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ABSTRACT

USING OF FUZZY PID CONTROLLER TO IMPROVE
VEHICLE STABILITY FOR PLANAR AND FULL VEHICLE MODELS

Stability control system plays a significant role in vehicle dynamics to improve
the vehicle handling and achieve better stability performance. In this thesis, vehicle
stability control system is constructed and studied by using two vehicle models which
are a planar vehicle model and full vehicle model, design of a complete vehicle
dynamic control system is required to achieve high performance of vehicle stability
and handling, this control system structure in this thesis includes three parts which are
a reference model (2 DOF vehicle model) used for controller design and yaw stability
control analysis, actual vehicle model, and the controller. In this thesis, a fuzzy PID
controller (FPIDC) was used and designed to improve the stability of the vehicle.
The simulation results of this work show that, the structures of control systems for
vehicle models used in this thesis were successful to achieve better vehicle handling
and stability. To make sure this controller works well it has been tested at two cases

of input steering angle which are a step signal and a lane change maneuver.

Keywords: Vehicle model, Simulation, vehicle stability, Fuzzy PID controller

(FPIDC), sideslip angle, yaw rate.



OZET

BULANIK PID KONTROLOR KULLANARAK DUZLEMSEL ARAC
MODELI VE TAM ARAC MODELI] iCIN ARAC KARARLILIGININ

GELISTIRILMESI

Kararlilik kontrol sistemleri, ara¢ dinamiginde, ara¢ yol tutusu ve kararlilik
performansinin iyilestirilmesi i¢in 6nemli bir rol oynar. Bu tezde, ara¢ kararlilik
kontrol sistemleri, dizlemsel ara¢ modeli ve tam ara¢ modeli kullanarak
aragtirllmistir. Yiksek performanslt arag kararliligi ve yol tutusu elde etmek icin tam
bir ara¢ dinamik kontrol sisteminin tasarlanmasi gerekmektedir. Bu tezde bu kontrol
sisteminin yapisi, savrulma kontrol analizi ve kontrolor tasarimi ig¢in kullanilan
referans modeli (2 serbestlik derecesi olan ara¢ modeli), gercek arag modeli ve
kontrolor olarak {i¢ parcadan olusmaktadir. Bu calismada bir bulanik mantik PID
kontrolor ara¢ kararliligini iyilestirmek i¢in kullanilmis ve tasarlanmistir. Cok sayida
simiilasyon gostermektedir ki bu tezde kullanilan kontrol sistem yapilar1 basarilidir ve
arac yol tutusu ve kararlihi@inm iyilestirmektedir. Kontrol sisteminin iyi ¢alistigindan
emin olmak i¢in diimenleme girisi olarak basamak ve serit degisimi manevralari test

edilmistir.

Anahtar Kelimeler: Ara¢ simiilasyonu, Bulanik PID kontrolér, tasit kararliligi,

savrulma orani, yana kayma agisi
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The displacement of the COG of the vehicle to both of
front and rear axle.
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The lateral stiffness of the rear wheel.
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Front active suspension control force.
Rear active suspension control force.

rolling resistance coefficient.

The force components for the front tires.
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sprung mass.
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. INTRODUCTION

1.1. Introduction

In vehicle dynamic control, controlling the lateral dynamic control motion is
very important where it will determine the control and stabilization of the vehicle.
One of the prominent approaches that are reported in the literature for the lateral
dynamics control is a system of the stability of yaw control. To make a successful
control system design, it is essential to determine an appropriate design elements of
the system of yaw stabilization and control. In this thesis, parts of yaw stabilization
control system, that are vehicle dynamic models, control objectives, active chassis

control, and its control strategies as depicted in the figure below.

[ Vehicle dynamics control ]

Vertical dynamics control Longitudinal dynamies control [ Lateral dynamies control I
[ Yaw stability control Lane warning Yaw stability Lane keeping system
[ Vehicle dynamics models J Control objectives J Active chassis control J [ Control strategies

Figure 1.1. Yaw stabilization control system for lateral vehicle dynamic.[™!

In order to design, analyze, and examine design the control system for yaw
stabilization control, some of vehicle dynamics models are essential where the
mathematical model of vehicle dynamic motion is completed based on Newton’s 2"

law that describes the moments and forces which acting on the vehicle body and



wheels. In general, there are two kinds of models for vehicle dynamic, that are, model
of non-linear vehicle (might be 3DOF, 7 DOF,8 DOF, and 14 DOF) and linearized
vehicle model (Two degrees of freedom vehicle model) as obtained in figure 1.2.

In this thesis, two vehicle dynamic models will be used which are planar vehicle
model and full vehicle model with four in-wheel motors will be obtained to study

vehicle handling, stabilization, and comfort.

‘ Vehicle dynamic models |

Nonlinear model ‘ ‘ Linearized model ‘

7 DOF & DOF 14 DOF ‘ 2 DOF ‘

Figure 1.2: Vehicle dynamic model. ™

1.2. Aim of the Thesis

A perfect vehicle dynamic model is desired to represent the performance of
the car in order to implement and design accurate vehicle control system such as yaw
rate control, and handling high comfort for a passenger car etc. The main goal of this
work is construct complete vehicle model by using Matlab/ Simulink contains 2-DOF
vehicle model as desired or reference model and non-linear vehicle models (Two
nonlinear vehicle models will be used which are planar vehicle model and full vehicle

model) , and controller . In this work Fuzzy PID controller ( FPIDC ) will be used.



1.3. Structure of the Thesis

This introduction concludes with a brief outline of the thesis chapters. The
outline of this thesis shown in figure 1.3.
Chapter one : includes the introduction and the contributions of this work.
Chapter _two: Literature survey and the Background of the subject. Also it includes
discussing published literature on the vehicle models and control strategies.

Chapter three: Vehicle models.

This chapter presents fundamentals of vehicle dynamics by introducing vehicle
models and tire model which have been widely adopted for vehicle motion control.
This helps to get basic of what parameters and states of a vehicle are important in
vehicle motion control. This chapter divided to four sections: (1) vehicle planar model
(2) full vehicle model (3) linear single track model to design the controller (4) tire
model and dynamic.

Chapter four : Principles of PID and Fuzzy PID controllers (FPIDC).

This chapter presents some principles of PID and Fuzzy PID controllers. In the
thesis design Fuzzy PID controller ( FPIDC) is important to get better vehicle
stabilization. This controller can tune and adjust the three equivalent parts of the PID
controller ( proportional P, integral | and the derivative D control elements). The
design steps of FPIDC will be summarized in this chapter.

Chapter five: Control strategy and simulation results.
This chapter aims to create two control systems for both of planar vehicle
model and full vehicle model. Every control system consists of three models which

are: the non-linear model (actual vehicle), the reference model (Bicycle model), and



the controller model ( FPIDC ). A structures of vehicle models with the controller are
explained in this chapter.

Chapter six: Conclusion and future work.

" Chapter 1 ‘

Introduction

|

Chapter 11

Background and
Literature Review

|

' Chapter I11 ]
Vehicle Models

Chapter IV \

Control Strategy and l
Simulation Results
Chapter IV
- < PID, Fuzzy, and
) ) Fuzzy PID Controllers

" Chapter VI | \

Conclusion and

Future Work

Figure 1.3. Thesis Outline.

1.4. Contributions Overview

Due to all requirements needed that PhD work enhance the state-of-the-art of
a knowledge in the thesis field, it is important and necessary to clearly enumerate the
predictable the significant contributions of the thesis which can be listed and

summarized as follow:



1. According to our literature survey of trends of research in the topic, a lot of
researchers had studied the vehicles dynamic control VDC, stabilization, comfort of
passengers, and handling. Every work gave a different results and practical design
steps for estimation parameters such as vehicle lateral acceleration, yaw rate, wheel
sideslip angle and, but most of researchers used just vehicle planar models in their
studies with many control methods that means they didn’t take into consideration
pitch, heave, and roll movements of sprung mass. So, this thesis gives simulation
results for both of full and planar car models.

2. The main contribution of this work is using the fuzzy PID controller (
FPIDC ) with full car model to get better stability and performance at two cases of
input steering angle which are a step signal and a lane change maneuver. This
controller was not used previously, it was used only in the case of planar car models
not in the case of full vehicle models.

The goal of this thesis will be the evolution and improve the stabilization of vehicles
with in-wheel motors. These contributions are presented to be unique work which

improves significantly to state-of-the-art in vehicle dynamic field and control.



1. BACKGROUND AND LITERATURE SURVEY

2.1. Introduction

During several years in the past and present, researchers and designers in vehicle
and automotive engineering are working for the developments of a state-of-the-art car
with a view to providing better ride comfort, handling and stabilization characteristics
and reliable operation. The focus of their work seems to be on trying to find good
solutions to improve the above characteristics using different vehicle models (Quarter,
half and full vehicle models) and different control strategies.

Before developing the methodology to reach the aims of the thesis, it is
important and necessary to evaluate and research the past works in this topic. The
literature review of this work can be divided into four categories: suspension system
which must be examined and discussed when studying the complete vehicle model,
vehicle dynamic models, tire models and some control methods used to improve the
vehicles' stabilization and road handling. From the literature. All of the categories
above and their relevance to this topic will be summarized and analyzed.

Finally, because the requirements which PhD work enhance the state-of-the-art
of realization in the field, it is important to discuss clearly about the predictable the

main contributions of the thesis.

