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Sport Utility Vehicle(SUV)sales are increasing globally, even surpassggglanvehiclesalesworldwide.
Theirincreasing popularity is termed a continuous trend that is expectedast. SUVsare known to offer

a higher ground clearancevhich makes them more susceptible to rolter and directional instability
during emergencymanoeuvres This dissertation proposes an integrated controllatich controls two
vehicle stats, namely yawrate and sideslip angle to improve handling while reducing rollover
propensity and impoving rollover stability. The control system employs brake based torque vectoring
to control the vehicle statesprque vectoring ontrol improves lateralstability by maintaining consistent
handling characteristics over all drivingonditions and the lateral stability is maintained whilst adhering
to a rollover index The desired vehicle stasare obtained from a reference linear two degree of freedom
model with tyre characteristics obtained from the linear region of the ty#ecoordinated control strategy
is investigated with respect t@irect Yaw Moment Control(DYC)acting on a vehicle througimdividual
brake torques. Two typesof controllers are investigated namelya Linear Quadraic Regulator(LQR)
and a LinearModel Predictive Contréér (LMPC) It is shown that yaw rate control together with side
slip angle controland the inclusion of aroll index limit allows for better vehicle handlingSimulation
tests are done using SimulinlkDAMS ad verified experimentally with aSUV undergoing evasive
manoeuvreswhere the vehicle is near itperformancelimit. The vehicle managed to be successfully
navigated throughmanoeuvresot possible prior to yaw rate and sidslip anglecontrol, with a notable

decrease irthe vehicleroll.
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Differential Global Positioning System
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Description

Four Wheel Steering
Anti-Lock Braking System

Systems
Controller Area Network
Circular Error Probable

Centre ofGravity

Double Lane Change

Degree of Freedom
Direct Yaw ControMoment
Electronic Stability Program

Flexible Structure Tyre Model

Qi

Global Navigation Satellite System

Global Positioning Unit
Input/Output

Inertial Measurement Unit

Linear Quadratic Regulator
Limited Slip Differential
Load Transfer Ratio
Micro Autobox
MAtrix LABoratory
Mitsubishi Motors Corporation

Model Predictive Control

(@)

4-State SemiActive Suspension System

Automatic Dynamic Analysis of Mechanical

MacNealSchwendler Corporation Software

National Highway Traffic Safety Administration

Proportional Integral Derivative
Roll Index

Real Time Interface
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SuperAll Wheel Control
Static Stability Factor
Sports Utility Vehicle
Velocity BOX 3i
Vehicle Stability Control
Westinghouse Air Brake Co.

Zero Moment Point

Description
Linear Acceleration
Longitudinal Acceleration
Lateral Acceleration
Vertical Acceleration
Stiffness factor
Shape factor
Cornering Force
Centre of Gravity
Cornering Stiffness Coefficient
Peak factor
Driving Force
Curvaturefactor
Tyre longitudinal force
Tyre lateral force
Tyre vertical force
Acceleration due to Gravity
Height
Yaw Moment of Inertia
Stability Factor
Roll Stiffness

Distance from front/rear axle to centre ofravity

Vehicle WheelBase
Mass
Moment

Yaw Moment
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Roll Moment
Roll Rate
Brake Pressure
Pitch Rate
Brake Disc Radius
Radius
Horizontal shift
Vertical shift
Vehicle Track
Brake Torque
Yaw Rate time constant
Velocity
Lateral Velocity
Axle weight front/rear
Sideslip angle tuning factor
Yaw rate tuning factor
Controller Effort
Lateral Distance between vehicle ZMP Point ar

centre-line

Description
Roll Angle
Roll angle of terrain
Tyre SideSlip Angle
Vehicle SideSlip Angle
Vehicle Yaw Rate
Steering angle of front wheels
Pitch Angle
Brake Radial Angle
Surface friction ceefficient
Brake pad and disc coefficient of friction
Angular velocity

Angular acceleration
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] Left
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> Rear
> Right
>k Roll Centre
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vy Steady State
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This Literature Study will discuss the working principles of Vehicle Dynamics and likeefits it could

provide for aSport Utility 6 6 + g 006V .606+g0006 $CydusoA dad agowadi

6660000y 0 (\bed30EE) A56064C.

1.1introduction

Sport Utility Vehicles(SUVs)have become mme popular in recent years, mainlglue to their higher
seating position that improves visibility and perception of safet. higher centre of gravityhowever
makes a vehicle more pron® rollover, especially if the driver makes a sudden directional input during
an emergency manoeuvrdlthough rollovers occur in only aboud percent of all cashes, they account

for nearly 30 percent of fatalities in vehiclegReports, 2014)

The United States National Highway TraffiSafety Admmistration (NHTSA, 2003) states that
approximately one in every seven collisions is due to rafi-road collisions, whereby the vehicle fails to
navigate a turn which contributes to a third of all fatal collisionsTherefore rollover and runoff-road

collisions account fom large portion of fatalities in road vehicles.

The vehicle dynamics of SUVs are more complex due tarthegh centre of gravity, large suspension
displacements and varying terrains tha®U\6 must negotiate. Thereforeyarious active cotrol systems
such as ABS, 4WS, semitive/active suspensionsystems active antiroll bars and Hectronic Sability
Programs (ESPwereintroducedin vehicles one after another since the late 1970ke aim of the control
systens is to improve vehicle safety, performance and comfort over the large range of operating
conditions. It has been found thaESP systems made rollovéwo-thirds less likely in SUVgKallan,
2008).

A method toprevent theloss of vehicle directional stability in emergeneyanoeuvrestogether with a
rollover prevention system is necessary forther lower the current fatality rate Possible solutions in

literature are reviewed, to determine the feasibility of the solutions and the practicality of it.

Four-wheel steering can allow for improved steering response, increased vehicle stability at high speed,
and decreased turning radiuses 3 0 pC Ayo6606Av 'a apC Ay6066A° a+06 a
opposite direction to the front wheels in order to aid in manoeuvrability, whereas at high speeds, the

rear wheels will turn in the same direction as the front wheels but at much steahngles.

Ackermann (1994)models the steering dynamics based on the front axle sifip angle and vehicle yaw

rate, he thereafter prescribes a desired steering dynamic to be tracked. The total vehicle dynamics are

1| Page



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YU

NIBESITHI YA PRETORIA
A~ 4

2ya0Adg00ad6 oy Glipangléis dso tken idtaagcountAfron this e determines for a
zero-vehicle sideslip angle the rear steering angle.

No mention is made of roll reduction using this method only, however it is mentioned as arraidllover
prevention amongst other systems such as Electronic Stability Programs. The cost implication of using a

four-wheel steer system is however expensive, due to the addition of components, linkages, etc.

Anti-roll bars have been part of vehicle suspension systems dating back to 1919, it connects both left and

right wheels on an axle through short lever arms and a torsion spring. The aotl bars increase a
AAAYyOYAgpy A apiald AZoo6dy 0 AtActive prfia pol G én &#ap'a ahd o Y@@ p
roll to a maximum of 2 degree¢Marsh, 2007) Thereafter the stabilizer bar stiffness became variable,

and in 2006 Toyota introduced its Active Stabilizer Suspension system which reduced body roll during
cornering and improved handling and stability.

Aprevious st C da& a+06 60+ o0 0O0Crdhje 816 I8 Ra10ximulagu, Adgsigried;
manufactured and implemented an activanti-roll-bar on the rear of a test vehicle. lth®wed an 80%

improvement in body roll angle on a smooth road during a doutdee-change manoeuvre at 80km/h.

It cannot be faulted that an Activénti-Roll-Bar will indeed be the best solution to reduce vehicle roll

angle however its benefits withregardd p 0py Ao Adadyad yaodogodofind dyodgy

Els et al. (D06) designed and implemented a seratctive suspension system on the test vehiakedin

this study. The suspension system is termed a Four State S&ative Suspension System, 08B . Itis a
hydro-pneumatic suspension system and is discussed furtieSection 2.1.3. It can switch between a

ride mode and a handling mode. The test vehicle achieved a decrease in body roll angle between 61 and
78% during a doublelane-change manoeuvre at 70km/h in its handling mode-ogomgarison to the

baseline vehicle.

| g0+80006 A Opyagbdbyasgpydd pyody O6pd06adbyagdd daapCA
of the driving torque and allows different wheel speeds during cornering. However, when the surface
conditions vay, torque is sent to the wheel with lower adherence, which results in wheel spin and poor

traction of the vehicle. Performance vehicles are equipped with limited slip differentials for this reason,

it will always transfer torque to the slower wheel andlaivs no control over the torque transfer however.

This can result in a rear wheel drive vehicle to oversteer and a front whdrive vehicle to understeer.

2| Page
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Lew et al. (2006)proposes a control scheme using an electronically controlled limited slip differential to
prevent vehicle rollover, the dowsides of such an electronically controlled differential is the

manufacturing and cost implications of such a system.

115 Electronic Stability Programs

In the early 1980s, Toyota introduced an electronic askid control system on a production car. Othe
manufacturers shortly followed course introducing their traction control system. It works on the
fundamentals of applying brakes asymmetrically without the driver applying brakes, done to exert
restoring yaw moments on the vehicle, to allow the driver g@ain control. Implemented using a closed

loop control of yaw ratethe desired yawrate is obtained from extensive vehicle testing.

m

BRAKING FORC

%

Figure 1Handling Characteristics with and without ESP (Wong, 2008)

WITHOUT CONTROL

(b)

Wong (2008)shows in Figure 1 how ESP can assist the handling characterisfiosanl vehicles whereby
in () the vehicle oversteers, a brake force is applied to the outside front wheel to oppose this yaw motion
and in (b) where a yaw motion is induced by braking the inside rear wheel to prevent understeer. It

should be noted that BS does not increase traction, nor does it enable predictable consistent handling

o

asitovera g 6 0A a4+0 Oagagbda A OoOpulidoyo gy padodba ap aodopagoda
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Torque Vectoring makes it possible to control bothe direction and magnitude of torque transfer,
allowing the vehicle to apply a yaw moment on the vehicle. Although more capable on electric vehicles
with in-hub motors, the fundametal benefits can be applied omiernal combustion ehicles. Torque
may betransferred from the slower wheel to the faster wheel and thus create a better compromise

between traction and vehicle dynamic performance.

