed sideslip
controller in electronic stability control to stabilize the lateral dynamics
of the vehicle. It was also demonstrated that the controller as men-
tioned above had a better capability in stabilizing vehicle compared
with 4WS. Tondel and Johansen [193] developed a nonlinear controller
for yaw stabilization of vehicle. This controller calculates the required
moments to stabilize the vehicle, and it distributes brakes to wheels
based on this calculation. Park et al. [139] proposed feedforward and
feedback controller alongside with a sideslip angle estimator to stabi-
lize lateral dynamics. 14 DoF vehicle and brush tire model are used
in this research and simulation results indicate that the proposed con-
trol algorithm has a good capability to improve lateral vehicle dynamic
properties. Bang [13] developed a robust sliding mode controller based
on a quarter car model to increase yaw dynamics performance. The
simulation results demonstrate that the controller has a good perfor-
mance in tracking reference slip ratio regardless of modeling errors and
disturbances. On the other hand, when longitudinal motion combines
with lateral motion, the performance of tracking reference slip ratio in
braking is not satisfactory. Buckholts [24] investigated a fuzzy logic
based on control of yaw rate by setting the desired wheel slip for ev-
ery wheel to calculate brake torque. In [24], the fuzzy logic strategy
was utilized based on a yaw rate and sideslip angle for enhancing the
stability of the vehicle. In this paper, the effect of the limitation of
sideslip angle by supervision of fuzzy control logic was investigated.
The results proved the capability of the method in yaw stabilization of
the vehicle. Another research related to the fuzzy logic controller to
improve the stability of vehicle under severe maneuver was conducted
by Khajavi et al. [94]. Their strategy was to apply brakes on inner
or outer tires based on the deviation of the path from the desired one.
The results confirm that the proposed algorithm improves stability con-
trol compared with passive vehicle. Booada et al. [19] proposed fuzzy
control to produce a decent yaw moment based on the difference of
brake forces between front wheels where 8 DoF vehicle was employed
to test the proposed algorithm. The simulation results demonstrated
the effectiveness of the controller in different cornering maneuvers.

Advantages and disadvantages of electronic stability control are
listed below:

Advantages
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• Correcting impending oversteering or understeering

• Stabilizing the car during sudden evasive maneuvers

• Improved rapid lane-changing maneuvers

• Smaller turning radius

• Cornering stability

Disadvantages

• Decreasing the velocity of vehicle due to braking

2.10 Torque Vectoring Control

Recently, another chassis control system was introduced for active
safety named torque vectoring system. Torque vectoring control has
been widely utilized in high-performance vehicles to improve traction
and cornering ability. The working principle of torque vectoring is to
generate force-mentioned torque moment by the calculation of correc-
tive yaw moment of the vehicle. The benefit of torque vectoring is to
prohibit a vehicle’s understeer and oversteer for maintaining vehicle
stability. Another advantage of torque vectoring is to reduce the ac-
celeration loss and enhance lateral vehicle stability. Academic research
on the topic was carried out in recent years. Shibahata and Shimada
[173, 174] proposed torque vectoring based on yaw control by the de-
cent distribution of traction and braking force on the wheels in order to
improve vehicle maneuverability. Sawase et al. [161, 162] investigated
an in-depth analysis of different TV configurations as applied to the
Front-wheel drive (FWD), Rear-wheel drive (RWD) and Active-wheel
drive (AWD) vehicles. Another research has been don by Motoyama
et al. [122] to control traction force distribution to wheels. The effect
of lateral traction force distribution has been demonstrated in this re-
search. The direct yaw control system by using lateral braking force
difference has been proposed by Inagaki et al. [84] in order to stabilize
a vehicle in critical cornering maneuvers. The first application of the
method as mentioned earlier commercially was introduced by Mercedes
Benz in S series [123].

Also, the description of two types of differentials, which enable to
implement the torque vectoring system on a vehicle, is in the following:
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2.10.1 Semi-active differential

The semi-active differential has a capability to only transfer torque
from the fastest to the lowest wheel by braking one of the half shafts.
This system consists of hydraulically operated clutches and friction
plate between the output shaft and differential box. The working prin-
ciple of the semi-active differential is to transfer the torque from one
wheel to another by the intervention of the clutches according to the
information that receives from sensors. Electro-hydraulic actuator ac-
tivates friction plate for locking differential in a wide operating range.
The first application of semi-active differential as an E-Diff was intro-
duced by Ferrari in F430 model [31, 147, 150]. Figure 2.6 shows the
scheme of the semi-active differential.

Figure 2.6: Semi-active differential scheme [198]

where
CIN = input torque to the differential
ωdx,sx = angular velocity of output shafts

2.10.2 Active differential

The active differential has been developed to overcome the drawbacks
of the semi-active differential which is able to transfer torque from fast
to slow and vice versa and also it can regulate the amount of torque
transfer. This helps to generate a yaw moment in order to stabilize
the vehicle. By increasing the driving torque of one wheel, braking
torque can be applied at the same time to the other wheel. However,
the drawback of the active differential is that implementing the system
can be highly expensive. Figure 2.7 illustrates the scheme of active
differential.
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Figure 2.7: :Active differential scheme [198]

Advantages and disadvantages of torque vectoring system are listed
below:

Advantages

• The enhancement of vehicle traction and stability

• Regulation of the individual wheel speeds to keep each tire oper-
ating in its optimal longitudinal slip range for the best traction

• Enhancement of the vehicle handling response by generating a
corrective yaw moment to influence the vehicle yaw behavior

Disadvantages

• Implementing of the system can be highly expensive

2.11 Summary

This chapter explains the investigation of literature available in the
field of active chassis control with a definition of the seven significant
strategies utilized to control the vehicle handling dynamics actively.
The advantages and disadvantages of each controller are described.
Finally, a brief review of aims and objectives of each controller is pre-
sented as follows:

Active rear steering improves the safety and performance of the
vehicle by adjusting the angles of rear wheels. While torque vectoring
system enhances the safety and performance of the vehicle by altering
the distribution of driving torque between the left and right wheels.
The hydraulically interconnected suspension is improving the comfort
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of the vehicle by sending fluid to the opposite side of the car to control
roll motion of the vehicle. The active anti-roll bar is enhancing the
comfort, safety, and performance of the vehicle through a dynamic
variation of the roll stiffness distribution between the two axles of the
car. Active aerodynamics control improves the performance and safety
of the vehicle through changing the angle of attack of the spoilers to
modify the normal load distribution between the front and rear axles.
However, electronic stability control enhances the safety of the vehicle
through the differential braking in order to generate the corrective yaw
moment. When it comes to the active suspension system, the latter can
enhance comfort, safety, and performance of the vehicle by changing
the distribution of normal loads.

Table 2.1: Brief description of active chassis control systems

ARS TV HIS AARB AAC ESC ASS

Comfort Fz Fz Fz

Safety Fy Fx Fz Fz Fx Fz

Performance Fy Fx Fz Fz Fz
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Chapter 3

Integrated Controllers

3.1 Introduction and Background

This section begins with a depiction of the three major strategies used
to control the vehicle handling dynamics actively. This involves the
literature review on active vehicle dynamics systems used for this re-
search. Then the need for integration of active vehicle dynamics control
systems is investigated followed by a detailed review of state of the art
in integrated vehicle dynamics and control.

Chapter 2 has focused on the stand-alone vehicle dynamics con-
trol systems to affect vehicle handling by utilizing different aspects of
vehicle dynamics. For overcoming the drawbacks of individuals sys-
tems, coordination and integration of standalone systems have been
suggested in order to improve overall vehicle performance. Moreover,
these systems also have financial benefits such as cost reduction, hard-
ware, and space-saving through sharing sensor information and coor-
dinating subsystems. On the other hand, avoiding the integration of
these subsystems’ intervention is the most significant challenge for en-
hancement of overall vehicle dynamics performance. Various active
control systems such as ABS, 4WS, ESP and different types of suspen-
sions, etc. were installed in vehicles for improving vehicle performance
in terms of safety and comfort. Many problems could occur when these
systems work together because the coupling of vehicle dynamics inher-
ently exist. So, the research on integrated vehicle dynamics control has
become a focus on solving this kind of problems. Two main issues of
integrated vehicle dynamics control are:

• Complication in the design of software and hardware because of
increases in the number of sensors and signal cables

• Possible function overlapping among this system and their con-
flicts of control objectives and actions
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If without coordination, the dynamic performance of this system could
be worse than that of individual systems or even worse than a passive
system without any active control. Therefore, the two critical problems
of integrated vehicle dynamics control to be solved are:

• Preventing the conflicts and interventions among different sub-
systems

• Create synergies from standalone active controls by communica-
tion and coordination among them

Despite the fact that many important kinds of research have been pub-
lished in recent years, the definition of Integrated Vehicle Dynamics
Control is not very definitive and accurate. However, attributes are
explicit, i.e., coordination of subsystems is needed to control objectives
and actions concerning software and hardware, rather than merely put
the subsystems altogether. Besides the obvious benefits of Integrated
Vehicle Dynamics Control, including reducing the number of sensors
and actuators, reduction of mounting space and weight, improve over-
all vehicle dynamics performance can be done by utilizing Integrated
Vehicle Dynamics Control.

3.2 Development of Integrated Vehicle Dynamics
Control

The beginning period of Integrated Vehicle Dynamics Control (IVDC)
is between the 1980s and 1990s. Nissan introduced its concept ARC-X
in 1985 Tokyo International Auto Exhibition. In this concept car, the
subsystems were able to obtain integrated function by communication
and coordination [192]. Toyota presented integrated of active air sus-
pensions, 4WS, engine control, gearbox ratio control, 4WD and ABS
in the concept car FXV-II in 1987 [99]. Moreover, Toyota introduced
another model named Sorare in 1991 which coordinated 4WS, ABS and
TCS [156, 189]. In [149] indicated that an integration control of vehi-
cle systems should be in three parts: the integration of hardware, the
integration of function and the integration of research. Fast developing
period of IVDC happened since ESP was developed (the mid-1990s).
Researchers have achieved spectacular success both in academic and
industry field. GM has introduced the stability system based on brak-
ing and continuous adjustable-damper in its Cadillac Seville model in
2002. The name of the integration model is Delphi’s Integrated Chassis
Control System.
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Continental [217, 148] proposed Active Front Steering to its second
generation ESP besides its first differential braking and engine interven-
tions to improve handling performance in emergency cases by sacrificing
ride comfort. In 2006, Toyota introduced safety concept on its Lexus
460. In hardware feature, its control units are categorized into four
functional groups which are power transmission control, safety control,
body control and multimedia control. In software feature, integrated
vehicle dynamics control is utilized to control anti-lock braking sys-
tem, traction control, active braking intervention, and steering system
harmoniously.

3.3 Integrated Control Structure

Two methods are used in literature for integrated control which is:
bottom-up and top-down methods. A decentralized control structure
is shown in Figure 3.1 is used in the bottom-up method; however,
a centralized method is utilized in the top-down method. For more
complicated integrated control system, a multi-layer control structure
has been introduced to deal with the coordination and distribution of
subsystems.

Figure 3.1: Decentralized control structure [213]

3.3.1 Decentralized Control Structure

In this structure, each standalone system is working independently as
shown in Figure 3.1, meantime it can go along with other standalone
systems in case of need to have desire manner. Because of the integra-
tion of sensors and related hardware, this integration method is very
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limited. Furthermore, original equipment manufacturer (OEM) and
automotive suppliers developed such integration systems in case of need
to supply corresponding interfaces necessary to subsystems. Gorden et
al. [68] investigated about this structure, and he mentioned that this
kind of structure is not suitable for vehicle integration system. How-
ever, this structure was utilized and adopted in most early researches
on integrated vehicle dynamic control. For example, Mitsubishi and
Toyota used the decentralized method [117, 156]. Moreover, the pri-
mary aim of suspension systems is to enhance ride comfort while it
can indirectly affect the handling performance in comparison to brak-
ing and steering system. This can be a reason to utilize a decentralize
structure by researchers [35, 34] to integrate suspension system with
other subsystems.

3.3.2 Centralized Control Structure

In centralized control structure, a global controller provides control in-
puts to all standalone control systems as demonstrated in Figure 3.2.
A centralized control structure can only be developed by OEM and

Figure 3.2: Fully centralized control structure [213]

suppliers. By taking the whole system into account, integrated vehi-
cle dynamics control can be designed more comprehensively to have a
better performance due to top-down strategy. This structure requires
much more powerful ECU due to controller’s computing load. Fur-
thermore, centralized control structure may evolve into less adaptable
since when another subsystem is added, it is unavoidable to redesign
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the system. Consequently, centralized control structure might not be
accessible for integrated vehicle dynamics control up until now, in any
case, it is a decent choice for those subsystems that are firmly related
and coupled.

3.3.3 Multi-layer Control Structure

A multi-layer control structure is a suitable structure scheme which has
full advantages regarding both hardware and software as demonstrated
in Figure 3.3. When utilizing this structure, suppliers are still account-
able for the design of subsystems, while OEMs are in charge of the
integration. Coordination controller has two primary functions. The
first of it is to determine desires control forces and moments according
to the dynamic state of the vehicle and then distributes them to the
desired state values of every subsystem. At that point, the controller
supplies actuation layer controllers with these desired control forces and
moments to track or regulate. The second of it is an ability to shift
subsystems to work in different modes (e.g., to switch the suspension
system between tire holding or ride comfort strategy).

Figure 3.3: Multi-layer control structure [213]
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3.4 Coordination and Integration Strategy

To control systems integration strategy and how to distribute and co-
ordinate several actuators in a decent manner and make them work
cooperatively are challenging tasks. Longitudinal and lateral control
system integration and suspension system integration will be discussed
in this section.

3.4.1 Longitudinal and Lateral System Integration

The real frameworks of longitudinal and lateral dynamics control are
the braking/traction and steering systems, mainly alluding to the in-
tegration of ABS, ESP, and AFS/ARS/4WS. Longitudinal and lateral
control systems have advantages of both control effect and interven-
tion smoothness. First, steering system (e.g., 4WS, ARS, and AFS)
can achieve excellent handling performance when the lateral acceler-
ation is small therefore the side slip angle is small within the linear
region. However, non-linear tire characteristics will display in crisis
situations. Steering control is not able to achieve the desired con-
trol effect solely, while Dynamics Yaw Control (e.g., ESP based on
braking system and AYC based on traction forces distribution) can
significantly improve the handling performance. Second, with respect
to intervention smoothness, when the control system applies a braking
intervention, ESP could cause a sudden longitudinal speed variety and
hence decreases the comfort performance. On the other hand, AYC
redistributes the traction forces on the two sides (the left and right),
guaranteeing the aggregate longitudinal force uninfluenced; thus the in-
tervention of the control system turns out to be more smooth. Active
steering can enhance the vehicle yaw performance with less interrup-
tion to the driver when the lateral acceleration is small. Some typical
works of literature related to different approaches to integration and
control structures will be reviewed in the following.

Decentralized Structure:to coordinate steering and braking/ trac-
tion subsystems by information interaction

Tire lateral force has been considered in the design of ABS controller
which was proposed by Taheri and Law [187]. In steering/braking
conditions, by altering front wheel steering angle and the desired tire
slip ratio and diminishing rear wheels desired slip ratio, such design
can enhance lateral forces margin. Yausi [211] proposed IVDC where
electronic steering power (ESP) and electronic stability control (ESC)
were coordinated as follows: tire lateral adhesion limits were firstly
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estimated from the data acquired by ESC, and after that the estimated
information was sent to ESP controller to prevent tire force saturation
sent by decreasing tire longitudinal force when the tire characteristics
entered the non-linear region.

Multi-layer Structure:firstly generate an active yaw moment then
allocate it to subsystems

Two steps exist in multi-layer control structure for vehicle lateral sta-
bility control. The first one is to calculate the desired vehicle stability
control force/moment by utilizing feedback controller. The second one
is to distribute the control force/moment to each subsystem accord-
ingly. As discussed above, ESP’s intervention can bring about the
deceleration of the vehicle, which can make an immediate undesirable
effect the driver. On the other hand, the response of active steering
is moderately smooth, hence the energy consumed by the controller
can be lower. So, the general strategies in the design of vehicle lateral
stability control between active steering and differential braking are 1)
to give priority to adopt active steering (front/rear wheel). 2) when
active steering is not able to create the desired stability yaw moment,
to utilize the intervention of ESP or co-intervention of ESP and active
steering [16, 26, 67]. It is better to determine the effective working
area of each subsystem based on body sideslip angle β [138] or lateral
acceleration [67] to regulate the active steering and ESP working areas,
then distribute the desired yaw moment based on empirical rules (e.g.,
fuzzy logic [67]).

Centralized Structure:comprehensive consideration based on mul-
tivariable control method

A centralized structure has been utilized in the integration of brak-
ing/steering control based on literature review and can easily enhance
performance. However, it needs powerful hardware controller due to
high computational demand. A linear optimization control [127, 114,
151, 126, 175], optimization control [38], theory of µ-synthesis [134]
have been used. Other research papers utilized robust theory con-
troller based on linearizing of nonlinear vehicle model [151, 134]. This
strategy managed the nonlinear factors as uncertainties before model-
ing by presetting the control gain to balance the undesired impact on
the closed loop system imposed by the uncertainties. The integration
of active steering and DYC has been proposed by Nagai and Colleagues
[127, 126, 175] by utilizing the combination of feedforward control and
LQR-based feedback control. Utilizing robust control [37], fuzzy logic

43



3. Integrated Controllers

control [20] and robust eigenvalue assignment [38] have been developed
by researchers based on feedback control law. The research about the
distribution of tire forces by optimization has been done by Abe [121]
and Hattori [75]. Shen et al. [170, 105, 171, 104, 169] proposed strategy
which utilized two control loops in the controllers and considers tire as
a force generator and places it into the servo loop to be managed it.
This method optimally distributes tire forces by using unconstrained
and constrained optimization with consideration of road adhesion, lim-
its of actuators, etc.

3.4.2 Suspension Integration

The main aim of suspension control is to improve the ride comfort.
Due to the coupling of tire force, the suspension system also couples
the longitudinal and lateral control systems. The primary target of
suspension may decrease the intervention of lateral and longitudinal
systems when coordinating suspension into dynamic control. However,
it is essential to sacrifice the ride comfort to guarantee the perfor-
mance of ESP, AFS, and so on in emergency cases. Consequently, the
strategies of integration control including suspension system can be
partitioned into 1) Utilizing suspension to control vertical tire loads in
order to guarantee tire grip and fully usage of road adhesion; 2) to de-
termine vertical tire forces and indirectly create stability yaw moment
by controlling suspension (e.g. active suspension, Continuous Damping
Control (CDC) shock absorber or active stabilizer bar, etc.). Like this,
the intervention of active braking and the sudden altering of longitudi-
nal speed by braking can be reduced. The relevant works of literature
are summarized as below.

Enhance tire grip by active suspension to assist longitudinal and
lateral control system

The main principle of these researches [130, 56, 196, 146, 111], is to de-
sign two methods for active and semi-active suspensions. Under general
conditions, ride comfort technique is embraced to enhance vertical dy-
namics; but in crisis situations, the dynamic suspension law will be
changed to tire grip strategy by a supervisor controller, temporarily
sacrificing ride comfort to guarantee the braking and stability perfor-
mance of ABS and ESP. The tire grip control law of active suspension
has been investigated by Feng et al. [56] to reach the maximum value
of tire load and slip ratio for making full use of the road adhesion co-
efficient. Active front wheel steering and suspension controller have
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been introduced by March and Shim [111] for controlling roll moment
in order to enhance tire lateral performance.

Active suspension intervene yaw moment control

The integration of active suspension and active braking has been con-
ducted by Smakman [178] by utilizing the similar strategy for active
steering and ESP integration to control vertical load by active suspen-
sion for generating yaw moment and in case of insufficient of yaw mo-
ment active braking is enabled. Hac [74], Kou [101] developed the inte-
gration of CDC damper and ESP system, and declared that the acting
time of active braking could be decreased by utilizing CDC suspension
to create yaw moment. A vehicle understeering characteristics can be
indirectly altered by utilizing active anti-roll bar or active roll torque
distribution control. The working principle of this method is to change
the lateral transfer magnitude of tire load between front and rear axles.
Cooper and Crolla [41] introduced a central differential controller in or-
der to assign more traction moment to the wheels with a larger vertical
load by integration of active roll moment and active traction moment
distribution. Moreover, authors declared that roll moment distribution
between front and rear axles could affect understeering characteristic
slightly. The contribution of active suspension to yaw stability is re-
stricted because when the lateral acceleration is small, the total load
transfer is relatively low. While other researchers tried to enhance ve-
hicle vertical dynamics performance, the objective of works of relevant
research which are mentioned above is to developed longitudinal and
lateral dynamics by further integrating suspension control. The inte-
gration of Inverse steering of the rear wheel and increased front axle
suspension damper has been proposed by Lee [102] in order to increase
the anti-roll moment under large lateral acceleration circumstance to
avoid the rollover. Chen and Wang [35, 34] developed the integration
of active suspension and steering control system based on the output
feedback random sub-optimal control to enhance steering quality and
ride comfort.

