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ABSTRACT

DESIGN AND SIMULATION OF AN INTEGRATED ACTIVE YAW
CONTROL SYSTEM FOR ROAD VEHICLES

Tekin, Gokhan
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. Y. Samim Unliisoy

February 2008, 159 pages

Active vehicle safety systems for road vehiclesy@a important role in accident
prevention. In recent years, rapid developmente teeen observed in this area with
advancing technology and electronic control systefystsive yaw control is one of
these subjects, which aims to control the vehiglease of any impending spinning
or plowing during rapid and/or sharp maneuver. ddigon to the development of
these systems, integration and cooperation of timegpendent control mechanisms

constitutes the current trend in active vehiclegasystems design.

In this thesis, design methodology and simulatiesults of an active yaw control
system for two axle road vehicles have been predemfain objective of the yaw
control system is to estimate the desired yaw beha¥ the vehicle according to the

demand of the driver and track this desired beladourately.

The design procedure follows a progressive metiduich first aims to design the
yaw control scheme without regarding any other ibtatparameters, followed by

the development of the designed control scheméakiag other stability parameters
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such vehicle sideslip angle into consideration.wo tdegree of freedom vehicle
model (commonly known as “Bicycle Model”) is empéay to model the desired
vehicle behavior. The design of the controller &sdxd on Fuzzy Logic Control,
which has proved itself useful for complex nonlindasign problems. Afterwards,
the proposed yaw controller has been modified deoto limit the vehicle sideslip

angle as well.

Integration of the designed active yaw control eystvith other safety systems such
as Anti-Lock Braking System (ABS) and Traction GohSystem (TCS) is another
subject of this study. A fuzzy logic based whegd sbntroller has also been included
in the study in order to integrate two differentl@épendent active systems to each
other, which, in fact, is a general design approfchreal life applications. This
integration actually aims to initiate and develd tintegration procedure of the
active yaw control system with the (ABS). An eigldgree of freedom detailed
vehicle model with nonlinear tire model is utilizéal represent the real vehicle in
order to ensure the validity of the results. Thenuation is held in
MATLAB/Simulink environment, which has provided weatile design and
simulation capabilities for this study. Wide-rangisimulations include various
maneuvers with different road conditions have bgmnformed in order to
demonstrate the performance of the proposed ctertrol

Keywords: Active yaw control (AYC), Integrated Vel Safety Systems, Fuzzy
Logic Control (FLC), Wheel Slip Control, Vehicledsislip angle limitation
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YOL ARACLARI ICIN TUMLESIK AKTIF DONUS DENETIM
SISTEMI TASARIMI VE SIMULASYONU

Tekin, Gokhan
Yiuksek Lisans, Makine MuhendigliBolim

Tez Yoneticisi: Prof. Dr. Y. Samim Unliisoy

Subat 2008, 159 sayfa

Arag aktif guvenlik sistemleri trafik kazalarinigellemede buyik rol oynamaktadir.
Son yillarda elektronik denetleyicilerin ggfhi ve diger teknolojik gekmeler
Isiginda bu alanda hizli dsiklikler géze carpmaktadir. Yol araglarinda keskin
manevralar sirasinda sikga gortlen onden veya amkddayma hareketlerini
denetlemeyi amaclayan aktif déndenetleyici tasarimlari da bunlardan biridir. Bu
alandaki gelimlere paralel olarak, amsiz ara¢ aktif guvenlik sistemlerinin
tumlesik ve uyumlu tasarimi ve catirllmasi da son zamanlardaki uygulamalardan

birisidir.

Bu tez camasinda, iki aksli yol araclari icin aktif dagndenetleyici tasarimi ve
detayli benzetim sonuclari sunulgtwr. Tasarlanan denetleyici sisteminde, temel
olarak surtcunin istegli davranginin kestirimini yapmak ve bu davranihassas
bicimde takip etmek amaclangtir. Tasarimda surekli ilerleyen/gigen bir yaklaim
izlenmistir. Oncelikle, doni denetimi igin gereken yapi herhangi bir arag dagra
parametresi diiinilmeden ortaya cikartilgyi sonrasinda tasarlanan denetim

mekanizmasi ara¢ ylzme agisi gildietdiparametreler de g6z 6ninde bulundurularak
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gelistirilmi stir. iki serbestlik dereceli arag modeli (bisiklet moyislirticiiniin istedi
arac davragini kestirmek tzere kullanilgtir. Denetleyici tasariminda daha cok
dogrusal olmayan tasarim problemlerinde kullanilan aBut Mantik Denetim
metodu kullaniimgtir. Daha sonra, tasarlanan denetleyici, ara¢ ylagein da

sinirlayacak bicimde gatirilmi stir.

Tasarlanan ve gatirilen aktif doni denetim sisteminin der aktif guvenlik
sistemleriyle timlgk hale getiriimesi de bu ¢camanin hedeflerindendir. Bulanik
mantik temelli teker kayma denetleyici tasarimigulgmadaki genel yakdan olan
ortak calsma prensibine uygun olarak, iki farkl gpensiz aktif giivenlik sisteminin
tumlesik hale getirilmesi igin bu ¢aimada sunulmgtur. Bu uygulama, aktif déru
denetimini ve ABS olarak bilinen tekerlek Kilitlemsini Onleme sisteminin
uygulamada timktirilmesinin adimlarini atmayi ve bglem igin gerekli 6n tasarim
yordamini sunmayl amaclamaktadir. gdesal olmayan bir lastik modeliyle sekiz
serbestlik dereceli ayrintili bir arag modeli g&rb& aracin benzetimini yapmakta ve
yapilan tasarimin performansini denemekte kullagiim Benzetim c¢abmasi
MATLAB/Simulink ortaminda yapilnstir, bu sayede yazilimin ¢ok yonli tasarim ve
benzetim becerilerinden vyararlanigtm. Ayrica, yapilan nihai denetleyici
tasarimlarinin bg@arimlarini gérmek icgin désik yol kosullari ve manevralar iceren
gens Olcekli benzetimlere yer verilrtir.

Anahtar Kelimeler: Aktif Yalpa Denetimi, Tumi& Ara¢c Guvenlik Sistemi, Bulanik

Mantik Denetimi, Tekerlek Kayma Denetimi, Arag YUzi¢isI Denetimi
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CHAPTER 1

INTRODUCTION

The goal of this thesis study is to design and kteuan integrated active yaw
controller for road vehicles. The integration wilhclude and coordinate
independent active safety systems such as Anti-Bckking System (ABS),

Traction Control System (TCS), and Active Yaw Coh{AYC) systems. Thus, an
introduction to active safety systems in generatl dhe basic elements and
functions of AYC will be given.

1.1 INTRODUCTION TO ACTIVE SAFETY SYSTEMS

Safety systems applied to road vehicles can besiits® into two categories as
active and passive safety systems. Passive sgfBnss are designed to prevent or
lessen the damage to the passengers, pedestridribeamehicle(s) involved after
the accident has occurred. Typical applicationsplassive systems are seat belts,

air bags, door shock absorber bars, etc.

Contrary to their passive conjugates, active safgsgems aim to prevent accidents
by detecting any jeopardy of instability and taketial or full control of the vehicle
to take appropriate measures necessary for preveotithe accident.

During the last century, with growing research aifety applications, several
independent active safety applications have beerloleed. The eldest, most
known and successful example is ABS (Antilock Br&gestem), which prevents

locking of wheels during braking. ABS aims to flilfts goal by keeping the tire
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slip at or around the value, which provides théhbgl brake force and at the same
time makes it possible to generate the lateral firees required for adequate
directional control and stability. The main aim ABS is, contrary to general
opinion, to maintain stability and controllabilitguring braking rather than
shortening the braking distance. After the astangBuccess of ABS, several other
independent active safety systems have been dedkl§ome examples are ASR
(Anti Slip Regulation), TCS (Traction Control Systeboth of which are based on
ABS sensor system but manipulating the accelergignod rather than braking.
Other systems include EBD (Electronic Brake Disttidbn) system which controls
the distribution of the front and rear brake forcE®L (Electronic Differential
Lock) system for better traction on surfaces witlon4uniform friction
characteristics and AYC (Active Yaw Control), whiaitend to prevent out-of-
boundary yaw motion (drifting, spinning etc.) byntwlling the individual brakes
and engine management system, and creating a g@wranoment. Although this
system seems similar to ABS in terms of sensorcamdrol phases, the cases for
activation and the decision mechanism is quiteetsffit. The dynamics of yaw
motion are subject to numerous nonlinearities stemmfrom tire force
dependencies on lateral slip, longitudinal sligdimg condition, surface condition,

and even track temperature.

1.2 INTRODUCTION TO ACTIVE YAW CONTROL SYSTEMS

Active yaw control systems are becoming essendii@ty systems for road vehicles
as the number of electronic controllers involvedraad vehicles increases. The
main aim of the yaw controller is to regulate th@wymotion of the vehicle

according to the driver’s inputs (steer, longitaiacceleration etc.). A simplified

vehicle model is utilized for predicting the driigerintention and independent
brakes for wheels and/or drive torques are madeofiseeating yaw moments to
track the yaw motion of the simplified model. Howewthis tracking is not realized
at all costs, since the vehicle sideslip angle nstlzer important parameter in
vehicle dynamics. The yaw controller tracks theirdesyaw rate as long as the

vehicle sideslip angle is in a limited range. As tkehicle sideslip angle reaches or
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surpasses a limit value, which is about 12 degifeeshigh surface friction
coefficients, e.g., the vehicle may become unresipento steer inputs. For these
cases, the controller should make a compromisedssiwracking the yaw rate and

limiting the vehicle side slip angle.

There are various cases in which a vehicle mayrgtable considering the yaw
motion. First case is the steady state cornerirege Hhe vehicle may not track the
desired trajectory by getting out of the track thgmg the so-called understeering
or oversteering behavior. Understeering occurs whenvehicle does not ‘yaw’

enough to turn through cornering so that the vehigtns a larger diameter curve
than intended. Oversteering case is the contraytha vehicle turns round a
smaller diameter curve. Fig.1.1 illustrates theslealviors and the ideal behavior. In
part a, the desired behavior is shown as the dmled and the trajectory of the
understeering vehicle is shown in dashes. As obsdethe vehicle tends to follow a
straighter path and leaves the track. In part byvever, the vehicle tends to turn

excessively and the driver loses longitudinal calntr

Fig.1.1 Vehicle behaviors in steady state cornering

a) Neutral and understeering b) Oversteering



Another important case for yaw control system$iéslane change (or Moose Test)
maneuver (Fig.1.2). This maneuver generally ocomrs& sudden obstacle on the
road (such as wild animals, a dropped box from larovehicle etc.) when the
driver is too late to avoid it. In such a case,ngiag the lane without colliding with
the obstacle is possible with braking and evasi®ersmanipulation. Without active
yaw control, the initial steering input will causes yaw rate and the sideslip angle
increase excessively such that the vehicle becamessponsive to the driver's
intervention. Driver's aim to avoid the foreign ebjf is limited by the high drift
angle, and the collision occurs. With active yawtool, however, the vehicle can
be steered accordingly so that the oscillationdamiped’ by applying pro- and
contra yaw moments to the vehicle. This resultsainmore stable and more

responsive vehicle (Fig.1.2.c).
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Fig. 1.2 Vehicle Behavior in Lane Change maneuver
a) An instability example for double lane change maeewithout AYC



b) An instability example for double lane change mameuwithout AYC
(excessive oversteer behavior)

c) Stabilized vehicle for double lane change maneuxtr AYC
1.3 ACTIVE YAW CONTROL SYSTEM ELEMENTS

An active yaw control system consists of differéardware such as electronic
control units, sensors, communication networks, #rel software [1]. For the

functioning of active yaw control system, the feliag sensors are required:

Yaw rate sensor
Lateral and longitudinal acceleration sensors

i
|
0  Wheel rotational speed sensors
[0  Steering angle sensor

i

Brake pressure sensors

These sensors are used for determining the drereradd and the vehicle’s actual
response. Some parameters such as surface frictiefficient, vehicle sideslip
angle, etc., cannot be measured directly, so tipesameters should also be
estimated via the existing sensor information. Demeral configuration of the
sensors and other equipment is shown in Fig. 1.3.

ESP — Complete closed-loop control system (component locations)

1 Wheel brakes. 7 Hydraulic modulator with primary-pressure sensor,

2 Wheel-speed sensors, 8 Yaw sensor with

3 ECU, lateral-acceleration sensor.

4 Primer pump (eVLP),

5 Steering-wheel sensor,

6 Brake booster
with master cylinder,

Fig.1.3 Basic components of an integrated congrstiesn and their locations on the
vehicle [1]
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The descriptions of the components are as follows:

[0  Wheel Brakes: These components are the end acuafothe integrated
stability system on the vehicle. Their primary t&sko apply decelerating torque to
the wheels to create longitudinal tire forces. Ehgenerated forces are to be used
to slow down or to create yaw moments.

[0  Wheel Speed Sensors: These sensors provide whiagional speeds as
frequencies to the electronic control unit. Thi®imation is used for determining
the vehicle speed and calculating the independagitudinal tire slips.

(0  Electronic Control Unit (ECU): This unit is respdrs for receiving,
amplifying, filtering, and processing the signalsming from the sensors to
estimate the vehicle velocity, vehicle sidesliplangtc., and set thresholds for the
stability parameters. The ECU should create necgssgnals for the actuators to
produce tire slips required for longitudinal antefal stability. In a vehicle with
integrated active safety systems, these tasks raagtidtributed among different
ECUs via Control Area Network (CAN).

0  Primer Pump: This component is used for rapid pmesgeneration on the
brake fluid for compensating the brake delay oml eatather during active braking.
[0  Steering wheel sensor: This unit provides the anflie steering wheel so
that the electronic control unit can estimate thaved's intention of vehicle
trajectory and motion.

[0 Brake Booster and Master cylinder: This integrataoit is used for
amplifying the brake pressure coming from the braéeal. The amplified pressure
is then supplied to the hydraulic modulator. Onenmabjective is to generate
necessary pressure rapidly during ‘panic braking'.

0  Hydraulic Modulator: The primary function of thedraulic modulator is to
implement the commands coming from ECU via reguotathe brake pressure in
the chamber. The regulation is done using solevalies.

0  Yaw and lateral acceleration sensor: This senstireisnost important sensor
for the active yaw control system. Its primary ftiog is to measure the yaw rate
and the lateral acceleration of the vehicle. lgeserally placed at or very near to

the centre of gravity of the vehicle.



A schematic view of the active yaw control is givenFig. 1.4. Here, the driver
demand (throttle and steer inputs) are fed to batplant (e.g. the vehicle) and the
controller. The desired behavior is estimated viinearized vehicle model and
compared with the actual vehicle motion. Then, etiog to the error signals, the
controller produce differential signals to activéite independent wheel brakes in
order to create yaw moments. The most importarigdgsrt here is the controller,
since it should handle different situations suclexasessive yaw motion, different
surface conditions, sideslip angle limitations,. dtous, the controller should have

various different capabilities in order to complétese tasks.

Actual ( z)
Vehicle

ry

4

Y

Driver

— " | Reference |

Brake
Actuator

Controller

Y
A

Fig. 1.4. Basic Schematic View of Yaw controller

Generally, active safety systems work independeoimfeach other on road
vehicles. However, the activities of these independystems may interfere with
each other while operating in difficult situatior@3ne example can be given as the
action of high steering angles on ice while brakimmgthis situation, the ABS and
the yaw controller may intervene with the brakeuation and the vehicle may
display an undesired behavior. To eliminate thisssgality, a hierarchical
controller should be designed The upper level ofietr should evaluate the

conditions/responses of the vehicle and the eawsl$ with respect to the desired



motion. Afterwards, it should create signals neags$o sublevel controllers such
as ABS for braking, TCS for engine management, laximizing brake force,
hence, the yaw moment and the prevention of treatlof intervention can be done
in this hierarchical structure. An example I/O deayg for the hi-level controller
and its connections to other components such aosersublevel controllers, etc.

are shown in Fig. 1.5.

It should be noted that the yaw moment actuatiothis study is done via using
differential braking, which has drawn most attentfoom the researchers and the
companies. Other methods are also available, suelctave torque distribution and
active steering (front and/or rear). Generally, éloéive torque distribution is used
in electric vehicles and vehicles with active diffistial systems. Active differential
systems can distribute the available shaft torquevtieels independently so that
uneven tractive forces may generate yaw momentsivécsteering systems,
however, create yaw moments by manipulating ther stegles and generate lateral
forces, which result in yaw moment differences. $teering manipulation is done
by first measuring the steering wheel angle anch tbemputing the additional

steering angle to the wheels so that the corregavemoments is generated.



HI-LEVEL CONTROLLER

Monitors
measured
variables from the
vehicle
A
Calculates the setpoint Calculates the
for yaw rate and estimated variables
sideslip ang|e such as sideslip
angle

Calculates the necessary ya
moment and corresponding
brake pressures

A 4

Calculates the brake Iockingr
torque and necessary
adjustments

VEHICLE (PLANT)

LOW-LEVEL CONTROLLER Monitored variables such as;

(ABS, TCSetc.)

-Yaw rate

-Wheel speeds
Hydraulic Modulation or

other actions are calculated Steeri heel |
and realized. ->teering wheel angle

-Lateral acceleration

Fig.1.5 Basic input-output relation of the high dod level controllers of an

integrated active yaw control system.



1.40UTLINE

In chapter 2, literature survey related to thiglgtis introduced. The literature work
can be divided into three groups; namely, yaw @bnaigorithms, estimation
methodologies, and integration studies. The latteo subjects are generally

introduced for reasons of practical application.

In chapter 3, mathematical modeling of a nonling@ model, a nonlinear eight
degree of freedom vehicle model, and a linear tegrele of freedom vehicle model
are introduced. The sign convention, tire forceegation, and an overview of the

vehicle models together with the designed contralie also given in this chapter.

In chapter 4, active yaw controller design procedand details of the designed fuzzy
logic controller are given. The design procedurataims two main controllers as
active yaw controller, and active yaw controlletttwsideslip angle limitation. The
differences between these two controllers are exgdiawhile a low level wheel slip

controller design is also presented.