Sawase et al(2006) mentions that Mitsubishi was at the forefront of the industry by equipping the
C p a 0 &t pldduétien vehicle with an active yawantrol system in 198. They thereafter developed a
torque vectoring ontrol system named SupeAll Wheel Control (SSAWC). SAWC was aimed at
maximizing the capability of all four tyres of a vehicle in a balanced manner and to realize predictable
handling along with high marginal performance. The SWC was used for three forms of control:
1 #pyaapd pao aicalpatiag, ndaidtaidng firm goatactiwith the road surface for
consistently maximal grip.
1 #pyaapad pagda opAa aCadA Adgy adaspA dyo6 Adgy
produced by each tyre are maximized in a balanced manor.
f Controlg6a &a+6 opAa aCaoA 6paod dAAgoyludyaA a=+A,

forces amongst the four tyres.

Yaw moment

Driving force

Braking force Torgue vectoring

Figure 2 Left-right torque vectoring concept (Sawase et al., 2006)
Mitsubishi Motors Corporation (MMC) devised that an ideal mechanism to traasiredcornering be
capable of controlling the yaw moment, thus the torque differences between wheels and rotottyue
distribution. Figure 2depicts the torque transfer, whereby the left wheel experiences a brake force and
the right wheel has a driving force of the same magnitude generated. This allows for the yaw moment to

be controlled directly as desired without being dependent onengine ®A6 pa &a+6 O6agagoda A

or deceleration operations. The benefits of torque vectoring are mainly the enhancement of cornering
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performance by means of tyre load equalizations between the front and rear as well as left and right of

the vehicle.

Figure 3shows an example of tyre load equalization between left and right wheels when the vehicle is
cornering. During the corner, the vertical load on the left tyre decreases and the vertical load on the right
tyre increases, a difference is created betwegn- 6 060644 dyo6 awgo+a C+06060A"
lateral force capability. In Figure @), an increase in the torque will result in the tyre reaching its grip
limit, and starting to slip, thus no cornering improvement is possible. By controlling thevértorque on

the left wheel by a longitudinal braking torque, it is possible to increase the lateral force capability of the
tyre. It is also mentioned that the lateral force can be increased to a limit, however an excessively large

braking force on theéft tyre will reduce the benefits.

Cornering force

Friction circle Driving force Di+D0o=Di "+ Do’

Co=Ci'+Co”’

Cornering inner wheel Cornering inner wheel

Cornering outer wheel Cornering outer wheel

(Left and right tires are each at grip limit.) (Left and right tires each
have cornering force margin.)

(a) Without left-right torque vectoring (b) With left-right torque vectoring

Figure 3 Tyre load equalization between left and right wheels (Sawase et al., 2006)

The methals discissed in this section show that activanti roll bars and controllable gspension systems

can reduce rollover propensity whereas 4WS, LSDs and ESP systems have been mainly introduced over
the yearsto maintain stability. Torque vectoring @ntrol shows a possible improvement in both rollover
propensity and the stability of a vehicle while offering predictable handlifidhe study will thus focus on
torque vectoring control in the form of differential brake based controlt is noted that itis also readily

implementablein most commercial vehicles.

In this study a combined yawate and sideslip angle controller is proposed. The controller tracks the
states of a referenceriear 2 Degree oFreedom (2DOFYyehicle model with fixed tyre/terran interface
parameters.The system will maintairthe actualvehicle statesyaw-rate and sideslip angle,ascloseas
possibleto the proposed desired responses without an excessively large external yaw mouust
without compromising rollover stability The rollover stability is based on a zenmomentpoint rollover
index. The external yaw moment is kept as small as possible in order to let the driver feel supported

rather than overruled.
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1.2 VehicleDynamics
Vehicle dynamics is investigated with regardis inconsistent vehicle handling and rollover propensity.
1.2.1 Vehicl®&lavigating a Corneat low speed

When a vehicle travels througa curved pathat low speeds, such as parking lot speeds, the tyres develop
very smalllateral forces as the tyres roll whout a slip angle.Ackermann (19944escribes the average

front steer angle required for a vehicle with wheelbase L to navigate a circle with radius Rea# in

Figure 4as
;0 (19
Y
5 5;
=
L &
L -~ i
m M
M Tumn
la— 1] Center

Figure 4 Geometry of a vehicle turning at low speeds (Gillespie, 1992)

1.2.2 Vehicle Navigating a Corner at high speed

At higher speedshowever, the vehiclewill experiencea lateral accelerationwhich is the centripetal
acceleration acting towards the centre of thern as depicted in Figurd®. For simplicity, a 2DOmbicycle
model is used to depict thiShe tyresdeveloplateral forceswhich resultsin the centripetal acceleration,

so in order to go around a corner, the tyres need to generate forces.

I

Figure 5 2DOF Bicycle Model turning at high speed
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Where Lateral Acceleration can be defined as:

“ w (12)
° v

In order for a tyre to generate a lateral force, the tyre must undergo deformation. &dthis deformation

is called the tyre sideslip angle as shown in Figure.@yre sideslip angles can also bexpressed ashe
6pb6606a06yoo6 noacCooy o aCao A 6wadoagpy poé 006068y 06 &
develops a lateral force. The tyre experiences different lateral forces for different slip angles and

generally an increase in slipngle results in an increase in lateral force withthe linear aspect of a tyre.

800

Direction
— - of Travel
< 600} Slip Angle {-)
-3
L= -
g 400}
g | JC
= o
£ 200 R
b

c 1 1 L 1 1 ] | i | | 1
0 2 4 6 B 10 12
Slip Angle, ¢ (deg)

Figure 6 Tyre cornering force properties (Gillespie, 1992)
Figure 6alsoshows that at increasing slip anglés, the tyre is capable of developing increased lateral
forces™O, and the slope of the curvé is known as the cornering stiffnesteading to Equation 1.3.
Cornering stiffness fluctuates based on variables such as tyre size, type, width, tread, vertical load and

inflation pressure amongst others.

O 0| (13)
Tyre lateral forcedhoweverdecrease at even higher slip angleghereby saturation occurs angll 3) does

not hold anymore, as the tyre displays nonlinear behaviour.

The cornering equations atigher speeds arenore complex than stated inl(1). Using the2DOFbicycle

model shown in Figure 5 travelling with a forward velocity of V,cornering around a turn andusing
6Capy A Ddohpa& e pyC Coa+ A& -adgle copdiians, ené day andlgséesih A 0 o §

state cornering equation®f a vehicle The sum 6 forces in the lateral direction from the tyres must

equal the mass times the centripetal acceleration.

o~ . . @ (14)
BO 0 O b+
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For the vehicle to be in moment equilibrium about the centre of gravity, the sum of moments from the

front and rearlateral forces must be zero.

Oa Oa m (15)
Therefore
a
o ol (16)
a
Substituting (1.6)into (1.4)yields:
) - a O a « 0 0 .7
U — ~ - ~
Y a P a a
. e (1.8)
°© YT v

Butd —is the portion of the vehicle mass carried on the rear axle thus, therefore the rear lateral

force becomes

W
o s (1.9)
and solving for the front lateral force is:
. w (1.10)
@] ,‘Qo

As mentioned, withlateral forces comegyre slip angles as in(1.3), thus the slip angles can be calculated

assuming linear relationshipgs:

0 © (1.11)
5 QY

| a0 (1.12)
5 QY

Ackermann (1994}tates that from analysis now the required steer anghedegreess:

, Py L o (1.13)
“Y
Which can be described as:
pYUlt ® w 0w (1.14)

2} (1.15)
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From (1.15) one can define thé&ability factor as:

cb_ ® (1.16)
0 0

The stabilityfactor shows howthe steering angle must be adjusted to maintain the radius of a turn based
on lateral accelerationwith regards to the ratio of the load on the front and rear axleBhere are three
main categories with regards to a vehicle navigating a turn, these sihhewn in Figure 7as (Gillespie,

1992)

—————————————— 2x57.35
w0
g
2
< Neutral S‘leer——-—i— 57.3% —
10
O
& versteer |
| Critical Speed
Characteristic Speed | l
0 by

Speed, V

Figure 7 Examples of Understeer vsNeutral steer vs Oversteer (Gillespie, 1992)
Undergeer

—O0 U0 mo| |

® W (1.17)
6 6

This occurs when the steering angle of the vehicle has to increase with speed, the lateral acceleration at

a+0 q0+g0006 A o006yaad pd 6adoagwaC O0OOAAGA a+06 06a
wheels.Therefore,in order to maintain the radius of the turn the vehicle will either have to increase its
steering angleas seen in Figure7, or to reduce its longitudinal speed. Most passenger vehicle
manufacturers design for this outcomes it is more natural for a driver who has lost contréo steer

more into the corner when losing control.

Overgeer

oo, (118)
g

N A e o

due tothe lateral acceleration atthg 6 + g 0 0 6 = A 0, éapsing the sfp@ngke andhe wdr Gheels
to increase more than at the front wheels. The rear of the vehicle thus drifts outwards and the front of
the vehicle drifts inwards requiring corrective steering in the opposite direicin as depicted in Figur&

in order to maintain the radius of the turn or a reduction in vehicle longitudinal speed.
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(1.19)

- - 0] T[ol |
0 (0}

This is whereno change in steer angle is required witlin increase inspeed around a constant radius

turn. The Ackerman angle;——is required at varying speeas shown in FigureZ. The balance on the

o A

a06+w000060 oA AAO+ &+0a a+060 00ad6aold d006006adaspy o6a A
in slip angle at both the front and rear of the vehicle.
Taking the different formsof cornering, a controller should be designed to allow for predictatded

consistenthandling. The most dangerous cornering scenarioagersteerand should be avoidedhus

forcing the vehicle to haveeutral steer or slight understeer.

1.2.2.3 Effect ofateral Load Transfer

Figure 8shows an increase in vertical load on a tyre generally results in larger lateral forces, however
as with increased slip angles, there is a point efeby saturation occurs and the relationship between
lateral force and vertical load is also nelimear. For an axle with two wheels, the static load on each
wheel is generally equal, however when cornering, load transfer occurs between the inner and outer
wheel. The outside wheel becomes more loaded 3w and the inside wheel load reduces

@ 3w . The lateral forces at each wheel will have a combined lateral fo@ewhich is smaller as
opposed the lateral forcé&of the no load transfer case. For a vehicle experiencing load transfer, the net

effect on an axle will be reduced lateral force generation.

