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ABSTRACT

This work presents an investigation of methodsitwukate dynamic behavior of
vehicles. The investigation begins with derivatimidow-order, linear models used to
predict vehicle chassis response. Extensive expeatmh testing was performed to
validate these models. Through validation effdtie, model was modified to include roll
dynamics, tire lag and camber influences. Compasidmetween model predictions and
measured data are presented in both time and fregummain.

In response to the large effects that terrain hadneasured roll dynamics, an
investigation on roadway terrain-vehicle interagtiwas performed. Using commercially
available vehicle dynamic software, repeated sitrarla of median incursions were
performed to gain insight on geometric factors thfitence a vehicle during a roadway
departure. Comparisons of varying median width sad/ing median front and back
slope were conducted. While the simulations offegediance about profiles that induce
harmful situations such as rollover accidents ovehthe possibility to lead to cross
median collisions, a full cost versus benefit asslywould be necessary to determine the

‘best’ median profile.
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Chapter 1

Introduction

Vehicular rollover is a tragedy that is continuafigining public interest. The
issue is amplified by the ever increasing numbdrdamye trucks and Sport Utility
Vehicles (SUV’s), which carry the highest rolloverobability of any type of vehicle,
more than twice the rollover probability of smallgssenger vehicles [1]. Despite the
public knowledge concerning the rollover potentidl large vehicles, they are still
increasing in numbers [2]. In an effort to bettaderstand vehicular rollover, this thesis
examines means to predict vehicle behavior, inolyidiollover, based on a driver's
steering input and the terrain encountered by tekicle, especially after roadway

departure.

1.1 Motivation

Studies concentrating on vehicular safety startexitly after the first automobile
was produced. While many safety programs concentnatthe driver’s behavior, such as
seat-belt and drunken driving campaigns, the drigethe most difficult factor of
vehicular safety to control. Therefore, much o lesponsibility for vehicular safety
falls on automobile manufacturers and traffic eegns. Auto manufacturers usually
concentrate on making vehicles safer when involiedccidents, but have recently
switched their thinking to focus more on preven@sgafety measures.

This recent change in approach to transportatitetyse fueled by an increase in
rollover accidents over the last decade. Betwee®6 18nd 2005, rollover accidents
increased in occurrence, from 2.3% of all accidant2.6% of all accidents [1, 3].
Passenger cars rolled over in approximately 2%llodccidents in 2005 while utility
vehicles rolled over in approximately 5% of all @emnts [1]. This was even a decrease

compared to a rollover rate for utility vehiclesah accidents of 6% in 2000 [4]. But
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even with the high rate of rollovers, SUV’s contnio increase in numbers. The National
Household Travel Survey didn’t even have a catefmr$gUV’s until 1995, when SUV’s
made up fewer than 7% of the vehicles on the rogdWhe latest survey, conducted in
2001, found that SUV’s now account for over 12%adif vehicles [2]. So it is not
surprising that the number of rollover accidentsrawe last decade has increased. This
slight increase in rollover occurrences is alsooagmanied by an increase in fatalities
resulting from rollovers. In 1996, 18.3% of thealaiccidents were the result of a vehicle
rollover while in 2005, 21.1% of the fatal accidentere due to rollover [1, 4]. This
correlates to an additional 1,434 lives lost eaelaryfrom the increase in rollover
accidents [1].

Utility vehicles growing popularity even despiteetimnigh likelihood of being
involved in a rollover accident is shifting the soel of fatal accidents on the nation’s
roadways. Light trucks, which include pickup tracktility vehicles and vans, accounted
for 31.8% of the fatalities in 1996 but 38.5% oé tatalities in 2005 while fatalities in
passenger cars decreased from 53.5% to 42.2%lwveate period [1, 3].

There are many other factors that can affect aclehilikelihood to rollover
besides its own geometric configuration. Acciderdaktion can play a large role in the
onset of a rollover event. Even though the numbesczidents is on the decline, the
number of accidents occurring off the roadway hatsdecreased at the same rate [5]. Off
road accidents prove to be more dangerous thae thastake place on the roadway with
the introduction of roadside obstacles and varytergain. While only 24.5% of all
accidents in 2005 took place off the roadway, 73%lldatal accidents took place off the
road [1]. A large factor in off-road accidents etincreased rollover probability. The
National Highway Traffic Safety Administration estites that 90% of rollover accidents
are tripped events, often induced by the vehic@witey the roadway [6]. Therefore, most
of the effort in highway redesign is being concat&d on the roadside profile. The idea
of the forgiving roadside was first presented desaalgjo, but standards for a forgivable
roadside have not been updated to account foreibent dramatic shift in the types of

vehicles on the roadway.



1.21dea of Prevention by Vehicle Control

As Ben Franklin said, ‘An ounce of prevention isrthoa pound of cure.” While
this idea has been carried over into almost evagtfof life, it carries more weight when
dealing with preventing causes of serious injurydeath, such as vehicular accidents.
While automobile manufacturers are continually rigyito make vehicles safer when
involved in an accident by installing air bags e ffront and rear, three-point seat belts
for every seat and reinforcing the sidewalls tohstdnd greater amounts of force, they
are also starting to focus on accident preventiore of the first attempts to aid the driver
in avoiding accidents was the installment of Aotk Brake Systems (ABS). A more
recent step in preventing automobile accidentsoeas the implementation of Electronic
Stability Control (ESC), which controls braking maintain yaw stability of the vehicle.
Both ABS and ESC use an onboard computer to monitegel slip and in the case of
ESC, also vehicle yaw angle, and then distributekepressure to stabilize the vehicle
while maintaining driver control. As computing capaies continue to increase,
researchers are looking for additional means tinéurincrease vehicular safety.

One area of interest is in predicting the roll &gl a vehicle with the idea that if
a computer can first predict rollover, it can direeasures to prevent rollover. To predict
roll behavior of a vehicle, researchers have degezogoverning equations of motion for
vehicles based on two easily measured driver inmiéering angle and velocity. Such
equations should remain low-order and linear ineortb be easily implemented for
control purposes. Because of this, researchers stat their investigation with a two
degree of freedom (2-DOF) representation of vehmt#ion, often called the bicycle
model [7]. From this simple representation, coigets to include roll dynamics are often
added with a goal of minimizing model complexity.hilé many researchers have
derived such numerical models of vehicular beha¥ew have validated their models.

