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ABSTRAK 

 

 

 

Laporan ini membentangkan projek dalam membangunkan pemodelan matematik 

untuk kajian penuh dinamik kenderaan khusus untuk brek kenderaan dan keadaan 

ketika mengambil selekoh. Penerbitan rumus 7 DOF  model perjalanan kenderaan 

dibentangkan. Model perjalanan kenderaan termasuk darjah kebebasan untuk 

‘pitching’, guling, dan gerakan tegak jisim ‘sprung’ dan juga gerakan tegak bagi 

setiap jisim ‘unsprung’. Persamaan matematik 7 DOF kenderaan penuh adalah 

menjadi diterbitkan Dan simulasi dalam Matlab Simulink. Pengaturcaraan simulasi 

tambahan seperti CarSimEd digabungkan dan disahkan untuk perjalanan model 7 

DOF untuk mengkaji dan mengawal prestasi penggantungan aktif. Prestasi 

perbandingan kerana rolling dan padanan kenderaan antara penggantungan pasif 

dengan penggantungan aktif juga akan dibincangkan. 
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ABSTRACT 

 

 

 

This report presents the developing a mathematical modelling for full vehicle 

dynamics study specifically for the vehicle braking and cornering condition. The 

derivation of 7 DOF vehicle ride model are presented. Vehicle ride model includes 

the degree of freedom for pitch, roll, and vertical motion of the sprung mass and also 

vertical motion of each unsprung mass. The 7 DOF full vehicle mathematical 

equation are been derive and was simulate in Matlab Simulink. Additional simulation 

programming such as CarSimEd is combined and validated to the 7 DOF ride model 

to study and control the performance of active suspension. The performance 

comparison due to rolling and pitching of the vehicle between passive suspensions 

with active suspension will also be discussed 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                       

iv 
 



 

                                     

DEDICATION 

 

 
I would like to thank my family for their love and support.  I would especially like 

to thank my parents for their love, care, and financial support during my time as a 

student.  Their help has made this achievement possible. 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 v 
 



 

 

 

       ACKNOWLEDGEMENT 

 

 

 

Praise to Allah S.W.T from whom I seek help and guidance and under his 

benevolence we exist and without his help this project could not have been 

accomplished.  

Firstly, I would like to take this opportunity and express my gratitude to my 

supervisor ENGR. Mohammad Hafiz Bin Harun for of his guidance and 

encouragement during this thesis period. He always appreciates whatever little 

progress and gives me guideline to accomplish this report. Because of him, I have 

achieved, and also continuously give me much inspiration by sharing his precious 

knowledge and experience.  

Last but not least, I thank everyone who has been involved directly and 

indirectly in this project. The sacrifice and commitment given towards me earning 

my bachelor’s degree are indescribable and without them, this PSM thesis would 

have been impossible. 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

vi 
 



 

TABLE OF CONTENT 
 

 

Declaration             i 

Approval            ii 

Abstrak           iii 

Abstract           iv 

Dedication                       v 

Acknowledgement                     vi 

Table of Content         vii 

List of Tables           ix 

List of Figures            x 

List Abbreviations, Symbols and Nomenclatures                xii 

 

CHAPTER 1: INTRODUCTION          1 

1.1 Backgroud            1 

1.2 Problem Statement           1 

1.3 Objective            2 

1.4 Project Scope            2 

1.5 Significance of the Study          3 

1.6 Project outline            3 

 

CHAPTER 2: LITERATURE REVIEW         4 

2.1 Theory             4 

2.2 Suspension            5 

            2.2.1 Passive Suspension          6 

            2.2.2 Semi Active Suspension         7 

            2.2.3 Active Suspension          7 

2.3 Suspension performance features         9 

2.4 Previous study on active suspension control      10  

2.5 Previous studies on Mathematical modeling      11 

 

 

vii 
 



 