3600 [
£ 2700 F
Q
e a
(@)
L
701800'—/
| -
Q
+—
= "
— 6°
5
900_4/
3 ———_—'—"P--_-_
. 2
1O
0 1 @ 1 @ 1 |

0 1800 3600 5400 7200
Vertical Load (N)

Figure 8 Tyre Lateral Force as a function of Vertical Load
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In general, for most cars, the larger the load transfer, the greater the reduction in lateral force, also in
most cars, the load transfer is different for the front and rear wheels. During cornering, the tyre road
interface is highly nonlinear, it is thus crucial to useactual tyredateéda 6 y a 6 A6y adawab6 pd &a<0o
and not a generic tyre modelA vehicle also experienes body rollduring cornering whereby the roll
angle of the vehicle increases/dexases according to the cornefhisalsohas an effect on the loading of

the tyres.

The free body diagram shown in Figure 8epicts the forces acting on a vehicle experiencing body roll

through a cornering manoeuvre. The load transfer can be obtained by:

GO %o (120)
o

(0]

WhereU is the roll stiffness of the suspensiof4dthe roll angle andQ the roll centre height.

Inside o Outside

F.+ Fyo
— <4 Roll
Center
; -
yi yo
t ==
E.

Figure 9 Free body diagram of vehicle roll (Gillespie, 1992)
In equation(1.20), there are two factors that contribute to load transfer, the first being the load transfer
due to the cornering forces which arises from the lateral force imposed on the axle and the second being
a result of vehicle roll which is dependent on the roll dymics and the front/rear roll moment

distribution.

The front and rear axle load transfer due to cornering forces can be expressed as:

o
30 O — (.21)
(0]
o
o 02 (1.22)

However, since the load transfer due to vehicle rolldependent on roll dynamics, the vehicle needs to

be considered as a whole.
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Figure 10depicts the roll axis as a line connecting the roll centres of the front and rear.

Figure 10Vehicle Roll Centres and CG heights(Abe, 2009)

The moment about the roll axis is then:
0 Qi Qt %0 QOE I %o (1.23)
The roll moment can also be expressed as:
0 0 0 0 0 %o (1.24)
Substituting (1.24)into (1.23)and assuming small angles, the roll angle can be obtained as:

ao Q (1.25)
0 ®Q

%0

From this it follows that the front and rear load transfexcan be obtained as:

ao Q )
30 0 - - — "0Q B (1.26)
0] L w Q o]
ao Q .
so 5 002 b 27
L V] wQ 0

The final vertical load on the wheels can therefore be simply obtained by adding or subtracting the load

transfer from the static load on the wheel.

0 O g 30 (1.28)
0 O 30 (1.29)
"0 O j 30 (1.30)
0 O j 30 (1.31)

The vertical loads on each wheel give the potential to use tyre models such as the Pacejka tyre model to

determine nonlinear tyre propertiesand develop a friction circle for each wheel.
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13 Control Focus

This section describes what variables can be controlled usiogjue vectoring control to allow for

predictable handling ando reducethe rollover propensity.

1.31Yaw Rateand Side Slip Angle

Yaw rate andsideslip angle form a major componenof vehicle lateral dynamics. A largecrease in
thesevariables is a major cause of vehicle instability. Many algorithms have been proposetémtiire

assuming the availability of these variables, however in practiseseare hardly measured due to sensor

R —

costs.

Figure 11Yaw Rate and SideSlip Angle Schematic
Figurelldepicts thatag 6 + 8 0 0 6 © A C 8 & rotatidriaboutahA zagis; vehichasdligedtly related

to the lateral acceleration of the vehicle during a cornerintanoeuvre
Gillespie (1992}ktates the yaw rate of a vehicla cornering as:

. Py a (1.32)
Y%

Substituting (1.32)into (1.15)and solving for the ratio of yaw rate to steer angégin gives the relation

[ O (1.33)
1 o LW
PO g

Figure 12shows tis ratio is directly proportional to velocity in the case of a neutral steer vehicle,
however for the oversteer case, the yaw rate gain increases to infinity as the vehicle reaches its critical
speed. The vehicle experiencing understeweill experience a yaw rate gain until a characteristic speed,
thereafter the yaw rate gain begins to decrease. The vehicle is thus most responsive in yaw at the

characteristic speed for an understeering vehicle.
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Figure 12Yaw Rate gain as a function of vehicle speedGillespie, 1992)
Sde-slip angle is the difference between the directi@nvehicle is travelling and the direction that the
body of the vehicle is pointing toward#As lateral acceleration becomes present, the rear of the vehicle
must drift outwards to develop the necessary slip angles on the rear tyres as in Figufehe vehicle

side-slip angle can be calculated as:
a (1.34)

W & (1.35)

In Figure 13 it can be seen that the vehicle is in an oversteer position, the vehicle is cornering through a

curve in the general direction of the front wheels, however the body of the vehicle is pointing towards

the inner radius of the curvethe angle between bothsithe sideslip angle.7 +6y & g306+80006" A
acceleration isiegligible,there exists a small sidslip angle within the linear region, and a steering input

will allow for a good yaw ratechange thus good handlingerformance. In emergency manoeuvraghen

the lateral acceleration and sidslip angle are large, a steering input will struggle to give a noticeable

yaw rate effect. In this casetorque vectoring direct yaw moment controlsystens can significantly

enhance the handling performance asentioned in section 1.3.6.

e ———— Slip Angle
Course Over
Ground

Figure 13Visual Demonstration of Side-Slip Angle (Racelogic, 2015)
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On dry roads, vehicle control is lost at sid#ip angles greater than ten degrees, however on snow, vehicle
control can be lost at sidslip angles as low as 4 degre€gan Zanten et al., 1995)/ehicle stability
control should take bdt variables into accountor this reason.Van Zanten et la (1995)mentions that it

is necessary to control the sidglip angletogetherwith the yaw motion of a vehicle in order to maintain
the stablity of the vehicle due to thenstability of vehicle motion at the vehicléimits. The instability is

brought about by decreaskcontrol of the yaw moment alarge sideslip angles.

Abe et al. (2001used experimetal validation of sideslip estimation to investigate the effects of side
slip control by usingDYCon stabilizing vehicle motion. It was proved that sieslip control by DYC
stabilizes a vehicle Anotion better than 4NS because the vehicle loses its stability due to the
deterioration of rear tyre characteristics. It was also noted that sidip control is superior to yaw rate
control in compensating for loss of stability due toonlinear tyre characteristic§Abe et al., 2001)This

was however proven for a passenger vehicle and not for an SUV type vehicle.

Many corventional systems forvehicle dynamicscontrol operate on the basis of many simplifying
assumptions, such as constant longitudinal velocity, small steering angle and a smalisijglengle.
However, in this dissertation assumptions are avoided and actual vehicle measurenagattaken into
account.It should be noted that, by improving vehicle handling, a vehicle can be susceptible to a higher

rollover propensity. For this reason, roll prediction methods are investigated.

13.2 Types of Roll Prediction

There are various rolprediction methods available, however very few are generally effective measures.
Three methods are discussed here, showcasing the benefits and pitfalls, a Roll Index method is selected

based on the benefits of such a system.

4+6 3320490 33a0fps0oaC &d0apa wA 4+06 gbdb+@0006 A A
above the groundWalz, 2005)

YYOQT (136)
This method usesimple experimental neasurements. Tests such as thdespull test, whereby a vehicle
is connected to a cable at its centre of gravity and pulled until the vehicle rolls, thereafter wheel force
measurements ag usedto determine whenrollover occurs Otherexperimental tests include the tiit
table tests and the centrifugalests. Despite the static stability factor relatingrell to rollover rates
according to the National Crash Databasdbere are cases whereby the static stability factor was

mimicked to gpear better using simple suspension variation@Valz, 2005)
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The sum of vertical force on the right side and left side of the vehicle are usedetermine the load
transfer occurrence. Avalue of 1 or negative 1 for LTiRdicates when all the load is on one side of the
vehicle andwill represent the vehicle rolling overThis is calculated by:
0 O

O 0

Other empitical methods include the time to rollover metric, lateral acceleration threshold, threshold roll

0 "YY (137
angle. The downside of these methods is tteguirement to calculataneasureanents which are hard to

measure(Tsourapas et al., 2009)

Lapapong et al. (201Yroposes his methodand states itis different to theLTR method. The ZMBoes

not require the tyre forces to be measured nestimated butuses the contact polygon of the vehicle to
predict wheel lift and can be used on both flat and banked surfaces. The ZMP algorithm has been used to
predict skidbeforeroll conditions of a vehicle,based on varying vehicle speeds, parameters and

environmental conditions.

The zeremoment point is defined as the point on the ground where the summation of all the tipping
moments act on an object, from &rnal and internal forcesequd to zero. The bject will remain in
dynamic equilibrium if the net force vector of the object to the ground acts within the contact polygon of
the object to the ground. The force contact point is simply the location where the net moment on the

object from the ground is ero, thus it is named zero moment point. Unlike previous methods, contact

reaction forces are not necessary, the Lagrange l0udad yaosyoeyoad oA AAdO
motion of all objectdn a kinematic chain of bodiesThis means it is possiblé calculate the net moment
OpbyaasgnAdepy po6 680+ ApoC &ap a+6 :-0v )6 &a+0 gob+o
polygon, the vehicle will roll over.

)y aoé6auA pd apoadpagda yapyoyAgadtpolygondadynaficnepicc <6 060
6 a+060 086&a6adod0 ypAgagpy po6 &a+6 :-0 oA pAaAAsb6d po a-
C+060060 0pda 0y0 oA OpyAwso66ado AyAdaoooCv 4+&® 6o8Aadyo

is a direct relaton to wheel lift.
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Zero — moment point

Figure 14ZMP on a kinematic chain of bodies
As depicted in Fjure 14 the centre of mass of th&€¥Gbody relative to an inertial frame©@XYZ) is located
byi , assuming that thé(¥@body of the kinematic chain has a mads, an inertia tensorOabout its

centre of mass, and moves with a linear velocitylof linear acceleratioriy, rotates at an angular velocity

1 and anguar accelerationof v $ ! 0oiuficaa A yagyoeyad AadaoA
is

0 [ I ) ‘P2 19 0o [ I o G ) (138)
Vectorn i i, withi being the position vector of the ZMPf the pand bcomponents of the

moment equate to zero, #n point A becomes the ZM®When applying the ZMP to a vehicle however,

the sprung and ursprung mass are considered using equatibr39
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Figure 15ZMP on a Rigid Vehicle Model

4+06 0d0aodaoln 0podaepnPomtdande egplessgdas:do - A : 6ap - p
o a QbE—OE% "OA% % s ¢Q

G "OA% % S ¢ Q O ¢'O
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¢'0O O ONAITca QOéHAT % OAB %o

b OA% % & 8
This methodis computed as the vehiclesllover index due to its reatime implementation readiness in
simulation and eperimental work.Yoon et al. (2007)proposes a roHover index as a contrdér input to
a Vehicle Stability Control (VSC)scheme The VSC scheme sets a desired-mler index, from which a
desired yaw rate can be determined in relation to a desired lateral accelera#iosimilar scheme is used

however as a soft constraint in $&on 3.3.