2.2. Review of Suspension System

It is known that, the suspension system is a major part in old and modern

vehicles and plays a key and important role in the performance and handling of



vehicles performance, like vehicle stabilization improvement ,handling and ride
comfort. The four main tasks of the suspension systems are mentioned [2] : one is to
separate a vehicle body to get better driving and ride quality, and the second one is to
keep good road holding, and the third one is to provide good handling, and the last
one is to support the vehicle static weight.

Generally, three known types of suspension system namely as ; active
suspension, passive suspension, and semi- active suspension that have been widely
investigated by many researchers with different techniques and algorithms [3]. In all
types of vehicle conventional suspension systems have two basic elements. These
elements are dampers and springs. In any vehicle suspension system the function of
the spring is supporting the static weight. The damper dissipates the energy of
vibration and controls any road input transmitted to the car.

A passive suspension system has fixed characteristics, where the features of the
parts (dampers & springs) are fixed. The features are specified by the suspension
system designers depending on the goals of the intended applications and the design.
In the active suspension, a force actuator replaces either the passive damper or both
the spring and passive damper. This force actuator has the ability to dissipate or add
action from the system, whereas a damper can just dissipate the energy. In contrast,
the force actuator in an active suspension system could apply the independent force
of the relative speed or displacement through suspension.

Main differences between passive and active suspension systems are discussed
by [4, 5]. They mentioned that the passive system is a control system with open loop.
It just designed to enhance on specific conditions. Passive Suspension systems are

fixed, and no ability to be changed or adjusted by any part of the system. The passive



suspension problem is if it designed as too damped a suspension it will transmit a lot
of input of the road or throw the vehicle in relation to the unevenness of the road. So,
if it lightly damped and soft suspension it will give reduction in the stability of the
vehicle when turns or when changing path or it will swing the vehicle. So , the road
profile is the main key determinant of the passive suspension system. Alternatively, a
better performance can be achieved from an active suspension system using a force
actuator, in a closed loop control system. The actuator force is added inside the

system, a mechanical part that is controlled by the controller.

2.3. Review of Vehicle Model and Control Strategies

When studying ride safety, stabilization and the handling capabilities of a
vehicle, three types of vehicle suspension models can be used which are divided into
quarter , half and full vehicle models. The quarter and half vehicle models are the
ones most commonly used for passenger cars. These have 2 DOF and 4 DOF
respectively. Since the reduced number of DOFs certain information about the vehicle
performance such as pith and roll information is unobtainable from these two models.
The half vehicle model loses roll information and the quarter vehicle model loses both
of pitch and roll information [6].

For more complex study and more information about ride safety, passengers
comfort, stabilization and the handling behaviors of the vehicle, a full model must be
used. In this case the basic modeling is still the same as quarter and half vehicle
models, but there is additional consideration regarding the sprung mass roll, pitch or
heave, yaw of the car, lateral and longitudinal motion, rotation movement and

vertical movement of the four wheels, all of which need to be quantified.



According to our research trends survey in the topic, a lot of researchers had
studied the control of the car dynamics, stabilization, handling, and comfort of
passengers. Every work gave a good functional results for exact estimation parameters
such as lateral acceleration, tire sideslip angle, and car yaw rate but most of
researchers used just vehicle planar models in their studies with many control
methods that means they didn’t take into consideration pitch, heave, and roll motions
of the car body or the sprung mass. So in the next part of this literature survey , we
will note that studying ride safety , stabilization and the handling capabilities of a
vehicle can be done by using a planar vehicle model or by additional use of a full
vehicle model including suspension parts with different control strategies by many
researchers results will obtained.

Starting with planar vehicle models, there are many published literature surveys
concerning vehicle stabilization and handling using planar model with different
control methods such as sliding mode control, PID control, Sky-hook, Fuzzy Logic
Control, Hx control, and LQ/LQG control, etc.

[7, 8] discuss the vehicle control system stabilization depending on yaw torque
and body dimensions to study side-slip angle in electric vehicles. They used a planar
model of vehicle which is displayed in figure 2.1 and sliding mode control technique
which is displayed in figure 2.2 to describe vehicle stabilization performance.
Researchers prove that the design of controller using sliding mode technique for
planar vehicle model made the car has response better than without the controller. The
yaw rate and the body sideslip angle of the vehicle can track the desirable model, and

improve the car stabilization.
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Figure 2.2. Control system diagram of vehicle stability including sliding mode
controller. [
Improving and preserving of four wheel electric cars handling and stability using
a robust controller is presented by [9]. A yaw plane model presented to describe the
movements of four wheel independently-actuated car motions. Simulation results
show that the vehicle model evidence demonstrates that it is possible to achieve

vehicle stabilization and the desired maneuverability by using the proposed robust

control system.
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[10] represents a technique for controlling the lateral stabilization of hybrid and
electric cars using several in-motors that are connected to the wheels of the car. The
control of independent motor torque built on PID and Linear Quadratic Control is
utilized to give negative brake and positive drive torques around the yaw axis to
imposing an aligning moment which delivers the functionality of the lateral
stabilization.

[11] Discusses an active suspension due to the control in planar vehicle model.
In this work the application of Active suspension force is done by producing a
negligible impact on the chassis roll, pitch, and heave dynamics. Two of control
techniques allocation are suggested for yaw rate tracking to improve the vehicle
performances. Firstly a control allocation, optimal, albeit impractical problems are
expressed to give a benchmark for the performances of subsequent Simplified
controller. Assumptions are simplified to make and generate functional different of
the controller. Secondly a robust analyses are led to demonstrate the suboptimal
system stabilization as a consequence of the simplified assumption , it presented the
suboptimal control system which can robustly track the yaw rate of the car.

Another control method is map-based control for car stabilization enhancement
is discussed by [12]. Performance of a car using this method is compared to the
method of traditional model referenced control. In control of model referenced the
sliding mode technique is applied to determine the compensated yaw rate map; on the
other hand, the suggested map based control applied the compensated yaw rate map
gained by the analysis of car stabilization. A Pacejka' s tire model and 2-DOF car
model and are used in the paper to estimate the suggested Map-based control

technique. Results from simulations demonstrate that the suggested Map-based



12

control technique demonstrates and improved the stability of vehicle and
performance.

[13,14] discuss another control method, which is fuzzy logic control technique (
FLC) for developing the stabilization and controlling behavior of a vehicle during
control of motor torques and yaw rate for Electric car with four-wheel-drive (4WD).
The car model discussed here is a 4WD electric car, just taking into consideration the
motion the planar movement : lateral, longitudinal and yaw. The car is designed as
three-degrees-of-freedom of rigid body. The roll and pitch motions are neglected.
Results of this research have shown that controller used not just enhances car
stabilization but also modified the car maneuverability.

Because the importance of improve the in-wheel electric cars handling and
stabilization, [15] studied the yaw rate control based FPIDC ( fuzzy PID controller ).
This paper indicated that using a fuzzy PID controller can ensure good yaw
stabilization for in-wheel-motored electric vehicles. Also, in this paper a planar model
with 8-DOF is used to enhance and improve the performance of vehicle.

[16] studied the car stability control system and simulation with the Fuzzy PI
control technique. The model of car used in this work is the same as in figure 2.1. The
stabilization control system is studied using a linear 2DOF car model. Car
stabilization control strategy is built based on the yaw moment control. Compared to
PI control technique , Fuzzy PI control method is able to adjust the parameters of
integral (I) and proportional (P) and increase the system response. In this study, the
design of Fuzzy PI Controller led to increase and improve the electric vehicle yaw
stabilization. The controller used could be decomposed to the equivalent integral and

proportional control parameters. The authors of this paper designed a full control
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system that contains three parts: the controller, planar vehicle model (Actual vehicle),
and the reference model (Bicycle model). The structure of the Simulink model with

the controller used is displayed in figure 2.3.
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re + —— T 2 AM;| Vehicle
‘ Ae  Coatroller ™ Model
.- —>| didt r—>
Reference J Tax, , Ok
E
model Ba 5 > Fuzzy
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Vehicle velocity v

Figure 2.3. The structure of yaw moment controller. [16]

The Simulink model used in this thesis similar to the above structure but using
of Fuzzy PID control method not Fuzzy Pl control method and full vehicle model
instead of a planar vehicle model. So it's necessary to clarify how the Fuzzy PI
controller works.

A method for determining the ideal values of vehicle yaw rate and sideslip angle
can be done using reference model and based on the ¢ which can be derived through
the action of the driver. The PI controller is commonly used control algorithm in
various industries because of its simplicity, ready availability and faster processing
time. The critical regulation of the PI parameters is a complex design task, while it is
a very simple decision-making process in case of using fuzzy controller. In this work,
the comparison between the vehicle sideslip angle g and the vehicle desired value Sa

is made and the desired yaw rate rq is also compared with actual yaw rate r. Then the
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calculation of the sideslip angle error E and its change rate is done. The
implementation of the fuzzy control is made as fellows: the first step is fuzzification
of the input parameters such as the error of sideslip angle and its rate of change EC,
followed by the fuzzification of the direct yaw moment M,. Fuzzification of the input
parameters transforms the actual input variables into fuzzy terms according to the
selected member functions.

In this study [16], the efficiency of the vehicle stability control is achieved by
developing a nonlinear planar vehicle model through the fuzzy PI control technique.
The Matlab simulation results and performance of the vehicle is optimized markedly
using Fuzzy PI controller. Also, the computer simulations show that the side-slip
angle and vehicle yaw rate are considerably suppressed. Hence, the control system of
a vehicle using a fuzzy Pl control method can greatly verifies and improves the
cornering capabilities and performance of the vehicle accelerated even on the low
frication roads.

