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THESIS ABSTRACT

A STUDY OF THE PROPERTIES THAT INFLUENCE VEHICLE ROOVER
PROPENSITY

Randall John Whitehead

Master of Science, December 16, 2005
(B.M.E., Auburn University, 2003)

180 Typed Pages

Directed by David M. Bevly

In this thesis, a vehicle’s load condition is vdrie investigate its impact on roll
stability and a stability threshold is derived enwailly using vehicle simulation. A
vehicle model is developed and simulated using MABL Experiments performed by
the National Highway Transportation and Safety Aaistration (NHTSA), are used to
validate the simulation. Data from these experitsies also used to validate a stability
threshold developed from the simulation.

Scaled passenger vehicles in conjunction with cdaerpsimulation have proven
to be a valuable tool in determining rollover progigy. The stability threshold is also
validated by scaled vehicle experiments. This @é&lenpossible with the lower cost and
increased safety of using a scaled vehicle venslisize passenger vehicles. A simple

electronic stability control (ESC) is then develdge keep the scaled vehicle within the



stability threshold. The ESC is tested using vagwehicle properties with a constant
vehicle model to see how these property changesctathe ESC'’s effectiveness to
prevent rollover. The ESC is then implemented withintelligent Vehicle Model (IVM)

which updates the controller's vehicle model asialehproperties such as loading
conditions change. It is shown that an IVM greatigreases the success of ESC in

keeping the vehicle in the stability region.



ACKNOWLEGEMENTS

This thesis is dedicated to my Dad and Mom, Lamg Judy Whitehead, whose
support throughout the past six years allowedrésgarch to be conducted.

Special thanks to my faulty advisor Dave Bevly. uyguided me through this
process and spurred me on to completion. Thankfgothe opportunity to further my
education.

To the Auburn University GAVLAB, thank you for thiechnical advice, physical
data, and good laughs. To Rob Daily, lab managen, MATLAB expertise and wealth
of knowledge on all other technical matters wasainable to my studies. To Christof
Hamm, the ‘token’ lab EE, without his knowledgeaifcuits and computer software, |
would have had to learn things the “hard way.” Wil Travis, thanks for your hard
work on our research together. To Matt Hefferrthe, “intellectual” discussions about
vehicle dynamics and racing aroused my curiosity amotivated me to search for
answers. To the rest of the Wilmore gang, Evantl&arRen Flennigan, and Paul
Pearson, thanks for the company and long nightammiag for exams and final projects.
Thanks to the “Dungeon” inmates who fought valiaitéside me against the swarms of
fruit flies.

Thanks to Dr. George Flowers and Dr. Nels Mads#&fad Dog,” for being on

my thesis defense committee. Dr. Flowers thankseweelation that Diet Coke is great,

Vi



even at 8 a.m. classes. Dr. Madsen thanks foe tsemsons of Hitchcock League
baseball, and enlightening me to the power of BB FZF # 0)!

Thanks to Undergrad research assistants for staymdate with me and on
weekends to get projects complete. Thanks to T&nWeens for all the engineering jokes
and teaming up with me in classes and triathlohanks to the Auburn Formula SAE
Team for getting me started and interested in Vehilynamics. Thanks to Bradley
Kirkland for being a good friend and roommate. fdkeato all my other friends who gave
me great memories in my years at Auburn University.

Thanks to my LORD, Jesus Christ, who taught nteust and follow. There is
peace in knowing that no matter how bad | mesgthup, He never gives up on me.

That is where | find hope. He directed all my gatdroverbs 3:5-6.

Vii



Style of Journal Used:
ASME Journal of Dynamic Systems, Measurement, aoatrGl

Computer Software Used:
Microsoft Word 2003

viii



TABLE OF CONTENTS

LIST OF FIGURES. ...t e e et et e aen e e X
LIST OF TABLES. ... e XV

1. INTRODUCTION

00 R /(0] 117 11 o] o F PP
1.2 Background and Literature ReVIEW.............coeiveii it i vmesne e
1.3 Purpose of Thesis and Contribution...............cocoiviiiiiiiiian .
1.4 Outline Of TRESIS......uiuiie it e e

© 00 N

2. VEHICLE MODEL

122500 R | 10T L Tod 1 o] o 11
2.2 BicyCle MOEl. ... ..o 12
2.3 ROIIMOGEL ... e e 15
2.4 Lateral Weight Transfer and Normal Wheel Loads...................... 20
2.5 The Pacejka Tire Model: The ‘Magic’ Formula........cocevvvevnn. 22
A S B C T =T [ 28
2.7 Summary of Model ASSUMPLIONS........c.coeviiiiiiiiieiieiieee e e, 92

2.8 Summary and Conclusion.............c.ociiiiiiiiiiiiiiici i 30

3. VEHICLE MODEL VALIDATION

3.1 INrOAUCTION. .. e e e e e e e e e e 32
3.2 Steady State Analysis versus Transient Analysis..................... 33



3.3 NHTSA Phase IV CompariSOoN........ccouveeiie e,
3.4 Auburn University GAVLAB Blazer..........cccoooi i
3.5 Lateral Weight Transfer Simulation......................ccoooveennne

3.6 Summary and CoNnCIUSION...........cooiiiiiiii e e e

4. ANALYSIS OF VEHICLE ROLLOVER STABILITY THRESHOD

v 5t R 1 1 £ To 18 Tox 1 o] o PR PP
4.2 NHTSA Phase IV Loading Conditions..........cccoovviiiii i i
4.3 Stability Limit DeVelopmeNnt...... ..o

4.4 Tire Property Variation..........ccueieie i e e e e v ie e ee e e

4.5 Summary and ConcluSIiON..........ooii i

5. ELECTRONIC STABILITY CONTROL DEVELOPMENT

5.1 INrOdUCHION. .. .cceee it e e e e
5.2 Electronic Stability Control............ccoiiiiiiiii
5.3 Intelligent Vehicle Model ..........coooviiiiiiii e

5.4 Summary and CONCIUSION........oouiiiie e e

6. IMPLEMENTATION ON A SCALED VEHICLE

6.1 T oo 18 o 1o 1
6.2 Motivation for using Scaled Vehicles................c.cooivieenn.
6.3  Scaled Vehicle Description............coooiiiiiiiisvv e e,
6.4 Data ACQUISITION... ... et it e e e

6.5  Simulation and Experiment Vehicle Dynamic Corgum

6.6  Stability Limit Development.............coooiiiiiiiii e e
6.7  Stability Limit Validation................coooiiiiiii
6.8 Electronic Stability Control.............oooi i e

42
56
59
64

65
66
72
80
83

86

87

90
95



6.9 Intelligent Vehicle Model...............ccooeiiiiiiiiiiiii e 120
6.10 Summary and ConcCluSION...........ccoiviiiieiii e 123

7. CONCLUSIONS

40 RS U1 ] 10>V Y 125
7.2 Recommendation for Future WOork. .. ....ccooe oo e i e 127

A Vehicle Garage..........c.ooiiiii i e 135

B  Scaled Vehicle Properties.........ccovviiiiii i i i e e e 138
C  Vehicle Simulation............cccoi i e 140

Xi



11
1.2
1.3
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

3.10
3.11

3.12
3.13

LIST OF FIGURES

Static Stability FaCtOr..........oviii i
FISHNOOK MaANGUVET ... ... et et et e e e e e e e e e e e e e e e e e

NHTSA'’s Rollover Propensity Star Rating SysteM..............cccovvvennn.

SAE Vehicle Coordinate System..........ccvvviiiiiiiie i e,
Bicycle Model Free Body Diagram..........cooeiiiiiiiiiie i e v

Sprung Mass Roll Free Body Diagram..............ccooviiiiiieiiniiiimeenn.
Un-sprung Mass Roll Free Body Diagram.............cccooeveivvivieennnnnn.

Linear vs. Non-Linear Tire Model with a Nornfadrce of 5 kN...............

Non-Linear Tire Model with Varying Normal Fosce..............cceeeennnnn.

The Friction CirCle. .. ..o e e e e e e e e
2001 CheVvrolet BIAzer. .. ....cooon e e e e e e e e e e e
Maneuver A, S.S. ROIIMOAEL. ... e e,

Maneuver A, Transient ROl Model..........cooe e e

Maneuver B, S.S. ROIIMOdEl.........cooviiii e

Maneuver B, Transient Roll Model..........coov i et

Zoom-In View of Test 2 Transient Model WheebddResponse..............

Steer Angle Input for the Fishhook 1a Maneuver.....................oo..e.

J-Turn Maneuver Roll Dynamics for Experimeradl Simulation Data......

J-Turn Maneuver Yaw Dynamics for Experimentad &imulation Data.....

Auburn University GAVLAB Blazer Center of Grayidrawn in the
Nominal ConfigUration............oouuie i e e

Nominal Blazer Dynamics for a Fishhook 1la Maf&g.........................

Auburn University GAVLAB Blazer Center of Gigvdrawn in the RRR
(@d0] 01110181 =11 (o] o P PP

RRR Configuration Blazer Dynamics for a Fistikh@a Maneuver
Auburn University GAVLAB Blazer Center of Gigvdrawn in the RMB

Xii

13
16
16
24
25
27
29
34
35
37
38
41
43
45
46

47
48

49
51



3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411
412
5.1
5.2
5.3
5.4
6.1
6.2
6.3
6.4
6.5

(@] a1 {{o U] =11 o] o P
RMB Configuration Blazer Dynamics for a Fisbkd b Maneuver...........
RMB Configuration Blazer Wheel Loads for ahfisok 1b Maneuver.......
Auburn University NCAT Test Track Facility........coeeioiviiiiiennn..
Lane Change Maneuver with the Auburn UniveiGIAVLAB Blazer.......
Lane Change Maneuver Yaw and Roll Angle Datdhe GAVLAB Blazer
ROII FBD UN-SPrung MasSS..........ccvuuuiuuuiieiiiiiaieeeeeeeeeseeeseeeesnsssnnnn e
Maneuver B, Transient Roll, Front Lateral Weeigransfer.....................

Step Maneuver with Roll Center Height equaliteSprung Mass CG

Vehicle Understeer Gradient for a variatioNight Splits...................
TWL Velocity for Various CG Heights..........c.ccoiiiiiiiiiiiii e e e,
Velocity and Yaw Dynamics at Rollover for CGigtd Variation............
Roll and Side Slip States at Rollover for CGgHeVariation..................
Roll Rate for CG Height Variation..............ccooiiiiiiiiiie e
Lateral Tire Force at Rollover for CG HeightrMéion..........................
Velocity and Yaw Dynamics at Rollover for Weli@plit Variation...........
Roll and Side Slip Thresholds for Weight Syghitriation........................
Tire Curves for Variation of Peak Lateral Therce (£ =5 kN)...............
Tire Curves for Variation of Tire Corneringffsiess (£ =5 kN)...............
ESC Simulated on the Nominal Blazer Configorati..........................
ESC with and without IVM for CG Height Variatia..........................
Effect on Dynamic Behavior due to CG Height Mavithout IVM...........
Stability Limits for Weight Split Variation.........ce...coooiiiiie i,
First Generation Scale Vehicle Test bed...............cou v cee e v,

Second Generation Scale Vehicle Testbed...........co.voooeeeieiin. ..

Vehicle Control SCAEMATIC. .. ... e e e e e e e e e e e e e
First Generation IMU ... ..o e e e e e e e e e e e e

Wireless Data Acquisition Package............ccoooiiii i i e e

Xiii

58
60
62



6.6

6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

Second Generation Data Acquisition PCB BodkélJ and Microprocessor

shown on top, GPS Receiver and Radio Modem showsottom............ 107
First Generation Scaled Vehicle Experimentaswe Simulation Data........ 109
Fishhook Steering Profile for Stability LimieRelopment..................... 111
Stability Limits for CG Height Variation...............civmveiiiiienienanes 113
Stability Limits for the Weight Split Variatio.....................c.cccvvvene... . 114
CG Height Variation Experiment Stability Limit............................. 117
Experimental Stability Limit for Variations the CG Height.................. 118
Fishhook Maneuver with and without ESC enabled........................ 119
Results for the Fishhook 1a with 60:40 Welgplit............................. 121
Results for the Fishhook 1a with 40:60 Welgplit............................. 122

Xiv



2.1
2.2
3.1
3.2
3.3
3.4
4.1
4.2
4.3
4.4
5.1
5.2
6.1
6.2

LIST OF TABLES

Linear Tire Model vs. Non-Linear Pacejka Tiredl...........................
Pacejka Parameters. ... ...
Comparison of Models for Maneuver A...........ccccoiiiiiiiecie e ceeeen
Comparison of Models for Maneuver B.............ccocooviiiie e vimnenes
Nominal vs. RRR Blazer Configuration............c.ccoovii i iiiiieiennn e,
Nominal vs. RMB Blazer Configuration..............c.cocooiiiiieinve e venen
NHTSA Phase IV Vehicle Load Configurations [kembrock, 2002].........
Blazer TWL Velocity in Fishhook 1b Maneuver fkenbrock, 2002].........
Peak Lateral Tire Force Variation Results............cccveiiiiiiiiiinnnenn.
Tire Cornering Stiffness Variation Results..........cecmeiii e
ESC with and without IVM for CG Height Change. ...ovvovveenaean...
Blazer Stability Threshold for Two Weight Split...................cocene.
IMU SPECIfICAtIONS. .. ...t et e e e e e e e e ee e

ESC with and WithOUt IV M. ... e e e e e e e,

XV

26
36
39
49
52
66
66
81
83
93
93
108

123



CHAPTER 1

INTRODUCTION

1.1 Motivation

Over the past decade, the occurrence of rollow@dents in vehicle accidents has
received much attention due to the increase intSgiity Vehicle (SUV) miles driven
on the roadways and litigation claiming that engnseare to blame for designing unsafe
vehicles. The National Highway Traffic Safety Admsitration (NHTSA) reported in
2002 that 3% of all light passenger vehicle crastesUnited States roads involve
rollover, yet rollover accidents are responsible (8 of all passenger vehicle occupant
fatalities [Hilton, 2003]. The statistics revedlat SUVs rollover fatalities are more
prevalent than in cars; 59% of total fatalitiesSkWV accidents occurred in rollover
crashes, while rollovers accounted for only 23%tatfl fatalities in car accidents
[Ponticel, 2003]. There are many differences i vehicle properties of SUVs versus
those of passenger cars. Understanding how thelsiele properties affect rollover is
important when designing a safe vehicle. 10,3%élifees and 229,000 injuries were
caused by crashes that involved rollover in 20@3&l[FARS, 2005]. Along with lives,
there is an economic cost that can be decreasdddigning vehicles that are less prone
to rollover. Motor vehicle crashes in the Unitidtes cost an estimated $231 billion in

economic costs [NHTSA, 2002]. It is easy to seat th reduction in the number of

1



vehicle rollovers can have a positive impact on éocenomy. By utilizing research to
understand how vehicle properties and vehicle dycsaffect rollover, both human life

and economic dollars can be saved.

1.2 Background and Literature Review

The vehicle dynamics and properties that affecoteurrence of vehicle rollover
have been studied for many years. Early vehidlever studies consisted of static tests
to determine a vehicle’s rollover propensity [Allek®90]. Statistical studies of vehicle
rollover accidents were also performed to correkadbicle properties with rollover
propensity [Klein, 1992]. The most notable of ta@arameters are the vehicle center of
gravity (CG) height and track width. In fact, these the sole parameters that determine
the Static Stability Factor (SSF). The rollovardi¢és that used static tests proposed the
SSF as a measure to quantify vehicle rollover pisip.  As stated before, the SSF is a
static measure of two variables: the average ofvéiecle’s front and rear track widths
and the vehicle’s CG height, as shown in Equatioh)(

_ Track Widh 11
2[CGHeight

SSF
An illustration of the SSF taken from NHTSA'’s welesis shown in Figure 1.1.
Note that an increase in SSF corresponds to aatexia rollover propensity. The SSF is

a very accurate measure of a vehicle’s static velisstability during tripped and non-

2



tripped rollover. However, static rollover testsgiect the transient dynamics and tire
dynamics that are involved in the abrupt changegeiocity and steer angle that come
before crashes [Chrstos, 1992]. It is noted thatpsnsion characteristics during
dynamics tests are important when determining aclesh rollover stability and since

tires are non-linear, the tires’ lateral forcesusate during extreme maneuvers [Hac,

2002].

Rollover Ratings
Static Stability Factor

1.50 1.00
;'(— \&&|
= =k
A — .. T

i' t= B0 ,i
krack width

t =58 -|

brmck widdth

Figure 1.1. Static Stability Factor [NHTSA, 2005]

In the 1990’s, the National Highway Traffic Safedgministration’s (NHTSA)
vehicle safety star rating system used only the &SHetermine a vehicle’s rollover
propensity. However, due to the high fatality rafeollover crashes, Congress passed
the “Transportation Recall, Enhancement, Accoulitgband Documentation Act,”
(TREAD), in November of 2000. TREAD charged NHT®&Aconduct dynamic rollover
resistance rating tests, which NHTSA in turn madet pf its New Car Assessment
Program (NCAP). For the purposes of a dynamiovelt resistance rating test, NHTSA

selected the Fishhook steering maneuver as a pricardidate to use in conducting
3



rollover experiments. An illustration of the Figldk maneuver, taken from NHTSA'’s

website is shown in Figure 1.2.

Zone where tip-up

most likely to nccur\} . / Test complete

Overcorrection

~540 degrees
-y

=

ol Initial rapid
{| steering input

~170 degrees
o

Test starts here = e | ) T @
at entrance speed -

between 35 to 50 mph

Figure 1.2. Fishhook Maneuver [NHTSA, 2005]

For vehicle dynamic testing, the rollover propgnsf a vehicle is determined
from the highest speed for which the vehicle cammlete the selected maneuver without
achieving two-wheel lift. Since the vehicle tegtiis conducted on-road, the results are
more repeatable and give more control over thedrgironment than off-road tripped
tests [Forkenbrock, 2003]. The evaluation procedsronly meant to test vehicles for
on-road, un-tripped, rollover propensity. Althougihis only accounts for a small
percentage of rollover crashes, the results ateastaluable measure of overall rollover
stability for relative comparison of vehicles [V@n2003]. In 2004, NHTSA added the

dynamic test to its star rating system for rollopewpensity. Figure 1.3 shows NHTSA'’s

4



chart for determining a vehicle’s rollover propéypstar rating. It uses both the SSF and
dynamic test results in order to determine rollopespensity. However, because the
majority of rollover events are tripped and the B&ght and track width are the vehicle
properties that have the greatest effect on trippdidver propensity, the new rating

system placed more weight on the SSF [Cooperri@€90)].

Rollover Ratings
Statistical Model
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(1) Enter chart with S57=1.20 e i * N

Figure 1.3. NHTSA's Rollover Propensity Star RgtBystem [NHTSA, 2005]

Along with developing a rollover propensity ratisgstem, the Department of
Transportation (DOT) has taken other action to maddeicles safer. In 2004, all new
vehicles were mandated by the DOT to have a teegure monitor in each tire and a tire
pressure warning light visible to the driver. Tight acts as an indicator to the driver

that the tire with low pressure is a hazard andisde be repaired. This mandate was a



result of the occurrence of multiple incidents ihieh tires with low pressure blew-out
on highways and resulted in rollover fatalities.

Electronic Stability Control (ESC) is the currdnizz technology in automotive
industry, and rightly so. NHTSA has published mpastating that ESC reduces single
vehicle crashes by 67% and fatal crashes by 64%e 1D,376 rollover related fatalities
in 2003 and the 8,476 single vehicle rollover it reveal the potential that ESC has to
save lives [FARS, 2005]. The ESC is designed amplemented in order to help the
driver maintain vehicle stability, while trackingpet’ driver’'s desired path. The first
generation of ESC uses a lateral accelerometeraagdw rate gyroscope (gryo) to
monitor the yaw dynamics and use the vehicle’'sl@kibraking system to brake the
wheels independently to minimize understeer andsb®er [van Zanten, 2000]. ESC’s
effectiveness is so impressive that Daimler-Chryst®rd, and General Motors have
announced that ESC, once only an option on SUV beia standard feature in all of
their 2007 SUV models [Voelcker, 2005].

Since the first generation of ESC systems wersusaessful, continuous efforts
to improve ESC are ongoing [Hac, 2004]. The adeudatection of vehicle rollover and
vehicle state estimation are current topics beindied [Johansson, 2004]. The ability to
precisely estimate vehicle states such as side asigle and slip angle rate greatly
increases the ESC'’s ability to detect instabilitg gorevent rollover [Bevly, 2001; Ryu,
2004; Nishio, 2001]. Many researchers are puttergphasis on the design and
implementation of new actuators, such as activpension and steer-by-wire, to improve
ESC performance [Wilde, 2005; Huang, 2004; VilaplaB004]. And even more ESC

research is being conducted on improving contgb@ihms by optimizing the use of the



actuators and sensors in conjunction with vehidkltesestimation [Carlson, 2003;
Plumlee, 2004; Schubert, 2004].

Vehicle modeling of rollover and vehicle dynamitst influence rollover has
been studied much in recent years in order to beteerstand and prevent rollover
[Nalecz, 1993]. LaGrange's method, an energy owktlworks well with impact
modeling such as tripping [Ginsberg, 1998]. Triggppwllover scenarios are most
commonly modeled using LaGrange’s method, althotegearchers have used both
Lagrange’s and Newton’'s method to develop moders uiatripped rollover events
[Garrott, 1992; Day, 2000;]. Newton’s method wonksnodeling non-impact dynamics
like a vehicle’s yaw dynamics as seen in the beysbdel [Baumann, 2004].

Scaled vehicles are being used as valuable wséanls to investigate vehicle
yaw dynamics and test ESC algorithms [Travis, 20Beennan, 2003]. The rollover
testing of full-size vehicles is an expensive arahgerous endeavor, unlike scaled
vehicles where the vehicles are cheaper and expetérare safer [Yih, 2000]. If results
from scaled vehicles tested in a controlled envitent can be related to the dynamic
behavior of full-size vehicles, then the use oledaehicles can be an effective means of
investigating rollover [Brennan, 2001]. Brennand afdlleyne developed the lllinois
Roadway Simulator for design and evaluation of y@mamics controllers [Brennan,
1998]. The lllinois Roadway Simulator research audled vehicle experiments at
Auburn University have shown that scaled vehickt teeds are successful in capturing
the vehicle’s dynamics and can be used to devel8@ Eechnologies for full size

passenger vehicles [Whitehead, 2004; Brennan, 2004]



1.3 Purpose of Thesis and Contribution

It is well known that center of gravity height amdck width, the two parameters
that make up the SSF, are the major vehicle pamméhat contribute to rollover
propensity. In this thesis, the effects of othehigle properties, such as longitudinal
weight distribution, are evaluated to determinantiience on rollover propensity, while
holding the SSF constant. The purpose of this werko analyze vehicle rollover
utilizing vehicle simulation and vehicle experimaindata. A non-linear vehicle model is
created in order to study how vehicle propertidecafrollover propensity. A detailed
development and description of a vehicle simulationluding validation testing, and a
discussion of the results for several parametni@tian studies are provided.