In chapter 5, the performance of the designed obetris introduced with simulation
test results. The simulation tests are segregatedtiwo main groups according to
the maneuver types, namely, J-turn maneuver antdleldane change maneuver.
Each of these two tests is simulated with thregediht road conditions resembling
real life conditions, such as dry, wet, and icyd@arfaces. Simulation results are
given for active yaw controller and the same cdlgrextended to limit the vehicle

sideslip angle. Results are discussed for eachisiiom tests.
In chapter 6, discussion, conclusion, and poséililege work of the study are given.
Appendix A contains the vehicle and tire data usedthe simulations while

Appendix B contains a new set of simulations focalerating vehicle in a J-turn

maneuver, and double lane change.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

The AYC systems are one of the most developingarekesubjects of vehicle
dynamics. Numerous articles, theses and books haea published during last
thirty years. These papers and other publicatisopgse solutions to various parts
of the design. To classify these papers accordirtgdir subjects, their relevance to
the current study should be given. To sub issuethefstudy can be listed as

follows:

(0 Active yaw controller design
[J State estimation

[0 Vehicle and tire modeling

Active yaw controller design issue contains theasbn of the design methodology
of the controller, determination of required inputiput parameters and application
to mathematical vehicle model, real vehicle or Kak-in-the-Loop simulation
(HILS).

State estimation issue is concentrated on filterimysy measurements and
calculating indirect (not practically measurabledriagbles. These variables are
generally used in prediction of the vehicle’s gahstate of control, steerability etc.
Besides, the manipulation of the vehicle via desthoontroller may depend on these

estimated variables.

Vehicle and tire modeling is the last main issuberé are two different vehicle

modeling purposes. First, a simple yet accurateeinimdy be utilized to predict the
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driver’s intention. In other words, it may serveaagseference model. This modeling
may consist of from a single equation to a largelinear bunch of equations. The
general approach is to include only related degfde=edoms as variables and keep
the model simple as possible. Second purpose isit@ation and evaluation of the
designed controller. This time, the constructedictehmodel is far more detailed
than the former reference vehicle model. This tedaimodel should include
controlled degree of freedoms and related degredre@doms affecting these
controlled variables in a strong manner. The tiedating is also related with the
real vehicle replacement with a mathematical motleére exist several tire models
in the literature, some of them depend on empiriical data while others have a

more abstract approach.

2.2LITERATURE SURVEY

The slip angle estimation plays an important ralerdy controller phase of the ESP
system, since the new yaw moment control systenexd reccurate slip-angle
information. Fukada [3] has described a strategyebicle slip angle estimation. The
difficulty in slip angle estimation is due to namdar characteristics of tires and
influence of relative slant of the road surface. sbive this difficulty, a combined

method of model observer and direct integrationhmetis proposed. In this method,
two kinds of values of the side forces of the wheekre provided, i.e., direct
detected values by the G-sensor and values froire anbbdel. Then those values
were combined appropriately which results in thealsmation of model observer and
direct integration. A feedback algorithm, redesijt@ suppress the influence of tire
model error, is applied in the observer. Considgnmterference of road surface and
its avoidance, road slant angle is estimated amgemuently vehicle model was
corrected. The estimated value of the road frictawefficient is given by the

acceleration, and an adequate bias, depending wndgaation, is added. An

improved reference yaw velocity is also proposedraher to avoid interference of
road slant and variation of dynamic characterisficvehicle. This reference yaw
velocity may be used for the prediction of refeeen@w rate according to the

driver’s intention.
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Hac and Simpson [4] have proposed an algorithne$timation of vehicle yaw rate
and sideslip angle using steering wheel angle, ivmeed, and lateral acceleration
sensors. This algorithm uses two initial estimategaw rate from wheel speeds and
lateral acceleration sensors. A weighed estimate tva realized using these two
estimates. The results have come out to be accevate in harsh conditions. This
paper, in general, has presented a very efficiewt @pplicable methodology to
determine these parameters which can be used icatieoller design. The main
benefit of the method presented here is the remluatf yaw sensor need and

accurate estimation of vehicle sideslip angle.

Kin, Yano and Urabe [5] have proposed methods timate vehicle dynamic
parameters such as vehicle side slip angle, raatiofr coefficient, and tire side
forces precisely in real time. Oversteer and uridersbehavior is judged from the
estimated 4 wheel tire forces. The yaw moment & dip angle are then corrected
with optimal 4 wheel slip control. Briefly speakirifpere are 3 main aims introduced

in this paper as

0 Vehicle sideslip angle and tire sideslip anglenaation,
[0 Tire and road surface friction coefficient estiratiand

[0 Tire side force estimation.

For all these aims, optimal control, stability asteerability algorithms were
proposed. These estimations may be utilized fourate controlling for the current
study since, as will be mentioned in the followictzapters, sideslip angle and road
surface friction coefficient estimation plays a @al role in the designed control

system.

Tire parameters are also needed online duringmmydesign and run period. Hewson
[6] has proposed a simple mathematical tire mobat estimates tire cornering
stiffness. The model is derived by considering tihee to be a combination of two

independent systems. The sidewalls were assunmiael negligibly stiff in the lateral
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direction, and hence their influence on the latelghamics of the tire will be
ignored. The belt and thread area of the tire hbeen considered to be a
homogeneous uniform band, and its stiffness has bs#mated with reference to
measured tire data. The resulting model is estidn&beyield cornering stiffness
values within about 30 per cent of the actual mestsualues. This paper’s work can
be utilized to estimate simple tire characteristozshardware in the loop tests, which

is a future work for this study.

Takano, Nagai, Taniguchi, and Hatano [7] have eygula three-degree-of-freedom
model for computer simulation to determine thetreteship between the planar and
roll motions of a large-size vehicle, so that tled motion could be eventually
predicted to prevent the vehicle from going dynaihcunstable. Factors such as the
varying center of gravity height and roll steer algo taken into consideration. This
study may be helpful whenever the roll stabilityase introduced to DYC program

of the vehicle.

Nguyen, in his M.Sc. Thesis [8], has derived vehithndling and stability analysis
using a state vector approach. The very basic leehiodels have been evolved to
more complex models including roll effects, loadnsfer effects, tire nonlinearities
etc. An improved method for vehicle handling assesd has also been proposed for
these nonlinear models. These assessment reswtdbenased for evaluating the

vehicle performance with and without control system

Babala, Kempen and Zatyko [9] have studied thetjacside of the topic and

introduced several sets of sensors that can be ms&thicle Stability Control

systems. The sensor characteristics affect theoqpeaince of the VSC systems
drastically; therefore appropriate selection coesidy size, weight, cost, etc. is
necessary. This study presents several tablesngpadson and short description of
desired sensor properties. Also, a simple examiph®w to use these table-matrices
in the design of VSC sensor systems is given. Téecson of sensor sets and
evaluation of their performance is of future wook this study, however may give an

insight view about real life application.
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Noomwongs, Yoshida, Nagai, Kobayashi and Yokoi [h@ve worked on the
development and application of a tire hardwareheHbop simulator (HILS) for
evaluating vehicle dynamics. Tire HILS is a comhimra of a simulation (vehicle
model) and an experimental (tires) part. In thisggasuspension and steering system
models are introduced which, together with the rgtgemodel, have sufficient
complexity to provide a response of the vehicleutated on Tire HILS significantly
closer to that of a real vehicle, as compared wukition by an off-line linear tire
model. This hardware in the loop simulation stuglg transient test procedure before
application of the designed control system to neslhicle, hence details of this

procedure should be taken into account.

Tseng, Ashrafi, Madau, Brown, and Recker [11] haderessed realistic subjects
encountered in the challenge of achieving technolmgprovement in a vehicle

stability control system. They have included driirgent recognition, vehicle status
measurement and estimation, control target gewoerasiystem actuation efficiency
and smoothness, road bank angle detection, systeelogppment and evaluation, and
fault detection. The steering wheel angle estimasaalso introduced in detail in this
paper. This comprehensive study points many passipbblems which can be

encountered during all stages of design, test, aplication stages. Thus, as a

profound source, general information about thisspapgiven in the current study.

Up to this point, no emphasis is given for the glessf control system issue. The
main work and aim for this study is the design ofamtrol system for yaw rate

control and simulation of the designed controltethe computer environment. The
evaluation of the study may be done via compaimgperformances of the present
studies in the yaw control subject. The upcomingeps are related with the design

and simulation/application results of the desigoewtrollers.

Hahn, Hur, Yi, Kang, and Lee [12] have suggestedisturbance observer-based
nonlinear vehicle stability controller. The distarzes acting on the yaw rate

dynamics coming from tire forces, vehicle paransetand hydraulic actuators have
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been estimated using a disturbance observer. Shisaed disturbance is used then
to stabilize the lateral dynamics of the vehicl&eTmodel reduction technique is
involved to incorporate the dynamics of the hyd@attuator in the vehicle stability
controller. Simulation results have indicated tthegt proposed disturbance observer-
based vehicle stability controller can achieve fiesired reference tracking

performance as well as sufficient level of robustne

Boada, and Diaz [13] have studied fuzzy logic méshfor developing a new yaw
moment control to improve vehicle handling and #itgb They have emphasized
that the advantages of fuzzy methods are theirlgiitypand their good performance
in controlling non-linear systems. The developedtwler has generated a suitable
yaw moment which is obtained from the differencehs brake forces between the
front wheels so that the vehicle follows the targelues of the yaw rate and the
sideslip angle. For testing the algorithm, a 8 D¢ahicle model with Dugoff tire
model is introduced and the vehicle is subjectedlitterent cornering steering
maneuvers such as lane change and J-turn undereiffdriving conditions (dry
road and snow-covered). The vehicle model andnigstianeuvers presented in this
article have led to compare and improve the perdmee of the designed controller

in the current work.

Park and Kim [14] have proposed a new scheme taraehvehicle lateral stability
with a traction control system during cornering dame changes. This scheme has
controlled wheel slip during cornering by varyirtgetslip ratio as a function of the
slip angle. It is assumed that a traction contysteam with the engine throttle angle
is used. The scheme is dynamically simulated withaalel of front-wheel-driven
passenger vehicles. Simulation results have shdah the proposed scheme is
robust and superior to a conventional one, whicbased upon fixed slip ratios,
during cornering and lane changes. The main emgluddhis study is the traction
control integration for the control of the vehiclélthough not presented in the
current study, the traction control integratioroitihe proposed controller for future

work.
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Drakunov, Ashrafi, and Rosiglioni [15] have deveddpayaw control algorithm to
give an additional measure of vehicle stability tcoin during adverse driving
maneuvers over a variety of road conditions. Thetrob law is based on optimum
search for minimum yaw rate via sliding mode contBy measurementsf vehicle

states, the control algorithm has been determithieglevel of vehicle stability and
intervenes in any jeopardy of instability througildividual wheel braking to provide

added stability and handling predictability.

Guveng, Acarman, and Guvenc [16] have suggestedidioed strategy for creating
counter yaw moments which include additional stegangles and individual wheel
braking. First, independent use of strategies ésgmted. Several combination and
coordination strategies are then tested. For thipgse, a model regulator is used as
the main controller which utilizes coordinated steg and wheel braking. The
possible contribution of this study is the giveninpiples of combining steer

manipulation with the control via brake.

Guveng, Guveng, Oztirk, and giti [17] have built amodel regulator based yaw
stability control system previously implemented aested successfully as a steering
controller; adapted to work as an individual whieglking controller in the study. A
two track nonlinear vehicle model is used to tést tndividual wheel braking
actuated model regulator developed here. Simula@eults are used to demonstrate
the achievement of good yaw disturbance momentctieje by the proposed

controller.

Zhou and Wang [18] have proposed a new model fob4whicles including fuzzy
controls for yaw stability during evasive maneuvddsiver gives the front steer
angle command while the controller commands reaersangle and individual
braking if necessary. Here, the suspension cofttiel distribution of normal forces
to each tire thus affecting the lateral forcesgexplained briefly. The fuzzy logic
diagram is introduced and simulation results avemi Instead of braking, this paper
presents an alternative way of the control outputthe designed control system,

namely rear steer manipulation.
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Esmailzadeh, Goodarzi, and Vossoughi [19] have I[dped a new optimal control
law for direct yaw moment control, to improve thehicle handling. Although, this
can be considered as part of a multi-layer systemthe traction control of a
motorized wheels electric vehicle, the resultscarige general and can be applied to
other types of vehicles. The dynamic model of tlehiele system is initially
developed and, using the well-known optimal continelory, an optimal controller is
designed. Two different versions of control laws amonsidered here and the
performance of each version of the control lawasmpared with each other. The
differences between electric powered and ICE vehiake described in a few words
and traction or brake based VDC systems are apfaiedrresponding vehicle type.
The numerical simulation of the vehicle handlinghmand without the use of the
optimal yaw moment controller, using a comprehension-linear vehicle dynamic
model, has been carried out. This paper presempa@ble results with the current

study, thus a good source for performance evaluatio

The modeling of physical systems also plays a atucle in determining the ESP
Yaw Control strategy. Kuang, Fodor, and Hrovat [B8ye described the derivation
of a hydraulic brake system model using the bomglyitechnique, and the design of
a feedback control system with an adaptive gaieduale PD controller. In addition,
simulation and experimental results are preserdetiustrate the model validation
and the controller performance. A detailed ABS stdiic figure is included in the

paper.

Mokhiamar and Abe [21] have presented a compassody of the effect of model
response on the performance of the model followypg combined lateral force and
yaw moment control. The combined controls have ditoemaximize stability limit
as well as vehicle responsiveness. In order tazesdhis aim, two types of model
responses are proposed to introduce the requitedalaforce and yaw moment
control. The model responses (a) are the sideatigle and yaw rate vehicle
response of the two degree of freedom vehicle mafcycle model). The model
responses (b) is an intentional modification of thedel responses from (a) to the

side slip angle converging to zero and first orglaw rate. Three different cases of
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combining lateral force and yaw moment control hheen investigated using the
two types of model responses. The effect of moésponses is examined by
computer simulations of the vehicle response tingles sine wave steering input
with braking for the combined control methods preguh It has been found that the
influence of the model response has a significdieiceon the combined control

performance. This paper have a similar vehicle igondtion and similar maneuvers

with the current study, thus it is available forfpemance comparison.

Youa, Hahnb, Choa, and Leea [22] have dealt with fiedback control of a
hydraulic unit for direct yaw moment control, whiahtively maintains the dynamic
stability of an automobile. The uncertain paranseterd complex structure naturally
call for empirical modeling of the hydraulic uniyhich leads to a high-fidelity
input/output model. The identified model is crosdidated against experimental data
under various conditions, which helps to establsbktringent model uncertainty.
Then, the Ho optimization technique was employed to syntheaizentroller with
guaranteed robust stability and performance agahmstmodel uncertainty. The
performance of the synthesized controller is expenitally verified and the results
have shown the viability of the proposed approawthrdéal-world applications. This

paper is utilized for realistic brake torque ragéreation.

Mokhiamar and Abe [23] have investigated the effectess of weighting
coefficients adaptation in simultaneous optimum tritigtion of lateral and
longitudinal tire forces for improvement of vehidndling and stability. Three
different cases of weighting coefficients adaptatexe considered in this study.
Similar weighting coefficients for rear and fronheels are adopted in case 1. In case
2, the weighting coefficients of front wheels areajer than the corresponding value
of rear wheels. Finally for case 3, the weightiragefticients of rear wheels are
adopted to be greater than the values of front ish@he yaw rate response is
simplified to first order lag, meaning neutral stegharacteristics. The block
diagrams are given for optimum force distributiexhtnique and DYC+FWS+RWS
combined control. It is concluded that weightingfficients adaptation can exert a

large influence on the vehicle handling performarigesides, a general comparison
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is held between, DYC only systems and integrated€C@gether with front and rear
wheel steer systems. From this point, the inforamagiven in this paper has led an

insight view to control output selection for thesag stage of the yaw controller.

Shim and Margolis [24] have introduced a differahbiraking control strategy using
yaw rate feedback, coupled with u feedforward farehicle cornering on different
roads. A nonlinear 4-wheel car model is developedHis study. A desired yaw rate
was calculated from the reference model based endtlver steering input. The
feedforward action of friction coefficient has teth out to offer significant
improvement of the vehicle desired trajectory ottt of a yaw rate controller
alone. Uncertainties and time delay in estimatinggue shown to yield a system that
is still superior to that using no p informationadlt This result may be utilized in

future work of the current study, since p estimationsists an inevitable problem.

Choiand Cho [25] have offered more practical knowledgebuilding an Active
Yaw Control system. In this study, a longitudinaluf-wheel vehicle model with
brake actuator is described and a sliding mode raltet with pulse width
modulation (PWM) method has been developed for gragy vehicles. Further,
actuator dynamics are introduced in the systemtemsand an equivalent control
input is derived theoretically. The proposed metimmtides using the PWM method
to compensate for the discrete nature of actuatamics by duty control. Stability
of the PWM controller for sliding mode control (SM(S theoretically checked. The
information given here is generally of practicaluea since application issues such

as pulse width modulation of brake signals have béen considered.

BuckHoltz [26] has introduced a fuzzy logic algbnit to minimize yaw rate error
while the vehicle sideslip angle is also controliada range. The yaw rate error
control has satisfactory results but the detenonafrom tracking performance
occurs while the controller tries to compensategaificant vehicle sideslip angle.
Therefore the controller has been designed to leadmath parameters. This analysis

has shown how tire force characteristics can diffieile still being able to track the
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reference yaw rate. This paper has also presemtathrsmaneuvers and vehicle

parameters with the current study, so that compaas performances is possible.

Sorniotti and Velardocchia [27] have published adgton Hardware-in-the-Loop
(HIL) brake testing. They have introduced a HILtitgg bench. Then, a description
of all the necessary basic tests to characteriZ€S# unit has been given in detail.
These basic tests include step response of eaede, vialeasurement of pressure
limiter valves calibration, step response of mgbomp unit, etc. The frequency
responses of ESP valves are given using Pulse Widttulation. Finally, an open
loop actuation strategy for ESP is presented tainpin each condition, the desired
wheels pressure levels without any pressure sdnstite hydraulic unit. An ESP
control strategy (complete diagnostic algorithmadsied to actuation logic described

before and tested.