3.5 Summary

A detailed investigation of literature available in the field of integrated
chassis control was presented with a description of the three primary
strategies used to actively control the vehicle handling dynamics. These
strategies are listed below:
1. Centralized Structure: The centralized approach is allowed to utilize
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all control inputs.
2. Decentralized Structure: The decentralized integration approaches
aim to coordinate the control commands of the sub-control systems,
which were separately designed for their objectives.
3. Multi-layer Structure: The application of the proposed multilayer
coordinating control system is able to improve the overall vehicle dy-
namics in the three directions including lateral, longitudinal, and ver-
tical and, hence, enhance the overall vehicle performance including
handling stability, ride comfort, and braking performance.
Then a detailed review about the state of art of each strategy was
presented.
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Chapter 4

Vehicle Dynamics

4.1 Vehicle and tire modeling

4.1.1 Introduction

For designing dynamics control system, evaluating control performance
and simulating handling performance of vehicle during various maneu-
vers, vehicle handling models must be developed. For a particular
application, a vehicle handling model should be defined in the way of
necessary complexity for a given application. For example, a simple
linear vehicle model with many simplifying assumptions is sufficient
for normal handling. However, a more complicated vehicle model is
required for severe handling maneuvers. Consequently, it is better to
model vehicle considering the degrees of freedom which include relevant
and significant nonlinearities concerning the complexity of maneuvers
and scenarios. In this study, we classified a vehicle handling model into
two categories: 1) a linear model which will be used for controller design
and creating the reference 2) a nonlinear vehicle model to control sys-
tem evaluations through computer/numerical simulations. Therefore,
to be able to study the vehicle handling behavior from the linear region
in typical driving situations to the limit performance region during the
emergency and severe maneuvers, various types of vehicle models will
be developed.

4.1.2 Tire Dynamics

Tires are significant components of vehicles; the reduction the impact
from the ground and supporting the weight of car are the primary roles
of tires. Meanwhile, forces and torques through the interaction of tire
and ground which influence the vehicle’s motion are generated. The
forces and torques consist of tractive force, braking force, and aligning
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moment. Vehicle’s handling, ride comfort, traction and braking per-
formance are strongly related to the dynamic behavior of tires. The
accuracy of dynamic performance analysis and the achievement of the
chassis control system design depend intensely on the precision of the
vehicle dynamics model and the tire dynamic model. The relationships
between forces, deformation, and motion are highly nonlinear due to
complex viscoelastic structures. Therefore, it is a challenging task to
set up a precise numerical and mathematical model. Since 1930s many
researchers have researched on tire modeling. In the following section,
experimental tire model will be described.

Terminology and Concepts

1.Tire axis system and six-component wheel force
Three forces and three moments acting on the tire by the road can

also be shown in this axis system. They are also known as the tire
6-component wheel forces, shown in Figure 4.1.

Figure 4.1: Tire coordinate system with forces and moments on the tire
[36]

The origin of the coordinate system is the center of the tire-road
contact path. The line of intersection of the wheel plane and the road
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plane is described as X-axis which a positive direction is being forward.
And the perpendicular to the X-axis is defined as Y-axis which is par-
allel to the pivot of the wheel where the positive direction is being to
the right. Perpendicular to the road plane is recognized as a Z-axis
with its positive direction pointing downwards. The longitudinal force
Fx, the lateral force Fy, and the normal force Fz are categorized as the
forces of tire. Forces in the X, Y, Z directions are defined as longitudi-
nal, lateral, and normal forces. The positive directions of these forces
are demonstrated in Figure 4.1. Moreover, the moments of tire in X,Y
and Z direction are: the overturning momentMx, the rolling resistance
moment My, and the aligning moment Mz. Meanwhile, their positive
directions are shown in Figure 4.1.

2.Slip ratio
Generally, a rolling wheel on a ground slides. The concept of slip

ratio is presented for quantifying the proportion of sliding to wheel
rolling movement. Slip ratio is described as follows

λ =


vx −Rtω

Rtω
, if Rtω ≥ vx(acceleration)

vx −Rtω

vx
, if Rtω ≤ vx(braking)

(4.1)

where
Rt = tire effective rolling radius
vx = traveling speed of the wheel
ω = angular velocity of the wheel
λ = slip ratio

3. Tire slip angle
An angle between the actual traveling direction of a rolling wheel

and the direction toward is defined as a tire slip angle. The definition
of tire side slip angle is in the following:

α = arctan(vy
vx

) (4.2)

where
vx = wheel travel speed
vy = lateral velocity

49



4. Vehicle Dynamics

4.1.3 Tire model

Tires are modeled as an arrangement of mathematical explanations
which define the relationship between tire’s 6-component forces and
wheel parameters. Slip ratio, slip angle, radial deformation, camber
angle, wheel speed, and yaw angle are included as an output of these
models. The relationship between the inputs and the outputs is highly
nonlinear.

Magic Formula Tire Model
Magic Formula tire model has been extensively utilized for the study

of vehicle dynamics and control systems. The Magic Formula tire model
was introduced by Pacejka [136]. For fitting tire experimental data,
a combination of trigonometric functions was utilized. Longitudinal
force, lateral force and aligning moment can be derived and calculated
by the formula which is shown below:[36]

y = Dsin(Carctan[Bx− E(Bx− arctanBx)]) (4.3)

where
y = longitudinal force, lateral force, or aligning moment
x = the tire slip angle or longitudinal slip ratio
D = the peak value which represents the maximum value of the curve
C = the shape factor (lateral force, longitudinal force, or aligning mo-
ment)
B = the stiffness factor
E = the curvature factor which represents the shape of the curve near
the peak value

Under driving or braking conditions, longitudinal forces, lateral
forces, and aligning moments on the tire can be described as follows
[36]

1. Lateral force

Fy = (Dsin(Carctan(BX1 − E(BX1 − arctan(BX1))))) + Sv (4.4)

where
X1 = α + Sh
D = a1F

2
z + a2F

2
z

C = a0
BCD = a3sin(a4arctant(a5Fz))(1− a6γ)
B = BCD

CD
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E = a7F
2
z + a8Fz + a9

Sv = curve shift in the vertical direction
Sv = (a10F

2
z + a11Fz)γ

Sh = curve shift in the horizontal direction
Sh = a12γ
Fz = vertical load
γ = camber angle

2. Longitudinal force

Fx = (Dsin(Carctan(BX1 − E(BX1 − arctan(BX1))))) + Sv (4.5)

where
X1 = s+ Sh
D = b1F

2
z + b2Fz

C = b0
BCD = (b3F

2
z + b4Fz)eb5Fz

B = BCD/BC
E = b6F

2
z + b7F

2
z + b8

Sh = b9Fz + b10
Sv = 0 S = longitudinal slip ratio

3. Aligning moment

Mz = (Dsin(Carctan(BX1 − E(BX1 − arctan(BX1))))) + Sv (4.6)

where
X1 = α + Sh
D = c1F

2
z + c2Fz

C = c0
BCD = (c3F

2
z + c4Fz)(1− c5|γ|)ec5Fz

B = BCD
CD

E = (c7F
2
z + c8Fz + c9)(1− c10|γ|)

Sv = (c11F
2
z + c12Fz)γ + c13Fz+c14

Sh = c15γ + c16Fz + c17

4.1.4 Vehicle Modeling

This section describes various mathematical models of a vehicle which
are widely utilized for replacing the physical vehicle in an analytical
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study. These models are being used in order to analyze the handling
behavior of a vehicle. The description of the chapter begins with the
simplest vehicle model (bicycle vehicle model) and move towards com-
plex vehicle model. As mentioned before, both linear and nonlinear
vehicle models will be developed in this thesis; the linear one is to
create the reference inputs to control purpose, and nonlinear one is to
consider the vehicle-controller interaction. The coordinate system of a
vehicle will be introduced which is utilized to explain vehicle motion.

Coordinate System

Generally, two coordinate systems are of utmost importance to analyze
vehicle dynamics. These coordinate systems are inertial or earth-fixed
coordinate system (X, Y, Z) and the body-fixed coordinate system
(x,y,z). The orientation and location of the vehicle are defined by the
inertial reference system which is fixed to the earth, while the body-
fixed coordinate system is set to the vehicle’s center of gravity and
moves along with the vehicle which assists to determine the motion of
the vehicle and analyze the forces acting on the vehicle.

Figure 4.2: ISO coordinate system

In this thesis, the ISO coordinate system has been chosen to define
the direction of forces and moments for earth-fixed coordinate system
and the body-fixed coordinate system. The positive directions of forces
and moments are demonstrated in Figure 4.2. The motions about x, y
and z axes are defined as roll (φ), pitch (θ) and yaw (ψ) respectively.
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Two degrees of freedom model (Bicycle model)

Two degrees of freedom vehicle model which defined as a bicycle model
is vehicle’s lateral and yaw motion [65, 208, 145]. This model is defined
based on the following assumptions, which are accurate and precise
when the vehicle is going under simple maneuvers within the primary
handling regime.

• the vehicle is moving with a constant longitudinal speed (u =con-
stant) on a flat surface.

• the steering input to front tires and the corresponding slip angles
are small.

• the vehicle structure, including the suspension system, is rigid.

• the track width is small comparing to the radius of turn.

• there is no lateral weight transfer.

• aerodynamic forces are negligible.

Figure 4.3: Two degrees of freedom bicycle model

Front and rear two tires can be produced by a single wheel under
consideration of aforementioned assumptions as demonstrated in the
4.3. Motions such as heave, roll, and pitch have been ignored in order to
decrease the complexity of the model. Despite the fact that the vehicle
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is moving in the forwarding direction, the assumption of constant speed
eliminates this degree of freedom. The symbols utilized in Figure 4.3
shows the following parameters and states.
lf = distance between the front axle and the vehicle’s center of mass.
lr = distance between the rear axle and the vehicle’s center of mass.
ψ, ψ̇ = yaw angle and yaw rate of the vehicle respectively.
δf = front steering angle.
γf = front tire velocity angle.
Fxf

, Fxr = longitudinal tire forces at front and rear respectively.
Fyf

, Fyr = lateral tire forces at front and rear respectively.
αf , αr = Front and rear tire slip angles respectively.
Now applying the Newton’s second law of motion, the equations for
lateral and yaw motions can be written as:

may = ΣFy
Izψ̈ = ΣMz

(4.7)

where
m = mass of the vehicle.
ay = inertial acceleration of the vehicle in y-direction.
ΣFy = sum of forces acting on the vehicle in y-direction.
Izz = moment of inertia about z-axis.
ΣMz = sum of moments acting on the vehicle about z-axis.
It can be observed from 4.3 that the total force in y-direction and total
moment about the z-axis can be written as follows:

ΣFy = Fyf
cosδf + Fyr

ΣMz = Fyf
cosδf lf − Fyr lr

(4.8)

The inertial acceleration of the vehicle consists of lateral accelera-
tion v̇y because of the motion of the vehicle along y-axis and multiplica-
tion of longitudinal velocity and yaw rate vxψ̇; thus ay = v̇y + vxψ̇. By
substitution of these values in Equation 4.7, the equation for vehicle’s
translational motion in lateral direction can be written as

m(v̇y + vxψ̇) = Fyf
cosδf + Fyr (4.9)

and the equation for rotational motion about z-axis as

Izzψ̈ = Fyf
cosδf lf − Fyr lr (4.10)

Due to the assumption of small steering angle, in the above equa-
tion, the term cosδf can be taken as 1. Tire behaves in the linear region
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4.1. Vehicle and tire modeling

because of small tire sideslip angle. The following equation which is
valid within in linear region is tire lateral force: Fy = Cαα

The above lateral force is substituted in Equation 4.9 and 4.10 which
Cα is the cornering stiffness of the tire described below:

m(v̇y + vxψ̇) = 2Cαf
αf + 2Cαrαr (4.11)

and

Izzψ̈ = 2Cαf
αf lf + 2Cαrαrlr (4.12)

In the both of the above equations, terms f and r are utilized to
represent the force generated by front and rear tires. Front and rear
sideslip angle can be described as follows which is shown in Figure 4.3
[145]:

αf = δf −
vy + lf ψ̇

vx

αr = −vy − lrψ̇
vx

(4.13)

This tire sideslip angle is substituted in Equations 4.11 and 4.12
and then equations are readjusted to describe the system in a state
space as follows:

ẋ = Ax+Bu

y = Cx+De
(4.14)

where x is a 2×1 state vector having vy and ψ̇ as the state variable,
e is a scalar representing the input, which is δf in this case. y is a
scalar representing the system output. The matrices A (2 × 2), B (2
× 1) and C (1 × 2) define the relationship between the state, input
and output variables. The matrices A and B for the bicycle model are
given as:
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A =



−(Cαf
+ Cαr)

mvx

Cαr lr − Cαf
lf

mvx
− vx

(Cαr lr − Cαf
lf )

Izzvx

−(Cαf
l2f + Cαr l

2
r)

Izzvx



B =



Cαf

m

Cαf
lf

Izz



(4.15)

whereas the matrices C and D are dependent on the desired output.

Non-linear vehicle model with 14 DOF

A 14-Do0F full vehicle dynamic models as shown in Figure 4.4 which
consists of the vehicle longitudinal, lateral, vertical dynamics and the
rotation of the wheels with taking into account of steering, braking,
and suspension systems.

Figure 4.4: 14-DoF vehicle dynamic model

According to Newton’s second law, the vehicle nonlinear dynamics
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4.1. Vehicle and tire modeling

equations are obtained [95] by the combination of force analysis of
Figures 4.5, 4.6, 4.7 and 4.8.

The sum of forces in longitudinal and lateral direction and the cor-
responding moments as demonstrated in Figure 4.5 can be expressed
as:

Figure 4.5: Planar vehicle model

max = m(v̇x − vyr) = ΣFx = {Fxfl
cosδfl − Fyfl

sinδfl

+ Fxfr
cosδfr − Fyfr

sinδfr

+ Fxrl
+ Fxrr − Fd}

(4.16)

may = m(v̇y + vxψ̇) = ΣFy = {Fxfl
sinδfl + Fyfl

cosδfl

+ Fxfr
cosδfr + Fyfr

cosδfr

+ Fyrl
+ Fyrr}

(4.17)

Izzψ̈ = ΣMz = {(Fxfl
sinδfl + Fyfl

cosδfl + Fxfr
cosδfr

+ Fyfr
cosδfr)lf − (Fxfl

cosδfl − Fyfl
sinδfl

− Fxfr
cosδfr + Fyfr

sinδfr)
tf
2

− (Fyrl
+ Fyrr)lr − (Fxrl

− Fxrr)tr2 }

(4.18)
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Figure 4.6: Torque balance at the
roll axis

Figure 4.7: Torque balance at the
pitch axis

According to Figures 4.6 and 4.7, torque equations about the roll
and pitch axis can be derived as follows:

Ixxφ̈ = ΣMx = {(Fzfl
− Fzfr

)tf2 + (Fzrl
− Fzrr)tr2

+ (Fyfl
+ Fyfr

+ Fyrl
+ Fyrl

)(hCoG − hR)
+msayhR}

(4.19)

Iyyθ̈ = ΣMy = { − (Fzfl
− Fzfr

)lf + (Fzrl
− Fzrr)lr

+ (Fyfl
+ Fyfr

+ Fyrl
+ Fyrl

)(hCoG − hP )
−msaxhP}

(4.20)

where
ms = mass of the car body or sprung mass (kg)
Ixx=moment of inertia about x-axis (kgm2)
Iyy=moment of inertia about y-axis (kgm2)
hR=height of roll center (m)
hP=height of pitch center (m)
ax=acceleration along the x-direction (m/s2)
ay=acceleration along the y-direction (m/s2)

In Figure 4.4, a connection between sprung mass to the four un-
sprung mass which is front-left, front-right, rear-left, and rear-right
wheels is suspension system. The suspension systems are free to have
a bounce motion with respect to the sprung mass. Mathematical model
of full vehicle suspension model is written as follows [96]:
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4.1. Vehicle and tire modeling

For bouncing of the sprung mass

msz̈s = {−csfl
(żsfl

− żufl
)− csfr

(żsfr
− żufl

)
− csrl

(żsrl
− żufl

)− csrr(żsrr − żufl
)

− ksfl
(zsfl

− zufl
)− ksfr

(zsfr
− zufr

)
− ksrl

(zsrl
− zurl

)− ksrr(zsrr − zurr)}

(4.21)

and also for wheel motion in vertical direction

mui
z̈u = csi

(żsi
− żui

) + ksi
(zsi
− zui

)− ktizui
+ ktizri (4.22)

where

zsfl
= zs + tfφ+ lfθ

żsfl
= żs + tf φ̇+ lf θ̇

zsfr
= zs − tfφ+ lfθ

żsfr
= żs − tf φ̇+ lf θ̇

zsrl
= zs + trφ− lrθ

żsrl
= żs + trφ̇− lrθ̇

zsrr = zs − trφ− lrθ
żsrr = żs − trφ̇− lrθ̇

(4.23)

where
mui

= mass of the wheel or unsprung mass (kg)
zs = car body displacement (m)
zsi

= car body displacement for each corner (m)
zui

= wheel displacement (m)
csi

= damper coefficient (Nm/s)
ksi

= spring stiffness (N/m)
kti = tire stiffness (N/m)

In above equations, other force components are tire forces which
are dependent on the tire sideslip angle as explained in detail in the
previous section. The sideslip angle for each tire can be written as:
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αfl = arctan( vy + lf ψ̇

vx −
tf
2 ψ̇

)− δfl

αfr = arctan( vy + lf ψ̇

vx + tf
2 ψ̇

)− δfr

αrl = arctan( vy − lrψ̇

vx + tr
2 ψ̇

)

αrr = arctan( vy − lrψ̇

vx −
tr
2 ψ̇

)

(4.24)

In above equations, tire sideslip angles depends on the correspond-
ing velocities of each tire which are discussed in detail in [116] and
Genta [63]. The terms tf and tr are described as the track widths at
front and rear respectively which are shown in Figure 4.5. In addition,
these equations include arctan since small angle approximation is no
more valid for this vehicle model.

Figure 4.8: Longitudinal wheel model

Longitudinal motion of the wheel is demonstrated in Figure 4.8
where Rt represents the effective radius of the wheel and Fx is the
longitudinal tire force. The wheel is traveling in the forward direction
with an angular velocity ω due to the acting driving torque τ on it.

The rotational equation of motion for the wheel can be expressed
as:

Iwω̇ = τ −RtFx
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4.2. Vehicle lateral dynamics

ω̇i = 1
Iwi

(τi −RiFxi
) (4.25)

Iwi
and ωi in the above equation represent the wheel’s moment of

inertia and its angular velocity respectively.

4.2 Vehicle lateral dynamics

The review of concepts of vehicle lateral dynamics will be discussed in
this section because vehicle handling in this thesis mainly refers to the
lateral vehicle dynamics.

4.2.1 Steady-state handling characteristics

When the vehicle is traveling at a constant speed and steering angle,
which results in a steady radius turn, is called steady-state handling.
Figure 4.9 shows the center of turn of a vehicle bicycle model at low
and high speeds. As seen in the Figure 4.9, center of turn lies on the
projection of the rear axle when the vehicle is turning at low speeds,
therefore the tire’s direction of heading and direction of travel are the
equal because the tires do not develop lateral force so in this case
sideslip angle of tires does not exist [66, 49]. Following equation rep-
resents the relation of the radius of turn and steering angle which is
known as Ackerman Angle:

δ = l

R
(4.26)

where l is the distance of front and rear axles and R is the radius of
turn.