CHAPTER 3: METHODOLOGY        13 

3.1 Modelling assumption         13 

3.2 Project process flowchart        14 

3.3 Project Gantt chart         15 

3.4 Equation of motion         16 

            3.4.1 Full Vehicle Model with Calspan Tire Model    16 

            3.4.2 Vehicle ride model        17 

            3.4.3 Vehicle handling model       20 

3.5 PID Controller Design        24 

3.6 Active Suspension Controller Structure      26 

3.7 Modelling with Matlab Simulink       27 

3.8 Validation of 7 DOF ride model using CarSimEdu     28 

3.9 Vehicle pitch and roll test        33 

            3.9.1 Hard cornering test        33 

            3.9.2 Hard braking test        35 

 

CHAPTER 4 : RESULT AND DISCUSSION      37 

4.1 Validation of 7 DOF ride model using CarSimEdu     37 

4.2 Step steer test with active suspension       39 

4.3 Hard cornering test         41 

4.4 Hard braking test         42 

 

Chapter 5 : CONCLUSION AND RECOMMENDATION    44 

5.1 Conclusion          44 

5.2 Recommendation         44 

 

REFERENCES          45 

 

 

APPENDICES 

A Unsprung Mass         47 

B Pitch Model          48 

C Sprung mass          49  

viii 
 



 

LIST OF TABLES 
 

 

3.1 Project Gantt Chart 15 

3.2 Ziegler-Nichols tuning method          26 

3.3 Parameter for 7 DOF ride model          33 

4.1 PID for step steer test          39 

4.2 PID for hard cornering test 41 

4.3 PID for hard braking test 43 

   

   

   

   

   

 
 
  

  

ix 
 



 

LIST OF FIGURES 
 

 

 

2.1 Rolling motion 4 

2.2 Pitching motion (dive and squat motion) 5 

2.3 Passive Suspension block diagram 6 

2.4 Semi Active Suspension block diagram 7 

2.5 Low bandwidth or soft active suspension 8 

2.6 High bandwidth or stiff active suspension 9 

2.7 The result simulation in braking and cornering using passive 

suspension 

12 

3.1 Project process flowchart 14 

3.2 14 DOF Full Vehicle Model          16 

3.3 A 7-DOF vehicle handling model 21 

3.4 Schematic of active suspension design 25 

3.5 A block diagram of PID controller 25 

3.6 Control structure of active suspension system 27 

3.7 Full Vehicle Model in Matlab SIMULINK 28 

3.8 Vehicle body parameter          29 

3.9 Suspension parameter 29 

3.10 Tire parameter 30 

3.11 Steering input 30 

3.12 Carsim run setup 31 

3.13 Graph of roll (deg) versus time(s) 31 

3.14 Graph of pitch (deg) versus time(s) 32 

3.15 Graph of vehicle vertical acceleration versus time(s) 32 

3.16 Steering input for hard cornering 34 

3.17 CarSimEd result simulation in roll angle 34 

3.18 CarSimEd result simulation in pitch angle 35 

3.19 Braking input for hard braking test 35 

3.20 CarSimEdu pitch angle due to hard brake 36 

x 
 



 

 
 
 

 
 
 

   

3.21 CarSimEd vertical acceleration due to hard braking 36 

4.1 Vehicle body roll in step steer test 37 

4.2 Vehicle body acceleration in step steer test 38 

4.3 Vehicle body pitch in step steer test 38 

4.4 Active suspension vs.  Passive vehicle body in roll angle 40 

4.5 Active suspension vs.  Passive vehicle body in pitch angle 40 

4.6 Active Vs passive suspension in body roll 41 

4.7 Active vs. Passive suspension in body pitch 42 

4.8 Active Vs. Passive suspension in body pitch 43 

xi 
 



 

 