Other researchers and investigators have studied the stability of vehicles and
handling using full vehicle models with many control techniques such as those
mentioned above and they took into account additional considerations such as the
rolling, pitching and bouncing motions.

[17] presented a cooperative control system for an EV body based on
hierarchical, architecture using a full vehicle dynamic model which is obtained in the

next figure.
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Figure 2.4. Full car model. 271

The vehicle dynamic model includes vertical, longitudinal and lateral rotational
movements; thus, the car lateral, longitudinal, and vertical dynamics should be take
into account to perform and construct a full control car model. The model which used
in this paper consists of fourteen DOF as illustrated in figure 2.4. with the assumption
of a small vehicle angular movements.

To provide improved handling, stability and passengers comfort, the centralized
controller designed for the steering system and suspension was used. The simulation
results in this study show that an optimized vehicle stability, braking safety, and
handling is achieved by the proposed collaborative control system.

Another control method used to analyze the full vehicle model is linear quadratic
control LQR by [18]. This work reports the control performances analysis of car with
active suspension by CAN (Controller Area Network) based on a model of full car.
The model which be used is developed based upon four sets of suspension which
constitutes 14 state variables communicates through a six CAN nodes.

The Linear Quadratic Regulator (LQR) method reduces pitch, heave and roll

variation to deliver a required performance of the active suspension. The computer
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simulations are performed and analyzed using Matlab/Simulink with True Time
toolbox.

[19] discussed full dynamic control system of a vehicle based on linear
parameters varying LPV/ H infinity and flatness approaches. This article discusses an
combination of two advanced vehicle controllers. The first controller is designed for
control of lateral and longitudinal vehicle movements. The design takes advantages of
algebraic identification methods for de-noising, numerical differentiations, and the
differential flatness of non-linear systems. The second is a LPV/ H infinity controller
for a suspension system which designed to adapt the vertical dynamics of a vehicle to
the lateral vehicle dynamics to enhance performance objective. The computer
simulation results confirmed the success of the collaborative strategy used for
enhance the lateral, longitudinal and vertical dynamic and have obtained the
efficiency of the required approach. The article authors proved that using the LPV
technique allows them to simplify the implementation procedure.

Another paper describes another integrated dynamic control system of vehicle
dynamics through coordinating of electronic stability plan and active suspension ASS
by [20]. This paper investigates complete dynamics control of the vehicle using an
electronic program of stability and coordinating of active suspension to improve the
overall vehicle performance including comfort, handling and stability. Also, the full
model of a vehicle is used in this paper to achieve the desired goal. The findings of
this paper demonstrate that the suggested control system improves the multiple
performance indices of the vehicle including both the ride comfort and lateral stability

when compared to the equivalent nonintegrated control system.
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[21, 22] described full vehicle control systems and suspension systems. The goal
of all of the researchers above is to enhance vehicle stability handling and passenger
ride comfort. They used some fuzzy logic techniques, which are Neuro Fuzzy control
and Mamdani fuzzy logic technique.

After briefly discussing the published literature on vehicle stability, handling
and comfort, we can say that the main different between this thesis and all other
works mentioned above will be in the use of the fuzzy PID control method with a full
vehicle model, and this difference will be a new contribution in the field of vehicle

dynamics.

2.4. Review of Tire Model

The tire is the main part which interacting directly with the road. The general
performance and behavior of a car is most affected by the key features of its all tires.
Tires influence on the fuel consumption of a vehicle, traction, ride comfort and
handling. To comprehend the importance of this, it is sufficient to remember that it is
only through lateral, longitudinal, and vertical force system generated through the
tires that a vehicle can maneuver [24].

When studying vehicle dynamic for handling, stabilization, and ride comfort it
is necessary to calculate the acting of forces on tire which is: The longitudinal force of
the tire which is generated during acceleration and deceleration and the lateral tire
force which is generated when cornering.

Over past decades, many tire models have been used in the field of vehicle dynamic,

like Magic formula, Brush and Dugoff' s tire models.



18

Magic Formula is a widely used empirical tire model that could be used to
categorize long tire forces and experimental tire data to define the relationship
between slip angle, lateral tire force and slip angle and self-aligning moment. There is
a certain expression for this model in many references which deals with vehicle
dynamic field, one of these references is [24].

Dugoff’s tire model is commonly used tire model, which is a substitute to the
model by Pacejka and Sharpe to produce combined lateral and longitudinal forces
generation, and to elastic analytical model developed by the tire model Fiala in1954
for the generation of lateral force.

Dugoff's model allows to calculate the tire forces under combined longitudinal
and lateral tire forces generation. In this model a uniform distribution of pressure is
assumed effect on the tire contact . This is simpler version than the more real
parabolic distribution of pressure assumed in Sharp and Pacejka. Moreover, the model
is offering one important advantage, it permits for independent amounts of the tire
stiffness in the longitudinal and lateral orientations. This is a very important
advantage, since the latitudinal stiffness in a tire might be completely different from
longitudinal stiffness. Compared to magic tire model, Dugoff’s model is more
accurate, being analytically derived from balance calculations of force. in addition,
the longitudinal and lateral and forces are immediately related to the road friction
coefficient in more clear equations [2].

From all notes above about the advantage of Dugoft’s tire model compared to
Magic Formula Tire Model, we selected this model for tire force calculations used in

this thesis and the all equations of the model will be described.
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1. VEHICLE MODEL

3.1. Introduction

This chapter presents fundamentals of vehicle dynamics by introducing vehicle
models and tire model which have been widely adopted for vehicle motion control.
This helps to get a basic idea of what parameters and states of a vehicle are important
in vehicle motion control. This chapter is separated into four sections: (1) vehicle
planar model (2) full vehicle model (3) 2-degrees of freedom vehicle model (bicycle

model) to design the controller and (4) Model of wheel dynamic.

3.2. Coordinate systemThe system of coordinates that is used to describes the

vehicle motion as shown below in the figure.
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Figure 3.1. A system of coordinates of a vehicle fixed to COG %

It is in according to the I1SO standards, as described in 1ISO 8855. Using this

coordinate system, the vehicle forward motion is depicted in the positive x axis and
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the lateral motion is depicted by the y axis, being positive when oriented to the
driver's left side position, and the z axis represents the vertical motion. The rotations
of the vehicle cabin are also included in this system of coordinates. The pitch rotation
is defined about the y axis and the roll rotation about the x axis, while the yaw motion
about the z axis.

A local coordinate system will be used independently for each tire in addition to
this the system of coordinates, also according to ( ISO 8855 ). The coordinate system

for a single wheel can be obtained in figure 3.2.
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Figure 3.2. Wheel local coordinates system. >4

3.3. Vehicle Planar Model

The vehicle planar model is formulated from the following three equations of
motion of a four wheel vehicle with front steering. Figure 3.3 describes the sketch of

the vehicle model and the parameters concerned. The positive x axis starts at the COG
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and points in the front direction of the vehicle, this direction is also indicated to as a
longitudinal direction, while the y axis is corresponded to as the lateral direction and
starts from the model center line. It is assumed that the front wheels have the same

steering angle and the roll, pitch and bob motions are neglected.

Figure 3.3. Vehicle planar motion model.

The mathematical equations of vehicle motions can be expressed as follows:
For yaw movement:
W, =[a(F," + F,")sin(8) + a(F,® + F,") cos(8) —b(F," + F*) + (3.1)

%( F®—F™)cos()+ % (FR-F™")+ % (FyfL — FyfR)sin(a)]

For longitudinal movement:

: 2
U, —v,w, == [(F," + F,")cos) - (F," + F,")sin(8) + F" + /7] (3.2)
m

For lateral movement:

j LiEmt L e Ry e - (3.3)
Vy+VXWZ =E[(Fy|-+FyR)COS(5)+(FXL+FXR)SIn(5)+FyL+FyR]
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Whrer £, F" FR FR FM FS FR, Fare the components of forces for

the front left tire, front right tire, rear left tire, and the rear right tire along x axis and y
axis coordinates; a ,b are the displacement of the COG of the vehicle to both of front
and rear axle; Lw is the displacement between left and right tires ; vy, vy are the car
longitudinal and the car lateral velocitiy, w; is the vehicle yaw rate, ¢ is the front
wheel steering angle, m is the vehicle total mass, | is the vehicle moment inertia

about its yaw.
The slip angle at each wheel «;is expressed and derived using the

geometry of the vehicle and the vectors of wheel speed. If the velocity at
each wheel road contact point is known then, it can easily derive the tire

slip angle at each tire geometrically and can be expressed as follows:

v, +aw,
a g =arctan | 5 -5 (3.4)
V, +—.W,
2
vV, +aw,
o, =arctan 4 = (3.5)
vV, ——.W,
2
v, —b.w,
o, =arctan g (3.6)
v, +—.W,
2
v, —b.w,
o, =arctan —q (3.7)
vV, ——.W
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The above vehicle model is analyzed and simulated using Matlab Simulink. It is
assumed that the vehicle used in this case moves at a constant speed (vx = 20 m/s, the
road friction coefficient is 0.4, and the vehicle receives a input steering from the tire.
Firstly, the input steering will set as a step signal which have an amplitude of two
degrees (0.035 radians) as illustrated in the figure below. Also, the input steering will
set as a lane change maneuver with amplitude of front steering angle of 0.035 radians
as obtained figure 3.5.

