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Abstract

Vehicles’ Active Stability Control is intended Lo achieve safe and comforable drivahiliry
respanse an reads. Vehicle stability usually depends on forces 2nd vahicle interaction. in
addition to many other factors such s lre-road Fiction, dry or wet road, sieering angle
and vehicle speed. Thus, 1t is difficult for the normal drivers to achieve aptimal
performance under these limils without assistance form control onboard syslems. sineg
the driver 1s not able to know the friction hetween the tire and the rosd and have the
required response in time, which might cause more danger to the vehicle and driver,

The proposcd project zims to develop a Yaw Control Swvatam, which forms a solution for
this problen: that will prevent the vehicle frum losing fraction of rear wheels or ull tires
causing the vehicle to move oul its intended path of what is cailed drifting

This project will address 1his engineering issue by considering vehicle lateral and
longitudinal dynamics on roads, obtaining a model for a testing orototype (sophisticated
toy vehicle), design and apply a controller for the target toy vehicle (Tracker Controller,
Arduinio Microconiroller, etc..), which simulate the real vehicle but at small seale, [imally,
the chrained results will be used for simulating real scale vehicle. This. of cour se, will
Aelps in decreasing accidents and suve people lives when (he target control system is
adopted and applisd.
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. Chapter 1

Introduction

1.1Introduction

45 the worldwide nse of eutomobiles increases rapidly, it has become evan more important to
develop vehicles that provide safe and comfortable tramsportation. To meet these diverse and
sfen confliciing requirements, sutomobiles are incrvasingly relying on electromechanical
systems that employ sensors, actuators and feedback control.

L varety of driver assistance systems are being developed by automotive manufacturcrs 1o
suiomate mundane driving operations, reduce driver burden and thus reduce highway accidents,
Lk vaw slability control sysiems.

Vehicles® Active Stabiity Control is intended 0 schieve safc and comfortable drivability
==sponse on roads. Vehicle stability usually depends on forces and vehiele interaction, in
sddition to many other factors such as tre-road friclion. dry or wet road, steering angle and
vehicle speed. Thus, it is difficull for the normal drivers to achieve oplimal performance under
sese limits without assistanca from contol onboard systems, since the driver is nol able 0 know
he friction between the tire and the road and have the requirsd response in time, which mighl
ssuse mors danper to the vehicle and dover.




1.2 Project idea

The project idea is 10 develop a vaw control system to improve luteral stability for 2 tay vehicle,
- other words, to develop a controller (o make it follow the desired path in response 1o a steering
mpul, gspecially when the vehicle 1y cornering on a road where the cocfTicient of frictinn

setwman the Toad and the tirss is small, then the vehicle might not follow the desired path and
pinning will oceus, so the yaw control system will restore the bath of the vehicle as much as
so<sible th the nominal motion expected by the droiver. Fig | | shows the advantage of using yaw

contrn] system.

Figure 1.1 the [unctioning of yaw control sysiem.

1.3 Recognition of the Need

The proposed project aims to develop a Yaw Control Systemn. which forms a solution (hal
will prevent the yehicle from spinning, dnfting and rolling wver. The project will address this
engineering issue by considering vehicle lateral and lomgiiudinal dvnamics on roads,
ohtining a moedel [or a testing prototype (sophisticatsd toy vehiole), design and apply a
controller for the larget toy vehicle (PID controller, Micreeonmoller, ele.), which simulate
she renl vehicla but at small scale, finally, the obtained resulrs will be used for siowlating real
scalc vehicle, This, of course, will helps in decreasing accidents and save peuple lives when
the targel control system is adopied and applied.

{ ]




1.4 Project Objectives

= Dewzlop a Yaw Control Systern, which will prevent the vehicle from spinming, drifiing and
Ebns over.

= UBtain 2 model far a testing prototype (sophisticated toy vehicle)
= Desien and apply a controller for the rarget oy vehicle

& Semulating this controller on areal scale vahicle.

1.5 Literalure Review

Imizgrated vehicle dynamics control via coerdination of setive Fonl sieerng and resr braking 1]
THis paper investigates the coordinarion of active front st2ering and rear braking in a driver-assist
svstem for vehicle yaw control, This study focuses on two main methods to control the yaw
moment i arder to improve vehicle handling and swbility. The first one is the Active Steering
'AS) systemn that regulates the tire ship angle and affects the vehicle handiing behavior by
Srectly modulating the generation of lateral tire forces. The second one 15 the Direet Yaw
Cemtrol (DYC) that utilizes differential braking lorces detween the lefl and the mght sides of the
vehicle to produce the required corrective vaw moment.

Dairing high lateral acecleration due to the inherent nonlinear charncteristics and tire salurations,
1S s no longer able to produce snough lareral force by stzering to hold on the vehicle in a .
in other words, AS cannot kesp (he vehicle under contral when the handling limit is reached and
comsequently, AS performanee i limited within the linear vzhiele handling region (low to mid-
—ange lateral accelerations). On the other hand, DYC is shown to be cffective in hoth vehicle
mear nonlinear regions, however, it is only desirsble [or imit handling rather than for normal
Seving situations. This 15 due to the braking flect that wears oul the tire and interferes with the
wacitudinal vehicle dynamics, Moreaver, DYC canses the vehicle to slow down sipmificantily,
and this may be objectionable and not desirable for the driver.

The main goal of the proposed control system is o make the acmal yaw rate, 10 follow the
desired vaw rate. In other werds, the controller must track the reference yaw rate intended by the
d=ver through driving the tracking error between the acmal and desired yaw rate to zero.
“nother purpose of the centroller 15 to limit the vehicle side slip angle, to be within an geceptable
segion to prevent vehicle spin.




The present work deals wilh the desiem of 3 new vehicle chassis eontral scheme that integrates
=4 coordinates rear bruking and front sieenng, The control scheme 15 buikt on a MIMO (Multi
“sput Muli Oumput) gain scheduled controller worked out on the basis of @ 2-DOF (Degree-Ol
*resdom) bivycle linear planar vehicle model. Two control inputs are considered (the steering
eng'e and the yaw moment). The whele hierarchical structure of the controller, designed m two
Byers
2- The apper-level controller defines the amount of the active steer angle. and the corrective
vaw moment, needed to achieve g good ucking of the vaw-rate set-point.
0= The lower-level contreller converts the stabilizing vaw moment generated by the upper-
level contreller nto an effective braking torque, and decidas which whesl nust be braked
to counter acl the undesired yaw motion.