Conclusion from Literature Study

This literature gudy discussed a vehicle navigating a tuwith the focus on the vehicle dynamiadong

with tyre characteristics. It is noted that a tyre should be used withits linear region for good lateral
force generation and to providstability. The relatively new torque &ctoring control method has been
identified as the most beneficial to allow for predictable consistent handling while reducing rollover
propensity. The yaw rate and sidslip angle areimportant measures thatcan becontrolled from
exceeding tyreroad thresholds. Roll detection models are discussed and their implementation on a

stability system appears promising.

18| Page



@ sy
#+0V EY 058 0 U 0 YD ( P BEDESITHYO U O
BUANBAGP Y

This chapterdescribes the vehicle platform used for this study. A detailed description and validation

simulation model is provided, as well as the experimental setup used.

2.1 Vehicle

The vehicle platform used for this stydis a Land Rover Oender 110 as seen Figure 16

Figure 16 Land Rover Defender test vehicle

2.1.1 Simulation Model

Parameters of the vehicle model have been experimentally determinetfay (2006) The vehicle has

alsobeen the subject of numerous research projects at the University of Pretoria.

The full vehicle model is developed in Automatic Dynamic Analysis of Mechanical Systems (ADAMS)
software. The tyres vertical dynamics and load dependent lateral dynamics are considered in this model,

thus it is possible to verify the load transfer during a cornering manoeuas mentioned in 8ction

1.2.23. The vehicle body has been modelled as tigid bodies connected along the roll axis at chassis

height by a revolute joint and a torsional spring. This was done in order to better capture the vehicle
dynamics due to body torsion in roll. Bump and rebound stops are modelled with-tie@ar splinesas

force elements between the axles and the vehicle body. Suspension bushings are modelled as kinematic
UpoyaA Cga+ adpaAgpydd Ayapgyod 0+-0ad0adasAiagoA a+da

characteristics.
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Figure T presents a grapical view of the simulation model, it consists of 15 unconstrained degrees of
6adoo66piu’ wf Upaesyd yoaaA  Ay+060agodod UpgyaA' s aod
by the steering driver. The vertical tyre force is measured on all tye all times. If a tyre looses contact

with the ground, the driving force applied to the vehicle will be diminished until tyre contact is made

again. The MSC ADAMS model is used irsgaulation with Simulink. Inputs to the ADAMS model from

Simulink arethe steering angle, velocity and drive torques. This allows control over the MSC ADAMS

model.

Figure 17Graphical view of vehicle Modelled in ADAMS

2.1.2VehicleTyre

The tyreroad interaction is complexas mentioned m Section 12.2.1 with various nonlinear

relationships. The tyre used in this study, namely a Michelin 8 All Terrain Tyre has been
parameterized and validatedt the Vehicle Dynamic Group byosch et al. (2016)Jsing FTire, he non

lpgyo6da 0(00a6ad0 0O0paod esh ajgleltian bedseed that theredfact ediisista a Ca 6 = /
linear region where the lateral force has a directly proportional relationship to the sglp angle in

Fgure 18
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Figure 18 Experimental and FTire Simulated Tyre Model of Michelin LTX2 tyre s (Bosch et al., 2016)
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The simulation model makes use of the FT{iielexible Structure Tyre Modelnodel whichis a structural
dynamic approach at a tyrenodel, and is represented by a full 3D ndimear in-plane and outof-plane

tyre model. It is superior in terms of realizing tyre forces on roads with short walemgth obstacles, thus

it is better for off-road tyre dynamics. It was initially developed rfavehicle comfort in mind, however
performs just as well as other tyre models in handling scenarios. A flexible ring is used to describe the
tyre belt, that can flex and extend in the radial, tangential and lateral directions whilst the cornering
force isdetermined from the interaction of both the road and the bdtallmann and Els, 2014)This

tyre model is used for validation purposesd to see a correlation between simulation and experimental

work. FTire has high computational requirements and thus cannot be used in real tforecontrol

purposes

2.1.3VehicleSuspension

Four StateSemiActive Suspension Systen8

The Test Vehiclés fitted with a semi active suspension systeteveloped and implemented ks et al.
(2006). The system is @ state semi active hydrgneumatic suspension systeas mentioned in Section
1.13. The suspensiorsystemhas spring and damper characteristics that can be varigtbwing the

vehicle to switch betweemide comfort and handling its setup is showrin Figure 19.

Valve 3 (2 state)

Valves closed — “high"spring rate
Valve apen - “low” spring rate

Accumulator 2
Accumulator 1
Damper 2

Damper 1

Valve 2 (2 state) l

Vakve closed - “high’” damping / Valve 1 (2 state)

Valve open —“low” damping Valve closed — “high"” damping
Strut

Valve open - “low” damping

Figure 194S, Suspension Setup
High performance vehicles are known to be uncomfortable yet possess impressive handling dynamics.
This dilemma is solved usinthet3 AAAYy o6y Agpy ACAao6iu C+p0o+ 00y OdO6UAAA
and be automatically controlledModels of the suspension have been created which can be used to predict

vertical forces using suspension deflections and velocities.

,63a06a00 O@gAyudooudya poé o8 abdb+g0o0G06 A 0b6yaad poé o6ada
to lateral load transferas mentioned in Section 1.2.2.8hus a stiff sispension setup will be usetbr

testing to preventrollover during any manoeures.
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2.2 Vehicle Instrumentation

The vehicle is connected taumerous sensorgs seen in Figure @ Devices used for measurement and

Torque Vectoring Control implementation anmentioned here.

DGPS Radio Receiver

Dual Lock Satelite B
Dual Lock Satelite A
( B,

ABS Modulator

Pressure

\Tbox DSpace  IMU Actl;:r’? > Transducers

Angle Sensor

@)

Pressure
Transducers

T

Figure 20 Test vehicle with measurement devices
The vehicle parameters used for Torque Vectoring control and validation purposes are summarised in

Tablel

Table 1 Vehicle Input Output Devices

Parameter Sensor Purpose
Vehicle Position Validation
Vehicle Speed Validation and Control

Longitudinal, Lateral, Vertical
Validation and Control
Acceleration

VBoxa3i

Pitch Angle, Rate Validation and Control
Roll Angle, Rate Validation and Control
Yaw Angle, Rate Validation and Control
Side-Slip Angle Validation and Control
Steering Angle Celesco Potentiometer Validation and Control
Brake Pressure Wenkei Pressure Transducers Validation and Control

Brake Force Dunkermotoren Actuator Control

Pressure Control WABCO ABS Modulator Control
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2.21DSpace MicroAutoBox

The MicroAutoBoXMABX)is a reattime system for performing fast function prototyping. It can operate
without user intervention, just like an electronic controlnit (dSpace, 2017)or thisreason,it is used

in industry for many different rapid control pototyping applications.The VBox3i data is sampled
through a CAN interface whereas other sensor measured data such as steering angle and pressure

transducers are measured using analogue channels.

The advantag of using the MABX is that the same Simulink programs can be used in simulation and

experimental tests by simply replacing the ADAMS simulation block with the sensor inputs and outputs.

Digital to Analog

Vehicle Sensors

(Steer Angle + Analog to Digital to Voltage Actuator Inputs
Pressure
Transducers)
Vbo.x Sensor ABS Modulator
Signals CAN Digital to Analog
to Voltage

Figure 21Block diagram of data acquisition and control
2.2.2\VVBox 3i
The VBox3i is a high accuracy high sampling frequency GPS system using both GPS and GLONASS. The
VBox3i can be integrated with an IMU providing 40cm, 95% CEP positional accuracy and providing
addtional measurements such as vehicle acceleration. The VBox3i can also be used in combination with
a DGPS base station to provide better positional accuracy down to 2cm and additional measurements
such as roll, pitch and yawlt is used in combination withthe DGPS base station for this study for
optimum accuracy(Racelogi¢c 2017) The sample rate of data tresfer is however limited to 10Hz
whereas the amlogue sensors can reach 1000Hz. This effects the control aspect as any predictive

controllers need to take this delay into consideration.
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2.3Manoeuvres

In order to evaluate whether the system provides improvements, standard test manoeuvres are used.

2.311S038881 Severe Double Lane Change

The I1ISO38881 Severe Double Lane Chargmn determinevehicle manoeuvrability, especially due to its
sudden change direction, this will show vehicle loading behaviour as the load transfers from e

of the vehicle to another. The vehicle returns to steady state in the middle of the manoeuvre and consists
of multiple changes in direction. Itd therefore an ideal tst to evaluate the path following capability at

the limit of rollover. The specificationsf the double lanechange track are shown in Figure2and given

in Table 2, where the widths are a function of the vehicle width and the lengths are fiadl total 125

meters(Standard, 1999)

.

Figure 22 1SO3888-1 Severe Double Lane Change PattStandard, 1999)
In Figure 2, 1 is the drivingdirection, 2 is the lane offset, and 3 is the width, the dimensions teulated

below in meters.

Table 2 1ISO3888-1 Section Descriptions

Section Length Lane offset Width
4 15 - 1.1 x vehicle width + 0.25
5 30 - -
6 25 3.5 1.2 xvehicle width + 0.25
7 25 - -
8 15 - 1.3 x vehicle width + 0.25
9 15 - 1.3 x vehicle width + 0.25

The test will be computed at increasing speeds to determine when the vehicle requires an active system

to interveneand regain vehicle control.
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2.3.21S0O 38882 Severe Lane Change/Moose/Obstacle Avoidance Test

The Obstacle avoidance test is designed to provide a criterion to prove the tilt stability of a vehicle. The
vehicle enters the manoeuvre at an entrance speed, thereafter the accelerator pedddased, and the
vehicle travels through the manoeuvre in powaff mode. The test is used to avoid sudden overreactions
of the vehicle(swerving) (Standard, 2011)n this study, the test is slightly modified and the vehicle will

navigate the path at wide open throttle in comparison to poweff mode

A =11 x Vehicle Width +0.25 m
B= Vehicle Width + 1.0 m
]
2w, e . B
(6.6 ft) Entrance e il e S
Speed \ - - > Path of Vehicle
Recorded o2 oS <
4 = " ~
F RS
______ 2.75m ~
----------- (9.0 ft)
|‘ 12m T 135m 4 1lm 5 125m ’
(39.4 ) (4.3 ) (36.1f9) @1.0f0 (39.4 )

Figure 23 Modified 1ISO 3888-2 Modified Obstacle Avoidance PathStandard, 2011)
The test is shorter in compasion to the Double Lane Change 1SO 38B&he vehicle stays in continuous
transition, and the vehicle does not return to a steady state#nering statein the middle of the transition.