 LIST OF ABBREVIATIONS, SYMBOLS AND 

NOMENCLATURE  
 

 Ffl -   suspension force at front left corner 

 Ffr -  suspension force at front right corner 

 Frl -  suspension force at rear left corner 

 Frr -   suspension force at rear right corner 

 ms            -    sprung mass weight 

 sZ  -   sprung mass acceleration at body centre of gravity 

Ks,fl      -  front left suspension spring stiffness  

Ks,fr      -  front right suspension spring stiffness  

Ks,rr      -  rear right suspension spring stiffness  

Ks,rl      -  rear left suspension spring stiffness  

Cs,fr      -  front right suspension damping  

Cs,fl      -  front left suspension damping  

Cs,rr      -  rear right suspension damping  

Cs,rl      -  rear left suspension damping  

fruZ ,    -  front right unsprung masses displacement 

fluZ ,      -  front left unsprung masses displacement 

rruZ ,    -  rear right unsprung masses displacement 

rluZ ,      -  rear left unsprung masses displacement 

fruZ ,
      -  front right unsprung masses velocity 

fluZ ,
      -  front left unsprung masses velocity 

rruZ ,
      -  rear right unsprung masses velocity 

xii 
 



 

 rluZ ,
  -   rear left unsprung masses velocity 

A -  distance between front of vehicle and C.G. of sprung mass  

 b  -  distance between rear of vehicle and C.G. of sprung mass  

 θ      -  pitch angle at body centre of gravity 

ϕ      -  roll angle at body centre of gravity 

sZ      -    sprung mass displacement at body centre of gravity 

flsZ ,      -    front left sprung mass displacement 

frsZ ,      -  front right sprung mass displacement 

rlsZ ,       -   rear left sprung mass displacement 

 rr,sZ      -   rear right sprung mass displacement 

 θ       -  pitch rate at body centre of gravity 

 sZ       - sprung mass velocity at body centre of gravity  

 Ks,f       - spring stiffness of front suspension  (Ks,fl = Ks,fr) 

 Ks,r        - spring stiffness of rear suspension  (Ks,rl =  Ks,rr) 

 Cs,f       - Cs,fl = Cs,fr  = damping constant of front suspension 

 Cs,r      - Cs,rl = Cs,rr = damping constant of rear suspension 

θ       - pitch acceleration at body centre of gravity 

ϕ   - roll acceleration at body centre of gravity 

Ixx  - roll axis moment of inertia 

Iyy   - pitch axis moment of inertia 

 w  -  wheel base of sprung mass 

fruZ ,
  - front right unsprung masses acceleration 

xiii 
 



 

fluZ ,
     -    front left unsprung masses acceleration 

rruZ ,
     -    rear right unsprung masses acceleration 

rluZ ,
     -    rear left unsprung masses acceleration 

 

 

xiv 
 



 

CHAPTER 1 

 

INTRODUCTION 

 

This chapter will provide the information on behavior of vehicle when 

pitching and rolling. The importance of these simulating will be presented in this 

chapter. The problem statement, objective and scope of this project will also be 

included. 

 

1.1 Background 

A vehicle will act naturally in pitching and rolling during cornering and 

braking. Too much pitching and rolling will reduce ride comfort and also cause 

driver hard to manipulate and maintain the direction of movement of the vehicle.   

During braking, the weight of the vehicle will be transfered from the rear tires 

to the front tires. This will cause the front vehicle move downward and rear vehicle 

to the upward.  This motion is known as dive motion. When vehicle turn to the left, 

the weight will transfer from the left tires to the right tires. This weight transfer will 

occur in an opposite way, if vehicle turn to the right. This motion is known as roll 

motion. These motions depend on driver input on a vehicle, such as accelerating and 

also steering. 

 

1.2 Problem statement 

The behaviour of vehicle motion due to the hard braking, cornering and 

others road condition will affect the vehicle handling and stability of the vehicle. 

This vehicle behaviour, especially pitching and rolling during braking and cornering 

are being analyzed and studied. A mathematical modelling based on vehicle model is 
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built to represent the actual vehicle behaviour while cornering, braking and other 

road condition. This mathematical modelling is then used to study and control the 

pitching and rolling of the vehicle during braking and cornering. 