An instrumented scaled vehicle is used for the fise to study vehicle rollover
and relate it to full scale passenger vehiclese gdaled vehicle is used to acquire vehicle
dynamics data leading to rollover and to evaluatstability threshold created by
simulation. The vehicle simulation correlates thealed vehicle with a full scale
passenger vehicle in order to validate the usecaled vehicles for studying rollover.
The vehicle simulation is also used to developmhibty threshold which is a function of
the vehicle’s loading condition.

This work also develops a method to increase tleetefeness of ESC. Although
ESC'’s ability to prevent single vehicle rolloverafeady high, there is room for even
more improvement by using an Intelligent Vehicle ddb (IVM). The IVM utilizes
information about the vehicle to update the ES@hiesle model and controller limits
with a new stability threshold as the vehicle’sdiog condition changes. This thesis

uses simulation in conjunction with an ESC on destaehicle test bed to determine the
8



effectiveness of the ESC as vehicle properties ghanThe simulation is used to
determine the vehicle’s stability threshold at eliéint vehicle properties. The ESC with
the IVM utilizes the property changes to the vehiglodel and the controller gains are
adjusted to keep the vehicle within the stabilitseshold. This is different from a regular
ESC where the vehicle model does not change, aadtability threshold is used at all
times. Vehicle loading conditions are the most cmn way vehicle properties are
varied. This thesis focuses on the influence af tf those properties, CG height and

weight split, and compares the effectiveness of B&K and without the use of an IVM.

1.4 Outline of Thesis

The purpose of this study is to evaluate and deternthe parameters that
influence or change vehicle rollover propensity ngsiboth experimental data and
simulation. The first step was to derive a vehioledel for the simulation. The vehicle
model was developed using Newton's laws of motioithe free body diagrams,
equations, and assumptions are shown in Chaptéte®tpn, 1687]. The computer
simulation uses a transient roll and yaw dynamiacehdo capture the dynamics of the
vehicle. The vehicle model is verified via compan with experimental data from a
passenger vehicle in Chapter 3. The vehicle ptiggérvalues used are given in

Appendix A.



The loading conditions that effect vehicle rolloweme evaluated in Chapter 4.
The vehicle model developed in Chapters 2 and&ésl to create a stability threshold
for variations of these loading conditions. In @tea 5, an ESC that uses throttle and
steering control to maintain vehicle stability isveloped. The ESC is evaluated in
simulation and a method to improve its effectivenisstested. The IVM, which updates
the ESC’s vehicle model and stability threshold feariations in vehicle load
configuration, is developed in this chapter andslown to increase the ESC's
effectiveness.

Finally, to aid in studying rollover propensityjghresearch uses an instrumented
scaled vehicle test bed to validate the vehicleehdte stability threshold, the ESC and
the IVM that were developed in Chapters 2-5. Tt¢eded vehicle is instrumented with a
six degree of freedom (DOF) inertial measuremerit @MU) and a global positioning
system (GPS). The scaled test bed is also equipjtec CG relocator which allows the
vehicle’s loading condition to be varied in the dindinal and vertical axes. The
detailed analysis of rollover using a 1f1€caled vehicle is given in Chapter 6. Appendix
B contains the values of the scaled vehicle proggednd a description of how the roll

mass moment of inertia was quantified.
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CHAPTER 2
VEHICLE MODEL

2.1 Introduction

In this chapter, the model of a typical four-whpaksenger vehicle is developed.
The developed vehicle model has three degreegedldém (DOF) and was developed by
deriving the equations of motion (EOM) using theefrbody diagrams (FBD) of the
sprung and un-sprung masses. The vehicle cooedsystem can be seen in Figure 2.1.

The primary dynamics of concern in this thesistaeeyaw and roll motions.

Pitch
Velocity (q)

Side
Velocity (v)

" F""@ Longitudinal
Kies Velocity (u)
i Roll Normal
Velocity (p) Velocity (w)

Yaw
Velocity (r)
z
AXI

Axis

Figure 2.1. SAE Vehicle Coordinate System [Millikdi995]
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The pitch dynamics (which cause longitudinal weigansfer) are neglected since
longitudinal accelerations were kept small in tkpegiments considered in this thesis.
The model, which is implemented using the MATLABogramming language, was
developed to be extremely flexible. Individual & properties such as center of
gravity location and suspension setup are easiyhwghd. Additionally, the simulation
can utilize either use the transient yaw equatioitis either the steady state roll dynamic
equations or the transient roll dynamic equatiombe difference in these two models is
apparent when analyzing the vehicle dynamics afsiemt maneuvers. However, in

steady state maneuvers, the difference is smal, gsown in Chapter 3.

2.2 Bicycle Model

The transient yaw equations are derived from thieytile model” free body
diagram shown in Figure 2.2. The 2-wheel bicyctedel is the most commonly known
version; however, for the purposes of this reseaacth-wheel bicycle model is used so
that lateral weight transfer can be included in yaey dynamics. The 4-wheel bicycle
model, assumes that the slip angles are symmdtoistahe x-axis of the vehicle, which

is valid at high speeds and zero Ackerman Effedtdspie, 1992].
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Figure 2.2. Bicycle Model, Yaw FBD

The tire forces and slip angles in Figure 2.2 dr@wn using a positive sign
convention. In actuality, the tire slip anglessh®wn would produce a negative lateral
tire force as shown in Figure 2.2. Summation ofmaots about the center of gravity

yields the yaw acceleration found in Equations éhd 2.2).

SM, =1, [f[[NIm| 2.1
1 2.2
:I—[ﬁ— F, b+ F, @tods)|drad/s?]
where:
a = Length between the CG and front tire patch =Wehicle velocity vector
b = Length between the CG and rear tire patch ¢ =\Front tire velocity vector
O = Steer angle V= Rear tire velocity vector
Fy = Tire lateral forces Y = Vehicle velocity in the x-axis
r = Yaw rate \} = Vehicle velocity in the y-axis

13



The lateral dynamics are shown in Equations (28 24) by summing forces in

the y-axis direction.

SF, =M, iV, +V [ eod8))dN] 2.3

. _F,+F,codd) 2.4

A (VR

The tire slip angles are calculated as the angteden the velocity vector of the

-V [ E:os(ﬂ)[[m/sz]

tire and the direction that the tire centerlingp@nting. Equation (2.5) represents the
front tire slip angle, which includes the steerlang, since the vehicle being modeled is
front wheel steer. Equation (2.6) correspondfi¢arear tire slip angle.

V, +rla 2.5
a; = (tan‘l(yv—j - JJ frad]

X

r

- 2.6
a, = tan‘l(vy Vr [ﬂ)J Jrad]

Similarly, the vehicle side slip angle, shown iguition (2.7), is the angle
between the vehicle velocity vector and the dimettihe vehicle centerline is heading.
The side slip rate, shown in Equation (2.8), iSmaportant dynamic property in stability
control systems. A large spike in ti#2 value is an indicator of yaw instability sincesit
the rate at which the vehicle’s velocity vector drehding are changing [Ryu, 2004].
Additionally, the side slip rate is more accuratebktimated than side slip angle which

current technology.

B= sin‘l(é] frad] 2
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p=( 000 g >

The lateral acceleration, shown in Equation (2i9)comprised oNy and the

component of centripetal acceleration, shown indfiga (2.10), that is perpendicular to

the vehicle velocity vector.
a, =0, +a,zodd)) s 29
Been =1 V M/ 57 2.10
The vehicle’s longitudinal and lateral velocities @efined by Equations (2.11 and 2.12).
V, =V codB)([m/s] 2.11

V, =Vsin(B)([m/s] 2.12

2.3 Roll Model

The roll equations are derived by separating thiargpand un-sprung masses in
the y-z plane, as shown in Figures 2.3 and 2.4,aqplying Newton’s second law (as
formulated for rigid bodies). ‘Inside’ and ‘Outsidepresent the sides of the car that
correspond to the inside and outside of a turnthénfigures shown below, the front of
the vehicle is pointing into the page resultingipositive roll angle towards the outside

of the vehicle.
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Inside Outside

Foi + R

Figure 2.3. Roll FBD Sprung Mass

Inside R, Outside

CG,,
................ h h
' Fy mg 1 Fo
in trk on

Figure 2.4. Roll FBD Un-Sprung Mass
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The forces, moment, and lengths on Figures 2.32ahdre defined as:
CGy = Sprung mass center of gravity ay1= Anti-roll bar moment

CGn = Un-sprung mass center of gravity & = Roll angle

d; = Length between the rc and GG rc = Roll center
F, = Damper force Ry = Reaction force in the y-axis
(o — outside, i—inside)
F« = Spring force R, = Reaction force in the z-axis
(o — outside, i - inside)
Fy = Tire lateral force S= Length between the springs and
dampers
F, = Tire normal force trk= Track width

The steady state roll model can be derived, byingetthe acceleration and
velocity dynamic states to zero. With this simpétion, roll angle is analyzed as a linear
function of lateral acceleration. This assumestiatotal roll stiffness is linear and id

constant due to the small angle linearization. dfiga (2.13) is the linearized roll angle

equation.
= W, [dl, E—!a—y[rad] 2.13
ko W, Td, g
where:
a, = Lateral acceleration ket = Total roll stiffness
g = Gravitational constant W& Total sprung weight
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The transient roll model is more complex than tteady state version since it is
non-linear and includes the acceleration and vlastates. The transient roll model is
very useful in that it incorporates the transieymamics into the lateral weight transfer
equations which monitor the normal forces on theeglfy Also, roll rate is a vehicle
state of much importance in anti-rollover stabiltyntrol systems. With the roll EOM,
the roll rate magnitude can be compared with ra@fowmcidents to develop limits for a
new stability control systems. The roll equatidmwtion is found in Equations (2.14
and 2.15) by summing the moments about the x-axis.

SM, =1 [ N O] 2.14
2.15

X

b= (Iij - RsM-RDM + (R, @, sin(@)) + (R, , [eos))|frad /?]
In the above equatior@? is the roll acceleration, RSM is the torque frdma toll
stiffness, and RDM is the torque from the roll damgp The roll stiffness (RS) and roll

stiffness moment (RSM) values are calculated indfiqus (2.16 and 2.17).

RS=((05k,, (5,7 )+ (050K, 15,2+ Ky + e | N T/ radl] 2.16

RSM= [(050k, [5,2)+ (05K, 15, 2)+ Ky +Keypr | 0| N ] 217

Additionally, the roll damping (RD) and roll danmgi moment (RDM) are

represented by Equations (2.18 and 2.19) respéctive

RD= |05, [5,2)+(051b, (5, 2)| N tn/(rad/s)] 2.18

RDM = (051, (5,%)+ (050, (5, 2)|cb| N tar] 2.19
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where:

br = Front shock damping <K= Rear spring stiffness

b, = Rear shock damping niS= Length between front shocks
Karbt = Front anti-roll bar stiffness po= Length between rear shocks
Karor = Rear anti-roll bar stiffness kS= Length between front springs

kst = Front spring stiffness kS= Length between rear springs

The x and y axes reaction Forces at the roll cearie given by Equations (2.20
and 2.21). Where M is the sprung mass.
R, =M [a, [[N] 2.20
R, =M [g[[N] 2.21
It is important to note that the roll centers assuamed to be stationary to simplify
the model. Also note that the spring and dampesefo are assumed to be symmetric
about the x-axis. This is due to the complexitycaliculating the suspension kinematics
during simulation. By not calculating the suspenskinematics during maneuvers, the
simulation runtime is decreased. By comparisom wkperimental data, it is revealed in
following chapters that this simplification is vali
In order to simplify the lateral weight transfetatdation, the un-sprung mass roll
dynamics are neglected. The un-sprung mass trarymamics are neglected because
rollover detection is possible by using the lesmplex steady state equations. The
transient dynamics for the un-sprung mass are wetddetermine the height of wheel
lift. However, for this study, only the instanttithe wheel is lifted is required to signal

a rollover event.
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2.4 Lateral Weight Transfer and Normal Wheel Loads

The lateral weight transfer is derived from thespnung mass FBD. The lateral
weight transfer is measured as the difference leiviee inside and outside tire normal
forces as shown in Equation (2.22).

dr, =[F,, - F,]([N] 2.22

To accurately determine the normal force on eackelyithe FBD of the un-
sprung mass must be configured using both frontraad components. However, only
the steady state roll dynamics of the un-sprungsmaas modeled since the simulation is
only concerned with rollover occurrences. Once ellié is detected, (which is when
the transient roll dynamics of the un-sprung masmuldy be critical), the vehicle
simulation is terminated and declared a rolloveenév Therefore, the lateral weight

transfer of the front and rear axles are found gqusiEguations (2.23 and 2.24),

respectively.
2 2.23
szf = trk EﬁM arbf + Sd |:ka + Sbf [be + I:zyf |:ﬁhrcf _hcgm)+ Fyf |:Ihcgm] [ﬁN]
f
2 2.24
szr = W [ﬁM arbr + Skr |:Fkr + Snr |:Fbr + Ryr |:ﬁhrcr - hcgm)+ I:yr |:h(:gm] [ﬁN]
where:
Fur = Front damper force yR= Reaction force on the front
Fuor = Rear damper force yR= Reaction force on the rear
F« = Front spring force sp = Length between front shocks

20



F« = Rear spring force po = Length between rear shocks

Fyt = Front axle lateral force k5= Length between front springs
Fyr = Rear axle lateral force wS= Length between rear springs
hegm = Un-sprung mass CG height trk Front track width

hies = Front roll center height trke Rear track width

her = Rear roll center height

Since the suspension kinematics of the vehicle'sletedl are hard to calculate,
and require additional time for simulation, the mEnter height is assumed remain in the
stationary static position. In order to obtain fhent and rear reaction forces in the y-
axis, the weight split of the vehicle must be ipmyated. This allows the magnitude of
the reaction force to be distributed proportionatithe mass on the front (Mand rear

(M,) axles as shown in Equations (2.25 and 2.26).

M, 2.25
R, =R, E-IM—[@N]
R, =R, &0 IN] 0

The normal forces of each tire are then calculatadg the initial static force on
each axle and the lateral weight transfer of eatdr ad and W are the static forces on
the front and rear axle respectively. The frord agar inside normal tire forcesiFand
F.i, are shown in Equations (2.27 and 2.28), whileftbet and rear outside normal tire,

F.t0 and K, forces are shown in Equations (2.29 and 2.30).

Fi= {Wf —szf}[ﬁN]

2

2.27
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I:zri = ﬂ_szr:|[ﬁN] 228
2
i ] 2.29
szo: %+szf [@N]
o= 5, | 0] -

2.5 The Pacejka Tire Model: The ‘Magic Formula’

The normal forces of the tires are not only usedl@étermine vehicle rollover;
they must be used in order to determine the lateraé of each tire. Through the years,
many tire studies have been conducted resultinguilous tire models. As early as 1925,
a researcher named Broulhiet discovered the comdegade slip and its role in producing
lateral forces in a pneumatic tire [Broulhiet, 1p25romm also contributed to the early
studies of tire side slip and yaw [Fromm, 1954].tHe ‘50s and ‘60s, the “friction circle”
was developed and experiments were conducted ier dod understand its effects on
handling [Radt, 1960; Ellis, 1963; Radt, 1963; Mson, 1967]. In 1970, Dugoff, in
conjunction with the Highway Safety Research lngtitat the University of Michigan,
published a study in which tire experiments wenedumted resulting in an analytical tire
model [Dugoff, 1969; Dugoff, 1970]. A lead enginee tire research throughout the
‘60s, Hans Pacejka, published the ‘Magic Formuha’lP87 for use in determining the

lateral forces for a pneumatic passenger vehicke iti vehicle simulations [Pacejka,
22



1987]. In the 1987 study, Pacejka and his cgllea recorded tire data on vehicles and
developed an equation that models the empirica dathe tire’s dynamics quite well.
In 1989, Pacejka published an even more refineddatailed “Magic Formula” [Pacejka,
1989]. This tire model is a highly non-linear mbddaere lateral force is a function of
the tire slip angle and tire normal force. Additdly, the tire model contains parameters
such as peak tire lateral force, cornering stiffn@sd tire model curvature which can be
modified to capture the effects for different tirebslot only does the “Magic Formula”
model the tire’s lateral dynamics, it contains thie’s longitudinal dynamics as well.
The vehicle model in this research uses the Pacef@del because of its accuracy and
ease of use.

Figure 2.5 shows the difference between the lin@ad non-linear “Magic
Formula” tire model. The linear model has a camstiae cornering stiffness, Cwith no
saturation, while the Pacejka tire model has acmrstant ¢ as the tire curve transitions
into the non-linear region. In the non-linear RHieadire model, once the peak force is
reached, the lateral tire force decreases witteasing tire slip angle. This is called tire

saturation.
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Figure 2.5. Linear vs. Non-Linear Pacejka Tire Mlodith a Normal Force of 5 kN

Note that the linear tire model approximates toa-linear Pacejka model for

small slip angles; however, Table 2.2 shows thiatdapproximation rapidly loses validity

as tire slip angle increases.

Table 2.1. Linear Tire Model vs. Non-Linear Pacejkae Model

Tire Slip Angle,a, [deg]

2.5°

5.0°

7.5°

Lateral Force difference betwe
Linear and Non-Linear Tire Mode

5.6%

37.1%

88.4%
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The peak tire lateral force is a function of t#lgp angle and normal load. Note
that increasing normal load reaches a point wheme longer produces significant gains
in lateral force. This relationship is seen inl&g 2.6, which shows that both thg &hd

peak force change with changing normal load.

12000 -
10000 -
8000 -
Lateral Force

Fy (N) 6000 ¢
4000 -

— 10 kN

2000 - 15 kN

— 20kN

— 25 kN

0 | | | T
0 10 20 30 40

Tire Slip Angle, alpha (degrees)

Figure 2.6. Non-Linear Tire Model with Varying Noaforces

The inputs of the Pacejka tire model are tire ahgle and tire normal force, and
the output is tire lateral force. The non-lineac&ka lateral tire force is calculated using
the Equation (2.31).

F, =DIsin(Clatan(Bl¢)) 2.31

y
Equations (2.32 to 2.36) show the constants thatf@und in Equation (2.31).
Equation (2.32) is known as the shape factor, wiscindependent of the tire normal

force.
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C=13 2.32
Equation 2.29 represents the peak factor whichroehes the peak lateral force
of the tire curve.
D=a [F’+a,[F, 2.33
Equation 2.30 controls the curvature of the tireveuthus it is called the curvature
factor.
E=aF’+a, [F, +a, 2.34
The cornering stiffnessC, , factor is found in equation 2.31. Where the BCD
variable is effectivelf,, .
BCD = a, [sin(a, [atan(a, [F,)) 2.35

Equation 2.32 is developed to be used later imggu 2.33.
2.36
Q= (1— E)Db/ +[EJ mtan(B DD')

The Pacejka parameters used in the model are thosd in Pacejka, 1987, and
can be seen in Table 2.2. Note that these paresretsume that the dimensional unit for
the tire slip angle is degrees and for the tiramadrforce is kilo-Newton. The output of
the Pacejka model, lateral tire force, has unitd@itons.

Table 2.2 Pacejka Parameters

a =0 a =0.208
a =-22.1 a=0

a =1011 a =-0.354
a = 1078 8 =0.707
a, =1.82
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Steps were taken to simplify the non-linear tiredelan this vehicle model. In
Figure 2.8, the radius of the friction circle reggats the maximum magnitude of force
that the tire can produce at any one time. |If ¥edicle is braking or accelerating
(longitudinal axis), the maximum lateral force deases from the non-braking, non-
accelerating scenario. The longitudinal effects boéking and acceleration were
neglected since the majority of the experimentsveenducted at a constant longitudinal

velocity.

Longitudinal Force

n

Forward
Acceleration

\ 4

Lateral Force

3

Braking
Maximum Total Force
Produced by the Tire

<
<

Figure 2.7. The Friction Circle

Only the lateral forces of the tire model are cdeeed in this model, and some of
those are left out as well. For instance, all ésrthat come from camber thrust and all

moments from the self aligning torque are neglecteldwever, following chapters will
27



show how the model accurately captures a passemipcle’s dynamics without these

tire parameters.

2.6 Garage

The simulation uses a MATLAB m-file entitled ‘Gamy This appropriately
entitled garage contains multiple vehicles andrtiiehicle properties. The 2001 Chevy
Blazer in the 4-door, 2 wheel drive package thdvasled into to the garage contains the
most accurate vehicle property data. Other vebitlat are in the garage include
modified Blazers that match NHTSA Phase IV expentsalong with a scaled vehicle.
The accuracy of these vehicle properties is ctitioa the vehicle simulation. A list
containing the value and description of each vehmloperty needed for the vehicle
simulation. The vehicle properties used for eaghiale are found in Appendix A. With
the information in Appendix A and an accurate timedel, the vehicle simulation
accurately reproduces the yaw and roll dynamigsaskenger vehicles as will be shown

in Chapter 3.
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Figure 2.8. 2001 Chevrolet Blazer

2.7 Summary of Model Assumptions

Throughout the derivation of any model, assumptians sometimes made in
order to simplify the simulation. This is necegsdue to computer processor power
limitations, as assumptions and linearizations te&mothe runtime of simulations. Some
assumptions must be made due to unknown vehiclactesistics and properties such as
suspension kinematics.

The bicycle model in this study was modified ine@rdo include weight transfer

and a non-linear tire model. It is effectively @uf wheel bicycle model because it
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includes weight transfer. The simplification ttiae tire slip angles are equal on the
inside and outside of the front and rear axlesilisasssumed. This assumption is valid at
highway traveling speeds [Gillespie, 1992].

In the roll dynamics derivation, both the front aedr roll centers are assumed to
be constant throughout the suspension’s range ¢&ibmo This approximation neglects
the suspension kinematics. Therefore the simulatiamtime is decreased.

The un-sprung mass of the roll free body diagraemse Figure 2.4 is assumed to
be in steady state. The main information needenh fthe un-sprung mass is the tire’s
normal load, and the steady state equations prdakidenformation. Just as the previous
assumption, the purpose of this simplificationoislecrease the simulation run time.

This model focuses on the roll and yaw dynamicsnaloand neglects the
longitudinal weight transfer effects of pitch. ¥hassumption was made in order to
simply the model. Neglecting the pitch dynamicsmade possible by keeping the
longitudinal acceleration and braking to a minimimthe simulation. Via simulation
comparison with experimental data, it is shown he following chapters that these

assumptions are valid.