The benefit of this test ishat lower vehicle speeds are required tmsettle the vehicle.

2.3.3 Constant Radius Test

The constant radius test evaluates the steady state cornering of the vehicle often found in normal driving
conditions. The constant radius test can be used to determine #tability factor of the vehicle, vhich

will determinewhether the vehicle undergoes neutral steer, understeer or oversteer. The measurement

bd &4+06 q0+0000 A (003a06ad00 -AooPUdFdaEsPpRAPOAAIGOASYLTAES,
rate will help develop a good understandingf vehicle behaviour. A active system such as torque

vectoring should allow thevehicle to follow the constant radius without reducing or increasingeth

steering angle significantly by forcing the vehicle to possess neutral or slight understeer.
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2.4 Validation of Vehicle Simulation Model

2.4.1Full Vehicle Model Validation
This study is primarily concerned withvehicle lateral dynamics, therefore the model will only be
validated for lateral motions including body roll. Experimental results are compdito simulation results

during a Double Lane Change (DLC) manoeuvre in accordance to 1ISO-B&88salidation.

CG Displacement
05
Adams Simulation N
ok Experimental GPS Coordinates
N \ // /
F N\ \ /
0.5 . \
\ /
\ /
-1r \
\
\\
E.1sf \
) \ f
b /
2 \
® -2 \\\ ’j’
- \ //
\ /
\ /
25} \ //
5 \ 1\ /
\ \ /
3F A /)
35
" I . I I . . . I I I ]
90 100 110 120 130 140 150 160 170 180 190 200
Longitude [m]

Figure 24 DLC Trajectory
2.4.1.1Procedure
The DLC is performed at various entry speeds experimentdhy, vehicleis driven at wide open throttle
against the governor to ensure minimum loss of speed through the manoeuVhe measured steering
angle and vehicle speed are used as inputs into tiAMSmodel. The simulation results are compared

to the experimentally meaured parameters to determine the validity.

2.4.12 Validation at 5xkm/h through DLC

Validationinputs in Fgure 25 indicate an entry speed of 52km/iT he vehicle speed is filtered to remove

high frequency noise and thereafter inputted into the simulationodel.

Vehicle Speed Vehicle Steer Angle

Speed [km/h]
Steer Angle [Degrees]
: o

Time [s] Time [s]

Figure 25 Speed and Steering Angle Inputs to Simulation Model through DLC at 52km/h.

26| Page



£
@ UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
PN\ YUNIBESITHI YA PRETORIA
Correlation between experimental and simulated measurements for displacements, velocities and

accelerations are shown in Figureés20verall a good correlation is observed.
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Figure 26 Correlation of measured parameters through DLC at 52km/h.

2.4.13 Validation at 65km/hthrough DLC
Figure 27 shows the vehicle speed and steering input, which was obtained from measurenatBskm/h

and inputtedto the simulation model. Figure  shows the measuregehicle parameters correlatioto

the simulation model.
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Vehicle Speed Vehicle Steer Angle
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Figure 27 Speed and Steering Angle Inputs to Simulation Model through DLC at 65km/h.
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Figure 28 Correlation of measured parameters through DLC at 65km/h.
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Good correlation is foungdhowever it is noticed that the bdy of the simulatedvehicle rols more easily

than the body of the test vehicle. This is due to friction at the joints, connection points and seals that are
not modelled in the simulation model, because the characteristics of these joints and connections points
are unknown.It can be seen that therexistslarge amounts of high frequency noise on tegperimental
measurements obtained fronvBox3i. The VBox3i wasetupfor side-slip angle measurement, thuthe

roll angle measurementvill be clearerif setup for roll angle measrementas seen inBotha, 2011)

2.4.2Brake Torque vs Brake Pressure Relation

A relation is required for experimental brake pressure to brake torque, this is because in simulation the
vehicle receives a brake torque whereas in reality, the brake torque is applied via a brake pressure input.
The test vehicle is fitted with Disc Brakeon all four wheels, a typical marer in which to determine the

relationship between Brake Pressure and Brake Torque is describeBumlynas and Nisbett (20083s:

Y n Qi Q— 2.1

Where the parameters—andi represent the radial angle and radius respectively. The maximum
allowable pressure on the inner radius is representedrpand’ s the coefficient of friction between

the brake pads and disk brake$able3 indicates known brake disc parameters.

Table 3 Brake Parameters

Inner Diameter Outer Diameter Radial Angle
Front Brakes 0.1m 0.149m 65J
Rear Brakes 0.1m 0.149m 35]

In order to determine the relationship between brake pressure and brake torque, a Wheel Force
Transducer(WFT) was instrumented on the vehicle and brake tests were perfornmféigure 29 shows a

linear fit applied to the Brake Torque¥sBrake Pressure.

A linear fit was found of the form:

Y oc@n (2.2)
Assuming uniform wear or uniform pressure and solving for the coefficient of friction between the brake
pads and brake discs, a value of 0.378 was achieved. This falls within the average range of 0.35 to 0.42

for standard brake pad5 / 4 Ep C g 0 ¢ addsendgias validatienof the result achieved.
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Figure29 shows the brakdorque linear fit plotted against actual brake torquealues achieved.

2500 T T T T T
%  Torque vs. Pressure
Linear Fit Torque = 26.2 * Pressure %%
*
2000 bl
*
*
’é‘ 1500 - * B
z
q) *
> *
2 1000 - * ¥ J
*x
*
500 - bl
O Il Il Il 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Pressure (Bar)

Figure 29 Brake Torque vs Brake Pressure Linear Fit

Conclusionof experimental setup andvalidation of vehiclesimulation model

In this chapter thetest vehicle is setup anthe simulation model is validated against experimental data.
Despte small discrepancies in theimulation model, it can overall be trusted to mimic the dynamics of
the test vehicleManoeuvres are also mentioned which can detenaithe benefits of a potential torque

vectoring active control systemThe main input of torque vectoring is validated by means of a WFT to

determine the relationship between brake torque and brake pressure.
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This chapter will discuss two methods commonly usedyiaw rate and sideslip angle ontrol, namelya
Linear Quadratic RegulatofLQR) developed byMirzaei (2009) as a reference controlleand a Model
Predictive Contrder (MPC)developed herePark et al. (2001)and Zheng et al. (2006)proposed tha a
LQR approachcould be used in order to improve vehicle stability as well as handlifipis lead to a
predictive optimal yaw stability controller based on a linearized vehicle mdoleihgdeveloped byAnwar
(2005). The drawback was that thessolutions workedwell in a simulation environment, however were
not suitable for experimental testing due texcessive computationgdrocessing requirements such that
online numerical computation was neededt was noted that & analytial solution was presented for a
similar optimization problem byEsmailzadeh et al. (2003)This allowed for experimental validation of

an optimization-basedcontroller becausét was solvable inreal time.

Yaw rate and sideslip anglecontrol is investigated here with the aim of experimental implementation

on the test vehicldy using an analytical solution to an optimization problem

3.1VehicleReferenceModel

As previously discussed, vehicle handling is not consistent and due to the effect of load transfer gets even
worse. In order to have a more consistent and better handlvehicle, asimple vehiclemodel is used for
the modeldesign, in this case a conventional linear 2DOF bicycle model is selesttewn inFigure 3.

The controller will track the responses of this bicycle model in order to maintain consistent handling.

Figure 30 TWO-DOF Bicycle Model
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Using abbreviated notation, istate space form, governing equationslating the sideslip angle and yaw

rate as a function of steering angfer a linear vehicle model are defined yVong, 2008)as:

I ® O 7 Q
A I (3.1)
where
o] o] i 00 00 i 06 00 i 006 00
@ ST ‘T ao P < 0 ‘T
co . cb o
o 0
avov (0]

The transfer function from steering input to the sidslip angle and yaw rate is derived from the state

equationsas
T . p Yi
0T o, (3.2)
P o i o |
Mo . p Vi
I AR N 53
P o o |
where
o Q® QW iy Q O Q0 QW Hy Q
(0] Qw Qo (o] Qw Qo

The linear vehite model is considered stablefifie value ofO is positiveas™Y is alwaysnegative. This

means that

a 0L ™ (3.4)

Where is the stability factor asmentioned in section 1.2.2 given as:

a 0 0 .
@35 3 (35

A positivevalue of0 shows an understeer behaviour, generally a more stable vetdcld a zera) value
shows neutral steerThis is how the vehiclés controlledto depict consistent predictable handling and

avoid the oversteer scenario.
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In order to increase vehicle shality, Mokhiamar and Abe (2002proposed a modification to the yaw rate
response, changing it from a second order &ofirst order model. The reasoning behind this was that
when sideslip angle converges to zero, the yaw rate response can be reduced to just a first order lag.
This is expressed in Equation (3.6).

ri, P

T Op ~ (3.6)

Equation(3.6) explains the transfer function between yaw rate and steer angle wh#eis the gain and
"Yis theyaw rate time constantelay wherebywhen Y is small it represents a fast response and when

“Yis largeit represents a slow response.