On the other hand, during cornering at high speeds lateral acceler-
ation will be introduced. The sideslip angle of tires and lateral accel-
eration increase for counteracting the inertia force which is induced by
lateral acceleration so that tire’s direction will deviate from the path
of the vehicle. The sideslip angle of the vehicle is positive when the
lateral acceleration is negligible. However, sideslip angle of the vehi-
cle becomes negative at high speeds due to the presence of negative
sideslip angle at rear wheels. The relations of yaw rate and lateral ac-
celeration with the radius of circular trajectory under the condition of
steady state cornering are in the following:
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Figure 4.9: Vehicle sideslip angle for low and high speed steady state
curves [85]

ψ̇ = vx
R

ay = v2
x

R

(4.27)

4.2.2 Oversteering and Understeering

Oversteering and understeering are two terms that extensively utilized
throughout this thesis since the primary targets of the thesis is to
amend the vehicle behaviors. These two expressions are extensively
used throughout this thesis since the main objective of the thesis is
to correct these undesired vehicle behaviors. Figure 4.10 shows un-
dersteering, oversteering and neutral condition of the vehicle during
same cornering maneuver. A vehicle can be designed in a way that the
general tendency of the vehicle is oversteering and understeering.

Under the consideration of lateral acceleration, the steering angle
can be described as follows:
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4.2. Vehicle lateral dynamics

Figure 4.10: Neutral-, over- and under-steering conditions [62]

δ = l

R
+ ( mlr

Cαf
l
− mlf
Cαr l

)V
2

R
(4.28)

where ( mlr
Cαf

l
− mlf
Cαr l

) is defined as understeer gradient kus, therefore

the equation 4.28 can be rewritten as:

δ = l

R
+ kus

V 2

R
(4.29)

kus measures the handling performance of the vehicle in steady state
condition. Three cases can occur during steady state maneuvers:
1. Understeer: Kus>0 which means that rear wheels have the large
directional factor. In other words, the steering angle needs to be in-
creased with speed;
2. Neutral steer: kus=0, which means that the front and rear wheels
have the same directional ability. In other words, the steering angle
remains constant as the speed changes;
3. Oversteer: kus<0, which means that front wheels have the large di-
rectional factor. In other words, the steering angle needs to decreases
with speed.

Figure 4.11 depicts that how variations of speed affect the behavior
of steering angle on a constant radius turn until the vehicle comes
to its critical or characteristic speed. Therefore, the speed of vehicle
plays a crucial role in displaying the effect of the vehicle’s steering
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behavior. As seen from the figure, Ackerman Angle (equation 4.26)
can be used in a neutral condition. However, it is not feasible to utilize
the Ackerman Angle in understeer and oversteer conditions because the
relation between the steering angle and vehicle speed changes which are
twice of Ackerman angle until the speed of the vehicle is less than the
characteristic speed.

δ = 2l
R

(4.30)

and characteristic speed can be written as:

Vchar =
√

l

kus
(4.31)

Figure 4.11: The effect of speed on the steering angle [65]

One can realize that the steering angle decreases with the square of
the speed and becomes zero at critical speed in the case of oversteering.
This means that the vehicle is going to be unstable and it is hard to
control. It is also noteworthy to mention that lateral load transfer,
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split-µ situations, and low friction coefficient toad significantly affect
the understeer gradient which this leads to decrease the stability of the
vehicle.

4.2.3 Vehicle behavior at the handling limit

Lateral tire forces, which are generated by the interaction of road and
tire, dominate lateral vehicle dynamics. At low lateral accelerations,
the relation of vehicle response and driver steer is linear because the
behavior of tire is linear in this region. By increasing lateral accelera-
tion, the behavior of tire is going to be highly nonlinear especially close
to the handling limit. Therefore, the lateral vehicle dynamics demon-
strates unexpected behavior in response to driver steer inputs because
of inherent saturation characteristic of the lateral force in terms of tire
sideslip angle. Two cases can happen during the handling limit [76]:
1. If the lateral tire forces of the rear axle pass the saturation point
before those of the front axle, the further increase in sideslip motion
and then in tire slip angle will increase front tire forces and decrease in
rear tire forces. The resulting yaw moment will, therefore, accelerate
the yaw motion and lead to vehicle instability and spin. 2. If the lateral
forces of front tires exceed the saturation point before the lateral forces
of rear tires, the opposite status will happen and yaw moment which is
generated by lateral forces to balance between the front and rear axles
will counteract the yaw motion. In other words, the vehicle is going to
understeer condition. In other words, the driver is not able to control
the direction of the vehicle through the turning the steering wheel due
to the insufficiency of tires lateral forces which leads to decrease the
authority of front axle in controlling the directional behavior of the
vehicle.

4.2.4 Lateral vehicle dynamics regimes

As discussed in Chapter 2, each subsystem has its fundamental function
and effective region over the entire range of vehicle handling regimes.
Consequently, three distinct areas corresponding to the level of lateral
acceleration of the vehicle can be described for formulating the control
tasks for standalone and integrated control systems.

Low the range of lateral acceleration is from 0 to 0.3g which depicts
normal cornering

Mid the range of lateral acceleration is from 0.3g to 0.6g which demon-
strates moderate to vigorous cornering
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High the range of lateral acceleration is from 0.6 to limit, which shows
severe cornering approaching handling limit

The first region described as low lateral acceleration region is distin-
guished by low vehicle sideslip angle and the different phase of lateral
acceleration and yaw rate is small. The moderate cornering region
occurs with rapid driver steer inputs which leads to increase vehicle
sideslip angle and lateral acceleration. Large and rapid steering inputs
and a quick transition from throttle to brake lead to severe cornering
(High range of lateral acceleration region).

Basically, low lateral acceleration region can be categorized as the
linear regime, while the mid and high can be classified as nonlinear
handling regime. It is noteworthy to point out that the selection of
boundaries between regions is flexible and it can be affected by condi-
tions of road surface (µ) [44].

4.2.5 Control targets

In order to design controller, the first step is to clearly define the control
objectives for individual control algorithms. In this thesis, the control
objectives are relevant to various aspects of the vehicle handling be-
havior to be enhanced. After analyzing lateral vehicle dynamics, three
aspects are identified as:

• Safety

• Performance

• Comfort

Safety

The stability of the vehicle can be in danger when the vehicle is close
to handling limit. Consequently, the vehicle should be stabilized at all
conditions in terms of active safety point of view. Therefore, the task
of the controller is to keep vehicle stability under the wide range of
driving situations, especially in critical situations.

Performance

The performance of the vehicle depends on several factors such as lat-
eral acceleration, understeer gradient, and yaw rate. Increasing the
performance of the vehicle means:

• Having higher lateral acceleration
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• Decreasing the kus as much as possible and the ideal one is be-
coming zero or negative

• Extending the linear region of understeer coefficient as far as pos-
sible

• The higher limits of handling with more lateral acceleration in
order to increase response time and change trajectory

Comfort

In this thesis, the third control target is the reduction of the roll angle
of the vehicle body during cornering maneuvers. This target improves
the comfort feeling transmitted by the vehicle to the passengers. In
addition, it decreases the variation of the characteristic angles, par-
ticularly camber angle, between the tires and the road plane during
vehicle turning.

4.3 Summary

This chapter discussed the development of various vehicle dynamics
models. It began by describing the development of tire model for sim-
ulation purposes. Then a detailed discussion about the development of
basic theory of vehicle dynamics followed by various vehicle dynamics
models with increasing complexity has been conducted. On the other
hand, description of lateral vehicle dynamics has been introduced. This
section included steady state and transient vehicle handling behavior,
definition of oversteer and understeer conditions, lateral vehicle dy-
namics regime and control objectives.
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Chapter 5

Design of Dynamic Stability
Subsystem Controllers

5.1 Introduction

Nowadays, car manufacturers develop automotive as a combination of
passive systems. Operation of these vehicles under various situations
such as dry and smooth roads at moderate speeds is acceptable. Dy-
namic behaviors to driver inputs are predictable in these conditions
such as steering, acceleration, and braking. As mentioned in ??, this
part of a region of driving is named as the linear operating or driving
region. When the vehicle is in the linear region driver takes pleasure of
driving. However, the dynamic behavior of the vehicle to the driver’s
input is less under severe situations such as slippery, uneven road or at
high speeds or in harsh maneuvers. The name of this region of driving
is nonlinear driving region. Driver, occupants, and pedestrian are in
danger as long as the vehicle is inside the nonlinear region. For tackling
the drawbacks of a passive vehicle, the active chassis system is intro-
duced in order to increase predictability of behavior of dynamic under
severe conditions [58]. Also, active chassis control systems are able to
enhance the comfort and response of vehicle in various maneuvers.
Therefore, for tackling the problems of the passive vehicle, various ac-
tive chassis control systems are developed to improve the different as-
pect of vehicle handling which is listed below:

• Normal load control by active suspension

• Active aerodynamics control

• Active four-wheel steering

• Hydraulically interconnected suspension
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• Active Anti-roll bar system

• Electronic stability control

• Torque vectoring control

All active control systems were modeled and tested numerically.
The vehicle model used for numerical simulation was developed in Mat-
lab/Simulink environment. A 14 DoF model derived from the commer-
cial software VI-CarRealTime was imported in Simulink and interfaced
with models for the actuators and the control logic. The parameters
of the vehicle are reported in Table 5.1. The performance of the con-
trolled vehicle was eventually evaluated and compared to that of the
passive one in a series of open-loop handling maneuvers.

Models of active control subsystems are in some cases simplified
with respect to the state of art of such systems implemented on board.
The goal of the modeling is to provide a reasonable estimate of con-
trol’s response and its effect on vehicle’s dynamics. In this way, it will
be possible to enable the performance of each controller alone and to
develop a logic for their interaction.

5.2 Normal load control by active suspension

5.2.1 Introduction

Most of the research papers on active suspension are focused on control-
ling body movement, (heave, pitch, and roll) for improving comfort or
increasing road holding. However, it is suggested to enhance vehicle’s
stability by controlling the body acceleration through active suspen-
sion; In particular, vertical and pitch accelerations are generated by
the suspension system so that the resulting inertial forces can alter the
normal load’s distribution. The idea of control logic is to exploit ac-
tive suspensions to produce a longitudinal load transfer (the front to
the rear axle or vice versa) in order to stabilize the vehicle during fast
transients. Longitudinal load transfer is a simple technique used by the
experienced driver for controlling oversteer or understeer: deceleration
caused by braking increases normal loads on front wheels thus reducing
understeer. Oversteer can be controlled with a moderate acceleration
causing the normal load on the rear axle to increase.
In ordinary driving, longitudinal load transfer is a consequence of the
longitudinal acceleration of the vehicle. Active suspensions can gen-
erate a system of internal forces inside the vehicle in order to control
the heave, pitch and roll motion of chassis. In principle, a longitudinal
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Table 5.1: Vehicle model in Simulink environment

Vehilce parameters Values

m (vehicle mass) 1302 kg

ms (sprung mass) 1148 kg/rad

l (wheelbase) 2.920 m

lf (didstance of CoG to front axle) 1.56 m

lr (distance of CoG to rear axle) 1.35 m

tf (front track width) 1.76 m

tr (rear track width) 1.74 m

hCoG (height of CoG) 0.41 m

steering gear ratio 22.29

Cαf
(cornering stiffness for front) 75,784 N/rad

Cαr (cornering stiffness for rear) 84,160 N/rad

Ixx (moment of inertia about x-axis) kgm2

Iyy (moment of inertia about y-axis) 722.902 kgm2

Iyy (moment of inertia about y-axis) kgm2
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load transfer can be obtained with a proper combination of vertical and
pitch accelerations produced through active suspensions. The stroke of
actuators used in active suspensions is usually in the order of ±0.1 m.
As a consequence, this kind of control can be utilized only for small
periods of time, resulting in suitable for an emergency control during
fast transients.

5.2.2 Active longitudinal load transfer control

Effect of longitudinal load transfer on understeer coefficient

Experienced drivers use longitudinal load transfer to alter the response
of the vehicle in terms of oversteer or understeer. The normal load has a
direct influence on tires cornering stiffness; therefore, longitudinal load
transfer produced by deceleration can increase the cornering stiffness
of front axle while reducing the cornering stiffness of the rear axle. The
opposite effect can be obtained by accelerating the vehicle. To quantify
the effect of longitudinal load transfer in affecting the vehicle response,
it is possible to evaluate the understeer coefficient for the vehicle used
in numerical simulations.
The following analysis does not aim at evaluating the vehicle’s response
to critical conditions; its goal is just to provide an idea of the potential
of longitudinal load transfer in affecting understeer/oversteer behavior.
The understeer coefficient kus can be defined as [208].

kus = Wf

Cαf

− Wr

Cαr

(5.1)

where Wf and Wr represent the static load on individual front and
rear tires, respectively, and Cαf

and Cαr are the cornering stiffness
of front and rear axle. Tire–road contact forces in the vehicle model
used in the numerical analysis are described in section 4.1.3. Accord-
ing to equation 5.1 dependence of cornering stiffness on normal load is
non-linear and can be estimated according to MF-tire model as follows:

Cα = PKy1Fz0sin(2arctan( Fz
PKy2Fz0λFz0

))λFz0
λKy(1− PKy3|γ|) (5.2)

In equation 5.2, Fz is the normal load acting on the tire, Fz0 a refer-
ence normal load and γ the camber angle; the other parameters PKy1,
PKy2 and PKy3 are experimentally identified. λFz0

, λKy are scaling
factors. Values used in the vehicle model are listed in Table 5.2.
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Table 5.2: Coefficients used in MF-tire model

Mf-tire coefficients Values

PKy1 (parameter of MF-tire) 12.96 1/rad

PKy2 (parameter of MF-tire) 1.712 1/rad

PKy3 (parameter of MF-tire) 0.1217 1/rad

λFz0
(scaling factor of MF-tire) 1

λKy (scaling factor of MF-tire) 1

Fz0 (reference normal load) 4120 N

The static loads on the front and rear axle for the vehicle used in
this thesis are close to 6000 N and 6900 N, respectively; the weight
distribution is thus 46-54. A longitudinal acceleration of 3 m/s2 can
produce a longitudinal load transfer of 550 N from front to rear axle.
This means that a moderate acceleration can change the normal load
on tires by 8-9%. Using formulation 5.2, the understeer coefficient of
the vehicle was computed considering the effect of longitudinal accel-
erations between -3 and 3 m/s2. Figure 5.1 reports the value of kus for
longitudinal load transfers ∆Nx between -550 and 550 N. As can be
observed, when no load transfer is generated, the vehicle presents an
understeer coefficient close to -0.002 rad, associated with a moderate
oversteer response. It is noticeable how negative load transfers (cor-
responding to deceleration) significantly emphasize this behavior. On
the other side, positive load transfers can even turn the vehicle into
an understeering one. Globally, a longitudinal load transfer below 10%
the static load can change kus by 8.4e−3 rad/kN.

To get a better idea of the significance of the result, it is interesting
to evaluate the effect of a common device used to alter the vehicle’s
response again based on normal load distribution. Lateral load transfer
while cornering distributes over the front and rear axle according to the
roll stiffness ratio η, usually tuned with anti-roll bars. Owing to a non-
linear effect of normal load on tire cornering stiffness, a load transfer
from inner to outer tire decreases the cornering stiffness of an axle.
Proper settings of anti-roll bars thus modify the oversteer/understeer
tendency of a vehicle. Figure 5.2 shows the effect of lateral load transfer
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Figure 5.1: Understeer coefficient VS longitudinal load transfer

∆Ny on kus for different values of η; maximum values for ∆Ny are
obtained with a lateral acceleration of 3 m/s2 . When the load transfer
is directed toward the rear axle, oversteer response is enhanced while
the opposite effect can be obtained with values of η higher than 0.5.
It is noteworthy that, for load transfers close to 15% the static normal
load, the effect on kus is at most 1.7e−3 rad/kN. Longitudinal load
transfer is thus a powerful mean for changing vehicle’s response due to
direct increase/decrease of total normal load on an axle. Lateral load
transfer relies instead on a non-linear effect of load transfer between
the wheels of the same axle, thus resulting in a more limited effect.

Considering the effectiveness of longitudinal load transfer in affect-
ing vehicle’s behavior, this research explores the idea of controlling it
by active suspensions. A vehicle with active suspensions is generally
equipped with four actuators at the four corners, allowing the control of
the relative motion between car-body and unsuspended masses. Actu-
ators can only generate a system of internal forces; therefore, the only
way to influence normal load distribution through active suspensions
is to control the accelerations of the car-body. This control strategy

74



5.2. Normal load control by active suspension

Figure 5.2: Understeer coefficient VS lateral load transfer for different roll
stiffness ratios

can inevitably have an impact on riding comfort; however, consider-
ing that this system should activate only in an emergency condition to
recover vehicle’s stability and directionality, this can be regarded as a
drawback of minor relevance. The following simple model shows how
load transfer can be obtained by generating a suitable combination of
heave and pitch acceleration.

Referring to Figure 4.7 in section 4.1.4, the total normal loads on
front and rear axles can be determined as:

Ff = Fsf
+ ∆Nfref

= msglr
l

+ msz̈lr
l
− msaxhCoG

l
− Iyyθ̈

l

Fr = Fsr + ∆Nrref
= msglf

l
+ msz̈lf

l
+ msaxhCoG

l
+ Iyyθ̈

l

(5.3)

In equation 5.3, Fsf
and Fsr represent the static load acting on

front and rear axle, respectively; ∆Nfref
and ∆Nrref

are instead the
load transfers caused by longitudinal, vertical and pitch acceleration.
Load transfers can be easily evidenced:
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∆Nfref
= msz̈lr

l
− msaxhCoG

l
− Iyyθ̈

l

∆Nrref
= msz̈lf

l
+ msaxhCoG

l
+ Iyyθ̈

l

(5.4)

Assuming that target values ∆Nfref
and ∆Nrref

are requested, the
combination of vertical and pitch acceleration allowing to obtain them
can be easily determined, solving equation 5.4 with respect to z̈ and θ̈:

z̈ref =
∆Nfref

+ ∆Nrref

ms

θ̈ref =
∆Nrref

lr −∆Nfref
lf −msaxhCoG

Iyy

(5.5)

Under the hypothesis of a rigid body, equation 5.5 allows estimating
the reference values for vertical and pitch accelerations of the chassis
associated with desired values of normal loads at the contacts. It is
interesting to point out that front and rear load transfers are indepen-
dent variables, i.e., it is possible to control the load on front and rear
axle separately. This is not allowed when the load transfer is produced
by longitudinal acceleration alone.

It is clear that this control strategy can be applied only for a fraction
of seconds due to the limits of the stroke of the actuators (related
to the limits of relative motion between suspended and unsuspended
masses). However, considering its potential effectiveness, it could result
useful to maintain vehicle’s stability during transient conditions. In the
following, a scheme of control logic is proposed.

Proposed control logic

The general schematic of the control logic for actively control the lon-
gitudinal load transfer is shown in Figure 5.3; hereafter a description
of each block is provided.
Reference setting: This block identifies the target heave and pitch
accelerations ( z̈ref ,θ̈ref ) on the basis of vehicle’s response. The input
for this block is the difference between lateral acceleration ay and the
product, vxψ̇.

For the sake of simplicity, in the following ay and ψ̇ are assumed
positive in sign: this happens in a left-hand curve, according to the sign
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convention adopted in the numerical model. The input of the control
logic is in fact |ay| − vx|ψ̇| so that the turn direction is considered.

During steady-state cornering the difference ay−vxψ̇ is zero, while in
transient its value may be positive or negative. Positive values indicate
that the vehicle is generating lateral acceleration but the corresponding
rotation along the vertical axis is too slow with respect to the regime
value. In other words, yaw rate has to be increased, and this can be
done by shifting the normal load from the rear to the front axle. If
the term ay − vxψ̇ is negative, the vehicle is turning around a vertical
axis too fast concerning the lateral acceleration; in this case yaw rate
should be decreased by shifting the normal load from front to rear axle
to stabilize the vehicle.

Figure 5.3: Schematic diagram of control logic

The normal load variations ∆Nfref
and ∆Nrref

are determined ac-
cording to the graphs presented in Figure 5.4. Basically, variations of
normal load are assumed to vary almost linearly with the term ay−vxψ̇.
A dead zone is introduced to avoid control activation for small values
of ay − vxψ̇. In addition, normal load variations on front and rear axle
are saturated at 25% corresponding to static load. At this research
stage, parameters of tables reported in Figure 5.4 were tuned empir-
ically. Once normal load variations are identified, z̈ref and θ̈ref are
determined according to equation 5.5.