Mitsubishi [28] has developed a different activavyeontrol system that utilizes a

torque transfer differential which is controlled grious sensors and an electronic
control unit (ECU) to enable a difference in torqoageach each of the rear wheels.
The system works by increasing the level of tordqoiethe left rear wheel and

reducing the torque level to the right wheel, thhanging the yaw movement of the
vehicle. This in turn will cause the vehicle toestenwards and reduce the amount of
slip on the front tires, thus resulting in reducedler-steer. It also works if over-steer

OCcCurs.

Osborn and Shim [29] have introduced an All-Whegi#® independent torque
distribution control algorithm, which is essentalbeneficial under acceleration
close to the limit of stability. Besides, by applygi yaw rate feedback to control
front-rear torque and lateral acceleration to anteft-right torque distribution
together with a proportional-integral control stigy, the controlled vehicle has
demonstrated a good performance under aggressiveerory acceleration

conditions.
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Gordon, Howell, and Brandao [30] have carried ouh@e general study on the
integrated control methodologies and systems. Tdpemppresents the architecture
and layers of control systems, how they interantj development of subsystem
control strategies, etc. An example study is alssgnted at the end of the paper,
which demonstrates a handling dynamics problemsamde results with integrated

control systems.

Burgio and Zegelaar [31] have developed an intedrakhicle control using state
feedback linearization technique and demonstratedesresults accordingly. They
have first used a SISO controller utilizing steemtcol. Then, due to some
deficiencies of the first controller design, thegvh used brake control as well as

active steering.

A control strategy for future in wheel motored étecdrive systems is proposed by
Tahami, Farhangi, and Kazemi [32]. The paper mamtyses on Fuzzy logic driver
assist stability system for all-wheel-drive electvehicles. The controller involves a
yaw reference based dynamic yaw control. For tlae yate reference, a feed-
forward neural network is employed. The vehicleespés estimated by a multi-
sensor data fusion method and embedded accelemmdiereas a Fuzzy logic
system decides the comparative reliability. Vehseed is properly found, and a
Fuzzy based yaw rate controller manipulates indégetwheel torques to eliminate

the instability.

Zheng, Tang, Han, Zhang [33] have developed an & @€hicle model and a
Vehicle Dynamics Control system to track a desireldicle behavior. The designed
controller has built-in cascaded components suckhaas moment major controller
and wheel slip minor controller, as it is an intgd vehicle stability system. For
yaw controller design, LQR methodology is exploitatd for wheel slip controller,

sliding mode is applied.
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CHAPTER 3

MATHEMATICAL VEHICLE MODELS

3.1INTRODUCTION

To simulate the performance of the designed cdetr@nd make a throughout
analysis, there is need for a real test vehicla detailed mathematical model of a
vehicle. Real world testing has its own advantag@sce, if the application is

carefully done, the errors coming from simplificeits in mathematical models are
avoided. Furthermore, during the implementationtited designed controller and
analysis of the performance, new problems whichrexeforeseen before can be
detected. However, the real vehicle applicatiorkdathe flexibility and easiness of
modifying the configuration. Besides, the costroplementation is usually excessive
compared with the modeling procedure in a competarironment. A detailed

mathematical model of a real vehicle is anotheutsm for these problems. The
trouble-free application of the modifications andaidability of numerous

simulations within acceptable times, makes the srattical modeling of a vehicle

feasible against real vehicle application.

In this study, two vehicle models will be used smmulation and control purposes.
The detailed 8 degree of freedom model will bazed to simulate the actual vehicle
behavior, thus imitating a real vehicle. A simfedegree of freedom bicycle model
will be used to predict the driver’s intention aaoply necessary control outputs to

stabilize the vehicle.
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3.2VEHICLE MODEL

For the simulation of vehicle together with theigaed yaw controller, an accurate
but simple enough vehicle model is required. Sévar@dels are available in the
literature for this purpose, containing differeegdee of freedoms. Hence, a decision
making process should be done judging the compieximing with added degree of
freedoms and loss-of-accuracy with neglected degiréeedoms. Added degrees of
freedoms generally result in increased computingetwhile the accuracy of the
vehicle model slightly increases. On the other hasmme essential degree of
freedoms should not be neglected to representehiele behavior similar to the real

vehicle behavior.

Considering the motions of interest and other nmatistrongly related to these,, the
non-linear vehicle model considered in this study dimulation has 8 degree of
freedoms (DOFs). These degrees of freedoms arely#meeongitudinal and lateral
motions, yaw, roll, and 4 wheel rotations. The Ipitootion, suspension motions,
suspension geometry, and body bounce motions aleated since this study is
generally about controlling the handling behavibwvehicles. Contrary to the aim of
the study, these degree of freedoms have gendrafpprtance on ride comfort
studies, and relatively unimportant in handlingds#s. Assuming that the tires are
connected rigidly to the vehicle body and perpemdicto the road surface, a minute
accuracy for vehicle response is lost. The locardimate system is attached to the
center of gravity of the vehicle and all equatians derived accordingly. The sprung
and unsprung masses are considered separately &b thle suspension
stiffness/damping effects and roll motion can beestigated more accurately. The
roll axis is defined as the line connecting thé cehters of the front and rear axles
and assumed to be stationary throughout the velaotgth. The tilting and restoring

moments due to the roll motion is taken into actoumle deriving the equations.

The steering angle is generally assumed to be éguatbnt right and front left tires
and the vehicle is assumed to be FWS. The pitciomand coupled motions arising

from this is not considered during the derivatidrin@ equations of motion; but the
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load transfer due to pitch motion is taken intocart. The torque inputs to the
wheels resulting from driver commands are appliedependently to each wheel.

The degrees of freedoms are shown in Fig.3.1.

Fig.3.1 8 DOF Vehicle Model showing each DOF witroas

As for the roll motion, the roll centers of thetitcand rear axles are assumed to be
fixed during the motion of the vehicle. Furthermotkee rotational stiffness and
damping constants for the roll motion are assurelet fixed for the period of the
roll motion. The forces derived from external s@srsuch as air drag in x and y
directions, unbalanced loading of the car, roadligras, etc. are neglected while
deriving the equations of motion.
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3.2.1 EQUATIONS OF MOTION AND THEIR REPRESENTATION

The Newtonian method is used to derive the equatadnmotion. The Newtonian
equations of motion can be expressed simply as
F=m*a (3.1

The general free body diagram for the 8 DOF noalineshicle model is shown in
Fig.3.2 The roll motion’s effects are shown usihg free body diagram shown in
Fig. 3.3.
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Fig. 3.2 Vehicle Model- Planar motion and forceg [f\ane)
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Fig. 3.3 Vehicle Model- Roll motion and forces (yane)

3.2.1.1 LONGITUDINAL MOTION (X-DIRECTION)

General force equilibrium for the vehicle body Halixection is as follows:

M(u-vr)+Mhrg=>F, (3.2)

and

Z I:x = Z I:vehicle + Z I:other (3-3)

while Fyner represents forces such as air drag, forces cofrong road gradients etc

and Renicie represent forces coming from tireserfizie can be defined as follows:
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Z I:vehicle = I:xfICOSJfI + I:xfr C'O$5fr + I:xrl
+F mo I:yfl SimyfI - I:yfr Sidfr

X

(3.4)

Assuming other forces (such as aerodynamic anthgotesistances) as negligible,
the overall force acting on the longitudinal motiminthe vehicle can be assumed as

Fuenice Here, the longitudinal acceleration of the vehid is considered as

a, = (Uu—-vLI). Hence, the derivative of the velocity of the wiiin x direction is

1 : :

u =M(Fxﬂ coso, + K cod + K, +F - Ea si@), - B sig, (3.5)
—hro+vQ

3.2.1.2LATERAL MOTION (Y-DIRECTION)

General force equilibrium for the vehicle body Haliyection is as follows:

M (V+ult) + M hgltos@)- M hg? Csinp = > F, (3.6)

while K is the resultant of the tire forces:

Z F, =F,cosd, +F, cod, +F, an

+ I:yrr + I:xfl SIr]5ﬂ + I:xfr Sngfr

The third term in the former equation is not tak&n account in the model since the

square of the roll rate is considerably small comagdo other terms. Also, here the
lateral acceleration of the vehiclg ia considered &, = (V+ ulj/). Hence,

the derivative of the velocity of the vehicle imixection is

=L
M

vl

—hgtosp - ulr

COSJfI + I:yfr Cos;fr + I:yrl + I:yrr + I:xﬂ Sir5f| + Fxfr Sidr (3 8)
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3.2.1.3YAW AND ROLL MOTIONS

The equations for yaw and roll motion are couplad these equations should be

uncoupled before continuing.
Izzm_lle—_ﬂj:ZMz (3.8)
Ixbe_IxzmzzMx (@)

where I represents yaw acceleration afdrepresents the second derivative of the

roll angle. When the necessary elimination is déime equations for the yaw and roll

motion can be expressed as;

r:Mszx+Mx|]xz

(3.10)
Ixx [ zz ol xz2
and
-:Mszz"'ng]zz (3.11)
Ixx [ 7z l XZ
where My, and M can be delineated as
M, =al{Fsind, + F, sind, + K, co®, + K, cog, )
t
+ b (_Fyrl - I:yrr )+_é (Fxrl - I:xrr ) (3.12)
t ) .
+_£ F, sio, —F, sio, —F, cog, +F, ca§
M, =mg |:hS|]V+ uln + mthSDg@+ |\4) A+ |\4) (3.13)
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The term mshsqf has been neglected due the relatively small mmgemibfqbz.

Here, Mwf and M(ﬂ are combination of roll stiffness and damping &srdor front

and rear axles and formulated as follows:

M, =-K, @-C, @ (3.14)

ng = —K¢r D[O-C¢, [y (3.15)
Here, if mass symmetry of the real vehicles witspeet to x and z axis is taken into
account, the,} term can be seen to have an especially low valag¢ive to |, and |,
in real vehicle data. Therefore, the terms withmay be neglected in order to have

the following equation of motions.

r =Ii[a [{Fysing, + K, sino, + Fa cog, + R cog, )
t
+b errI - I:yrr )+Er q:xrl - I:xrr ) (3'16)

t : -
+Ef Fyfl Sir, _Fyfr sio, —F, cog +F, caj ]

p=mChilv+ W)+ mORIgp- K - G /%
~Kg W_Crﬂl‘_‘fo

(3.17)

Up to this point, the motion of the vehicle is defil in terms of longitudinal and
lateral acceleration, yaw rate and roll angulaesation. However, the normal load
distribution changes due to longitudinal and ldtaccelerations and yaw and roll

motions should be also taken into account.

3.2.2 NORMAL LOAD DISTRIBUTION

The normal load distribution can be expressed imgeof four different variants.
These variants are static load, load transfer dubé longitudinal acceleration, load

transfer due to the lateral acceleration, and lwadsfer due to the roll moment
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transfer created by tilting motion of the sprungsmaNote that, for the lateral and
longitudinal load transferyand Uterms are not used, insteagd,aad g terms are
preferred since yaw terms affect the longitudirad &teral acceleration definitions.
(See “Longitudinal and lateral motions” section).

_ mytb _ miyCh_ mig (blh M,

ZFL ~ (3.18)
2[{a+b) 2a+b) 20a+ bOf ¢
_ miglbh mEBth ml:byEth_ M, (3.19)
R 2Ma+bh) 20a+ b) 20at+ bOf ¢ '
B m[g[ja m[@m mla, EaDh M, (3.20)
R 2Ha+ b) 2[{a+b) 20a+ b)l:l; tr '
_ miyla mE@DW+ mlg [alh M, (3.21)

ZRR 2E(a+b) 2{a+b) 20a+ bOf  tr
3.2.3 WHEEL DYNAMICS

The equations of motion for the vehicle wheels udel the brake/traction torque
applied and the moment created by the force geseerith the road-tire interaction.
The self aligning torque is neglected since theea# of this torque to vehicle

handling behavior are not significant. The rotagéloequations of motion are as

follows:

1
_|_(_FXﬂ [(R- Mwﬂ) (3.22)

1
—( F [R war) (3.23)

l
( xrl [R_ Mayl) (3-24)

1
W, =I_(_Fxrr [(R- Mayr) (3.25)
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Besides rotational motion, the lateral slip angled the longitudinal slip values are
also essential for tire force generation calcutegid_ateral slip angle can be defined
as the angle between the plane of the wheel rotdtiot steering rotation) and the
direction of motion. The derived equations for fateslip angles are as follows:

+
a, =0, —tan* v taDr (3.26)
u+- [0
2
+
a,. =0, —tan™ v taEir (3.27)
u-— 0
2
a, =tan* Vb -9, (3.28)
t
u+--0r
2
a, =tan” g -0 (3.29)
u--—-[0r
2

For longitudinal slip calculations, the velocity ngponent in the wheel plane

direction should also be calculated. The relataciggns are as follows:

2

V. =\/{u+%ﬂj +(v+ all)® [tos@, ) (3.30)
2

V. =\/(u——ij +(v+ ald)? [tos@,, ) (3.31)
2

v, = \/(u +t—é Dj +(v— b1 tos@, ) (3.32)
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2
v, = \/(u—t—é Dj +(v— b1 Eos@, ) (3.33)

There exist two different longitudinal slip defioims for braking and traction
conditions. Here, in this study, the attention rmafocuses on the braking situation,
which is very likely to occur in emergency caseswidver, the model is also capable
of detecting the driver’s intention of braking arcaleration and modifies the slip
calculation accordingly. The corresponding longmadl slip equations of braking

and tractive effort for each wheel can be expresseollows:

Braking Conditions:

VvV . —w, [R
Sﬂ :M (334)
Va)fl
v . —w. [R
Sfr — wfr fr (3.35)
war
V. —a [R
Srl :w (3.36)
Vwrl
V. - [R
S” :& (3.37)
Vwrr
Traction Conditions
w, [R-Vv
Sﬂ — i ol (3.38)
wy [R
w, [R-vVv
S, =— Y (3.39)
w, [R
wfr DR_ war
= (3.40)
S o R
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S =———— (3.41)

The overall equations needed for vehicle handlimyukation excluding the tire
dynamics and road-tire interaction are definedaso The tire model is going to be

presented in the next section.
3.3TIRE MODEL

In order to simulate the vehicle behavior accuyatgie forces resulting from the
normal load and other conditions should be caledlah a precise manner. The
operating conditions may vary in a wide range, ttinesmodel should be capable of
simulating the tire behavior under different commlis. The challenging point in this
simulation arises from the highly nonlinear behawbthe tires. There exist several
models associated with this nonlinear behaviorhi literature. In this study, tire

model developed by Allen et. al. [34] is selectedimulate the tire behavior.

Allen tire model is a nonlinear tire model capaldé calculating lateral and
longitudinal forces by taking many parameters imtoount. The tire parameters are
obtained experimentally. The operation range fer shmulation lies between pure
adhesion (no slip condition) to pure sliding (spng). A more complex or simpler
model may be used, but the complexity and the acgulevels of this model are

appropriate for the aim of this study.

Before starting to introduce the equations, zerolsx angle is assumed so that self
aligning moment is neglected. This assumption arfsem the assumptions of the
derivation of the Allen tire model. The input paeters for calculations are
longitudinal wheel slip angle [Z], tire lateralslangle §], nominal road surfaceltire
friction coefficient [u] and tire rotational veldgi[w]. The longitudinal and lateral
tire forces are calculated using the following doures. There, Kf) is the force
saturation function whereas denotes composite slip function and’sCare
experimental coefficients. (i=1,2,3,4)
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Co’+Co’+ g
F(o)=—= 4 (3.42)
Co+Co°+Co+1

whereas
, 1
T 2 2
o=—"_0k?dan’a +k [Eij (3.43)
8 Euo EIFZ 1-S

Here, k and k denote the lateral stiffness coefficients and exiad longitudinal
stiffness coefficients, respectively whilg @enotes the tire contact patch length. The

necessary formulations for all these parametergiaesn below.

ZEQMAEFZ—’*EFZZ]
ks:

2 a (3.44)
po
orr, 5
kcza—zz (3.45)
po
0.076 F [F
a =a_ [[11- E’:—X 3.46) wherea , = z _ 2t 3.47
P F’°[E . FJ( ) PO TW[QTp+5) (3.47)

In these equations, several experimental paramatersised. These are initial tire
contact patch length,,@ tire contact patch coefficient,kdesigned tire load, A

thread width, |, and the tire inflation pressure,. T

The given corrected longitudinal stiffness coeéfidi should converge to a common

sliding friction coefficient at high slips. Moreayethe initial tire road friction
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coefficient transforms into a sliding friction c@efent. For this purpose, a nonlinear
modification parameter, so called, ks used. Modified versions of this longitudinal

stiffness coefficient and road surface frictionfficents are introduced as follows:

k =k +(k — k)Qsin?(@)+ Stos @) (3.48)

and

U= 1, q/l— k, [{sin’ @) + S°[cos & ) (3.49) wherek, :ﬁa/vw (3.50)

While v,, denotes the wheel speed in-wheel-plane apdigenotes the peak tire-road

friction coefficient, which can be expressed as
to =1.17604,,, ({B,F, + B, + B,F?) (3.51)

The overall steps for calculating the longitudiaad lateral tire forces are covered so
far. The normalized tire forces with respect tomalr load on the wheel can be

calculated as follows.

X

F,_ -F(o)[K[5 52
HIF,  Jk?Oarta +k 252 '

F, _  F(o)k Oana
urF, Jk2 danta + k2 [
Figure 3.4 and figure 3.5 demonstrate the tire ddoehavior. The former figure
represents the longitudinal tire brake force verdsugitudinal slip ratio while the

latter figure represents the lateral tire corneffiorge versus lateral slip angle of the

(3.53)

wheel.
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Normalized Braking Force FX/F vs. Longitudinal Slip ratio S
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3.4TWO DEGREE OF FREEDOM VEHICLE MODEL -BICYCLE MODEL

The main aim of the active yaw controller in thisdy is to interpret and track the
driver's intention. For this purpose, there exisvexal ways to understand the
driver’s objective. These ways may vary from a Ereguation for the reference yaw
rate derivation, which has an arbitrary constant fmanipulating the reference
vehicle behavior; to nonlinear set of equationgluding all controlled/affected

degree of freedoms [21],[33],[42]. The general ideae is, there should be an
assigned vehicle behavior tendency which may berned as under-/oversteering.
This tendency should be presented by the referegoations, so that the drivers’
manipulation is predicted as intended. For thisppse, building a simple vehicle
model which is capable of presenting main behagtentucted by the input signals
created by the driver is utilized. The input signaday include acceleration or brake
demand, steering input, etc. In this study, a 2ee@f freedom model (commonly
known as bicycle model) is built and used to interphe driver’s intention. The two

degree of freedom vehicle model is obtained by imgpwo wheels on the same
axle to a single virtual wheel, which is alignedthe centerline of the vehicle. It is
generally capable of demonstrating essential hagdiehavior of a vehicle for low

lateral acceleration.