Creneralized predictive controf of yaw dynamics of a hybrid brake-by-wire equipped vehicle [2].
"= maper presents p theoretical development and experimental results of a vehicle yaw stahility
cemirol system based on generalized predictive control {GPC) method. this method is expected o
s=orove the yaw rale as il nes 0 lake contrul sction before yaw rate error grows 1a a level
s=guining larger control action. The controller tries to predict the future yaw rate of the vehicle
&nC then lakes control acfion at present time based on furure yaw rate error, The proposcd
soamroller utilizes the insight into the vaw rate error growth when the automeobile is in an uader
seer or over steer eondition on a low friction coefficient surfsce in u hendimge maneuver. The
sew stability control method presented in this paper has advantages over the more conventional

methods i that it provides more responsive and smoother control of the vaw saability due to its
seacactve copability, A bhvbnd brake-bv-wire ¢quipped vehicle was used to experimentally
s==fy the proposed comirel algorithm. Experimental results show that the vehicle can be
sSecuvely slabilized in an over steer‘under steer condition on a packed snow surface using the
srehcuve controller. The vehicle speed could be kept at relatively higher value throughout the
Salewn maneuver.

SIV-MPC for Yaw Rate Control and Side Slip Control with Dynamically’ Constrained
SiS=ennal Hraking [3]. This paper presents a novel vehivle lateral dvnamic control approach.
W S=Ferential braking control law based ¢n vehicle planar motion has been designed using a two-
sesees-of-freedom vehicle model. On the basis of lhe eslimate of tre longitedinal forces we
siemace he range of lateral forces. which the tite can exert Using these constraints g model
et e control (MPC) based on a two-track model 1= designed in order to stabilize the vehicle.
e performances are estimated comparing the results with standard mancuvers. The simulations
e periormed on three different Carsim datasets cars that represent difTerent typologies: light
S ower steering real traclion sport cars, SUV cars. The use of an MIMO controller bazed on
WC sechniques with dvnamical constraints yields the desired differential braking.




Robust vehicle yaw contrnl using an active differential and DMC zechnigues [4]. This paper
straduces a robust non-paramettic approach o imprave vehicle yaw rare dynamies by means of
& rear active difTerential, The design of the feedback controller is performed using an enhanced
mrermal model eontrol {IMC) technique that 15 able to handle i an effactive way both robustness
snd control variahle saturation issues. Increasing the degress of freedom for the siruclure Lo twao
nas improved the mansienl behavior 2 feed forward control, Improvements on under sreering
characteristics. stability in demanding conditions such as m-split brakong and dampme propernies
= reversal steer and low friction step steer mancuvers are shown lhrough simulation resalts
serformed on an accurate |3 degrees of frecdum non-lmear model of a car, Simulation results
pecformed on an accurate model of the considered vehicle demonstrate the effectiveness of the
sroposed control structure. In particular, it has been shown that the achieved performances are
very close 1o the tarpet under steering objectives: a highly damped behavior in reversal steer and
sep steer maneuvers has been obtained; stability is guaranteed in presence of demanding driving
conditions like m-split braking and resonance peak has been significantly reduced in the
Seguency response.

Lane-kseping assistance control algorithm using dilferential braking 10 prevent uaintended lane
Seaartures [5]. This paper deseribes a hierarchical lane keepmg assistance control algonthm for a
vehucle. The proposed control strategy consists of a supervizor. an upper-level controller and 2
ower-ievel controller, The supervisor derermines whether lane departurs is mtended or nol, and
wSether the proposed algorithm is activated or not. The upper-level controller is designed to
compute the desired vaw rate for the lane departure provention, and for the guidance with ride
comfort. The lower-level controller 1= designed Lo compute the desired yaw moment in order to
Teck the desired yvaw ratz; and to distrzbule it into each tire's braking force in order to track the
Sesired yvaw momnent. The slip angles of the left and night wheels are assumed 1o be small enough
St the lateral tire force is assumed 1o be proportional o the slip aogle al the conssponding tire.
Sassd on this assumption, the vehicle model usad in this research deseribes error with respect 1o
~sad (lateral position error and yaw rate error), the contrel input is the vaw moment gencrated 10
actieve the desired lane keeping, so the driver's steering input is considered as disturbance inpul

Y ew stability control of a steer-hy-wire equipped vehicle via active front whesl stesring [6]. A
sewel vaw stability control algorithm with active [runt whee] steering control of a vehscle
seened with @ steer-by-wire system is presented in this paper. The bicycle model using sieering
weelc a5 the contro] input describes the dynamics of vehicle. They considered the stecring control
s design that decouples the vaw dynamics and lateral motion of the vehicle, These
Secounlzd equations are then used o design 2 second arder eontroller for yaw stabilization and
Se=sine with more munable parameiers lo achicve optimal performance which is defined as
wheving maximum jarefal acceleration without vaw instebility and rollover in a steering
seseuver. The comtrol obiective is to provide the decoupled vaw dynamics cquation more
Sesdom Lo be tuned via the second order controller structure.



= this project, vehicle lataml and longimdinal dynamics on road will be considered 1o made] the
sround vehicle and apply a contraller using differential drive method tha: unlizes differential
s-ve forces betwesn the left and the right sides of the vehicle to produce the required corrective
FW moment,

1.6 Time Plan

The time plan explains the stages in designing und building the system components, The
wction includes the first table that shows the activities and task scheduling for the first

=mester. while the second mble shows the tasks for the second semester.

Tahle 1-1: Timetahle for the first seniester time (weelk)

Activity 5|68 |7
Selection of the project

S=arch about information
Search for previous project

| Table 1-2: Timetable for he second semesier time (week)

Activity B 9 [10/11 12
Software lesign
Software testing
S=rware teshng
mterface system
Sysirm testing
Documentation




1.7 Risk Management

The implementation of any projeci may face many risks during sach stage of the project, such as:
determining and analvzing the system regumements, desigming, inplementing and testing the
whale evstem, This section illustrales he problems that might occur dunng the implementation.