 

1.3 Objective 

1. The objective of this project is to study, analysis and control the result of the 

pitching and rolling control of a passenger car during braking, cornering and 

other road conditions.  

2. The secondary objective is to validate the 7-Degree of Freedom (DOF) of full 

vehicle model by using Carsim software. 

 

1.4 Project scope 

The scopes of this project are: 

1. Developing a 7-Degree of Freedom (DOF) full vehicle mathematical 

equation ride model based on vehicle model.  

2. All the 7-Degree of Freedom (DOF) full vehicle mathematical 

equation then will be modelled in Matlab Simulink to simulate the 

dynamic behavior and evaluate the performance of the control 

structure.  

3. Validate of 7-Degree of Freedom (DOF) of a vehicle model by using 

Carsim software.  

4. The research methodology implemented in this project takes the 

following steps of works; literature review on the related field, study 

some previous works, development of equations of motion, simulation 

and comparison with the passive system. 
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1.5 Significance of the Study 
 

The significance of this study is to gain a performance result of passive and 

active suspension system. Besides that, by analyzing the 7-Degree Of Freedom 

(DOF) full vehicle model, I am able to design the system that can improve the rolling 

and pitching control for the passenger car. If this system are improved, it can 

increase the safety and ride comfort of the passenger car when the car travelling in 

bumpy road, taking a cornering and braking. 

 

1.6 Project outline 

This report on “simulation study of pitching and rolling control for passenger 

car” is divided by 5 chapters.    

Chapter 1 introduces the general background of this research, problem 

statement, project objective, and project scope. It also views an overall project 

outline.   

Chapter 2 is a compilation of literature review and required information 

gathered from published journals, books and also from electronic media.   

Chapter 3 is about the methodology used to develop 7 Degree of Freedom 

(7DOF) of ride vehicle model. This methodology consist of detailed equation of 

motion in vehicle ride model, validation steps of 7 DOF with CarSimEd and 3 types 

of vehicle step steer test.   

Chapter 4 represents the result of simulation and also the outcome of the 

project. This chapter will also discuss the result obtained from the simulation of 

passive and active suspension.   

Finally, Chapter 5 presents the conclusion and recommendation to improve 

this simulation to be more accurate as represent an actual vehicle model. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

This chapter provides a theory of pitching and rolling of vehicle, type of 

suspension, Suspension performance features, previous study on active suspension 

and previous study of mathematical modelling. 

 

2.1  Theory of pitching and rolling 

Rolling movement of the vehicle is the apparent motion of vehicle body in 

the longitudinal axis as shown in Figure 2.1. Rolling is achieved by a rotational 

velocity at the line or point of contact which is equivalent to the translational 

velocity. When there is no sliding takes place the rolling motion is referred to as pure 

rolling. The rolling movement usually occurs when a vehicle takes cornering and 

also when one of the tires hit the bump. Too much rolling movement will cause 

passenger discomfort and also loss of steering control. 

 

Figure 2.1: Rolling motion (source: modified.com) 
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The pitching motion of the vehicle is the movement of a vehicle in lateral 

axis. Pitch motion in vehicle can be divided by 2 motions that is dive and squat 

motion. Figure 2.2 showed the dive and squat motion of the vehicle. A dive motion 

occurs when a driver stops or brakes their vehicle suddenly. A squat motion will take 

place when a driver suddenly accelerates their car. The impact of dive and squat 

motion will cause discomfort to passengers and also may damage vehicle body. 

 

 

Figure 2.2 : Pitching motion (dive and squat motion) (Source: modified.com) 
 

2.2  Suspension 

 Suspension is the main component that controls the movement of the pitching 

and rolling of a vehicle. Vehicle suspension system is a mechanism that physically 

separates the body of the vehicle with tyred wheels. Vehicle suspension system 

provides two functions that contribute to the vehicle control and braking for good 

security and driving comfort, maintaining the level of comfort when going through 

uneven road, the bumps and absorb vibration.  