The first part of this work involved deriving sirail governing equations of
motion to those presented by other researcherstlaemd validating the models using
experimental data. Through the validation proc#ss,models were improved to better

capture a vehicle’s dynamic response in a varietyaneuvers. A large part of this work
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is based on the foundation of two previous studelasn Cameron and Ryan Martini [8,
9]. John performed some preliminary studies of dgthamics and Ryan created a highly
accurate data acquisition system useful in vehilgleamic studies. This work differs
significantly from this previous work in the deptf investigation regarding roll
dynamics. The use of the new data acquisitioresystllows for increased confidence in
the data and as this thesis will illustrate, sHeghd on additional influences on vehicular

behavior.

1.31dea of Prevention by Roadway Design

Possible redesign of the nation’s roadways is aratlienue that researchers are
investigating as a means to prevent fatal accidé&hsh work is recently motivated by
the large increase of rollover accidents occuruin highway medians. This reactive
mentality is commonplace in highway design dueht gignificant cost associated with
design changes. Any alterations in design or hapi@cement must often be evaluated
over a period of years or decades to determintenifllimake a statistical difference in the
severity of accidents.

With today’s expanding knowledge about modelingiele dynamics, it seems
beneficial to look at a vehicles response duringmadian incursion prior to
implementation of design changes. Thus, simulaticaus reveal shortcomings in the
design before anyone is injured or killed due te ittmplementation. Through repeated
experimentation and data analysis, one can an#tgzmfluence of varying terrain on the
dynamics of a vehicle.

This work explores the use of simulations to analyaw drastic terrain variations
such as roadway shoulders and medians, which wmrilNkry expensive and dangerous
to physically test, affect vehicle safety. To cang this investigation, a more complex
vehicle dynamics simulation package was used thid¢baccounts for terrain variability,
something that was ignored in the previously mewib bicycle model. The
commercially available CarSim® software [10] wa®digo model median incursions

from divided highways for multiple configurations efforts to gain insight about better
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median profiles for the updated fleet of vehiclesttee roadway today. This analysis has
suggested relationships between median designs vahitle safety and suggests
improvements that do a better job at entrappingcleh without inducing a rollover
event. A significant contribution of this thesighgat such extensive analysis has not been

published in the literature prior to this work.

1.4 Outline of Remaining Chapters

This thesis is motivated by a desire to decreas@atmber of rollover accidents
by predicting rollover based on driver inputs aetdin features. The background,
methodology and results are presented in the faligwhapters, with the breakdown
explained below.

Chapter 2 presents a literature review of past wotke area of low-order, linear
models of dynamic rollover behavior and the pastafsvehicle dynamic simulations.
Methods of predicting vehicle behavior during a rmadncursion commonly used in the
field of highway engineers is also presented.

Chapter 3 presents derivations of the 2-DOF bicyabelel and three degree of
freedom (3-DOF) roll dynamics models. The testing walidation process are outlined
and the results presented in Chapter 4. Modifioatio the derived models are supported
in detail with experimental data.

Chapter 5 presents the methodology and resultstfdy on the effects of
median width and slope on a vehicles response glarmmadway departure. Chapter 6
offers reflections on the work presented in thiessth along with recommendations for

future work in the area.
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Chapter 2

Literature Review of Vehicle Dynamic Simulations

Modeling of vehicle behavior has been an area t&fr@st since the invention of
the automobile. Modeling allows a designer to exanthe results of their invention, and
allows automobile designers to investigate the oyoabehavior and safety of their
products. While efforts to model the dynamic bebawf automobiles have progressed
over the past decade, the accuracy and capabiliiesimulations have increased
exponentially with breakthroughs in computer tedbgy. Computer simulation tools
allow the designer to investigate a vehicle’s saéetd performance without ever having
to build or test the vehicle, both of which arewepstly endeavors. Vehicle dynamic
simulation software has been a crucial part inalehdesign and safety for many decades
in three primary application areas:

1. Automotive designers who utilize software to pregiassible problems with new
designs and existing systems,

2. Government agencies who rely on simulation softwaraid in determining if a
new vehicle is safe and to analyze testing prosyaid

3. Forensic engineers who use the simulations to pmpchain of events in

accidents.

This work justifies the use of simulations by fiisvestigating and validating
low-order linear models of vehicular behavior. Fgklby observations during the
validation process, this work then pushes the défed of simulations to yet another
facet of application of vehicle dynamic simulation:

4. Highway design engineers who could use simulatimngredict relationships
between roadway geometry, median geometry in paaticand resulting crash

types and incident rates.
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Because this last use of vehicle dynamic simulatisra relatively new approach,
an overview of the literature and state-of-thetartiescribed in detail in this chapter.
Particular attention is given to describe challenge obstacles that might occur when
software developed for the first three applicatoeas is used in the fourth.

The quantity of material describing vehicle dynantiehavior is much too
extensive to allow a comprehensive presentatiama chapter, or even one publication.
This literature review therefore focuses on dynasmculations of vehicle behavior that
relate to justifications of this new approach togliations. The chapter first presents a
history of vehicle dynamic simulations includingetthree pathways of development. A
historical background on cost versus benefit safwarograms employed by highway
designers is also presented. This is followed bgescription of common simulation
packages in use today. Methods used to validatedfieare are then described, leading
to a discussion of issues associated with use mdmic simulation software for highway
geometry design. These issues are grouped inte eeeral categories: 1) validation, 2)

accident reconstruction, and 3) tire-soil inter@aati

2.1 Historical Use of Vehicle Dynamic Simulations

To recognize the complexity of simulations, oneyonkeds to consider how
simulations function. Vehicle simulations use nuicarsolvers to calculate outputs from
a set of inputs using both differential equatioaswed from laws of physics and physical
and geometrical constraints of the vehicle. Anressv of simulation technology can be
found in [1-5].