The two degree of freedom model presented herdineaized model which accepts
the vehicle longitudinal velocity and the steeremple as inputs. These inputs are
measured variables and can be supplied directhg €aucial point is, the vehicle
longitudinal velocity is not always measured, iasteomplex estimation algorithms
are used while heavy braking conditions apply [38], The outputs of the model
are lateral velocity and vehicle sideslip anglee Tine forces are estimated using a
linearized model where the cornering force incredisearly with sideslip angle and
the braking force increases linearly with the ldadinal slip. Figure 3.6 shows the
forces applied on the vehicle model and the vaembbked in the model.
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Fig. 3.8 Two degree of freedom model

In this model, the tire forces are lumped into emeual wheel for every axle (e.qg.
Fo= Fa + Fer). With this information, the equations of moticencbe paraphrased as

follows:

Longitudinal Motion:

mu- vi¥) = F, [os@ )+ F, - K, Csinfd] | (3.54)
Lateral Motion:

mv+ uk) = F, [€os@ )+ F, + F, Csin|d] | (3.55)
Rotational Motion:

J i =(alF, [©os@ )-blF,)Osgné ¥ alF, Osing (3.56)

Note that the steer angle is measured as posititteei clockwise direction. Also, the
sign functions for steering angle are necessarjefohand turns, since the equations
change drastically. In the following simple formtbe model, however, they will be
neglected to articulate the state representatltmgugh they are used in the predictor
model. To simplify the model and linearize it irder to have a fast predictor for
driver intention estimation, there should be somigiiive assumptions. First, the

cornering tire forces are linearized for small s8hg angles as,

F. =C, @, (3.57)
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and
F,=C [, (3.58)

whereas the tire slip angles are defined as

a, :_5+(v+aD] (3.59)
U
a =(V_bmj (3.60)
U

After this, the term (v*r) is dropped since it isnsiderably small in the linear
operating range of the vehicle considering the itognal velocity, U. hence

equation(3.54) can be replaced as
miU = F, [os@ )+ F, — F, Osinfd] (3.61)

Moreover, the vehicle longitudinal velocity cankept as a constant parameter, thus
reducing the input variables to two. Within the peoof the study, the vehicle

longitudinal velocity is constantly supplied to tim@del but accepted as a parameter.
Therefore, the degree of freedom of the vehicle eh@&lreduced to two, expressed
by equations (3.55) and (3.56). Also, small angleuanptions are made for steering
wheel input, resulting in co®(~ 1 and sing) ~ 0. These assumptions trim down the

governing equations to the following form:

mgv+ U =F, +F, (3.62)
Ji=alF, -bCF, (3.63)

Replacing these side forces with equations (3.510) .58) with sideslip angle
definitions given in (3.59) and (3.60), with alethousekeeping,

mD:(Q+Q)%+(a]Q— 1 C- r’mlﬁ)E—ll;—— Co (3.64)
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an(amf—bm)%+(éDQ+ BDC)EIL:—— & CD (3.65)

which, in turn, can be expressed as in matrix fasm

(C,+C)  (ag - hIG- niy)

{m oHv}: VI u E{V}Jr <t |55 (3.66)
0 J| |f @lC; -bG) (a°[C, + K [K) o |-alG

U U

Finally, the vehicle sideslip angle can be desdriag the inverse tangent of the ratio
of lateral velocity to longitudinal velocity. Theverall vehicle model together with

detailed and simple vehicle models and the yawrobtlets are given in Fig. 3.7

B=tan* )0~ (3.67)
u u
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CHAPTER 4

CONTROLLER DESIGN

4.1INTRODUCTION

The main objective of an active yaw controller as dontrol the yaw rate of the
vehicle in case of any possible of undesired yawabm®r. Besides, during the
manipulation for the control of this parameter, ttesigned controller should not
allow the vehicle sideslip angle to surpass sonezlgfined limits of steerability
condition. This manipulation has some limits thoudbe to the bounded tire force
generation capability defined ultimately by the ficeent of friction. The tire
cornering force limits are expressed in the previclapter in Fig. 3.5. The optimum
cornering force for small longitudinal slips is alted between 10-20 degrees. Note
that, as the longitudinal slip increases the cangeforce limit decreases rapidly.
Therefore, for effective control, the longitudirdip is to be controlled with a slip
sub-controller. The slip sub-controller design usede is based ofahin’s work
[37]. Tire slip controller will be introduced inkaief manner. In the next parts of this
chapter, fuzzy based yaw controllers and tire-slip-controllers will be introduced

and explained in detail.

4.2FUZZY BASED YAW CONTROLLER DESIGN

The yaw controller design in this study is basedraazy-control. There exist two
different controller designs in this study. Thestione deals only with yaw rate and
the time derivative of the yaw rate. This contnok®ntinuously monitors the yaw
rate and yaw acceleration and tries to estimateuadgsired behavior by comparing
these values with the desired values. The desiatakes are derived from the two

degree of freedom model using driver's inputs. Wlaey deviation from desired
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behavior is detected, the yaw rate controller stastcommand brake signal for the

appropriate individual tires. The basic scheme ther designed yaw controller is
given in Fig. 4.1.

2 DOF
» VEHICLE r.desired’r desire(
> MODEL
Jdriver Uvehicle Wheel Speed Yaw Controller
Sensors
Fuzzy Controller
8 DOF .
r I + .
Dri O (Steering anglg VEHICLE actual’ actual ¥ Ar,Ar
rver Driving Torquel —p| Yaw Sensor 4@—;
Braking Torque MODEL -
Decision
State Feedback Tire slip Controller Block
to driver Brak Rat
rake ¢ ate
Actuatol Controlle
Brake Moment:

Fig. 4.1 Basic scheme of the proposed yaw controlle

As it can be seen from the figure, the driver'ssi@nd torque input (acceleration or
deceleration input) are fed to both real vehicledeland simple reference model.
The reference model also receives the longitudiakdcity from the real vehicle, or
in our case, detailed vehicle model representirg dhtual vehicle. In real life

applications, the longitudinal velocity is estinthiga complex estimation algorithms
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in especially heavy brake conditions [32][35]. Hfasv rate and the derivative of the
yaw rate (which is actually directly measured vigaav acceleration sensor) are
compared for the reference model and vehicle maael then the differences
between reference and actual values are suppligbetduzzy controller as error
signals. A threshold mechanism exists between teesw signals and the brake
torque controller, so that the controller interventis not disturbing for small
deviations. The fuzzy controller then decides thaké torque necessary for counter
yaw moment action. The decision block selects thprapriate tire for brake
application, while the rate controller limits theake torque change rate to applicable
values so that the brake manipulation seems toelkstic considering the brake
moment generation speeds. This brake torque isdpphed to the detailed vehicle
model. Brake torque is selected as the outputh®icontrol system. This selection is
made since the available practical wheel slip @bletrs accept either longitudinal
wheel slip or brake torque as the input. Theretexdeedback signal sourcing from
the 8 degree of freedom model to the driver, alghatnis feedback is not modeled in
this study. The driver in real life can receivedieack from the vehicle behavior so
that s/he manipulates the control signals in aeotire manner if the vehicle is in
low lateral acceleration range. The yaw contradetesponsible, therefore, when the

vehicle presents an uncommon behavior in caseagfsskwe magnitude-behaviors.

The design of the fuzzy controller is based onssestially trial and error procedure.
The rule base covers the whole input domain witke dutput signal is unique for
every input pair. The fuzzy controller mainly castsiof three subsystems, namely,
fuzzification, rule base, and inference mechaniach @fuzzification [38]. The main
scheme is shown in Fig. 4.2
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Fig. 4.2 Basic scheme of fuzzy controller

The fuzzification process is responsible for cotiagr the control inputs into

parameters which can be understood by the infereneehanism, whereas the
inference mechanism is responsible for emulating élpert's decision making

process, by averaging through rule based “if-thstdtements. The rule base is
predefined for the plant in order to guide the oalfgr which action is to be taken in
specific conditions. After this information is euated in inference mechanism or
(inference engine), defuzzification process taklesein order to make the signal

acceptable as output.

For the design and application of fuzzy control, MAB Fuzzy Toolbox is used.
Mamdani inference method is used for implementhg inference mechanism and
centroid algorithm is used for the defuzzificatiprocess. 9 different levels are
defined for both the yaw rate and the yaw accetasraerrors as membership
functions. For different road conditions, the memsh& functions are defined
separately as dry, wet, and icy, while the fuzzgtagler scheme remains the same.
The membership functions are indeed the same gtiadity, but the ranges which
they cover are multiplied accordingly to comply hwithe need of yaw moment
creation to corresponding road-tire surface fricticoefficient. The membership
functions of input and output parameters for the idad condition (Kn=0.9) are
shown in Fig. 4.3, Fig. 4.4 and Fig. 4.5, respatyivin these figures, the limits of
different states for the inputs and outputs casdsn. For instance, the yaw rate error

is expressed as negatively large (‘Btlel/el) for the values between minus infinity to
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-0.25 rad/s whereas it is also expressed as negatia/rge(f level) for the values

between 0.3 rad/s and 0.1 rad/s.

Membership function plats
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0 1 /\"—' ] | ] ] 1 1 1
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Fig. 4.3 Membership functions for yaw rate errgyun
Membership function plots
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Fig. 4.4 Membership functions for yaw acceleragoror input

Membership function plots
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Fig. 4.5 Membership functions for brake momentedénce output

48



The rule base is the key part of the design ofyfuntroller. The decision and trial-
error processes are generally time-consuming whietweaking of these rules is
very helpful in gaining insight knowledge about wmd lateral dynamics. The rule
base has started with the following simple rulegiasn in the following list.

O If the yaw rate error (YAWRATE) is negative (N) atlde yaw acc. error
(YAWRDER) is negative (N), then brake moment difece is positively
large (PL)

O If the yaw rate error (YAWRATE) is negative (N) atite yaw acc. error
(YAWRDER) is zero (Z), then brake moment differents positively
medium (PM)

O If the yaw rate error (YAWRATE) is negative (N) atlode yaw acc. error
(YAWRDER) is positive (Z), then brake moment difface is positively
small (PS)

O If the yaw rate error (YAWRATE) is zero (Z) and th@aw acc. error
(YAWRDER) is negative (N), then brake moment difece is positively
(PS)

O If the yaw rate error (YAWRATE) is zero (Z) and thyaw acc. error
(YAWRDER) is zero (2), then brake moment differens zero (2)

O If the yaw rate error (YAWRATE) is zero (Z) and thyaw acc. error
(YAWRDER) is positive (P), then brake moment eiiffnce is negatively
small (NS)

O If the yaw rate error (YAWRATE) is positive (Z) artle yaw acc. error
(YAWRDER) is negative (N), then brake moment diffiece is negatively
small (NS)

O If the yaw rate error (YAWRATE) is positive (Z) artle yaw acc. error
(YAWRDER) is zero (2), then brake moment differenis negatively
medium (NM)

O If the yaw rate error (YAWRATE) is positive (Z) artle yaw acc. error
(YAWRDER) is positive (Z), then brake moment difface is negatively
large (PL)
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These rules have played a guiding role as thegiarple and intuitive rules for yaw
control. The extended version of the rule baser &ft¢éensive trial and error case is
given in Table 4.1. The rows indicate the yaw ext®rs while the columns indicate
the yaw acceleration errors. The table remains ticEnfor wet and ice road
conditions, whereas the classification of the mawstp function remain identical,
too. However, as the wet {}4=0.4) and icy roads (¢,=0.1) have a narrower limit
for stability, the membership functions for the yeate and yaw acceleration error
definitions are distributed over a 3 times broaderge for wet conditions and 10
times broader range for icy road conditions. Thdiication brings flexibility for
the precise manipulation and prevents excessiwviention. Also, for these three
different cases, the output is magnified with diéf@ brake torque constants. This

method is also used in similar studies [35]

Table 4.1 Rule base table for active yaw controller

Yaw Rate
De”‘,’,'afh';m’/ N4 | N3 | N2 | N1 |zERO| P1 | P2 | P3 | P4

RateError
N4 NA | N | N4 | N4 | Na | Na | N4 | N4 | N4
N3 NA | N | N4 | Na | N3 | N3 | N3 | N3 | N3
N2 N3 | N3 | N3 | N3 | N3 | N3 | N2 | N2 | N2
N1 N3 | N3 | N2 | N2 | N2 | N2 | N2 | N1 | N2
ZERO | N2 | N2 | N2 | N1 [zEro| P1 | P1 | P2 | P2
P1 PL | pL | P | P2 | P2 | P2 | P2 | P3 | P3
P2 P2 | P2 | P2 | P3 | P3 | P3 | P3 | P3 | P3
P3 P3 | P3 | P3 | P3 | P3 | P4 | Pa | P4 | Pa
P4 P4 | Ppa | Pa | Pa | Pa | Pa | Pa | Pa | pa

After defining the membership functions and rulesontrol the system, a control
surface has been obtained. This 2-D plot enablewyidwer to visualize the control
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output (in this case, the brake torque) accordingpecified yaw rate error and yaw

acc. error. The control surface for the designed gantroller is given in Fig. 4.6.

M omdiff

W AWRDER

WAWRATE

Fig. 4.6 The control surface for the designed yantioller vs. yaw rate error and

yaw acceleration error

As it can be seen from the surface, there exis¢ésamm only one output signal for
every input pair. This statement is actually impott for completeness and
contradiction for any input pair in the rule ba3éhere exist some formal and
informal definitions and some intuitive techniques these checks. However,
neither of them has been proved to be valid focadles and rule bases. Therefore, a

logical rule base which has systematic approachpnalve itself to be complete and
consistent.
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43FUZZY BASED YAW CONTROLLER DESIGN WITH SIDESLIP
LIMITATION

The fuzzy based yaw controller design given in fthrener section deals only with
the yaw rate and yaw acceleration error of the kited vehicle model. However,
minimization of these yaw rate related errors & tlehicle at all costs does not
always point to the desired motion. As it will bemtioned often later in this study,
another measure of the vehicle behavior is the clehsideslip angle [5].
Manipulation of the yaw rate without any intentiohlimiting the vehicle sideslip
angle generally ends with excessive sideslip anglésch means a great loss in
steerability of the vehicle, in other words, cofitioility of the vehicle for the driver.
The main reason behind this behavior is the coi@y nature of these two
parameters in emergency cases. For instance, io pameuvers, the demanded yaw
rate has a linear correlation as the steer inpueases with almost constant velocity.
However, limited cornering forces are generallyifisient for this demand and the
desired yaw rate cannot be tracked at all costs\ery time. Meantime, the vehicle
sideslip angle is preferred to be zero by the driwhile it tends to deviate to
negative if the vehicle plows or goes unnecesséiti for vehicles with spinning
tendencies. Note that, standard vehicles haveghtdlindersteer tendency, thus, as
the desired yaw rate increases, the obtained ysavfalls below this target value.
However, when this yaw rate is manipulated by gaineg a yaw moment in favor of
tracking the desired yaw rate, the vehicle sideahgle tends to deviate from zero
excessively due to this uneven moment treatmentervehicle. Therefore, these
two parameters should be taken into account simedtasly for active yaw
controlling of the dynamic behavior of the vehieled keeping its well within the

desired range.

Due to these concerns, a new fuzzy based activecgatvoller design is proposed
and demonstrated in this study. Here, this comrdtkes the yaw rate difference
between simpler vehicle model yaw rate (as desiead rate) and detailed vehicle
model (as actual yaw rate) as input. Besides, ama&®r built in the eight degree of

freedom model is responsible for sideslip calcafatiEstimation of the lateral
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velocity is a bit complicated and requires addiiloeomplexity for sensor and

calculation modules, but, for the time being, thesacerns are disregarded. The

desired vehicle sideslip angle is taken as zenmesa novice driver expects neutral

steer characteristics from the vehicle. The veharid the controller model together

are shown in Fig. 4.7. The input and output retetiops are also given. As it can be

easily seen, the basic scheme is essentially the sa the former controller, except

that the yaw acceleration error is replaced by#tecle sideslip angle.

; : Ar,ALB

2 DOF
» VEHICLE Fesirea B desired O
» MODEL
Jdriver Uvehicle Wheel Speed
Sensors ;|
8 DOF
Mactual tw
Dri O (Steering anglg VEHICLE
Ve |Brving Torquer —P YawsSensor
Braking Torque MODEL

State Feedback

to driver

Tire slip Controller

Brake
Actuato!

b E——

Rate

Yaw Controller

Fuzzy Controller

Decision
Block

Controllel

Brake Moment:

Fig. 4.7 Basic scheme of the proposed yaw controlith sideslip limitation

This yaw controller is based on some foundatioaswipon which the controller rule

base is established. These rules can be summaszetiows:
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0 The yaw rate error is of high priority when thdeslip angle is within the
limits of its prespecified range.

0 When the yaw rate error and the vehicle sidesliglearare high and
contradicting each other, then manipulation willdme with a less braking
effort than that of high yaw rate error and zerbigke sideslip angle. This is
to ensure that the vehicle is not managed to gartdsvextreme behavior in
order to track the desired yaw rate.

0 When the yaw rate error is small, the vehicle isnimalated with minute
brake effort to diminish the yaw rate error unlébe sideslip angle is

excessively large.

After setting up some basic rules for the contrdti@sed on the above principles, the
rule base is enlarged to satisfy the demand ofdthesr and the desired behavior.
The final rule base is shown in Table 4.2. The rowlscate the yaw rate errors while

the columns indicate the vehicle sideslip angleregtons.