2.8 Summary and Conclusion

The derivation and intricacies of the vehicle modstd in this study have been

shown in this chapter. The governing equationya and roll were derived using
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Newton’s method which included summing forces arammnts on the sprung and un-
sprung mass free body diagrams. The free bodyahaginclude the bicycle model for
the yaw dynamics and sprung and un-sprung massbioeg diagrams for the roll
dynamics and lateral weight transfer. The “Magarriula” tire model, developed by
Hans Pacejka, was used for the vehicle model aodrsh The non-linear tire model is a
function of normal force and tire slip angle. lasvchosen for its accuracy and ease of
implementation in the vehicle simulation. Finalthe assumptions and simplification
used in the model’s derivation were shown and exeth This model is validated with

experimental data in the next chapter.
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CHAPTER 3
VEHICLE MODEL VALIDATION

3.1 Introduction

This chapter contains the validation of the vehioiedel developed in the
previous chapter. First, a comparison of the gtestate roll model with the transient roll
model is conducted. The purpose of this comparisdo see if the steady state response
of the transient roll model matches the predicteddy state roll. After verifying that the
steady state response is accurate for the transikmhodel, the full transient dynamics
response is validated. This validation is donedyparing data from the NHTSA Phase
IV research with the transient roll model usingd®2 Chevy Blazer. The transient roll
model is further validated using an experimentabhzBl test vehicle at Auburn
University. Once the validity of the transient b shown, the lateral weight transfer
dynamics of the transient roll model are explored avaluated. The analysis in this
chapter confirms the validity of the transient nolbdel such that the model can be used

to conduct experimental simulations in later chepte
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3.2 Steady State Roll Analysis versus Transient Rofnalysis

A simple simulation was developed to determinevhigity of the transient roll
model that was developed in Chapter 2. The raléolp@hind this first test is to check the
accuracy of the transient roll model by comparihgvith the steady state roll analysis
after the vehicle has reached steady state. Haslptstate roll model (SSRM) is well
known and documented by previous research suchttban be considered as the “true”
measurement of the vehicle states [Gillespie, 189%son, 1998]. Both vehicle models
use the same transient yaw dynamics and vehiclgepies. The only difference is how
the roll dynamics are calculated. In order to ectlly compare the transient roll model
with the SSRM, the steady state values of the \elsiates are evaluated and compared
at the end of the maneuver. For this test, a Stiesgr at constant velocity is used as the
maneuver to excite the vehicle.

The 2001 Blazer in the nominal configuration is trehicle use for this analysis.
The maneuver consists of a constant velocity hél@0aMPH and a step steer of 5
degrees that is filtered at 1.5 Hz. This maneisdabeled as maneuver A for clarity in
this chapter. The 1.5 Hz filter is implementedngsa second order Butterworth filter.
This filter is employed in order to better modeVehicle’s true steering input.  The
simulation is updated every 0.001 second or 1000 Hgure 3.1 shows the response of

the Blazer using the SSRM.
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Figure 3.1. Maneuver A, S.S. Roll Model

Figure 3.2 uses the transient roll model with shene vehicle and maneuver as
Figure 3.1. The difference between these modeldeaseen by comparing the roll angle
and wheel loads within these figures. The trargieth model in Figure 3.2 contains an
oscillation while the SSRM in Figure 3.1 does nothe reason for this is that the
transient roll model derives the roll angle via tb# equation of motion which includes
roll acceleration and damping, as was seen Equé?idh), while the SSRM assumes roll
acceleration and damping are zero thus making 8RMsroll angle a function of lateral
acceleration, as was seen in Equation (2.13). witez| loads are derived by calculating
the lateral weight transfer on the front and redes which was shown by Equation

(2.22) in Chapter 2. The lateral weight trans$ecalculated as a function of roll angle in
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the SSRM and as a function of the roll dynamicshia transient roll model as seen in
Equations (2.23 and 2.24). Since the roll dynanaies oscillatory in the transient roll

model, the wheel loads are also oscillatory.
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Figure 3.2. Maneuver A, Transient Roll Model

As stated earlier, in order to compare the differell models, the dynamic states
are compared once the simulations have reachedysstate for each model. The steady
state values are measured 10 seconds after theuwsangas started. The difference in
the states are compared by computing the percéfetatice for the two models using

Equation (3.1) where the SSRM measurement is usétkaruth measurement.
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|SSRoll - TransieniRoll| 3.1

PercenDifference= x100%
| SSRoll |

Table 3.1 contains the steady state results foremnger A. There is no wheel lift

during this maneuver, and the steady state dynamlges for the two models are

approximately the same as seen by the low perdietethce between the two.

Table 3.1. Comparison of Models for Maneuver A

Dynamic State S.S. Rol Trans. Rall % Difference iteIn
Lateral Acceleration .2554118 .2554118 0.0 [a]
Roll Angle| 1.419507] 1.419058 .0316307 [deq]
Side Slip| 2.278848  2.278849 .0000439 [deq]
Yaw Rate| 16.09942 16.09941 .0000621 [deg/s]
Front Weight Transfer 526.9914 526.3616 1195085 [N]
Rear Weight Transfer 1,421.585 1,421.087 .0350313 [N]
Front Lateral Force 2,650.778 2,650.778 0.0 [N]
Rear Lateral Force 2,137.8700  2,137.869 .0000468 [N]
Roll Rate| 5.557720 5.55596 0316676 [deg/q]

For the next test, the step steer of 5 degretmydd at 1.5 Hz is used again.
However, in this simulation (Maneuver B), the vétpds increased to 35 MPH. In this
input scenario, the inside rear tire in both modiéls and remains un-weighted as the
states are measured at the 10 second time intefvigures 3.3 and 3.4 contain the
response of the SSRM and the transient roll madepectively, during maneuver B. In
Figures 3.3 and 3.4, the rear inside wheel loaddated by the dotted line. It is clear

that the wheel load for this tire goes to zero,chhindicated wheel lift.
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Figure 3.3. Maneuver B, S.S. Roll Model
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Figure 3.4. Maneuver B, Transient Roll Model

The comparison of the models’ steady state dynatates for maneuver B is

recorded in Table 3.2.
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Table 3.2.

Comparison of Models for Maneuver B

Dynamic State SS Roll Trans. ROl % Differente gnit
Lateral Acceleration .8498721 .8499465 .008754 [0]
Roll Angle| 4.723351] 4.707426 337154 [deg]
Side Slip| -54.79752] -54.74284 099785  [deg]
Yaw Rate| 56.05783 56.03894 .033697 [deg/s]
Front Weight Transfef 1,751.426f 1,728.569 1.30505 [N]
Rear Weight Transfer 4,185.143  4,185.143 0 [N]
Front Lateral Force 8,894.704| 8,895.999 .014559 [N]
Rear Lateral Force 7,040.835 7,040.957 .001733 [N]
Roll Rate| 5.55772| 5.538496 .345897|  [deg/g]
Rear Inner Wheel Lift time 373 214 42.6273 [sec]

By examining Table 3.2, the greatest discreparsyéen the two models is the
time at which the rear inner wheel lifts. Howewaren during this maneuver, the percent

difference between the two models is small enouwlt the models are still very

comparable.

The SSRM takes an additional 0.159 seconds thatraimsient roll model to lift
the inside rear wheel. This is explained by inigeding the rear lateral weight transfer

equation which dictates the rear wheel loads. HEou#3.2) describes the general weight

transfer, while Equation (3.3) describes the fidigit transfer for the rear axle.

=2

dF,,
trk,

sz = [on - in [[N]
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For Rear damper force 40 Rear roll center height

F« Rear spring force Mor Rear anti-roll bar moment

Fyr Rear axle lateral force yR Reaction force on the rear

F,i Axle inside tire wheel load po Length between rear shocks

F,o Axle outside tire wheel load kS Length between rear springs
hegm  Un-sprung mass CG height trkRear track width

The lateral weight transfer equation, Equatio2)3s calculated as the difference
between inside and outside wheel loads on each akte increase in the rear, lateral
weight transfer, df;, causes a decrease in wheel load on the rearitised For this
simulation, the maximum value of gks one half of the weight on the rear axle, and at
this maximum value, the rear inside wheel loadasoz The lateral weight transfer
equation is identical for both roll models; howewie rear damper force}-is zero in
the SSRM, while it has a value in the transient mudel. The rear damper force is a
function of roll velocity and the longitudinal disice between the CG and where the

damper connects to the sprung mas9.(SS,, and kg are the variables in roll damping

moment (RDM), as seen in Equation (2.19). The RidMe is positive when the roll

angle velocity is positive. Note that increasimil mngle towards the outside of the
vehicle is positive. For the step maneuver, thg idiEreases faster in the transient roll
model than in the SSRM due to the positive rolllanglocity. This causes the transient

roll model to produce a wheel lift before the SSRM.
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It is also important to note that while the tramdiroll model is the first to
produce wheel lift, the wheel that lifted firstutthes down again between time .515 and
.543 seconds as seen in Figure 3.5. During tims,tthe roll angle velocity is negative
which causes the RDM to be negative and resultshéen di; decreasing from its
maximum, thus causing touch down. Touch down duoasoccur with the SSRM
because the roll dynamics are neglected. Theredmee wheel lift occurs in this model,

it does not regain normal wheel load.

I
— Front Outer

S T e Rear Quter |'
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S Rear Inner
7000
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& 4000
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Touch Down

1000

Time [sec]

Figure 3.5. Zoom-In View of Test 2 Transient Moti¢heel Load Response

With the minimal percent difference between theo twmodels in the two

maneuvers found in Tables 3.1 and 3.2, the transdins considered accurate at steady
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state for the dynamic states analyzed. Althoupls &nalysis of the SSRM and the
transient roll model is successful in capturing sieady state response of the transient
roll model, further analysis of the transient moteheeded to verify the full transient

response of the model.

3.3 NHTSA Phase IV Comparison

Due to the increasing fatality rate caused byox@t crashes (especially in SUVSs)
Congress charged NHTSA to conduct dynamic rolloesistance rating tests. For the
purposes of a dynamic rollover resistance ratirgl, tSHTSA selected the Fishhook
steering maneuver as a primary candidate, which nefised in the Phase IV of the
TREAD act investigation. During the TREAD act, NBA took exhaustive data
measurements of the vehicle dynamics from the lehibey tested. This data was made
available to the general public and is used in thiapter to further validate the vehicle
model.

In order to validate the vehicle model describedChapter 2, simulation results
were compared to the NHTSA Phase IV experimenti@ fita the Fishhook 1a maneuver
(also known as the Fixed Timing Fishhook). Thenktok 1a maneuver uses a steering
input consisting of an initial steer followed bycaunter steer at a set entrance velocity.
The velocity profile of this maneuver is characed by the vehicle reaching a desired

steady state speed, known as the entrance spegd;oasting through the rest of the
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maneuver once the initial steer is begun. Ther sdegle input for the Fishhook la
maneuver is shown in Figure 3.6. The steer amgfially starts at zero degrees and then
commanded to steer angle ‘A’ at a rate of 720 degypeer second at the hand wheel. In
the Fishhook l1a maneuver, the steer angle ‘A’ Id benstant for 0.250 seconds then a
counter steer to ‘-A’ at the same rate occurs. Jtker angle *-A’ is held constant for 3
seconds, after which it returns to zero, completing maneuver. The value ‘A’ is
specific to each vehicle configuration, and is wedi by multiplying 6.5 by the steer
angle of the handwheel at which the vehicle expese 0.3 g of lateral acceleration in
the Slowly Increasing Steer (SIS) maneuver. Th® Blaneuver is performed at a
constant velocity of 50 mph with a continually ieasing steer input of 13.5 degrees per

second at the hand wheel.

A 10 T1
_-- H
51 |+— 720 deg/s @ Handwheel
Steer Angle
at the tires, 3
(deg) |
5
A .
T2
1% 2 4 6 8
Time (sec)

Figure 3.6. Steer Angle Input for the FishhookManeuver
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To accurately simulate the vehicle, there areethparameters of the Blazer that
must be quantified. These parameters are the ssigpestiffness, damping, and the
front-to-rear roll stiffness ratio. However, rasder these values are known. Therefore
a method to approximate a value for each of thespegties without ‘tuning’ the
properties for a specific maneuver was used. NHT&Aluated the Blazer using
multiple maneuvers such as the J-Turn, Fishhookaba, Fishhook 1b. Since the
maneuver of most dynamic interest, the Fishhookislased later for model validation,
the J-Turn maneuver is compared with the simulationorder to back out the
approximate unknown properties. The frequency @athping of the suspension’s roll
dynamics are seen in the roll data in Figure 3Nith this information, the suspension
roll stiffness and roll damping are varied to maticé roll angle frequency and damping.
Since the differences between the front and rel&ustiffness and roll damping are not

known at this point, they are kept equal to ondlaro
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Figure 3.7. J-Turn Maneuver Roll Dynamics for Bxpental and Simulation Data

With the suspension roll stiffness and roll dangpapproximated, there still exists
an error between the experiment and simulation gat®. The simulation showed tire
saturation while the experiment did not. In ort@minimize this error, the vehicle’'s
front to rear roll stiffness was changed to matoh yaw rate. However, the total roll
stiffness was held constant to retain the roll dyicaresponse. Changing the front to rear
roll stiffness changes the understeer gradient hwkiictates the maximum yaw rate a
vehicle can attain for a given maneuver. The ygwadics for the experimental data

and the simulation are shown in Figure 3.8. With toll stiffness, roll damping, and
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front to rear roll stiffness ratio approximated tbe J-Turn maneuver, the comparison of
the simulation with the experimental data for ahRmok maneuver can be performed

with confidence that the parameters are not ‘tungpecifically for the Fishhook

maneuver.
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Figure 3.8. J-Turn Maneuver Yaw Dynamics for Expental and Simulation Data
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The vehicle used for comparison in this study i2091 Chevy Blazer 4x2.
NHTSA’s Phase IV experiments recorded data for Blazer in three different
configurations: Nominal, Reduced Rollover ResistéafRRR), and Rear Mounted Ballast
(RMB). The Nominal configuration is the Blazer @mped with a driver, data
acquisition, and outriggers on board has a weight distribution of 55:45 (front to rga
CG height of 26.3 inches, and a track width of SGr&hes. These parameters resultin a
static stability factor (SSF) of 1.048 (Equatiod)l. Complete property values of each
vehicle can be found in Appendix A. Figure 3.7whdhe Nominal configuration center

of gravity drawn on the Auburn University GAVLAB &ter.

Figure 3.9. Auburn University GAVLAB Blazer
Center of Gravity drawn in the Nominal Configuratio
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Figure 3.10 shows the Nominal Blazer experimentth and simulation data
during a Fishhook 1a maneuver. Both the yaw afiddymamics of the transient yaw

and roll model closely match to dynamic states muessin the actual vehicle.
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Figure 3.10. Nominal Blazer Dynamics for a Fishh@a Maneuver
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The RRR configuration is the vehicle in the Nonhicanfiguration with a 181 Ibs
roof ballast added on the top of the vehicle armhshin Figure 3.11. This serves to raise
the CG vertically by 5% from the Nominal configueatt to 27.6 inches. This results in a
new SSF of 0.989, while maintaining the same vehlchgitudinal weight split as the

Nominal configuration.

Figure 3.11. Auburn University GAVLAB Blazer
Center of Gravity drawn in the RRR Configuration

In order to conduct this simulation, the CG hejghbtl inertia, and yaw rate were
the only parameters that were changed in the gavage converting the Nominal Blazer
to the RRR Blazer. The changes of these propestgze recorded in the NHTSA study
and are shown in Table 3.3.

Table 3.3. Nominal vs. RRR Blazer Configurationrfenbrock, 2002]

Weight | CG Height| Roll Inertia | Yaw Inertia | Pitch Inertia

(Ibs) (inches) | (ft-bs-seé) | (ft-Ibs-sed) | (ft-Ibs-sed)

Nom. Blazer| 4154 26.3 520 2765 2573
RRR Blazer 4335 27.6 579 2766 2637
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The roll inertia for the RRR configuration is 1J8rcent higher than the Nominal
configuration. However, since the placement of rib&f ballast is near the CG in the x
and y axes, the yaw inertia changes by less thadh @ercent. Though pitch inertia is
neglected in vehicle model, thus not needed, ihtisresting to note the roof mounted
ballast causes it to increase by 2.49 percent. iidrease in the pitch inertia will cause
an increase in understeer during heavy breakiniy thé Blazer.

In Figure 3.12, the experimental and simulated RB¥er configuration data is
compared. Again, the vehicle model follows theuattRRR Blazer Fishhook la
experiment data. The largest discrepancy betweesitnulation and experimental data

is in the roll angle. This is most likely due ti@el lift of the inside tires.
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Figure 3.12. RRR Configuration Blazer Dynamicsddfishhook 1a Maneuver

The RMB configuration is the vehicle in the Nomieanfiguration with weight
added to the rear of the vehicle, which moves ti& I@nhgitudinally by 10.5 inches
toward the rear, but retains the same SSF. Thigecef gravity shift is illustrated in
Figure 3.13. The RMB has a front to rear weigistrddution of 44:56, but maintains the

SSF of 1.048. For the Nominal and RRR configurstjoexperimental data for a
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Fishhook 1a maneuver is available. However, fo&8 RMB configuration, only
experimental data for a Fishhook 1b maneuver idabla. The Fishhook 1b maneuver is

similar to the Fishhook 1a, but does have somelesulifferences [Forkenbrock, 2002;

NHTSA, 2002].

|

Lt N b

RERERN N eIslete)
| e = =

Figure 3.13. Auburn University GAVLAB Blazer
Center of Gravity drawn in the RMB Configuration

Table 3.4 reveals the change in vehicle propebidween the Nominal and RMB

Blazer configurations.

Table 3.4. Nominal vs. RMB Blazer Configuratiorofkenbrock, 2002]

Weight Split| CG Height | Roll Inertia | Yaw Inertia | Pitch Inertia
Front:Rear | (inches) | (ft-lbs-se) | (ft-Ibs-se@) | (ft-lbs-sed)
Nom. Blazer 55:45 26.3 520 2765 2573
RMB Blazer 44:56 26.1 567.9 3604 3368.3
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Figure 3.14. RMB Configuration Blazer Dynamics #oFishhook 1b Maneuver

Figure 3.14 shows experimental and simulationltedtom Fishhook 1b for the
RMB configuration. The largest discrepancy betwdles simulation results and the
experiment data is again in the roll angle. Theeeixnental data reveals that two-wheel

lift occurs. This is seen in the roll angle measwent along with the NHTSA notes for
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this experiment. However, the simulation resukdicts only one-wheel lift with the
second wheel approaching wheel lift. This is de@m the normal forces for each tire, as
shown in Figure 3.15. This difference is mostlijkgue to limitations of the simulation
model. Some of the model’'s assumptions discuss&hapter 2 may not be valid for all
scenarios the vehicle encounters. For examplerdlhstiffness is more than likely not
linear in the real Blazer. Also, the assumptiornttid un-sprung mass being in steady
state is no longer accurate after one wheel lifucg for the roll dynamics (yet it appears
to remain valid for the yaw dynamics). Also nabattthis discrepancy is small and it

occurs only in the Fishhook 1b RMB data.
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3.4 Auburn University GAVLAB Blazer

The GPS and Vehicle Dynamics Lab in the DepartmehtMechanical
Engineering at Auburn has performed maneuvers avitmstrumented Chevrolet Blazer.

These tests were conducted at Auburn’s NCAT facighown in Figure 3.16.

Figure 3.16. Auburn University NCAT Test Track Hagi

The experimental data was again compared with lation results using the
Nominal configuration of the Blazer. In these seshe velocity and steer angle were
recorded and used as inputs in the simulation. tébketrack limits maneuvers to either
single or double lane-change maneuvers. Figuré shbws a comparison of the Auburn

experimental data with results from the simulatioodel during lane-change maneuvers.
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Figure 3.17. Lane Change Maneuver Data for the GAB/Blazer

Though the yaw dynamics of the experiment and lsiimn data closely match
each other, differences between the simulationexpariment roll angles can be clearly
seen in Figure 3.18. This is caused by a changeibank angle of 4 degrees during the
lane change maneuver, commonly known as the roadncrwhich aids in water

drainage).
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Figure 3.18. Lane Change Maneuver Yaw and Rolll&Bpta for the GAVLAB Blazer

The parameters used in this simulation are thes ased for the Nominal Blazer

which were tuned with the NHTSA experimental data the J-Turn maneuver. The

similarity of the dynamic behavior in the simulatiand the various experiments provide

much confidence in the vehicle model.
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3.5 Lateral Weight Transfer Simulation

In the some of the simulation maneuvers, the Veheghibits an initial counter
weight transfer, analogous to a non-minimum phgstem. In other words, during a
maneuver, the weight transfer is initially in oppesdirection of steady state weight
transfer as seen in Figure 3.5. The steady stdtes for the dynamic states reveal that
the outside wheel loads are higher than the ingideel loads, as seen in Figure 3.4.
However, at the beginning of a step maneuver, rihvet inside wheel load increases and
the front outside decreases, as seen in Figure Gléser analysis shows that during the
first 0.1685 seconds of the maneuver the weightstea on the front axle is negative.
This increases the inside wheel load. For the abfance on the inside wheel to increase
during a turn is counter intuitive. In steady stahe normal force on an axle’s inside
wheel decreases and the normal force on the outdigel of the same axle increases as
expected.

In order to understand this phenomenon, the welginisfer equation must be
further examined. The weight transfer equationthar front axle and rear axle are the
same. However, vehicle parameters for the fromt eear axles are different. The
equation of the front weight transfer from Chapeis shown again here as Equation
(3.4).

2 3.4

szf = trk [ﬁM arbf + Sd |:ka + Sof |:be + Ryf |:ﬂhrcf _hcgm)+ I:yf |:hcgm] [ﬁN]
f
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During the initial 0.1685 seconds of the step na@ee, the roll angle and velocity

are positive and therefore the moments from theraftbar (M, ), springs &, [F)

and dampers§; [F; ) are all positive. By investigating the un-sprungss free body

diagram in Figure 3.19, it is seen that the titeri forces are also positive for this left

steer, step steer maneuver.
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»

Fzo

Figure 3.19. Roll FBD Un-Sprung Mass

The only variable remaining in the weight trangfquation that could be negative

and cause dFto be negative is the termR; [(hrcf —hcgm). For the step maneuver, the

lateral reaction force is always positive. Therefathe variables causing the initial
counter weight transfer are the un-sprung mass €@hh and the roll center height.
When the roll center height is below the un-spromgss CG height, the moment arm

becomes negative and is multiplied by a posititer&d reaction force, thus causing the
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dF;s to be negative at the beginning of this maneuv@n. the Blazer vehicle model, the

front roll center height is below the un-sprung sm&G height and the rear un-sprung
mass height is equal to the un-sprung mass heiBbtause the rear weight transfer is
never negative, note that the inside rear wheel isanever greater than the outside rear
in Figure 3.5. This is due to the fact that thesprung mass CG height and the roll

center height are the same; the moment arm of mei(hrCf —hcgm) term is zero.

To clarify which variable or variables is causitg tweight transfer to be negative, three

terms of the front lateral weight transfer are gpadl separately. These terms include the

total front weight transfer, the front weight trésrswithout theiERf Eﬂhrcf -h, m)
trk, 7 ’

term, and theZ—ERf [ﬂhrCf -h ) term. Figure 3.16 shows these terms during a step
trk,

f

cgm

maneuver.
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Figure 3.20. Maneuver B, Transient Roll, Frontdrat Weight Transfer

It can see in Figure 3.20 that the,dis negative before time 0.1685 seconds.
This is because the,Rcomponent is greater than the other terms of Emug8.4). This
narrows the possible vehicle properties that cdlisecounter weight transfer down to
two: the roll center height and the un-sprung n@2Gsheight.