The dominant usage of vehicle simulations todayaiemthe study of vehicle
handling and respons@/hile numerical dynamic models of vehicle behahaxve been
presented in literature as far back as the 1950t usage was generally limited by the
inability to solve the often complex equations aftimn on limited computing hardware
[6, 7]. Since the development of low-cost persooaiputing in the past several
decades, simulations have become commonplace stullg of vehicle motion.
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For this particular study of vehicle rollover amdrain induced rollover, there are
fortunately a limited number of primary factors wiidominate vehicle behavior. By
“primary factors”, it is meant that these factomrdnate the overall chassis motion of the
vehicle. In addition to variable terrain geomettlyese primary factors might include
chassis inertial parameters, gross tire-soil ictesa effects, and overall suspension
stiffness.

In many cases, there is a non-trivial amount ofeutainty in the primary factors
that govern vehicle motion, so that inclusion afs®lary or tertiary predictors of vehicle
behavior such as the dynamics of the power steeitgis not productive. For example,
assume that 97% of bulk motion of the vehicle isdmted by a small set of core
equations and parameters. If the parameters egtéria equation have an uncertainty
such that the predicted output varies by 10%-20/#n inclusion of additional factors to
gain additional 3% of fidelity for one particulaghvicle might not be fruitful.

LeBlanc et al during their research regarding ldetction illustrated the effects
of adding complexity to simulation models [8]. Shoim Figure2.1is a comparison of a
2-DOF linear tire model and a 14-DOF Magic Tire ralod

v Raba (deg's)

=30

o b 10 15 20

Time (8] [aa. CAPC Smuation. 12 DOF honanear
Lateral Accelaration (migec’] e CAPC Smulabon, 2 DOF Linear

10 7 —] == CAPC Protolyoe

o3

20

Fig. 2.1 Comparison of Tire Models
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While some additional accuracy is gained at highagnitudes of lateral acceleration, the
simple 2-DOF model does an adequate job of simgdtie vehicle’s response.

As computational capabilities have increased, sotha development of more
complex and realistic vehicle simulations [9-1For example, in [9], Day recounts the
state-of-the-art in simulation programs of the |d®80’s, summarizing respective
strengths and weaknesses of various simulationrameg at that time. The choices were
clearly partitioned between either vehicle dynanapsglications or crash-reconstruction
applications in the form of impact simulations. #Bg 1990’s, the convergence of impact-
analysis type software and vehicle dynamics waditted by the availability of finite
element modeling, better inclusion and understandihtire and impact forces, better
analysis of tripping/furrowing effects, and bettealidation of tire models for large
variations in camber and normal force. Simulatienserged that were able to model
rollover behavior from the initial trajectory asetehicle leaves a roadway, through an
off-road segment into a rollover situation. Todangd profile and similar 3D effects have
been incorporated into most commercial simulatiomirenments with claims of close
fidelity between simulation-predicted vehicle beloav and experimental
measurements[9, 12].

The concept of applying vehicle dynamics softwarehte analysis of off-road
vehicle behavior is gaining recent popularity. Eeample, some researchers have used
simulations to study driver response to roadwayadepe [13]. Others have concentrated
on off-road ride comfort [14] and some have focusedriction influences due to water
or snow [15]. While these applications are divefesv people to date have looked
specifically at the use of vehicle dynamics to gpaland optimize the roadway design
itself. This thesis is one of the first to presantextensive study of vehicle dynamics on

off-road behavior across a wide range of vehictestarrain features.

2.2 Historical Use of Cost/Benefit Highway Design Tosl

Highway engineers have been using simulation progréor decades as a means

to calculate the cost versus benefit value for gearin roadway designs. Such programs
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usually use accident data to estimate encroachrrequency, accident frequency,
severity and the resulting cost of the acciderdluising both injury cost and the cost to
repair any damaged obstructions. Such cost/bepefgrams have progressed over the
years to include updated encroachment data, acaild¢a and to improve the program’s
user interface in hopes of increasing the prograsege. The Texas Transportation
Institute released the ABC program in the mid-1988@’ cutting edge program at the time
for it used the then recent results of the Cooperaachment study [16]. The ABC
program was also capable of predicting resultddar vehicles and incorporated a two-
step approach in predicting injury severity by tficalculating impact severity under
suspected conditions for a given barrier. The Fdddighway Administration modified
TTI's ABC program to make it more user friendly antprove the crash severity models
and released the update in 1988 as the Benefiti&wdysis Program (BCAP). BCAP is
most well known because it was used to developgthidelines outlined in the 1989
AASHTO Guide Specifications for Bridge Railings. il BCAP program used inputs
derived more from engineering judgment than fronmocete data. While it predicts
encroachment and speed distributions that diffemfimeasured data, it has means to
better account for impacts with roadside hardware.

Continual refinement and a push for fewer requirser defined inputs led to the
development of ROADSIDE, published as an appendithe 1996 Roadside Design
Guide [17]. But the program proved to be oversifrgadi to adequately model roadside
incursions. The National Cooperative Highway RedearProgram recognized
ROADSIDE’s shortfalls, so funded a project to deyel replacement program. The
Roadside Safety Analysis Program (RSAP) was pratlligethe Texas Transportation
Institute and included in the updated 2002 Roadfdsign Guide [18]. While case
studies of the RSAP program show some correlatietwvéen model predictions and
accident data, the program relies mostly on actitestory as inputs, making it difficult
to update the program to account for changes invtacle fleet and it completely
ignores driver input and the resulting dynamic cese [19].

Other researchers have developed their own costusdrenefit tools independent

of those mentioned above. In the mid-1990’s, aaetegroup from the University of
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British Columbia completed an overhaul of the Radelddazard Simulation Model, a
program originally developed in the 1970’s usingofer’'s encroachment data [20]. The
updated version allowed for limited driver inputels as corrective steering and braking
to be considered when determining the likely outearhthe roadway departure. Ray also
developed a cost versus benefit tool in the midelPBalled Safety Advisor [21]. It had
the unique feature of allowing the user to inputiqability distributions of encroachments
and accident severity. This allowed the user tortéine program to the specific roadway

under review.