The performance of vehicle will be obtained and compared in this thesis using

the two cases of input steering angle ( a step signal and a lane change maneuver ).
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Figure 3.4. the steering input of vehicle maneuver.
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Figure 3.5. the steering input of vehicle with a lane change maneuver.

The following figures represent the performance of the car in the case of planar
model which performed at a step signal of steering single and the lane change
maneuver of the front wheels . The vehicle longitudinal velocity is obtained in figures
3.6 and 3.7 . Figures 3.8 and 3.9 display the vehicle lateral acceleration. As it can be
shown clearly, the lateral acceleration reaches its maximum rapidly during start of the

second two.
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Figure 3.6. the vehicle longitudinal velocity at a step signal of steering angle

(Planar model).
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Figure 3.7. the vehicle longitudinal velocity on a lane change maneuver

(Planar model).

1.5

0.5

Lateral acceleration [ m/ sec2 }

0.5 S~

0 0.5 1 15 2 25 3
Time [ sec )

Figure 3.8. the vehicle lateral acceleration at a step signal of steering angle

(Planar model).
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Figure 3.9. the vehicle lateral acceleration on a lane change maneuver

(Planar model).

Figures 3.10 and 3.11 show the vehicle sideslip angle change with respect to
time under specified conditions and figures 3.12 and 3.13 depict the yaw rate of the
vehicle versus time. It is obvious that from figures, the vehicle yaw rate at a step
signal of steering angle initially increases as it is expected from the steer input. The
peak value of the yaw rate at a step signal of steering angle is approximately 0.135
rad/s while the peak value of the yaw rate on a lane change maneuver is about +0.12

rad/s and — 0.12 rad/s.
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Figure 3.10. the vehicle sideslip angle at a step signal of steering angle (Planar

model).
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Figure 3.11. the vehicle sideslip angle on a lane change maneuver (Planar

model).
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Figure 3.12. the vehicle yaw rate at a step signal of steering angle (Planar

model).
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Figure 3.13. the vehicle yaw rate on a lane change maneuver (Planar model).
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3.4. Full Vehicle Model

In this vehicle model, the sprung mass or body is free to roll, pitch and heave,
which means that the full vehicle model dynamics involves the rotation and
movement on the vertical, longitudinal and lateral directions; therefore, the vehicle,
vertical, longitudinal and lateral dynamics have to take into considerations for a
complete car model. The suspension pats connects the body or the sprung mass to
four unsprung masses which are rear-left, rear-right, front-left, and front-right tires.
They are free to bouncing vertically relative to the vehicle body. The vehicle model
adopted here consists of fourteen degrees of freedom ( 14 DOF ) as obtained in the

following figure.
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Figure 3.14. Full vehicle model includes: the yaw (a), pitch (b), and

roll(c) motions. [4°]
The mathematical equations of the vehicle motion can be written as:

For the yaw movement of the sprung mass in Figure 3.4.a

W, 1, —gl,, =a(F®sin(0) + K, cos(S) + F"sin(0) + F," cos(®)) —b(F," + F7)

30

(3.8)
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Where w; is the vehicle yaw rate, I; is the sprung mass yaw moment of inertia ,a
and b is the distance between the COG. of the vehicle and the rear, front axle, and ¢ is
the roll angle of sprung mass.

And the differential equations of motion due to lateral and longitudinal directions

can be derived as:

m(V, +v,w,) —m.hw,¢ =[F," cos(s) — F,% sin(5) + F," cos(5)
fL o; rL R (3'9)
—-F,"sin(0)+ K~ +F"]- f.mg
Where m is total mass of the vehicle, vy is the vehicle speed in the lateral
direction, vy is the speed of the vehicle in the x axis direction (longitudinal direction),

fris the rolling resistance coefficient, and h is the vertical displacement between the

roll center and the COG of the sprung mass.

m(v, +v,w,) + mhg = [(F," sin(5) + F,* cos(®) + F," sin(s) +

fL rL R (3'10)
F,-cos(@)+F~+F]
The following equation describes the pitch motion of the body or sprung mass:
1,6 =b(F;+F,)-a(F, +F,) (3.11)

Where F,,,F,,,F,;, F,,are the total suspension forces which acting on the front

and rear sprung masses, ly is the pitch moment of inertia of sprung mass, and @ is the
sprung mass pitch angle.

And for roll motion of the sprung mass:

L $+m (v, +V,w)h— 1 W, =m,ghg+d(F, +F,,—F,—F,) (3.12)

Where Iy is the sprung mass roll moment of inertia and Iy, is the product of

inertia of the vehicle body mass about the yaw and roll axes.
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The equations which describes the vertical motions of the unsprung masses

sprung mass are as follows:
mszs = le + F22 + Fz3 + Fz4 (313)

Where Z_is the vertical displacement of the vehicle body.

MuZy =Ky (Zy —Z4) - Fy (3.14)
MyZy, =Ko (Zy, = Z,,) - F,y (3.15)
MysZys =K (Zgs = Zys) — Fos (3.16)
MyaZys =Ky (Zgs —Z0s) —Foa (3.17)

myi is the unsprung mass at tire i, Zi is the vertical distance of unsprung masses,
ki is the tire stiffness at tire i, and Zg1is the road excitation.
The total suspension forces which acting on the front and rear sprung masses can

be expressed as:

F,=k,(Z,-2,)+¢c(Z, —Zsl)—%{qzﬁ—%}jt f, (3.18)
F,=k,(Z,-2,)+¢C,(Z,, —252)—%@5—%} f, (3.19)
Fo=K,(Z,;-2,)+C(Z,s—2)— ';d [qﬁ—%} f, (3.20)
F,=k,(Z,,-Z.)+¢,(Z,-Z.,) —;—ZP—%} f, (3.21)

Where ksi is the suspension stiffness at each wheel, c; is the damper coefficient of the
suspension at each wheel, kaf is the stiffness of anti-roll bars for the front suspension,
Kar is the stiffness of the anti-roll bars for the rear suspension , and fiis the control

force of front and rear active suspension controller.
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It is assumed that both of the sprung mass pitch angle 8 and the sprung mass roll

angle ¢ have a small values, the next approximations can be achieved.

Z,=2,-ab—dg¢ (3.22)
Z,=2,—a0+dg (3.23)
Z,=2,-bo+dg (3.24)
Z.,=Z, +bo—dg (3.25)

Figures 3.15 to 3.22 represent the performance of the vehicle in the case of full
model at a step signal of steering single and the lane change maneuver of the front
wheels. The vehicle longitudinal velocity is obtained in figures 3.15 and 3.16, while

figures 3.17 and 3.18 describe the lateral acceleration behavior of the vehicle.
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Figure 3.15. the vehicle longitudinal velocity at a step signal of steering angle

(Full model).
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Figure 3.16. the vehicle longitudinal velocity on a lane change maneuver (Full

model).
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Figure 3.17. the vehicle lateral acceleration at a step signal of steering angle (Full

model).
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Figure 3.18. the vehicle lateral acceleration on a lane change maneuver (Full

model).

Figures 3.19 and 3.20 show the vehicle sideslip angle change with respect to
time under specified conditions and figures 3.21 and 3.22 depict the vehicle yaw rate
versus time. As it can be shown from the figures, the yaw rate initially increases as it
is expected from the steer input. The peak value of the yaw rate at a step signal of
steering angle is approximately 0.22 rad/s while the peak value of the yaw rate on a

lane change maneuver is about +0.2 rad/s and — 0.2 rad/s.
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Figure 3.19. the vehicle sideslip angle at a step signal of steering angle (Full

model).
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Figure 3.20. the vehicle sideslip angle on a lane change maneuver (Full model).
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Figure 3.21. the vehicle yaw rate at a step signal of steering angle (Full model).
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Figure 3.22. the vehicle yaw rate on a lane change maneuver (Full model).
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3.5. Vehicle Reference Model

The bicycle model ( reference vehicle model ) as illustrated in figure 3.23 is an
important part in the automotive engineering studies and vehicle dynamic field
because it uses for controllers design and the analysis of yaw stability control
prominently. According to some assumptions, it is possible to linearize the actual
model of the vehicle (a nonlinear model), these assumptions are : the vehicle moves
on plane surface or flat road (planar motion), the tires forces operate in a linear
region, and the left and the right tires at the rear and front axle are placed in an

unattached tire at the center line of a vehicle.

Figure 3.23. Vehicle refernce model(bicycle model).

The driver tries to control the vehicle’s stability during normal and moderate
cornering from the steer-ability point of view. The bicycle model gives a relationship
between the stability factors and driver performance of the vehicle. Hence, the model

is designed to generate a desired values of the vehicle yaw rate w;q and the sideslip
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angle fq at each instance according to the driver’s steering angle input and the vehicle
velocity while considering of a constant forward velocity.
The following equations represent the differential equations of lateral and yaw

motions of the reference model [1]:

MV(By— W) = (F, +F))—w,, (3.26)
l,w, =aF —bF/ (3.27)
F=C,., (3.28)
F =C., .« (3.29)
;=5 2 (3.30)
\Y
a, =P, e (3.31)
\'
Where:

w,, , S, are the desired vehicle yaw rate and desired vehicle sideslip angle.
C, ,C, are the longitudinal and the lateral stiffness of front wheel and rear

wheel.
a, b are the displacement of the COG of the vehicle to both of front and rear axle.
The simulation result for the vehicle reference model which represents the desired

vehicle yaw rate is obtained in figures 3.24 and 3.25.
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Figure 3.24. The desired vehicle yaw rate at a step signal of steering angle
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3.6. Model of Tire Dynamic

A sketch diagram of a modeled tire is illustrated in figure 3.26. The moment of
inertia of the wheel is Iy and the effective radius is Rw. The torque applied on each tire
T and longitudinal force of the tire Fx is produced at the tire bottom. The tire is
rotating with angular speed w and travels at a longitudinal speed vx. the total moments
about the rotation axis of the tire generates the dynamic equation derived in the

following equations:

T,-F, R, =10 (3.32)
T,-F,R, =1, (3.33)
T,-F,R, = 1,0, (3.34)
T,-F,R, =1, (3.35)

w

Figure 3.26. Wheel schematic diagram.