Table 4.2 Rule Base for the designed yaw contralltr sideslip angle limitation

Sideslip Angle
/ Yaw Rate
Error

N4

N3

N2

N1

ZERO

P1

P2

P3

P4
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For the design of this yaw controller, again, Jadi#nt levels are defined for both the
yaw rate and the vehicle sideslip angle as memigefshctions. For different road
conditions, the membership functions are defingohisgely as dry, wet, and icy
while the fuzzy controller scheme remains same. ff@nbership functions are
again the same qualitatively, but the ranges whiohy cover are multiplied
accordingly to comply with the need of yaw momeniation to corresponding road-
tire surface friction coefficient. The membershipndtions of input and output
parameters for the dry road conditiondj#0.9) are shown in Fig. 4.3, Fig. 4.4 and
Fig. 4.5, respectively. The unit for the yaw rateeis rad/s whereas it is radians for

the vehicle sideslip angle.
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hembership function plots
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The control surface obtained is given in Fig. 4A4.it can be seen, the smoothness
of the former control surface is now exchanged aitinore complex surface. This is
mainly due to the conflicting natures of the yaterdemand and the vehicle sideslip
angle, which tends to deviate with uneven yaw mdmeiervention. Note that,
although the rule base table has increased its leaahp the control surface retains
symmetry along sideslip angle axis, which may bewto simplify the application

of fuzzy controller in practice.

Momdiff

05

01 0.2

0
0.1

SIDESLIP v ARATE

Fig. 4.11 The control surface for the designed gantroller vs. yaw rate error and

vehicle sideslip angle
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4.4LOW LEVEL SLIP CONTROLLER DESIGN

The low level slip controller design is basedSahin’s study [37]. The main aim of
this controller is to limit the slip to a referentmngitudinal slip, which is defined
according to road conditions. Although the optimlangitudinal slip to maximize
the cornering force varies with the lateral sligyl@anand road-tire surface friction
coefficient, this value cannot be measured onliith sufficient accuracy [39]. So, a
simple yet effective methodology is adopted foerehce slip assignment, which is
categorizing the road condition as dry wet and nogds and assigning a single
reference slip for each of these conditions. Thetian of optimum slip with lateral
slip angles is taken into account by selecting enmromising value for these

assignments.

There exist two different control techniques fastiub controller, namely, PID and
Fuzzy Logic controller. The fuzzy logic based stgntroller is again developed in
MATLAB/Simulink environment, using the same methaigl algorithms with the
former designs of fuzzy logic based controllerse Tiputs are actual slip, reference
slip and tire rotational acceleration. The outpiginal is multiplied by the given
(demanded) brake torque and compared with the d#mdabrake torque. If the
calculated brake torque is lower than the demandeglie, then it is applied to the
wheel to prevent excessive longitudinal slippagee Thembership functions of the
inputs and the output are given in Fig. 4.12, Big3 and Fig. 4.14, respectively. The
rule base is given in Table 4.3.

The PID based controller uses nearly the same appydut it utilizes a single input,
namely the difference between reference slip anel #ctual tire slip. The
proportional, integral, and derivative gains aret decided upon an analytical
approach. Contrary, they are chosen with numeronslations and initial guesses
from the literature. The PID and fuzzy control lecand necessary input-output
relations are given in Fig. 4.15 and the overdtl sontroller Simulink block diagram

is shown in Fig. 4. 16.
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Membership function plots
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Fig. 4.14 Membership functions for brake torquepatiof Fuzzy slip controller
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Table 4.3 Rule Base for the designed low level stiptroller

Wheel
Acceleration/ NL NS ZERO PS PL
Tire Long. Slip
error
NL NM PL PL PL PL
NS NL PL PL PM PL
ZERO NL NM Z PM PL
PS NL NL NM Z Z
PL NL NL NL NM Z

4. 5NECESSARY COMPONENTS FOR THE DESIGNED CONTROLLER

As mentioned in section 1.3, there exist some sacgsTomponent requirements for
the functioning of the control system. The compaseand their functions in the

general control system can be summarized as follows

Yaw sensor: A gyroscope or MEMS based yaw sensordear to measure the

yaw rate of the vehicle

» Lateral acceleration sensors: This sensor may bd s measuring lateral
acceleration so that vehicle sideslip angle estonatill be done.

« Longitudinal acceleration: This component is gelerssed for vehicle speed
estimation in coordination with wheel speed sensors

* Wheel speed sensors: These sensors are generaly fas vehicle
longitudinal speed estimation and tire slip estiorat

» Steering angle sensor: This sensor provides theriste wheel angle
information to the reference model.

» Brake & Throttle Pressure Sensor: This unit progittee driver’s intention to

acceleration or deceleration.

All these necessary information flows are showRim 4.1 and Fig. 4.7.
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CHAPTER 5

SIMULATIONS

5.1INTRODUCTION

This chapter presents the results of the simulatp@rformed in MATLAB/Simulink

environment for a vehicle with and without the aetyaw control system integrated
with a sideslip angle limitation controller. To egthe results of the simulations of
the vehicle without any active control system vio# discussed. This part will be
helpful for gaining an in-depth knowledge of thendgnics of a vehicle under several
road and maneuver conditions. Following this pddsired vehicle behavior for
various road conditions and driving inputs will gezen and the results will be
discussed with comparing with the former findingben, the same vehicle will be
simulated with the active yaw control system withamy vehicle sideslip angle
limitation. This part will demonstrate the sole yaentrol system performance and
its weaknesses especially for severe road conditiéiinally, the overall yaw

controller integrated with the vehicle sideslip ngontroller will be simulated and

the results will be discussed in depth.

Since the scope of this study covers yaw-critigalasions, reference maneuvers
should be selected accordingly. In this study, tmulne change and J-turn
maneuvers will be taken to represent the yaw-afitgituations. Several combined
maneuvers including combined braking and steeromgditions are simulated. The
vehicle parameters used in the simulations can domd in Appendix A. The
simulated vehicle response to these standard mearswwvill be given in the

following section.
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5.2VEHICLE SIMULATION RESULTS WITHOUT THE ACTIVE YAW
CONTROL SYSTEM

Before starting to design and evaluate the actiae gontroller, an appropriate
vehicle model should be presented in order to detnate the dynamics and the
physical situations that may occur if the designedtroller should be applied on a
real vehicle. Furthermore, the uncontrolled behawbthe vehicle model will be
used as a reference in order to compare differentral algorithms. The input
maneuvers used in the simulations are selected $tandard maneuvers, which can
exhibit emergency situations. In this part, twdetént conditions will be examined:
namely, J-turn maneuver and double lane change uwane These selected
maneuvers are used to simulate most common mareuvegveryday situations
[41]. The road conditions applied in the simulatieii be in three categories: dry,
wet, and ice. The dry road condition implies a nmahifriction coefficient of 0.9
which is distributed evenly throughout the roaeé imteraction. For the simulations,
this dry road condition will be taken into accowamd the velocity of the vehicle is
taken as 90 km/h.

5.2.1 CASE 1: J-TURN MANEUVER

In this part of the simulation, response of theislehto a steer input donated as J-
turn maneuver. Figure 5.1 represents the steerimgelvangle input change with
respect to time. The steering wheel ratio is 1lldch means that the steer angle for
the wheels is reduced to 1/18f the steering wheel angle. The longitudinal eitjo

of the vehicle in this maneuver is depicted in Big.
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Steering wheel angle, [deg.] vs. Time, [sec.]
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Fig. 5.1 Steering wheel angle vs. time for J-Tuaneuver of the uncontrolled

vehicle

Longitudinal Velocity [m/s] vs. Time, [sec.]

[sau] AuoopA feupnituoT

10

6
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-Tunmaneuver of the uncontrolled

Fig. 5.2 Longitudinal velocity vs. time for J

vehicle
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The following figures represent the vehicle resgottsthe J-turn maneuver. Figure
5.3 depicts the yaw rate of the vehicle versus.tifysit can be seen from the figure,
the yaw rate initially increases as it is expedtedh the steer input. However, after a
certain position, the yaw rate represents a cowt@y behavior by decreasing

drastically. This is generally due to the heavyamstker characteristic of the vehicle,
which results in an oscillatory performance. Thssitbatory behavior is damped with

increasing time. The peak value of the yaw ratebigut 0.56 rad/s, which is rather
high for average driving conditions at high speeds.

Yaw Rate [rad/s] vs. Time, [sec.]

Yaw Rate [rad/s]

Time, [sec.]

Fig. 5.3 Yaw rate versus time for J-Turn maneuvehe uncontrolled vehicle
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Vehicle Sideslip angle [deg] vs. Time, [sec.]

Vehicle Sideslip angle [deg]

Time, [sec.]

Fig. 5.4 Vehicle sideslip angle versus time forulTmaneuver of the uncontrolled

vehicle

Figure 5.4 shows the vehicle sideslip angle chawgh respect to time under
specified conditions. The peak value of the sliglans above 16°, which exceeds
acceptable region for dry asphalt road, limitedabgnaximum of 12 degrees. This
result shows that the controllability (in other wsy steerability) of the vehicle is

degraded.
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Lateral Acceleration[m/sz] vs. Time, [sec.]

Lateral Acceleration[m/sz]

0 2 4 6 8 10
Time, [sec.]

Fig. 5.5 Lateral acceleration versus time for JAlimaneuver of the uncontrolled

vehicle

Figure 5.5 displays the lateral acceleration ofvbkicle. As it can be seen clearly,
the lateral acceleration reaches its maximum rgpafid holds its value nearly
constant for the whole maneuver. The sudden dropltadﬂ‘ second is related with
the yaw rate change and longitudinal velocity dasee which sources from the
longitudinal tire force generation. Fig. 5.6 dig@ahe trajectory of the vehicle and
Fig. 5.7 displays the normal tire load change @wheels with respect to time. Fig.

5.8 shows generated cornering force of the tireive.
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Y axis [m] vs. Xaxis [m]
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Xaxis [m]

Fig. 5.6 Trajectory for J-Turn maneuver of the umoalled vehicle
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Fig.5.7 Normal Tire loads versus time for J-Turmeaver of the uncontrolled

vehicle
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Cornering Forces [N] vs. Time, [sec.]
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Fig. 5.8 Cornering forces versus time for J-Turmewver of the uncontrolled

vehicle

Up to this point, only dry asphalt road conditioase considered. For other
conditions, simulations have also been performed.Wet asphalt road conditions,
50° steer angle J-turn maneuver is applied witlnaial vehicle speed of 90 km/h
and with a road tire surface friction coefficieritQo4. Fig. 5.9 presents the yaw rate
of the uncontrolled vehicle behavior under wet roadditions. Fig. 5.10 displays the
vehicle sideslip angle and Fig. 5.11 presentsdtexdl acceleration of the simulated
uncontrolled behavior under wet road conditionse Vaw rate reaches a maximum
of 0.28 rad/s, which is by far lower than that of doad conditions. The maximum
vehicle sideslip angle is about 11 degrees, whigh be interpreted as a total
degradation of steerability for wet road conditioi®he lateral acceleration is
lowered to half of its original value on dry asghathich is a result of lower friction

coefficient, thus lower cornering forces.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.9 Yaw rate versus time for wet conditiond dAlurn maneuver of the

uncontrolled vehicle

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.10 Vehicle sideslip angle versus time fot e@nditions and J-Turn maneuver

of the uncontrolled vehicle
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Lateral Acceleration[m/sz] \s. Time, [sec.]
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Fig. 5.11 Vehicle lateral acceleration versus tiorevet conditions and J-Turn

maneuver of the uncontrolled vehicle

For icy asphalt road conditions, 40° steer andle&rd-maneuver is applied with an
initial vehicle speed of 40 km/h and a road tirdae friction coefficient of 0.1. Fig.
5.12 presents the yaw rate of the uncontrolled ckehbehavior under wet road
conditions. Fig. 5.13 displays the vehicle sidesligle and Fig. 5.14 presents the
lateral acceleration of the simulated uncontrobetiavior under icy road conditions.
As can be seen, the yaw rate and lateral accalaratie pretty low compared to
those of the former road conditions, which resuita small vehicle sideslip angle
deviation. The upcoming simulations will show, heee that the desired yaw rate
will be much higher than this obtained value.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.12 Yaw rate versus time for icy conditiomsl d-Turn maneuver of the

uncontrolled vehicle

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.13 Vehicle sideslip angle versus time fgrgonditions and J-Turn maneuver

of the uncontrolled vehicle
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Lateral Acceleration[m/sz] \s. Time, [sec.]

Lateral Acceleration[m/sz]
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Fig. 5.14 Vehicle lateral acceleration versus tioracy conditions and J-Turn

maneuver of the uncontrolled vehicle

5.2.2 CASE 2: DOUBLE LANE CHANGE MANEUVER

In this part of the simulation results section, Hedicle response to the double lane
change maneuver will be analyzed. The double ldrenge maneuver test, also
known as “Moose Test”, includes a sharp evasive emagr to avoid a sudden
obstacle show-up or to follow a sharp curvatureofeed by the reverse of this initial
movement [41]. The steering wheel angle changaeflbuble lane change is shown
in Fig. 5.15. Steering angle function consists sirgle sine wave with amplitude of
90 degrees and a frequency of 0.25Hz. The inig#baity of the vehicle is 90 km/h
and the steering wheel gear reduction ratio is,13@8&hat the front wheels turn with

a maximum angle of 5 degrees.
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Steer angle [deg] vs. Time, [sec.]
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Fig. 5.15 Steering wheel angle versus time for teoldne change maneuver of the

uncontrolled vehicle

Fig. 5.16 displays the yaw rate change of the umotbed vehicle in a double lane
change maneuver. It can be easily seen that thergtenof the simulated vehicle
resembles the steer command in qualitative formwvéver, especially the second
part of the oscillation by far exceeds the limdas, which is mostly caused by the
sudden sideslip change of the vehicle. Fig. 5.bivshthe vehicle sideslip change of
the vehicle. The maximum value of the vehicle digesngle surpasses the
maximum allowable range slightly, which is abouf @ dry asphalt conditions.
Fig. 5.18 shows the lateral acceleration of theountrolled vehicle. As can be
noticed, there exists a lag between the steer iapdtthe contours of the responses.
This is generally caused by the longitudinal dyreaf the vehicle and the time to
build up necessary forces on the wheels.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.16 Yaw rate versus time for double lane geamaneuver of the uncontrolled

vehicle

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.17 Vehicle sideslip angle versus time foulole lane change maneuver of the

uncontrolled vehicle
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Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.18 Lateral acceleration versus time for deldgne change maneuver of the

uncontrolled vehicle

Fig. 5.19 shows the trajectory of the vehicle. A& de seen clearly, the lateral
displacement of the vehicle is undoubtedly highiclwitan be accepted as a result of
high lateral acceleration and vehicle sideslip anflig. 5.20 represents the normal
loads change carried by the wheels. The wheel logdsease drastically as the
maneuver takes place. As for other responses, lieelvioads follow the steer input
contour with a slight lag. Finally, Fig. 5.21 pratethe cornering forces generated
by the wheels. As the vehicle turns right, in tinstfpart of the evasive maneuver, the
front left tire generates the maximum corneringcégrdue to the normal force
distribution. By passing to the second part of ¢hvee wave maneuver, the normal
load on the front right tire increases with resgedront left tire, thus generating the
leading cornering force. Since the steer inputiiery by front wheels, high slip
angles on front tire are produced, thus having lsigimering forces on these wheels

with respect to rear tires.
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Y axis [m] vs. Xaxis [m]
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Fig. 5.19 Trajectory for double lane change manea¥éhe uncontrolled vehicle
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Fig.5.20 Normal Tire loads versus time for dodblee change maneuver of the

uncontrolled vehicle
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Cornering Forces [N] vs. Time, [sec.]
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Fig. 5.21 Cornering forces versus time for doublelchange maneuver of the

uncontrolled vehicle

For wet asphalt road conditions, 50° steer angiébldolane change is applied with
an initial vehicle speed of 90 km/h and 0.4 road surface friction coefficient. Fig.
5.22 presents the yaw rate of the uncontrolled ckehbehavior under wet road
conditions. Fig. 5.23 displays the vehicle sidealngle and Fig. 5.24 presents lateral
acceleration of the simulated uncontrolled behauimder wet road conditions. The
yaw rate of the uncontrolled vehicle exhibits aaligtdifferent performance in this
case. Contrary to oscillatory steering demand,ythe velocity does not follow the
steering input and the vehicle performs excessiwe nate values. The reason behind
this situation can be observed in vehicle sidemtigle attaining a maximum value of
about 9°, which exceeds the maximum allowable rdmgevet road conditions. This

behavior results in degraded steerability [40].
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.22 Yaw rate versus time for wet road coodsi and for double lane change

maneuver of the uncontrolled vehicle

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.23 Vehicle sideslip angle versus time fot vead conditions and for double

lane change maneuver of the uncontrolled vehicle
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Lateral Acceleration[m/sz] vs. Time, [sec.]