To further explore the counter weight transfertlom front axle, a simulation of a
step steer input is performed with both front aedrroll center heights equal to the un-

sprung mass CG height. The response is showrgimd-B.21.
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It is shown that the counter weight transfer doet exist when the roll center
height is equal to the un-sprung mass CG heightso Aote the convention of the
negative tire slip angles producing positive ldt¢ire forces. The conclusion is that a

roll center height below the un-sprung mass CGHieigeates an initial counter weight

transfer.
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3.6 Summary and Conclusion

In this chapter, the accuracy and validity of thensient roll model has been
demonstrated. The transient roll model was shawproduce the same steady state
results as the steady state roll model. Experiatemthicle data acquired from NHTSA'’s
Phase IV rollover research was used to determinknawn vehicle properties.
Additional data from the Phase IV testing was theed to validate that the transient roll
model matches the transient dynamics of the exmatah data. It has also been shown
that the vehicle model accurately captures the miyee of the vehicle when properties
are changed, as shown by the RRR and RMB Blazdigewations. Experimental data
produced by the Auburn University GAVLAB was useddtovide further validation that
the vehicle model matches experimental data foare Ichange maneuver. An initial
counter weight transfer was seen in the wheel &tzdd during the simulation maneuvers.
This phenomenon was examined and ultimately pratlucere confidence in the
simulation’s accuracy. This wide range of validatof the model developed in Chapter

2 allows for confidence in the vehicle dynamicslgsia in the following chapters.
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CHAPTER 4

ANALYSIS OF VEHICLE ROLLOVER STABILITY LIMIT

4.1 Introduction

This chapter investigates the effect of variousisclehparameters on rollover
propensity using computer simulation. The vehitledel used in the simulation was
developed in Chapter 2. The computer simulati@csuracy was verified in Chapter 3
by comparing the simulation data to experimentah deom NHTSA'’s Phase 1V testing
on rollover of passenger vehicles. In this chaptee vehicle model is subjected to a
specific steering input defined by NHTSA, calle@ thishhook 1a. An analysis of the
vehicle loading condition and its influence on owkr propensity is conducted using the

validated vehicle simulation.
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4.2 NHTSA Phase IV Analysis

As discussed previously, NHTSA performed the PHasef TREAD rollover
analysis in 2002. Chapter 3 showed data for a B)@ier in various configurations that
were tested, and this data was used to validateghele simulation. In the NHTSA
tests, the vehicle’s loading condition was changedhree specific locations. The
Nominal, Reduced Rollover Resistance (RRR), andr Rdaunted Ballast (RMB)
configurations represent these loading conditicanges, which are shown in Table 4.1.

Table 4.1. NHTSA Phase IV Vehicle Load Configurasi [Forkenbrock, 2002]

Nominal RRR RMB
CG Height [inches] 26.3 27.6 26.1
Weight Split 55:45 55:45 44:56
Front : Rear

NHTSA performed a Fishhook 1b maneuver with thez8fain each of these
configurations. To determine vehicle rollover, Blazer was equipped with outriggers
to allow the vehicle to lift both wheels of oneesidf the vehicle. Entrance speeds of the
maneuver were increased until two-wheel-lift (TWiAs detected. TWL was defined as
both wheels on one side of the vehicle being twchés off the ground. Table 4.2
contains the NHTSA Phase IV data which shows thez@&l lowest entrance speed at
which TWL was detected.

Table 4.2. Blazer TWL Velocity in Fishhook 1b Mawer [Forkenbrock, 2002]

Nominal RRR RMB
TWL Velocity [mph] | 40.1 \ 36.2 \ 34.9
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The results of this experiment show that the Blazéendency to rollover
increases as the CG height is increased. The RRRgaration has a CG height 1.3
inches higher than the Nominal configuration andesgiences TWL at 36.2 mph while
the Nominal configuration requires 3.9 mph moreoggy before TWL is achieved. This
follows intuition and the results of the SSF expéal previously.

The RMB configuration, like the RRR, increases tBazer's tendency to
rollover. However, the CG height of the RMB is 2hes lower than the Nominal CG
height. The physical difference between these twofigurations causing the TWL
velocity variation is the weight split. The Nomirend RMB have approximately the
same SSF, and weight splits of 55:45 and 44:5Gemely. NHTSA performed a
Fishhook 1b maneuver on both of these configuratiamd the Nominal configuration
experienced TWL at 40.2 mph, while the RMB had T®#{134.9 mph.

In order to better quantify the difference betwetde Nominal and RMB
configurations, the vehicle model is used to siaukend duplicate NHTSA’s Phase IV
data for the Blazer. The vehicle’s weight splida®G height are varied to assess their
affect on rollover propensity. The front to reagight split is varied from 30:70 to 70:30,
while holding the SSF constant. The Nominal camiigion of the Blazer is also
modified so that the roll center, suspension stggrand damping are the same on the
front and rear. With these changes to the suspentiie effects of changing the weight
split are isolated from other factors. The paramgetaried in this simulation test are the
lengths ‘a’ and ‘b’, while their sum, the wheelbas® held constant. The Slowly
Increasing Steer (SIS) maneuver and constant @@ aisd adopted from the NHTSA

Fishhook la test. The change in weight distributbtaused the SIS constant to also
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change for each different weight split. For eaahametric variation of the vehicle load
condition, a new SIS constant is determined asribestin Chapter 3. The SIS constant
varied from 0.675 to 1.827 degrees at the tirdHersplits of 30:70 to 70:30 respectively

as shown in Figure 4.1.
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Figure 4.1. SIS Constant Change for Weight Spditiafion

The dynamic test used to determine the effecthede property changes is the
Fishhook 1a maneuver. The Fishhook la is a higtheatable maneuver as cited by
NHTSA'’s Phase IV research and is an easily prograchapen loop input (unlike its the
Fishhook 1b, which requires roll velocity data inckbsed loop feedback control)
[Forkenbrock, 2003].

As in the NHTSA study, rollover velocity is calctéd by determining the vehicle
speed at which the steering maneuver causes TW4& .préviously described, NHTSA

determines TWL as both wheels on one side of tlnéclieebeing lifted 2 inches off the
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ground. However, TWL for the simulation is defiresithe instant that the normal forces
on both tires on one side of the vehicle go to z€erbis definition is due to the fact that
the simulation is not able to measure the heigrgaah wheel after wheel lift since the
un-sprung mass dynamics are not modeled. The aiionlis still accurate until the point
where wheel lift occurs. The difference in theinigibn of TWL between the simulation
and experiment results in a discrepancy in thecgidhat TWL occurs. Since the
simulation rollover is defined as the instant th&YL occurs and not after both wheels
have lifted 2 inches, the rollover velocity for teenulation is lower than the NHTSA
experiment data. Figure 4.2 shows the simulatib@WL velocity across a range of
vehicle weight splits. NHTSA’s Nominal and RMB dmyurations for the Blazer are

also shown in Figure 4.2.
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Figure 4.2. TWL Velocity for Weight Split Variatio
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Figure 4.3 shows the corresponding understeer cuimgpection of Figures 4.2
and 4.3 reveals a correlation between understeeralover propensity. As the Blazer’s
weight is shifted toward the rear, the vehicle hedo oversteer as well as roll at a lower
velocity than when the weight is shifted toward thent axle. Also note that as the
weight is shifted toward the front axle, the cop@sding SIS increases causing the
Fishhook 1a to become a more severe maneuver. \Wowde TWL velocity continues
to increase as the weight is moved to the frone.aXNHTSA’s Phase IV experiments
reveal this same correlation between weight spld &ollover propensity, as seen in

Figure 4.2.

12~
Weight Split
~ Front to Rear

-
o

(=]

Steer Angle (degrees)

0 0.1 0.|2 0.‘3 0.‘4 015 0.‘6 0.7 0.8
Lateral Acceleration (g)

Figure 4.3. Vehicle Understeer Gradient for a &aon of Weight Splits

Another interesting observation from the simulatiiata was seen for two vehicle

configurations with a SSF equal to 1.048. Onealehlgonfiguration experiences TWL at
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28.6 mph and the other experiences TWL at 45.2 nidiese speeds were recorded for
various weight distributions of 30:70 through 70f8fnt to rear, respectively. Although
the SSF is considered the most important measutesh@nvehicle’s rollover propensity,
two vehicles with the same SSF may experiencefardiice in rollover velocity for the
same maneuver. This clearly demonstrates tha¢ ther other vehicle parameters that
play an important role with regard to rollover peogity besides center of gravity height
and track width (SSF parameters).

The simulation was also configured to vary the G&i#@jht on the Blazer to assess
its effect on rollover propensity. The Blazer dgofation used was the Nominal case,
and the only parameter varied was the CG heights fesults in a constant SIS of 1.268
degrees measured at the tire. Figure 4.4 showsdhesponding Blazer simulation

results. Also shown in the Figure are the Nomaral RRR TWL velocities.
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Figure 4.4. TWL Velocity for Various CG Heights
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With the track width is held constant, the SSFesifrom 3.467 to 0.2774 with
change in CG height. The Nominal configuration &&SF of 1.048, which corresponds
to a CG height of 16.76 inches. The TWL velocity the Nominal configuration as
determined by the simulation is 38.8 mph. NHTSAwWwuoented TWL for the same
configuration and maneuver as being 40.2 mph. mgtie difference in the TWL
velocities is caused by the different definition WL between the simulation and
experiment. The observed trend of the data isuaqgirising since it is well known that a

vehicle will roll at a lower velocity if the CG miised or the SSF is decreased.

4.3 Stability Limit Development

From Section 4.2, it can be seen that a vehictdlever threshold varies not only
with CG height, but also the CG longitudinal looati otherwise known as the vehicle’s
weight split. In this section, vehicle states ottlen rollover velocity are measured to
further develop an understanding of how the velsatlynamic states at rollover vary
with the vehicle’s load condition.

Vehicle simulations are again used to determine dtability threshold for
different vehicle load conditions. This is done ingependently varying the vehicle’s
center of gravity height and weight split. The maxm value of the each of the
following states is recorded when rollover is degdcmaneuver entrance velocity, lateral
acceleration, yaw rate, roll angle, roll rate, sdli@ angle, and side slip rate. For the

general Fishhook maneuver, rollover is consistemidasured slightly after the maximum
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counter steer. The Fishhook maneuver used isreiftehan the NHTSA Fishhook 1a
because the maneuver’'s steer angle magnitude epeaendent of the SIS constant
described in Chapter 3. Therefore, the manewanchanged for variations of vehicle
properties, thus allowing for a more concise consparbetween the property variations.

For these simulations, a Fishhook steering prafides chosen with a maximum
steer angle of 5 degrees and a maximum steeriegofat0 deg/s, both measured at the
tires. This profile was filtered by a second or@at5 Hz Butterworth filter to remove the
abrupt changes in the simulation’s steer angle.

The first property varied was the CG height. Tharihal Blazer configuration
was used as the baseline. The CG height was viaeeeen 65 and 160 percent of the
baseline CG height. The rollover velocity, lateaateleration and yaw rate are shown in
Figure 4.5. As shown in the previous section,uéleicle will roll at lower velocities as
the CG height is raised. Also, note that as tl& Ikakight is raised, the lateral
acceleration and yaw rate that the vehicle caneaehbefore experiencing a rollover
event is decreased. These results confirm thof#eeobSF, which states that the vehicle

is more prone to rollover as the CG height is iaseal.
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Figure 4.5. Velocity and Yaw Dynamics at Rollover €G Height Variation

The roll angle and roll rate along with the sidg single and the side slip rate are
important states when determining rollover [Had)4J0 Currently, Ford utilizes the roll
rate dynamic state in its electronic stability cohsystem for SUVs, and much research
is ongoing to use the side slip rate state in \‘ehgtability control systems. The
following states at rollover are shown in Figuré:4oll angle, roll rate, side slip, and

side slip rate.
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As the CG height is increased, the roll angle asiirate at rollover increase.
This increase in roll angle and roll rate is causgdhe increase in the vertical distance
(dy) between the roll center axis and the CG heighh@s<CG height is raised. The angle
of roll per lateral acceleration is known as thél Rate property (not to be confused with
the roll rate [deg/s] state), as seen in Equatid)([Gillespie, 1992] and Figure 4.7

shows the change in Roll Rate as the CG heigldngd.

Roll Rate=

- M [ [, D18OEEdeg} 4.1
—-k, +Mgld, 7 g
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Figure 4.7. Roll Rate for CG Height Variation

The lateral force on the front and rear axles lier €G height variation is shown
in Figure 4.8. It can be seen that as the CG hengheases, the lateral force at vehicle

rollover is decreased.
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The second property which was varied on the NomBlaker is the vehicle’s
weight split. The vehicle weight split was variedm a weight ratio of 70:30 (front axle
to rear axle) to a ratio of 30:70. The same maeeawd vehicle from the CG height
variation simulation were used. Figure 4.9 shadwes\telocity, lateral acceleration, and

yaw rate at rollover for the weight split variatisimulations.
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Figure 4.9. Velocity and Yaw Dynamics at Rollo¥@r Weight Split Variation

As noted in Section 4.2, the maximum speed thedBlaan safely negotiate the
Fishhook maneuver without rollover decreases aswitight is shifted towards the rear
axle. However, the yaw rate at which the vehiolkésrincreases as the weight is moved
toward the rear axle [Gillespie, 1992]. This iplned by the change in the vehicle’s
weight transfer causing limit oversteer as the wesplit is shifted rearward. As weight
is shifted toward the rear axle, the weight transfethe rear axle increases and saturates
the rear tires faster than the front tires and ¢higses limit oversteer [Milliken, 1995]. If
the vehicle’s velocity is increased, the limit osteler will cause the yaw rate to approach
infinity. The vehicle’s understeer gradient iscatkecreased as the weight is shifted to the
rear as shown previously in Figure 4.3. For theesateering input and velocity, a
vehicle with a lower understeer gradient will haveyreater yaw rate than one with a

higher understeer gradient [Gillespie, 1992].
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The maximum lateral acceleration that Blazer celniewe before rollover also
increases as the weight split is moved rearwaite |&teral acceleration at rollover as the
weight is shifted to the rear mimics the yaw ratecdlover. Although Equation (4.2) is
only true at steady state, it does explain why lgteral acceleration at rollover trend

follows the yaw rate at rollover trend.

a, =V 0? 4.2

Figure 4.10 shows the maximum roll angle, roleratide slip angle, and side slip
rate achieved at rollover. The rollover roll angéenains nearly constant as weight split
is varied. However, the rollover roll angle ratecteases as the vehicle’s weight is
shifted to the rear axle. The side slip rate wafiem 0 to 0.5 deg/s at rollover yet the

side slip angle decreases at the weight splitifieshtoward the rear.
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4.4 Tire Property Variation

As noted in Chapter 2, the non-linear, ‘Magic Folahtire model can be easily
modified. In this section, the tire’s corneringfaess and peak lateral force are varied to
see how they affect rollover propensity. Againkiaghhook maneuver of 5 degrees is
used to study this effect.

To examine how peak lateral tire force influenceover, three different tires

The three different tires are modeieBigure 4.11 with the tire normal

were used.
force set at 5 KN. As seen in Figure 4.11, th@eong stiffness is held constant at 2400

N/deg for each tire, but each tire has a diffepeak lateral force.
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The limits of each state at rollover for the thdeerent tires models during the
Fishhook maneuver are given in Table 4.3. It carséen that the tire with the lower
peak lateral tire force has a higher rollover vyofor this maneuver. Additionally, the
tire with the lowest peak lateral force requireligher velocity to produce the required
lateral force for rollover on each axle than theeotires.

Table 4.3. Peak Lateral Tire Force Variation Rissul

Peak Lateral Forces
Dynamic States at Rollover6000 [N] 4500 [N] 3000 [N]
Velocity [mph]| 26.0 26.0 26.5
Yaw Rate [deg/s| 18.256 18.204 17.8839
Lateral Acceleration [g] 0.3512 0.3509 0.3463
Roll Angle [deg]| 2.191 2.178 2.131
Roll Rate [deg/s] 16.268 16.104 15.026
Side Slip Angle [deg] 1.449 1.443 1.344
Side Slip Rate [deg/s] 6.485 6.356 5.907

The tire cornering stiffness was also varied tcedaine its effect on rollover
propensity. Four different cornering stiffnesses avaluated. The tire curve for each
tire with a normal load of 5 kN is shown in Figwtd2. The peak lateral tire force was

held constant at 4500 N, as seen in Figure 4.12.
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The limits of each state at rollover for the tm@dels with the tire cornering
stiffness variation are seen in Table 4.4. The tiith the lowest cornering stiffness
requires the highest velocity in the Fishhook mameeto rollover. The rollover velocity
is higher in the tire with the lowest corneringffattss because a higher velocity is

required to produce the same lateral force thabther tire models rollover.
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Table 4.4. Tire Cornering Stiffness Variation Resu

Tire Cornering Stiffness [N/deg]
Dynamic States at Rollover 3000 2400 1500 1000
Velocity [mph] 25.25 26.0 28.0 29.25
Yaw Rate [deg/s|] 18.574 18.214 17.50 16.604
Lateral Acceleration [g] 0.3651 0.3511 0.3245 0.2934
Roll Angle [deg]| 2.282 2.180 1.985 1.773
Roll Rate [deg/s] 18.801 16.154 11.523 8.1247
Side Slip Angle [deg] 1.710 1.444 0.9541 1.381
Side Slip Rate [deg/s] 7.214 6.369 4.769 5.472

4.5 Summary and Conclusion

In this chapter, simulation data along with NHTS¥perimental data were used
to evaluate how two vehicle properties, CG heighd aveight split, affect a vehicle’s
rollover limit. The simulations were also useceiplore how the cornering stiffness and
peak lateral force of the tire affect a vehiclesiaver propensity. It was shown that the
SSF is not the sole determinate of a vehicle’sovelt propensity, and that there are
vehicle properties other than SSF, such as weighilzlition and tire properties, that can
significantly influence rollover propensity. It walso shown that there is a correlation
between the understeer gradient and rollover ppen As the vehicle understeer

increases, the TWL velocity tends to increase.

Finally, rollover stability limits were developed ithis chapter. The stability

threshold consisted of many vehicle dynamics statedocity, lateral acceleration, yaw
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rate, roll angle, roll angle rate, side slip angled side slip rate. Those were the states
used to express the rollover stability limits. F@estability limits will be used with an

ESC in the following chapters.
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CHAPTER 5

ELECTRONIC STABILITY CONTROL DEVELOPMENT

5.1 Introduction

As was stated in Chapter 1, vehicle rollover aauislehave received much
attention in the past decade. There is high denf@n8UVs (vehicles with low SSFs) in
the automobile market despite their high rolloveropensity. The automotive
engineering world’s solution to making these vedscafer is electronic stability control
(ESC). As was shown in the previous chaptersfabadation of ESC begins with an
understanding of how vehicle dynamics and vehicleperties affect rollover. These
principles are used to develop the stability cdigron this chapter.

The first generation ESCs implemented yaw contsolifmiting yaw rates with
differential braking [Tseng, 1999]. These ESCsdugaw rate gyros, wheel speed
sensors, and lateral accelerometers and the psérgxianti-lock braking actuator.
Although differential braking is still the most camn actuator used in ESCs, others such
as active suspensions and steer-by-wire, are bdegloped to enter the market
[Vilaplana, 2004; Amberkar, 2004]. Although yawntml has been shown to reduce
rollover, Ford utilizes an ESC that couples the yavd roll dynamics for control and

therefore equips their SUVs with a roll rate gyarj Zanten, 2000].
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In this chapter, a simple ESC is developed and emphted on a Blazer in
simulation. It uses steer angle and braking tdrobthe vehicle’s stability and to track

the driver’s intended path.

5.2 Electronic Stability Control

The ESC developed and used in this thesis is goptional and integral (PI) yaw
controller. It uses the vehicle’s brakes to cdniedocity and controls the steer angle of
the front tires. Controller limits are given fraime stability threshold derived in Chapter
4. The ESC takes these limits into account andsssljthe steer angle and velocity to
keep the vehicle within the stability region.

In order to implement the P-lI controller, the i model must first be
linearized. Placing the linearized equation of bieycle model into the state space form

is shown in Equation (5.1).

-C, -C, C, 5.1
: -1
Bl_|MTV MT? Bl IMTV i%
r _Cz _C3 r a[Cm

I I, vV I

Equations (5.2 — 5.4) provide the definitionste# tonstants £ C,, and G.

C,=C, +C,, 5.2

87



C,=alC, -bIC 5.3

al ar

C,=a’lC, +b*[CT, 5.4

The tire cornering stiffnesseS,, and C,, represent the total axle cornering

stiffness of the front and rear axles, respectivdliie axle cornering stiffness is found by
adding the cornering stiffness of each tire fot tde.
The yaw dynamics are controlled with a PI1 conémoll The transfer function for

the PI controller is given in Equation (5.5).

Output _ K, [s+Kk, 5.5
Input - S

Where:
ko = Proportional Gain

ki = Integral Gain

The controller gains were chosen by imputing tegired response frequency of 1
Hz and desired damping of 0.707 into the MATLABdpé’ command. The ‘place’
command sets the controller's eigenvalues to aehiéwe desired output. The
proportional gain was 1.0, and the integral gais via5.

The Nominal Blazer configuration is simulated wi#md without the ESC
activated. The Fishhook 1a steering profile iseoagain used. The maneuver velocity
was set at 35 mph, yet the vehicle can only neggotisis maneuver with a maximum

speed of 32 mph. The ESC response is shown ind-lgd. The ESC effectively keeps
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the vehicle within the stability threshold. Itatso seen that as the velocity is decreased,
the steer angle is decreased in order to limitdheer the maximum yaw rate to the

rollover limit yaw rate.
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Figure 5.1. ESC Simulated on the Nominal Blazerfigomation
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5.3 Intelligent Vehicle Model

Although statistics were shown in Chapter 1 th&CE ability to prevent single
vehicle rollover is high, there is room for improvent by using an intelligent vehicle
model (IVM) that modifies the ESC’s vehicle modeidacontroller limits. Vehicle
payload variation is the most common vehicle prypearied. The ESC with the IVM is
different from a regular ESC where the vehicle nhattees not change, and only one
stability limit is known. The purpose of the IVM o update the ESC controller limits as
the vehicle’s load condition changes. The IVMinék the stability limit for a range of
load conditions to know the vehicle’s changingaedr limit. Although not developed in
this thesis, sensors and estimation can be usedoton the IVM of weight split and CG
height changes.