In order to take different surfaces into account, eoefficient of friction of the surface ismtroduced. This

allowslimitations on the linear vehicle modeindis derived from the relatonship to lateral accelerations.
w 0 0T (3.7)

U is the lateral velocity, thushis results in the steadystate yaw rate during constant cornering as:

“ 38)
T |
Limiting the steady state yaw rate from exceeding the maximum road coefficient of friction, the steady

state yaw rateshould satsfy:

" 3.9
s 3 (3.9)
The steady state yaw rate cdhus be expressed as
r "0 01 3.10
a Qo (3.10)
The desired eady state yaw rate ifimited to a value abiding to the tyre/road conditions by:
Ol Q%D s v
F Lo, e (3.11)
FI Q (T ETI LA Q
The steadystate vehicle sideslip angle is obtained hy
f o) (3.12

There is a linear relationshifpetween the teady-state sideslip angleand steadystate yaw rate

f I "Q (3.13
Where
0 0dav a1
0 ¢ (319

Where Qis the ratio of the steadystate values of sidslip angle to yaw rate

33| Page



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(OE

The desiredresponses depicteth Figure 3L show that the model could work on rough/lower surface
coefficient terrain despite only being used for smooth terrain in this studyhe vehicle reference model
received a step steer input, this results in a positive desired yaw r#te, maximum road coefficient of
friction is manipulated to show the outcome for ‘aof 0.4 and 0.8. The desired yaw rate is similarly
halved for the lower . From (3.13)the desired side slip anglis a function of the desired yaw rate and
shows a negative yetrsaller magnitude to the desired yaw rate, however sharing a similar shape. Due
to their state dependencythe desired sideslip angle is thus limited by the tyre/road interaction as the

desired yaw rates.

Vehicle Steer Angle Vehicle Desired Yaw Rate
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Figure 31 Desired Vehicle Model
These desired responses ensure the vehicle will depict neutral or slight understeer based on vehicle
parameters and are used as the reference model to be track&e. structure of the vehicle closed loop
system is shown in Figure 32/ehicle states are sent from the simulation model or actual vehicle to the

controller. The controller sends a control signal to the vehicle to obtain the desired vehicle behaviour.

Driver Inputs

s,V
— Mz | Vehicles15p0F | P¥
— Controller .
vehicle model
Feedback

Figure 32 Controller with Feedback

34| Page



&
<

ﬂ UNIVERSITEIT VAN PRETORIA

S UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA

A\ N 4

3.2 Linear Quadratic Regulator (LQR)

A yaw rate contrder was developed by a predictive optimal approa@¥irzaei et al., 2008) The same
approach was used to develop a sidip control type of DYQEslamian et al., 2007)A complete LQ
optimal problem is formulated to track the proposed desired models for both yaw rate ade-slip angle
(Mirzaei, 2009). In this study, the work of(Mirzaei, 2009)is implemented asuggested without further

modification as a baseline stability control system.

3.2.1Control System Design

A performance indexd formulated which penalizes thacking errors, in this case sidslip angle, yaw

rate and control effort.

VI o1 1 or T 00 QO (3.15

Where0 ) and0 are weighting factors and must be tuned accordindty the sideslip angle error,

yaw rate error and controller effort respectively andl represent the desiredgideslip and yaw rate
responses to be tracked as formulated in Sectiona&hil the subscripiQrepresents desired responsé

is desired to have a performance index as small as possible. A small performance index means the vehicle

tracks the desired states as close as possible with a smalirobeffort input.
The linear 2DOF vehicle model discussed earlier is used to design twenyament controller as:

» 0w O 67y (3.1

where

T -

Q hY 0
Q pIO v

R N R ¢ R -,

With the yaw noment (0 ) considered aghe control input and the steer angle being aexternal

disturbanceto the systemThe performance index in (3.15) is rewritten based onX¥3 matrix form as:

0 g 8 8 0 & YYWo (3.1%
where
o Y TR o
Tt V]

The Hamiltonian function is given by:

= 28 8 0d O g*Y'Y*YG Od O] 67Y (3.18)

wheredD 1 n are the Lagrangian multipliers

The costate equations are

0 — DLW ® 00 (3.19
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The relaton that needs to be satisfiealgebraicallyis:

1= N oz
— YT ' 3.20
L YY 6 0 (3.20)
Thus,
Y'Y 60 (3.2

Substituting (3.21) into the state equatiofB.16)results in the state and catate equations

® o O6Y 6 & Ul (3.22)
0 U] 0 0 oW
Instead of determining the transition matrixo solve these linear differential equationsthe matrix P

can be written inthe form:

0 V&Y (3.23)
Whereby the matrixd  is symmetric and satisfies the Ricatti equation

0 Vd 80 O VEY 60 (3.24)
and

'Y 6 06Y 6 Y 0O 0O (3.29
With the boundary conditions being 0 mand"Yo TL. Substituting(3.23) into (3.21), the

control input is obtained as:

Y OY 6 0 Y (3.26)
This equates to the control inpub  being:

p Y 7 ’

The first order differential equations(3.24) and (3.25) are numerically solved backward in time to
determine the control law gainsFor an infinite horizon problemp  Hband considering it as steady
state the derivative®f 0 and™Yvanishthus0 mand "Y Tt Therefore,non-linear algebraic equations
cannow be obtained. Expanding these equations, independent equations are obtained to determine the
elements of the symmetric matrix) . The equations can be solved analytically to determine the values of
"0 AQ and™Q with the weighting factors0 i) and0 for the yawrate error, sideslip angle error

and controller effort respectively The different control types of DYC are examinduy changing the
weighting factors on the control systenThe weights used in this study are shown Trable 4 It should

be noted that only independent control of each variable was suggebiellirzaei (2009).

Table 4 LQR Weighting Values

B [ _H_ 0
Yaw rate Control Type p T p Tt
Side-slip Control Type s p T p T
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3.3 Model Predictive Control

A Model Predictive Controlle(MPC) was chosen based on its ease of implementation, systematic
handling of constraints, multiple variable control potential and feed forward ability to make good use of
future target information implicitly such as the ability to incorporate constraints exptly to determine
optimum solutions. The corrective yaw moment is determined by MPC based on two variables, namely
the yaw rate and sideslip angle however theoll index provides a bounded desired yaw rate which the

controller adheres to by transitioningo the new desired value.

Taking the sideslip angle and yaw rate as state vectors, the state equations for the model may be written
in standard state spacrm as

w owoo (3.28)
where

m .

N O O . w

r
The control inputé is the yaw noment (0 ). The state space equation can trensformedto discretize

state space equations for digital control as:

OQ p d60Q 607 (3.29
The subscript f is used to highlight discretized valuesking thedisturbance into consideration, namely

the steering angleequation3.28 becomes

wQ p d60Q 6067 0O Q (3.30)

where
« w . Q
o] oho oho 0

In order to enforcethe rollover index, the yaw rate limit corresponding to a desired rollover index is
66adaltegybov &apu 300aegpy wvéevave  %AAdadegpy " wvei”
corresponding yaw rate limit. It is not written here due to its confgxity.

This yaw rate limit is then added as a soft constraint on the yaw rate state as an exponential decay

approach such that

rQ o Q G (3.3)
where m represerd the margin of error allowed.This approach was used to prevent tleentroller from

settling to the unbounded solution but to adhere to the soft constraint as much as possible.

The steering angle disturbance provided to the system can potentially be predicted using machine
learning based on GPS path tracking, or neurologésponse theory. However, for the purpose of this

study, it is assumed tdnavea zero-order hold for the preview horizoni.e. constant
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Thestate error vectorson the tracking error for time steps 0, 1 and 2 appear as:

IOT O
3wp Owm dom O M W (3.32
aw¢ Owp O606p O 1M
3W¢ OoOwm o666mM O66p OO0 M O M

This results inthe following recursive patternstate error vectorgfor the prediction horizon of N steps:

30 O T E E E n o
30~ &0 & . 0 T E E éx. O0p A
S A [ 5 - E 2Oy ey
o - 30 - Z:O:d) A 00 ) 7:[ - €x 2 0¢C -~
GEN HyEsz O € E E I & & &
g 8 & B B E m é
3300 g5 g @0 6 O O E 090 06458605 poO
T (3.33)
' W
vy 9 & p
w0 O0& & g0y
AR A A B
Y e ~ (@1 & oy
&y R 8
00 ow QO
o o
This is representedn matrix form as:
© N KA N D (3.34)
3.3.1Controller Design
Formulation of the optimization problem foro ® 1L The cost functions chosen to be dhe
form:
0 © 0 o w00 o 6 'YoQ
(3.35)

Where J represents the cost function and must be strictly positiaad is subject to minimization In
order to assure a positive cosh, and"Y are symmetric and positive definite matrices, used as weighting

functions in relation with input efforts.

O m E €& Y m E &
mn EE & ~ m E E & =
o = = Y = = ~ Y .
LW E D E ® § EEE (3.36)
6 E E VU 86 E E Y
thus
0 ®Ed YRTY (3.37)
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In order to solve the optimization problem, a quadratic program shall be formulated which can be solved

efficiently using convex optimizationThe requiredquadratic structure of the problem is:

0 g*v Y oY 6 (3.38)

Wherethe sequence of inputdis the opimization variable, namely the gw moment0 . The constant

term 6 is not relevant to the optimization problenas it cannot be varied=or implementation purposes,

the Matrixesd and & have to be foundrom the prediction model Solving for the Matrixes is as follows:
Substituting 3.34) into (3.37) and expandiig until achieving the form of (338)
0 GO0E ®OOOYWOOUD WOHOUOEYYOBOOTYH 0O067Y
| O0d&@ 1 0067 O0D YYYO 0 (3.39)
¢cw 0D ¢d® 067Yed 0D
From equation 8.39) using coefficient comparisont can be seen that
606 Y (3.40)
¢ cod0d6 ¢ 006 ¢ 06 (3.41)
The optimisation problem wasnitially solved usinga quadratic programmingunction (interior point

method), however it wasfound to be prohibitivelycomputationally expensive. fius, a simpler linear

gradient method was chosen as the solvéhe gradient method is implemented in the iterative foras

s YooY (3.42)
This iterative method is used until the following condition imet:
Y Y - (3.43)
The optimal yaw moment sequence over the prediction horizon will bé "Y and as the current

control action,6 Y p is applied.The system is implemented using weight scheduling as follows in
Figure 3. Thevehicle is always in yaw rate control, however when the sigigp angle surpasses the
desired sideslip angle, the sideslip angle weighting is increased based on a s&lp angle error gain

scheduleThis is referred to as MPC Combined in the resultstg@t of this study.

Yaw + Side Slip Mode Wr=1, Wb = 12, Wu = 107°

Yaw + Side Slip Mode Wr =1, Wb = 5.4, Wu=10"?

+25% +50% +75% +100%

Side-slip angle error

0%

Weighting

Figure 33 MPC Weighting
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This Model Predictive Controller is setup for multivariable control, namely the yaw rate and -silile
angle control. It also has a soft constraint on the yaw rate from thlRZ roll index in the form of an
exponential decaying approachhich is referred to as MPC Bound in the results section of this stully
fail-safelimitation is also made on the optimal yaw moment such that it does not exceed 4000Nm as this

is undesirable.