Lateral Acceleration[m/sz]
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Fig. 5.24 Vehicle lateral acceleration versus tiorevet road conditions and for

double lane change maneuver of the uncontrollectheeh

For icy asphalt road conditions, 50° steer anglebtiolane change maneuver is
applied with an initial vehicle speed of 50 km/hdal1 road tire surface friction
coefficient. Fig. 5.25 presents the yaw rate of timeontrolled vehicle behavior
under wet road conditions. Fig. 5.26 displays tlkiale sideslip angle and Fig. 5.27
presents lateral acceleration of the simulated ninctbed behavior under icy road
conditions. In this case, the vehicle is able tthoW the steering command in a
qualitative manner, but of course there exist sdefermation on the sine shape of
the desired maneuver. Attained vehicle sideslipevalsing to 5 degrees or higher
indicates a possibility of loss of steerability. [lde J-turn maneuver, in which
vehicle sideslip angle is somehow stabilized tocgenate value on icy road, double
lane change causes a loss of control, which caasbeciated with the decline in

lateral tire force generation.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.25 Yaw rate versus time for icy road comtii and for double lane change

maneuver of the uncontrolled vehicle

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.26 Vehicle sideslip angle versus time fgrrgad conditions and for double

lane change maneuver of the uncontrolled vehicle

80



Lateral Acceleration[m/sz] \s. Time, [sec.]
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Fig. 5.27 Vehicle lateral acceleration [m/s"2] use [sec.] for icy road conditions
and for double lane change maneuver of the undéedreehicle

5.2.3 DESIRED VEHICLE BEHAVIOR CALCULATIONS DERIVED
FROM TWO DEGREES OF FREEDOM VEHICLE MODEL

The uncontrolled vehicle model is shown with selvaspects of its general motion.
However, to evaluate clearly, the desired vehi@kdvior of the vehicle implied by
the control demands of the driver should be alsoudised. The model used here to
represent the desired motion is a two degree eftlbm vehicle model (also referred
as bicycle model). This model is selected arbirasince the desired behavior for a
particular behavior is not unique. Due to the sctibje nature of the desired behavior
prediction, the design of the desired vehicle modgelrealized by utilizing
experience-based characteristics. As mentione@dtiosn 3.4, the determination of
this vehicle tendency is a key point here. In ttsdy, applied vehicle’s general

tendency (slight understeer) is taken as a baserstruct the reference model. In
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this part of chapter, the calculated desired vehioghavior based on 2 degrees of
freedom model will be demonstrated and comparek watontrolled behavior of the
vehicle. The simulations will include dry, wet aimy road conditions. The desired
vehicle sideslip angle is not given as figure, sitiee main aim is to confine the
vehicle sideslip to small values possible, in otlverds, restrict it to values close to

Zero.
5.2.3.1CASE 1: J-TURN MANEUVER

Fig. 5.28 presents the desired yaw rate behaviothefvehicle under dry road
conditions. The initial parameters and steer contm@snsame as in part 5.2.1.
Desired yaw rate behavior has a maximum of 0.57syaghich is similar to
uncontrolled behavior of the vehicle. However, tesire yaw rate is then nearly
stabilized to a steady state value. In fact, itrel@ses gradually due to the slow
velocity decrease. This is unlikely for the uncofted behavior of the vehicle, which
suffers a sharp decrease in the latter part ofnth@eeuver, namely between 2-4
seconds of the simulation. The uncontrolled vehstlgpasses the desired yaw rate
initially by 0.125 rad/s, then, after the mentiorstarp decrease, is passed by about
0.13 rad/s.

Desired Yaw Rate [rad/s] vs. Time, [sec.]
0.7 : ; ;

Desired
06k - - Ucontrolled ||

Desired Yaw Rate [rad/s]

|

|

|

l
4
T

Fig. 5.28 Desired yaw rate versus time for J-Tuamauver of the simulated vehicle

ime, [sec.]
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Fig. 5.29 demonstrates the corresponding desitedalaacceleration of the vehicle.
The desired lateral acceleration reaches a maxiofur.4 m/$, which is about 1.26
g-force. Note that the desired lateral acceleraiv@rwhelms the uncontrolled lateral
acceleration by an amount 3 f/$he difference is the result of the limited rdad
interaction forces, namely lateral tire forces. Dasired trajectory is shown in Fig.
5.30, which differs from that of uncontrolled veleicThe curvature requires a high
rate of turning, which can be nearly interpretedesrsteer behavior. However, this

small curvature radius is the result of uncommayhtsteer angle command.

Desired Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.29 Desired lateral acceleration for J-Tuemeuver of the simulated vehicle
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Desired Trajectory
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Fig. 5.30 Desired trajectory for J-Turn man. of siraulated vehicle

For wet asphalt road conditions, 50° steer anglerdmaneuver is applied with an
initial vehicle speed of 90 km/h and 0.4 road 8teface friction coefficient. Fig.

5.31 displays the desired yaw rate versus timewfetr road conditions. Here, the
continuous decline of the uncontrolled vehicle yeate is not observed. On the
contrary, the yaw rate is stabilized after a sirggeillation. This can be explained by
the inherent stability of the two degree of freedmmdel, in which the effect of the
vehicle sideslip angle is not taken into accourd. 5.32 displays the corresponding
desired lateral acceleration and Fig. 5.33 showsd#sired trajectory of the vehicle

under wet-road conditions.
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Desired Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.31 Desired yaw rate versus time for wet roaaditions and for J-Turn

maneuver of the simulated vehicle

Desired Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.32 Desired lateral acceleration versus fonevet road conditions and for J-

Turn maneuver of the simulated vehicle

85



Desired Trajectory
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Fig. 5.33 Desired trajectory for the simulated e&hior wet road conditions and for

J-Turn maneuver of the simulated vehicle

For icy asphalt road conditions, 40° steer anglebtdolane change maneuver is
applied with an initial vehicle speed of 40 km/hdal1 road tire surface friction
coefficient. Fig. 5.34 shows the desired yaw rdtehe vehicle according to the
specified steer input for icy road conditions. Thaximum of the desired yaw rate is
0.18 rad/s, which is high compared to obtained @&d/s for the uncontrolled
behavior. The reason is the same as that mentitoredet road conditions; the
vehicle sideslip angle affects the yaw rate capgbtbgether with the limited
cornering force. For icy road conditions, the vehgideslip angle should be about 1°
at most. Figure 5.35 displays the desired latezeélaration of the vehicle and Fig.
5.36 shows the desired vehicle trajectory.
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Desired Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.34 Desired yaw rate versus time for icy roadditions and for J-Turn

maneuver of the simulated vehicle

Desired Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.35 Desired lateral acceleration versus fionécy road conditions and for J-

Turn maneuver of the simulated vehicle
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Desired Trajectory
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Fig. 5.36 Desired trajectory for the simulated e#&hior icy road conditions and for

J-Turn maneuver of the simulated vehicle

5.2.3.2CASE 2: DOUBLE LANE CHANGE MANEUVER

As mentioned before, the double lane change maneasvased to simulate the

evasive maneuver or series cornering situations.dgsired behavior of the vehicle
is shown in the following parts. First, the dry doeonditions are considered for
simulation. The initial conditions remain the sase that the steering angle function
consists of a single sine wave with amplitude ofd&@rees and a frequency of
0.25Hz, the initial velocity of the vehicle is 9@nkh and the steering wheel gear
reduction ratio is 1/18, so that the front wheeisatwith a maximum angle of 5

degrees.
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Desired Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.37 Desired yaw rate versus time for douatelchange maneuver of the

simulated vehicle

Fig. 5.37 demonstrates the desired yaw rate ofvéiecle for double lane change
simulated for 10 seconds. This figure shows thatdésired yaw rate has the same
form with a small lag. When compared to uncontlehavior, the initial peak of
the yaw rate is nearly same but the second pesdughly 5/8" of the uncontrolled
behavior. Carefully investigated, the peak poirftba®m oscillations do not have the
same value. This is due to the velocity declinesifay the yaw rate to decrease. Fig.
5.38 shows the desired lateral acceleration vetisos and Fig. 5.39 shows the
desired trajectory for the simulated vehicle. Nibtat, the last figure displaying the
trajectory is also held for 10 seconds. As oneraaite, the final course is not level,
instead have a small angle with the horizontal.aiXmss is due to yaw rate variation,

which results in a nhonzero yaw angle at the erntl@maneuver.
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Desired Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.38 Desired lateral acceleration versus fonelouble lane change maneuver

of the simulated vehicle (simulated for 10 secdiodlarity)
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Fig. 5.39 Desired trajectory for double lane clenmneuver of the simulated

vehicle (simulated for 10 seconds for clarity)
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For wet asphalt road conditions, 50° steer anglenJ-maneuver is applied again
with an initial vehicle speed of 90 km/h and 0.4ddire surface friction coefficient.

Fig. 5.40 displays the desired yaw rate vs. timeset road conditions. The general
manner is the same as that with the dry road donditthat is, the peak value of the
first oscillation is slightly larger than the peak second oscillation. The reason
behind this situation is the same; reduction inogy. Fig. 5.41 shows the

corresponding desired lateral acceleration and 3-4R2 shows the resulting desired
trajectory of the vehicle. Note that, in order iwega better insight, the simulation
time is elongated to 10 seconds.

Desired Yaw Rate [rad/s] vs. Time, [sec.]
0.4 \ \ \ \

Desired
————— Ucontrolled ||

0.3

Desired Yaw Rate [rad/s]

Time, [sec.]

Fig. 5.40 Desired yaw rate of the vehicle versoeetior wet road conditions and for

double lane change maneuver of the simulated \eehicl
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Desired Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.41 Desired lateral acceleration versus fonevet road conditions and for
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Fig. 5.42 Desired trajectory for wet road condii@nd for double lane change

maneuver of the simulated vehicle
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For icy asphalt road conditions, 50° steer anglebtio lane change maneuver is
applied with an initial vehicle speed of 50 km/hKdah1 road tire surface friction
coefficient. Fig. 5.43 shows the desired yaw rdtg¢he vehicle according to the
specified steer input for icy road conditions. histsituation, the difference between
the peak values is nearly zero, since the vela®tyease has nearly vanished. This
has led to a final course nearly parallel to hartab axis. The results for lateral

acceleration and desired trajectory can be seerFigf 5.44 and Fig. 5.45,

respectively.
Desired Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.43 Desired yaw rate of the vehicle versoetior wet road conditions and for
double lane change maneuver of the simulated \eehicl
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Desired Lateral Acceleration[m/sz] vs. Time, [sec.]
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5.3VEHICLE SIMULATION RESULTS WITH ACTIVE YAW CONTROL
SYSTEM

Up to this point, the uncontrolled and desired glehbehavior has been simulated
and compared for different road conditions andafrimputs. In this section, various
aspects of vehicle behavior under control of aivagtaw control system based on
independent wheel braking will be introduced. Theuit maneuvers taken into
account for this section will be the same as thimés simulation maneuvers. After
obtaining result for each particular maneuver ayatircondition, a comparison will

be made to evaluate the performance of the desigmedoller.

Simulations will consist of two main parts: J-turraneuver and double lane change
maneuver tests. The simulation results will inclmdé only motion, but also control
input characteristics, such as brake moment vanati The overall performance
evaluation will be done for all effective characécs.

One critical point is the simulation is done witHixeed step time interval basis of
0.01 seconds. The selection of this simulation 8tep interval is based on two main

reasons:

* For the practical applications, the general col@ratycle time is about 0.04
to 0.01 seconds. In other words, in-use active gantrollers do check for
any undesired behavior or change their manipulagffert within these
intervals.

« Computational accuracy for the detailed vehicle ehaged to simulate the
real vehicle decreases rapidly as the time internafl the simulation
increases. After several trials, 0.01 second iscsedl for this purpose.
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5.3.1 CASE 1: J-TURN MANEUVER

A J-turn maneuver has been examined in this patieostudy. The main aim of this

maneuver is to maintain a constant turning radiusng a sharp turn. The input

parameters are kept same as in section 5.2.1allnghicle velocity is taken as 90
km/h while the road surface friction coefficientteken as 0.9 and the maximum
level of the steer input is taken as 90 degreee Stkering wheel ratio is 1/18;

therefore the front wheels are turned by 5 degféigs 5.46 shows the resulting steer
angle variation and Fig. 5.47 demonstrates the ninoded, desired and the

controlled vehicle yaw rates versus time graph.

Steer angle [deg] vs. Time, [sec.]
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Fig. 5.46 Steer angle variation versus time for gawtrolled vehicle in a J-Turn

maneuver
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Yaw Rate [rad/s] vs. Time, [sec.]

0.7 \ \ \ \

| | | | w— Controlled
06L-----——__ L B ' Desired

‘ ——— Uncontrolled

Yaw Rate [rad/s]

Time, [sec.]

Fig. 5.47 Uncontrolled, desired and controlled e&hyaw rate versus timein a J-

Turn maneuver

As can be seen from the above figure, the controdla track the dictated demand by
following the calculated desired vehicle yaw ralbis case seems to be flawless,
since the demanded yaw rate is successfully followdowever, when the
corresponding vehicle sideslip angles, shown in big8, are examined, it is seen
that this successful behavior has been obtaingdeatost of an excessive sideslip
angle even higher than that of the uncontrolledickeh This situation brings a
contradiction, since the yaw rate controller shputteally, preserve the sideslip
stability as well as tracking the demanded yaw.r&i@ace the sideslip limit for
steerability on dry road condition is about 12% tbhwverall control seems to have
failed [40]. Fig. 5.49 illustrates the lateral decations of the uncontrolled, desired
and controlled vehicle simulations. This figure caldlustrates that the sideslip
limitation performance is insufficient. The lateeadceleration has reached the limits
for the uncontrolled and controlled vehicles, whistby far lower than the desired

value. Although the redistribution of tire forceg &ctivating individual brakes has
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opened the way to achieve the tracking of desirad yate, it is inadequate for
maintaining the required vehicle sideslip angley. F.48 shows the brake torques
applied to the wheels.

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.48 Uncontrolled, desired and controlled ekhsideslip angles versus time in

a J-Turn maneuver

Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.49 Uncontrolled, desired and controlled ekhiateral acceleration versus

time in a J-Turn maneuver
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Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.50 Brake torques applied to the wheelsJATairn maneuver for yaw
controlled vehicle

Fig. 5.50 shows the brake torques applied to theelghto track the desired yaw rate.
As can be seen, front left and rear right tiresehawet been manipulated by the
controller. Instead, the rear left tire brake hasrbapplied so that the desired yaw
rate can be followed. After a while, due to thehtisl effect of the manipulation,
cross tire (rear right) has been brake applied. agctories for uncontrolled,
desired and controlled vehicles have been presentEdy. 5.51. Although the yaw
rate controller seems to track the desired yaw there exist almost no difference
between yaw rate controlled vehicle and uncontioliehicle. In this situation, it can
be thought that the velocity reduction as a possgwlution in the first glance.
Considering the increasing yaw rate demand tendesityincreasing velocity, this
kind of manipulation may be favorable. However, tmgeed reduction has the
disadvantage of needing longitudinal brake foragkich in turn decreases the
overall cornering force capacity. When comparea@, tielocity decrease by even
braking (that is, braking with cross tires whicke arot manipulated in order to
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prevent any extra yaw moments) works generally

brake manipulation.
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Fig. 5.51 Uncontrolled, desired and controlled gihirajectories versus time in a J-

Turn maneuver

The next simulation is for wet asphalt road cowdi$, where 50° steer angle J-turn

maneuver is applied again with an initial vehigheed of 90 km/h and 0.4 road tire

surface friction coefficient. Fig. 5.52 shows thacantrolled, desired and the

controlled vehicle yaw rates vs. time graph. Agdng yaw controller has satisfied

its responsibility to track the desired yaw ratewdver, as can be observed on Fig.

5.53, the vehicle sideslip angle has gone beyaaioilgy limits by reaching almost

25°, in which the steerability limit for the sidgshngle limit is about 4° [40]. Fig.

5.54 demonstrates the uncontrolled, desired and cth@rolled vehicle lateral

accelerations vs. time and Fig. 5.55 shows theebtakques applied to control the

vehicle. Fig. 5.56 presents the resulting trajeesor
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conditions in a J-Turn maneuver
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wet conditions in a J-Turn maneuver
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Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.54 Uncontrolled, desired and controlled ekhiateral acceleration versus

time for wet conditions in a J-Turn maneuver

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.55 Brake Torques applied to the wheelstientaw controlled vehicle and for

wet conditions in a J-Turn maneuver
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Y axis [m] vs. Xaxis [m]
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Fig. 5.56 Uncontrolled, desired and controlled ekhirajectories versus time for

wet conditions in a J-Turn maneuver

For the last simulation of yaw controlled vehicte a J-turn maneuver, icy road
conditions with 40° steer angle J-turn maneuveapplied with an initial vehicle
speed of 40 km/h and 0.1 road tire surface frictoafficient. Fig. 5.57 presents the
uncontrolled, desired and the controlled vehich yates vs. time graph. Once more,
however, as shown on Fig. 5.58, the vehicle sigesiigle has gone beyond stability
limits by reaching almost 8°, in which the stedrhbiimit for the sideslip angle limit
is about 1° [40]. Fig. 5.59 demonstrates the umobdiat, desired and the controlled
vehicle lateral accelerations versus time and Big0 shows the brake torques
applied to control the vehicle. The lateral acagien obtained by yaw controller is
about same with the uncontrolled vehicle behaviibrs can prove that the controller
actually can obtain little changes for manipulatihg vehicle since the physical
adhesion limits have been reached already. Figl Jpfesents the resulting
trajectories. The trajectories do not differ crillgiaso the most important parameter
in this situation is the yaw rate and vehicle digesngles.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.58 Uncontrolled, desired and controlled eihsideslip angles versus time in
a J-Turn maneuver
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Fig. 5.59 Uncontrolled, desired and controlled ekhiateral acceleration versus

time in a J-Turn maneuver

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.60 Brake Torques applied to the wheelsJrATairn maneuver for yaw

controlled vehicle
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Y axis [m] vs. Xaxis [m]
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Fig. 5.61 Uncontrolled, desired and controlled ekhirajectories versus time in a J-

Turn maneuver

Up to this point, the yaw rate controller did noerfeorm with enough
accomplishment since it does not take the vehidesip angle variation into
account. This is a crucial deficiency, since vehisideslip angle is an important
vehicle steerability parameter. However, if theiaes yaw rate is manipulated by
replacing the two degree of freedom model with heotustom model [21][42], the
desired yaw rate may be calculated in a less deimgmchy, which can lead this yaw

controller perform better.

106



5.3.2 CASE 2: DOUBLE LANE CHANGE MANEUVER

A double lane change maneuver has been examingdsimpart of the study. The
main aim of this maneuver is to demonstrate thecleethandling performance in

case of

[0 Series rapid steering and counter steering whakeeting too fast, or

0 A sudden obstacle has been faced and needed twited41]

The input parameters are kept same as in sectih@. 9nitial vehicle velocity is

taken as 90 km/h while the road surface frictioefttoient is taken as 0.9 and the
maximum level of the steer input is taken as 90ekeg) The steering wheel ratio is
1/18; therefore the front wheels are turned bydreles. Fig. 5.60 shows the resulting
steer angle variation and Fig. 5.64 demonstratesuticontrolled, desired and the

controlled vehicle yaw rates vs. time graph.