Simulations were conducted to determine how thil I86uld serve to increase
the effectiveness of ESC in reducing vehicle radlov Simply adding a full load of
passengers to the Blazer can change the CG heygls bmuch as 10%. With this
information, the Nominal Blazer was simulated driyithrough a Fishhook maneuver
with a maximum steer angle of 5 degrees at 24 mie Nominal Blazer can navigate
this maneuver without crossing the stability theddh However, the Blazer with the
driver and four passengers has a CG height 10%ehitjan the Nominal configuration.
This raises the CG height from 0.663 to 0.73 metditse Blazer with the passengers can
only negotiate the Fishhook maneuver at 22 mphFigure 5.2, simulation results are

seen of the Blazer with the passengers implemenigdESC. Two configurations are
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shown, the Blazer with and without the IVM. Thalstity threshold for the Blazer with

the passengers is also shown.
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Figure 5.2. ESC with and without IVM for CG HeigWariation

The Blazer with the IVM updates the stability tineld from the Nominal
configuration of 0.33 g for lateral acceleratiordal7.5 deg/s of yaw rate to the new
configuration that has the CG height 10% highehe $tability threshold for the loaded
condition is 0.295 g for lateral acceleration arfdOldeg/s for yaw rate. It is seen in
Figure 5.2 that without the IVM, the vehicle neaetivates its ESC because the nominal
stability threshold is never breached. Thereftire,vehicle without IVM rolls as seen in

Figure 5.3.
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Figure 5.3. Effect on Dynamic Behavior due to C&dtt Move without IVM

However, the vehicle with IVM updates the ESC tifur yaw rate and lateral
acceleration which causes the ESC to activate h Wi 1VM, the vehicle never exceeds
the stability threshold and does not roll over.bl€a5.1 contains the stability thresholds
for both vehicle configurations and the maximum yeate and lateral acceleration

achieved during the maneuver.
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Table 5.1. ESC with and without IVM for CG Heigbhange

CG Height
0.663 [m] 0.73 [m] 0.73 [m]
VM No No Yes
ESC Enabled Enabled Engaged
Rollover Incident] No Yes No
Maneuver Maximum 0.32g 0.32g 0.295¢g
Lateral Acceleratior]
Maneuver Maximum  17.3 deg/sec 17.3 deg/sec 17.0 deg/se
Yaw Rate
Stability Threshold 0.33g 0.295g 0.295¢g
Lateral Acceleratior]
Stability Threshold  17.5 deg/sec 17.5 deg/sec 17.0 deg/se

Yaw Rate

Utilizing the IVM during CG Height changes appetoshave merit, yet there is

difficulty in using the IVM during weight split vaations. Table 5.2 shows the stability

threshold for the Blazer at two different weighlitsp 60:40 and 40:60.

Table 5.2. Blazer Stability Threshold for Two Wetigplits

Weight Split Front:Rear
Dynamic States at Rollover 60:40 40:60
Velocity [mph] 30.9 [mph] 24.4 [mph]
Yaw Rate [deg/s 19.2 [deg/s] 26.1 [deg/s]
Lateral Acceleration [g 0.46 [g] 0.51 [g]
Roll Angle [deg] 8.10 [deq] 6.84 [deqg]
Roll Rate [deg/s 1.4 [deg/s] 1.5 [deg/s]
Side Slip Angle [deg -0.05 [deg] 0.2 [deq]
Side Slip Rate [deg/s] 0.5 [deg/s] 0.3 [deg/s]

Assuming that an ESC is implemented for the 60udght split, it will use a

stability threshold of 19.2 deg/s for yaw rate @hd6 g of lateral acceleration.
maximum velocity that the 60:40 weight split cafeganavigate the Fishhook maneuver

is 30.9 mph. After a change in weight split to6f):the maximum safe velocity that the

vehicle can achieve is lowered to 24.4 mph.
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increased to 26.1 deg/s and the maximum laterala@tion is increased to 0.51 g. As
was shown in Chapter 4, the vehicle’s understemiignt decreases as the weight split is
shifted rearward. This causes the vehicle to ¢e@ersmore as the weight is shifted
rearward. For a oversteer vehicle, the maximurerdhtacceleration and yaw rate
increase for the same maneuver velocity as an stegrvehicle. The use of an IVM in
this case of changing weight split is redundartie ESC limit is set at 19.2 deg/s for yaw
rate and 0.46 g for lateral acceleration to stattvath. Since a shift of the weight split
toward the rear only increases the maximum yaw aatklateral acceleration, as shown
in Figure 5.4, the initial controller limit will gfice to keep the vehicle stable. However,
if the weight split is shifted towards the frontlexof the vehicle, the rollover limit
decreases and the IVM is effective. In this cdke, IVM would update the ESC'’s
stability limit and cause the ESC to engage befollever occurred. Also, note that as
the weight split deviated from the nominal configtimn by being shifted to the rear, the
nominal controller limit becomes more conservatives the controller’s limit becomes
more conservative, the vehicle’s response poteistiabt meet. By utilizing the IVM, the
controller limit can be updated to avoid the ES@Gitlifrom becoming ultra conservative,
and causes the vehicle’s response to be maximidde: rollover limits for the weight

split variation is shown in Figure 5.4.
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5.4 Summary and Conclusion

In this chapter, a simple ESC was developed apteimented in simulation. The
vehicle’s stability threshold for changes in loaohditions was used in coordination with
the ESC to increase the ESC’s ability to prevemibver. The use of the stability
threshold to change the ESC's limits is called atelligent Vehicle Model since it
updates changes to the vehicle’s parameters ahiitgtéimit. The significance of the

IVM was seen in simulation when the vehicle CG tmrawas modified. The IVM
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proved to be valuable for changes in CG height.wéier, the IVM was shown to be
redundant in cases where the vehicle’'s weight splishifted rear of the nominal

configuration, but useful in keeping the controllerit from being ultra conservative.
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CHAPTER 6

IMPLEMENTATION ON A SCALED VEHICLE

6.1 Introduction

Rollover testing using full-size vehicles is arpersive and somewhat dangerous
endeavor. However, if dynamic behavior from theled vehicle tested in a controlled
environment can predict the dynamic behavior dfdide vehicles, then scaled vehicles
offer an alternative safe approach to investigati®ver. In this chapter, an analysis of
vehicle rollover is performed on a scaled vehicl@etails of the scaled vehicle and its
modifications are given, including development amglementation of a wireless IMU
for providing critical vehicle measurements. Siatidn data and experimental data of
the scaled vehicle are compared to validate theya similarity of the scaled vehicle
with a passenger vehicle. Stability limits for gwaled vehicle with variation of the CG
height and weight split are then derived usingvélkeicle simulation. Finally, a stability
control system is developed for the scaled velacié the stability threshold is used in
conjunction with an intelligent vehicle model tocierase the stability controller’s

effectiveness.
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6.2 Motivation for using Scaled Vehicles

Scaled vehicles have proven to be reliable tess li@da variety of applications
such as yaw controller development and tire tesfBiggnnan, 2000; Burns, 2002;
Hallowell, 2003]. Scaled vehicles also provide esaV advantages when testing and
designing. For example, costs associated withate smodel vehicle are significantly
lower and modifications are easier to make on &sezhicle than a full-scale passenger
vehicle. Most radio control cars are purchaseddss than five hundred dollars, while it
is difficult to purchase the cheapest of new pagseuehicle for fewer than ten thousand
dollars. The cost of modification and maintenarc@lso much less expensive on a
scaled vehicle than a passenger vehicle. Thenteatiea required for scaled vehicles is
much smaller, allowing the testing environment t® mmore accurately controlled.
Compared with the Honda owned vehicle test facifitfast Liberty, Ohio, where many
vehicle tests are conducted, a scaled test centauch easier to acquire and maintain.
Simple, low-cost road simulations have been buwitttesting scaled vehicles [Brennan
1998]. And pushing the vehicle to its limits irder to observe what happens in the non-
linear regions of the vehicle is much safer witlscale vehicle than with a full-sized

vehicle [Yih, 2000].

98



6.3 Scaled Vehicle Description

A 1:10 scale radio controlled (RC) car was used #sst bed in order to validate
the rollover experiments done in the simulatiofhe vehicle was modified in order to
allow the CG location, spring stiffness, and ro#inter height to be easily modified.
Changing the CG location provides the opportundgyview dynamics occurring at
different weight splits. It also provides a metmadjust the distance between CG height
and roll center height, which is a crucial parametken assessing steady state roll [Hac,
2002].

There are two generations of 1T16cale vehicles which were used to validate
simulation results. The first generation test glhwas configured with a rear wheel
drive and front wheel steer configuration to be#&smlate many of today’s RWD SUVs.

Figure 6.1 shows the first generation scaled vehicl
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Figure 6.1. First Generation Scale Vehicle Test be

Other notable aspects of the vehicle’'s setup dehiff-road tires, a CG relocator,
and IMU board. Scaled vehicle street tires havelatively high cornering stiffness in
comparison with full size vehicles. Therefore,arder to compensate for this effect,
knobby tires are used to help scale the corneriiffipesss as suggested in [Brennan,
1999]. The steering servo used was a Futaba 300&hvhas a response time of 240
deg/s. The CG relocator was created to move then@®@th the longitudinal and vertical
directions. It also served as a roll cage thatgats the vehicle’s servos, motor and IMU.
The first generation test bed was primarily usedrécord data during fishhook
maneuvers and to study how changing the loadingiton effects rollover. During the

research, several drawbacks were noticed withtélsisbed. A tennis court was used as a
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test area for experiments, which provided a smadhdor testing. Therefore a hard
acceleration was needed in order to reach the manspeed, which caused major wheel
spin on the two-wheel drive vehicle and led to dapie wear. A lack of repeatability and
measurement of the vehicle’s true velocity were esather faults of the first generation
test bed. During testing, radio disturbances waligdupt a maneuver causing the scaled
vehicle to frequently veer off its desired course &ollide with surrounding objects
during experiments, which made testing long andtesd Additionally, the same vehicle
configuration would not consistently cause rolloatrthe same programmed velocity.
Other limitations included a weak roll cage, whieas easily bent during rollover events,
and a CG relocator design that raised the centgradfity too high when weight split
changes were needed.

A second generation scaled vehicle was built tapete in NHTSA's first annual
Enhanced Safety Vehicle Competition (ESV). Desthte vehicle being designed with
the intention to show a scaled safety technologytfie ESV competition it also became a
vehicle dynamics and ESC test bed to study rollovéhis second generation scaled

vehicle is shown in Figure 6.2.
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Figure 6.2. Second Generation Scale Vehicle Tedt b

The second generation test bed was also d"igtale vehicle. However, this
vehicle was equipped with four-wheel-drive. Therfavheel-drive allowed rear wheel
spin to be eliminated during acceleration beforeer@mg a maneuver. This vehicle was
equipped with a more elaborate CG relocator, wheolbles the weight split to be
changed while retaining a low center of gravity.08 kg weight is positioned fore or aft
to change weight split, and risen up or down alfmg pieces of ¥"aluminum all-thread
to change the CG height. The weight split can bisghanged by adding weights to rods
that are bolted into aluminum blocks attached &ové aft of the front and rear axles. The
roll cage is stronger than the previous generatiomrder to better protect the data

acquisition system. The black box in Figure 6.2tams the wireless data acquisition
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system which enabled improved telemetry. It wathlemall, and allowed wireless
feedback control to be implemented on the test bed.

The wireless feedback control system is implemehtesending driver inputs via
a steering wheel and pedal assembly. Similared=BC described in Chapter 5, the ESC
is preset with the yaw rate at the stability limaitd decides if the driver’'s inputs are
outside the vehicle’s stability region. An ineftiavigation system monitors the vehicle
states and informs the ESC through a wireless atiome If the driver is within the
stability threshold, the ESC simply passes theedisvcommands to the radio transmitter.
If the driver’s inputs bring the vehicle to the lstdy threshold, then the controller
modifies the inputs accordingly to keep the vehfaten rolling over while maintaining
the driver’s intended path as close as possiblee ifiputs of the driver or the adjusted
inputs from the ESC are sent to the radio tranemitthich sends commands to the

vehicle actuators. The wireless feedback contioématic is shown in Figure 6.3.
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Figure 6.3. Vehicle Control Schematic

6.4 Data Acquisition

The first generation data acquisiti@ystem consisted of an inertial sensing
module and was constructed to meet the basic diomalsrequirements of fitting on a
scaled vehicle. The system contained two gyroscoppable of measuring 150 deg/s at
a bandwidth of 40 Hz, one two-axis accelerometpabke of measuring £+2g at 50Hz, a
GPS receiver, and a Rabbit microprocessor. Thesgppes were oriented to obtain roll
rate and yaw rate on the scale car. The acceléeomwas placed in the horizontal plane

to obtain longitudinal and lateral acceleratiofifie GPS unit provided vehicle position,
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velocity, and course measurements, and when usednjunction with accelerometers
and gyroscopes, can also provide measurementshafleesideslip [Bevly, 2001]. The
Rabbit was set up to record the inertial sensod8tHz and the GPS receiver at 1 Hz
for a duration of 45 seconds at a timddter each 40 second sample period, the data must
be uploaded to a computer and the unit must bet.re3éis first generation data

acquisition system is shown in Figure 6.4.

Figure 6.4. First Generation IMU

The second generation data acquisition system stsiei an inertial measurement
unit (IMU) that uses the same accelerometers anosgys the first generation IMU. The
IMU board that is mounted on the second generagated vehicle and includes a six-
axis accelerometer/gyroscope package (3 acceleeosna@bd 3 gyros), a GPS receiver, a
wireless transmitter, a Rabbit 2000 microprocessod, power management components.
The wireless transmitter is a radio modem. Itdsedito collect inertial and position data
and send it to the base station where the ESC zsmlthe vehicle’s dynamics. The
components are mounted on a printed circuit boaddpdaced in a protective box which
is then mounted to the vehicle. The second geperdfta acquisition package can be

seen in Figures 6.5 and 6.6.
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Figur 6.6. Second Generation Data Acquisition BoOBrd. IMU and Microprocessor
shown on top, GPS Receiver and Radio Modem showsotiom
All data sampling is controlled by the Rabbit 20@@&roprocessor which uses C
code to log and transmit data. The microprocebsgins by collecting GPS and IMU
data to be sent to the base station. It then pgemapacket of data to be sent through the

wireless transmitter/receiver (MaxStream Xcite icka sends the data to the base
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station. This data packet can be either litertd daceived from the GPS and IMU units
or raw data parsed from their messages and pratesé®ard. The data is received by a
wireless receiver plugged into the base stationiarfdrther processed by the ESC to
determine the vehicle’s stability. The dimensiafighe INS box are 6.75” x 4.25” x

2.5”. Table 6.1 includes the specifications of likid).

Table 6.1 IMU Specifications

Component IMUGOS - IMUGB05 — RCB-LJ- GPS
Accelerometer Gyroscope

Update Rate (Hz) | Up to 256 Up to 256 4
(default 60) (default 60)

Range +/- 29 +/- 150 deg/sec n/a

Output format Digital UART Digital UART Digital UART

6.5 Scaled Vehicle Simulation and Experiment Compar@n

Simulations of the scaled vehicle and scaled Vehegperiments were used to
compare scaled vehicle dynamics with passengecheetiynamics. The simulations and
experiments were also used to verify the load dégein stability limits that were
discussed in Chapter 4.

Vehicle simulations were compared with real expental data in order to
determine if scaled vehicle dynamics correlate piissenger vehicle dynamics. If the
vehicle model derived for the passenger vehicleidiwlwvas verified in Chapter 3) also

matches experiment data for the scaled vehicley sitaled vehicles are valid tools for
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researching the vehicle dynamics that effect pagserehicle rollover. Figure 6.7 shows

experimental and simulation data, which has nonbdeered, of the first generation

scaled vehicle during a maneuver.
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Figure 6.7. First Generation Scaled Vehicle Experital versus Simulation Data

Note that the same governing equations used f@rBlazer's dynamics also

accurately capture the dynamics of the scaled iehic
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6.6 Stability Limit Development

The stability limit developed for the Blazer in &iter 4 was also developed for
the scaled vehicle and tested with experimentsrderoto assess its validity. The
simulation was limited to developing stability tehelds by changing only one vehicle
property at a time. Therefore, two separate staliiresholds were developed for the
load condition: CG height variation and weight spériation.

Vehicle simulations were used to determine theilgtalthreshold for different
vehicle loading conditions. This was done by vagyindividual parameters such as the
CG height, and recording the velocity, lateral d@ion, yaw rate, and roll angle at
which rollover is detected. For these simulati@periments, a Fishhook steering profile
was chosen with a maximum steer angle of 5 degreés maximum steering rate of 40
degrees per second, both measured at the whekis.pibfile, shown in Figure 6.8, was
filtered using a % order Butterworth filter with a 1 Hz bandwidth.h& velocity profile

for the maneuver was set to a constant in ordsinlify the results.
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Figure 6.8. Fishhook Steering Profile for Stapiliimit Development

The second generation scaled vehicle was useceterndine the stability limit
since it is the vehicle that was used in the expenits. For a given configuration, the test
maneuver was repeated with the velocity being amsxd by 0.1 MPH increments until
rollover occurred. NHTSA defines rollover to beetpoint at which both tires on one
side of the vehicle are lifted by two inches [Faorkeock, 2003]. For this simulation
experiment, TWL over the duration of 0.4 seconds weclared to be a rollover event
since the simulation cannot determine the heighireflift. For the simulation, TWL is
defined as the instance that wheel loads on one alidhe vehicle go to zero. The
stability limit was defined as the lateral accdiienra yaw rate, and roll angle at which a
rollover event occurs. This stability limit wad@alated for a variety of different vehicle

properties [Whitehead, 2004].
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The first scaled vehicle experiment varied the Ceéght with a neutral
suspension setup (i.e. the weight split was séi0t®d0, and the front and rear springs
were the same stiffness). Figure 6.9 shows thelisgahreshold for the vehicle test bed
as a function of CG height. The vehicle requirdsgher lateral acceleration to rollover
as the CG height is lowered, which follows intuitiand the results of the static stability
factor. The yaw rate required for rollover in thmaneuver also increases as the CG
height is lowered. Once the CG height is belovwedain height, the vehicle no longer
experiences rollover but begins to slide. Thisus tb the fact that at low CG heights, the
moment created by the un-sprung mass height antiréhiateral force does not provide
enough moment to roll the vehicle before the tsaturate. The vehicle no longer rolls
over because of a decrease in the moment in temlateight transfer equation caused
by the spring and damper loads, and their disténore the vehicle’s centerline, S. This
decrease in the spring and damper loads is caysttlbecrease of the moment caused
by the lateral acceleration of the sprung masstlaadlistance between the roll center and
the CG height. The springs and dampers transtemtboment to the wheels, and since
this moment is decreased by the lowering of theh@é{@ht, the lateral weight transfer is

decreased as well.
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Figure 6.9. Stability Limits for CG Height Variat

Note that there is a difference of 0.375 g in titeral acceleration rollover limit.
The vehicle requires 0.472g of lateral acceleratooroll at a CG height of 0.1m, while
.097¢g will roll the vehicle with a CG height of 8:8. There is also a difference of 40.3
deg/sec in the yaw rate limit for rollover. Thdloger yaw rate threshold is 71.8 deg/sec
and 23.0 deg/sec for the CG heights of 0.1m ansihd.@spectively.

In order to develop the stability threshold for tbegitudinal CG variation in the
simulation, the vehicle’s weight split was variedrh 30:70 to 70:30, front to rear axle
weights, respectively, and the CG height was hettstant at 0.15 meters. The results of

this simulation are shown in Figure 6.10.
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Figure 6.10. Stability Limits for the Weight Spliariation

Both the yaw rate and lateral acceleration stgbiiihits decrease as weight is
shifted from 30:70 to 36:64. The stability limitsr fthe 30:70 weight split are 0.183 g and
44.8 deg/s. The rollover limits of the scaled e&hifor the weight split simulation vary
by 0.186 g for lateral acceleration and 15.6 dég/yaw rate. Stability limits are 0.309¢g
and 58.2 deg/s for a 70:30 weight split, and 0.466d 42.6 deg/s for a 36:64 weight
split. A higher lateral acceleration and yaw rsteequired for vehicle rollover as the
weight is shifted towards the front axle. It isteresting to note that the vehicle
understeer gradient also increases as the weightssghifted to the front. Therefore, a
generalization can be made that an understeerlgdfas a higher stability threshold than

an oversteer vehicle, although this trend is notgs followed.
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The change in the stability threshold during thesgeriments shows how
important vehicle loading data is to the ESC. E&xample, the stability limit changes
from 0.270 g to 0.183 g and 54.6 deg/s to 44.9gag/the vehicle’s weight split is
changed 60:40 to 40:60. Therefore, if the ESC mizdeot updated it will use 0.270 g
and 54.6 deg/s as the stability limit, which ar@7@ and 9.7 deg/s more than the actual
stability limit. This may not seem like much, libe stability threshold is actually off by
32.22% for lateral acceleration and 17.77% for yaev rate. Knowing the stability
threshold as a function of loading condition gitke ESC better ability to keep the

vehicle stable by taking out errors in the con&dd reference limits.

6.7 Stability Limit Validation

To validate the stability limits derived from thamsilations, experiments which
varied the properties center of gravity height aredght split were conducted with the
scaled vehicle test bed. The first generationeseahicle test bed operating on a concrete
tennis court was used for these experiments. &hisronment was preferred over a
parking lot due to the smoothness of the surfaecd,lack of gravel, and minimal grade.
Lack of gravel is important because gravel is pgetkby the scaled vehicle test bed as a
basketball sized rock. The grade of the test enwmient used a constant value of 2
degrees. The size of the test area was small ifgr Bpeed maneuvers, and radio

frequency disturbances frequently disrupted expemis
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The Fishhook maneuver used in the simulation wes ased in the experimental
tests. The vehicle was driven by a computer ireotd make the maneuver accurate and
repeatable. The computer was programmed to aeteldre vehicle for four seconds in
order to reach the desired velocity before the memewas initiated. Unlike the NHTSA
study, where the vehicle begins to coast once #@enver is entered, the velocity for the
experiment was held constant throughout the mameuve

Figure 6.11 shows the experiment results of the l@@ht variation for the
stability threshold, which follows the static siidlifactor and the simulation results.
The CG height was varied from 0.128 to 0.195 meidnish corresponds a SSF variation
of 0.4564 to 0.6138. The results of the experingdogely match the simulation. For a
center of gravity height of 0.16 meters, the sirmatashows the vehicle rolling over at a
velocity of 6.25 MPH while the rollover velocity dhe experiment was recorded at
approximately 6.5 MPH. The proximity of these fesprovides validity gives value to
the developed stability limits. Additionally, & important to note that the same trend is

evident in both experiment and simulation.
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Figure 6.11. Experimental Stability Limit for Vatiens in the CG Height

The second set of experiments varied the longialdiveight distribution. The
first generation test bed was again used at theigetourt to perform this test. The
maneuver and computer controls were kept the sani@ dhe previous CG height

variation experiments.