3.7. Review of Existing Tire Models

The widely used experiential tire model is called the Magic tire formula

which can be used to fit empirical tire data for describing the relationship
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between the longitudinal force of the tire and slip ratio, the lateral tire force
and the slip angle, and the relationship between self-aligning moment and the

slip angle. It is derived as follows:

y(x)Dsin{C arctan[Bx — E(Bx — arctan Bx)]} (3.36)
Y(X)=y(x)+S, (3.37)
X=X+S, (3.38)

where Y (X) indicates the output variables: the longitudinal and lateral tire
forces, or self- align moment, and X indicates slip angle « or slip ratioo .
The coefficient B is the stiffness factor, C is called shape factor, D is peak
factor, and E the factor of curvature. Sv and Sh and are called the vertical shift
and horizontal shift, respectively.

The curve which crosses through the origin point, x =y = 0 is produced
from equation (3.36), and reaches the maximum where x = xm, as illustrated
in figure 3.27 for the given values coefficients, the curve presents an
antisymmetric style with respect to the origin point, x =y = 0. Figure 3.27
shows the physical meaning of the coefficients mentioned above in equation
(3.36). For example, if Figure 3.27 represents the relationship between the
slip angle and lateral tire force, then coefficient D indicates the higher value
with respect to x and y coordinates and the factor BCD represents to the

curve slop in the origin point, representing the tire cornering stiffness.
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Figure 3.27. Characteristics of the Magic Formula. [

It is noted that some of the coefficients in (3.39) and (3.40) are a
functions of the vertical tire force F, and/or camber angle of tire.
Coefficients B, C, D, and E can be derived as a functions of the vertical tire

force F; and the road friction coefficient p as follows:

D=a,(F")* +a,F’ (3.39)
Where a; and a, are experiential coefficients.

For stiffness of tire cornering (i.e., the slope of the lateral tire force and slip angle

curve):
(BCD) =a, sin[a, arctan(a;F *)] (3.40)

And for the align stiffness (the slope of the self-aligning moment and the slip

angle curve) or the longitudinal stiffness ( the slope of the longitudinal tire force

and the slip ratio):
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_a(F*)?+a,F?

BCD e (3.41)
The stiffness factor B and the curvature factor E are given by:
B = BCD (3.42)
CD
E=a,(F)*+a,F* +a, (3.43)
where aj, a,, - - -, ag are empirical coefficients.

Another widely used of tire models is the Dugoff's tire formula. The
Dugoff's model represents an interesting alternate to the elastic foundation of
analytical tire model modified by Fiala in 1954 for the generation of lateral tire
force and by Sharp and Pacejka for combined lateral and longitudinal and forces
generation. The Dugoff model permits independent tire stiffness values in both
of the lateral and longitudinal directions. Compared to Magic Formula, the
Dugoff tire model has the merit of being an analytical derived formula
developed from the calculations of force balance. Furthermore, the lateral and
longitudinal forces of the tire have a direct relation to the road-tire friction
coefficient in more clear equations [2].

The longitudinal Fx and lateral Fy tire forces are defined as follows:

F =C,—2x (1) (3.44)
1+ 0,
tan o

Fy=Co 1A (3.45)

Where C, and C, are the longitudinal and cornering tire stiffness, o, is the

tire longitudinal slip ratio and can be defined in equations (3.44) and (3.45),



and a; is the tire slip angle at each tire.

r o @, ) )
o, =1-—"71 in the case of deceleration
VX
v . .
o, =-1+—~* in the case of acceleration
Vet @
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(3.46)

(3.47)

The slip angle for each tire is derived and calculated depend on the

geometry dimensions of the vehicle and the wheel speed vectors. If it is

possible to determine the velocity at each wheel road contact point then, the

it can derive the tire slip angle easily at each tire geometrically and can be

expressed as follows:

The variable A and the function f (1) are given by

pE,(A+o,)

A=
2\{(C,o,)? +(C, tan(ex))*}

And

f()=@2-MA  if A<l
f(A)=1 if A>1

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)
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Where ( « ) is the coefficient of road-tire friction and F,* represents the vertical tire

force for each wheel.
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V. PRINCIPLES OF PID AND FUZZY PID

CONTROLLERS

The purpose of this chapter is to give some principles and explanation about
two of control methods which are conventional proportional, integral, and derivative
(PID) controller and the controller used in this thesis which is Fuzzy PID controller (
FPIDC ). The most commonly structure, design, and meaning of Fuzzy PID controller

will be obtained in this chapter in details.

4.1. Principles Of PID Controller

PID Controller Feedback system is a mechanism of control which uses an
information from the measurements. The output is sensed in this control system. Tow
principle kinds of the feedback control systems are known which are called positive
feedback and negative feedback. The first one increases the input size, but in the
negative feedback system, the feedback decreases the input size. It can be said that,
the negative system is generally stable. A PID controller has been mostly used as
feedback control system of many industrial procedures in the markets since decades,
and has remained until these days. Thus, this controller is clearly understood which
takes into account the past, present, and future of the errors. Once digital application
and implementation has been introduced and a change in the structure of control
system was adopted and has been proposed in several applications. however although,
that the change does not affect the most primary part when analysis and design of the

PID controllers. A PID controller ( proportional P, integral I, and derivative D
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controller) is a technique of the control feedback system. This technique is consisted
of a three controllers [52]:

a. PC: Proportional control

b. IC: Integral control

c. DC: Derivative control
4.1.1. The proportional controller role (PC)

It's possible to say that, the role of this controller depends upon the error of
present, | on the accumulation of the past error while D on the prediction of future
error. These three actions and its weighted sum are used to adjust the proportional
control, and it is a simple and a widely used technique of control for many types of
systems. Generally, in the proportional controller ( PC ) steady state error inversely
depends on proportional gain ( if this gain is made larger then, error goes down). In
this controller the proportional response can be checked and adjusted by multiply the
error (Error(t)) by a constant named ( K, ) and called the proportional gain, where the
proportional term is derived as follow [52]:

(P) =K, .Error(t) (4.1)

If this proportional gain P is very high, then, the system has the potential to be
unstable. In contrast, a small proportional gain K, results in a small output response to
a large error of input. If this gain is very small, the control action might insufficient
when responding to the system disturbances. In consequence, the effect of a
proportional controller (Kp) will be decreasing the rise time, but never prevent or
eliminate the steady-state error. practically, the proportional band is derived as a

percentage as follows:
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05— 100
(PB)% =" (4.2)

p
4.1.2. The integral controller role (IC)

The integral part of a controller provides a signal depending on how long the
error is persisted. It works to stop and prevent this persistence of the error by increase
the control signal with time. This action will reduce the steady state error some cases,
depending upon the type of the system and the type of the reference signal, eliminates
it. Integral control I is not used on its own usually, however it is an effective than
Proportional control P for eliminate the step response steady-state error of the first
order plant. And for the second order system, using of I control leads to a third order
system that, depending upon the parameters of system, can result in unstable
oscillation [52].

The integral of the error e(t) proportional to the control signal of the integral

controller output ui(t) is:
t
u (t) =K [e(t)d(t) (4.3)
0
Kiis called the integral gain of the controller.
4.1.3. The derivative controller role (DC)

The derivative component of this process error can be calculated by multiply
change rate by the derivative gain Kq and by confirming the rate of slope of error. In
this case the derivative gain slows the change rate in the controller output. The

influence of a derivative control (Kq) component will be to increase the stability of the
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system, reducing the overshoot, and improving the transient response. The derivative
gain is derived as [52]:

_ . dError(t)
(O)=K =gy (4.5)

Table (4.1) shows the Effect of each component Kp, Kg, and Ki on a the closed-

loop system .

4.2. structure and design of the PID controller

Figure 4.1 demonstrates an ideal structure of a control system including PID
controller and figure 4.2 illustrates a structure of a control system with PID
controller. The error e(t) of the signal is used to produce the three components of the
controller ( P, I, and D actions), as a resulting of signals sum weighted to form the

signal u(t) which applied to the process model.

——————————————————————————————
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@

differentaitor

______________________________

Figure 4.1. A PID controller structure. 52
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Figure 4.2. A block diagram of control svstem including PID controller.

Table 4.1. The effect of a PID controller parameter in a closed loop system.

Steadv-state

Parameter Rise time Owvershoot Settling time error
K, Decrease Increase Small change Decrease
K; Decrease Increase Increase sigligs;izy
E; Minor decrease | Minor decrease || Minor decrease Nﬂﬂiifc‘i;f in

The multi-variable processes has an input signal u(t), the error signal e(t) can be

derived as e(t) =r(t) — y(t), where r(t) is a reference signal and represents the input

variable. The standard structure of the PID controller is known also as a three-term

controller. This standard mode of action can be demonstrated by the parallel

connection of the proportional, integral and derivative elements which illustrated in

figure 4.3.