2.3Common Vehicle Dynamics Simulation Packages

The development of vehicle dynamic simulations aver past several decades
has progressed along many parallel lines and atics, but the goal in using
simulations is always to alleviate the cost, tinsafety, and availability concerns
associated with experimental testing. One line efetbpment is in the area of vehicle
design where simulations are used to aid in vehsgéup, stability analysis, and
performance. Modern examples of software focusingtlos area of implementation
include CarSim, TruckSim, HVOSM and VDANL [22-25}lany of these programs
have been extended in the past several years,iatjalvem to perform other tasks, for
example accident reconstruction. Another line ofellgoment of vehicle simulation
software programs were programs originally devedop#h the specific goal of aiding in
accident reconstruction, for example PC-Crash aME H26, 27]. Many of these
accident-reconstruction software packages todajudlyecapable of simulating extensive
off-road and on-road driving scenarios even aparhfthe crash event itself. A third area
of development has utilized finite element analydike most common vehicle FEA
package is LS-DYNA which has been used extensiwvetiie field of barrier testing [28,
29]. Thus, these converging capabilities acrosscleldynamics analysis and crash
reconstruction applications present a new and powgrolset to the roadway designer.
An overview of popular software packages availdblews:
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VDANL — Systems Technology Inc. [25]

(0]

(0]

o

VehicleDynamicsAnalysis,NonLinear
Originally developed for vehicle dynamics simulatio

Has been expanded to some accident reconstrugipications

ADAMS — MSC Software [22]

o

(0]

0]

Originally developed for multi-body simulations,ttadapted recently for
vehicle applications
Entire car and environment has to be built piecpibge

Has recently updated tire models to allow for bedt® road profiles

CarSim — Mechanical Simulation Corporation [23]

(0]

o

o

Originally developed for vehicle design/dynamic slation purposes
Can input 3-D terrain profiles and friction coeiéints
Can select from several tire models, or create gour

HVOSM —McHenry Software [24]

0]

(0]
(0]
0]

HighwayV ehicleObject SimulationM odel
Originally developed for vehicle simulation in thred-60’s
Several updates and validations have been done #ien

McHenry adapted and targeted more towards accréennstruction

PC-Crash — MEA Forensic Engineers and Scienti€ [2

o

HVE —

(0]

(0]

0]

Collision software that also handles rollover

Engineering Dynamics Corporation [27]

Has several modeling options available

Both single vehicle dynamics and multiple vehiadisions

Has a new Soft-Soil tire model that can be appitemhdividual wheels to

deal with sinkage and plowing

LS-DYNA — ANSYS [30]

(0]

(0]

FEA software to model impacts and deformation
Commonly used in highway barrier design and testing
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Each of the software packages has relative strerayil weaknesses which stem
from the historical development of the software angbected use of the simulation

results.

2.4 Validation of Vehicle Dynamics Simulation Software

The main purpose in using a vehicle dynamics sitimids to replace extensive
experimental testing with simulation. This alleest cost, time, and road/vehicle
availability concerns. But in order to replace exmental data, the simulation must be
able to accurately predict the outcome of experialgests. Historically, there are long-
standing discussions and exchanges in literataedither question or assert the fidelity
of vehicle dynamic simulations to real-world belmayvi The confirmation that a
simulation is correctly describing the behaviortioé system for which it is intended is
hereafter called “validation.” A claim that a silation’s prediction is valid, of course,
depends strongly on the application area and tseedklevel of accuracy of the model
prediction.

The necessity of validation isn’t always clearlhatstl in a simulation study or
software package. Some have argued that the wssiofulation as a tool always requires
a corresponding validation process [10]. Otherstpout that the scarcity of experimental
data makes this a difficult requirement [31]. Somsers of refined simulation software
packages claim validity by illustrating similargido older simulation models without
comparison to actual data [32]. Almost all the wafte currently available has been
validated to some extent, but few have met theroige standards that have been
proposed, for example, by Heydinger [32].

Additionally, some researchers have noted thatlatibn depends on the process
used to obtain the model fit itself. This bring®iguestion whether the same data used to
obtain vehicle parameter fits should be used tonclalidity of the model. Heydinger, in
[32], presents a methodology for validation of wdidynamics simulations and points
out many faults of recently presented validations.
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Possible bias due to the vested interest of thkiatea and the choice of vehicle
for real-world comparisons are sometimes discuasef@ctors influencing the validation
process. Ideally, validation should be achievedugh repeated testing of several
vehicles performing a variety of maneuvers, a mg¢fh@posed by Heydinger. However,
this requirement is so difficult that there are féwany vehicle simulation codes that
would satisfy this condition. There is at leastogtion of possible bias in validation
and consequently some validations have been pestblvy third parties [32]. However,
the majority of simulation/data comparison has bpehlished by the software creator
[10] [33].

One fact illustrating the difficulty in validatioms the limited availability of
instrumented crash data. Many software packagés elalidation using the same data
set that came from Failure Analysis Associates Trest and Engineering Center. Eight
different rollover tests were performed and preseémt [34]. Five of the tests were curb
tripped rollovers, two were soil tripped and onesveadolly test. Roll angle, vertical,
horizontal and angular velocities along with tataergy were determined for each test
using instrumentation within the car and post-pssg®y with high-speed photography.
The results from such testing were once consideedd representations of rollover
situations, but the severity levels have come ugdestion, causing most companies to
seek out other test results or perform their owalsset of experiments to help validate
their models [34-37]. Other programs designed remonstruction purposes perform
some of their validation through reconstructionsloa€umented accidents .

Several papers exist in the literature validatihng aiforementioned simulation
codes along the progression of their capabilitteshort list is supplied for each of the
software programs discussed in this review.

* VDANL - Systems Technology Inc. [33] [38, 39]

+ ADAMS — MSC Software [40-42]

e CarSim — Mechanical Simulation Corporation [5, 39]

* HVOSM —McHenry Software [27] [43]

* PC-Crash — MEA Forensic Engineers and Scientigtst[4
* HVE - Engineering Dynamics Corporation [9-11, 27]
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¢ LS-DYNA — ANSYS Inc. [28, 29]

There are many commonalities among the validatimsédes often relying on the
same rollover data [34]. The same maneuvers & ased including J-turns, sinusoidal
steer, double lane changes and braking in a tutn 32]. These maneuvers primarily
focus on aggressive handling and nonlinear dyngnaicd hence the comparisons are
historically all presented in the time domain. Awback to this approach is the limited
attention given to the behavior of the vehiclehe transition to nonlinear behavior and
during high frequency transients. For example, fesqy responses are rarely if ever
considered or checked for linearity even though ynaalidation approaches include a
sinusoidal steering input. The drawback of onlyreixang the time domain matches will

be explained further in the next section.