1.7.1 Technology Risk
Technology risks can be classified as hardware and soflware risks:

* Hardware Risks Include:

1- Malfunclions of expensive compenents such as the RC car yaw sensors or any other
sensitive electrical components,

2- Facing a difficulty in finding or purchasing some of the components that are not dvailable
in our eountry and the consequent of wasted time o wait for the componenis.

= Saftware Risks Include:

The program may follow undesirable algorithm, but this preject algorithm was clear and
understandable.

1.7.2 Risks Avoidance

* Be careful when using hardware components and using them according lo their
speciiications,
» Ulse the right steps in working safely during the project development,

+ Purchasing exlr sparc parts of the sensitive components, so zllernalive components
will be replaced when any problem occurs.




- Chapter 2

Yaw Stability Model

2.1 Introduction

2.1.1  The functioning of a stahility conrrol svstem

Vehicle stasility control systems that prevent vehicles frum spinning and drifting out have been
developed and recently commercialized by scveral automotive manufucturers. Such stability
control systems are also often referred to as yaw slability control systems or electronic stability
control svstens,

A ¥aw rotation is & movement around the vertical axis of a
vehiele that changes the ditection the vehicle 15 facing. lo the
left or right of ils direction of motion. The yaw rate or yaw

T

velocity of @ car 3s the angular velocity of this rotation, it 15
commonly measured in degrees per second or radians par
seeand. Fig 2.1 shows the direction of yaw motion in a car,

Fig 2.2 schematically shows the function of a vaw stabilizy
contrel system. In this figure, the lower curve shows the
Irajectory that the vehicle would follow in response 1o a
steering input fram the driver if the road were dry and had

Fleure 2.1 Yaw motion in a vehicle




a high tire-road friction coetticient, ln this ¢ase the high friction coetficient 15 able to provide the
lateral farce required by the vehiele woneeotme the curved road. I the coelbormt of fneuon
were smail or if the vehicle speed were toe high, thea the vehicle would not follow the nominal
motion expected by the driver — it would insiead travel om a trajecrory of larger radius (smaller
curvamre), 45 shown in the upper curve of Fip 2.2,

The function of the vaw control system is W restore (ke yaw velocity of the vehicle as much as
prssible to the nominal motion expected by the driver. If the friction coefficient is very small. it
might net be possible to entirgly achieve the nominal yaw rate motion that would be achieved by
the driver on a high friction coefficient road surface. In this case, the yvaw control system might
only partially sueceed by making the vehicle's yvew raie eloser 1o the expecred nominal vaw rale,
as shown by the middle cwryein Fig 2 2,

These systems are desipned o deteet a difference hetween the vehiele response requested by the

diiver end the aclual response of sehicle. When the differences are detecied, the syslem
intervenss to corract the path of the vehicle.

Track on low u road

Vehicle slip

yaw stability control

Track on high p road

Figure 2.2 I'he functioning of yaw control svstem

2.1.2 The need tor a vehicle stability control

The mortvation for the development of yew control systems comes from the fact that the
behavior of the vehicle-ar the limits of adhesion is quite different from its nominal behavior. At
the limits of adhezion, the slip angle i= high and the =ensitivity of yaw moment 10 changes in

9




sleering angle becormes Mighly reduced. At large slip angles, changng the steering angle
produces very littlc change in the yaw rate of the vehicle, This is very dilfercat from the yaw rate
hehavior 4l low frequencies. On dry roads, vehicle maneuverability is lost at velucle slip angles

greater (han ten desrees, while on packed snow; vehicle manenverability is lost 4t slip angles as
low 25 4 degrees.

Due to the above chanae of vehicle beliavios, drivers find it difficull o deive at the limyits of
physical adhesion between the tires and the road. Fust, the driver is often not abls to recoEmze
the friction coefficient change and has no idea of te vehicle™s stability margin, Further, il the
lismit of adhesion is reached and the vehicle skids, the driver 1s caught by surprise and very often
reacts in a wrong way and usually sreers too much, Third, due to other trafhe on the road, 1l s
unportan: to minimize the need for the driver w act thoughtlully, The yaw contral system
addresses these issues by reducing the deviation of the vehicle behavior from itz normal behaviar
an dry roads and by preveating the vehicle slip angle from becoming large.

2.1.3 State-of-the-art Technulogy

Many companies have investizated and developed yaw control systems during the last ten yeurs
through simulations and en protolype experimental vehicles. Some of these vaw control svstems

have alse been commercialized on production vehicles. Examples include the BMW DSC3 and
the Mercedes ESP.

Yaw Stability control could have variety of names. These names mulude V3A {vehicie stability
assist), VDC (vchicle dymamics control), VBC (vehicle stahility contral), ESP (electronic
stability program). ESC (¢lectronic stubility contral) and DYC (direct yaw conteel),

22 Kinematic model of lateral vehicle mation

L'nder certain assumptions deseribed below, a kinematic model for the lateral mation af a vehicle
can be developed. Such a model provides & mathematical description of the vehicle molion
without considering the forces that affect the motion, The equations of motion are based purely
on geometric relationships goveming the system.

Consider 7 bicyele model of the vehicle as shown in Fig 2.3 (Wang and Q1.2001) [7]. In the
Sievele model, the twe left and right front whesls are represented by one single whesl at point A.
Similarly the rear wheels are represented by one central rear wheel at point B. The stesnng
anzles for the front and rear wheels are represented by & and O respectively, The model is

o —




derived sssuming both front and rear wheals can b2 steered. For front-wheal-anly steering, the
roar sleering angle & can be st to zero | The center of gravity (c.g.) of the vehicle 1s al point C.
The distances of points A end B from the c.g of the vehicle are lpand L respectively, The
Wheelhase of the veluele s L = I + .,

The vehicle Is assumed to have planer motion. Three coordinates are reguired to describe the
motion ol the vehicle: X, ¥ and Wi (X.Y) are inertial coordinates of (he location of the c.g, of
the vehicle while \v deseribes the orientation of the vehi¢le. The velocity at the c.g. of the vehicle

15 denoted by ¥ and makes an angle P with the longitudinal axic of the vehicle, The ungle P is
culied the slip angle of the vehicle.
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Figure 2.3: Kincmatics of Lileral vehicle moton

The majer assumption used in the development of the kinematic model is thal the velocity
vectors at points A and B are in the direction of the onenlation of the front and rear wheels
sespectively, In other words, the velocity vector at the front whoel makes an angle &, with the
wngiludingl axis of the vehicle. [ikewise. the velocity vector at the rear wheel makes an angle 3,

=itk the longitudinal axis of the vehicle. This is equivalent o assuming that the “slip angles™ at
soth wheels are zero,

The point O 1s the instantaneous rolling center for the vehicle. The point O is delned by the

seersection of lines AO and BO which are drawn perpendicular o the erientation of the two
slhing wheels.