G(s) =K, {1+

14T, T,.8°

)= Kp(1+Ti+TDs)

S

(4.6)
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Figure 4.3. The PID Compensator Parallel Form. [5%

Where T, is a constant and represents an integral time constant, Kp, Tp are the
proportional gain and the derivative time constant respectively, K; and Kp can be
calculated as (Ki =Kp /Ti) and (Ko =Kp.Tp ). The functions of the three components
of the PID controller listed below:

e The proportional term P: can provide a comprehensive control action
proportional to the error signal through all pass gain factor.

e The integral term I. can reduce the steady state error due to low frequency
compensation using an integrator.

e The derivative term D: can improve the transient response due to a high
frequency compensation using a differentiator.

The three variables were mentioned above T, , Kp and Tp are generally tuned due to

given ranges. Thus, they are often named the tuning parameters of the controller.
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During a suitable choice of these tuning parameters a PID controller can be adapted
for a certain plant to make a perfect behavior of the system which controlled.

The controller output time response is:

je(t)dt

5 de(t)
t) = (K t) +

dt

+(Ty) (4.7)

Using above relationship due to a step input of error e (), (i.e. e(t) = At)) , the
step response of the PID controller r(t) can be easily calculated. The result is
illustrated in the figure below. One has to observing that the length of the arrow

(KtPp) of the D action is a measure of the impulse weight 6.

r(t) r(t)

(a) | (b)
Ke(l +Ty) 1
D action {
K

w1 +To4,)
{ } I action
j‘, 0 i I[ 0 T f

K,

I .L:'[':u“ ]] T BT
P action P action

Y
r

Figure. 4 4. a) Step response of PID ideal form b) Step response of PID real

form. [#1]
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4.3. Fuzzy PID Controller

4.3.1. The Meaning Of Fuzzy PID Controller

Self-tuning FLPIDC means that the PID controller parameters which are Kp,
Ki and Kd are tuned by using the fuzzy logic tuner automatically. There are available
two different kinds of fuzzy logic controllers: the Sugeno and Mamdani types. There
are mainly two differences in their fuzzy rule consequent: a Sugeno fuzzy controller
can employ the linear functions of the input variables while, a Mamdani fuzzy
controller employs a fuzzy sets as the consequent. Although fuzzy logic controller can
be designed implemented using a simple modification of some IF-THEN rules of
fuzzy logic into the control system of conventional controllers, this approach in
general complicates the overall design and prevent to produce new FPIDCs which
properly reflect an essential nature and characteristics of the conventional PID
controllers. In addition, they usually have no analytical formulas for stability analysis
control and specification. The FPIDC to be introduced in this chapter is natural
extensions of its conventional version, that preserve the PID controllers linear
structure, with conventional and simple analytical forms as a final results of the
required design. So, they can replace the conventional controllers ( PID controllers )
in any operating plants or processes in control systems directly. The conventional PID
controller design was modified and a new fuzzy PID controller was implemented and
designed. Instead of the summation influence a Mamdani-based fuzzy inference
system is constructed and the inputs to the Mamdani based FIS "fuzzy inference

system" are “change in error” and error itself”. [
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The conventional PID controller coefficients are not predominant properly tuned and
adjusted for the nonlinear systems, with unpredictable variations of parameter. Hence,
it is important to tune the three parameters of the PID controller automatically by

using a suitable fuzzy rule base.

4.3.2. Fuzzy PID Controller Structure

The performance of system can be improved and modified by proper adjusting
and scheduling of the three parameters of PID controller ( Kp, Ki and Kg). The most

known structure of the Fuzzy PID controller ( FLPIDC ) is obtained in the following

figure.
E 3  Fuzzy Logic
AE > Rule Base
defdt le lIQ le
|
Unit 1/7
] Onutput
Ref delay | PID Controller Control utp
> —= >
Error E system

Figure 4.5. The structure of FPIDC. [

In Fuzzy self-adjusting PID controller, it takes the error E (the deviation between
the desired set point and the output of the system) and AE (change in error or error
rate with unit delay) as a two inputs. The parameters of PID controller (K,, Ki, Kg) are
tuned and adjusted by using fuzzy inference automatically to meet and verify the

requirements of E and AE for PID parameter self-setting in different time. 54
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4.3.3. Build Of Mamdani Systems in Matlab

This section demonstrates how to build design a Fuzzy Inference System (FIS)
using Matlab Software. Figure 4.8 shows the graphical tools required to design and

build, view, and fuzzy inference systems.

FIS Editor

Membership
Function Editor

Rule Editor

Inference

Read-only
tools

Rule Viewer Surface Viewer
Figure 4.6. The graphical tools required to build, view, and edit fuzzy inference

system.

e Fuzzy Logic Designer to get and handle a high level issues for the control

system Its necessary to ask how many output and input variables of the fuzzy

controller? What is the name of each one?
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The steps of design are started in sequence by create a Fuzzy Inference System

editor (FIS) shown in figure 4.7.

4| Fuzzy Logic Designer: Untitled = O *

File Edit View

Untitled
(mamidani)
output1

FIS Name: Untitled FIS Type: mamdani
And method — o Current Variable
or method max - T input1

T input
Implication miin o uE £

Range [o 11
Aggregation — o
Defuzzification centroid ~ Help Close | ‘

System "Untitled™ 1 input, 1 output, and 0 rules ‘

Figure 4.7. FIS editor in Matlab.

Taking into account the controller needed in this thesis, two input variables
and other three output variables are added and shown in figure 4.8. The Fuzzy
Inference System (FIS) editor offers the relevant information of the Adaptive gain
scheduling FLPIDCs.

Fuzzy Logic in Matlab does not itself limit the number of inputs variables.
However, the computer memory available may impose a certain constraint. If the
inputs number is too great, or the membership functions number too many,

consequently, difficulty will be found when analysis of the FIS using other tools.
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[ Fuzzy Logic Designer: fuzzypid
File Edit View

_ s
\ Kp
- Lm
(mamdani)
/ Ki

S
XX

deft) Kd
FIS Name: fuzzypid FIS Type: mamdani ‘
And method - v Current Wariable
Or method — v Name eit)
Type input
Implication — v
Range [-100 100]
Aggregation — v
Defuzzification centroid - Help — | ‘
System "fuzzypid™ 2 inputs, 3 outputs, and 43 rules ‘

Figure 4.8. FIS editor of proposed FLPIDC.

e The editor of membership functionsto define the membership functions

shapes of associated with each input variable and output variable.
The membership functions of the input variables (E and AE) and the output
variables ( Ky, Ki, and Kq ) are displayed in figures 4.9 and 4.13.

(4] Membership Function Editor: fuzzypid = =
File Edit View

FIS Variables Membership function plots™ ™™ 181

1 D3 zE PS =
74

del(t) Ki
/XN
Kd
}
1 2 1
inouit variahle "o/t
Current Variable Current Membership Function (click on MF to select)
Name et) Name NB
Type input Type trimf w
Params [-133.3 -100 -85.57]

Range [-100 100]
Display Range [-100 100] ‘ Help Close ‘
Selected variable "e(t)” ‘

Figure 4.9. The membership function of the error E.
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Figure 4.10. The membership function of the change of error AE.

The ranges of output variables for e(t) and de(t) are between O up to 1.

File Edit View

ey
X |

Kd

o

1]

15.04 3.886 17.
e | o

Figure 4.11. The membership function of K.
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Figure 4.13. The membership function of Kaq.
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o Rule Editor: used to edit the list of rules which defines the performance and
behavior of the system.

The fuzzy PID rules for Kp, Ki and Kd parameters are illustrated in the following
three tables, where each cell in the tables shows one of the output membership
function of the control rule with a two input membership functions. The control
rules are built based upon the IF statement: IF inputl and input2 THEN outputl,
output2, and output3.

For example to read the tables, consider the fifth column and third row in table
4.3. IF the error e(t) is NS and the change in error de(t) is PS, THEN Kp is B and

Kiis M and Ky is B.

Table 4.2. Fuzzy PID rule for K, parameter.

R de(t] NB NM NS ZE Ps PM PB
e

NB B B B B B B B
NM 5 B B B B B 5
NS B 5 B B B 5 5
ZE 5 5 S B 5 5 5
Ps 5 5 B B B S S
PM 5 B B B B B 5
FB B B B B B B B
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Table 4.3. Fuzzy PID rule for K; parameter.
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I{de{t} NBE NM NS ZE PS5 PM PE

e

NB 5 5 5 5 5 5 5

NM M M 5 S S M M

NS B M M S M M B

ZE B B M M M B B
PS M M S M M

PM M M 5 5 5 M M

PE 5 5 5 5 5 5 5

Table 4.4. Fuzzy PID rule for Kq parameter.

o de(t] NB NM NS ZE Ps PM PE
NB 5 5 5 5 5 5 5
NM B B 5 5 5 B B
NS B B B 5 B B B
ZE B B B B B B B
Ps B B B 5 B B B
PM B B 5 5 5 B B
PE 5 5 5 5 5 5 5




63

Rule Viewer: to view the diagram of the fuzzy inference diagram. this viewer
is used as a diagnostic to see the active rules, and how each one of the
membership function shapes affect the results.

Surface Viewer: to show the dependency of one output on the inputs which is,

can generate and draw an output surface shape for the system. Figure 4.14

shows an example to know the surface viewer in Matlab.