Steer angle [deg] vs. Time, [sec.]
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Fig. 5.63 Steer angle variation versus time for gawtrolled vehicle in a double
lane change maneuver
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.64 Uncontrolled, desired and controlled ekhyaw rates versus time in a

double lane change maneuver

As can be observed from the yaw rate graph, theatasr has decreased the overall
yaw rate error and been able to follow the desyaa rate successfully. If Fig. 5.65,
which demonstrates uncontrolled, desired and tmgraked vehicle sideslip angle
versus time, is also examined the controlled vehsitleslip angle can be seen to
have decreased and brought to the steerabilitytdimihis parameter has —as
mentioned- an essential task in evaluating vehiaedling performance, and the
yaw controller seems to be correcting the sideshigle as required. Fig. 5.66 shows
the uncontrolled, desired and controlled vehictert accelerations versus time. The
lateral accelerations obtained here are also ldhvitethe road tire interaction limits,
which is the same as those in uncontrolled caseeder, the redistribution of the
tire forces has helped the vehicle to track theréédehavior in a good manner.
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Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.65 Uncontrolled, desired, and controlledigiehsideslip angles versus time in

a double lane change maneuver
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Fig. 5.66 Uncontrolled, desired and controlled ekhiateral acceleration versus

timein a double lane change maneuver
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Fig. 5.67 presents the brake torques applied duhegcontrol of the vehicle. The
trajectories for the uncontrolled, desired, andticled vehicles have been presented
in Fig. 5.68. The trajectory followed by the drivesis become closer to the desired
track of the vehicle. There still exists a smaNid&on in the final course. It should
be noted, however, that these maneuvers are asstombd definite before the
undesired actions of the vehicle are observed.n@mother hand, the driver is also
capable of correcting these minor errors such asggout of track while steering
with small angles. Therefore, the minor errors lobameglected by taking the driver’s

manipulation into effect.[11]

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5. 67 Brake torques applied to the wheelsdioable lane change maneuver for

the yaw controlled vehicle
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Y axis [m] vs. Xaxis [m]
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Fig. 5.68 Uncontrolled, desired, and controlledigiehtrajectories versus time in a

double lane change maneuver

The next simulation is for wet asphalt road coodi, where a 50° steer angle
double lane change maneuver is applied again witinigial vehicle speed of 90

km/h and 0.4 road tire surface friction coefficieig. 5.69 shows the uncontrolled,
desired, and the controlled vehicle yaw rates \&etsue graph. As before, the yaw
controller has satisfied its responsibility to «ahe desired yaw rate. Also, as shown
on Fig. 5.70, the vehicle sideslip angle is limitedacceptable values and oriented
such that the sideslip angle has the same formhesteer angle input. Fig. 5.71
demonstrates the uncontrolled, desired, and céoedralehicle lateral accelerations
versus time. Again, due to the limited tire corngriforce capabilities, the required
forces in order to generate enough lateral acdedaraecessary for desired yaw rate
is not obtained. On the other hand, the redistiobubf these forces has led the
vehicle to be able to follow the desired yaw bebavkig. 5.72 shows the brake

torques applied to control the vehicle. As it candeen, the brake pressures have
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saturated for short terms, which indicates that tme slip controller have

encountered a tire slip surpassing the defineddimi

Yaw Rate [rad/s] vs. Time, [sec.]
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[s/oei] o124 mex

10
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and controlledigkehyaw rates versus time for wet

Fig. 5.69 Uncontrolled, desired,

road conditions in a double lane change maneuver

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.70 Uncontrolled, des. and controlled vehsitieslip angles [deg] vs. time[sec]

for wet road conditions in a double lane changeeusaer
112



Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.73 Uncontrolled, desired, and controlledigiehtrajectories versus time] for

wet road conditions in a double lane change mareuve

Fig. 5.73 presents the resulting trajectories. lizakiserved, the vehicle is able to tag

along with the desired course, with minor differesicwhich can be eliminated by

small steering angle modifications.

For the last simulation of yaw controlled vehiatea double lane change maneuver,

icy road conditions with 50° steer angle J-turn ewser is applied with an initial

vehicle speed of 50 km/h and 0.1 road tire surfaiction coefficient. Fig. 5.74

presents the uncontrolled, desired, and the cdetralehicle yaw rates versus time

graph and Fig. 5.75 presents the sideslip anglesisdime. The yaw rate tracking

capacity has been lowered while the overall vehsldeslip limits have been

preserved. The yaw rate tracking is slightly bettean that of the uncontrolled

vehicle.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.74 Uncontrolled, desired, and controlledigiehyaw rates versus time for icy

road conditions in a double lane change maneuver

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.75 Uncontrolled, desired, and controlledigighsideslip angles versus timefor

icy road conditions in a double lane change maneuve
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Lateral Acceleration[m/sz] \s. Time, [sec.]
3 ! I \

m—— Controlled
Desired
————— Uncontrolled |]

Lateral Acceleration[m/sz]

Time, [sec.]

Fig. 5.76 Uncontrolled, desired, and controlledizahlateral accelerations versus
time or icy road conditions in a double lane chamgmeuver

Fig. 5.76 demonstrates the lateral accelerationth@fvehicle. The limits of the

traction have been reached by both the controllad ancontrolled vehicle.

However, the redistribution of the tire forces,ttimmanipulating them in order to
rearrange the lateral acceleration have led théckelo pursue the yaw rate and
(although not controlled) vehicle sideslip angleairmore efficient way. Fig. 5.77

shows the manipulated brake torques and Fig. 5§€epts the resulting trajectories.
The trajectory manner, which is the subsequentatures of the trajectories, of the
controlled vehicle resembles that of the desireldicke trajectory. The yaw angle
difference between desired and obtained at theoétite road is a result of uneven
yaw rate change of the obtained vehicle behaviawdver, as mentioned before,
this problem can actually be eliminated by replgdime pre-defined steer input with

real life minor interruption of an average drivaf].
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Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.77 Brake Torques applied to the wheelsdproad conditions in a double

lane change maneuver
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Fig. 5.78 Uncontrolled, desired, and controlledigiehtrajectories versus time for

icy road conditions in a double lane change maneuve
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5.4VEHICLE SIMULATION RESULTS WITH ACTIVE YAW CONTROL
SYSTEM TOGETHER WITH SIDESLIP ANGLE LIMITATION

Up to this point, yaw controlled behavior of thenalated vehicle has been presented
and discussed. In this section, the yaw controlethicle with sideslip angle
limitation will be presented. The sideslip angléreation for this purpose has been
presented earlier in the “Estimated States” sectmoiChapter 3. This estimation
scheme will be used in this section. The yaw cdletravith sideslip angle limitation
takes the estimated sideslip angle into accounttaed to limit it within some
specified boundaries, which differs for differentd types. The main reason behind
this modification of the original yaw controller tee need for controlling sideslip
angle while keeping the yaw rate error in acceptablues.

The input maneuvers taken into account for thidi@eowill be the same as the
former simulation maneuvers. After obtaining theutes for a particular maneuver
and road condition, a comparison will be condudtecvaluate the designed and
modified controller performance. The comparisorhwiigures will include desired,
uncontrolled, only-yaw controlled, and yaw contdll with sideslip limitation

behaviors. After each simulation, the results baldiscussed in detail.

5.4.1 CASE 1: J-TURN MANEUVER

A J-turn maneuver has been examined in this patieoktudy. The main aim of this
maneuver is to maintain a constant turning radiwsnd a sharp turn. The input
parameters are kept same as in section 5.2.1allnghicle velocity is taken as 90
km/h while the road surface friction coefficientteken as 0.9 and the maximum
level of the steer input is taken as 90 degreee Stkering wheel ratio is 1/18;
therefore the front wheels are turned by 5 degré&s. 5.79 demonstrates the
uncontrolled, desired, and the controlled vehicdev yates versus time graph. Fig.
5.80 presents the corresponding vehicle sidenlijiea versus time graph.

As can be seen from the graphs, the overall yagvtratking capability is reduced

for the yaw rate controller with sideslip limitatioThe desired yaw rate reaches its
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maximum at about the"®second by 0.6 rad/s. The yaw controlled vehicliout
any sideslip limitation follows this desired yawteaapattern successfully as
mentioned before. However, the yaw rate controlleldicle with sideslip limitation
can only achieve 0.5 rad/s and remains at about\l4it@ of the desired yaw rate.
On the other hand, the sideslip angle goes to aBOutlegrees for only-yaw
controlled vehicle. This value surpasses accepthilies of the vehicle sideslip
angle for steerability. Although, the desired yateris not obtained with a negligible
error, the steerability of the vehicle is assured tnis situation can be regarded as a
successful compromise. A similar J-Turn maneuveh \&i vehicle model showing
more understeer characteristics, similar yaw nateking and vehicle sideslip angle
limitation performance have been observed in thdysbf Boada [13]. The desired
yaw rate has been very low, to be more precisedalipg about 0.3 rad/s of peak
value for that study. The vehicle sideslip angle reached to about 6 degrees with
this yaw rate demand, which is comparable withhigh yaw rate obtained in this

study and corresponding sideslip angle.

Fig. 5.81 demonstrates the corresponding lateraklexations of the simulated
vehicles versus time. When examined, this graphvshbat the lateral acceleration
is narrowly limited to obtain the desired vehiclehbvior. On the contrary, lateral
acceleration can be adjusted and tire forces caredistributed in order to assure
vehicle steerability and yaw rate tracking in arcegtable manner. Here, the
uncontrolled, only-yaw controlled, and yaw contedll with sideslip limitation

vehicles all experience nearly the same latera¢lecation. However, the yaw rate

and sideslip angles obtained for these controlezdotally different.

Fig. 5.82 presents the corresponding individuakérarques and Fig. 5.83 presents
the resulting trajectory. Here, the trajectoriesdontrolled and uncontrolled vehicle
remain nearly the same. The main reason behindotitisome is again the lateral
accelerations, which, in all three cases, reactsetiniits during the motion of the

vehicle.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.79 Uncontrolled, desired and controlled e&hyaw rates [rad/s] vs. time[sec]

in a J-Turn maneuver

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.80 Uncontrolled, desired and controlled ekhsideslip angles versus time in

a J-Turn maneuver
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Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.81 Uncontrolled, desired and controlled ekhiateral accelerations versus

time in a J-Turn maneuver

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.82 Brake Torques applied to the wheelsJrTairn maneuver
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Y axis [m] vs. X axis [m]
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Fig. 5.83 Uncontrolled, desired and controlled ekhtrajectories in a J-Turn

maneuver

The next simulation is for wet asphalt road cowdi$, where 50° steer angle J-turn
maneuver is applied again with an initial vehighead of 90 km/h and 0.4 road tire
surface friction coefficient. Fig. 5.84 shows thacantrolled, desired, and the
controlled vehicle yaw rates versus time graph d&igd. 5.85 presents the
corresponding vehicle sideslip angles versus tina@lg As in the former case, the
yaw rate controller without any sideslip angle tation performed almost flawless
considering the desired yaw rate. However, theclelsideslip angle increases then
almost linearly passing the steerability limit d¢fetvehicle defined for wet road
conditions, which is about 4 degrees, as mentidmefdre. The second controller
with sideslip angle limitation has performed poarbnsidering the desired yaw rate.
However, the vehicle sideslip angle is limited teesability range, allowing the
driver to stabilize the vehicle correspondinglyth®ugh the yaw rate obtained is not
very satisfactory, reached value is also challepgionsidering real life application

with this road conditions.
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Fig. 5.86 demonstrates the corresponding lateraklexations of the simulated
vehicles versus time. Yet again, the lateral acagte is limited to a certain value,
which is far below the requested lateral accelenafor desired vehicle behavior.
However, with the obtainable tire forces, the diadion of the vehicle is achieved

while responsiveness to steering input is conserved

Fig. 5.87 presents the corresponding individuakérarques and Fig. 5.88 presents
the resulting trajectory. Here, the trajectoriesdontrolled and uncontrolled vehicle
remain again nearly the same. The main reason dahis outcome is as before, the
lateral accelerations, which, in all three caseacined its limits during the motion of

the venhicle.
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Fig. 5.84 Uncontrolled, desired and controlled ekhyaw rates versus time for wet

conditions in a J-Turn maneuver
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Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.85 Uncontrolled, desired and controlled eihsideslip angles versus time for

wet conditions in a J-Turn maneuver
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Fig. 5.86 Uncontrolled, desired and controlled ekihiateral accelerations [rad/s] vs.

time [sec] for wet conditions in a J-Turn maneuver
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Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.87 Brake torques applied to the wheels fer @onditions in a J-Turn

maneuver

Y axis [m] vs. X axis [m]

T T
| |
| |
|
|
\\\\\\\\\\\\\ L oo __
|
|
|
|
\\\\\\\\\\\\ B
|
|
|
|
\\\\\\\\\\\ 4 — T _ _ _ __TH.e,  — _ _ ______4
|
|
Y Ao =T S A C Y
£ ”
- |
< > :
\\\\\\\\\\ 0 < L ______
n o |
£3 |
S = e] !
-
\\\\\\\\\\\\ e
| @ < o I
|= O T «< |
|2 o 0 ¢ |
fra) .= 0O |
€ 2 'p ©
e = I BB = B
1O >0 D ,
[ | - |
| - |
“““““““ LN B R I
LI
| |
” ”
o @) o
re) ) re)
_ 0 A\
[w] sixe A

Xaxis [m]

Fig. 5.88 Uncontrolled, desired and controlled ekhirajectories for wet conditions

in a J-Turn maneuver
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For the last simulation of yaw controlled vehiclghasideslip angle limitation, icy
road conditions with 40° steer angle J-turn maneisvapplied with an initial vehicle
speed of 40 km/h and 0.1 road tire surface frictioefficient. Fig. 5.89 presents the
uncontrolled, desired, and the controlled vehiele yates versus time graph and Fig.
5.90 presents the corresponding vehicle sideskyearversus time graph. Differing
from the former cases, the only-yaw controlled ukehiperforms relatively
substandard comparing with dry and wet road camuti However, it is still better
than uncontrolled and yaw controlled vehicle witldeslip limitation. On the
contrary, the sideslip angle of the only-yaw colt vehicle increases rapidly
exceeding the corresponding icy road vehicle sigesigle limit for steerability. To
compare, the yaw controlled vehicle with sideshimitation could preserve its
steerability limit by remaining in = ldegrees. Ndfeat, the uncontrolled and
controlled vehicle with sideslip limitation has em8ar behavior considering yaw
rate and sideslip angle. However, the sideslip emdlthe uncontrolled vehicle is
about 1 degree which is at the limit while the colted vehicle reaches only 0.5
degrees, which is half way to the limit. Therefotee proposed controller has

succeeded to hold the vehicle in desired conditions

Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.89 Uncontrolled, desired and controlled ekhyaw rates versus time for icy
conditions in a J-Turn maneuver
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Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.90 Uncontrolled, desired and controlled ekhsideslip angles [rad/s] vs. time

[sec] for icy conditions in a J-Turn maneuver

The obtained yaw rate and sideslip angles are cahlga with those which
Esmailzadeh et. al. [19] has obtained in their wt@dn a snow covered road with
similar configuration and vehicle parameters, ttieieved peak yaw rate is about 0.1
rad/s while the obtained maximum sideslip angleabsut 1 degree. The design
presented in this presented study seems to perbmtter while compared with
Esmailzadeh et. al.’s results when these two paexsmare compared, but extensive

simulations should be held in order to compare witbugh accuracy.

Fig. 5.91 demonstrates the corresponding lateratlexations of the simulated
vehicles vs. time. Yet again, the lateral accelenats limited with about 1 mfs

which is the physical limit for the specified ioyad case. This value is far below the
requested lateral acceleration for desired velbeleavior. Still, the sideslip angle

limitation can be achieved with this limited latei@ce affecting the vehicle.
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Fig. 5.91 Uncontrolled, desired and controlled ekhiateral accelerations [rad/s] vs.

time [sec] for icy conditions in a J-Turn maneuver

Fig. 5.92 presents the corresponding individuakérarques and Fig. 5.93 presents

the resulting trajectory. Note that, the brake terdgs only applied to rear left tire,

which is enough to create necessary yaw momenatlige the vehicle. Here, the

trajectory for controlled and uncontrolled vehiodenains again nearly the same. The

main reason behind this outcome is as before,ateeal accelerations, which, in all

three cases, reached its limits during the motidhevehicle.
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Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.92 Brake Torques applied to the wheels [Kon]cy conditions in a J-Turn

maneuver
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5.4.2 CASE 2: DOUBLE LANE CHANGE MANEUVER

A double lane change maneuver has been examin#dsimpart of the simulation.
The input parameters are kept same as in secti@. 9nitial vehicle velocity is
taken as 90 km/h while the road surface frictioefioient is taken as 0.9 and the
maximum level of the steer input is taken as 90ekeg) The steering wheel ratio is
1/18; therefore the front wheels are turned by drekes. The simulation time is taken
as 10 seconds for clarity and conformity with tlevpous double lane simulations.
Fig. 5.94 demonstrates the uncontrolled, desiredtla@ controlled vehicle yaw rates
vs. time graph and Fig. 5.95 presents the consegehicle sideslip angle variation
vs. time graph. The desired yaw rate reaches &\ailabout 0.55 rad/s whereas the
desired sideslip angle is set to zero.

Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.94 Uncontrolled, desired and controlled e&hyaw rates [rad/s] vs. time[sec]

in double lane change man.
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Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. 5.95 Uncontrolled, desired and controlled eihsideslip angles [rad/s] vs. time

[sec] in double lane change man.