The radms of the vehicle's path R is defined by the length of the line OC that connects the cenrer
of gravity C to the instantaneous rolling center 0. The velocity at the e.g. is perpendicular to the
line O, The direction of the velocity at the c.g with respect 10 the longitudinal axis of the
vehicle is ealled the slip angle-of the vehicle f.

The angle w 1s called the heading angle of the wehicle. The course angle for the wehicle 1s
-

2.3 Dwnantic Bievele madel of lateral vehicle

A “bicyeie” model of the vehicle with two depress of freedom is considered, as shown in Tig 2.4,
The twodegrees of freedom are represented by the vehicle latezal position v and the vehicle yaw
angle y, The vehicle lateral pegition is measursd along the lateral axis of the vehicle ro the paint

0 thar is the center of rotation of the vehicle. The vehicle yaw angle v is mezasnred with respect
to the glohal X-axis, V denotes the longitudinal velacity of the vehicle at tha ¢.g.

A"

LEna
ceqtaring

Figure 2.4 Lalerul Vehicle Dynamics

Applying Newton's law for motion along the Y-axis,
miy = Fyp + F (2.1

Where @, is the inertial acceleration of the vehicle at the center of gravity (c.g) in the direction
of the y-axis and E,r and K, are the lateral tire forces of the front and rear wheels respectively,
4, conlributes for the weeeleration ¥ which is due to motion along the y axis and the centripsal

aceeleration V) . Henee

1t




q

& = P+ (2:2)

Substituring from Eq, (2.1) into Eq. (2.2}, the equation for the latera] translational motion of the
vehicle iy obtained as

my + WY, ) = Fyp + 5 (23)
Moment balance about the v-axis yvields the equation for the vaw dynamics as
L= i Fyp = LeFyy (2.4)

Where {; and {,. re the distances of the fronl tire and the rear tire respectively from the c.g. of the
vehicle.

the next step is to mode! the lateral tire forces Fyp and £ thal 2ct on the vehicle. Cxperimental
results show that the laterul tire Torce of a tire is proportional to the “slip-angle™ for small slip-
angles, The slip angle of a tire is delined as the anule betwsen the orientation of the tire and the
onzntation of the velocity vector nf the wheel as in Fig 2.5. the slip angle ol the [ront wheel is

x, =35 —By; (2.5)

Where Oy i3 the angle that the velocity vector makes with the longitudinal axis of the vehicle
end & is the front wheel steering angle. The rear slip angle is similarly given by

&= —0ys (2.6)
The lateral tire forec Tfor the front and rear wheels of the vehicle can he written as

Eyr = 2Cr(8 — Byp) (2.7)
for = 20 (—0yy) (2.8)

Where the proportionality constant Cg is called the comering stifthess of the tires, 4 is the front
wheel steering angle and 8y is the tire velocity angle. Where V is the velocity vector, The fuctor
2 accounts for the fact that there are two front and rear wheels.

To calculate 8y ¢ and Gy, the following relations can be used:

A _ Vy#lap .

\_Infﬂplir} — 1.",‘. kltﬂ
- =1 - .

t2a(by,) = 22 Li (2,10

Figure 2.5 Tire slip-angie
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sine small angle approximations and using the notation I, = ¥.

=LAl ; .
=2 (2.11)
£
& 2.12
= = (2.12)

24 Dypamic Model in terms of yaw rate and slip angle

a Tig 2.6 . vehicle side slip angle f is delined as the angle between the lengitudinal axis of the
sehicle and the orientation of vehicle veloeity vector, and » = @ is the yvaw rate of the vehicle
sody. The lateral dynamics of the vehicle is contolled by the Tront wheel steering angle 8.

¥ by
2
_____ _+__
E % e ‘P-,' £
A ""Hf
T
€ % A
t \ ~ %
T
- f, [ ‘!.n" }

Figure 2.6: Single Truck mode! for vehicle dvnamie

Using the body side slip angle ff and the yaw rate of vehicle body r = ¢ as state variables. the
vehicle luteral dvnamics can then be deseribed by the following differential equations

e k . i ; P
i (5+8) = (£41) =+ e
L6 = Lr=Fyr — LE, @.14)

where m is vehicle mass, V. is wehicle longitudinal velocity, Fyy . Fy, are front and rear (ire
forces. respectively, Iy is yaw moment of inertia. and [ [oare distances lIrom CG (center of
sravity) to front and rear tires, respectively. TFor small tire slip angles, the lateral tice forees can
e approximated as a linear function of tire slip angle. The front and rear tire forces and tire slip
weles are defined as follows:

14
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Fyp = oty tty =8 —Bpp = 6= B = (2.15)
Fur = Corltp 0y = =By = —f =2 (2.16)

where C,y and ;. are the cornering stiffucss of the Font and rear lires respectively, Substituling
(2.13) and (2.014) into (2.11) and (2.12) vields the following description for the vehicle lateral

dynamics:
o _ Loy [ Y ‘!Lr) far (_ f-.r") 8
== 1k S §—f = , g+ 5 {2.17)
dar ‘-'J"r-:\w( . 1"_") LrCar (_ I1I'_i") VPR
e U v B B+ v (2.18)
The State Space Moedel
_"1[-'_1‘ HCE) _(f-‘ff_f_crl!;] = f:'_'r

3 ml, mys i,
[ﬂﬁ] 4 S [‘G] + 120 8 (2.19)
> —{Cri—Cili) =(Cplp+C-i7) r Cyir

& fabt Iy
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Chapter 3

Yaw Stability Control

1.1 Introduction

A trend in miedern vehicles is the application of active safety system used W anprove
vehicle hundling, stability and control. The development of chassis control systems is
still the object of intense research activities from hoth industrial and academic sides.