4. Surface Viewer: fuzzypid = O *

File Edit View Options

@ -'\‘::,. VY
: ,\l»i‘\\\"ﬂyl'%\’/

/

100
100 0
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Figure 4.14. Surface viewer shape in Matlab.
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V. CONTROL STRATEGY AND SIMULATION

RESULTS

In this chapter the simulation results for planar vehicle model and full vehicle
model will be presented. In these two models the FPIDC is used in this thesis to
enhance the desired improvement of the vehicle dynamic stability, the desired vehicle
model ( Actual vehicle ) as obtained in figure 3.23 is used prominently for vehicle

stabilization control analyses and control system design.

5.1 Vehicle system control strategy

The proposed control system of the planar vehicle model is implemented
based on equations 3.1, 3.2, and 3.3 which are obtained in chapter three. The structure
of the implemented model with the controller for planar model is illustrated in the

following figure.
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e —

Lateral acceleration
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y—
Lateral velocity
wi—
pdf S E \—b P
Desired yaw » Yaw rate
ut steerng angle tate Mz = d
lnp g angl wzd -—» » (| FID(s) »{H
= 1 m AE Sidestip angle
- Fuzzy Logi >0 B >
0 Unit Delay Derivative C“z::u;";c
N .
_y . Planar vehicle model
Vehicle velocity |I|'|—’
Reference model

=9

Desired sideslip angle| Sideslip angle error

Figure 5.1. The vehicle model structure with controller for planar model.
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In this thesis, designing of Fuzzy PID Controller (FPIDC) is implemented to
improve the vehicle yaw stability in the case of vehicle planar model and full vehicle
model. The fuzzy PID controller can be tune the equivalent components of the PID
controller which are proportional control PC, integral control IC, and the derivative
control DC components. The control system which be designed includes three parts:
the 2 DOF model which represents the reference vehicle model, non-linear vehicle
model (Actual model), and the controller FPIDC. The structures of the planar and full
vehicle models including the controller are illustrated in figure 5.1 and figure 5.2.

A method for determining the ideal values of vehicle yaw rate and sideslip angle
can be done using reference model and based on the steering angle (6) which can be
derived through the driver action. The PID controller is commonly used control
algorithm in various industries because of its simplicity, ready availability and faster
processing time. The critical regulation of the PID parameters is a complex design
task, while it is a very simple decision-making process in case of using fuzzy
controller FPIDC. In this study, the comparison between the sideslip angle g and the
ideal sideslip B« is made and the ideal yaw rate wyq is also compared with the actual
yaw rate w.. Then the calculation of the yaw rate error E and its change rate is done.
The implementation of the fuzzy control is made as fellows: the first step is
fuzzification of the input parameters such as yaw rate error E and its rate of change
AE, followed by the fuzzification of the direct yaw moment M,. Fuzzification of the
input parameters transforms the actual input variables into fuzzy terms according to

the selected member functions. B2
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The Simulink model of full vehicle model without control is built based on
differential equations from (3.8) to (3.25). The structure of vehicle model with
controller for the full vehicle model shown in figure 5.2 same to the structure model

in the case of planar vehicle model.
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=9

Desired sideslip angle| Sideslip angle error

Figure 5.2. The structure of vehicle model with controller for full model.

5.2 Simulation Results and Discussion

In order to analyze and evaluate the control system performance, some
simulation investigations are performed. The dynamic behaviors and performance of
the developed control system using FPIDC in the case of planar and full vehicle
models are performed using Matlab Simulink. It is assumed that the car travels at a
constant speed (v) = 20 m/sec and the road friction coefficient u equal 0.4 . One
driving condition is performed which is the input of steering. The input steering will
set as a step signal which have an amplitude of two degrees (0.035 radians) and will

set also as a lane change maneuver with amplitude of front steering angle of
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0.035 radians as obtained in chapter three ( Figures 3.4 and 3.5 ). Comparison
between the performance of the vehicle ( Planar and full models) in both cases of the
steering angle will be discussed.
The vehicle parameters values which are used in the thesis simulations are listed
below in table 5.1.

In chapter three, the mathematical models of planar vehicle dynamic model
and the full model of vehicle model have been presented and the simulation results of

both models are presented in this chapter.

Table 5.1. The physical parameters of the vehicle.[*]

Parameter  Unit Value Parameter  Unit Value
Ms Kg 810 C1 (KN.s/m) 1570
m Kg 1030 C2 (KN.s/m) 1570
a m 0.968 C3 (KN.s/m) 1760
b m 1.392 C4 (KN.s/m) 1760
d m 0.64 ks1 (KN/m) 20.6
Rw m 0.303 ks2 (KN/m) 20.6
lw Kg.m? 4.07 ksa (KN/m) 15.2
U 0.4 ksa (KN/m) 15.2
C1 KN/rad 52.526 Kaf (N.m/ rad) 6695
C KN/rad 29000 Kar (N.m/ rad) 6695
Car KN/rad 95.117 Ix (Kg.m?) 300
Car KN/rad 97.556 ly (Kg.m?) 1058.4
g m/s? 9.81 I, (Kg.m?) 1087.8
Mu1 Kg 26.5 Vo m/s 20
My2 Kg 26.5 fr 0.015
My3 Kg 24.4 h m 0.505

Mus Kg 24.4
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The simulation results of planar vehicle model include comparison of the vehicle
performance and behavior in case of without control and in the other case of using
Fuzzy PID controller.

Figures 5.3-5.8 indicate the results which selected of the planar model of the
vehicle in case the controller is not used and with controller, where in the first four
figures (5.3 to 5.6) show the vehicle longitudinal velocity and the vehicle lateral
acceleration at a step signal of steering angle and on lane change maneuver
respectively, while the vehicle yaw rate is illustrated in figures 5.7 and 5.8.

Figures 5.9 and 5.10 present a comparison between the behavior of the car
sideslip angle with the controller and without it. From these figures we can say, the
control system used with of FPIDC clearly improved the stability of vehicle and

performance.
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Figure 5.3. Comparison of the vehicle longitudinal velocity with FPIDC and

without FPIDC at a step signal of steering angle (Planar model).
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Figure 5.4. Comparison of the vehicle longitudinal velocity with FPIDC and

without FPIDC on a lane change maneuver (Planar model).
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Figure 5.5. The vehicle lateral acceleration behavior with FPIDC and without

FPIDC at a step signal of steering angle (Planar model).
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Figure 5.6. The vehicle lateral acceleration behavior with FPIDC and without

FPIDC on a lane change maneuver (Planar model).
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Figure 5.7. The vehicle yaw rate behavior with FPIDC and without FPIDC at a

step signal of steering angle (Planar model).
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Figure 5.8. The vehicle yaw rate behavior with FPIDC and without FPIDC on a

lane change maneuver (Planar model).
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Figure 5.9. The vehicle Sideslip angle behavior with FPIDC and without FPIDC

at a step signal of steering angle (Planar model).



72

T T T T T T T
0.01 I I | | [ — Without control i
Fuzzy PID control
0.005 -
-
n
— C.
w
=4
m
o
i
o -0.005
o
0.01 [
0.015 ' ' ' : ' ' '
0 0.5 1 1.5 2 25 3 35 4

Time | sec )

Figure 5.10. The vehicle Sideslip angle behavior with FPIDC and without

FPIDC on a lane change maneuver (Planar model).

Fuzzy rule viewer shown in figure 5.11 gives the influence of control signal for
rules viewer changing. It is used as a specific diagnostic test to create and find which
rules is active and how every single member function forms are influencing the final
results. After that rules are estimated and crisp values are created by defuzzification of
the membership functions corresponding.

From the rules viewer of fuzzy, screen shot as shown in figure 5.7, it is illustrated
that the tuned parameters of Fuzzy logic PID controller at this particular instance is Kp
=2.69 and Kj =4, Kq = 0.176, for e(t) = -6.12, de(t) = -100. Figure 5.12 presents both

the output and input relations in the shape of Cartesian rule surfaces.
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Figure 5.11. Rule viewer of fuzzy PID controller in the case of planar vehicle

model.
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Figure 5.12. The relations of inputs and outputs in the shapes of Cartesian rules

surfaces of P, I, and D control variables, (a) P variable; (b) I variable, and (c) D

variable.

Figures 5.13 to 5.20 present the selected results of full vehicle model for all of
vehicle longitudinal velocity, the lateral acceleration , yaw rate ,and the vehicle
sideslip angle when using the controller ( FPIDC ) and if not used at a step signal of
steering angle and on lane change maneuver respectively. Also, in this model the
vehicle stability behavior with fuzzy PID controller is improved especially due to

vehicle yaw rate.
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From the rules viewer of fuzzy, screen shot as shown in figure 5.21, it is obvious
that the tuned parameters of Fuzzy logic PID controller at this particular instance are
Kp = 12.7 and K; = 1.99, Kq = 0.133, for e(t) = -67.3, de(t) = 0. Figure 5.22
demonstrates the output and input relations in the shape of Cartesian rules surfaces.