3.4 Brake Torque Differencd®istribution

The optimal yaw nomentacts on the vehicle via the brakes. A yaw enhamcmomentin the direction
of yaw ratewill act on thewheelsclosest to the radius of the turnwhereas a yaw opposing moment
opposite to the yaw rag will act on thewheelsfurther away from the radius of the turnFigure 34 shows
a yaw enhancing moment being applied to tlvehicleturning to the right, whereby the wheeldeing

brakedare circled in red and the wheels not being braked are circled in green.

Figure 34 Test Vehicle undergoing Yaw Enhancement

The optimal yaw moment is designated to the brakes of the vehicle, the brake force on either side of the

vehicle is determined as:

O L P |
61 wavi wQ’YTchOI OO0 ©Q e (3.44)

In order to prevent wheel lockupad + 6 g 0 + @ 0 O 6 méntiodep t Sectivm V22 A & daken into
account thus each wheels individual loading is determined. A friction circle is devised for each individual
wheel based on the vertical loading, and together with an estimated tyre sitiie angle, the lateral force

"Ois determined using a Pacejka fit of thdichelin, 8 parameterised data.

The Pacejkatyre model is usedfor this purpose dueto real time implementation as it haslow
computation requirements. The Magic Formula was proposed(Bwkker et al., 1989}Jo describe the
tyre's handling characteridts in just one formula. The Magic Formula relates the tyre's lateral force vs.

slip angle relationship, which directly affects the vehicle's handling and steering response. The Magic
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Formula isused where théerms are dependent on the vertical tyre loadnd camber angle. The vehicle
used in this study is equipped with solid axles, thus the influence of camber is neglected due to the tyres
remaining mainly vertical. The tyre is able to experience a camber angle due to tyre deflection, this is
however assmed to be small and is neglected.
4+6 aCaodo A UdCwUAU OGpyoosaAGsydld nasduodo opaod oA
assumed surface coefficient.

YOII® O QuHIEOWRT 0 @ @ (3.45)

The brale forcedistribution on the right side of the vehicle between the front and rear tyre is determined:

00l 51 Thdé _@g AR OO0 WM U (3.46)
DO®1 OQNI OIQE Y 6D
61 0w (3.47)

o0l & NAT O® S —aor T oge s o &

0Qi IO YR 61 dVRIQOL 0Qi G iINdaNi OV (3.48)
The desired brake foreis calculated in the same manor for theft-handside of the vehiclelf the desired
brake force is larger than the maximum brake force, the maximum brake force is used. Howeuerto

limitations on the optimal noment, the vehicle shouldever runinto the limitation. It is merely a fait

yb

Ado6 0068aAad6v 4+-06 606Agado naoduod apaAAd oA & BAyOaw

YOO ORI TNE a aYREOMO | (3.49)

3.5Pressure Control

Thetest vehicleis fitted with a standard1997 model yeaWWABCO ABS adulator, the drawbacks of an
ABS nodulator in comparison to an ESiodulator is that the system requires brake pedal actuation. An
ESP Modulator can create hydraulic pressure because the pump can draw fluid indepiynd®m the
master cylinder. In order to get around this drawback, an actuator wised in order to preload the
Up 6 A0 dcEymalatoh priér to each run The modulator is left in the dmp phase whereby fluid from
the master cylinder will flow straightto the accumulator and remain there untéither the ABS pumjr

the pump phase is activated andéhorake pedal is actuated.

Table 5 shows the logic used whereby the ABS pump is only switched on when the error between the
desired pressure and actual pseure is larger than 10Bar. Within the 10Bar region, controlled switching
between the pump and hold settings are used together with an error based pedal actuation until the value
is within 3Bar of the desired pressure. The dump phase is similar with cofig@ switching and error
based pedal release when the error is within the negative 10Bar region and just the dump phase

selected when the error is smaller than 10Bar.
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Table 5 Pressure Control Logic

Error (Desired Pressure ¢ ABS Pump Status Actuator Status Valve Status

Actual Pressure)

Fe»e > | F» ON Engage Pump
Fe»e > | F» OFF Error gain engage  Synchronised Pumyp
U I Hold
e | F» OFF Hold Hold

rrre b >

Fere > | F» OFF Error gain release  Synchronised Dumgp
F»>e > ||=i=> Hold

Fere > | F» OFF Release Dump

Figure 3 shows experimental testing of the system amticates that the ABS pump displayed a delay
of 100ms. It should be noted that the ABS modulator is not designed for ESP usage and is limited to 10Hz

valve switching. Better results can be obtained with modern ESP modulators.

Desired Pressure FL
Pressure Transducer FL
PumpConfiguration 3=Pump 6=Dump 9=Hold

EN
o
T
I

N w w
(&)} o (33}
T T T

1

Pressure (Bar)
N
o
T

i Uy \ / \_/
i VA
0 — I 1
0 0.1 0.2

1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (seconds)

|

Figure 35 Brake Pressure Control
Conclusion of Control Strategy

This chapter shows that the are humerous mathematical methods available to solve the problem at
hand, however some controllers have their advantagasd it shall be seen ithe following section The
MPCwas implemented such that theofl index yaw rate could be added as a boundary on the yaw rate
and scheduled weightingd used to include sidslip control when necessary. Theontrollers appear
similar so far but the added weighting functionalitgnd boundaries on MPC allow it more flexibilityhe

old ABSmodulator is notidealand shows overshoot and slow response, there are newer more responsive

ESPmodulators available thawill be investigated in future work.
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This chaptersummarises the resultebtained from simulation and experimental tests. The analysis will
show how the controllers react to various inputs under different conditions and determine at what point

a loss ofcontrol occurs.

4.1 Simulation Results

Open loop steering input manoeuvres are used to test the performance of the stability control program
without a driver model. This is done to prevent the driver model from altering the yaw moment and
results in easier comparison. The first 5 seconds areviever conducted with a driver model. The driver
model is used to ensure that prior to the actual manoeuvre, where the vehicle is brought up to sfreed,
vehicleis in the correct ettry position to the manoeuvreThe vehicle is accelerated tip a predefired
speed using a large drive force which is thereafter switched over to asfpted ontroller before the
manoeuvre The Plspeed ontroller attempts to maintain thevehicle speed by equal wheel torque

distribution. The speed antroller is limited by the ve- @ 0 @clbievabldongitudinal acceleration.

4.1.1Sinusoidal Wave Steer Input

A three-degree sinusoidasteerinput is used tomimic a scenario similar to a double lane changeherl
vehicle shouldideally return to its original heading directionprior to the start of the manoeuvreThe
manoeuvre tests whether the controller successfully improves stability and rblie vehicle enters the

manoeuvreat 80km/h.

4.1.1.Controller Comparisorwith no roll index limit

No rollover index limitis used atthis time in order to compare both LQR and MPC with one another.

Vehicle Steer Angle Vehicle Speed
T T r

Steer Angle

No Control
MPC Combined
60 - LQR Yaw

LOR Side Slip

Steer Angle [Degrees]
Speed [km/h]
IS
15

Time [s] Time [s]

Figure 36 Steering and Speed Input through Modified DLC
Figure 3 shows thesteer input (left) and thevehicle speedright). The vehicle speediecreass with
control through the manoeuvreas the vehicle applies brakeEhe canparison betweervehicle states for

the LQR and MPC ishownin Figure 3. The vehicle returns to its originaheading direction and the
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controlled states namely yaw rate anslde-slip angleare better controlled withless overshoofor the
MPC controller The MPCcorrective moment is also larger due to the combined control oftbgaw rate
and sideslip angle The roll index ofthe vehicle isslightly smaller using MEE howeverit is noted that
the roll Index exceeds 0.%hich is undesirable. Section.4.1.2 introduces theoll index bound on the

desiredyaw response.

CG Displacement Moment
2r 2500
No Control MPC Combined
of MPC Combined 2000 |- LQR Yaw
LQR Yaw LR Side Slip
LOR Side Slip

1500

1000

E
—_ Z
E z
> £
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10 - =
2k -1000 -
A4k -1500
6 - -2000
8 | | | . . ) -2500 ’ .
-50 0 50 100 150 200 250 300 350 0 5 10 15
X [m] Time [s]
Side Slip Angle Yaw Rate
4 251
No Control No Control
MPC Combined 20 Desired
3+ LQR Yaw MPC Combined
LQR Side Slip LQR Yaw
Desired 15 LQR Side Slip

Angle [degrees]
o e
I
L

Yaw Rate [deg/s]
o

4 25 g
0 5 10 15 0 5 10 15
Time [s] Time [s]
Vehicle Roll Index
1.5
No Control
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LQR Yaw
1 LQR Side Slip
0.5
x
[}
°
£ 0
°
o
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-1
1.5 . :
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Figure 37 Feedback through Modified DLC of various parameters
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4.1.1.2MPC Controller withand without roll indexbound

The previous tests showed an undesireall indexof 0.9 is reachedto limit this a desired roll ndex of
0.6 is choserwith a 0.08 margin of errorallowed.The desired yaw response is now variedded orthis
roll index and he tests are redone to determine the feasibilibf the MPC roll index yaw rate bounded

solution. The same steering input as in Figuré3s used.

Vehicle Roll Index Moment
T 4000 -

No Control
MPC

MPC Bound
Limit

3000

2000

1000

/)

Roll Index
°
° &
L
%
Moment [Nm]

o

-2000 [~

-3000
0

Time [s] Time [s]

Figure 38 Roll Index for Bounded MPC with Sinusoidal Steer Input
The roll index is drastically decreased agenin Figure 38, the index still overshootshe 0.6 limit in the
first turn, but eventually stays within the desired rolhidex margin.Overall the roll index is reduced with
thebound It can also be seen that the corrective direct yaw moment is significantly largesomparison
to the unbounded moment. fAnsition from an enhancing to an opposing yaw momaeaidsooccurs much

faster as the vehicle reaches the desired roll inde»0d.

Yaw Rate Side Slip Angle

No Control

Yaw Rate [deg/s]
Angle [degrees]

Time [s] Time [s]

Figure 39 Feedback for Sinusoidal Steer Input with Bounded Roll Index
Both the yaw rate and sideslip angle trak their desired responses better with the bounded solution.