Safetv of around vehicles requires the improvement of yaw stability by active control
the basic idea is to assist the vehicle handling o be close 1w linear vehicle
characleristics that are funiliar to the driver and to restrain the vehicle lateral
dvnamics to be wilhin a stable handling region m ageressive mancuvers.

1.2 Yaw control systems
3.2.1 Tvpes of yaw control systems

Several actiualors, such as acrive suspension, active sicering and active bruking could
be used for vehicle stability control, An active suspension sysiem, by controlling rhe
whee! load, may improve the lateral dynamics of the vehicle. An active steering
systern, by controlling the steering angles of the wheels, has grear influence on the
lateral behaviar of the vehicle. Finally, an active hraking system like the Dircet Yaw
Control (DYC). by using differential braking, is very ctfective for lateral stability ¢f
the vehicle

L6




The three rypes of stability contral systems have been proposed and developad
for vaw control:

L) Differential drive systems. 1ea system whose movement is basad on two separacely
driven wheels placed on both sides of the vehicle. Tt can thus change irs direction by
varying the relative rale of rotation of its wheals,

2) Steer-hy-Wire systeins, which modily the driver's steering angle, input and add a
correction steering angle to the wheels

3) Active suspension svstems which utilize active differentials and all wheel drive
technelogy to independentily contral the drive rorgque distribuled to each whael and
thus provide active control of bath traction and yaw moment.

By large, the differential braking svstems have received rhe most atteation [rom
rescarchers and have been implemented on several production vehicles, Sieer-by-wire
systems have reccived attention from academic researchers. Active torque distribution
svstems have received artention in the recent past.

In thes project, differential drive systems will be adapied and used to control the yaw
rate.

3.3 Differential drive system

Yaw control systems that prevent vshicles from drift ow using differential drive have
been developed by many manufacturers and proven o significantly improve vehicle
lareral stability and salcly. These syslems are designed to deteet a difference between
the vehicle response requested by the driver, in our case (the desired vaw rate) b,
and the wctual respansc of vehicle, in our case (the acmzl yaw rate) ), When the
differences are deteeted, the svslem inlérvenes to correct the path of the vehicle. This
automatic reaction is engineered for improved vehicle stability, particularly during
severs cornering and low-friction road surfaces.

Is such cascs, the control system attempts to ensure that the actual vaw rate of the
vehicle (rucks & desired yaw rate determined by the driver's steering inpat The
controller responds to the vaw rate error (W — iy, ), and its output 15 the corrective
yaw moment (M, ). which is generated by varying the relative rate of rotation on the
wheels. By decreasing the ratc of rotation at the lell wheels campared to the right
wheels, a counter-clockwise vaw moment is generated. 1 ikewise, decreasing Lhe rate
of rotation at the right wheels comparad ro the left wheels creates & clockwise vaw
mnment.

The longitudinal speed ol the car within the controlling period is so small, so it can
assume 1o he constant. Vj,,,, = const.
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Figure 3.1 Generation of carrcetive yaw moment using differential drive

3.3.1  Vehicle body equatinns

The 2-DOF (degree of (reedom) classical linear bicvele model discussed in chapter 2
is used. By adding the corrective vaw moment term (needed to achieve the desired
yaw rate) to the model:

LI SRS &: - ‘
ar ( o ) W( fit+s ) (3.1)
ar brlier [ ;.-C,_e,- Lo "
EzT(ﬁ_ﬁ_D - ( B+=) 4 - Mz (3.2)
The stale space model

“(Cpr)  =(Cplp=Crli) Gy

Bl _ b mz [.!5’] =

Crly 5

1

(4 1V Lo




b~

ot B )r

94

Figure 3.2: bicycle model showing the gensrated yaw momenl

3.4 Control design

3.4.1 Robust Tracking Controller

Using this controller, the syslem will be able to track a desired input, which is in our
cage (the desired vaw rate) ar any value with the ability to overcome disturbances[3].

First, we will discuss the principle of tracker contraller, consider the [ollowing

Provcess:

x=Ax+8u+Ep

y=£Lx+ Du
Where:

L S
* weERT
v Pliei"
* 4 R
*r e erbcm
a E = HrIKﬂ'!
RS
" n = Rr?ﬂ.’:l

= FER

: The stale veclor

: The mmpul vector.

: The disturbunce veclor.
: I'he system matrix.

¢ The input matrix.
v Thie distorhance matrix.

: The output mamix.
¢ The Teed-forward metrix,

i The putput vector,

(34
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Figure 3.3; General Simulink modz] for the sobust tracking econtroller

=l + ki, (3.6)
Xo=71=—1=_0x (3.7}

Iepresenting Eq. (3.8) and {3.11) 1n compact form

[;] - |—A[;' gl [:J = ng Ui I?J’" (3.8)

X, = AKX, +Bou+lr (3.9)
Representing equation Eq. (3.10) in compact form
X
W= —[k —kl] [I'r]
w=—k.X.
X, = A.X. + B.(=keX.) + Eor

‘}Ee - {'qe = Eeke}-xe + IJ:'--E'lr

If the pair (4,, 8, ) is controllable, then we can b, 1o pluce the gigenvalues of the
colire conirol svstem to pet the desired response

Now, making & controller design for our system using the state space model described
in equation m the fomm of X. = AKX, + B.u + E.rfor the tracker, now we musl

20
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check the controliability for nur system, by applving the controllability matrix method
in Matlah

> Cymctrb(Ae By);
> rank ()
We found that the rank is 2 (full rank), so the pair (4., B;) 15 controllable.

T get the desirad response, ot the design region ranges between (3 to [0} rad's for
the natural frequency () and from (0.7 to 0.9) for the damping ratio ({). so the poles
are placed ar:

£, = [-6.4000 + 4. 80001 -6.4000 - 480001 -10.0000] due to the desired
responses.

Applving the place method to find the gains to obtam the desired poles locations we
used the following Matlah commanids:

» k. = place (A, 8., B.);
k=1 11:2)

k= k3]

3.4.2 Simulation

T~

|l |
Bare v e T indbgmin

N IEE

Figure 3.4: Yaw Control Mode] using Robusl Tracking Controller (Simulink).