It can be seen that from figures 5.3 to 5.10 and figures 5.13-5-20 which represent
how the Fuzzy PID controller used in this work affected on the vehicle performance
in both planar and full vehicle models and how to the controller improved the vehicle

stability and handling.
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Figure 5.13. The vehicle longitudinal velocity performance with FPIDC and

without FPIDC at a step signal of steering angle (Full model).
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Figure 5.14. The vehicle longitudinal velocity performance with FPIDC and

without FPIDC on a lane change maneuver (Full model).
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Figure 5.15. Comparison of the lateral acceleration with FPIDC and without

FPIDC at a step signal of steering angle (Full model).
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Figure 5.16. Comparison of the lateral acceleration with FPIDC and without

FPIDC on a lane change maneuver (Full model).
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Figure 5.17. The car yaw rate behavior with FPIDC and without FPIDC at a step

signal of steering angle (Full model).
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Figure 5.19. The car sideslip angle behavior with FPIDC and without FPIDC at a

step signal of steering angle (Full model).
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Figure 5.20. The car sideslip angle behavior with FPIDC and without FPIDC on a

lane change maneuver (Full model).
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surfaces of P, I, and D control variables, (a) P variable; (b) I variable, and (c) D
variable.
As mentioned before in the beginning of this thesis, a Fuzzy PID controller was

used and designed to improve the performance and stability of the vehicle in the case
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of planar model and full model. All the simulation results of the two models in figures
5.3 to 5.21 show that, the structures of control systems for vehicle models used in this
thesis were able to give a remarkable improvement of the vehicles handling and
stability.

After studying and designing the controller ( FPIDC ) used in this thesis and its
influence on the vehicles stability, it is also possible to compare the vehicle
performance with this controller and other conventional controller such as PID
controller.

Figures 5.23 to 5.30 illustrate the effect of using of both the FPIDC and the
conventional PID controller on the stability of the vehicle and its performance in case
of planar model at two states of input steering angle which are a step signal and a lane
change maneuver. It is obvious that using of Fuzzy PID controller( FPIDC ) gave

better performance of the vehicle compared to using of conventional PID controller.
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Figure 5.23. The longitudinal velocity behavior using Fuzzy PID and PID
controllers at a step signal of steering angle ( Planar model).
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Figure 5.24. The longitudinal velocity behavior using Fuzzy PID and PID

controllers on a lane change maneuver ( Planar model).
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Figure 5.25. The lateral acceleration simulation result using Fuzzy PID and PID
controllers at a step signal of steering angle ( Planar model).
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Figure 5.26. The lateral acceleration simulation result using Fuzzy PID and PID

controllers on a lane change maneuver ( Planar model).
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Figure 5.27. The yaw rate Simulation result using Fuzzy PID and PID controllers
at a step signal of steering angle ( Planar model).
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Figure 5.28. The yaw rate Simulation result using Fuzzy PID and PID controllers

on a lane change maneuver ( Planar model).
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Figure 5.29. The sideslip angle behavior using Fuzzy PID and PID controllers at
a step signal of steering angle ( Planar model).
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Figure 5.30. The sideslip angle behavior using Fuzzy PID and PID controllers on

a lane change maneuver angle ( Planar model).

Figures 5.31 to 5.38 show the effect of using of both the PID controller and
FPIDC on the stability of the vehicle and its performance for full model at a step
signal of steering angle and at a lane change maneuver. It's very clear that using of
FPID controller gave better performance of the vehicle compared to using of the
conventional PID controller and the effect is clear to understand due to the yaw rate

behavior which is shown in figure 5.35 and figure 5.36.
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Figure 5.31. The longitudinal velocity behavior using Fuzzy PID and PID

controllers at a step signal of steering ( Full model).
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Figure 5.32. The longitudinal velocity behavior using Fuzzy PID and PID
controllers on a lane change maneuver ( Full model).
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Figure 5.33. Simulation results of lateral acceleration using Fuzzy PID and PID

controllers at a step signal of steering ( Full model).
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Figure 5.34. Simulation results of lateral acceleration using Fuzzy PID and PID

controllers on a lane change maneuver ( Full model).
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Figure 5.35. Simulation results of yaw rate using Fuzzy PID and PID controllers

at a step signal of steering ( Full model).
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Figure 5.36. Simulation results of yaw rate using Fuzzy PID and PID controllers

on a lane change maneuver ( Full model).
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Figure 5.37. Simulation results of sideslip angle using Fuzzy PID and PID

controllers at a step signal of steering ( Full model).
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V1. THESIS CONCLUSIONS AND FUTURE WORK

The main objective of the thesis was to achieve a vehicle dynamic stability
improvement. Two vehicle models used in this work: planar vehicle model and full
vehicle model. The first model, only the lateral, yaw, and longitudinal motions of the
vehicle were considered while in the full vehicle model the heave, roll and pitch
movements of the vehicle body are included by addition to yaw, longitudinal, and
lateral motions. A fuzzy PID controller FPIDC was used and designed to get better
stability of the vehicles, This controller was tested at two states of the front steering
angle which are a step signal and a lane change maneuver. Also 2DOF bicycle model
(the reference model) is prominently used for design the controller and to analyze the
yaw stability control.

At the end of this study, using of a conventional PID controller was compared to
using of Fuzzy PID controller.

In next section the main contributions of this thesis are illustrated, also the future

work which can be done is presented in final section.

Summary

I In chapter three a two vehicle dynamic models were modeled which are
planar and full vehicle models and this is what distinguishes this work
compared to other researches related in this field.

I Another contribution of this thesis is using of fuzzy PID controller FPIDC

with full vehicle model to improve the stability of vehicles. Some works
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are mentioned in chapter one used same controller but in quarter car model
or planar vehicle model not in full vehicle models.

I Using of FPIDC in the case of planar vehicle model and full vehicle model
gave a significant improvement in the vehicle performance.

I The controller used in this thesis has been tested at a step signal of the
front steering angle and on a lane change maneuver.

B Simulation results illustrate the effect of using of both the Fuzzy PID
controller and the conventional PID controller on the stability of the
vehicle and its performance in case of planar model and full vehicle
model. It is obvious that the two controllers gave a good performance of
the vehicle but the Fuzzy PID controller was able to achieve the desired

stability of the vehicle more than the conventional controller.

6.2. Future work
B This research only focused on the using of FPIDC to improve the performance
of the stability of vehicles. Also, using of this controller has also been
compared to a conventional PID controller.
B Various of control methods and strategies may be used for vehicle dynamic

control and stability such as H

= Control, Sliding Mode Control, and Linear
Quadratic Regulation (LQR), etc. Then it can possible to compare the

performance of vehicles using these control techniques.
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Apendix B
MATLAB code for planar vehicle model

clc

clear all

close all
controlfuzzypid = readfis('controlfuzzypid.fis');
%Full vehicle parameters:
a=0.968;

b=1.392;

L=a+b;

d=2*0.64;

m=1030;

g=9.81;

reff=0.303;

J=4.07;

mu=0.9;

mull=0.4;
Fzf=(m*g*Lr) / (Lf+Lr) /2;
Fzr=(m*g*Lf) / (Lf+Lr) /2;
Cl=52526;

C2=29000;

I=2765;

v=20;

$sreerong angle values
df=2* (pi/180) ;

swheel torque

Twf=0;

Twr=0;

Caf 49100;

Car 64500;

k= (m* (b*Car-a*Caf))/ ((a+b) * (Caf*Car) ;

MATLAB code for full vehicle model

clc

clear all

close all

controlfuzzypid = readfis('controlfuzzypid.fis');



%Vehicle physical parameters
a=0.968;

b=1.392;

L=a+b;

h=0.505;

d=2*0.64;

Rw=0.303;

Iz=1087.8;

Ixz=100;

Iy=1058.4;

Ix=300;

Iw=4.07;

m=1030;

ms=810;

g=9.81;

Tr =0;

Tf =0;

fr =0.015; v0 = 20;

%$Input steering angle

df=2* (pi/180) ;

%Suspension system parameters
mul=26.5;

mu2=26.5;

mu3=24.4;

mud=24.4;
Kt1=13800;Kt2=13800;Kt3=13800;Kt4=13800;

Ks1=20600;Ks2=20600;Ks3=15200;Ks4=15200;

cl=1570;c2=1570;c3=1760;c4=1760;
Kar = 6695;

Kaf 6695;

sDugoff’s tire model

Cl=52526;

C2=29000;

mu=0.9;

mull=0.4;

%Vehicle bicycle model

Caf=49100;

Car=64500;

k= (m* (b*Cr-a*Cf) )/ ((a+b) * (C£*Cr))
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Apendix C

- Vehicle reference model:

\"

X

W, = o
“ Lk v?)

k=m(L,C,

- Lf Caf )/ LCaf Car
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Where w,, is the desired yaw rate, k is the understeer parameter, L is the wheel base,
Vx is the vehicle velocity and C, ,C, are longitudinal and lateral stiffness of front and

rear tire.

Vehicle velacity

@

Input steering angle

X

h 4
x

L (u(1)y'2

fun —|—P

x

1,

-

Product1

Add

- Side slip angle in Matlab Simulink:

D,

Gain

Divide?2

Input steering angle( delta)

)

Lateral velocity vy

Add

)

Longitudinal velocity vx

€D

yaw rate wz

Gaint

Subtract

Gain

g
Product

Desired yaw rate

i:l—s atan(u(1)u(2))

tire sip

P - side-slip angle

Addl



Engine torque

—E

W heel radius

Dugoff tire model simulink model:

Gainl  Inegratar =Sty
offire

_’

tire slip ratic.

Constant1

If Action
Subsystemt
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Calculste longtudinal
tire force

Longitudinal tire force

@

Input steering angle

g

Isterall velocity

¢

longitudinal velocity.

yaw rate

Susyskem

ERSE

Calculste lsteral Later al tire force:

tire forcel