This shows how the roll index acts on the laterdynamics of the vehicle.
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Vehicle Speed

No Control
MPC
MPC Bound

Y [m]
Speed [km/h]
&

I I I L L )
-50 0 50 100 150 200 250 300 350 0 5 10 15
X [m] Time [s]

Figure 40 Vehicle Trajectory and Speed through Modified DLC with Roll Index Bounds
The vehicle #ajectory showsover-compensaidn during turning, this shows that the tyrescreated a
larger corneringforce and more equal cornering load’he vehicle loses speed through the manoeuvre
due to the larger moment experienced his loss of speed adds to the roll index being significantly

reduced

4.1.2Step Steetnput
This test shows how long it takes for theehicle to stabilize itself by reaching a steady yaw rate and side
slip angle. The vehiclenters themanoeuvreat 80km/h. This test is similar to a constant radius test,

however without path tracking, thus a fixed step steer input is used.

4.1.2.1Controller Comparisorwith no roll index limit
Figure 41 shows thesteer input(left) and controller moments (right). The MPGnmoment is only in yaw
control mode for the beginning of the manoeuvre, thereafter an inclusiofithe sideslip angleweighting

resultsin a slightly larger mroment.

Vehicle Steer Angle Moment
35 T T 1000

’/
|
~
500 [ 4

|

Steer Angle [Degrees]
Moment [Nm]

&
3
5

-1000 [~

05 . L -1500
0

Time [s] Time [s]

Figure 41 Step Steer Input along with Direct Yaw Control Moments
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Without control the vehicle loses control and spins out, wheel lift is also experienced. Theslidangle
and yaw rate of thevehicle are controlled well using MPC and smaller overshoots of the yaw rate and

side-slip angleare experienced in Figure2}

Side Slip Angle - Side Slip Angle

No Control
MPC Combined

p /\ LQR Yaw
0l — — \ ! LQR Side Slip

Desired
No Control -05F A
MPC Combined i
5 LQR Yaw i
LQR Side Slip
Desired

5k
251

20 [

Angle [degrees]
5

Angle [degrees]
o

Time [s] Time [s]

Yaw Rate

No Control
40 Desired
MPC Combined

LQR Yaw
LQR Side Slip

Yaw Rate [deg/s]

Time [s]

Figure 42 Feedback through Step Steer of various parameters
Figure 43 shows that thevehicle A i@dpxdefurns to a steady state with LQR yawuetrol and MPC
faster. The sideslip control weightingAAgy 6 , 12 O0p oAy  aastgrgiddlang delay AA o A
before the system retains control'heroll indexof all the controllerssettle around 0.9 which shows that

the desired response of the yaw rate and sislgp angle is too large and can result in vehicle rollover.

Vehicle Roll Index

No Control
MPC Combined

0 LQR Yaw
LQR Side Slip

Roll Index

Time [s]

Figure 43 Roll Index through Step Steer

47| Page



£
ﬁ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
A~ 4

The vehicle path is shown in Figurel4whereby the vehicle with no control results in oversteer followed

by a spin off, any form of control shows a half circle path with a radius of roughly 65 metres. A small
decrease in vehicle speed is seen with control. The decrease in lateral accelenatiioh is a function of

both the radius of curvature and vehicle speed, shows that the increase in radius and slight decrease in

vehicle speed, allowed for a more neutral/understeer behaviour that improved vehicle stability.

CG Displacement Vehicle Speed
140 80
No Control No Control ~—
120 - MPC Combined MPC Combined
LQR Yaw LQR Yaw
LQR Side Slip LR Side Slip
100 -
80
B
E £
E eof =
> ©
°©
aQ
o
40 -
20
ok
20l I I I | | I I | I
-2 0 20 40 60 80 100 120 140 160 180 5 10 15
X [m] Time [s]

CG Lateral Acceleration

No Control
MPC Combined
LQR Yaw

LQR Side Slip

Acceleration [m/sz]
S

Time [s]

Figure 44 Trajectory and Vehicle Speed through Step Steer
The test is done with roll index bounds on the desired yaate response again in Section}42.2 for the

MPC controller.
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4.1.2.2MPC Controller with and without rollmdexbound
The gep steer test is redone with aoll index tound of 0.6 to determine thdeasibility of the bounded
solution. A margin of error of 0.08 is used on thieound, thedesired yaw response is now varied based

on theroll index accordingly. The steer input is asedin Figure 41again.

Vehicle Roll Index Moment
T

No Control
MPC

MPC Bound | 7
Limit

500 [~

-1000 [~

Roll Index
S
>
Moment [Nm]

-1500 [~

-2000 [~

-2500 [~

-3000

14 L + -3500
0

Time [s] Time [s]

Figure 45 Bounded Roll Index and Direct Yaw Control Moment
A faster transition is seen on theoll index boundedMPCmoment, from enhancing to opposing as the
vehide reaches the soft constraint roll index of 0.8e roll index overshoots and there exists a delay
before the system can decrease th@l index. Figure 4 indicates that the yaw rate and sidslip angle

are within the desired responses due to the roll index bound requiring smaller desired responses.

Yaw Rate Side Slip Angle
a5 05

Yaw Rate [deg/s]
N
S

Angle [degrees]

Time [s] Time [s]

Figure 46 Yaw Rate and SideSlip Angle through Step Steer with Roll Index Bound on MPC
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Vehicle Speed CG Displacement
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MPC 120
MPC Bound
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MPC Bound
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CG Lateral Acceleration

8 No Control
MPC
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Acceleration [m/sz]
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Figure 47 Feedback through Step Steer with Roll Index bounded MPC of various parameters
It can be seen that theehiclespeed is further reduced, whereby th@ll indexbound can only be satisfied
at 60kph, this is quite a significant reduction in speed and lateral acceleration, thus to satisfy the bound,
a reduction in speed is the most importanThe vehicle follavs a tighter path, whereby the radius of

curvature decreases to 60 metregith the bounded MPC controller
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4.2 Experimental Results

After tuning the controller in the smulation environment, the control strategies werémplemented on
the actual vehicle discusseid Chapter 2to evaluate the performance of the controllerErom early
experimental testing, i was decided thatMPChad a clear advantage over LQRd that MPCallowed
more control over the perturbations arising from noise dother dynamic effects that are ever present
and generally not modelledMPCwas implemented wih a deadband during transition, such that
corredive moments less than 100Nm wereglected Experimental validation is hardly done and almost
no experimentaly published results are availablethus experimental alidation of the controller is

preferred.

4.2.1 Sever®oubleLaneChange ISO3888l

The vehcle was tested with dimit on the roll index valueat 0.8 and a limitation of 4000Nm on the
magnitude of the direct yaw momenas mentioned in Section 3.3.The limit will result in the driver
feeling aided instead of overruledlests were started at entry speeds of 40km/h increasing as testing

progressed. The higher the speed, the moratable the difference.

Figure 48 shows tests at 85km/h where the vehicle could be successfully manoeuvred through the double
lane change with the control system active. The Direct Yaw Moment exceeded 3000Nm but never reached
its limit of 4000Nm, the driver of the test vehicle could no#ably feel the vehicle braking but not too
dramatically. The controller was modified in order to not be susceptible to noise, thus the transition
between enhancing and opposing moments, where the controller remains at the zero point before

transitioning can be seen due to the 100Nm deadnd.

Vehicle Position Moment
T T T 4000 T T
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Figure 48 1SO3888-1 Trajectory and DYC Moment
From Figure 8(right) one can see the vehicle experiences a yaw enhancing moment in the first turn
ioaCooy ewveé d8yo & wawrateAnFilrepdisislightiylarder igcomparidon t thel

vehicle without any active systems. The enhancing moment helps the vehicle change direction from 31.9
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seconds onwards, howevéne momentbecomes an opposing moment as the vehicle begins torsteay

and the yaw rate is larger than the desired response. The yaw rate response is closer to the desired
response than without any activeontrol and exits the manoeuvre without requiring a large yaw
rotation. The sideslip angle does not surpass the sleed response limit until the transition of the turns

around 33.5 seconds. It appears mostly within the same range as the vehicle without any active control
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however a much smaller sidslip angle is experienced on the exit of the manoeuvre.

Yaw Rate

Yaw Rate (Degrees/s)

Side Slip Angle (Degrees)

L
32

I I | |
33 34 35 36 37
Time (Seconds)

Side Slip Angle
T T

I | I I
33 34 35 36 37
Time (Seconds)

4 +0

change of heading, with smaller overshoots such that the driver does not need to apply largeatioms

Figure 49 Yaw Rate and SideSlip Angle through 1SO3888-1 DLC

through the manoeuvre.
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Figure 50 Yaw Angle through 1SO 3888-1 DLC
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In Figure 8l a notable difference is seen in the roll angle of the vehicle, slightly smaller peaks are
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to an 20%improvement on peaks ircomparison to the vehicle without any activeontrol.
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Figure 51Roll Characteristics through ISO 3888-1 DLC
The Brake Torques delays in Figur@ 5 notably visible, there also appeats belarge variances in some
instances.The ABS rodulator refused todump pressure dlthe time and in some cases auhp in
pressure on one wheel resulted in a burst of pressure on another. Better control of the modulator is
necessary for further enhancementu@ to the crude fuzzy logic scheme used. The modulator is old and
not designed for continuous use, thus a newer one may work better. There exists even larger posssbilit

of improvement with an ESP wdulator in-comparison to an ABS adulator.
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Figure 8 shows the vehicle exiting the Double Lane Change Manoeuvre with its brake lights on.

Figure 52 Brake Torques through 1SO3888-1 DLC

Figure 53 Vehicle Exiting 1ISO3888-1 Manoeuvre, Note Brake Lights
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4.2.2 Severe Lane Change 1SO388®bstacle Avoidance

The velicle was tested with dimit on the roll index of 0.6for this test. Testscommencedt entry speeds

of 30km/h, increasing as testing progressed.

ISO38882 Vehicle Speed 53kph

Vehicle Position
T T T

Latitude (m)

I I I I | I
0 10 20 30 40 50 60 70 80 90 100
Longitude (m)

Figure 54 1SO3888-2 Trajectory and DYC Moment
The vehicle followed a much tighter line through this manoeuvre with active coniaslseen in Figure
54, the enhancing moment was experienced at the beginning of all the turns, thereafter an opposing
moment was applied, the increase in brake force resulted in the vehicle slowing down and completing

the manoeuvre successfully without hitting any cones.

Figure 55 Yaw Rate and SideSlip Angle through 1ISO3888-2 Obstacle Avoidance
Theyaw responseshowed a more distributed yaw rotation arghincrease in sideslip angle, this allowed
the vehicle to rotate more through the manoeuvre.dan be seen that the points where the yaw rate and

side-slip angle cross the desired responses is where the moment changes from enhancing to opposing.
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