2.5 Challenges to Using Vehicle Dynamic Simulations tBredict Vehicle Behavior in
Medians

2.5.1Shortfalls in Validation

Sometimes the simulation will appear to match oeedf data yet mismatch
another, making the method used for validating adehomportant. There are two
common methods for comparing experimental and prediresults of a system: time
domain and frequency-domain. Time domain analyssrenes the output as a function
of time and is useful to illustrate general tremasnonlinearities, while the frequency
domain analysis can be used to confirm the lingafita system’s response by plotting
the ratio of the outputs magnitude and phase cosdp@rthe input against the frequency
of the input signal. This is useful to illustratgés or frequencies of inputs where model
matching will and will not be obtained.

As mentioned previously, most of the validation kaegarding simulation
software has been done in the time domain. Stdgtrepancies between simulated and

actual data may not seem severe in the time dorbainthe differences become more
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defined when taken to the frequency domain, esihead higher frequencies where
excitation of higher-order dynamics, especiallyf r®lmore pronounced. As an example
of this, Figure2.2 below shows the yaw rate response of a 1987 Hyugxizel in the
time domain [32]. The plot shows a good correlatietween the measured data and the

simulation.
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Fig. 2.2 Yaw rate response in time domain
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Figure2.3is the yaw rate frequency response of the sameWaile the time domain fits
appear to be in agreement, the frequency domaits pllustrate more clearly the

discrepancies between the measured data and tlmason by including a wider range

of inputs.
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Fig. 2.3 Yaw rate response in frequency domain

Another factor that can lead to questioning of\vhkdity of a model comparison
is the expected errors that arise out of experiad@ldta collection. Even under controlled
situations, natural disturbances such as wind gostsoad roughness can affect the
measured values of a vehicle. Heydinger recommeundsing numerous tests for a
given data point, selecting those that best mdtehargeted maneuver and averaging the
values of the measurements [32]. The use of aedraglues of inputs such as steering
torque is intended to reduce the effects of therahdisturbances that will not show up

in any simulation. To increase the validity of tbemparison, it is important that the
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simulation and data match for not only differenpayg and severities of maneuvers but
also for different vehicles [32].

Correlations between measured and predicted vadues often difficult to
guantify, so Heydinger suggests using many simeatiaa measures of validation [32].
Including 95% confidence intervals on each sidehaf measured data can provide a
visual tool to aid in determining validity in thegsence of measurement uncertainty.
Another range of acceptable simulated results cbeldreated by averaging the error due
to natural disturbances and using that error vatua limit for validation.

Perhaps the largest area of concern regardingatalidis the data used for the
validation. The public outcry for updated crasét ata has grown louder in recent years
especially in the area of rollover, where a stadidad test has yet to be selected [3]
[45]. The dolly test outlined in FMVSS 208 was\poaisly used as a standard rollover
test [35]. In this test, the car would be accettasideways while sitting on a dolly
inclined at 23° until the car reaches 30 mph atctvipoint the dolly hits a stop and the
car flips off and rolls over. While the dolly testsures that rollover occurs, the lack of
repeatability of such testing has raised quest@ansut its validity. Parenteau et al
studied trends in rollover accidents and conclutlet soil-trip rollovers account for
51.7% of all passenger car rollovers, but the d@bt induces roll rates much higher than
actual field conditions and is unable to adequatebdel soil-tripped or curb-tripped
rollovers [35].

2.5.2Shortfalls in Simulations Regarding Accident Recostruction

One shortfall that is often overlooked is the mdi@ on simulations to clarify
previous events. Some authors, Day for instance §djess the importance of
remembering that when a simulation correlates with evidence of events left on the
roadway (for a crash reconstruction analysis)pésinot rule out all other possibilities of
behavior. It simply presents one possibility. It 3smetimes possible for different
combinations of inputs to produce equivalent simoiha outputs that fall within the

bounds of validation for a given event.
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Day also points out that inputs to the system duan accident are unknown
values that must be determined from the outcomehef event. Problems arise
particularly in vehicle reconstruction work becausany software programs do not allow
for steering inputs during and after a collisiohisTis true even though in some instances
a driver still has some control over the trajectofyheir vehicle. This unknown steering
input could greatly affect the actual trajectoryestimated speeds of the vehicles, as will

be shown in great detail later in this thesis.

2.5.3Shortfalls Due to Inadequate Tire Models

One of the most challenging aspects in predictieigiale dynamic behavior is the
creation and validation of tire models describifigroad behavior [38]. The general field
of terrain-vehicle interaction is called terramaula, and is a well developed area of
research dating back to the 1940’s and ‘50’s. 16919Mieczyslaw Bekker published
what is today considered one of the preeminentigatidns on the subject [48]. Even
though his studies on the influences of off-roadaia has been acknowledged for quite
some time, Bekker's findings have only recently rbeenplemented in vehicle
simulations and validated for use in highway sitwad. This inclusion can greatly
increase the accuracy of simulations modeling odigr vehicle trajectories. While an
accurate tire model is mandatory for accuratelyutatmg off-road dynamics, Metz
points out that in off-road situations, terrain l@amuch larger effect on tire forces than
the properties of the tire themselves [49]. Otlaege off-road influences include an
increase in tire lag due to softer terrain and singkage affecting both sidewall and
longitudinal forces. The plowing effects of theetiadds complexity to the tire model
which not all programs, including PC-Crash havenbable to correctly model [45].
Most simulation programs have recently updatedr tthed models to better incorporate
off-road effects but many of these improvementsehawst yet been validated publicly
[38, 44]. Such improvements are critical for rgbo studies since 90% of rollover
accidents occur off-road or in transitions fromroad to off-road driving. This therefore
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challenges the development of simulations of offeralriving as a tool in preventing

rollover accidents [31].