Balance suspension is very necessary to control the pitching and rolling of the 

vehicle. The only interactions between car and road are the four contact patches of 

the tires and it is very important to exploit these areas optimally, because all the road 

or ground forces acting on the vehicle do so through the contact patches of the tires. 

The suspension also helps to protect the vehicle itself and any goods or luggage from 
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break and wear. Passive, semi-active and active are the three type of suspensions for 

the vehicle. 

Therefore, generally a system of links connects the unsprung mass (wheel, 

brake, steering hub) to the sprung mass (car body). The geometry of these links is a 

trade off between optimal orientation of the wheels with respect to the road in case of 

suspension travel caused by bumps in the road and suspension travel caused by 

cornering. The springs have to be stiff enough to prevent exaggerate rolling of the 

car’s body; otherwise the geometry of the suspension system must be able to fully 

compensate for this situation. In order to avoid exaggerate rolling the system are 

attached with anti-roll bar. After that, the spring stiffness can be reducing in order to 

improve the comfort. However, the anti-roll bars stiffness function is restricted 

because it is it is unable to transfer the vibration from the road surface from one 

wheel to the other.  

 

2.2.1  Passive suspension 

A passive suspension is a conventional suspension consists of non-controlled 

spring and shock-absorbing damper as shown in Figure 2.3. Passive suspension 

system controls the movement of vehicle body and wheel by limiting their relative 

velocities to a rate that give the driver comfort ability. Passive suspension means that 

the suspension only controls the motion of the vehicle body and wheel by limiting 

the suspension velocity according to the rate determined by manufacturer. 

 

Figure 2.3 : Passive Suspension block diagram (Source: Prof Dr. Yahya, 2006) 
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2.2.2  Semi Active Suspension 

 The semi-active suspension has the same aspect as passive suspension but the 

damper has two or more selectable damping rate as shown in Figure2.4. In early on 

semi-active suspension system, the regulating of the damping force can be achieve 

by utilizing the controlled dampers under closed loop control, and such is only 

capable of dissipating energy. Two types of dampers are used in the semi-active 

suspension namely the two state damper and continuous variable dampers. 

 

Figure 2.4 : Semi Active Suspension block diagram (Source: Prof Dr. Yahya, 2006) 

 

2.2.3  Active Suspension 

 The active suspension is characterized by the hydraulic actuator that place in 

parallel with the damp and the spring. Since the hydraulic actuator connects the 

unsprung mass to the body, it can manipulate both the wheel hop motion as well as 

the body motion.   An active suspension is one in which the passive component is 

augmented by hydraulic actuators that supply additional force.  

An active suspension is different from the conventional passive suspensions 

in their ability to inject energy into the system, as well as store and dissipate it. An 

active suspension can be divided by 2 categories; low bandwidth or soft active 

suspension and the high bandwidth or stiff active suspension. The advantage of such 
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active suspension is that even if the active hydraulic actuator or the control system 

fails, the passive components come into action. 

A low bandwidth or soft active suspension can be characterized by an 

actuator that in series with a damper and the spring as shown in Figure 2.5. A low 

bandwidth system aims to control the suspension over the lower frequency range, 

and especially around the rattle space frequency. At higher frequencies the actuator 

effectively locks-up and hence the wheel-hop motion is controlled passively.  

With these systems we can achieve a significant reduction in body roll and 

pitch during manoeuvres such as cornering and braking, with lower energy 

consumption than a high bandwidth system. A wheel hop motion is controlled 

passively by the damper, so that the active function of suspension can be restricted to 

body motion. Therefore, such type of suspension can only improve ride comfort. 

 

 

Figure 2.5 : Low bandwidth or soft active suspension (Source: Prof Dr. Yahya, 2006) 

 

A high bandwidth or stiff active suspension is characterized by an actuator 

placed in parallel with the damper and the spring; generally consider an actuator 

connected between the sprung and unsprung masses of the vehicle as shown in 
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