Feedforward contribution: This block provides forces of FFFf

and FFFr by using z̈ref and θ̈ref . The following relations can be derived,
under the hypothesis of rigid body [131]:

FFFf
+ FFFr = msz̈ref

− FFFf
lf + FFFr lr = Iyyθ̈ref

(5.6)

Solving equations 5.6 leads to:

FFFf
= 1
l
(msz̈ref − Iyyθ̈ref )

FFFr = 1
l
(msz̈ref + Iyyθ̈ref )

(5.7)
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Figure 5.4: Reference of front and rear axles normal force according to
lateral dynamics

Feedback contribution: The feedback block monitors the values
of accelerations on the chassis and modifies output forces ( FFBf

and
FFBr ) based on the difference between reference and actual values.
Corrective terms are determined according to equation 5.8

FFBf
= 1
l
(ms(z̈ref − z̈)− Iyy(θ̈ref − θ̈))

FFBr = 1
l
(ms(z̈ref − z̈) + Iyy(θ̈ref − θ̈))

(5.8)

5.2.3 Actuator model

Modeling of actuators is required to consider the delay introduced by
their dynamics. No specific choice was made about the actuators tech-
nology: in the numerical model, they are considered as components in
order to provide a force following a reference with a given bandwidth
and limits on the maximum force and power absorption. The reference
force is determined by the control logic passes through a second-order
transfer function representing the dynamics of the actuators; a band-
width of 20 Hz is assumed as shown in Figure 5.5. Force and power
limits were set to 2 kN and 10 kW, respectively.
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Figure 5.5: Scheme of a suspension

Maximum stroke of actuators plays a significant role in affecting
the performance of the control: heave and pitch accelerations can be
in fact applied only as long as relative motion between suspended and
unsuspended masses is possible. So it is important to address that
in setup and logic to avoid reaching the limits of suspension stroke
and undesirable effects on vehicle ride height and comfort. At present
research stage, no direct check on actuator position is introduced in
the control logic. To prevent the actuator to reach its limits, actuators
activate when ||ay| − vx|ψ̇|| > 3 ; as a consequence, forces are applied
for brief moments to avoid reaching the stroke limitation. The position
of actuators is controlled a posteriori to check its plausibility.

5.2.4 Numerical results

As seen from the description of the control logic, the stability of the
vehicle is controlled by changing its oversteer/understeer response. Ex-
cess or lack of yaw rate is corrected through active suspensions which
are employed to generate an appropriate longitudinal load transfer.
The performance of the proposed control logic was tested numerically
analyzing the dynamics of the vehicle model previously described when
subjected to a series of open loop maneuvers. In particular, step steer
and lane change were analyzed. Open loop maneuvers were inten-
tionally used to put into evidence the vehicle’s response, without any
correction by a driver. Besides, selected maneuvers are quite typical in
emergency situations like obstacle avoidance.
Figure 5.6 refers to a step steer maneuver performed at 100 km/h with
a final steer angle of 90° (steer at wheels is up to 4°). The step steer is
completed in 0.1 s and is performed on dry road (µ= 1).
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Figure 5.6: Simulation results relevant to step steer maneuver (90°) on a
dry road

Figure 5.6(a) refers to the yaw rate signal and compares the passive
vehicle (red dotted line) with the actively controlled one (blue line):
the amplitude of the first peak at 1.3 s is similar for the two vehicles,
while the following oscillations are clearly damped-out by the active
control. The comparison between the signals of lateral acceleration
(Figure 5.6(c)) shows that both vehicles reach the same regime condi-
tion but the controlled one displays lower overshoots. In other words,
the control makes the vehicle more stable without decreasing its speed.
The analysis of Figure 5.6(b) reveals that the control logic is able to
reduce the peak of sideslip angle by 25% (from 12° to 9°). As last,
Figure 5.6(d) shows the time history of ay − vxψ̇ for the two vehicles.
Considering the red dotted line, it is possible to notice how the first
phase of the maneuver (1.1–1.75 s) is characterized by an excess of yaw
rate; in a second phase (2.3–2.5 s) yaw rate is instead too low compared
to the level of lateral acceleration. The actively controlled vehicle dis-
plays a better behavior especially in the second part of the maneuver
where the difference ay − vxψ̇ is closer to zero, indicating a condition
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closer to steady state.

Figure 5.7: Actuator force and power corresponding to step steer maneuver

To have a better insight on control intervention, Figure 5.7 shows
the time histories of forces developed by actuators and power consump-
tion of actuators. As seen in Figure 5.7(a), the control activates in the
first phase, when there is an excess of yaw rate. The controller’s re-
sponse increases the cornering stiffness of the rear axle while reducing
the cornering stiffness of the front axle. Owing to the shortage of yaw
rate in the second phase, the controller increases the normal force on
the front axle and vice versa on the rear axle. The vehicle’s response
is moved towards a regime condition after controller actions. Figure
5.7(b) is relevant to the power consumption of each actuator in this
maneuver.

Results shown in Figure 5.8, are referred to the same maneuver this
time performed on a wet road (µ = 0.7). Time histories on yaw rate
and lateral accelerations (Figure 5.8(a) and (c)), show that the vehicle
response becomes less stable with a slippery road; again the control
is able to reduce overshoots, especially in yaw rate. Figure 5.8(b) is
relevant to the sideslip angle of the vehicle and compares passive vehicle
(red dotted line) with actively controlled one (blue line): the active one
can effectively reduce the peak of sideslip angle by 15% (from 13° to
11°) in comparison with passive one. The first control intervention
(1.1–1.75 s) is similar to what observed in Figure 8: as the vehicle
develops an excess of yaw rate, the controller increases the cornering
stiffness of rear axle while reducing the one on the front axle. The
vehicle displays then an excess of lateral acceleration in the second
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Figure 5.8: Simulation results relevant to step steer maneuver (90°) on a
wet road

phase (2.3–2.7 s) and the controller activates to reduce the load on the
rear axle and increase the load on the front one. This second phase
lasts a little bit longer when the maneuver is performed on the wet
road.

Lane change represents an emergency maneuver that a driver per-
forms when trying to avoid an obstacle and recover the running direc-
tion. The open-loop test allows analyzing the response of the vehicle to
the same driver’s input when normal load control is active or not. Fig-
ure 5.9 refers to simulation results related to a lane change maneuver
performed at 150 km/h with a final steer angle of 45° (corresponding
to a tire rotation of about 2°). Figure 5.9(a) refers to the yaw rate:
the first peak of the yaw rate is slightly smaller for the controlled ve-
hicle; this small difference actually allows the vehicle to better follow
the steering input. The actively controlled vehicle clearly anticipates
the response of the passive one which takes too long to change the sign
of yaw rate and recover the original running direction. As shown in
Figure 5.9(c), the trajectories of the two vehicles are dramatically dif-
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ferent: the actively controlled vehicle completes the lane change, while
the passive one is less prompt and exits the maneuver with a totally
wrong angle. This means that it would be much easier for a driver to
complete this maneuver with the actively controlled vehicle.

Figure 5.9: Simulation results relevant to lane change manoeuvre (45°) on
a dry road

5.3 Active aerodynamics control

5.3.1 Introduction

This section investigates the effect of actively controlled spoilers on the
normal load distribution on the front and rear axle in order to stabilize
the vehicle under severe maneuvers. The control logic is tested using
a non-linear numerical model of a vehicle equipped with two spoilers
approximately located above front and rear axles. The spoilers are
controlled independently to change the angle of attack of spoilers so
that they can produce downforce or lift-force to alter the normal load
distribution between front and rear axles. So the control logic is able to
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change the vehicle’s response regarding oversteer or understeer. There-
fore, this section is dealt with altering normal load distribution by using
front and rear spoilers to generate down and lift forces in a way that
vehicle can overcome oversteer and understeer tendency in cornering
maneuvers at high speeds. A precise model of the actuating system
is included so that delays bandwidth and motor specifications of ac-
tuators are considered. Numerical simulations have been carried out
considering step steer, lane change, fishhook and step steer maneuvers
and comparing the response of passive and active vehicles. Robust-
ness of the control to changing of friction coefficients was also verified
numerically.

5.3.2 Control logic of active aerodynamics

As stated in the introduction, the aim of proposed active control in this
thesis is to change the angle of attack of the front and rear spoilers so
that the desired distribution of normal load is obtained. In particular,
the control logic tries to regulate the normal load on front and rear axle
to avoid excessive oversteer or understeer response, especially during
transients. The controller consists of two layers, where the upper layer
monitors the vehicle condition (understeering/oversteering), while the
lower layer calculates the angle of spoiler and controls the actuators
with respect to vehicle condition. As shown in Figure 5.10, the control
process can be divided into three phases:

1. In the first one, a look-up table is used to determine the desired
normal load distribution according to current vehicle dynamics;
2. In the second phase, look-up tables are utilized again to determine
the angles of attack of front and rear spoilers so that that target normal
loads can be obtained;
3. As for last an actuation system is used to effectively move the spoil-
ers.

Figure 5.10: Schematic of the control strategy
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5.3.3 Reference of normal loads for front and rear axles

Active aerodynamics offers the opportunity of increasing total normal
load on the tires without increasing the vehicle’s weight [15]. This
clearly improves the road holding and the maximum lateral acceleration
[164]. In parallel, active aerodynamics allows the continuous regulation
of balance, i.e., normal load distribution between front and rear axle.
This effect has an obvious impact on understeer/oversteer behavior
since increasing the normal load on one axle has a direct influence
over its cornering stiffness. The simple 2D model of Figure 5.11 shows
how forces and moments produced by the spoilers allow controlling the
distribution of normal loads between front and rear axle [32].
where
FDi

=drag force of front and rear spoiler
FLi

=lift/down force of front and rear spoiler
Mi=torque of front and rear spoiler
hf=height of front spoiler (0.6 m)
hr=height of rear spoiler (0.8 m)
d=longitudinal distance of front spoiler to CoG (1.86 m)
e=longitudinal distance of front spoiler to CoG (1.65 m)

Figure 5.11: 2D schematic of the vehicle model

Considering the schematic of Figure 5.11 and using equation 5.3,
normal force of front and rear axle can be obtained as follows:

Nf = −
FDf

+ FDr +Mf +Mr + FLf
(lf − d) + FLr(lr + e)

l

Nr = −
FDf

+ FDr +Mf +Mr − FLf
(lf − d)− FLr(lr + e)

l

(5.9)
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Controlling the angle of attack of the front and rear spoilers changes
the values of front and rear aerodynamic forces and moments in order to
control normal load distribution. Since aerodynamic forces can change
the total value of vertical force on axles, normal loads on the front and
rear axle can be controlled independently. The first step of control logic
consists in determining the desired values of load transfers. A simple
approach is used which is explained in the previous section, based on
the index Ilat:

Ilat = ay − vxψ̇ (5.10)
The goal of proposed control logic is to keep Ilat, as low as possible

in order to have a predictable behavior of the vehicle. In addition, this
control implicitly supports the driver’s command: when the driver set
a steering angle while traveling at a speed vx, the control logic helps the
vehicle to reach a steady state condition and compensate excessive or
insufficient yaw rate. Based on the index of Ilat, the control logic tries to
alter the front-rear normal load distribution according to the relations
reported in Figure 5.12 which was tuned with a series of numerical
simulations to understand required forces by the vehicle in different
speeds in order to stabilize the vehicle. The numbers of simulation
have been done to develop the table according to required forces with
respect to Ilat to stabilize the vehicle.

Figure 5.12: load transfer as function of Ilat, for front and rear axles

5.3.4 Reference of angle of attack for front and rear spoilers

Once the reference load transfers are determined, the angles of attack
of the front and rear spoilers have to be set, so that combination of
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Figure 5.13: Lift-force and mo-
ment coefficient of spoiler

Figure 5.14: Drag coefficient of
spoiler

drag force, lift force and aerodynamic moment allows obtaining the
desired load transfer. A convenient way for describing the aerodynamic
characteristics of a spoiler is to plot the values of the coefficients against
the angle of attack, which is the angle between the plane of the wing
and the direction of (relative) wind. For this work the aerofoil reported
in [1] was considered. The aerodynamic coefficients of the aerofoil used
for numerical simulations are reported in Figures 5.13 and 5.14 where
they are plotted as the function of the angle of attack.

A cambered profile is chosen so that a downforce is developed when
the angle of attack is zero. Main dimensions of front and rear spoilers
applied on the car are reported in Table 5.3.

Table 5.3: Main dimensions of adopted spoilers

spoiler dimension value

Cord length 0.2 m

Cord width 1.3 m

Cord area 0.26 m2

The identification of the angles of attack required to obtain the
desired normal loads is performed through look-up tables defined ac-
cording the process described in the following. A number of numerical
simulations was carried out considering the vehicle running on straight
track at 100, 150, 200 and 250 km/h. For each speed, different com-
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binations of the angle of attack of front and rear spoilers (respectively
αf and αr) were considered: in particular, each angle of attack was
changed in the range 8° to -15° with a resolution of 1°. The relations
Nf (αf , αr, vx) andNr (αf , αr, vx) were thus identified: Figures reports
these functions for a speed of 150 km/h.

Figure 5.15: Aerodynamic loads
on front as function of the angles
of attack at 150 km/h

Figure 5.16: Aerodynamic loads
on rear as function of the angles of
attack at 150 km/h

Figure 5.17: Angle of attack for
front spoiler required to obtained
a desired load transfer on rear axle
(V=150 km/h)

Figure 5.18: Angle of attack for
rear spoiler required to obtained a
desired load transfer on rear axle
(V=150 km/h)

It is possible to determine the relations Nf (αf , αr, vx) and Nr (αf ,
αr, vx) by using the same simulations data in order to identify the an-
gles of attacks required to generate desired load transfers (Figures 5.17
and 5.18). A look-up table approach is used to determine the values
of angles of attack for given speed and the combination of front and
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rear load transfers. In this approach, aerodynamic forces and moments
are computed according to a quasi-static theory neglecting the effect
of car-body motion on the angle of attack. Also, the response of the
rear spoiler is assumed not influenced by the wake of the front one.

5.3.5 Spoilers actuation

The active aerodynamic system consists of two separate actuators,
which rotate the spoilers and adjust the desired angle of attack. The
controllers of these actuators are the lower layer of the controller sys-
tem. The actuator of the system is an electric linear actuator which
is controlled by using a PID controller. Parameters of the motor are
derived from a commercial electric motor to ensure to have a band-
width of 5 Hz when a vehicle travels at 200 km/h. This bandwidth is
adequate for controlling vehicle handling. All parameters, bandwidth,
and delay are considered in developing the actuator. Specifications of
the actuator are reported in Table 5.4.

Table 5.4: Specifications of actuator

Actuator specification value

maximum current 100 A

maximum torque 5 Nm

maximum angular velocity 100 rad/s

electrical resistance 0.0046 Ω

electrical inductance 0.00001 H

moment of inertia 8.9621 × 10(−7) kgm2

transmission ratio 0.15

transmission efficiency 0.9
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Figure 5.19: Simulation results
of step steer maneuver for various
velocities on dry road - passive ve-
hicle

Figure 5.20: Simulation results
of step steer maneuver for various
velocities on dry road - actively
controlled vehicle

5.3.6 Numerical analysis

In this section, the performance of the active aerodynamic system is
evaluated by using the results of computer simulations. In particular,
the analysis is carried out considering a series of open loop maneuvers;
in this way, the response of the vehicle itself (i.e., without driver’s in-
tervention) can be assessed. First results presented are related to slow
ramp steer up to 100° (steer at wheels is up to 4.5°) maneuvers to ana-
lyze the steady state response of the vehicle. In particular, the vehicle
is running on dry asphalt at 150, 200 and 250 km/h while the steering
wheel reaches 100° in almost 5 s.
Figure 5.19 depicts the response of the passive vehicle in terms of steer
angle VS lateral acceleration and sideslip angle VS lateral acceleration.
It is interesting to point out that how an increasing speed allows reach-
ing higher lateral accelerations due to characteristics of the controller;
i.e., the spoilers develop downforce also when the angle of attack is zero.
The understeer gradient in the linear zone decreases with increasing
speed. However, when considering the lateral acceleration developed
as the function of steer angle, its value decreases after reaching the
maximum. This is particularly evident at 250 km/h. In addition, the
absolute value of sideslip angle of the vehicle significantly increases for
lateral accelerations higher than 12 m/s2.

The controlled vehicle responds to the same input as shown in Fig-
ure 5.20. Increasing speed always leads to higher lateral accelerations
around the same values obtained with the passive vehicle. For 200
km/h and 250 km/h, there is a monotonic relation between lateral
acceleration and steering angle; this is partially true also for the test
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at 150 km/h where, due to the lower value of downforce, the control
struggles to achieve the same result. The proposed control logic thus
makes the vehicle more predictable and easier to control. The same
indication can be drawn looking at the sideslip angle diagram: even
when the acceleration is close to 14 m/s2, the sideslip angle is slightly
above 11°. It is noteworthy to highlight that the control logic is trying
to decrease Ilat which can lead to improving the vehicle’s response also
in quasi steady-state conditions.

The second simulation run is for the fishhook maneuver on a dry
surface road to evaluate the performance of yaw stability of control
logic. Figure 5.21 shows the comparison plots of the passive and active
vehicle. They show that the vehicle - with the controller ON and
OFF – had the same steering input (fishhook of magnitude 90 degrees)
and constant speed (200 km/h). This particular steering input was
chosen because the actual vehicle was found to spin out for this steering
input during tests. In other words, this was a limit maneuver for the
vehicle and the effect of controller intervention is clearly seen in the
lateral acceleration and yaw rate response plots. The test vehicle with
controller ‘OFF’ is seen to spin out in this maneuver. For the maneuver
of the fishhook, it is observed that the peak value of sideslip angle for
the control logic is significantly reduced by 95% ( -180°to -9°) compared
to that for passive one, as shown in Figure 5.21(b). Moreover, the peak
value of the yaw rate which is shown in Figure 5.21(a) significantly
decrease. Figures 5.21(d) and (e) show the time history of normal
forces of the front and rear axle when the controller turns ON and
OFF. Figure 5.21(c) represents the lateral acceleration behavior of the
vehicle. As seen in the Figure 5.21(c), passive and active vehicle have
completely different behavior because the passive one is out of control.
Figure 5.21(f) shows the time history of the angle of attack for front
and rear spoilers which dotted lines demonstrate the reference angle of
airfoils, and solid lines represent the actual angle of attack of airfoils.

Figure 5.22 refers to a lane change maneuver performed at 200 km/h
with a final steer angle of 45°(steer at wheels is 2°) on the dry road.
The Figure 5.22(a) refers to the yaw rate of the vehicle and compares
passive vehicle (red dotted line) with actively controlled one (blue line):
the active control allows reducing the overshoots reducing the time
required to reach the regime condition. The analysis of Figure 5.22(b)
reveals that how the control allows reducing the peak of sideslip angle
by 96% (from -180°to -6°), thus indicating a significant improvement in
vehicle’s stability. The Figure 5.22(c) shows the time history of ay-vxψ̇
for the two vehicles. Considering the red dotted line, it is possible to
notice that how the first phase of the maneuver (1-1.9 s) is characterized
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Figure 5.21: Simulation results relevant to fishhook manoeuver (90°) on
dry asphalt

by an excess of yaw rate; in a second phase (1.9-2.2s), the yaw rate
is too low compared to the level of lateral acceleration. The control
intervention allows increasing of yaw rate unbalance in the leading to
a better response also in the second phase. The controller is needed
to stabilize the vehicle when the driver has to make a lane change
maneuver. The controller is utilized to control the load transfer of the
vehicle while lane changing. One of the most advantages of this control
logic is to increase the maneuverability of the vehicle. As seen in the
Figure 5.22(d), the control logic can remarkably influence tracking of
the desired trajectory in severe condition in fast transient by changing
longitudinal load transfer, but the passive one fails to track the desired
trajectory.