2.6 Conclusions

This chapter presented a history of vehicle dynasmutulation packages and a
history of cost/benefit highway design tools to\pde the groundwork for the ideas to be
discussed in the following chapters. Starting wstmple linear equations of motion,
dynamic modeling has progressed together with coimgpweapabilities. The automotive
sector, highway design community and the generalipinave all benefited from the
advances in modeling capabilities. While much pesgrhas been made, limitations still
exist especially in modeling uncommon situationshsas off-road terrain and rollover

events.
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Chapter 3

Derivation of Low-Order Vehicle Dynamic Models

Automobiles are complex machinery, so modelingrtdgnamic characteristics
and responses can be a difficult task. This task k& simplified by focusing on the
purpose for modeling such behavior. If stabilitydesafety are a main concern, most of
the modeling can be focused on the chassis dynaaifi@s vehicle. By treating an
automobile as a rigid body, Newton’s laws of moteam be applied to derive equations
of motion.

This chapter presents the derivations of low-ordehicle dynamic models
derived using two different approaches. Terminolaggful in model derivations will
first be presented, followed by a 2-DOF linear maded then complexity will be added
to account for roll dynamics and a roll inclusiveae! will also be derived.

3.1 Model Terminology

All derivations presented in this work will be dexd in the SAE standard
reference frame as shown in Fig@ré[1l] This is a body-fixed coordinate system,

meaning it is fixed to the body and moves with\Rahicle.
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|, of positive
:'J yaw rate

direction
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direction
of positive
roll rate

Fig. 3.1 SAE Coordinate System

Common parameters such as speed and slip angleg ¢ifes and vehicles are
defined in Table3.1

Table3.1 Bicycle Model Parameters

Symbol Parameter Definition
m Mass of Vehicle
l,, Yaw Moment of Inertia
Vee Total Velocity of Vehicle CG
U Forward Velocity of Vehicle
V Lateral Velocity of Vehicle
B Side-slip of Vehicle
a..a, Slip angle of front and rear tire
r Yaw rate around Z-axis
o, Front Steering Angle
F., F Force generated at front and rear tirg
a Front Axle to CG distance
b CG to Rear Axle distance




27

3.2Two Degree of Freedom Linear Bicycle Model

A complex vehicle can be modeled as a relativetypge system by making a
number of assumptions with the goal of simplicitymnind. Assumptions used to create
the simple 2-DOF model include no roll, pitch orrtial motion, constant forward
velocity, no aerodynamic forces, the chassis isigid rbody without suspension
influences, that tire forces are linearly relatedhe tire slip angle, and the tires on either
side of the vehicle produce the same force reastidimis last assumption makes it
possible to lump together the wheels on the fromt laack axles to form one front and
one real wheel, hence the name of the 2-DOF limgaycle Model [2-5]. Another
common assumption used in the many of the deringtpyesented is that any changes in
orientation angles are small enough such thatdh@ing equations hold:

cosé L1

. Eq3.1
sing 00

The free-body diagram illustrating the forces amapprties used to derive the 2-
DOF linear model is shown in Figuge2

A
v
y

v

Fig. 3.2 Free Body diagram 2-DOF
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3.2.1Newtonian Mechanics Derivation

The first approach for deriving a linear 2-DOF mlodglizes Newton’s second
law of motion, F = ma. A vehicle experiences forces from a variety @uts, the largest
being the tire/ground interaction. Other forceslude aerodynamic forces, changes in
gravitational forces due to weight transfer andpsusion forces, all of which will be

assumed to be negligible. Summing forces in th@getion produces EG.2.

F, +F, =ma Eq3.2

Recall that the equations of motion are derivednfra body-fixed coordinate frame.
Therefore, the accelerations are a combinationhefdirectional acceleration and the
rotational velocity of the vehicle as shown in B@.[4]

dv. _dv

Ebody - E global

+ WX T Eq3.3

Using the above equation, the governing equatiothi®vehicle body’s lateral motion
becomes E3.4.

F,+F, =myV +rU) Eq3.4

Summing the moments around the z-axis generategtherning equation for yaw

motion, Eq.3.5.

F,a-Fb=1,f Eq3.5

For easy comparison between models presented tihwatthis work, all models will be
presented in state-space form like B
X= Ax+Bu

y=Cx+ DU Eq3.6

In EqQ.3.6, xrepresents the states of the system, such asl ke¢doaity, yaw rate and roll
angle, u represents the inputs to the system, either tleealaforces at the tires or the

front steering angle, angl represents the system outputs. Equatibisand3.5 combine
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to form the governing equations known as the b&yobdel, represented in state-space
formin EQ.3.7
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3.2.2Lagrangian Mechanics Derivation

An alternative approach to Newton’'s second law daftiom is to implement
Lagrange’s principles in the derivation processgraage’s principles use an energy
approach to derive the governing equations of mofi@bulating sources of kinetic (T)
and potential (V) energy and inserting into the rfaagiian formulation shown in E§.8
for the generalized coordinatg, will produce an equation of motion for the vateabf

interest [6].

d(oT) dT oV
al 355 e Fa3
A vehicle with an assumed rigid chassis and noicadrtnotion does not store potential
energy, but has three sources of kinetic energyh#,forward velocity, V, the lateral
velocity and r, the yaw rate. Forward velocity,ifJassumed to be constant, leaving two
states to use in Lagrangian dynamics. Starting Vaitéral position, y, and applying Eq
3.6yields Eq.3.9

4(my)-0+0=F, cod+ F

Eq3.9
my= F cosd+ F g

Recall that Eg3.10

y=V+ruU Eq3.10
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And considering only cases where the steering amjlebe small, one can apply the

small angle assumption Eq 3.9and insert E3.10to produce Eg3.11

m(V+rU)=F +F Eq3.11

which is the same as Eg.4 above
The Lagrangian approach can then be applied tstttie of yaw direction of the
vehicle. This produces E§.12

d
—(1,r)-0+0=-Fp+F.a
dt( ) P+F, Eq3.12

| y=-Fp+Fa

which is the same d&&9.3.5above

3.3 Extension of Linear Model to Include Linear Tire Model

Governing equations of motion for both lateral wi#jp V, and yaw ratey,
depend on tire forces generated in the lateralctime. To keep the above equations
linear, a linear tire model was implemented. Torcés were assumed to be proportional
to the slip angle of each wheel as in Ed.3