Figure 6.12 shows the experimental stability lifoitrollover. It can be seen that
the experimental results validate the simulatiomwsh previously in Figure 6.10.
Although weight split variation in the simulationchexperiment follow the same derived
trend, their rollover velocities do not match. Fls due to the center of gravity height
being higher in the simulation than the experimel¥ith the CG height setup in the
experiment, the vehicle will not roll at weight gplfavored to the front because of tire
saturation. Qualitatively, the experimental resao follow the simulation trend which
acknowledges that the vehicle is less prone tamvel as the weight split is shifted

towards the front of the venhicle.
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6.8 Electronic Stability Control

As described in Chapter 5, the ESC is implementedaaPl controller via
MATLAB simulation. The ESC'’s purpose is to keepe thehicle within the stability
threshold. The stability limit is defined as tlagelral acceleration and yaw rate at which
the vehicle will experience TWL during a fishhoolameuver. The ESC monitors these
two states and when the stability threshold is eagined, the controller adjusts steer

angle and velocity to maintain stability. When tB8C enabled vehicle is below the

118



stability limits, the ESC does not modify with tdever’'s inputs. However, once the
driver’s inputs exceed the stability limit, the E&Gjusts the steer angle and velocity to
limit the yaw rate to the yaw rate stability linahd limit the lateral acceleration to the
lateral acceleration stability limit. Since thealsd vehicle used was an off-the-shelf
radio control vehicle, the only actuators availabdethe ESC on the scaled vehicle
testbed were the steering servo and velocity cbatrid which brakes and accelerates the
rear wheels. Figure 6.13 shows a simulated scaditle with and without the ESC
enabled. The maneuver that the vehicle is attelgpto negotiate is a Fishhook
maneuver at a maximum steer angle of 5 degrees avithaximum steer rate of 40

degrees per second at the tires. The driver’'setésielocity is 8 MPH.
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Figure 6.13. Results for the Fishhook Maneuvehwaitd without ESC enabled
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In order to maintain stability in this maneuver tBSC adjusts the steering angle
and actuates the brakes in order to not exceelhtdwal acceleration and yaw rate limit.
However, the ESC still tries to follow the drivedgsired path by calculating the desired
radius of the turn. The lateral acceleration $itgkihreshold for this particular vehicle
setup is 0.25g and the yaw rate stability thresh®I83.6 deg/sec. Figure 6.13 reveals
how the ESC keeps the vehicle within the stabtlitseshold when it would otherwise

become unstable.

6.9 Intelligent Vehicle Model (IVM)

As a vehicle’s payload changes, the Intelligent idlehModel (IVM) gives the
controller knowledge of the change in the stabiityit and adjusts the controller limits
accordingly. Sensors, in conjunction with vehigégameter estimation techniques would
constantly monitor the vehicle weight split and @&ght. The stability limit for the load
condition would then be used as the controllertstlin the ESC.

In order to see how the IVM can improve the ES@daifteness, a simulation was
performed with the scaled vehicle model using a&@®@nd 40:60 weight split (front to
rear axle weights, respectively). The CG height atatic stability factor were held
constant for this property variation. Again, alffisok maneuver with a maximum steer

angle of 5 deg and maximum steer rate of 40 degs wsed for the simulation. The
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vehicle longitudinal velocity was set to 6 MPH ahdld constant throughout the
maneuver.

In the initial configuration, the scaled vehicledhea weight split of 60:40 front to
rear. The stability limit for this load conditias 0.270 g for lateral acceleration and 53.6
deg/sec for yaw rate. The ESC vehicle model igaliy programmed to use these state
limits in order to maintain stability. Since thehicle does not exceed this limit during
the maneuver, the ESC is never activated. It easeen from the wheel loads in Figure

6.14 that the vehicle does not roll, but one whi&edoes occur.
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Figure 6.14. Results for the Fishhook 1a with 80Meight Split
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In the second configuration, the weight split isdified to 40:60. This new load
condition results in a new stability limit of 0.183for lateral acceleration and 44.9 deg/s
for yaw rate. The simulation was performed assgntire ESC is not equipped with the
IVM. Therefore, the vehicle model still uses 0.2gGand 53.6 deg/s as the rollover
stability limit. The same maneuver used for thed8Qonfiguration causes this vehicle
configuration to exceed the stability limit, caugirollover. Since the vehicle model is

not updated, the ESC never intervenes and vehotlever occurs as shown in Figure

6.15.
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Figure 6.15. Results for the Fishhook 1a with 40M&€ight Split
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However, if the vehicle was equipped with the IVMray with the ESC, then the
ESC would have known the correct stability limit¥herefore, the ESC could use the
updated stability limit for the modified weight &pl This would have enabled the ESC to
correctly prevent the rollover as shown in FigurE36 A comparative analysis of these
configurations is given in Table 6.2.

Table 6.2. ESC with and without IVM

Weight Split Front:Rear
60:40 40:60 40:60
VM No No Yes
ESC Engaged Disengaged Engaged
Rollover Incident No Yes No
Maneuver Maximum 0.25g 0.25g 0.18g
Lateral Acceleration
Maneuver Maximum 53.6 deg/sec 53.6 deg/sec 44.0 deg/sec
Yaw Rate
Stability Threshold 0.270g 0.183g 0.183g
Lateral Acceleration
Stability Threshold 54.6 deg/sec 44.9 deg/sec 44.9 deg/sec
Yaw Rate

6.10 Summary and Conclusion

In this chapter, scaled vehicles have been showbnetwaluable in evaluating
vehicle loading conditions and their correlatiotthariollover. It has also been shown that
scaled vehicles are valuable tools for studying E$&ems. Section 6.6 quantified a
stability threshold in simulation for a scaled w@&j and proposed the use of an IVM

system. The IVM updates the stability thresholth@ vehicle model for an ESC system
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as the vehicle’s payload changes. Section 6.7ie@@rhe stability threshold with scaled
vehicle experiments. Section 6.9 provided a seerarwhich implementing an IVM

would prevent rollover, while an ESC without IVM wld not. Furthermore, this chapter
has shown that scaled vehicles can be used toatalisimulation results as well as

provide valid information on the behavior of futlade passenger vehicles.
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CHAPTER 7

CONCLUSION

7.1 Summary

An investigation of rollover propensity using siratibn and experimental data
has been presented. A vehicle model was develapddralidated for studying rollover
propensity. This vehicle model was then use tolegpthe changes that vehicle
parameters have on rollover propensity. Stabilirgsholds for a range of vehicle load
conditions were developed as well. An ESC was ldgeel for mitigating rollover in
simulation. Also, an IVM was developed and impletee with the ESC in order to
improve ESC'’s effectiveness in preventing rollovEimally, a scaled vehicle was used to
validate the research. A summary of the reseaigiiiphts in each chapter is provided
below followed by a discussion of recommendatianditure research.

In Chapter 2, a vehicle model was created to captioe major dynamics that
govern vehicle rollover. Both non-linear yaw adl dynamics were used to reproduce
the transient dynamics in these axes. Newton'shoaktusing FBDs, were used to
develop the governing equations of motion. The-lvear, Pacejka, ‘Magic Formula’
tire model was used to model the tires. The diagrand equations were detailed in the

order in which they were used to develop the vehobdel.
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Chapter 3 contains the evaluation and validatiothe vehicle model developed
in Chapter 2. In Section 2.2, the steady stataltesf the steady state roll equations
were compared with those of the transient roll équa. The transient roll equations
yielded the same steady state dynamic state vakidee steady state roll equations. This
validated the steady state dynamic states of #msient roll equations used in the vehicle
model. Section 2.3 contained NHTSA Phase IV dakachv validated the transient
dynamics of the yaw and roll equations in the viehimodel by matching with the
simulation data. Experimental results using asieamt maneuver with a Blazer at Auburn
University provided further validation of the tragst vehicle model. Finally, a
discussion on the effect of roll centers below Whesprung mass on weight transfer was
given.

In Chapter 4, the correlation between vehicle lgamhdition and rollover
propensity was investigated. Analysis of the wasitbad configurations of the NHTSA
Blazer led to the development of a vehicle rollogéability threshold. The rollover
stability threshold was derived as a function ofimas vehicle dynamic states such as
lateral acceleration, yaw rate, and roll rate.

A simple ESC was developed in Chapter 5, and sinsulated on a Blazer. An
IVM was developed to aid the ESC in preventingawdlr. It utilized the stability
threshold created in Chapter 4 with knowledge dficle properties changes to update
the controller’s vehicle model and state limitswas shown that the IVM could improve
ESC effectiveness during CG height changes. Hoxyéwve IVM proved to be redundant

as the vehicle’s weight split was shifted to ther raxle.
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In Chapter 6, the experimental test bed developedhis study allowed the
robustness of ESC to be evaluated via changingcheeproperties such as weight split,
center of gravity height, and suspension setup.es&hscenarios simulate changes in
vehicle loading and suspension modifications, whacé relevant in today’s world of
transporting children to soccer practice in SU\sy kider hot rods, and modified four
wheel drive vehicles. The scaled vehicle was used test bed to validate the stability
limits created in simulation, explore vehicle prdpes that influence rollover, and
investigate ESC algorithms. It is equipped witlertgetry which consists of GPs and INS
sensors. This chapter also quantified a rollot@bpikty limit for the scaled vehicle and
utilized the IVM, which updates the stability thineéd in the vehicle model of an ESC.
This chapter developed a scenario demonstratirtgthiealVM would aid in preventing
rollover. The significance of the Intelligent Veld Model can be seen from the
exercises in Section 6.9. IVM is a tool that ES@ ase to improve its ability to prevent

vehicle rollover.

7.2 Recommendations for Future Work

Results form this thesis should extended to daheestability limit as a function
of more vehicle properties. The vehicle propertlest should be studied next include

front and rear roll center heights as well as frmmd rear roll stiffness and damping. The
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vehicle states that should be monitored in theilgiathreshold include yaw rate, lateral
acceleration, roll angle, roll angle rate, side séite, and side slip angle.

The effect of tire properties should be furtherastigated for a wider range of
paths and maneuvers, not just for steering profil€his will provide a more accurate
analysis of how a tire’s cornering stiffness andiplateral force effect vehicle rollover.

A higher DOF model, such as Adams or CARSIM, calkb be used to derive
the stability limits. The higher DOF models witicdlude the suspension kinematics and
dynamics of the un-sprung mass. These resultddt@ucompared with the results of
the work presented in this thesis.

Since the ESC and IVM were only tested in simufgtioirther research could be
conducted via experiments. Experimental data yiegfthe effectiveness that IVM has
on preventing rollover is worth acquiring. Eithempassenger vehicle or scaled vehicle
could be used. Though the research presentedsithéisis used the Fishhook maneuver,
other maneuvers such as the 1SO-3888 lane changeuwers could be used. This
maneuver requires a driver to follow a marked paskead of a steer profile. This would
provide further validation of the ESC and IVM deyatd in this thesis.

Methods to inform the IVM of vehicle property clygms should be explored.
String potentiometers can be tuned to measure avhreel loads. Accelerometers from
an on-board IMU could be used with the wheel loddetermine the vehicle’s weight
split in a static case. Methods such as usinglm#a Filter to estimate the weight split
should also be developed. A method to accuratlynate the CG height should also be
derived and implemented. These methods to deterthim vehicle load condition status

could be implemented in simulation and experiments.
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The scaled vehicle research in this thesis provaleslatively inexpensive means
of acquiring real vehicle data. While this testl Ipeovided experimental data, it could be
improved. Because of the size of the I*&@ale vehicle issues such as implementing
sensors and finding a suitable test environmenewewer fully solved. For instance, a
pebble to a full size vehicle is magnified 10 tinfes the 1:18' scale vehicle, and a
seemingly smooth surface for a passenger vehictaugh to a scaled vehicle. For future
work, a larger scale vehicle (I'4should be used than the one used in this stualy.
larger vehicle, though more expensive, would beieeat instrument and might

ultimately produce more accurate results.
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APPENDIX A

VEHICLE PROPERTIES

A.1 Introduction

Appendix A.2 contains a list and description da# trehicle properties used in the
vehicle model developed in Chapter 2. Appendix éo8tains the values of the vehicle
properties for each of the Blazer configurationedusn the NHTSA Phase IV

experiments.
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A.2 Garage Legend

Name Description Units
MT Vehicle Total Mass kg
M Vehicle Sprung Mass kg
m Vehicle Un-Sprung Mass kg
g Gravitational Constant /s
Wi Total Vehicle Weight N
1, Vehicle Yaw Inertia N-m-s
Iy Vehicle Roll Inertia N-m-5
WB Vehicle Wheelbase m
a Distance from the CG to the front axle m
b Distance from the CG to the rear axle m
hegm CG height of Sprung Mass m
Pegm CG height of Un-Sprung Mass m
hret Front Roll Center height m
Nrer Rear Roll Center height m
trks Front vehicle track m
trk, Rear vehicle track M
Sk Distance between front springs M
S« Distance between rear springs M
Sor Distance between front dampers M
Sr Distance between rear dampers M
K arbt Front Stabilizer, (anti-roll bar) Stiffness N-mdra
Karbr Rear Stabilizer, (anti-roll bar) Stiffness N-m/rad
Kt Front Spring Stiffness N/m
Ker Rear Spring Stiffness N/m
B Front Shock Damping Coefficient N-s/m
B Rear Shock Damping Coefficient N-s/m
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A.3 Garage Vehicles and Parameters

Vehicle Description

Parameter
Nominal Blazer RRR Blazer RMB Blazer
MT 1907 kg 1988.78 kg 2237.71 kg
M 1525 kg 1606.78 kg 1855.71 kg
m 382 kg 382 kg 382 kg
g 9.81 m/5 9.81 m/$ 9.81 m/$
W, 18707.67 N 19509.93 N 21951.94 N
B 3833.31 N*m*$ 4094.98 N*m*$ N*m*s?
I} 734.04 N*m*$ 813.49 N*m*$ N*m*s?
WB 2.718 m 2.718 m 2.718 m
a 1.216 m 1.216 m 1.522 m
b 1.502 m 1.502 m 1.196 m
hegm 0.6629 m 0.6960 m 0.6614 m
Negm 0.35m 0.35m 0.35m
Nyt -0.1m -0.1m -0.1m
Arer 0.35m 0.35m 0.35m
trks 1.445 m 1.445 m 1.445 m
trk, 1.405 m 1.405 m 1.405 m
S« 0.7747 m 0.7747 m 0.7747 m
S« 0.9906 m 0.9906 m 0.9906 m
Sof 0.7747 m 0.7747 m 0.7747 m
Sor 0.7620 m 0.7620 m 0.7620 m
Karbt 700 N/deg 700 N/deg 700 N/deg
Karbr 400 N/deg 400 N/deg 400 N/deg
Kt 75000 N/m 75000 N/m 75000 N/m
Ksr 70000 N/m 70000 N/m 70000 N/m
Bt 5000 N*s/m 5000 N*s/m 5000 N*s/m
Br 4000 N*s/m 4000 N*s/m 4000 N*s/m
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APPENDIX B

SCALED VEHICLE PROPERTIES

B.1 Introduction

Appendix B contains the parameters of the scadddcle. These parameters are
used in the vehicle simulation and come from thalest vehicle that was used in the

experiments.
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B.2 Scaled Vehicle Parameters

Parameter Description Value Units
MT Vehicle Total Mass 3.20 kg
M Vehicle Sprung Mass 2. kg
m Vehicle Un-Sprung Mass 0.276 kg
g Gravitational Constant 9.81 /s
W Total Vehicle Weight 31.392 N
B Vehicle Yaw Inertia 0.20 N-mZs
Iy Vehicle Roll Inertia 0.10 N-m?Zs

WB Vehicle Wheelbase 0.2556 m
a Distance from the CG to the front axle 0.1374 m
b Distance from the CG to the rear axle 0.1182 m

hegm CG height of Sprung Mass 0.1565 m

Negm CG height of Un-Sprung Mass 0.020 m

hret Front Roll Center height 0.010 m

hrer Rear Roll Center height 0.0127 m

trks Front vehicle track 0.1683 m

trk, Rear vehicle track 0.1746 M

Skt Distance between front springs 0.0492 M

S« Distance between rear springs 0.076R M

Sor Distance between front dampers 0.049p M

Sor Distance between rear dampers 0.0762 M

Kt Front Spring Stiffness 300 KN/m

Ker Rear Spring Stiffness 300 kN/m

Bt Front Shock Damping Coefficient 100 N-s/m

B, Rear Shock Damping Coefficient 100 N-s/m
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APPENDIX C

VEHICLE SIMULATION

C.1 Introduction

There are 15 MATLAB functions and scripts that maip the vehicle simulation.
As stated in Chapter 2, the vehicle simulation i®QF including the yaw and roll
transient dynamics. The trapezoidal method is ugelve the integrals. The time step
must be set at .001 seconds to achieve good regus using this method. The various

pieces of MATLAB code are shown in the followinggens of Appendix C.

C.2 Vehicle Simulation Layout

The simulation beings with the function ‘main.mThe vehicle, maneuver, and
velocity profile are each chosen by the user is thinction. The property variation can
also be chosen from the ‘main’ function. The ‘Ggan’ contains vehicle properties for
various vehicles. The steering profile is producedhe ‘steer_profile.m’ function.
‘Velocity.m’ produces the longitudinal velocity pile for the maneuver. The
‘property_changer.m’ allows vehicle properties te taried until two-wheel-lift is

detected in the ‘two_wheel_lift_detector’ scripthe simulation switch script contains
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the numerical integration to solve the equationsnuaition and yield the vehicle’s
dynamic states. ‘RubberandString.m’ is called fribia simulation switch when a value
for tire lateral force is required. Various tir@dels are found in this function such as the

non-linear, Pacejka ‘Magic Formula,” and the linese model.

C.3 Main.m

% Vehicle Simulation
close all

clear all

clc

% Property you wish to vary
% 0 - No Changes
% 100 - Nominal Vehicle Condition looking foheel lift
% 1 - Weight Split
% 2 - CG Height
prop=1,

% Simulation type
% '100' - Steady State Roll
% '300' - Transient Roll
sim=300;

% Vehicle Model
car='2001 Blazer Nom";

% Maneuver Profile
% step - Step Steer
% la - Fishhook
maneuver='la’;

% Max steer angle [deg]
A=5;
max_steer=A,;

% Velocity Profile
% step - Step Profile
% ramp a - Contant ramp
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% ramp - Ramp at a given acceleration
% coast - Coast Down
vel_profile='step’;
if prop ==0] 100
27=0;
speed_i=15; % [MPH] Velocity of No ClgenOption O
else
Z7=1,;
speed_i=15; % [MPH] Initial Velocity &roperty Changer Option 1:10
end

% Wheel Lift Detector

% 1 1-Wheel-Lift

% 2 2-Wheel-Lift

wheel_lift_detector=2;

lift_time=1; %ts*sec - value being the dimaf wheel lift ie. value at 1000 = 1 sec
wheel lift

% Tire Model
% Linear
% Pacejka
% Dugoff
tire="Pacejka’;

% Simulation Time
endtime=8; % 8 seconds is minimum tforesteer profile 1a
ts=0.001; % Sample Time
NN=endtime/ts; % # of calculations

% Loading Vehicle Data
[MT,M,m,g,Wt,lz,Ix,zeta,a,b,h_cg M,h_cg_m,h ftb_rc_rtrk ftrk r,...
Sk _f,Sk r,Sb _f,Sb _r,Sarb_f,Sarb _r,ks fks r
karb_fkarb_r,Ca f,Ca r,SIS const,steeio,sB,b f,...
b_r] = garage(car);
disp(‘'Vehicle Parameters Loaded...")

% Loading Steering Profile
del=steer_profile(maneuver,max_steer,SIS_cemdtime,ts,steer_ratio);
disp('Steering Profile Loaded...")

% Roll Stiffness
kphi_f = karb_f+0.5*ks_f*Sk_f"2; % FroRoll Stiffness [N*m*rad]
kphi_r = karb_r+0.5*ks_r*Sk_r"2; % Redwoll Stiffness [N*m*rad]
kphi_t = kphi_f+kphi_r; % Total Roll Stiffness

% Calculating the roll center at the CG
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[h_rc_cg]=roll_center_height(WB,a,h_rc_f,h_rc_r);

% Property Changer
Property_Changer

% Initial Conditions
initial_variables

% Property Variation Loop
for gq = 1:QQ
flag=0;
two_wheel_lift_i(1:NN)=0;
two_wheel_lift_o(1:NN)=0;
t w_|_i(1:NN)=0;
t w_| 0o(1:NN)=0;
w_|_fi(1:NN)=0;
w_| fo(1:NN)=0;
w_|_ri(1:NN)=0;
w_| ro(1:NN)=0;
zz=0;
while zz <= 7Z
while flag ==
% Velocity
speed=speed_i+(zz/10); %(zz incremengach step, adjust the denominator for
mesh density)
% Ramp Acceleration Note: Must be amewvember
accel=2;
% Loading Velocity Profile
vel=velocity(vel_profile,speed,accel,endtjis,MT);
% Simulation Script
Simulation_Switch
% Roll Rate
Roll_Rate(qq)=(((-M*g*d1(qq))/(-kphi_t+M*g¥1(qq))))*180/pi;  %deg roll/g
% Index Counter
272=77+1;
if prop ==
flag = 1;
end % (if statement)
end % Flag while
if flag ==
break
end % (Flag break)
end % (Velocity while)
end % (Property while)
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C.4 Garage.m

% Garage Function

% This function contains properties for the varioass in our "garage",

% which the main m-file calls for. (Basically yget to pick which ride you want for
each simulation)

% Input a Vehicle name:

% RC

% Neutral Blazer

% 2001 Blazer Nom

% 2001 Blazer RRR

% 2001 Blazer RMB

% Output:

% MT % kg % mass of entire vehicle

% M % kg % Sprung Mass

% m % kg % Unsprung mass

% g % m/s"2 % Local Gravity

% Iz % N-m-sec"2 % Mass Moment of irsedbout z-axis
% IX % N-m-sec”2 % Mass Moment of treeabout x-axis
% Zeta % Assumed damping cokeifit

% a %m % x-axis Distance fro@ @ front tire patch
% b %m % x-axis Distance froi@ @ rear tire patch

% h cg M %m % CG height in z-axiSpirung Mass
% h cgm % m % CG height of Un-Spramagss
% h rc f % m % Front Roll Center heig z-axis

% h rcr %m % Rear Roll Center heiglz-axis
% trk f % m % Front vehicle track
% trk_ r % m % Rear vehicle track

% Sk fM % m % Distance between frgmtings attachment points
% on Sprung Mass

% Sk_fm % m % Distance between feprings attachment points
% on Un-Sprung Mass

% Sk rM % m % Distance between sgaings
% attachment points @nuag Mass

% Sk_rm % m % Distance between spangs
% attachment points an&prung Mass

% Sb fM; % m % Distance between frdetnpers attachment
% points on Sprung Mass

% Sb fm; % m % Distance between faarhpers attachment
% points on Un-Sprungdela

% Sb rM; % m % Distance between deanpers attachment
% points on Sprung Mass

% Sb_rm; % m % Distance between deanpers attachment

% points on Un-Sprungdela
% Sarb f % m % Distance between fAmti-RBs
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%
%
%
%
%
%
%
%
%

Sarb r % m % Distance between AedirRBs

k_f
kr

% N/m % Stiffness of front sy (Individual Front Spring)
% N/m % Stiffness of rear sgr{Individual Rear Spring)

k_stabf % N*m/rad % Front Stabili&tiffness Guess
k_stabr % N*m/rad % Rear Stabilidéffness

Ca f
Car

% Front Axle Corning Stifese
% Rear Axle Corning Stiffaes

steer_ratio=18; % handwheel/steefteang
SIS const % Steer angle (at the haeedly at which .3g of lateral