The third simulation run is for the lane change maneuver on a wet
surface road. The wet road is one of the toughest conditions which
vehicles are facing with. The friction coefficient of road decreases sud-
denly under this condition. This can lead to deteriorating the dynamic
capability of the vehicle. This simulation illustrates the capability of
active aerodynamics system to compensate the reduction of the fric-
tion coefficient. Results of the third simulation are shown in Figure
5.23. The Figure 5.23(b) is relevant to the sideslip angle of the vehicle
and compares passive vehicle (red dotted line) with actively controlled
one (blue line): the active one can effectively reduce the peak value of
sideslip angle by 96% (from -180° to -7°) in comparison with passive
one. As seen in Figure 5.23(c), one can understand the behavior of
vehicle by analyzing ay-vx ψ̇. In the first phase of maneuver (1-1.6 s)
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Figure 5.22: Simulation results relevant to lane change manoeuver (45°)
on dry asphalt

the vehicle starts to oversteer then the controller action is to increase
cornering stiffness of rear axle by increasing normal force for reducing
yaw rate where the angle of front spoiler is positive (lift force), and
angle of the rear spoiler is negative (downforce). In the second phase
of maneuver (2-2.2 s) the vehicle undergoes understeer regime and con-
troller increase the normal load on the front axle to raise yaw rate of
the vehicle. In the third phase of maneuver (2.2-2.8 s) the vehicle starts
to oversteer then the controller takes action to raise cornering stiffness
of rear axle by amplifying normal force for decreasing yaw rate. The
vehicle moves to the understeering regime in the fourth phase (2.8-3.9
s) then the controller activates to reduce the load on the rear axle
and increase the load on front one. Due to the shortage of yaw rate
in the fourth phase, the controller increases the normal force on the
front axle and vice versa on the rear axle. The vehicle’s response is
moved towards a regime condition after controller actions. The angles
of wings for front and rear are completely against each other due to
aim of longitudinal load transfer ash shown in Figure 5.23(f).

The last simulation which is reported in Table 5.5 is related to step
steer maneuver performed at various speeds with a final steer angle
of 30°. The step steer is completed in 0.1 s and is performed on the
dry road (µ= 1). Table 5.5 compares the overshoot of vehicle sideslip
angle and the overshoot of yaw rate in the controlled and uncontrolled
cases. When the controller is active, the vehicle significantly reduces
the overshoot of sideslip angle and yaw rate compared with the un-
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Figure 5.23: Simulation results relevant to lane change manoeuver (45°)
on wet asphalt

controlled vehicle where the passive vehicle is not able to perform the
maneuver at high speeds due to the instability. However, the overshoot
of sideslip angle of the active vehicle in the maneuver with 150 km/h
is slightly more than the maneuver with 200 km/h due to lack of suf-
ficient speed to generate down/lift forces in order to decrease sideslip
angle and stabilize the vehicle.

Table 5.5: Simulation results of step steer maneuver with final steer of 30°
at various velocities

Velocity 150 km/h 200 km/h 250 km/h

β[°] ψ̇[deg/s] β[°] ψ̇[deg/s] β[°] ψ̇[deg/s]

Passive 9.05 21.2 — — — —

AAC 5.1 18.02 5.05 19.35 5.2 20.27
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5.4 Active rear steering(ARS)

5.4.1 Introduction

The design of active steering subsystem controller will be carried out
in this section. The literature review in Chapter 2 shows that variety
of control algorithms have been applied to different active steering sys-
tems to improve steering response of the vehicle. So for investigation of
the benefits of the active steering system, ARS will be developed and
examined in this section. The control target of steerability can be con-
verted into a reference behavior where the ideal behavior of the vehicle
in response to driver steer inputs represents. Therefore, the respon-
sibility of the active subsystem controller is minimizing the deviation
between reference response and actual vehicle response. Consequently,
in this thesis, ARS controller is designed to track control strategy.

5.4.2 Vehicle model for ARS

As discussed in Chapter 2, the vehicle handling characteristics can be
modified by actively steering the rear axle in the opposite or same di-
rection of the front one. Figure 5.24 illustrates the same-direction case
for the ARS bicycle model with the rear wheel steer angle δr included.
By modifying the expression of the rear lateral tire force in the bicycle
model which influences rear tire sideslip angle αr, the equation of mo-
tion of ARS bicycle model can be obtained. For obtaining the equation
of motion of ARS model, first we need to obtain the rear tire slip angle
αr. In a similar way to the front tire sideslip angle αf , the rear tire slip
angle αr can be derived as follows:

αr = δr −
vy − lrψ̇
vx

(5.11)

Thus the following equations of motion of the 4WS bicycle model
can be derived:

By applying Newton’s second law, the vehicle dynamic equations
can be derived under consideration of lateral and yaw motions which
is in the following:

mV (β̇ + ψ̇) = Ffcosδf + Frcosδr (5.12)

Yaw motion, or moments about the vertical z-axis through the CoG:

Izzψ̈ = Ffcosδf lf + Frcosδrlr (5.13)

Hence, the vehicle motion equations are expressed by
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Figure 5.24: Bicycle model for ARS vehicles with kinematic quantities and
forces

mV (β̇ + ψ̇) = {−(Cαf
+ Cαr)β −

−(lfCαf
− lrCαr)
V

ψ̇

+ Cαf
δf + Cαrδr}

Izzψ̇ = {−(lfCαf
+ lrCαr)β −

−(l2fCαf
− l2rCαr)
V

ψ̇

+ lfCαf
δf − lrCαrδr}

(5.14)

By defining the state vector x=[β ψ̇ ]T , input vector u=[δf δr ]T
and output vector y=[β ψ̇ ]T , the vehicle model can be expressed in
the state-space form as follows:

ẋ = Ax+Bδf,r

y = Cx
(5.15)

where
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A =



−(Cαf
+ Cαr)

mV

Cαr lr − Cαf
lf

mV 2 − 1

(Cαr lr − Cαf
lf )

Izz

−(Cαf
l2f + Cαr l

2
r)

IzzV



B =



Cαf

mV

Cαr

mV

Cαf
lf

Izz
−Cαr lr

Izz



C =



1 0

0 1



(5.16)

where the reference of sideslip angle to zero and yaw rate reference is
set to:

ψ̇ref = vx

l(1 + kus
l
v2
x)
δf (5.17)

5.4.3 Linear Quadratic Regulator Control

In this section, the design of an optimal control system by is explained
by a state space formulation. The desired characteristic of the planet
behavior is utilized into a mathematical expression for achieving the
purpose. By selecting a performance index or cost function, the sys-
tem can be optimized. Minimizing cost function or performance index
makes the system to give the desired response. Therefore, an optimal
control system can be achieved by minimizing a performance index.
By assuming that u(t) is a control input The cost function J is in the
following:

J = 1
2

∫ inf

0
(xTQx+ uTRu)dt (5.18)

where
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Q=a positive semi-definite
R=a positive definite

By solving Algebraic Riccati Equation for minimizing the cost func-
tion, Q and R matrices can be derived. The parameters Q and R can
be utilized in the role of design parameters in order to penalize the
state variables and the control signals. The larger these values are, the
more you penalize these signals. Generally, it is called expensive control
strategy by choosing a large value for R for stabilizing the system with
less energy. However, a cheap control strategy is the strategy when R
is set to a small value which means that the purpose of a designer is
not to penalize the control signal. Likewise, Setting a large value for
Q implies that the stabilization of the system can be done with the
minimum possible changes in the state by the controller and choosing
a small value for Q represents less concern about the changes in the
states. Therefore, there is a trade-off between selecting the values for Q
and R. This approach is based on finding the positive definite solution
of Algebraic Riccati Equation [131], given below:

ATK +KA+Q−KBR−1BTK = 0 (5.19)

and the control input to the system is:

u = −R−1BK(t)x (5.20)

5.4.4 Actuator model

The corrective steering command from the controller is constrained by
the bandwidth of the steering actuator, which is approximated by a
second-order system function Ha [129]:

Ha = ω2
n

s2 + 2ζωns+ ω2
n

(5.21)

where ωn is the natural frequency and ζ is the damping ratio of
the steering actuator. It was suggested that an actuator bandwidth of
about 15 Hz is required to obtain acceptable performance for a vehicle,
while the damping ratio is assumed as 0.7 [143]. The relation between
natural frequency and bandwidth is as follows:

ωBW = ωn(
√

(1− 2ζ2) +
√
ζ4 − 4ζ2 + 2) (5.22)
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5.4.5 Numerical results

In order to evaluate the stand-alone ARS controller designed above,
tests of the controller will be performed on various conditions and ma-
neuvers.

Steady-state cornering

The simulation results of steady-state cornering or ramp steering at
150 km/h while the steering wheel reaches 150° in 4 seconds under two
different road surface conditions are shown in Figure 5.25. Here the
steering angle is plotted as a function of lateral acceleration for both
passive and controlled vehicles. Under both road surface conditions,
the passive vehicle is seen to reach the handling limit at low levels of
steering angle and becomes out of control.

Figure 5.25: simulation results of ramp steer maneuver for two different
road surface conditions; µ = 1 (a), µ = 0.6 (b)

As seen in Figure 5.25, the vehicle with ARS system is to be lin-
ear to much higher levels of lateral acceleration up to the handling
limit. Therefore, in the wider range of handling situations, the vehi-
cle with ARS behaves in a more predictable manner compared with
passive vehicle. These kinds of behaviors are indeed expected due to
the exploiting of the linear reference model which is utilized for ARS
controller and most of the time behaves linearly to steering inputs of
the driver. The results illustrate that the active steering extends the
linear handling region of the vehicle and prevents from entering into
the non-linear region. Thus, from the driver’s point of view, the vehi-
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cle becomes more controllable. Moreover, This specific maneuver also
depicts that ARS is robust to the variations of road surface friction.

Step steer

The simulation results related to step steer maneuver are shown in Fig-
ure 5.26. The passive and the controlled vehicle are seen to show a big
difference in this maneuver. Compared to the passive vehicle, one can,
however, observe that the controlled vehicle has better tracking behav-
ior and is able to track the reference of yaw rate while the passive one
is completely lost the reference as demonstrated in Figure 5.26(a). Fig-
ure 5.26(b) depicts the sideslip angle of vehicle where the vehicle with
ARS can significantly reduce it compared with passive one. As seen in
Figure 5.26(c), the active vehicle is able to reach the regime condition
while the passive one is not. Figure 5.26(d) shows the reference and
actual signals of actuator for rear steering.

Figure 5.26: Simulation results of constant speed step steer (90°) at
150km/h

Single lane change

The simulation results are shown in Figure 5.27. In Figure 5.27(a), the
vehicle with the ARS controller is seen to track the reference yaw rate
properly while the passive one is out of the trajectory at the first mo-
ment of steering. As seen in Figure 5.27(b), the active vehicle reduces
sideslip angle of the vehicle by 99% with respect to passive one (180°).
Also ARS reduces the peak of lateral acceleration and is able to reach
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steady state condition in 3s as shown in Figure 5.27(c). The reference
and actual signals of actuator of rear steering is demonstrated in Figure
5.27(d).

Figure 5.27: Simulation results of single lane change input with amplitude
of 45° at 150km/h

5.5 Hydraulically interconnected suspension (HIS)

5.5.1 Introduction

The working principle of HIS is shown in Figure 5.28. The HIS is
composed of double acting hydraulic cylinders, variable orifice valves,
accumulators, pipeline and pressure sensors. And there are four hy-
draulic circuits in a HIS system as seen in Figure 5.28.

The performance of the HIS depends on piston volume, system mean
pressure, fluid and material properties, valve and cylinder character-
istics, accumulator performance, and other system parameters. The
characteristics as mentioned earlier determine anti-roll capacity. The
nonlinear characteristics of the components and the compressibility of
the oil and are considered according to the software of LMS Lmagine
Lab AMESim as shown in Figure 5.29. The model includes accumula-
tors, valves, hoses, hydro-pneumatic pistons, fittings, and other com-
ponents that are commonly used in hydraulic systems. Further details
will be provided on how some of the major components are included in
the AMESim model of Figure 5.29.

Some of the components used in the system are described in the
following:
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Figure 5.28: Schematic diagram for hydraulic circuit of half-car HIS sys-
tem

Accumulator

The accumulator is a nitrogen-filled diaphragm-type hydraulic accu-
mulator. The accumulator consists of two chambers separated by an
elastomeric diaphragm. One chamber is filled with pre-charged gas and
the other with fluid (commonly a Newtonian fluid such as oil). When
the fluid pressure in the hydraulic circuit becomes higher than the pre-
charged pressure, fluid enters the accumulator chamber and compresses
the gas. A drop in fluid pressure in the circuit pushes the stored fluid
back into the system.

Valve

The hydraulic suspension system includes a series of variable orifice
valves that throttle the fluid as it passes through them, hence gener-
ating a damping force. In this analysis, the valve is modeled as a vari-
able orifice. When the pressure difference is higher than a preload (or
threshold pressure), the orifice opens according to the pressure differ-
ence across it to allow fluid passage. The orifice diameter and preload
pressure are critical to the relationship between the damping force and
velocity across the damper (i.e., damping curve), as has been detailed
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Figure 5.29: Scheme of HIS in AMESim software

in many past studies.

5.5.2 HIS Operating System

Out-of-phase and In-phase are the two main modes of operation for
HIS system.

Out-of-phase (roll mode)

In the out-of-phase mode, the two pistons move in opposite directions
(paths 3 and 4). When the vehicle turns left, the body will lean right-
wards due to the centrifugal force, causing the left piston goes up, and
the right piston goes down, fluid flows out of the left top chamber into
the right-bottom chamber. The only place for the displaced fluid is
in the accumulator in path three as shown in Figure 5.28. Pressure
then rises in this line and falls in another line due to the simultaneous
fluid flow out of the accumulator in path four as shown in Figure 5.28.
Meanwhile, the accumulators in the circuit absorb the extra oil because
of the volume difference between the two chambers above and below
the piston, due to the damper rod volume. The accumulators also serve
to stabilize the hydraulic pressure in the circuit. A force induced by the
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pressure difference tends to resist the change, thus including additional
resistance to body roll, much the same as an anti-roll bar.

In-phase mode

Parallel circuits (paths 1 and two as demonstrated in Figure 5.28) are
corresponding to the in-phase mode. When the vehicle passes steady
state condition, it starts tilting due to the torque that remained from
transient regime so, in order to avoid tilting of the vehicle, parallel lines
of HIS activate to balance between right and left sides of the vehicle.

5.5.3 Mathematical Model of Half Car

The heave and roll motions of half car model are given as follows,

msz̈s = {−ksfl
(zs −

φtf
2 − zufl

)− csfl
(żs −

φ̇tf
2 − żufl

)

− ksfr
(zs +

φtf
2 + zufr

)− csfr
(żs +

φ̇tf
2 − żufr

)

+ FHISfl
+ FHISfr

}

(5.23)

Ixxφ̈ = {
ksfl

(zs −
φtf
2 − zufl

)tf
2 +

csfl
(żs −

φ̇tf
2 − żufl

)tf
2

−ksfr
(zs +

φtf
2 + zufr

)tf
2 −

csfr
(żs +

φ̇tf
2 − żufr

)tf
2

+msayhCoG −
FHISfl

tf

2 +
FHISfr

tf

2 }

(5.24)

msz̈ufl
= {ksfl

(zs −
φtf
2 − zufl

)− csfl
(żs −

φ̇tf
2 − żufl

)

− ktfl
(zufl

− zgfl
)− FHISfl

}
(5.25)

msz̈ufr
= {ksfr

(zs −
φtf
2 − zufr

)− csfl
(żs −

φ̇tf
2 − żufr

)

− ktfr
(zufr

− zgfr
)− FHISfr

}
(5.26)
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5.5.4 The Mathematical nonlinear model of HIS

The left and right side of the HIS structure is analyzed. The oil inside
the cylinder chambers is considered compressible. The output force of
HIS can be written as:

Fl = PllAll − Pul
Aul

Fr = PlrAlr − PurAur

(5.27)

The flow equation is:

∆Pl = Pll − Pul
= 1

2
Ql

CdAl

2
sign(zl)

∆Pr = Plr − Pur = 1
2
Qr

CdAr

2
sign(zr)

(5.28)

Relation between relative velocity of piston to the cylinder and flow of
damping hole is in the following:

Ql = Allzl

Qr = Alrzr

Pvl
= Pul

− CdQl

Pvr = Pur − CdQr

(5.29)

The pressure and volume of accumulator- Pai
and Vai

(i =1, 2),
respectively-are related to the pre-charge values, Pp and Vp, as follows:

PpV
2
p = Pp1Vp1

γ = Pp2Vp2
γ = constant (5.30)

The volume of accumulator can be written as:

Val
= V0 + All(zl + tfφ

2 )− Aul
(zl −

tfφ

2 )

Var = V0 + Alr(zr −
tfφ

2 )− Aur(zr + tfφ

2 )
(5.31)

The properties of HIS systems are listed in Table 5.6.

5.5.5 Numerical Results

Open-loop maneuver is conducted to investigate the performance of
HIS.
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Table 5.6: Properties of the hydraulic interconnected suspension system

HIS properties Values

density of oil (ρ) 870kgm−3

viscosity of oil (µvis) 0.0051 Nsm−2

bulk modulus of oil (βoil) 1400 Mpa

pipeline diameter (dp) 0.0162 m

accumulator volume (Va) 0.00032 m3

pre-charge Pressure of Accumulator Pa 1 Mpa

piston area (Aij ) 0.025 m2

Ramp steer

Ramp steer maneuver is simulated on a dry asphalt in various speeds.
Particularly, the velocities of the vehicle are 80, 100 and 120 km/h
where the steering angle reaches 100° in 4 s. Figure 5.30(a) and Fig-
ure 5.30(b) depicts the response of the passive and active vehicle in
terms of steer angle VS roll angle and sideslip angle VS roll angle, re-
spectively. It is observed that there is an improvement regarding roll
angle by comparing active and passive figures. In the figure of δ − φ,
reducing in roll angle can be notified by exploiting HIS. Moreover, it
is interesting to emphasis that HIS is also beneficial for yaw control
by decreasing the slightly sideslip angle of the vehicle while it is not
significant improvement regarding ay.

Step steer

After analyzing the performance of HIS in steady-state conditions, step
steer maneuver is chosen in order to evaluate the performance of HIS
in the transient condition. The step steer is completed in 0.1 s and is
performed on a dry road (µ= 1) at the velocity of 100 km/h. Figure 5.31
depicts roll angle, roll velocity and roll acceleration, respectively. By
looking at Figure 5.31, one can understand the effects of HIS in reducing
the roll motion, avoiding oscillations and stabilizing the vehicle much
faster than the passive one.
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Figure 5.30: Simulation results of ramp steer maneuver for various veloc-
ities on dry road; passive vehicle (a), vehicle with Hydraulically Intercon-
nected Suspension (b)

5.6 Active Anti-Roll Bar (AARB)

This section will focus on understanding the vehicle dynamic behav-
ior under the influence of active anti-roll bar mechanism. In order to
simulate the vehicle behavior, a linear four degrees half car model is
developed as well as active anti-roll bar model. The objective of this
section is to show the capability of active anti-roll bar to enhance the
behavior of vehicle dynamics under several roll induced maneuvers.

5.6.1 Introduction

As some of the requirements for achieving good handling characteristics
are contradictory to those required for a ride, a compromise must be
made to achieve a reasonable ride-handling balance. This trade-off is
engineered mostly by varying body stiffness, suspension tuning, and
anti-roll bars. While body stiffness is a passive component, extensive
research has been done on active suspension, and the technology is
successfully implemented in most premium cars today. However, the
amount of research on development in active ARB has been relatively
lacking. Earliest active ARB systems were hydraulic, and until recently,
they have been the predominant choice for electromechanical systems.

Active ARB systems provide the ability to vary the effective stiff-
ness of the chassis and thus, reducing the amount of trade-off required
in balancing ride and handling characteristics. Supported by suitable
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Figure 5.31: Simulation results of step steer maneuver with final amplitude
of 90° at 100 km/h

actuator control for ARB, the chassis can be made stiffer to provide
better agility during cornering or made softer in rough road conditions
to improve ride comfort characteristics.

The second target of the AARB system is to reduce the body sideslip
angle and body yaw rate oscillations during dynamic maneuvers, like
a double lane change. This target can be obtained through a dynamic
variation of the roll stiffness distribution between the two axles of the
car.

5.6.2 Control theory

This section explains the theory behind a controller implemented for
active anti-roll bar. The LQG control method as described in section
5.4.3 in chapter 5 is used to control the active anti-roll bar. The state
variables are defined as
x=[β ψ̇ φ φ̇ ]T
Two AARB are used for front and rear axle in order to reduce roll angle
and minimize vehicle sideslip angle. An LQR controller is applied to
minimize the roll angle φ and roll rate φ̇, i.e., the set-point is set to
zero. Also, another aim of AARB is to track the reference of yaw rate
and minimize sideslip angle of the vehicle. The strategy for minimizing
sideslip angle (βref = 0) and tracking the reference of yaw rate (equa-
tion 5.17) is to apply inverse torque for front and rear axle, which is,
in this case, the characteristic of the vehicle is going to be understeer
tendency.