[n this simulation a longitudinal speed of 30 m/s is used. The road is initially straight
and then becomes circular with a radios of 1000 72 storting ar a time of 1 sccond. The
corresponding desired vaw tate van be calculated from ry,, = ]’?’ = (.03 rad/s. The
desired yaw rate is shown in Figure 3-1 and 15 a step input from 0 10.0.03 rad /s at |
second. The acrual yaw rate (output) is shown in Figure 3-2.
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Figure 3.5: Desired Yaw rara fr stap inpant (Simmlation)
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Figure 3.6: Desired Yaw rate for minp luput (Simulation)
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Chapter 4

Hardware Architecture

4.1 Introduction

It 15 & project need to identify the system’s physical components and to gather
mformation gbout the related componeut to [ind the rules thar dominate lhese
relations. Hardware architecture allows undersianding how these components should
fit into system architecture and provides importan! information needed for software
design, development and integration, Far controlling the yaw stability of the car, we
chose te have @ remote controlled car as a model for the project. This car will kave
close specification to a real var . such as the exisience of suspension svstem on the
wheels and having a rubber tires that have a friction with the surface of the road.

4.2 System architecture

In System architecture cach parl 1hat will be used on the Remote Controlled car will
be mentioned, described and explained,

4.2.1 Remotle Controlled Car (RC Car)

The RC car shown if Fig 4.1 will be nsad as
the controlled model, The car was chozen o
have close specilications to u real car 5o the
controller can be adjusted end developed
und he applicd for a real scale car as 2 future
WOTK.

RC ear 15 a self-powered car through four,
L5 V hatteriss, transmitter and recciver lo
contral the movement and dircction of the
CT.

T'he ransmitter that came with the car will be
usad since it works i good function.

Figure 4.1 RC Car with remote control




4.2.1.1 Finding the rotational mument of inertia (J) of the car.

It 15 essential to know the moement of nerta of RC car in order to know the desirad
wrque requirad to give a certam angular acceleration about the axis of rotation. To
caleulats the moment of inertia, we hanged the cur to a stecl stand, where the hanging
point wus passing through the center of gravity of the car, as shown mn fiz (4.2).

Hanpging Point
(0)

Center of
Grawity
[€G)

Figure 4.2 Moment of Inertia Test




The car was hanged on the stand were no escillation vecurred, then the car was given
a pulse to ascillate around fixing poinl, aller thal we ok the ime of twenly eveles of
pscillation. This trial was made twenly mes, the vilues were as shown below:

Table 4.1: Readings of ome for moment of inertia test

Mumber  Time for 20 cycles  Number  Time for 20 cycles

of trial of oscillation (s} of trial of oscillation (s)
3 21.11 53 2111
2 2113 12 213
3 21.26 13 2141
4 2112 1 =R
5 2139 15 211
6 21.22 16 21.26
Vi 21.29 17 2121
B 2128 18 2131
9 21.28 19 21.18
10 2114 i |
sSUM 424,44 sec

Dividing the sum of time for all trials over the number of trials, we ger the tima for
one trial.

Tag—424.44/20- 21.222 sce

Fach tral consisted of 20 cycles. dividing the time of one tnal by the numbsr of
cveles. we get the time for one cvele.

Divide T 5 by 20.
T=Tax 20,
T=2].222/20=1.0611 52¢,

Uismyg the lollowing relationship that derermines the rotational moment of inertia
around & point passing through the center of gravity of an objeet

mght!
Sa®

j.’;(_', i — Tr:fi; I:Jr”

We gel that J= 0.0070% Kg.m®

Whiere:

The muss of the car {m) = 0641 Kg,

Gravitational force (g) = ¥.81 m/sec”

I'he distance between the hanging point and center of gravity (hy= 0232 m.




4.2.2 Arduino Mega Microcontroller

The chasen microcontroller is ARDUING Mega
45 shown i Fig 4.3, This microcontroller will
be used 10 have the reading of the actual and
desired yaw rate form the aceelerometer. then
compare it i order to exert a toree thar will give
8 steady stare error equal to zero. Ardying Mega | <
has many advantages that make it the prefered
choice such as: yser friendly, opin source codes
which arz available for many applications that
can be dewnloaded from the company's websile.
simulation program, the availuble shields for
many components and one of them iy suitable
for the wirsless modules which allows the
connection of modules vasily. Other advantages are the Upgradability, the modulariry
and the lust important thing is that, it doss not need a dedicated programmer as it can
be programmed through the same cable that is used for the PC conncctivn. The
Arduine Mega is a microcontroller board based on the ATmegal1280. Tt has 34 digital
Input‘ouipul pins (of which 14 can be used as PWM outputs), 16 analog inputsd
UARTs (hardware scrial ports), o 16 Mllz crystal oscillator, a USB conreclion. o
power Jack, an ICSP header. and a rasct button. Tt can be operated using 17SH cable .
AC-DC adapter or batiery,

Figure 4.3: Arduino Mega Microcantroller

Table 4.2: Specifications of Arduino M cod

Mictocontraller ATmega 1280

Opcrating Voltage 5V

Input Voltage (recommended) 712V

Input Voltage (limits) 6-20%

Digitd O Pins S4(15 ot them provide PWM)

Analog Input Pins 16 B

Flash Memary 128 KB of which 4K B used by boot loader
SRAM ¥ KB

FEPROM 4KB

Clock Specd 16 MiLz




4,2.3 Gyroscope (MPU-6051)

For the purpese of sensing the yaw angle ol the car
while i 5 motion, Gyroscope MP17-6050 shown in
Fig 4.4, was used since it is.a small (amor ¥ 3mm %
1. 45mm), thin low power, complele 9-axis gyroscope
with I°C output, The MPU-60X0 features three |6-bit
analog-to-digital converters (ADCs) for digitizing the
gvroscope oulputs and three 16-bil ADCs far
digilizing the accelerometer outputs with precision
tracking of £230%/sce (dps) and & uscr-programmable
acceleromeler Tull-scale range of +2g.