When the graphs are inspected, the controlled ydesrhave a major compliance
with the desired yaw rate variation. The controlledv rate without sideslip angle
limitation has a slightly better fit with desiredw rate. On the other hand, controlled
sideslip angles have more difference than thathe yiaw rates section. The yaw
controlled vehicle with sideslip limitation has tegtsideslip angle characteristics. To
clarify, obtained results may be compared with ¢ho$ Boada et. al [13] and
Mokhiamar et. al. [21], which are simulated underigr simulation parameters and
conditions. The former paper has utilized the saoreept for control, namely fuzzy
logic independent brake control while the latteidstutilizes both direct yaw control
and active steering to achieve these tracking aalllity objectives. The former
study uses the most understeer characterized eatatd and obtained 0.2 rad/s with
about 3 degrees of sideslip angle. The latter spudgents the same maneuver with
50 degrees steering wheel angle variation, obtgifirB5 rad/s with 5 degrees
sideslip angle. Thus, the proposed controller lesva a comparable performance

with these studies.
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Fig. 5.96 demonstrates the corresponding laterakleations of the simulated
vehicles vs. time. When examined, this graph shitas the lateral acceleration is
narrowly limited for the uncontrolled and contralleehicles to obtain the desired
vehicle behavior. Here, the uncontrolled, only-yeantrolled and yaw controlled
with sideslip limitation vehicle all experience nlgathe same lateral acceleration
with some minor variations. On the other hand, dbtained sideslip angles, which
are especially sensitive for vehicle stability,felifwith significant differences. On
the other hand, the obtained sideslip angles, wéuietespecially sensitive for vehicle
stability, differ with significant differences. Tolarify, obtained results may be
compared with those of Boada et. al [13] and Moktaaet. al. [21]. The former
paper has utilized the same concept for contrameatya fuzzy logic independent
brake control while the latter study utilizes ballrect yaw control and active
steering to achieve these tracking and stabilifealves. The former study uses the

most understeer characterized vehicle data andhelta
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Fig. 5.96 Uncontrolled, desired and controlled ekhiateral accelerations [rad/s] vs.

time[sec] in double lane change man.
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Fig. 5.97 presents the brake torques applied dunegontrol of the vehicle and Fig.
5.98 illustrates the resulting trajectories for amitolled, desired and controlled
vehicles. The trajectory followed by the driver lwthe yaw controller with sideslip
limitation has a slight oversteer behavior compatedonly-yaw controlled and
desired vehicle trajectory. Since the vehicle hesnblimited to a shorter course, the
driver may modify his/her steering input by decnegghe steering angle wheel in
magnitude so that the controlled vehicle behavian conform to the desired
behavior. On the other hand, the only-yaw contdboltehicle has passed the desired
trajectory in the y axis, meaning that the drivas ko command larger steering wheel
angles, so that the desired vehicle track can @rsdd. On the other hand, when the
steering angle is increased in magnitude, there otayr some stability problems
like oversteering or unacceptable sideslip angleiesm Therefore, the trajectory
obtained with the yaw controller with sideslip amdgimitation is superior to that of

the only-yaw controlled vehicle.

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.97 Brake Torques applied to the wheels [Nngouble lane change man.
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Y axis [m] vs. Xaxis [m]
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Fig. 5.98 Uncontrolled, desired and controlled ekhirajectories in double lane

change man.

The next simulation is for wet asphalt road condis, where 50° steer angle double
lane change maneuver is applied again with amalnighicle speed of 90 km/h and
0.4 road tire surface friction coefficient. Fig98.shows the uncontrolled, desired
and the controlled vehicle yaw rates vs. time grapd Fig. 5.100 presents the
corresponding vehicle sideslip angles [deg] vsetigraph. As seen from the yaw
rate graph, the desired yaw rate conformity iseadl for both only-yaw controlled
and yaw controlled with sideslip limitation vehisleThe deviations from the desired
yaw rate is about 0.1 rad/s for the latter congrolvhich is not crucially important
since this can be eliminated by proper braking stedring manipulation that can be
done by a novice driver. on the other hand, thestijol angle is limited to about 5
degrees for the specified controller whereas img s pushed to 7 degrees for the
only-yaw controlled vehicle. However, after all,tbaontrolled vehicles could have
tracked the steer angle variation qualitatively levithe uncontrolled vehicle has
failed to track.
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Yaw Rate [rad/s] vs. Time, [sec.]
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Fig. 5.99 Uncontrolled, desired and controlled ekhyaw rates [rad/s] vs. time[sec]

for wet conditions in double lane change man.
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Fig. 5.101 demonstrates the corresponding latereélarations of the simulated
vehicles vs. time. When inspected, it can be sbahthe lateral acceleration limit
has been reached by all three simulated vehiclespnirolled and two different
controlled cases. However, the capabilities of @adhp different lateral accelerations
for different instantaneous conditions have led ¢batrolled vehicle behaviors to
pursue the desired vehicle behavior changes. Mimawifications between only-yaw
controlled vehicle and yaw controlled with sidesdipgle limitation has appeared as

yaw rate and sideslip angle differences, thusdtajg difference.

Fig. 5.102 presents the brake torques applied duhie control of the vehicle and
Fig. 5.103 illustrates the resulting trajectoriesudncontrolled, desired and controlled
vehicles. The rear left tire has been braked fostreate the necessary contra yaw
moment. After that, a sudden intervention of thessrtire, which is front right has
been observed. At that time, the controller deté¢lotg the steer input has been
reversed, thus applies counter brake to rear @aghit stabilizes the vehicle. If the
trajectories obtained are compared, there can belwded that minor difference is
observed. On the other hand, the latter controtleat is the controller with the
sideslip limitation, has a narrower trajectory. Sbase resembles the same situation
with dry road condition case, where the only-yawmtoalled vehicle has passed the
desired vehicle behavior in y axis direction. Oren cconclude that the yaw
controlled vehicle with sideslip angle limitationaypn be modified easily by the
driver so that the desired track is obtained, bygrekesing the steer input in
magnitude. However, for the only-yaw controlled ety the driver has to either
increase the steer command or slow down, both dthwmay lead to stability
problems. One interesting point is, the uncontiblkehicle has turned to an
acceptable steady state value considering thectoayefor the dry road case, while

having gone to instability for the wet road corwfiti
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Fig. 5.101 Uncontrolled, desired and controlledistehateral accelerations [rad/s]

vs. time[sec] for wet conditions in double lane @ man.

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Y axis [m] vs. X axis [m]
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For the last simulation of yaw controlled vehiatea double lane change maneuver,
icy road conditions with 50° steer angle J-turn euser is applied with an initial
vehicle speed of 50 km/h and 0.1 road tire surfaiction coefficient. Fig. 5.104
presents the uncontrolled, desired and the coatteléhicle yaw rates vs. time graph
and Fig. 5.105 presents the vehicle sideslip amnggesime. As it can be seen from
the yaw rate graph, the desired yaw rate is fapbeyhe obtained yaw rates. The
reason behind this situation is the low achievatile forces due to the low
coefficient of friction. However, these low tireré@s may still be used for stabilizing
the vehicle by redistributing the brake amounts gntires. The obtained vehicle
sideslip angles have shown that the latter comirdihs achieved a much narrower
sideslip angle limitation than the only-yaw conledl vehicle’s sideslip angle. The

uncontrolled vehicle has gone unstable with theselitions.
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Fig. 5.106 demonstrates the corresponding latereélarations of the simulated
vehicles vs. time. The attainable lateral acceal@mafor this road condition is
achieved by all three vehicles, which is about KmHowever, for the desired
motion of the vehicle according to the driver's utg the necessary lateral
acceleration is about 3 mM/swhich is three times that of the attainable kiter

acceleration limit.

Fig. 5.107 presents the brake torques applied duhie control of the vehicle and
Fig. 5.108 illustrates the resulting trajectoriesdncontrolled, desired and controlled
vehicles. The manipulation is done in this systam little bit complex scheme. For
the first part of the maneuver, the rear left hiess been braked and necessary contra
yaw moment has been created. After that, the fiefittire is used to create
stabilizing yaw moment which follows the first hdind. After the steer input has
changed its sign, the rear right tire together with rear left tire has been used to
stabilize the vehicle. Comparing the trajectorikge controlled and uncontrolled
vehicles follow the tracks resembling each otheswklver, since the steerability is
conserved for only the latter controller with sidesangle limitation, it can be
concluded that the driver may intervene the colmgselecreasing the second steer
oscillation part and thus obtaining the necessaped and direction to follow the
desired track.

The overall icy road performance of the yaw cotgrolvith sideslip limitation is
satisfactory, since the yaw rate obtained is redlizear the physical limits and the
steerability is conserved by limiting the sidesdipgle to predefined values for this
kind of road condition.
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Lateral Acceleration[m/sz] vs. Time, [sec.]
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Fig. 5.106 Uncontrolled, desired and controlledioienateral accelerations [rad/s]

vs. time[sec] for icy conditions in double laneange man.

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. 5.107 Brake Torques applied to the wheels [fon]cy conditions in double

lane change man.
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Y axis [m] vs. X axis [m]
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

The main aim of this study was to design a Fuzzgit.dased controller in order to
control the yaw rate of the vehicle while limititige vehicle sideslip angle in order
to conform to the driver's demand without losing trehicle stability. Second aim of
the study was to integrate the designed yaw cdetratith the tire slip sub-

controller, thus obtaining a more complex activietyasystem covering a broader
range of problems. After the design stage presemtezhapter 4 and the through

simulations presented in chapter 5, these two aande concluded as satisfied.

The simulation is carried out on MATLAB/Simulink éronment using an 8 degree
of freedom model, which can imitate the real lighicle successfully considering the
handling behaviors of the vehicle. The vehicle dgitg behind this model is
presented in chapter 3, modeling part. While chaps#ine degree of freedoms to be
included in the vehicle model, direct vehicle hamgllparameters and parameters
which have indirect yet important effects on thediag behavior of the model are
tried to be utilized. The direct parameters caexempled as the yaw freedom while
roll may be exampled as a parameter affecting dlad transfer, thus indirect. The
overall degrees of freedoms are longitudinal, &feyaw, roll and wheel rotational
freedoms. A simpler 2 degree of freedom modelse abnstructed with the intention
of predicting the driver’s intention for the velgainotion. After this, Allen tire model
has been introduced, which is used to estimatetiteeforces resulting from the

vehicle motion as well as steer and brake actions.
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As it can be seen in the simulations, uncontrolledicle may perform hazardously,
especially in yaw-based maneuvers with slipperydroanditions. The vehicle is

generally behaves in a linear mode which, for eXamgan be defined as the yaw
rate obtained increases linearly with steer angpat. However, this case is not valid
in emergency situations, which forces the vehiglenits of linear operation. At this

point, the vehicle starts to behave in a totalffedent manner since the saturation of
tire forces has been achieved quickly. After reaghihe limits of the tire force

capabilities, general driver is unconscious abobatwo do in order to manipulate
the venhicle to the stability environment. The daedjcontroller(s) are responsible at
this point, since yaw manipulation cannot be donkess the driver has extensive

experience in steer manipulation of nonlinear siehbehavior.

Two different yaw controllers have been presented eompared throughout the
simulation chapter. The first design deals witle §yaw rate correction of the
simulated vehicle, which is the first objective tbis study. As the design of the
controller has matured and this design has beésdt@simerously, the capabilities of
the yaw-rate-only based approach have seem tedohed. However, there was still
a bunch of problems with the controlled vehicle dabr, such as losing stability
with reaching high vehicle sideslip angles. Theuitssof the uncontrolled, desired
and controlled behaviors of the simulated vehi@deenbeen presented in chapter 5.
As it can be seen in the discussion parts of timsilation results sections, the yaw
controller have been proved as unsatisfactory ppeciic cases. This dissatisfaction

case can be related into two main parameters:

0 The sideslip angle has increased to unacceptahlessao that the steerability
of the vehicle can be assumed as lost.

O The trajectory is far from that of desired vehiothavior

For both of these cases, the reasons vary as $ieestiadies are carefully examined.
However, the most important reason is the unredehddmand derived from the
driver's commands. If carefully investigated, inesflic cases, the lateral
accelerations needed to obtain the desired behéyaeor rate, trajectory etc.) cannot
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be obtained from the current road-tire interactiortsere exist a physical limitation

for a vehicle to realize driver's command, whiclm ¢e observed as cornering force
limitations and inadequate lateral acceleratior. these reasons, the original yaw
rate controller has been modified so that it ade@s$ the vehicle sideslip angle into
account. In this design, only the yaw rate errad #me vehicle sideslip angle has
been taken as inputs while the manipulation isragaalized by individual braking.

This novel design has been also tested with sewsakuvers, vehicle data and road
conditions. The overall controller system has bedended in various aspects so that
the stability of system is assured if possible. Témults of the new controller with

sideslip angle limitation have proven itself todagerior against the actual yaw rate

controller.

Second aspect of this study was the integratiorsudd-slip controller with the
designed high level yaw rate controller. For thisgmse, the general literature has
been reviewed extensively and a detailed studybbas completed witBahin, who
has completed a M.Sc. thesis which also includesdlip controllers. After these
efforts, a tire slip sub-controller has been desthand tested as it is effective or not.
This brake manipulation has turned out to be swsfoksn especially icy road

conditions.

For the brake manipulation, a brake torque chaatg is applied to the controller
model in order to comply with the real life appticm. This torque change rate
limitation was actually effective in the vehiclenaing performance, since this limit
is actually causes excessive slippage during i@ad roperation. However, the
manipulation of the yaw controller with sideslipgén limitation is yet enough to

stabilize the vehicle and track the proposed ya®: ra

The active yaw control system is considered asragbdhe integrated active safety
system. Thus, it can benefit from the general Jehiata share and operate
synchronously via CAN bus or a similar vehicle natkvsystem. For instance, the
wheel slip manipulation may be operated by the level ABS controller by just

assigning the necessary reference slip. The semtaork will be common for all
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independent safety systems while more complex [lons will be available by

running the dynamic models in the hardware of t&ale in real time.

6.1FUTURE WORK

The main scope of the active safety systems caaxbended in various aspects.
However, in this study, the design of an active yantrol mechanism with sideslip
angle limitation together integrated to a sub-lesigd controller is considered as the
objective. Future work will include the followingems, which, in turn, will be of

importance for the realization and developmentefstudy presented below.

0 The detailed model will be extended with additiodagree of freedoms and

the brake component dynamics, which will resuliniore realistic outcomes
0 Together with the brake manipulation, engine torguenagement will be
designed and utilized for faster responses an@rblefndling characteristics

in acceleration demand with hard maneuvers.

O The control techniques may be developed and tweakbdHardware-in-the-

Loop (HIL) simulations.

O The overall control system may be broadened witlitimh active steering,

hence the tracking of the desired behavior as aglire force managing.
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APPENDIX A

VEHICLE DATA

Table A.18 degree of freedom and 2 degree of freedom \eHeta (originated
from the study of Zheng [33] and Esmailzadeh [19]

PARAMETER NAME VALUE
M 1300 kg
Ms 1160 kg
s 1,45m
t 1,45m
a 1,1m
b 1,35 m
R 0,33 m
Iy 2,03 kg m2
l,, 1620 kg m2
L 750 kg m2
Kof 20250 Nm/rad
Koy 24750 Nm/rad
Cot 2600 Nms/rad
Cor 2600 Nms/rad
C; (for 2 dof model) 45312 kN/rad
C, (for 2 dof model) 45312 kN/rad
SWR 01:18
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Table A.2. Allen tire model parameters based on the work @A 34]

P185/70R13 -
PARAMETER NAME VALUE
Tw 7,3 inches
Tp 24 psi
Fzt 980 Ibs
C1 1
c2 0,34
C3 0,57
Cc4 0,32
A0 1068
Al 11,30
A2 2442,73
A3 0,31
A4 -1877
ka 0,05
Cs/Fz 17,91
B1 -0,000169
B3 1,04
B4 1,69*e-8
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APPENDIX B

CASE STUDY: SIMULATION FOR A J-TURN MANEUVER AND
DOUBLE LANE CHANGE WHILE DECELERATING THE
VEHICLE

This simulation case study is actually the contigupart of the chapter 5. In this
simulation, a vehicle is studied on a J-turn maeewand double lane change while
decelerating with an acceleration of about 2°ni&e initial velocity is 90 km/h (25

m/s) and the nominal road surface friction coeéintiis 0.9. Figures B.1 through

B.12 demonstrates the vehicle behavior under tbasditions.

Longitudinal Velocity [m/s] vs. Time, [sec.]

Longitudinal Velocity [m/s]

Time, [sec.]

Fig. B.1 Longitudinal Velocity change [m/s] vs. &ns] for a decelerating vehicle in

a J-Turn maneuver
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Steer angle [deg] vs. Time, [sec.]

3

Controlled with SSA Limit

Desired
=+=:=:= Uncontrolled

Time, [sec.]

2

- - - - ‘- - - - ‘- - - - _-_~--__-__°‘_____+1__] L1 _ - 1__ S5t __+r___+___+___1___]

a J-Turn maneuver

Yaw Rate [rad/s] vs. Time, [sec.]

0 —

[Bap] sibue so01S
[s/pel] ared mex

Fig. B.2 Steering wheel angle change [deg/s] use {is] for a decelerating vehicle in

Time, [sec.]
Fig. B.3 Yaw rate change [rad/s] vs. time [s] fatexelerating vehicle in a J-Turn
maneuver
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Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Fig. B.4 Vehicle Sideslip angle change [deg] vsetis] for a decelerating vehicle in

a J-Turn maneuver

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. B.5 Brake Torques applied to wheels [Nm] uset[s] for a decelerating vehicle

in a J-Turn maneuver
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Y axis [m] vs. X axis [m]

Y axis [m]

= Controlled with SSA Limit
Desired

251" e Uncontrolled T | U |
D
35 | | | l

0 20 40 60 80 100

Fig. B.6 Trajectory of a decelerating vehicle id-&urn maneuver

The same simulation will be repeated with repla¢hegJ-turn maneuver with double
lane change maneuver. All other parameters remames This maneuver also
includes a deceleration of about 2 nfgoughly 0.2g), which is a normal

deceleration value for controlling the vehicle whih a sharp evasive maneuver in

the elevated speeds.
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Longitudinal Velocity [m/s] vs. Time, [sec.]

[s/w] AuoofeA reuipnibuoT

Time, [sec.]

Fig. B.7 Longitudinal Velocity change [m/s] vs. &ns] for a decelerating vehicle in

a double lane change maneuver

Steer angle [deg] vs. Time, [sec.]

[Bap] ajbue Jso1S

[sec.]

Time,

Fig. B.8 Steering wheel angle change [deg/s] uge {is] for a decelerating vehicle in

a double lane change maneuver
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Yaw Rate [rad/s] vs. Time, [sec.]
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lane change maneuver

Uncontrolled

Vehicle Sideslip angle [deg] vs. Time, [sec.]
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Time, [sec.]
Fig. B.9 Yaw rate change [rad/s] vs. time [s] fatexelerating vehicle in a double

-90

Time, [sec.]

Fig. B.10 Vehicle Sideslip angle change [deg] waet[s] for a decelerating vehicle

in a double lane change maneuver
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Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. B.11 Brake Torques applied to wheels [Nm]tirae [s] for a decelerating

vehicle in a double lane change maneuver

Brake Torques applied to the wheels [Nm] vs. Time, [sec.]
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Fig. B.12 Trajectory of a decelerating vehiclaidouble lane change maneuver
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