The input to the system is steering angle, δf while the outputs of
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the system are sideslip angle,β, yaw rate, ψ̇, roll rate, φ̇, and roll angle
φ. The transfer function equations for single track model with roll
dynamics system is written as follows:

Izzψ̈ − Ixzφ̈ = lf (Cαf
(β + lf ψ̇

vx
− δf ))− lr(Cαr(β − lrψ̇

vx
))

mvx(β̇ + ψ̇)−mshrφ̈ = Cαf
(β + lf ψ̇

vx
− δf ) + Cαr(β − lrψ̇

vx
)

Ixxφ̈− Ixzψ̈ = (msghr − kφ)φ− cφφ̇+mshR(vx(β̇ + ψ̇)− hRφ̈)
(5.32)

Therefore the state equation matrix can be written as:

ẋ = Ax+Bu (5.33)

where
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0 0
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(5.34)
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where
A=E2/E1
B=E3/E1
u=[FARBfl

FARBfr
FARBrl

FARBrr ]T=the control force vector
kφ=stiffness of anti-roll bar (232320 N/m)
cφ=damping coefficient of anti-roll bar (5000 Ns/m)
hR=height of roll center
Ixz=moment of inertia about x-z axis (30.065 kgm2)

5.6.3 Numerical results

This section describes the evaluation of active anti-roll bar in various
maneuvers.

Ramp steer

Ramp steer maneuver is selected to evaluate on a dry road condition
(µ=1) where the steering angle reaches to 100° in 4 s at 150 km/h.
As by looking to Figure 5.32(a), an active vehicle is able to reduce the
overshoot of yaw rate and also vehicle can easily reach steady state
condition. Figure 5.32(b) shows the reduction of vehicle sideslip angle
(β) from -7° to -5° which means 28% reduction in vehicle sideslip angle.
Figure 5.32(c) illustrates the time history of ay − vxψ̇ and active vehi-
cle avoids vehicle from understeer and oversteer conditions. The time
history of normal forces of each wheel is presented in Figures 5.32(d)
and (e). The effect of active anti-roll bar in reducing of roll angle can
be proved by looking at Figure 5.32(f).

Double lane change

Figure 5.33 shows double lane change maneuver where the magnitude
of the steering angle is 45° on a dry road condition at 120 km/h. Figure
5.33(a) compares the yaw rate (ψ̇) of passive and active vehicles and
by looking at the Figure 5.33(a) the active vehicle influences tracking
of desired trajectory. The vehicle sideslip (β) is remarkably reduced in
the active vehicle compared with passive one as shown in Figure Figure
5.33(b). Figure 5.33(c) demonstrates the time history of ay−vxψ̇ which
means that passive vehicle is losing its stability at the beginning of the
cornering while active anti-roll bar significantly stabilizes the vehicle.
Figures 5.33(d) and (e) illustrates the time history of normal forces of
each wheel. The roll angle of the vehicle can be slightingly reduced by
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Figure 5.32: Simulation results of ramp steer input with final amplitude
of 100° at 150km/h

active vehicle. Moreover, an AARB eliminates the oscillation of roll
angle compared with passive vehicle.

Figure 5.33: Simulation results of double lane change input with final
amplitude of 45° at 120km/h
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5.7 Electronic stability control (ESC)

5.7.1 Introduction

Electronic Stability Control (ESC) systems are designed to correct for
understeer and oversteer conditions. ESC uses input from various sen-
sors along with an advanced control strategy to sense the incidents
of steering instability. It selectively brakes the rear or front tires at
an individual corner to generate a correcting yaw moment that can
counteract the oversteer/understeer dynamics.

5.7.2 Control strategy

According to the current state of technology, direct measurements of
the yaw rate, lateral acceleration, velocity and the steering angle are
quite feasible. This approach is based on the detection of understeer-
ing and oversteering conditions before the limit conditions are reached.
The controller model described here is developed using Simulink, with
simulations carried out in MATLAB. The vehicle model is based on
VI-CarRealTime commercial software that intended to emulate actual
vehicle dynamics. The difference between lateral acceleration and mul-
tiplication of velocity and yaw rate is employed as the control variable
for yaw stability (Ilat = ay − vxψ̇). If the index (Ilat) has a positive
value, then the vehicle is said to be understeering. If the index is nega-
tive, the vehicle is said to be oversteering. Depending on the sign of the
index and the direction of a turn, control system selectively brakes in-
dividual wheels to generate a corrective yaw moment which maintains
vehicle stability. A simple ABS functionality has been incorporated in
the ESC system. The longitudinal slip ratio for all four tires is ob-
tained from VI-CarRealTime. Two thresholds are set for longitudinal
slip (0.01 and 0.02). If any of these ratios exceed the thresholds, then
the brake pressure calculated by the ESC system is reduced to prevent
wheel lock-up. The desired value for yaw rate is the same as the used
in the previous section (Equation 5.17).

The look-up table is designated to determine the magnitude of brake
pressure based on the magnitude of differences between ψ̇ref and ψ̇
as depicted in Figure 5.34. The look-up table uses the nearly linear
relationship between residual of yaw rate and brake pressure and brake
pressure. The slope of this linear relationship determines the rate of
increase in brake pressure for a given yaw rate residual magnitude.
The look-up table in the ABS module gives the factor by which brake
pressure is reduced when slip ratios exceed the threshold. Changing
this table would modify reduction in brake pressures.
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Figure 5.34: Lookup able of brake pressure

5.7.3 Numerical results

The performance of the ESC is evaluated by using the results of com-
puter simulations.

Ramp steer

The analysis is related to slow ramp steer (up to 100°) maneuver on
the dry road surface (µ = 1) to analyze the steady state response of
the vehicle. In particular, the vehicle is running on a dry road at 100,
120 and 150 km/h while the steering wheel reaches 100° in 4 s. Figure
5.35(a) depicts the response of the passive vehicle in terms of steer an-
gle VS lateral acceleration and sideslip angle VS lateral acceleration.
The understeer gradient in the linear zone decreases with increasing
speed. However, when considering the lateral acceleration developed
as the function of steer angle, its value decreases after reaching the
maximum. In addition, the absolute value of sideslip angle of the vehi-
cle significantly increases for lateral accelerations higher than 12 m/s2.
The controlled vehicle responds to the same input as shown in Figure
5.35(b). Increasing speed always leads to higher lateral accelerations
around the corresponding values obtained with the passive vehicle. For
100 km/h, 120 km/h and 150 km/h, there is a monotonic relation be-
tween lateral acceleration and steering angle. The proposed control
logic thus makes the vehicle more predictable and easier to control.
The same indication can be drawn looking at the sideslip angle dia-
gram: even when the acceleration is close to 12 m/s2, the sideslip angle
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is slightly above 14°. It is noteworthy that the control, trying to zero
ay − vxψ̇, can improve the vehicle’s response also in quasi steady-state
conditions.

Figure 5.35: Simulation results of ramp steer maneuver for various veloc-
ities on dry road; passive vehicle (a), actively controlled vehicle (b)

Step steer

Figure 5.36 is related to step steer maneuver which is performed in 0.1
s on dry road condition (µ=1) at 100 km/h. Figure 5.36(a) compares
the yaw rate of the vehicle when the controller ON and OFF. It can be
seen that yaw rate is significantly reduced the overshoot of it when ESC
is ON mode. It in noteworthy to point out that ESC allows reducing
the time required to reach the regime condition. Moreover, ESC is
able to decrease the sideslip angle of the vehicle in order to stabilize
the vehicle as shown in Figure 5.36(b).

5.8 Torque vectoring

5.8.1 Introduction

Torque vectoring can be used as a stability control system by the dis-
tribution of drive torque through the wheels for generating a corrective
yaw moment about the z-axis of the vehicle. Torque vectoring can gen-
erate the corrective yaw moment by distributing torque asymptotically
to left/right wheels of an axle or front/rear axles. The logic of torque
vectoring system is in the following [86]:
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Figure 5.36: Simulation results relevant to step steer maneuver (90°) on
dry asphalt

1. When the vehicle is in oversteer condition, more torque is trans-
ferred to the front-inside wheel because the adhesion potential has been
reached at the rear axle in order to generate the corrective yaw mo-
ment.
2. When the vehicle is in understeer condition, more torque is trans-
ferred to the rear-outside wheel because the adhesion potential has
been exceeded on the front axle in order to generate the corrective yaw
moment.

The torque vectoring system can also affect the driving dynamics
by altering the front-to-rear torque distribution. This is an advantage
for controlling the interconnection between the longitudinal and lateral
tire forces where altering one force automatically affects the other. This
strategy can change the lateral force potential at the front/rear axles
in order to enhance the ability of the drive to steer the vehicle. Also, it
reduces the potential of lateral force at front/rear axles by increasing
the longitudinal traction force. The detailed description of strategy
with respect to understeer/oversteer conditions is in the following [86]:
1. In an understeer condition, by transmission of more engine torque
to the rear axle, the vehicle can be controlled.
2. In an oversteer condition, by transmission of more engine torque to
the front axle, the vehicle can be controlled.

Despite the similarity between torque vectoring system and elec-
tronic stability control (ESC) system, torque vectoring is more effective
particularly at high speeds and during emergency maneuver near the
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handling limits of the vehicle [204]. In other words, TV is focused on
performance, for instance, it can keep or even increase vehicle speed
during the intervention and TV does not aim to reduce wheel’s speed
so that it would be easier for the driver to control it. The advantage
of torque vectoring is keeping constant the total driving force of the
vehicle. However, ESC is hindering total driving force by the effect of
braking and reduction of drive torque which leads to raises the insuffi-
ciency of the vehicle by removing the power that has already generated.
Also, from driver’s point of view, it is disruptive because of the unex-
pected speed reduction. In addition, torque vectoring allows to increase
driving safety, to enhance driving performance in a wide range of op-
eration even in normal driving conditions, while ESC or active braking
is valid only in a limited operation time to ensure the safety of the
vehicle. However, it is noteworthy to point out that torque vectoring is
an effective system only when a driving torque exists which means that
torque vectoring cannot intervene in the case that the driver releases
the throttle or brakes the vehicle. In such cases, an ESC system must
intervene in order to maintain the stability of the vehicle. In addition,
understeer characteristic through torque vectoring can be illustrated in
Figure 5.37. As seen in the figure, torque vectoring system can inter-
vene in three regions based on the dynamic behavior of the vehicle and
the control logic.

Figure 5.37: Understeer characteristic through torque vectoring control
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5.8.2 Torque vectoring control

The aim of the torque vectoring system in this thesis is to distribute
the corrective yaw moment from the controller to the individual wheels
for stabilizing the vehicle driving dynamics. Assuming that Mz is the
total required corrective yaw moment, the tire forces on each axle must
be adapted so that each axle produces a portion of the total corrective
yaw moment:

Mz = Mzf
+Mzr = εfMz + εrMz (5.35)

where
Mzf,r

= the portions of the required corrective yaw moment at the front
and rear axles
εf,r = the percentages of the total required corrective yaw moment Mz
that must be generated at the front and rear axles
In addition, the correlation between εf and εr describes the front-to-
rear torque vectoring distribution where εf + εr = 100%.

The generated yaw moment on each axle can be written as follows:

Mzf
= Fxfl

tf
2 + Fxfr

tf
2

(5.36)

Since the magnitudes of Fxfl
and Fxfr

are the same, the corrective yaw
moment for front axle can be derived:

Mzf
= Fxf

tf ⇒ Fxf
=
Mzf

tf
(5.37)

Mzr = Fxrl

tr
2 + Fxrr

tr
2

(5.38)

Since the magnitudes of Fxrl
and Fxrr are the same, the corrective yaw

moment for rear axle can be derived:

Mzr = Fxrtr ⇒ Fxr = Mzr

tr
(5.39)

LQR control

The vehicle dynamics controller is designed as a Linear Quadratic Reg-
ulator (LQR) as described in detail in section 5.4.3 . Controlled state
variables are the vehicle sideslip angle (β) and yaw rate (ψ̇). The con-
troller is based on a bicycle vehicle model where equations of motion
are in the following:
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by considering single track vehicle model, references for vehicle
sideslip angle (β) and yaw rate (ψ̇) can be written as follows[21, 197,
103]:

ψ̇ref =


vx

l(1 + kus
l
v2
x)
δf , |ψ̇| < ay

vx

µg
vx
, |ψ̇| ≥ ay

vx

(5.41)

βref = ( lr
vx
− lfmvx

lCr
)ψ̇ref (5.42)

5.8.3 Numerical results

Performances of the implemented torque vectoring control system are
assessed through simulations where it will be accomplished with the
previously described 14 DOF vehicle model. Open loop maneuvers will
be carried out on different adhesion surfaces.

Ramp steer

The simulation results of steady-state cornering (ramp steer) with the
magnitude of 100° under two different road surface conditions at various
velocities are shown in Figures 5.38 and 5.39. Here the steering angle δ
and vehicle sideslip angle β are plotted as a function of lateral acceler-
ation for both passive and controlled vehicles. Under dry road surface
condition, by increasing velocity, the passive vehicle started to lose its
stability especially at 175 km/h and 200 km/h. The sideslip angle of
the passive vehicle significantly increased by increasing the velocity of
the vehicle. However, torque vectoring control remarkably influenced
vehicle dynamics behavior in a positive way. The sideslip angle of the
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vehicle was significantly reduced which this enables a driver to com-
plete cornering maneuvers. Under rainy or wet road surface condition,
by looking at figure of vehicle sideslip angle and lateral acceleration,
the uncontrolled vehicle was not able to complete the maneuvers due
to the severity of maneuver because the interaction between tire and
road is insufficient to generate necessary forces to stabilize the vehicle,
while the active vehicle can finish the maneuver by generating enough
traction force to overcome the improper situation. Under both road
surface conditions, the passive vehicle was seen to be out of control at
low levels of lateral acceleration and become gradually unstable when
the vehicle approached the handling limit. However, the vehicle with
torque vectoring controller was seen to be linear to much higher levels
of lateral acceleration until the handling limit and therefore behaved
in a more predictable manner over an even wider range of handling
conditions than the passive vehicle under both road surface conditions.
This is indeed expected due to the utilization of the linear reference
model which is selected for the torque vectoring control system and
always responds linearly to driver inputs.

Figure 5.38: Simulation results of ramp steer maneuver for various ve-
locities on dry road (µ = 1); passive vehicle (a), actively controlled vehicle
(b)

These results depict that the torque vectoring control system ex-
tends the linear handling region of the vehicle and prevents entering
into the nonlinearity. Therefore, from the driver’s perspective, the ve-
hicle becomes more controllable. In addition, this specific maneuver
also demonstrates good robustness of torque vectoring controller with

119



5. Design of Dynamic Stability Subsystem Controllers

Figure 5.39: Simulation results of ramp steer maneuver for various veloc-
ities on wet road (µ = 0.6); passive vehicle (a), actively controlled vehicle
(b)

respect to vehicle speed and road surface friction variations.

Double lane change

In another test, double lane change maneuver with the magnitude of
45° on the dry road surface was tested to evaluate the performance of
torque vectoring control system and the results of TV ware compared
with passive vehicle. As seen in Figure 5.40(a) and Figure 5.40(b),
A 33% and 50% reduction in the overshoot of yaw rate and vehicle
sideslip angle is observed for the active vehicle, respectively. Moreover,
the active vehicle is able to track the reference of yaw rate in order to
perform the maneuver. Figure 5.40(c) shows a number of forces which
are performed by torque vectoring control system on front wheels based
on yaw rate and vehicle sideslip angle. Time history of ay − vxψ̇ is
illustrated in Figure 5.40(d) which demonstrates that controller starts
to operate when the amount of ay − vxψ̇ is abruptly increasing.

5.9 Summary

The dynamic stability subsystem controllers have been designed in this
chapter. Each subsystem has been examined for illustrating the rela-
tive merits. A brief summary of each subsystem is described in the
following:
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Figure 5.40: Simulation results of double lane change maneuver at 125
km/h on dry road

Active suspension

The first section presented the analysis of a lateral-stability control
based on active suspensions. In particular, the proposed control logic
exploits the actuators of active suspensions to generate a system of in-
ertia forces on the car-body able to alter the normal load distribution
on the axles. The control aims to change normal load distribution be-
tween front and rear axle to influence the understeer/oversteer response
of a vehicle. A high-level control logic was designed to determine the
variation of normal load on front and rear axle required to stabilize the
vehicle. The normal load control was then implemented considering a
feedforward contribution based on a simple linear 2D model of the ve-
hicle and a feedback contribution based on the acceleration measured
on board. Bandwidth and delays of suspension actuators were taken
into account. Open loop maneuvers (step steer and lance change) were
performed to analyze the response of the vehicle in critical conditions.
Numerical results showed the effectiveness of the control in improving
vehicle stability and also its robustness towards changing in friction
coefficient. Results related to this controller are encouraging and show
the potential of longitudinal load transfer in controlling the vehicle. In
particular, such a control is able to improve stability without affecting
promptness. Power requirements represent probably the main draw-
back of this approach: up to 10 kW (per actuator) were needed for
using this control logic.

121



5. Design of Dynamic Stability Subsystem Controllers

Active aerodynamics control

The implementation of an active aerodynamic system for sports car has
been studied. The proposed system controls the angle of attack of the
front and rear spoilers to get the desired distribution of normal loads
on the front and rear axles. A high-level control logic was designed to
determine the variation of normal load on front and rear axle required
to stabilize the vehicle. This aim of the logic is zeroing the difference
between lateral acceleration and the product between vehicle’s speed
and yaw rate. This control presents the advantage of being based on
quantities commonly measured or estimated on board and allows the
vehicle to react in a very predictable way to keep an almost direct
relationship between lateral acceleration and yaw rate. The normal
load control was then implemented by changing the angle of attack of
the front and rear spoilers according to look-up tables. Bandwidth and
delays and motor specifications of actuators were taken into account.
Several open loop maneuvers (slow ramp steer, lance change, fishhook
and step steer) were performed to analyze the response of the vehicle
in critical conditions, comparing the stability of the passive and active
vehicle by yaw rate, lateral acceleration, and sideslip angle. Numerical
results showed the effectiveness of the control in improving vehicle’s
stability and also its robustness towards changing in friction coefficient.

Active four wheel steering

In this section, active four-wheel steering system was introduced to im-
prove vehicle maneuverability at low speeds, enhance stability at high
speeds, and improve vehicle transient response to steering input. The
first aim can be achieved by the reduction of the radius of turn via
steering the rear wheels in an opposite direction with the front ones
at low speeds. For achieving the second goal which is increasing sta-
bility at high speeds, the rear wheels must steer in the same direction
of front ones to generate lateral force in rear wheels for matching it
with lateral force of front wheels. The control logic was designed using
an LQR controller based on a simplified bicycle handling model. Nu-
merical results illustrated the effectiveness of active four-wheel steering
for enhancing the stability and maneuverability of the vehicle. Also,
by simulation results, it was proved that it was robust to variations of
road friction coefficient.
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Hydraulically interconnected suspension

The second section discussed analyzed the principle of hydraulically in-
terconnected suspension in order to enhance the comfort, smoothness,
and safety of the vehicle. A new and improved hydraulically intercon-
nected suspension was proposed; thereby a new solution appears by
adding parallel paths to the system to eliminate torque, which remained
from transient phase, in steady state phase. The parameters of the new
structure were set to establish the mathematical model of it. In order
to analyze new structure HIS, hydraulically interconnected suspension
was tested by utilizing AMEsim software and MATLAB SIMULINK
by considering all details of HIS properties. Results demonstrated that
hydraulically interconnected suspension is able to significantly reduce
roll motion in cornering maneuvers. Moreover, it positively affected
yaw motion by reducing roll motion.

Active anti-roll bar

The aim of analyzing active anti-roll bar is to improve vehicle’s perfor-
mance in terms of handling, ride comfort and safety by developing a
control algorithm. In this thesis, a strategy developed was exploiting
two active anti-roll bar at the front and rear axles in order to control
the normal forces of four wheels. By generating two torques at the
front and rear axles in an opposite direction, vehicle’s performance can
be improved. According to the simulation results, the proposed system
has a capability of achieving better performance regarding reducing roll
motion and enhancing stability and safety.