Figure 4.4: MPU 6050 Gyroscope
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4.2.4 DC Vatar (FA-130)

The DC motor shown in fig. 4.7 is used for the movement

af the car. Twa DO motors were used un the réar wheels
in order to generate 4 differcntial drive. When the spoed
of hoth motors are equal, the car will move i a straight
line. and when the speed of the right wheel 15 greater than
the left wheel. the var will rotate to the right, and when
the speed of the et whicel is greater than the right wheel,
the car will rotate to the loft, as shown if Fig 4.8

e T

Figure 4.7: FA-130 DC Maolor
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Figure 4.8; The three cases of twin mortor speed

Tahle 4.4: Specilications of the clozen DC motor
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4.2.5 Double Gearhox Kit

The muin feawre of double gearbox kil shewn in Tig 4.9 is that it has two metors
with their gearboxes so il can give a speed for the two rear wheels independenily,
This kit can give a clockwise or counter ¢lockwise rotation around the vertical axis of
lhe car through giving less rate ol rotation to one wheel than the other wheel. The
double gearbox will be mstalled on the rear wheels of the car,

This Kit has 12.7:]1 gear ratie, geicrating 9 mN.m wrque. since FA-130 DC motor
can not pencrate cnough torque to mave the car,

Figure 4.9 Double Gearbox kit

4.2.5.1 Double Gearhox Kit installation

The process of installation staried with removing the old gearbox and motor of the RC
car, then the douhls gearbox kil was alluched wilh two serews on a sleel sheet that
was fixed on the body of the RC car ws shown in fig 4.10, The diameter of the
hexagenal uxle of the gearbos was smaller than the axle of the whecl, 50 4 conneclion
was made between these two axles using the piece shown in fig 4.11.




Figure 4.10: Atzching Deuble Gearbox Kit te RC car

Figure 4,11: Connceling piece between Donble gearbox and RC car’s wheel
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Chapter 5

Discrete Tracking
Controller

A.l Introduelion

The next step in the project i5 to implement the contrel system on Ardwino
microconizoller to be used in the car, In this chapter, the continuows contreller, swhich
weis discussad in chapter 3 will be converted to a discrete controller in order to find

the controller gins.
5.2 Discrctizing the tracking controller

Now the gain Ke for the discrete tracker controller will be evaluated ata sampling
time (Tz) of 0,001 second. To find it, the following steps are required using Matlab:

»  Select the desired location ef the system poles is £-domain
Poles={-4.2000 | 5.6000i -4.2000 - 560001 -10.0000]

« Tind the extended discrete malrices of the system

et (5.1)
Sl [g] (5.2

F and G are the system discrele malrix and the discrete mput matrix
respectively,

F=Ts=4 4+ t5:3)
G=Ts=*B (5.4)
Whare:

Ts: sampling time

A: Continuous system matrix
R Continuous inpul mateix
1: Idenritv matrix




* LUsing pole placcment method, the gains are
Ke = place(F,, ., poles) (5.5)
K =~Re(l:2) {3.6)
Ki=Ke(3) (5.7)

5.3 Simulation resnlts
For oblaming the simulation results. it 13 needed to draw the Simulink model as

shown if Fig 5.1 and define all us parameters. The response of this model is shown n

Fig 5.2 wherz it was obtained at a0 inpul vaw rite equals 10 2 rad/s.
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Chapter 6

Software Design

6.1 Introduction

Atter finding the gains for the discrete controller in the previous chapter, converting
the controller to a code in the C-language can be done.

6.2 Tmplementation

For the hardware. the microconmralier used in the car 18 Anduing Mega 2560 as
mentioned in chapter 4, And for the seftware, Arduine 1.3 6-r2 software is used 10
verify and download (he code on Arduino Mega as shown if Fig 6.1

B
-‘.
b \%_
5
C y
,.' ]
AN OFDH PROIECY WRITTEN, DEADGCED AMD S
BY HASSTMD BANDT BAVT TIELLES, T0M 140k
CTAMNL SR HABTING AND OAVED MELLTS
AT Om '.'!H.‘;t:EE:.:N: BY CASEY RERS J r

Figure 6.1: Arduiro 1.5.6-12 software




6.2.1 Reuding the accelerometer

Sinee the aceelernmeter output is in valts, the oulput must be converted 10 (m/s4) for
the conlroller. From accelerometer datashest, zoro acceleration equals | 5g, that
means when there is no sceeleration, the accelerometer autput will be 1.5y, where g
i3 @ unit of aceeleration equal to earth's gravity at sea Tevel (9.81 m/52). And as the
sensitivily of the aveelerometer1s 0.3 (volrs/g), where the sensitivity is a megsure of
how much the cutput of 4 sensor changes as the inpur acceleration changes measured
in (volts/g) the outpur of the accelerometer can be transferred to distance as
lolows:

EJ e RECETEMELET aulpuTl - 150 1+) 5

acceleration{m/s 9.81 ia.1)

0z (wlg
6.2.2 Caleulating the speed

As the aceclerometer gives the acceleration and there is no integration in the Arduino.
the following steps must be done to caleulate the speed in the Arduino;

Store the acceleration belore on sampling time (previous acceleration) (a_xp).

Add the currenl acceleration to the previous necelcration
Multiply the the value from step 2 by the sampling time divided by 2.
finally add the value ol the previous speed to the value from step 3.

6.3 Program code
This section shows how the ESC 15 implemented on the microcontroller
A- Calculating the actal vaw rate

To calenlare the actual yaw rate, the longitudingl acceleration (e, ] and the loteral
speed (1) must be known. and then the desired yaw rate can be [ound by Eq. (2.2
O ty fV,) where ¥ is assumed 1o be small, thus it has a neglected effect.

a x=({{z=pin- 1.3 L3)*9.81); Hacceleration{x-uxis). longitudinal
Vox—{{Ts/2)" 4 x—u xp)rtv_xp; Vepeed(x-axis), longitudipal
a y=((Opin-L.3Y0.37%28 1), fracecleraliony-axis), lateral

¥ 1 achial=a viv < Jraetual yaw rats
pt - ¥




I3- caleulating the desired yaw rate

To calculate the desired yaw rote, the longitudinal acceleration (e,) and the
longitudimal speed (I, ) must be known. then the desired yaw rate can be found by the
relation (i uesrea = /R,

a_ x=({{(xpin-1.5y0.3)*2.81 ) ‘fraceelerationix-axis), longitudinal
v x={({Ta/2/*(a x+a xp)+v_xp; Vspeed{x-axis), longitudinal
v r desited—v x'red of road;, /desired vaw ratc