% acceleration is achievadhe SkidPad at 50 MPH

function [MT,M,m,g,Wt,1z,Ix,zeta,a,b,h_cg_M,h_cg hmrc_f,h_rc_r,trk ftrk r,...
Sk _f,Sk _r,Sb_f,Sb_r,Sarb_f,Sarb_r ks fhkarb fkarb r,...
Ca_f,Ca_r,SIS_const,steer_ratio,WB,b_f,b ghrage(car)

switch car;
case 'Neutral Blazer' % NHSTA Nomibahding Configuration
MT=1907.16; % kg % mass of entiehicle
M=MT*.8; % kg % Sprung Mass
m=MT*.2; % kg % Unsprung mass
0=9.81, % m/s"2 % Local Gravity
Wt=MT*g; % Total weight of veltéc ~ (N)
1z=3833.31; %N-m-sec”2 % Mass Matred inertia about z-axis
Ix=734.04; %N-m-sec”2 %98 Moment of inertia about x-axis
WB=2.7180;
a=WB*(.5); % m % x-axis Distanfrom CG to front tire patch
b=WB-a; % m % x-axis Distarfrom CG to rear tire patch

h_cg_M=.6629; %.6629 % m % CG height-axis of Sprung Mass
h_cg_m=.3; %m % CG heighUofSprung mass

h_rc_f=.1

: % m % Front Rollr@er height in z-axis

h rc_r=.1,; % m % Rear Roll @Gerheight in z-axis
trk_f=1.445; % m % Front vehitlack

trk_r=trk_f; % m % Rear vehittack

Sk_f=0.7747; % m % Distance lestw front springs

Sk_r=Sk_f; % m % Distance batw rear springs
Sb_f=Sk f; % m % Distance bstw front dampers
Sb_r=Sb_f; % m % Distance betwesam dampers

Sarb f=1.0287; % m % Distance betwieent Anti-RBs
Sarb r=Sarb f; % m % Distance betwean Anti-RBs

karb_f=0; % N*m/rad % FrortaBlizer Stiffness
karb_r=0; % N*m/rad % Reaal8izer Stiffness
ks_f=60000; % N/m % Stiffnesdraint springs
ks_r=40000; % N/m % Stiffnesgedr springs
b_f=5000; % N/m/s % Front dangper

b r=b f; % N/m/s % Rear dampers

Ca_f=1500; % N/deg_slip % FRrore Cornering Stiffness
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Ca_r=Ca_f; % N/deg_slip Riar tire Cornering Stiffness

steer_ratio=18; % handwheel/steer angle

SIS _const=1.268*steer_ratio; %0.3282; Kade 1V results = 0.3159 % degrees at
handwheel

% Slowly Increasing Steer simulation wheehicle experiences 0.3g at this steer
angle

case '2001 Blazer Nom' % NHSTA Nomioaading Configuration

MT=1907.16; % kg % mass of entiehicle

M=MT*.8; % kg % Sprung Mass

m=MT*.2; % kg % Unsprung mass

0=9.81; % m/s"2 % Local Gravity

Wt=MT*g; % Total weight of veltec ~ (N)

1z=3833.31; % N-m-sec”2 % Mass Maomof inertia about z-axis
Ix=734.04; % N-m-sec”2 % d4 Moment of inertia about x-axis
a=1.216; % m % x-axis Distairom CG to front tire patch
b=1.502; % m % x-axis Distarfrom CG to rear tire patch
WB=a+Db; % m % Wheelbase

h_cg_M=.6629; % m % CG heightiaxis of Sprung Mass
h_cg_m=.4; % m % CG heighUofSprung mass
h_rc_f=-0.1, % m % Front Rollr@er height in z-axis
h_rc_r=0.35; % m % Rear Rolh@e height in z-axis

trk_f=1.445; % m % Front vehitlack

trk_r=1.405; % m % Rear vehicheck

Sk_=0.7747, % m % Distance lestw front springs
Sk_r=0.9906; % m % Distance lestwrear springs
Sh_f=Sk f; % m % Distance bstw front dampers
Sb_r=.762; % m % Distance lewrear dampers
Sarb f=1.0287; % m % Distance leetwfront Anti-RBs
Sarb _r=.6731; % m % Distance leetwfrear Anti-RBs

karb_f=0; % N*m/rad % Front Bliaer Stiffness
karb_r=0; % N*m/rad % Rear Jitady Stiffness
ks_f=75000; % N/m % Stiffnesdraint springs
ks_r=75000; % N/m % Stiffnessedr springs

b_f=1000; % N/m/s % Front dampers

b_r=1000; % N/m/s % Rear dampers

Ca_f=1500; % N/deg_slip % Frorg Cornering Stiffness
Ca_r=Ca_f; % N/deg_slip % Ria&r Cornering Stiffness

steer_ratio=18; % handwheel/steer angle

SIS_const=1.268*steer_ratio; %0.3282; Rade IV results = 0.3159 % degrees at
handwheel ...

% Slowly Increasing Steer simulation wheehicle experiences 0.3g at this steer
angle

case '2001 Blazer RRR' % NHTSA RedWRellbver Resistance Roof Ballast
MT=1988.78; % kg % mass of entiehicle 4WD=(1963.95 kg)
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M=MT*.8; % kg % Sprung Mass

m=MT*.2; % kg % Unsprung mass

0=9.81, % m/s"2 % Local Gravity

1z=4094.98*0.95; % N-m-sec”2 % Mass Mot inertia about z-axis
Ix=813.49*.75; % N-m-sec”2 % Mass Marnef inertia about x-axis

Zeta=.7, % Assumed damping coieffit

a=1.216; % m % x-axis Distairom CG to front tire patch
b=1.502; % m % x-axis Distarirom CG to rear tire patch
WB=a+Db; % m % Wheelbase

h_cg_M=0.6960; % m % CG height4axis of Sprung Mass
h_cg_m=.4; % m % CG heighUofSprung mass

h rc f=-.1, % m % Front Rollr@er height in z-axis

h_rc_r=0.35; % m % Rear Roll Gerteight in z-axis
trk_f=1.445; % m % Front vehiatadk

trk_r=1.405; % m % Rear vehichck

Sk _=0.7747,; % m % Distance lestw front springs
Sk_r=0.9906; % m % Distance lestwrear springs
Sb_f=Sk_f; % m % Distance batw front dampers
Sb_r=.762; % m % Distance betwesam dampers
Sarb f=1.0287; % m % Distance betwieent Anti-RBs
Sarb_r=.6731; % m % Distance betwessr Anti-RBs

Farb_f=700; % N % Force/2 exertgdARB per degree. Creates a moment
around roll center for Sprung and Un-Sprung mass

Farb_r=400; % N % it is directlyfated to Roll stiffness created by the ARBs

k_stabf=0; % N*m/rad % Fronélizer Stiffness * Not used in Transient
Simulation

k_stabr=0; % N*m/rad % Reaalfizer Stiffness * Not used in Transient
Simulation

k_f=75000; % N/m % Stiffness fobnt springs Estimate of hand
calculation

k_r=70000; % N/m % Stiffnesg@ér springs

b_f=5000; % N/m/s % Front dangper

b _r=4000; % N/m/s % Rear dampers

Ca_f=2500; % N/deg % Front AxlerQing Stiffness

Ca_r=Ca_f; % Rear Axle Corningf8éss

steer_ratio=18; % handwheel/steer angle

SIS const=1.268*steer_ratio; %0.3282; Rade IV results = 0.3159 % degrees at
handwheel ...

% Slowly Increasing Steer simulation wheehicle experiences 0.3g at this steer
angle

case '2001 Blazer RMB' % NHTSA Rearudied Basslast Configuration

MT=2237.71,; % kg % mass of entiehicle 4WD=(1963.95 kg)
M=MT*.9; % kg % Sprung Mass

m=MT*.1,; % kg % Unsprung mass

0=9.81, % m/s"2 % Local Gravity
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1z=4886.38*0.95; % N-m-sec”2 % Mass Moin& inertia about z-axis
IXx=769.97*0.75; % Mass Moment of inardbout x-axis

a=1.522; % m % x-axis Distarirom CG to front tire patch
b=1.196; % m % x-axis Distarirom CG to rear tire patch
h_cg_M=0.6614; % m % CG height4axis of Sprung Mass
h_cg_m=.4; % m % CG heighUofSprung mass
h_rc_f=-.15; % m % Front Rollr@er height in z-axis

h rc_r=0.3; % m % Rear Roll @erheight in z-axis

trk_f=1.445; % m % Front vehitlack

trk_r=1.405; % m % Rear vehichck

Sk _=0.7747, % m % Distance lestw front springs
Sk_r=0.9906; % m % Distance lestwrear springs
Sb_f=Sk_f; % m % Distance bstw front dampers
Sb_r=.762; % m % Distance betweam dampers
Sarb_f=1.0287; % m % Distance betwieent Anti-RBs
Sarb_r=.6731; % m % Distance betwessr Anti-RBs

Farb_f=700; % N % Force/2 exertgdARB per degree. Creates a moment
around roll center for Sprung and Un-Sprung mass

Farb_r=400; % N % it is directlyated to Roll stiffness created by the ARBs

k_stabf=0; % N*m/rad % Fronallizer Stiffness * Not used in Transient
Simulation

k_stabr=0; % N*m/rad % Reaalfbizer Stiffness * Not used in Transient
Simulation

k_f=60000; % N/m % Stiffness fobnt springs Estimate of hand
calculation

k_r=60000; % N/m % Stiffnesg@ér springs

b_f=5000; % N/m/s % Front dangper

b_r=4000; % N/m/s % Rear dampers

Ca_f=2500; % N/deg % Front AxlerQing Stiffness

Ca_r=Ca_f; % Rear Axle Corningf8éss

steer_ratio=18; % handwheel/steer angle

SIS_const=1.268*steer_ratio; %0.3282; Rade IV results = 0.3159 % degrees at
handwheel ...

% Slowly Increasing Steer simulation wheehicle experiences 0.3g at this steer
angle

case 'RC'

%Weight Distribution

weight_front=0.809; %kg Mass oonir of vehicle
weight_rear=0.941, %kg Mass earof vehicle
weight_left=0.899; %kg Mass eft bf vehicle
weight_right=0.854; %kg Mass agghtiof vehicle
weight_split=[0.4623 0.5377]; %Front-R&deight Split
%Total Mass=1.65

wheelbase=0.2556; %m Wheelbase
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%Unsprung Mass Components

wheel_mass=0.034; %kg Mass ofelhx4 = .136
upper_arm_mass=0.001; %kg Mass peéuprm x4=.004
lower_arm_mass=0.005; %kg Mass wEloA arm x4=.02

axle_mass=0.005; %kg Mass dbAxd=.02

spindle_mass=0.024; %kg Mass ofdip x4=.096

MT=3.20; % kg % mass of entire védic

m=.276; % kg % Un-sprung mass

M=MT-m; % kg % Sprung Mass

0=9.81; % m/s"2 % Local Gravity

Wt=MT*g; % Total weight of vehicle (N)

12=.20; % N-m-sec”2 % Mass Momehnnertia about z-axis (yaw)
Ix=.10; % N-m-sec”"2 % Mass Momehinertia about x-axis (roll)
ly=.2; % N-m-sec2 % Inertia abgtaxis (pitch)

a=0.1374; % m % x-axis Distafroen CG to front tire patch
b=0.1182; % m % x-axis Distafrcen CG to rear tire patch
WB=a+Db;

h_cg_M=.1565; % m % CG height (inesaof Sprung Mass

h_cg_m=.02; % m % CG height of Uprt#ig mass

h_rc_f=0.010; % m % Front Roll Certerght in z-axis

h_rc_r=0.0127; % m % Rear Roll CehtEight in z-axis

trk_f=0.1683; % m % Front vehiclecka

trk_r=0.1746; % m % Rear vehicle krac

Sk _fM=0.0492; % m % Distance betwdemnt spring attachment points on
sprung mass

Sk_fm=0.1016; % m % Distance betw&ent spring attachment points on un-
sprung mass

Sk_f=(Sk_fM+Sk_fm)/2;

Sk _rM=0.0762; % m % Distance betweear springs attachment points on
Sprung Mass

Sk _rm=0.1206; % m % Distance betwesar springs attachment points on Un-
Sprung Mass

Sk_r=(Sk_rM+Sk_rm)/2;

Sb_fM=0.0492; % m % Distance betwd&amt dampers attachment points on
Sprung Mass

Sb_fm=0.1016; % m % Distance betw&ent dampers attachment points on
Un-Sprung Mass

Sb_f=(Sb_fM+Sb_fm)/2;

Sb_rM=0.0762; % m % Distance betweear dampers attachment points on
Sprung Mass

Sb_rm=0.1206; % m % Distance betwesar dampers attachment points on
Un-Sprung Mass

Sb_r=(Sb_rM+Sb_rm)/2;

karb_f=0;
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karb_r=0;

Sarb_f=0; % m % Distance betweentfénti-Roll Bars

Sarb_r=0; % m % Distance between Agdi-RBs

ks_f=150*100; % N/m % Stiffness of framring (Individual Front Spring)
ks_r=150*100; % N/m % Stiffness of rearing (Individual Rear Spring)
b_f=100;

b_r=100;

k_stabf=0; % N*m/rad % Front StalsliStiffness

k_stabr=0; % N*m/rad % Rear Stabilidéiffness

Ca_f=100; % N/rad % Front Axle Compigtiffness
Ca_r=100; % N/rad % Rear Axle Corn8tdfness
steer_ratio=1;

SIS _const=2.787*steer_ratio;

otherwise
disp("We do not have the car you requetiiéngarage. See "help garage" and pick a
car in the garage, or start walking.")
end

C.5 Initial Conditions

% Initializing Variables
% Initial Conditions
a_f(1:NN)=0;
a_r(1:NN)=0;
r(1:NN)=0;
r_dt(1:NN)=0;
Vy(1:NN)=0;
Vy_dt(1:NN)=0;
B(1:NN)=0;
B_dt(1:NN)=0;
t(1:NN)=0;
ay(1:NN)=0;
phiM(1:NN)=0;
phiM_ddt(1:NN)=0;
phiM_dt(1:NN)=0;
Fy_fl(1:NN)=0;
Fy_fr(1:NN)=0;
Fy_rl(1:NN)=0;
Fy_rr(1:NN)=0;
Fy_total(1:NN)=0;
ay(1:NN)=0;
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Fz_fi(1:NN)=0;
Fz_fo(1:NN)=0;
Fz_ri(1:NN)=0;
Fz_ro(1:NN)=0;
d1(1:NN)=0;
d1l_dt(1:NN)=0;
d1_ddt(1:NN)=0;
y(1:NN)=0;
y_dt(1:NN)=0;
y_ddt(1:NN)=0;
z_b_r(1:NN)=0;

z b_r _dt(1:NN)=0;
z_b_r_ddt(1:NN)=0;
z b _f(1:NN)=0;
z_b_f dt(1:NN)=0;
z b_f ddt(1:NN)=0;
z_Kk_r(1:NN)=0;

z Kk _r_dt(1:NN)=0;
z_Kk_r_ddt(1:NN)=0;
z_k_f(1:NN)=0;
z_k_f dt(1:NN)=0;

z Kk _f ddt(1:NN)=0;
dFz_f(1:NN)=0;
dFz_r(1:NN)=0;

Fy_f(1:NN)=0;

Fy fi(1:NN)=0;

Fy fo(1:NN)=0;

Fy_r(1:NN)=0;

Fy_ri(1:NN)=0;
Fy_ro(1:NN)=0;

Fy t(1:NN)=0;

VX(1:NN)=0;

a_cen(1:NN)=0;
two_wheel_lift_o(1:NN)=0.125;
two_wheel_lift_i(1:NN)=0.150;
Marb_f(1:NN)=0;
Marb_r(1:NN)=0;
Fb_f(1:NN)=0;

Fb_r(1:NN)=0;

Fk_f(1:NN)=0;

Fk_r(1:NN)=0;

Ry(1:NN)=0;

Ry f(1:NN)=0;

Ry_r(1:NN)=0;

Rz(1:NN)=0;

RS(1:NN)=0;
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RD(1:NN)=0;
fo_lift(1:NN)=0;
fi_lift(1:NN)=0;
ro_lift(1:NN)=0;
ri_lift(1:NN)=0;
two_wheel_lift_i(1:NN)=0;
two_wheel_lift_o(1:NN)=0;
t w_| i(1:NN)=0;
t w_|_0o(1:NN)=0;
w_|_fi(1:NN)=0;
w_|_fo(1:NN)=0;
w_|_ri(1:NN)=0;
w_|_ro(1:NN)=0;
roll_ay(QQ)=0;
roll_r(QQ)=0;
roll_V(QQ)=0;
roll_B_dt(QQ)=0;
roll_B(QQ)=0;
roll_phiM(QQ)=0;
roll_phiM_dt(QQ)=0;
roll_a_f(QQ)=0;
roll_a_r(QQ)=0;
roll_Fy_f(QQ)=0;
roll_Fy r(QQ)=0;
roll_Fy_t(QQ)=0;
roll_dFz_f(QQ)=0;
roll_dFz_r(QQ)=0;
roll_del(QQ)=0;
roll_t(QQ)=0;
Fz_fo_lift = 0;
Fz_ro_lift=0;
Fz_fi lift=0;
Fz_ri_lift =0;
counter=0;

C.6 roll_center_height.m

function[h_rc_cg]=roll_center_height(WB,a,h_rc_ft r)
ifh_rc_f<h_rc_r,

theta=atan((h_rc_r-h_rc_f)/WB);

x=a*tan(theta);

h_rc_cg=x+h_rc_f;
else
ifh rc f>hrcr;
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theta=atan((h_rc_f-h_rc_r)/WB);
x=a*tan(theta);
h_rc_cg=x+h_rc_r;

else

ifh_rc_f==h_rc_r;
h_rc_cg=h_rc_f;

end

end

end

C.7 Velocity.m

function [vel]=velocity(profile,speed,accel,endtipseMT);
NN = endtime/ts;
milephour2meterpsec = 1606.344/3600; % Converfsam mph to meter/s
vel(1:NN) = 0*milephour2meterpsec; % initehg the velocity vector
switch profile
case 'step'
vel(1:NN)=speed*milephour2meterpsec;

case 'ramp a' % constantly increasing ramp

for k=1:NN-1

vel(k+1)=(speed/NN)+vel(Kk);

end

vel(1:NN)=vel(1:NN)*milephour2meterpsec;
case ramp’ % starting the vehicle fromndsall to designated velocity

% Both Maximum speed awdeleration are user defined

period_1=5; % [sec]

index_1 = period_1/ts;

period_2 = (1/accel)*speed+period_1;

index_2 = period_2/ts;

for k=index_1:index_2

vel(k) = vel(k-1)+ts*accel;

end

vel(index_2+1:NN)=vel(index_2);

vel(1:NN)=vel(1:NN)*milephour2meterpsec;
case 'coast’ % Coast Down

drag=0.85;

F_fric=600;

t _coast(NN)=0;

vel_dt(NN)=0;

start_time=2/ts;

vel(1:start_time)=speed,;

for cc=start_time:NN
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vel_dt(cc+1)= -drag/MT*vel(cc)"2-F_dfMT,;
vel(cc+1)=vel(cc)+ts*0.5*(vel _dt(ccHMel_dt(cc));
t _coast(cc+1)=t_coast(cc)+ts;
end
vel=Velocity_Smoothing(vel);
vel=vel*milephour2meterpsec;
end

C.8 Velocity _Smoothing.m

function[vel_out]=Velocity Smoothing(vel_in)

% Velocity Profile Smoothing

% This file takes out the sharp changes in velocity
wn=100;

[B,A]=butter(2,wn/1000*2*pi);
vel_out=filter(B,A,vel_in);

C.9 Steer_ Profile.m

function [del_out]=steer_profile(maneuver,max_s®E _const,endtime,ts,steer_ratio);
NN=endtime/ts;
del(1:NN)=0; % initializing del
switch maneuver
% Slowly Increasing Steer (SIS) Maneuver
case 'SIS'
ramptime=30; % sec
for n=1:NN
del(n+1)=(max_steer*pi/180)/(ramptime/ts)+del(n)
end
% Step Maneuvers
case 'step'
del(1:NN)=max_steer*pi/180; % Radians
% Ramp Maneuvers
case 'ramp'
ramptime=5; % the time it takes to rdmparly from zero to the set steer angle
del(1)=0;
t(1)=0;
for n=1:NN;
if n <= ramptime/ts
del(n+1)=(max_steer*pi/180)/(rannpt¥'ts)+del(n);
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end
if n > 5/ts
del(n+1)=del(n);
end
end

% Sinusoidal Maneuvers
case 'sine'

del(1)=0;
t(1)=0;
for n=1:NN
wn=n*180/pi/20000;
del(n+1)=(max_steer*pi/180)*sin(wn);
end

% Fishhook 1a
case 'la’

end

period_1=2;

index_1=period_1/ts;

A=chop(max_steer*pi/180,4);

steer_rate=chop(40*pi/180,2);

period_2=chop(A/steer_rate+period_1,4);

index_2=period_2/ts;

for k = index_1l:index_ 2
del(k+1)=steer_rate*ts+del(k);

end

period_3=.25+period_2;

index_3=period_3/ts;

for kk=index_2:index_3
del(kk+1)=del(kk);

end

period_4=chop(2*A/steer_rate+period_3,4);

index_4=period_4/ts;

for k=index_3:index_4
del(k+1)=del(k)-steer_rate*ts;

end

period_5=3+period_4;

index_5=period_5/ts;

for k=index_4:index_5
del(k+1)=del(k);

end

period_6=chop(A/steer_rate+period_5,4);

index_6=period_6/ts;

for k=index_5:index_6
del(k+1)=steer_rate*ts+del(Kk);

end

del(index_6+1:NN)=0;
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[del_out] = Steering_Smoothing(del);

C.10 Steering_Smoothing.m

function[del_out]=Steer_Smoothing(del_in)

% Steering Profile Smoothing

% This file takes out the sharp changes in steemuie
wn=.5;

[B,A]=butter(2,wn/1000*2*pi);
del_out=filter(B,A,del_in);

C.11 RubberandString.m

function [Fy]=rubberandstring(Ca,tire,alpha,Fz)
alpha=-alpha*180/pi; % There is a sign change lt&r to my sign convention on my
FBD
Fz=Fz/1000; % Conversion from N to kN
switch tire
case 'Pacejka’
% The stadard Pacejka "Magic Tire Modelirfd is SAE 870421
% Pacejka Parameters

a0=0; % 0

al=-10.1; % -22.1

a2=1011; % 1011

a3=1578; % 1078

a4=1.82; % 1.82

a5=0.208; % 0.208

a6=0; % 0

a7=-0.352; % -0.354

a8=.707, % 0.707

% Pacejka Equations

if Fz <=0;
Fy =0;

else
C =1.30; % Shape Factor % 1.30
D = al*Fz"2+a2*Fz; % Réactor

E = a6*Fz"2+a7*Fz+a8; % -1.5 % CunvatFactor
BCD= a3*sin(a4*atan(a5*Fz)); % Ca %r@ering Stiffness Parameter (Calpha)
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B=BCD/(C*D); % Stiffness Factor
phi = (1-E)*alpha+(E/B)*atan(B*alpha);
Fy = D*sin(C*atan(B*phi));
mu=Fy/Fz/1000;

end

case 'Linear’
% This is a simple linear tire model. Mealistic, but it is
% used to debug code, and to see whapjseming in the simulation

Ca=2500.0; % N/deg_slip CorneringfBéss per tire
Fy=Ca*alpha;

case 'Dugoff No Fz'
% This is a Dugoff type model, however &aét at 5 kN
Ca=1002.5; % N/deg_slip Corneriniffigess per tire
Fy _Max=5000; % Newtons
saturation_alpha=Fy _Max/Ca; % degré&aturation tire slip angle
if alpha <= saturation_alpha
Fy=Ca*alpha;
end
if alpha >= -saturation_alpha
Fy=Ca*alpha,;
end
if alpha > saturation_alpha
Fy=Fy_Makx;
end
if alpha < -saturation_alpha
Fy=-Fy_Max;
end

case 'Dugoff'

% This is a variation of Dugoff's tire mbd&y_Max is a funtion

% of Fz and the coefficent of friction.