Electronic stability control

This section explained the construction and working of the ESC model.
This is a simplified model which utilized differential braking to control
vehicle response. The control variables utilized are lateral accelera-
tion, yaw rate and longitudinal velocity for the stabilization of yaw
motion. The implemented control system utilized the differential of
reference and measured yaw rate to generate brake by look-up table on
the specific wheel based on oversteering, understeering and direction
of a turn. The performance of this simplified model will be evaluated
through simulation runs and comparison with a passive vehicle. Results
demonstrated that this approach gave satisfactory performance.
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Torque vectoring system

In this section, torque vectoring controller was developed based on an
LQR controller. Torque vectoring system aims to distribute the cal-
culated corrective yaw moment to the individual wheel to maximizes
use of all tires for the enhancement of vehicle handling. Several ma-
neuvers were carried out in simulation to demonstrate the performance
and effectiveness of the torque vectoring system.
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Chapter 6

Design of Integrated Vehicle
Active Control Systems

6.1 Introduction

By analyzing each active subsystem, one can understand that each ac-
tive subsystem has its functional limitations and its effective range of
vehicle handling. For covering the entire range of handling, it is needed
to integrate several subsystems. Working several active subsystems in
a combined mode does not mean to have better performance compared
with each subsystem because of undesired interactions between dif-
ferent subsystems. Consequently, it is needed to develop integrated
vehicle dynamics control for obtaining an improved vehicle handling
performance. In this chapter, an integrated vehicle dynamics control
system will be developed by utilizing the centralized approach described
in Chapter 2 for exploiting cooperative interaction and preventing in-
terferences between different active subsystems.

6.1.1 Design objectives

Interferences among several stand-alone controllers can lead to han-
dling limit because of conflicts in control targets. Therefore, to pre-
vent undesirable interactions among several stand-alone controllers and
to decrease performance trade-offs in the handling of the vehicle, two
methods are suggested to coordinate the control actions of the subsys-
tems. The proposed integrated vehicle dynamics control system will
be designed for obtaining the following targets:

• For maintaining the vehicle stability close to and at the limit of
handling
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• For enhancement of the performance of the vehicle on cornering
maneuvers

• For improvement and enhancing the performance and safety of
the vehicle at high speeds

• For enhancing the steerability of the vehicle

• For reducing trade-off between road holding and comfort of pas-
sengers

By considering the Table 2.1, control targets, feasibility of each sub-
system for integration and power consumption of these subsystems, the
following subsystems are selected for integration:
1. Active rear steering (ARS) to control lateral force of tires
2. Torque vectoring (TV) to control longitudinal force of tires
3. Active aerodynamics control (AAC) to control normal force of tires
4. Hydraulic interconnected suspension (HIS) to decrease trade-off be-
tween road holding and passengers comfort and prevent roll motion in
cornering maneuvers

Table 6.1: Brief description of active chassis control systems

ARS TV HIS AARB AAC ESC ASS

Comfort Fz Fz Fz

Safety Fy Fx Fz Fz Fx Fz

Performance Fy Fx Fz Fz Fz

The integrated vehicle control system is designed, implemented and
tested in MATLAB Simulink. Initially, three chassis controls are inte-
grated by optimal control (LQR) described in section 5.4.3, then the
performance of the integrated control is evaluated for different maneu-
vers and is compared with passive vehicle and stand-alone controllers
in order to verify the influence of the integrated vehicle control system
on vehicle performance. Secondly, three chassis controls are integrated
by utilizing the fuzzy logic system. This integration system is also ver-
ified by comparison with the passive vehicle and standalone controllers
under various maneuvers. Next, Two methodologies are compared to
each other and discuss pros and cons of each integration system. Fi-
nally, the integration of four chassis controls is implemented by using
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the fuzzy logic system. Note that, even though the Hydraulic Inter-
connected Suspension (HIS) is implemented, the behavior of HIS is not
integrated.

6.2 Combined Control

Before the final integration is developed, combined control of the three
and four standalone chassis control systems designed in Chapter 5 will
be evaluated. In the combined control structure, the subsystem con-
trollers operate in parallel. In other words, the standalone chassis con-
trol systems are usually active based on the reference tracking. The
characteristics of the combined control system are in the following:

• No communication between the controllers

• Each controller has its own reference model

The analysis and evaluation of the combined control will be done
in the next section for comparing with the integrated control scheme
in order to assess the performance of the integrated vehicle dynam-
ics system. This comparison assists to make a better analyzing and
understanding of the advantages and disadvantages of the proposed
integrated control scheme.

6.3 Integration of ARS, TV and HIS

Therefore, to prevent undesirable interaction between the active rear
steering and torque vectoring subsystems and decrease performance
trade-offs in vehicle handling, two integration schemes are introduced
to coordinate the control action of the two subsystems. Initially, the
system is designed with two methods (LQR and fuzzy logic), then it
is implemented in MATLAB SIMULINK where all the adjusting and
setting is carried out. All the information required by the controllers
is assumed to be obtained via VI-CarRealTime commercial software.

6.3.1 LQR method

Linear quadratic regulator (LQR) described in section 5.4.3 is used to
integrate two standalone controllers ARS and TV. The state variables
of LQR are vehicle sideslip angle, and yaw rate and outputs of it are rear
wheel steering and yaw moment. Bicycle model which is described in
section 4.1.4 is used to define the lateral vehicle dynamics. The vehicle
model can be written in the state-space form as follows:
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where control output is u=[δr Mz]. Mz is the amount of a required
yaw moment in order to stabilize the vehicle which is applied by TV
by modifying the distribution of driving torque to the wheels and δr is
the required angle for rear wheels which is calculated by the controller
in order to apply by ARS.

Numerical results

Three different maneuvers were carried out to analyze and investigate
the effect of integrated vehicle dynamics system. All these maneuvers
are commonly utilized in vehicle tests and can emulate vehicle’s per-
formance in extreme cases. Moreover, these maneuvers are selected to
analyze the vehicle behavior in steady-state and transient conditions.

Ramp steer
These maneuvers were carried out for constant speed profile values of
100 km/h, 125 km/h, 150 km/h, 175 km/h and 200 km/h. A slowly in-
creasing steering angle up to 150° with a rate of angle increase of 37.5◦
per second was utilized. Simulation results are illustrated in Figures
6.1. The figure depicts the response of the vehicle in terms of steer
angle vs. lateral acceleration, and the slope of the curve represents the
understeer gradient. A positive slope displays understeer, zero slope
represents neutral steer, and a negative slope indicates oversteer. Some
vehicles will remain understeer over the entire operating range. Other
vehicles can be understeer at the low levels of lateral acceleration and
alter to oversteer condition at the high levels of lateral acceleration
and illustrate limit oversteer [137]. By looking at the figures, one can
understand that increasing speed allows reaching higher levels of lat-
eral acceleration. In passive and HIS vehicle, by considering the lateral
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acceleration developed as a function of steer angle, its value decreases
after reaching the maximum. This is particularly evident at 150 km/h,
175 km/h and 200 km/h. For ARS vehicle, there is a linear relationship
between the steering angle and lateral acceleration, but by increasing
velocity especially at 175km/h and 200 km/h, the vehicle is going to
lose stability. For TV vehicle, it can be said that vehicle has a good
performance and good stability at different levels of lateral acceleration
and various speeds. On the other hand, the performance of integrated
vehicle dynamics system (LQR) has a superior capability in controlling
vehicle compared with other standalone controllers and passive vehicle,
and it does not allow the vehicle to reach handling limit. This is be-
cause of utilizing bicycle vehicle model (linear) to design the integrated
system; therefore the behavior of the vehicle is linear most of the time
even at high levels of lateral acceleration.

In addition, Tables 6.2 and 6.3 which are related to ramp steer
maneuver compare the understeer coefficient at two different levels of
lateral acceleration to understand the dynamic behavior of the vehicle
in terms of understeer coefficient. By looking at the Table 6.2, it can be
observed that the performance of Passive and HIS vehicles are almost
the same and ARS vehicle has a higher understeer coefficient due to
the characteristic of active steering which provides more understeer
tendency to the vehicle. When it comes to comparing the TV vehicle
and the LQR integrated vehicle, the understeer coefficients of the TV
at 100 km/h, 125 km/h, and 150 km/h are superior to LQR, but at
high speeds, the performance of integrated vehicle dynamics system
(LQR) is better.

Table 6.2: Comparison of understeer coefficient kus where ay/g = 0.4 in
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.4 g 100 km/h 125 km/h 150 km/h 175 km/h 200 km/h

Passive 0.0061 0.0058 0.0054 0.0051 0.0047

HIS 0.0061 0.0058 0.0054 0.0050 0.0047

ARS 0.0522 0.0415 0.0349 0.0299 0.0263

TV -0.0153 -0.0081 -0.0044 -0.0022 -0.0008

LQR -0.0172 -0.0091 -0.0045 -0.0016 0.0004

129



6. Design of Integrated Vehicle Active Control Systems

Figure 6.1: Simulation results of ramp steer input with final amplitude of
150° at various velocities 130
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Table 6.3 compares the understeer coefficient of active chassis con-
trollers at the lateral acceleration of 0.7 g. As mentioned before, ARS
has a higher understeer coefficient due to the nature of the controller.
When the vehicle is traveling at 100 km/h, the performance of TV is
better compared with LQR, but at the speeds of 125 km/h and 150
km/h the performance of LQR is improved, however by increasing the
speed (175 km/h and 200 km/h) TV has a superior performance.

Table 6.3: Comparison of understeer gradient kus where ay/g = 0.7 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.7 g 100 km/h 125 km/h 150 km/h 175 km/h 200 km/h

Passive 0.0055 0.0049 0.0045 0.0042 0.0039

HIS 0.0059 0.0050 0.0047 0.0043 0.0040

ARS 0.0540 0.0427 0.0353 0.0301 0.0266

TV -0.0087 -0.0026 0.0059 0.0023 0.0032

LQR -0.0108 -0.0024 0.0025 0.0055 0.0075

6.3.2 Fuzzy logic method

This control strategy needs to regulate the active regions of the two
standalone chassis control system regarding the vehicle states in order
to prevent control objective conflicts. Therefore, this control strategy
requires some states of the vehicle to determine the activation process
for the controllers. The range of the operating system is from the low
levels of lateral acceleration (normal driving) to the high level of it or
handling limit.

The working principle of the control strategy will be described as
follows:

The coordinator function weights the input from dynamic yaw con-
trol depending on several states, including steering angle, yaw rate,
longitudinal velocity and vehicle sideslip angle. This coordinator is
divided into two parts. The first one consists of a fuzzy system re-
sponsible for generating the weighting parameter (W1) for Active Rear
Steering (ARS). The other part is the same methodology which is re-
sponsible for generating weighting parameter (W2) for torque vectoring
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system (TV). This fuzzy system represents functionsW1=f(δ, ψ̇, vx, β)
and W2=f(δ, ψ̇, vx, β).

The identification of W1 and W2 required to obtain the desired be-
havior is performed through look-up tables defined according to the
process described in the following. Some numerical simulations were
carried out considering the vehicle running under various step steer ma-
neuvers (δ=30°,60° and 90°) at 100 and 150 km/h. For each steering
angle and speed, different combinations of W1 and W2 were consid-
ered: in particular each weight was changed in the range 0 to 1 with a
resolution of 0.25.

The fitness function adopted is the sum of some partial cost func-
tions. The integrated vehicle control system has to able to optimize
yaw rate in order to have the desired response. The following equation
is the fitness function adopted in this learning process, where Li is the
weighting constant for each partial cost function.

f(δ, ψ̇, vx, β) = L1
βreg

βregtarget

+ L2
ψ̇os

ψ̇ostarget

+ L3
βos

βostarget

+ L4
ψ̇target

ψ̇reg
(6.2)

where
βreg = The value of vehicle sideslip angle in regime condition
βregtarget = The target value of vehicle sideslip angle in regime condition
ψ̇os = The overshoot of yaw rate
ψ̇ostarget = The target value for overshoot of yaw rate
βos = The overshoot of vehicle sideslip angle
βostarget = The target value for overshoot of vehicle sideslip angle
ψ̇target = The target value for yaw rate
ψ̇reg = The value of yaw rate in regime condition
Li (i=1,2,3,4) = weighting constants

The weighting constants used in this fitness function were based
on an initial set of simulations and relative importance of each partial
cost function and chosen to give reasonable and representative vehicle
behavior. In this thesis, two sets of Li was chosen:

• The first one is based on normal or safe driving. This means
that our priority for choosing to weight constant is to give more
weights on safety cost functions.
L1=0.1
L2=0.1
L3=0.1
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L4=0.7

• The second one is based on sport driving. This means that our
priority for choosing to weight constant is to give more weights
on performance cost functions.
L1=0.33
L2=0.33
L3=0.33
L4=0

As the fuzzy coordinator has four inputs and two outputs, the in-
puts were grouped two by two as W(δ, vx) and W(β, ψ̇) and their
relationships are shown in Figures 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8 and
6.9 After selection of W with respect to inputs, the outputs of each
table, which is related to a standalone controller, sum up and divide
by two for providing a weight for each controller. Note that the values
of tables are different for each mode (normal or sport) of driving.

Figure 6.2: Coordinator of W1 for
safe driving based on δ and vx

Figure 6.3: Coordinator of W1 for
safe driving based on β and ψ̇

Figure 6.4: Coordinator of W2 for
safe driving based on δ and vx

Figure 6.5: Coordinator of W2 for
safe driving based on β and ψ̇
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Figure 6.6: Coordinator of W1 for
sport driving based on δ and vx

Figure 6.7: Coordinator of W1 for
sport driving based on β and ψ̇

Figure 6.8: Coordinator of W2 for
sport driving based on δ and vx

Figure 6.9: Coordinator of W2 for
sport driving based on β and ψ̇

Numerical results

Ramp steer

These maneuvers are carried out for constant speed profile values
of 100 km/h, 125 km/h, 150 km/h, 175 km/h and 200 km/h. A slowly
increasing steering angle up to 150° with a rate of angle increase of
37.5◦ per second was utilized. Simulation results are illustrated in Fig-
ures 6.10. The figure depicts the response of the vehicle in terms of
steer angle vs. lateral acceleration, and the slope of the curve repre-
sents the understeer gradient. By increasing the speed of the vehicle
in the maneuver, the vehicle can reach the higher level of acceleration
as seen in the Figure 6.10. As discussed the behavior of the standalone
chassis control system in this maneuver in the previous section, the
dynamic behavior the integrated vehicle dynamics control (fuzzy logic)
will be discussed. The performances of the Fuzzy-safe and Fuzzy sport
have completely different due to the priority of each integrated vehi-
cle dynamics system. In other words, the priority of Fuzzy-safe is to
stabilize the vehicle and to avoid the vehicle from hazardous situations
while the priority of fuzzy-sport is to let the vehicle to approach to the
handling limit such that the driver enjoys driving. Then the control
system intervenes to prevent the vehicle from losing stability.

Moreover, Tables 6.4 and 6.5 which are related to ramp steer maneu-
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Figure 6.10: Simulation results of ramp steer input with final amplitude
of 150° at various velocities 135



6. Design of Integrated Vehicle Active Control Systems

ver compare the understeer gradient at two different levels of lateral ac-
celeration to understand the dynamic behavior of the vehicle regarding
understeer gradient. Table 6.4 shows the understeer coefficient when
the lateral acceleration of the vehicle is 0.4 g. Again, ARS vehicle has
a higher understeer coefficient at various velocities due to the charac-
teristic of active steering. By comparing the understeer coefficient of
TV, Fuzzy-safe, and Fuzzy-sport, the performance of Fuzzy-sport is
better at low speeds, but by increasing the speed, the performance of
the Fuzzy-safe is improved in terms of understeer coefficient.

Table 6.4: Comparison of understeer coefficient kus where ay/g = 0.4 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.4 g 100 km/h 125 km/h 150 km/h 175 km/h 200 km/h

Passive 0.0061 0.0058 0.0054 0.0051 0.0047

HIS 0.0061 0.0058 0.0054 0.0050 0.0047

ARS 0.0522 0.0415 0.0349 0.0299 0.0263

TV -0.0153 -0.0081 -0.0044 -0.0022 -0.00085

Fuzzy-safe -0.0133 -0.0064 -0.0026 -0.00042 -0.00096

Fuzzy-sport -0.0112 -0.0065 -0.0039 -0.0030 -0.0012

The Table 6.5 reports the understeer coefficient at the high level of
lateral acceleration (0.7g). By looking at the table, one can understand
that by increasing the speed, the understeer coefficient is changing from
negative value to positive value in TV, Fuzzy-safe, and Fuzzy-sport.
This means that the behavior of the vehicle is going to understeer
condition when the vehicle is traveling at high speeds. Fuzzy-sport has
a better performance till 150 km/h compared with Fuzzy-safe and TV,
but beyond that velocity, the performance of TV is better.

6.3.3 Comparison of two methods

This section compares between the two integrated schemes. In order
to compare, various maneuvers were carried out to understand the
vehicle’s behavior under different levels of acceleration.
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Table 6.5: Comparison of understeer coefficient kus where ay/g = 0.7 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.7 g 100 km/h 125 km/h 150 km/h 175 km/h 200 km/h

Passive 0.0055 0.0049 0.0045 0.0042 0.0039

HIS 0.0059 0.0050 0.0047 0.0043 0.0040

ARS 0.0540 0.0427 0.0353 0.0301 0.0266

TV -0.0087 -0.0026 0.00059 0.0023 0.0032

Fuzzy-safe -0.0046 0.00029 0.0032 0.0048 0.0063

Fuzzy-sport -0.0009 -0.00029 0.0010 0.0020 0.0027

Ramp steer

Results presented in Figure 6.11 are related to ramp steer up to 150°
maneuvers to analyze the steady state response of the vehicle. In par-
ticular, the vehicle is running on dry asphalt at 100 km/h, 125 km/h,
150 km/h, 175 km/h and 200 km/h while the steering wheel reaches
150° in almost 4 s with a rate of 37.5 °/s. Figure 6.11 depicts the re-
sponse of the different types of vehicles regarding steer angle vs. lateral
acceleration.

The performance of LQR is almost the same at various speeds,
and the LQR method provides the lowest lateral acceleration even at
high speeds. The combined controller can achieve good performance
with the higher level of lateral acceleration compared to LQR. When
it comes to Fuzzy-safe, it is interesting to point out that the controller
allows to reach the higher level of the lateral accelerations by increasing
the speed of the vehicle due to characteristics of the controller and the
performance of the controller is good especially at high speeds. The
dynamic behavior of Fuzzy-sport is different, and it reaches to the
higher level of lateral acceleration at the low level of steering angle,
and by increasing the steering angle, the controller reduces the lateral
acceleration due to the possibility of losing stability.

Table 6.6 compares the understeer coefficient of the vehicle at 0.4
g. Fuzzy-sport is acting better at 100 km/h and 125 km/h, and by
increasing the velocity of the vehicle at 150 km/h and 175 km/h, Fuzzy-
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Figure 6.11: Simulation results of ramp steer input with final amplitude
of 150° at various velocities 138
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safe has a better performance compared with others. At 200 km/h, the
Combined controller has a lowest kus among the other controllers.

Table 6.6: Comparison of understeer gradient kus where ay/g = 0.4 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.4 g 100 km/h 125 km/h 150 km/h 175 km/h 200 km/h

Combined -0.0162 -0.0088 -0.0047 -0.0024 -0.0008

LQR -0.0172 -0.0091 -0.0045 -0.0016 0.00048

Fuzzy-safe -0.0133 -0.0064 -0.0026 -0.00042 -0.00096

Fuzzy-sport -0.0112 -0.0065 -0.0039 -0.0030 -0.0012

The understeer coefficients of various integrated methods at 0.7g in
ramp steer maneuver at different velocities are reported in the Table
6.7. As it can be seen in the Table 6.7, understeer coefficients are
changing from negative to positive which means that the behavior of
the controller is changing from oversteer to understeer tendency by
increasing the speed of the vehicle. The best performance among the
controllers is the Fuzzy-sport due to minimum value compared with
other controllers at different velocities.