- Contrallercode

After knowing the actual vaw rate, the desired yaw rate, settling time and the 2ains:
the tracker controller can be transferred to a code to write it on the microcantraller

The diserete tracker controller equations ure

w=IGX, (k)= Kx(k) {6.2)
X0k + 1) = v(k) = (k) + X, (k) (6.3

By transferring these equations le a code, the controller can he written as shawn below

v r_desired=v_x/rad of road; /fdesirad yaw rate
v ©oactaal=a y'v & {factual yaw rate
float x1=0.5: Heomstant slip anyle

r=y_r_desired-y_r actual+np;

F={0.3918*x1)-(0.1702*y r actual} =0 2088*np); /force
u—(F1*(255/5); fvoltage
np=n;

4_Xpea_X;

VXV X;

The output of the controlicr is voltage (u), this voltage will be connected to fwa puise
width moadulation pins on the microcontroller to feed the DC motars which are
connceted to the rear wheels of the car. So, il the car is furning right; the voltage will
be transferred throw the PWM pin thal is connected to the left rear wheel. and if the
car is turning left; the voltage will be transferred throw the rear right wheel as shown
in the code belpw

if(dir_forward && dir_right && !dir_left) /fcar is comnering o the right
{
il {u—=0)
analog Write(motor _right for, molur specd):
anatogWritetmotor left for, molor_speed).
1
1
if (u=0)
i
analogWrite(motor_right_lor, motor speed);
analogWrite(mortor_left_for, ul;

i
H




iffdir_forward && !dir_right && dir_left)
i
i (u==0){
analogWritelmator_ri ght_for, motor_spead);
analogWrite(motor_lefl_lur, mulor_speed);
}
i (u=th)
) ,
analogWrile(mutor_right_for, u);
analoaWrite{motor_left for, motar spead),
3

5

e

lear is carnering to the left




Chapter 7

Electronic Circuit

7.1 Introduction

An electronic circuit is composed of individual eleclronic camponsnts, such us
resislurs, transistors, capacitors, inductors and diodes, connected by conductive wires
or traces through which electric currcnt cun flow. The combination of components
and wires allows various simple and complex operations to be performed: signals can
hz amplified, computations ean be perfurmed. and data can be maved from one plage
to another. Cirenits in the project are constructed of discrete cumponents connected
by individual pieces of wire. In this chapter, the inputs and outputs of the system will
be shown,

7.2 Power Supply
Far this praject, we newd a constant DC valtage of 5 Vol o supply both the Arduine

microcontroller and the two DC Motors. TTence four 1.2 Volt bateeries will be used.
giving a total voltage of 4.8 Voli, us shown in Fig 7.1.

R faren v

Figure 7.1: 4 X 1.2 Volt AAA batterics
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7.3 Intertacing circuit

This scetion will shaw the inputs and outputs that will interface with the mechanical
strucrturs, inputs and outputs are shown in Fig 7.2

| Forward mmmb

i ARDUINO
; Right rear
| Backward movement Wheel maotor
s NM>

e
| Leftcornering Leftrear

e Wheel motor

| A:tulnrnmrwub

Figure 7.2: Inpuls and Oulpuls of the system
7.35.1 Inputs
The input shewn in Fig 7.2 will be explaned below.

1) Forward movement signal: s a voltage signal from the car main cirenit indicates
that the car should mave forward.

2y Backward movement signgl: is a voltage signal from the car main circuit indicates
that the car should move backward,

33} Right comering signal: is & voltage signal from the car main circuit indicates that
the car should move Lo the right.

4y Left carnering signal; is a voltage signal from the car main eircait indicates that
the car should move to the left.

5) Accelsrometer senzor: 15 the part that gives the gcceleration to be used m fnding
the actual and the desired yaw rate.




7.3.2 Qurpurs

1) Right rear wheel motor,
21 Left rear wheel mesor.

The two DC motars are connected ta Arduine microcontroller through H Bridge as
shown in Fig 7.3, which is an clectronic circuit thal enables a voltage o be applisd
across a load in cither direction.

Forward

Backward

Forward

Figure 7.3: Structure of H Bridge

When the Arduine pive a signal to forward motion. transistars 2 and 3 will open, and
ihe motor will rotate to make the car move forward. Furthermare, when the Arduino
give a signal lo backward molion, transislors 1 and 4 will open, cousing the car m
move backward.




7.4 Wiring Diagram

Aller determining the slectrical components, inputs and outputs. The wiring diagram
wus drawn as shown in Fig 7.4

Figure 7.4: Wiring diagram of Yaw Stability Control system
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Chapter 8

Building

8.1 lntroduction

After detarmining the hardware components, the sottware design and the electrical
circnit design, we started the assambly process, in which all parts were Ouled o their
suitable position and thar the electrical components were installed in a proper way to
insurs thar the car will funcoion properly and -alGly

8.2 Final Maodel

The following figures show (he final medel of the car after it has been assemblad,
These steps consisted of attaching double gearbox kit to the car, and insurs that it
does not preveat the motion of RC car, After finishing the gearbox we started
assembling the electncal components ( Arduino Mega. accelerometer. motors and 11
Bridgz).




L,
-1 _
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Appendix A

Controller design (m-file)

Continuous tracker controller for real car
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Appendix B

Controller design (m-file)

Discrete tracking controller RC car

Te=ly T ;

=kl
Tz=0, EU“”
Li=0_.14%;
| P O 080 B
CE=t;
(Cr=iia
Vi=Z
A=i
E—=]=1%{| Clmqflr:m+?ﬂ,' —l—{
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E=TE 102
n=0;
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*iel =gl MegrE (1=21
p= el EEf;

Be=[A geresi?; 1)z
Ro=Ba0];

be=_p -10];
F-Ts*Lieve(Z);

e=Ts Er

Fe={F zeroz 2, 1)e=Cowa(l) ]z
te=[G:01;

Pd=exp(Ts pe);

ke = placse(Fe,Ge,Bd] ;
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