% SAE 700377

mu=1.02;

Fy_Max=Fz*mu*1000;

Ca=1002.5;

saturation_alpha=Fy_Max/Ca,;

if alpha <= saturation_alpha
Fy=Ca*alpha,;

end

if alpha >= -saturation_alpha
Fy=Ca*alpha,

end

if alpha > saturation_alpha
Fy=Fy_Max;
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end
if alpha < -saturation_alpha
Fy=-Fy_Max;
end
end

C.12 Property Changer

% Property Changer Switch

switch prop

case 0

% No Changes

[a,b,WfWr,M_fM_rm_fm_rh_cg M,lz,Ix,d1,hl,CaCla r]

=No_Change(a,b,g,m,WB,MT,Wt,h_cg_M,lz,Ix,M,h_rc Cg, f,Ca_r);

QQ=length(a);

case 100

% No Changes but looking for wheel lift

[a,b,WfWr,M_f,M_r,m_f,m_r,h_cg _M,lz,Ix,d1,h1,CaCla r]

=No_Change(a,b,g,m,WB,MT,Wt,h_cg_ M,lz,Ix,M,h_rc Cg, f,Ca_r);

QQ=length(a);

case 1

% Weight Split Change
[a,b,WfWr,M_fM_rm_fm rh_cg M,lz,Ix,d1,hl1,CiCa r]

=Weight_Split_Changer(a,b,g,m,WB,MT,Wt,h_cg_M,lzZ\Mxh_rc_cg,Ca_f,Ca_r);
QQ=length(a);

case 2

% CG Height Change

[h_cg_M,a,b,WfWr,M_f,M_r,m_f,m_r,Ix,Iz,h_cg_Peragil,hl,Ca_f,Ca_r]

=CG_Height_Changer(h_cg_M,a,b,g,mWB,MT,Wt,M,blzic_cg,Ca _f,Ca r);

QQ=length(h_cg_M);

end

C.13 No Change

function[a,b,WfWr,M_fM_rm_fm_r,h_cg M,lz,Ix,dil,Ca_f,Ca_r]=No_Change(a_ol
d,b_old,g,mWB,MT,Wt,h_cg,lz_old,Ix_old,M,h_rc_c@C old,Ca_r_old);

% This function causes no change to the initiaiclelproperties

qg=1;

h_cg_M(qq)=h_cg;

a(qg)=a_old;

b(qq)=b_old;
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h1(gg)=h_cg_M(qqg)-h_rc_cg; % Negative nuneans that the CG is below the
roll center

d1(qq)=h1(qq);

Ix(qq)=Ix_old;

1z(qq)=Iz_old;

d1(qq)=h1(qq);

Ca_f(gq)=Ca_f _old;

Ca_r(gq)=Ca_r_old;

% Weight ratio

Wr(gg)=a(qq)*MT*g/(a(qq)+b(gq)); % Total weigbn rear tires (N)

Wf(qg)=MT*g-Wr(qq); % Total weight on frotires (N)
M_f(qq)=Wf(qq)/g; % Sprung Mass on fraxie  (kg)
M_r(qq)=Wr(qq)/g; % Sprung Mass on ragle  (kg)

% | assume that the un-sprung mass has same vepigtds the sprung mass
m_f(qq)=m*Wf(qq)/Wt; % Un-Sprung Mass owffit axle (kg)
m_r(qq)=m*Wr(qq)/Wt; % Un-Sprung Mass oarexle (kg)

C.14 Weight_Split_Changer.m

function

[a,b,WfWr,M_f,M_r,m_fm_r,h_cg_M,lz,Ix,d1,h1,CaCla r]=Weight_Split_Changer(a
_old,b,g,m,WB,MT,Wt,h_cg,lz_old,Ix_old,M,h_rc_cg,Gaold,Ca_r_old);

% This function changes vehicle weight split

% It makes vectors of the variable it is outputting

% Weight Split Changer

QQ=80;

qg=1;

for gq = 1:QQ
a(gqqg)=.28*WB+WB*(qqg/160);
b(qq)=WB-a(qa);
h_cg_M(qa)=h_cg;
1z(qqg)=Iz_old;
Ix(gqqg)=Ix_old;
h1(qq)=h_cg_M(qq)-h_rc_cg;
d1(qq)=h1(qq);
Ca f(gq)=Ca_f old;
Ca_r(gq)=Ca_r_old;

% Weight ratio
Wr(gg)=a(qq)*MT*g/(a(qq)+b(qq)); %YoTal weight on rear tires (N)

Wi(qq)=MT*g-Wr(qq); % Total wght on front tires (N)
M_f(qq)=Wf(qq)/g; % Sprung B&aon front axle  (kQ)
M_r(qq)=Wr(qa)/g; % Sprung 84zon rear axle  (kg)

% | assume that the un-sprung mass has saigat split as the sprung mass
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m_f(qq)=m*Wf(qq)/Wt; % Un-Sprumdass on front axle (kg)
m_r(qq)=m*Wr(qq)/Wt; % Un-Spruipss on rear axle (kg)
end

C.15 CG_Height_Changer.m

function
[h_cg_M,a,b,WfWr,M_fM_rm_f,m_r,Ix,Iz,h_cg_Peragil,hl,Ca_f,Ca_r|=CG_Heigh
t Changer(h_cg_M_old,a_old,b_old,g,m,WB,MT,Wt,Mid,lz_old,h_rc_cg,Ca_f _old,
Ca_r_old)
% This function changes the CG height
QQ=40;
for qg=1:QQ

h_cg_M(qa)=((.60)+(qa/2)/(QQ/2))*h_cg_M_old;

h_cg_Percent(qq)=h_cg_M(qq)/h_cg_M_old*100;

a(qg)=a_old;

b(qqg)=b_old;

h1(qa)=h_cg_M(qa)-h_rc_cg;

d1(qg)=h1(qq);

Ix(qqg)=Ix_old;

1z(gq)=Iz_old;

Ca_f(qq)=Ca_f_old;

Ca r(gg)=Ca_r_old;

% Weight ratio

Wr(qq)=a(qq)*MT*g/(a(qq)+b(qq)); % Total vght on rear tires (N)

Wi(qg)=MT*g-Wr(qq); % Total weight dront tires  (N)
M_f(qq)=wWf(qq)/g; % Sprung Mass aarft axle  (kg)
M_r(qq)=Wr(qq)/g; % Sprung Mass earaxle  (kg)

% | assume that the un-sprung mass has samétvsgiit as the sprung mass
m_f(qq)=m*Wf(qq)/Wt; % Un-Sprung Mass front axle (kg)
m_r(qq)=m*Wr(qq)/Wt; % Un-Sprung Mass i@ar axle (kg)

end

C.16 Simulation Switch

% Simulation Switch
switch sim
case 100
n=1,;
while n <= NN
dl=h1;
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% Velocity in x-axis
Vx(n)=vel(n)*cos(B(n)); % m/s
% Tire Slip Angles
a_f(n)=atan((Vy(n)+a(qq)*r(n))/Vx(n)ketn); % tire slip angle front (rad)
a_r(n)=atan((Vy(n)-b(qq)*r(n))/Vx(n)); % tire slip angle rear (rad)
% Spring and Damper Displacement and Vsjloci
z_k_f(n) = (Sk_f/2)*sin(phiM(n)); % Front Spring Displacement [m]
z_k_r(n) = (Sk_r/2)*sin(phiM(n)); % Rear Spring Displacement [m]
z_b_f dt(n) = phiM_dt(n)*(Sb_f/2)*cog(id(n)); % Front Damper
Displacement [m/s]
z_b_r_dt(n) = phiM_dt(n)*(Sb_r/2)*cos{M(n)); % Rear Damper Displacement
[m/s]
% Spring Forces (Individual springs)
Fk_f(n) =ks_f*z_k_f(n); = % Fromdividual Spring Force [N]
Fk_r(n) =ks_r*z_k r(n); % Readividual Spring Force [N]
% Damper Forces (Individual dampers)
Fb_f(n) =0; % Front Indiviual Dam@eorce [N] Zero for SS
Fb_r(n) =0; % Rear Individual Damperce [N] Zero for SS
% Anti-Roll Bar Moment
Marb_f(n) = phiM(n)*karb_f; % [N*m]
Marb_r(n) = phiM(n)*karb_r; % [N*m]
% Reaction Forces

Ry(n) = ay(n)*M; %(@)+y_ddt(n))*M; % [N]
Ry_f(n) = Ry(n)*M_f(qq)/M; % Ragllocated to the Front [N]
Ry_r(n) = Ry(n)*M_r(qq)/M; % Rallocated to the Rear [N]
Rz(n) = M*g; e |

% Weight Transfer
% Fzo-Fzi

dFz_f(n)=(2/trk_f)*(Marb_f(n)+Sk_f*Fk(ii)+Sb_f*Fb_f(n)+...
Ry_f(n)*(h_rc_f-h_cg_m)+Fy_f(n)*hgcm); % Front Lateral Weight
Transfer
dFz_r(n)=(2/trk_r)*(Marb_r(n)+Sk_r*FKm+Sb_r*Fb_r(n)+...
Ry r(n)*(h_rc_r-h_cg_m)+Fy _r(n)*lg an); % Rear Lateral Weight
Transfer
% This is a cap for the dFz so you donehmore mass transfer than is physically
possible
if abs(dFz_f(n)) >= Wf(qq)/2
dFz_f(n)=sign(dFz_f(n))*Wf(qq)/2;
end
if abs(dFz_r(n)) >= Wr(qq)/2
dFz_r(n)=sign(dFz_r(n))*Wr(qq)/2;
end
% Calculating the new Fz value at each Whee
Fz_ri(n)=Wr(qq)/2-dFz_r(n); % Foricethe z-axis on rear inner tire [N]
Fz_ro(n)=Wr(qq)/2+dFz_r(n); % Foioghe z-axis on rear outer tire [N]
Fz_fi(n)=Wf(qq)/2-dFz_f(n); % Foragethe z-axis on front inner tire [N]
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Fz_fo(n)=Wf(qq)/2+dFz_f(n); % Forcethe z-axis on front outer tire [N]
switch wheel_lift_detector
case 1
% Individual Wheel-Lift detector
One_Wheel_Lift_Detector
case 2
% Two Wheel Lift Detector
Two_Wheel Lift Detector
end
% Lateral Forces from Non-Linear Pacejka Nodel
% Send rubberandstring.m slip angles imaredand Fz in N
Fy_fo(n+1)=rubberandstring(Ca_f(qogg@ f(n),Fz_fo(n)); % Lateral Force
Front inner (N)
Fy_fi(n+1)=rubberandstring(Ca_f(qqgta_f(n),Fz_fi(n)); % Lateral Force
Front outer [N]
Fy_ro(n+1)=rubberandstring(Ca_r(q,tr r(n),Fz_ro(n)); % Lateral Force
Rear inner (N)
Fy_ri(n+1)=rubberandstring(Ca_r(qggfi_r(n),Fz_ri(n)); % Lateral Force Rear
outer (N)
Fy_f(n)=Fy_fo(n)+Fy_fi(n);
Fy_r(n)=Fy_ro(n)+Fy_ri(n);
Fy_t(n)=Fy_f(n)+Fy_r(n);
% Yaw Dynamics
r_dt(n+1) = (-b(qq)*Fy_r(n)+a(qa)*Fynitcos(del(n)))/iz(qa); % Yaw
Accel. [rad/sec"2]
r(n+1)=r(n)+0.5*ts*(r_dt(n+1)+r_dt(n)); % Yaw Rate [rad/sec]
Vy_dt(n+1)= (Fy_r(n)+Fy_f(n)*cos(deliyMT-vel(n)*r(n)*cos(B(n));
Vy(n+1)=Vy(n)+ts*0.5*(Vy_dt(n+1)+Vy_dn();
B_dt(n)=asin((Vy_dt(n)/vel(n)));
if Vx(n) ==
B(n+1)=0;
else
B(n+1)=atan((Vy(n+1)/Vx(n))); % Vehicle Sideslip [rad/sec]
end
a_cen(n)=r(n)*vel(n); % Centripital Acceleration [m/sec”2]
ay(n+1)=Vy_dt(n+1)+a_cen(n)*cos(B(n+1))% Lateral Acceleration [m/sec”2]
% Steady State Roll
phiM(n+1)=((M*g*d1(qq))/(kphi_t-M*g*d1(q)))*(ay(n+1)/g); % Roll Angle
[rad]
% Time Counter
t(n+1)=t(n)+ts; % Time [sec]
% Index Counter
n=n+1,
end

case 300
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n=1,
d1=h1,;
% Velocity in x-axis
Vx(n)=vel(n)*cos(B(n)); % m/s
% Tire Slip Angles
a_f(n)=atan((Vy(n)+a(qq)*r(n))/Vx(n)ketn); % tire slip angle front (rad)
a_r(n)=atan((Vy(n)-b(qq)*r(n))/Vx(n)); % tire slip angle rear (rad)
% Spring and Damper Displacement and Vsjloci
z_k_f(n) = (Sk_f/2)*sin(phiM(n)); % Front Spring Displacement [m]
z_k_r(n) = (Sk_r/2)*sin(phiM(n)); % Rear Spring Displacement [m]
z_b_f dt(n) = phiM_dt(n)*(Sb_f/2)*cog(id(n)); % Front Damper
Displacement [m/s]
z_b_r_dt(n) = phiM_dt(n)*(Sb_r/2)*cos{M(n)); % Rear Damper Displacement
[m/s]
% Spring Forces (Individual springs)
Fk_f(n) =ks_f*z_k_f(n); % Fromdividual Spring Force [N]
Fk_r(n) =ks_r*z_k r(n); % Readividual Spring Force [N]
% Damper Forces (Individual dampers)
Fb_f(n) =b_f*z_b_f dt(n); % Fromdiviual Damper Force [N]
Fb_r(n) =b_r*z_b_r_dt(n); % Readiidual Damper Force [N]
% Anti-Roll Bar Moment
Marb_f(n) = phiM(n)*karb_f; % [N*m]
Marb_r(n) = phiM(n)*karb_r; % [N*m]
% Reaction Forces

Ry(n) = ay(n)*M; %(@)+y_ddt(n))*M; % [N]
Ry _f(n) = Ry(n)*M_f(qq)/M; % Ragllocated to the Front [N]
Ry _r(n) = Ry(n)*M_r(qq)/M; % Rallocated to the Rear [N]
Rz(n) = M*g; N

% Weight Transfer
% Fzo-Fzi

dFz_f(n)=(2/trk_f)*(Marb_f(n)+Sk_f*Fk(ri)+Sb_f*Fb_f(n)+...
Ry_f(n)*(h_rc_f-h_cg_m)+Fy_f(n)*hgcm); % Front Lateral Weight
Transfer
dFz_r(n)=(2/trk_r)*(Marb_r(n)+Sk_r*FKm+Sb_r*Fb_r(n)+...
Ry r(n)*(h_rc_r-h_cg_m)+Fy_r(n)*lg an); % Rear Lateral Weight
Transfer

% This is a cap for the dFz so you donviehaore mass transfer than is physically
possible

if abs(dFz_f(n)) >= Wf(qq)/2
dFz_f(n)=sign(dFz_f(n))*Wf(qq)/2;

end

if abs(dFz_r(n)) >= Wr(qq)/2
dFz_r(n)=sign(dFz_r(n))*Wr(qq)/2;

end

% Calculating the new Fz value at each Wwhee
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Fz_ri(n)=Wr(qq)/2-dFz_r(n); % Foricethe z-axis on rear inner tire [N]
Fz_ro(n)=Wr(qq)/2+dFz_r(n); % Foinghe z-axis on rear outer tire [N]
Fz_fi(n)=Wf(qq)/2-dFz_f(n); % Foraethe z-axis on front inner tire [N]
Fz_fo(n)=Wf(qq)/2+dFz_f(n); % Foricethe z-axis on front outer tire [N]
switch wheel_lift_detector
case 1
% Individual Wheel-Lift detector
One_Wheel_Lift_Detector
case 2
% Two Wheel Lift Detector
Two_Wheel_Lift_Detector
end
% Lateral Forces from Non-Linear Pacejka Model
% Send rubberandstring.m slip angles imaredand Fz in N
Fy_fo(n+1)=rubberandstring(Ca_f(qog@ _f(n),Fz_fo(n)); % Lateral Force
Front inner (N)
Fy_fi(n+1)=rubberandstring(Ca_f(qqeta_f(n),Fz_fi(n)); % Lateral Force
Front outer [N]
Fy_ro(n+1)=rubberandstring(Ca_r(qa,ar r(n),Fz_ro(n)); % Lateral Force
Rear inner (N)
Fy_ri(n+1)=rubberandstring(Ca_r(qagfa_r(n),Fz_ri(n)); % Lateral Force Rear
outer (N)
Fy_f(n)=Fy_fo(n)+Fy_fi(n);
Fy_r(n)=Fy_ro(n)+Fy_ri(n);
Fy t(n)=Fy_f(n)+Fy_r(n);
% Yaw Dynamics
r_dt(n+1) = (-b(qa)*Fy_r(n)+a(qa)*Fynitcos(del(n)))/iz(qa); % Yaw
Accel. [rad/sec"2]
r(n+1)=r(n)+0.5*ts*(r_dt(n+1)+r_dt(n)); % Yaw Rate [rad/sec]
Vy_dt(n+1)= (Fy_r(n)+Fy_f(n)*cos(deljiyMT-vel(n)*r(n)*cos(B(n));
Vy(n+1)=Vy(n)+ts*0.5*(Vy_dt(n+1)+Vy_du));
% Side Slip Angle (Beta)
B(n+1)=asin((Vy(n)/vel(n))); % Y¥iele Sideslip [rad]
B_dt(n+1)=(B(n+1)-B(n))/ts; % VehacBideslip rate [rad/sec]
% Lateral Acceleration
a_cen(n)=r(n)*vel(n); % Centripital Acceleration [m/sec”2]
ay(n+1)=Vy_ dt(n+1)+a_cen(n)*cos(B(n+1))% Lateral Acceleration [m/sec”2]
ay_test(n)=vel(n)"2/R;
% Roll Stiffness
RS=kphi_t;
RSM(n)=RS*phiM(n);
% Roll Damping
RD(n)=(0.5*b_f*Sb_f*2*cos(phiM(n))+0.5* r*Sb_r"2*cos(phiM(n)));
RDM(n)=RD(n)*phiM_dt(n);
% Roll Dynamics
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phiM_ddt(n+1)=(1/1x(qq))*(-RSM(n)-
RDM(n)+Rz(n)*d1(qa)*sin(phiM(n))+Ry(n)*d1(qqg)*cophiM(n)));
phiM_dt(n+1)=phiM_dt(n)+ts*0.5*(phiM_dgh+1)+phiM_ddt(n)); % Roll
Velocity [rad/s]
phiM(n+1)=phiM(n)+ts*0.5*(phiM_dt(n+1phiM_dt(n)); % Roll Angle [rad]
% Time Counter
t(n+1)=t(n)+ts; % Time [sec]
% Index Counter
n=n+1;
end
end

C.17 Two-Wheel-Lift Detector

% Script of Two-Wheel-Lift Detector

% Detects wheel lift of both ‘inside’ or 'outsitiegs

% Depending on the maneuver the 'outside’ tiresimasg wheel lift. This
% does not actually mean that the outside tirés Tihe terms outside

% and inside were used instead of left and righe&se in debugging step
% inputs.

% Two wheel-lift detector of outside tires
if Fz_fo(n) <=0 & Fz_ro(n) <=0
counter=1+counter;
fo_lift(n) = 1;
ro_lift(n) = 1;
roll_fo_lift(qq) = 1;
roll_ro_lift(qq) = 1,
two_wheel_lift_o(n)=1,
roll_ay(qg)=max(ay(1:n));
roll_r(qq)=(r(n));
roll_V/(aq)=(vel(n));
roll_B_dt(qq)=(B_dt(n));
roll_B(qa)=(B(n));
roll_phiM(qq)=(phiM(n));
roll_phiM_dt(qq)=(phiM_dt(n));
roll_a_f(qa)=(a_f(n));
roll_a_r(qa)=(a_r(n));
roll_Fy_f(qa)=(Fy_f(n));
roll_Fy_r(qa)=(Fy_r(n));
roll_Fy_t(qa)=(Fy_t(n));
roll_dFz_f(qq)=(dFz_f(n));
roll_dFz_r(qq)=(dFz_r(n));
roll_del(gqg)=del(n);
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roll_t(gq)=t(n);
end
t w_|_o(n+1l)=two_wheel_lift_o(n)+t_w_|_o(n);

% Two wheel lift detector of inside tires

if Fz_filn) <=0 & Fz_ri(n) <=0
counter=1+counter;
fi_lift(n) = 1;
ri_lift(n) = 1;
roll_fi_lift(qq) = 1;
roll_ri_lift(qq) = 1;
two_wheel_lift_i(n)=1,;
roll_ay(qqg)=max(ay(1:n));
roll_r(aa)=(r(n));
roll_V(qq)=(vel(n));
roll_B_dt(qq)=(B_dt(n));
roll_B(qq)=(B(n));
roll_phiM(qqg)=(phiM(n));
roll_phiM_dt(qqg)=(phiM_dt(n));
roll_a_f(qq)=(a_f(n));
roll_a_r(qqg)=(a_r(n));
roll_Fy_f(qq)=(Fy_f(n));
roll_Fy_r(qq)=(Fy_r(n));
roll_Fy_t(qg)=(Fy_t(n));
roll_dFz_f(qq)=(dFz_f(n));
roll_dFz_r(qq)=(dFz_r(n));
roll_del(gqg)=del(n);
roll_t(qq)=t(n);

end

t w_I_i(n+1)=two_wheel_lift_i(n)+t_w_I_i(n)

if prop==0
% Do Nothing
elseifprop==100|1]2|3|4p9F|8|9]|10
if t w_l_i(n+1) > lift_time
flag=1;
break
end
ift w_| o(n+1) > lift_time
flag=1;
break
end
end,end
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