Table 6.7: Comparison of understeer gradient kus where ay/g = 0.7 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.7 g 100 km/h 125 km/h 150 km/h 175 km/h 200 km/h

Combined -0.01 -0.0024 0.0016 0.0039 0.0053

LQR -0.0108 -0.0024 0.0025 0.0055 0.0075

Fuzzy-safe -0.0046 0.00029 0.0032 0.0048 0.0063

Fuzzy-sport -0.0009 -0.00029 0.0010 0.0020 0.0027

Table 6.8 shows the overshoots of yaw rate and sideslip angle for step
steer maneuver at 75 km/h with final steer of 45° in 0.1 seconds in two
modes which the first mode is with the constant speed named "Power
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ON" and the second mode is when the driver releases the throttle named
"Power OFF". By looking at the Table 6.8, the minimum overshoot of
the yaw rate and sideslip angle of the vehicle in the mode of Power ON
and Power OFF belongs to Fuzzy-sport scheme. The performances of
Fuzzy-safe and Combined are also acceptable, while LQR is not able to
stabilize the vehicle in the Power OFF mode and the vehicle is going to
lose controllability. The results demonstrate that the effective region
of LQR scheme in low speeds is not satisfactory.

Table 6.8: Simulation results of step steer maneuver with final steer of 45°
at 75 km/h in two modes: a) Power ON = constant speed b) Power OFF =
releasing throttle

Mode Power ON Power OFF

βos [◦] ψ̇os [deg/s] βos [◦] ψ̇os [deg/s]

LQR 7.6478 28.6285 22.5582 75.5256

rule-based-safe 3.3984 23.9084 3.8720 28.8543

rule-based-sport 2.6606 23.2947 2.5746 23.3807

Simulation results of step steer maneuver at 100 km/h with final
steer 45° in 0.1 seconds in Power ON and Power OFF modes for dif-
ferent control schemes is reported in Table 6.9. The best performance
belongs to Fuzzy-safe in two modes. It is interesting to point out that
the overshoot of yaw rate of Fuzzy-sport is lower than the Fuzzy-safe
scheme while the overshoot of the vehicle sideslip angle of Fuzzy-safe
is less than Fuzzy-sport. Also, the performance of LQR scheme is ac-
ceptable in both modes of maneuver.

6.4 Integration of ARS, TV, AAC and HIS

This section dedicates to the integration of four subsystems. The
method is the same as in the previous section 6.3.2. This strategy needs
to determine an active region of three standalone active chassis control
systems to prevent conflicts between the controllers’ objectives and to
avoid over-correction behavior. As mentioned before, even though the
HIS is implemented, but the behavior of HIS is not integrated. A quan-
titative measure of this logic is based on the steering angle, velocity,
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Table 6.9: Simulation results of step steer maneuver with final steer of 45°
at 100 km/h in two modes: a) Power ON = constant speed b) Power OFF
= releasing throttle

Mode Power ON Power OFF

βos [◦] ψ̇os [deg/s] βos [◦] ψ̇os [deg/s]

Combined 4.6123 22.5459 5.1837 30.0196

LQR 6.8855 21.4029 9.2861 36.1774

Fuzzy-safe 4.4624 22.4370 5.0888 28.1758

Fuzzy-sport 4.7053 23.2669 7.1662 27.5479

Table 6.10: Simulation results of step steer maneuver with final steer of
45° at 125 km/h in two modes: a) Power ON = constant speed b) Power
OFF = releasing throttle

Mode Power ON Power OFF

βos [◦] ψ̇os [deg/s] βos [◦] ψ̇os [deg/s]

Combined 4.7588 19.5773 5.5767 24.6966

LQR 5.8725 17.0964 8.4272 25.9852

Fuzzy-safe 5.0177 20.9125 6.1063 24.6127

Fuzzy-sport 6.3925 22.7296 178.2711 86.0781
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yaw rate and vehicle sideslip angle. It is assumed that the road surface
coefficient and the vehicle sideslip angle are measured or estimated by
VI-Grade commercial software. The AAC logic utilizes ay− vxψ̇ as the
measure of operating point; however, TV and ARS uses ψ̇ref − ψ̇ and
βref −β as the measure of operating point when the system working in
a standalone mode. Therefore, it can be a conflict between the object
of AAC, TV, and ARS. To overcome this, it needs to design and de-
velop a logic that can prevent the objective conflict. So that the logic of
the AAC should be changed to eliminate the probable conflict between
AAC and other controllers. The new logic of AAC is according to the
wights which are based on the steering angle, velocity, sideslip angle,
and yaw rate. The developed integrated control system has four inputs
and four outputs. The steering angle, velocity, vehicle sideslip angle,
and yaw rate are fed back to the integrated control system as inputs
and used to determine the weight of the controllers. The Fuzzy based
integrated controller activates the ARS, TV, and AAC according to
the states of the vehicle. For instance, the integrated scheme provides
more weight to the AAC when the vehicle is traveling at high speed
or increasing speed. In the following the detailed description of the
controller strategy will be explained:

The coordinator function weights the input from dynamic yaw con-
trol depending on several states, including steering angle, yaw rate,
velocity and vehicle sideslip angle. This coordinator is divided into
four parts. The first one includes a fuzzy system responsible for gener-
ating the weighting parameter (W1) for the front spoiler of AAC which
adjusts the angle of attack and the second (W2) alters the angles of the
rear spoiler. The third part is the same methodology which is respon-
sible for generating weighting parameter (W3) for Active Rear Steering
(ARS). The fourth part is related to Torque Vectoring System (TV).
This fuzzy system represents functions W1=f(δ, ψ̇, vx, β), W2=f(δ, ψ̇,
vx, β), W3=f(δ, ψ̇, vx, β) and W4=f(δ, ψ̇, vx, β).

The identification of W1, W2, W3 and W4 required to obtain the de-
sired behavior is performed through look-up tables defined according
to the process described in the following. Some numerical simulations
were carried out considering the vehicle running under various step
steer maneuvers (δ=30°, 60° and 90°) at 150, 200 and 250 km/h. For
each steering angle and speed, different combinations of W1, W2, W3
and W4 were considered: in particular, each weight was changed in the
range 0 to 1 with a resolution of 0.5. The fitness function adopted is
the sum of a number of a partial cost function which is described in the
previous section as an equation 6.2. In this control strategy, constants
Li (i=1, 2, 3 and 4) are demonstrated as follows:
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L1=0.33
L2=0.33
L3=0.33
L4=0

As the fuzzy coordinator has four inputs and three outputs, the
inputs were grouped two by two as W(δ, vx) and W(β, ψ̇) and their
relationships for the front and rear spoilers are shown in Figures 6.12,
6.13, 6.14 and 6.15. After selection of W with respect to inputs, the
outputs of each look-up table, which is related to a standalone con-
troller, sum up and divide by two in order to weight the controller.

Figure 6.12: Coordinator of W1
based on δ and vx

Figure 6.13: Coordinator of W1
based on β and ψ̇

Figure 6.14: Coordinator of W2
based on δ and vx

Figure 6.15: Coordinator of W2
based on β and ψ̇

6.4.1 Numerical Results

To assess the stability, performance and comfort of the vehicle un-
der different situations and different range of vehicle handling, various
maneuvers are set to understand the performance of the integrated
scheme. First, the proposed integrated control scheme will be evalu-
ated in steady-state maneuver (ramp steer). Then, it will be assessed
in transient maneuver (step steer).

Figure 6.16 depicts the ramp steer maneuver at different velocities
for three types of vehicle: passive, combined and fuzzy. The vehicle is
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Figure 6.16: Simulation results of ramp steer input with final amplitude
of 150° at various velocities
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running on dry asphalt at 150 km/h, 200 km/h, and 250 km/h while
the steering wheel reaches 150° in almost 4 s with a rate of 37.5 °/s.
The passive vehicle has a high level of lateral acceleration at differ-
ent velocities compared to Combined and Fuzzy vehicles, and it loses
its stability in all the maneuvers. The Combined vehicle has some
instability from 150 km/h up to 250 km/h. This occurs due to the
objective conflicts between the subsystems. Therefore, the combined
vehicle is not able to be effective by the superpositioning of the sub-
systems. When it comes to fuzzy approach, one can understand that
the coordinator can effectively manage the subsystems to prevent the
objective conflicts and increase the potential of each subsystem.

Table 6.11 illustrates the understeer coefficient of ramp steer ma-
neuver at various velocities where the lateral acceleration is 0.4g. The
passive vehicle is in understeer condition due to the positive value at
different speeds. When it comes to comparing Fuzzy and Combined,
it can be recognized that the Fuzzy has a better performance due to
the lower value compared to Combined control regarding understeer
coefficient.
Table 6.11: Comparison of understeer coefficient kus where ay/g = 0.4 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.4 g 150 km/h 200 km/h 250 km/h

Passive 0.0054 0.0047 0.0041

Combined -0.0046 -0.0007 0.00079

Fuzzy -0.0047 -0.0008 -0.00068

Table 6.12 refers to the understeer coefficient in ramp steer maneu-
ver at different velocities where the lateral acceleration is 0.7g. The
passive vehicle has a different response at various velocity, which is
an understeer at 150 km/h and it changes to an oversteer situation at
200 km/h then it alters to an understeer condition at 250 km/h. By
comparing the Combined control and Fuzzy scheme, the performance
of Fuzzy has a better performance in terms of understeer coefficient at
all velocities because of lower value.

Figure 6.17 refers to a step steer maneuver performed at 250 km/h
with a final steer angle of 45° (steer at wheels is up to 2°). The step
steer is completed in 0.1 s and is performed on a dry road (µ= 1) in
Power ON mode which means that the velocity is constant during the
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Table 6.12: Comparison of understeer coefficient kus where ay/g = 0.7 of
ramp steer maneuver with final steer amplitude of 150° at various velocities

0.7 g 150 km/h 200 km/h 250 km/h

Passive 0.0045 -0.0334 0.0035

Combined 0.0021 0.0059 0.0071

Fuzzy 0.0017 0.0054 0.0066

maneuver. Figure 6.17(a) compare the vehicle yaw rate of the combined
control and fuzzy scheme, and the performance of both control scheme
is almost the same. Figure 6.17(b) represents the roll angle of the
vehicle, and the performance of the fuzzy is better in terms of the
comfort of the vehicle, and it can successfully eliminate the oscillation
in roll motion. When it comes to the lateral acceleration of the vehicle
which is demonstrated in Figure 6.17(c), and there is some instability in
combined control due to the oscillation. However, the fuzzy scheme can
significantly remove the oscillation. Figure 6.17(d) depicts the spoilers’
the angle of attack in combined control and fuzzy scheme, and it can
be seen that the working principle of the AAC in two different control
scheme is entirely different. So that, by changing the logic of the AAC,
the latter can efficiently affect the performance of the vehicle.

Figure 6.17: Simulation results of step steer input with final amplitude of
45° at 250km/h in Power ON mode
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Simulation results for the step steer input at 250 km/h with a fi-
nal steer angle of 45° are plotted in Figure 6.18 in Power OFF mode
which means the driver release the throttle during the maneuver. The
yaw rate of the vehicle illustrated in Figure 6.18(a) is almost the same
in both control schemes. As seen in the Figure 6.18(b), there is an
oscillation in the roll angle of the vehicle which causes discomfort to
the passengers, while fuzzy scheme can remarkably eliminate the os-
cillation. By comparing two controllers in terms of lateral acceleration
which is shown in Figure 6.18(c), the combined control has again in-
stability which leads to decreasing the safety and performance of the
vehicle whereas the fuzzy scheme has a superior performance regard-
ing lateral acceleration. The angle of attack of spoilers is depicted in
Figure 6.18(d), and it can be seen that the AAC of the fuzzy utilize
the spoilers to generate downforce especially the front spoiler, while
the AAC of the combined control employed spoilers to create lift force.

Figure 6.18: Simulation results of step steer input with final amplitude of
45° at 250km/h in Power OFF mode

The mentioned above simulation is done on a wet road (µ = 0.5)
to assess the performance of the proposed integrated scheme on a dif-
ferent road surface as shown in Figure 6.19. In terms of yaw rate, the
performance of both fuzzy and combined control is almost the same
which is illustrated in Figure 6.19(a). But when it comes to roll angle
and lateral acceleration as depicted in Figures 6.19(b) and 6.19(c), re-
spectively, there is some instability in the performance of the combined
control. However, the Fuzzy scheme has a better performance with re-
spect to the roll angle and lateral acceleration. The spoilers’ the angle
of attack for both the combined and fuzzy system are demonstrated in
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Figure 6.19(d).

Figure 6.19: Simulation results of step steer input with final amplitude of
45° at 250km/h in Power OFF mode on a wet road

In a nutshell, the fuzzy scheme performs better than the combined
control in terms of roll angle and lateral acceleration by reducing the
oscillation which causes discomfort and instability. However, the yaw
rate of the vehicle is the same in two controllers.

6.5 Summary

This chapter discussed the integration of three and four active chassis
control systems developed in the previous chapter to enhance vehicle
handling performance. It started with the integration of three con-
trollers with two methods and assessed by comparing with passive,
subsystems and combined control system and analyzed their control
authorities on vehicle handling dynamics. Then, integration of four
subsystems was developed by a fuzzy approach and evaluated by com-
paring with a passive and combined control system for various maneu-
vers in order to demonstrate the effectiveness of the proposed integrated
scheme.
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Chapter 7

Conclusion

7.1 Conclusions

The results and the achievements of the presented research will be sum-
marized in this chapter. It begins with a short review of the contents
of the thesis and the contribution to the proposed solution. Then, the
met objectives of the thesis will be confirmed. Finally, the chapter
demonstrates recommendations for future work.

It was proved that active vehicle dynamics control has a significant
impact on the enhancement of vehicle stability, performance, and han-
dling. A detailed review of literature according to several standalone
control systems has been carried out for the investigation of the cur-
rent development of vehicle dynamics control related to handling sec-
tion. Aims of these controllers are to control the longitudinal, lateral
and vertical forces. Although all the aforementioned standalone chassis
control systems enhance the lateral vehicle dynamics, each standalone
chassis control system has its strong side and weak side. Therefore,
different subsystems are integrated to comprise for each other’s draw-
backs. However, the integration of standalone chassis control systems
is not a simple task. The conflicting and overlapping of the objectives
can occur due to the integration. Besides, The more increase the num-
ber of standalone vehicle dynamics control systems, the more increase
the complexity, undesirable interactions and performance deterioration
in vehicle control system. Consequently, a precise and careful work is
needed to integrate different standalone chassis vehicle systems. Re-
cently, different approaches have been made by the researchers in order
to enhance vehicle performance. After a detailed review of literature
according to integrated control systems, weak points of previous re-
search are pointed out as follows:

• Improper utilize of the necessary range of detailed of linear and
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nonlinear vehicle models;

• Improper range of realistic test situations to evaluate the proposed
vehicle control systems over a characteristic range of vehicle han-
dling conditions;

• Improper definitions of the controlling aim according to different
handling regime of interest;

• Deficiency of clarification of interactions among systems and ap-
proaches to vehicle control system integration.

To meet these objectives, a 2-DOF linear vehicle model and a 14-
DOF nonlinear vehicle model have been utilized to design, analyze and
evaluate lateral vehicle dynamics. The nonlinear vehicle model utilizes
6-DOF to describe the motion of car-body and other 8-DOF are used
for wheels displacement and rotation. In order to model the nonlin-
ear tire model, the Pacejka tire model has been utilized for both pure
and combined slip conditions. VI-Grade utilizes nonlinear Pacejka tire
model and 14-DOF of vehicle model which was used in this thesis to
analyze and evaluate the effect of control systems on the vehicle. The
different features of lateral dynamics according to the range of lateral
acceleration has been determined through steady-state and transient
handling aspects of the vehicle. Four distinct control goals, safety, per-
formance and comfort of vehicle handling have been determined. The
decent active subsystems are selected according to the corresponding
control tasks in order to enhance vehicle safety, performance and safety
through the relationship between standalone chassis control systems
which cover the entire range of vehicle handling. In order to optimize
the control objectives, the standalone chassis control systems have been
developed in a way that the subsystems are working independently. In
particular, the tasks of ARS, TV, and AAC are to control lateral force,
longitudinal force, and normal forces of tires, respectively. In the design
of subsystems, subsystems are robust to any variations such as vehicle
forward speed and road surface coefficient of friction. To evaluate the
standalone chassis control systems, various maneuvers have been done
under different conditions to test the subsystems over the entire range
of vehicle handling.

Results of standalone chassis control systems have been presented
over a range of different handling regime. It turns out that ARS is
very effective in enhancing vehicle steering response till the handling
limit while it is not able to limit the sideslip motion of the vehicle
at the handling limit because of the limitation of the control system.
Moreover, the proposed ARS controller has been verified to be robust
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to parameter variations and external disturbances. Torque Vectoring
system has been developed in order to enhance performance and safety
of the vehicle and has been evaluated through critical handling ma-
neuvers. Results related to various maneuvers to assess TV have been
presented. It has been notified that TV has a capability of improving
safety and performance margin in the entire range of handling even at
handling limit by transferring the drive torque between left and right
wheel with respect to the situation of the vehicle.

Active Aerodynamic Control (AAC) has been developed for im-
proving the performance and safety of the vehicle at high speeds. The
simulation results of the AAC illustrates that Significant improvement
of vehicle performance and safety margin especially at high speeds but
the capability of the AAC decreases when the vehicle is traveling at
low speeds.

Hydraulically Interconnected Suspension (HIS) has been developed
in order to decrease the roll motion of the vehicle in roll induced ma-
neuvers. Results of transient and steady-state maneuvers show that
HIS has a significant impact on reducing roll motion of the vehicle.

Combined control of the four aforementioned standalone chassis
control systems, ARS, TV, AAC and HIS has been analyzed and no-
ticed that it is not possible to obtain overall vehicle performance im-
provement over the corresponding standalone chassis control systems.
This study has demonstrated that the conflict in controlling objectives
can occur by the combination of subsystems.

For optimizing the overall performance of the vehicle over a wide
range of handling regimes, a novel control strategy for ARS, TV, and
AAC has been proposed. Note that, even though the Hydraulic In-
terconnected Suspension (HIS) is implemented, the behavior of HIS
is not integrated. The integrated schemes based on optimal control
and fuzzy logic system have been developed to coordinate the control
actions of the three standalone chassis control system. The proposed
integrated control systems have been evaluated in the 14 DOF vehicle
model by comparing them to each standalone subsystems and corre-
sponding combined control under critical driving situations. Simulation
results demonstrated that the proposed integrated control systems re-
markably improve lateral vehicle dynamics in the wide range of vehicle
handling regarding performance, safety, and comfort. It is interesting
to point out that novel integrated scheme provides two options for a
driver (safe and sport) according to the interest of a driver by utilizing
the fuzzy logic method.

In particular, according to the aims and objectives of the thesis, the
following has been obtained:
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• Seven classifications of active subsystems have been developed
for analyzing the lateral vehicle dynamics over the entire range
of vehicle handling. This consists of the separation of vehicle
handling into three distinct features: safety, performance, and
comfort. This characterization leads to utilize in the proposal of
the new integration system.

• After analyzing and investigation, four standalone chassis control
system have been chosen involving ARS, TV, AAC and HIS. The
reasons for choosing these active subsystems were to maintain the
vehicle stability close to and at the limit of handling, enhance the
performance of the vehicle on cornering maneuvers, improve the
performance and safety of the vehicle at high speeds, enhance
the steerability of the vehicle and reduce trade-off between road
holding and comfort of passengers.

• The proposed integration system covers the wide range of vehicle
handling regime by coordinating ARS, TV, and AAC. Simulation
results demonstrated the significant improvement of vehicle han-
dling regarding safety, performance, and comfort under different
maneuvers and road conditions.

7.2 Recommendations for Further Work

This thesis has suggested a novel approach to integrated vehicle dy-
namics control for vehicle handling. The aim of the thesis has been
obtained. However, some possible areas are considered to require fur-
ther investigation in future research. Some of which are:

• Test the model using a real-time hardware to verify its correct
response timing.

• Examine the system on a Hardware-in-the-Loop (HIL) systems
to evaluate the whole system as a vehicle-driver closed loop ma-
neuver. Therefore, the controller can be assessed in the existence
of unpredictable driver reactions.

• Develop Hydraulically Interconnected Suspension to four wheels
to control pitch, roll and heave motion as well. Moreover, con-
verting passive HIS to active one by utilizing motor for the change
of pressure in accumulators.

• Develop the logic of Torque Vectoring System in order to control
the ratio of transferred driving torque.
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• Develop the logic of Electronic Stability Control by utilizing the
fuzzy logic method.
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