Ff =Cfaf

Eq3.13
I:I‘ = Cr ar

The slip angle of a wheely , is the difference in direction between the veloci
vector of the wheel and the path of travel of theeal as shown in Figuf@3
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Fig. 3.3 Slip Angle of Tire

This angle can be solved for by examining the farelcity components of the
tire and the commanded steering input. The oriemtadf the tire is made up of the
commanded steering input and the inverse tangethieofelocity components as depicted

by ¢ and shown in Figurg.4

Fig. 3.4: Tire Velocity Components

Using geometry and knowledge about the valu& ¢fthe value of the tire’s slip angle

can be calculated as in Ej14[2, 4, 5]
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\%
a, = tan‘l(v—yj -9, = tan‘l(v Larj -9,

X

Vv Eq3.14
a, = tan‘l(v—yj -9, = tan‘l(v ;brj -9,

X

The small angle approximation can also be applethis situation and the rear
wheel steering input is usually set to zero sirm# fvheel steer vehicles are very rare.
Applying these assumptions yields Bql5

_V+ar

U
_V-br

' U

o

Eq3.15

Combining Eqg3.15 with Eq. 3.13 and inserting into E¢3.4 and EQq.3.5 yields
Eqg.3.16

m(V+ rU)= c. (V;ar_5j+ Q(V;brj

¥ :Cf(VGar_a_ja_C{VL—Jbrjb

Rearranging into standard state-space represemfatim £q.3.6 yields Eq.3.17

Eq3.16

C,+C GaGb —C,

[V}: muU mU {V}r m 4] £q3.17
¢17|c,a-Cb GC&+CB |r| |-Cha
L0 Iy .

These equations will be used as a standard baseliogel for comparing

predicted vehicle motion to that measured duringeeixnental testing.

3.4Inclusion of Roll Dynamics

The linear bicycle model can be extended to captltenotion. Inclusion of roll

dynamics introduces another state of vehicle motioth angle. The three equations of
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motion governing vehicle motion and accountingrfdl dynamics will again be derived
in both Newtonian and Lagrangian approaches. A aspect introduced by including
roll dynamics is the separation of the mass ofvidtacle into sprung and unsprung parts.
The distinction arises because the sprung massigposted by the suspension and

stiffness of the vehicle, modeled as a spring adpkr, as shown in FiguBe

q------=-----4
N

Fig. 3.5 Free Body Diagram 3 DOF (view from behind)

There are some additional vehicle parameters neledd derivation of a roll inclusive

model. Those parameters are listed in Tabke

Table3.2 Vehicle Parameters needed in Roll Inclusive Model

Symbol Vehicle Parameter
m, Sprung Mass of Vehicle
m, Unsprung Mass of Vehicle

| Roll Moment of Inertia

¢ Roll Angle

h Roll axis to CG Height

K Suspension Spring Stiffness
D Suspension Damping Coefficient
g Gravity
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3.4.1Newtonian Mechanics Derivation to Include Roll

Similar to the 2-DOF linear model, a summationafcés in the lateral direction
gives the governing equation in the y direction,
2F, =ma,
Fo+F =m,(V+Ur)+m(V+ Ur+ ) Eq3.18
F +F :m(V+ Ur)+ m

and around the Z-axis
M, =1,y

aF, —bF = I,f £q3.19

and now also around the X-axis
M, =1 @

~K@-Dg-mh(V+ ur)+ mglp=( L+ mA)p Eq3.20

Combining Eq3.18 Eq.3.19and Eqg.3.20yields three linear equations that govern
vehicle motion. All three are summarized in EQRL
mlV +Ur )+ mhg=F, +F,
| ,f =aF, —bF, Eq3.21
(1, +m.h? )= -m.hlV +Ur)- D@+ (m gh-K )

And can be represented in state-space form aS.E#g|.

C +C  m’hU  aC -bC U mh(mgh-K) mhD -G ]
y ud, J, ug, J, J, J, [v J,
; aC, -bC, a’C, +b’C, " -ac,
— _— 0
o|T| Ul ul,, ot T 9
" 0 0 0 1| 0 Eq3.22
¢ _msh(cf _Cr) msh(acf _bcr) mgh-K -D L#] | Cimh
| mug, muJ, J, n, | L my |
212 212
‘Jl:m_ rnSh ‘J2:Ixx+rnsh2_rnSh
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3.4.2Lagrangian Dynamics Derivation to Include Roll

Using the Lagrangian dynamics approach will yidh@ same three equations
derived above by also using the state of roll angle

Applying the Lagrangian approach to the state tafréd position yields E@3.23

d : -
S(my+ mip)-0+0= F+ F
My mip= R+ Eq3.23
m (V+Ur)+mhp= F+ R
Moving on to yaw rate produces the same equatigardéess of the added

inclusion of roll dynamics.

g(lzzr)—0+0=aFf—bFr
dt Eq3.24

|,y =aF,—bF,
And now introducing the state of roll angle produ&s.3.25
d : _ : .
S (legrmhy+ mbig)-0- m g+ 10=- B
Lp+m(y+ o) - m glp+ Kp=- B Eq3.25
|, @=-Dg~Kp-mh(V+Ur+ hp)+ m gy

Rearranging and combining E§j23 Eq.3.24and Eq.3.25produces the same
three equations that govern vehicle motion obtafr@t using Newtonian mechanics

and summarized in E§.22
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Chapter 4

Validation of Vehicle Dynamics Models

4.1 Experimental Testing

Experimental tests were performed at the Pennsidvaransportation Institute’s
test track facility outside State College, Pennayia to analyze the ability of the
previously derived models to describe vehicle dlsagsd roll behavior. The measured
data allowed for some unknown model parameterd) asdire cornering stiffness to be
determined during the validation process. Discrefgamnbetween model prediction and

measured data suggested the need for further etjplorof vehicle dynamics.

4.1.1Data Acquisition System

A 5-door 1992 Mercury Tracer was utilized during #xperimental testing. The
Tracer’s steering column was instrumented with string potentiometers to measure
steering input. This was calibrated using tire plgtes to relate the potentiometer voltage
reading to tire angle. The Tracer was also instntgte with an integrated differential
GPS and inertial measurement unit. Details of thegration process and installation of
the data acquisition system can be found in RyartiMa Master’s Thesis [1].

The data acquisition system is highly accuratedpecog resolutions of 2 cm in
position, and angle accuracies of 0.013° for mod gitch and 0.04° of yaw [1]. Available
outputs from the system include position, speed, aotelerations in the three principal

directions and headings about all three axes.
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4.1.2Testing Procedures

A variety of tests were performed to allow for nplk comparisons between
model predictions and experimental data. Eachnigstession commenced with three
straight line tests along a laser aligned raillmtrack surface to capture any offsets due
to variations in mounting of the IMU, or drift itné string potentiometers that measured
steering input. Testing maneuvers included singte Ichanges, step steer inputs, steady-
state driving around circles of two different sizesl a series of sine waves to produce a
swept sine view of the vehicle’s response. Thepsvene data was generated by
inputting sine waves of constant frequency as istgenputs by the use of an electronic
metronome, and measuring the vehicle’s responge.Was repeated using sine waves of
frequencies ranging from 0.1667 Hz to 3.5 Hz. Teathfor linearity of the system, two
complete swept sine tests were performed, onetéeriag inputs of small amplitude, and
one for large amplitude. The large amplitude siravavinvolved a hand wheel rotation
varying from 2 o’clock to 10 o’clock and the smaihplitude steering input varied from
1 o’clock to 11 o’clock.

4.1.3Vehicle Parameters

The bicycle model contains vehicle parameters tizat be easily measured,
except for the front and rear cornering stiffnessethe tires [2]. The location of the roll
axis was found by videotaping the front and reanper of the vehicle while the vehicle
was subjected to a rocking motion. From the vide®tahe center of rotation was
determined at each bumper, and then at the veki@eusing similar triangles. The

vehicle parameters used in the bicycle and rollehack listed in Tablé.1
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Table4.1: Vehicle Parameters

Variable Value Parameter

m 1030 kg Vehicle Mass

m, 824 kg Vehicle Sprung Mass
W, 6339 N Weight Front Axle
W, 3781 N Weight Rear Axle

a 0.93m Front Axle to CG

b 1.56 m CG to Rear Axle

L 249 m Vehicle Wheelbase
h 0.26 m Roll Axis to CG

., 1850 kg Yaw Moment of Inertia
l, 1705 kg m Pitch Moment of Inertia
W 375 kg n Roll Moment of Inertia
|, 72 kg nf Moment of Inertia XZ-plane

4.2 Validation of Dynamic Models

Vehicle testing was done under both transient &sady-state conditions, but for
the purpose of validating vehicle models to be usetlansient situations, the transient
maneuvers are of higher interest for they includeandynamic behavior. Therefore,
validation efforts focused on data from the swepé $est. The results are represented in
the frequency domain where the top plot relatesriagnitude of the output, either lateral
velocity, yaw rate or roll, to the magnitude of tingut, in this case, steering angle. The
bottom plot relates the phase or time lag betwéenirtput and output of the system.

Figure4.1, Figure4.2 and Figuret.3 show the frequency domain responses for lateral

velocity, yaw rate and roll angle for both the @nd small amplitude sine waves.
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Fig. 4.3 Frequency Response of Roll Angle

As previously mentioned, the linear bicycle modelychas two parameters that
are hard to measure, the front and rear cornetifigesses. Therefore, the validation
process will first concentrate on the 2-DOF modetiétermine the cornering stiffnesses
before adding complexity and additional parametieitte model.

The method to find the cornering stiffnesses wdizteady-state data since it
should be least influenced by higher order dynandibe data was analyzed by looking
at the gains between the input of steering to thipud under consideration, either lateral
velocity or yaw rate. The system gain during a swage input is referred to as the DC
gain of the system and is usually seen by a f#atdrin the response at very low
frequencies on a frequency response plot, sucligasel.1 Attempts were made to
match the DC gains measured at low frequenciesaaittulated gains from the dynamic
model.

The DC gains for the vehicle response can be Gkdlusing the state space

representation of the bicycle model in EdL

G=D-CA'B Eq4.1
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In the bicycle model derived in Chapter 3, the Grixas the identity matrix and
the D matrix is null since the outputs of interaxst the states of the system. Substituting
the A and B matrix of the bicycle model from Eqlg and simplifying, the lateral
velocity gain is Eq4.2

u(c,c,bL+C,amu?)

G, = Eq4.2
C,C, (a +b? +2ab)+muZ?(aC, -bC, ) a
Similarly, for yaw rate Eg4.3
UC,C L
G = Eq4.3

" c,c(a@+rF+2a)+ mF( aG- bg

Numerical values were obtained by averaging theh hagpd low amplitude
frequency responses, which yielded a valu&pf 4.054€m/s lateral velocity per radian
of steering input andG, =3.683Crad/sec yaw rate per radian of steering input.

Combining Eq.4.2 and Eqg.4.3 and rearranging for front and rear cornering rs¢iffs
yields Eq4.4

2
o amUe 51035 N
(G, -bG, )L rad
-U’mG,C,b N =4
[ = T =-87,251—
CUL-GC L -U"mGa rad

These cornering stiffness values generate the stitswn in Figurel.4 and
Figure4.5.




43

151 i
&8 ke) [ =) (o]
D it o med
= o fale) o
= T Data-Large Amp &80 o
5f o Data-Small Amp b
Linear Maodel
D n T n 1l
10” 10’
w (rad/s)
0 T
@ 8w g o
= SO0F & a 5 @
‘o 100+ o, _
_c:"g < Data-Large Amp o, Y,
0 180FH @ Data-Small Amp O O
Linear Madal
200 T N . . PR S |
10” 10’
w (rad/s)

Fig. 4.4 Model Prediction of Lateral Velocity

15
a6l A2
o 10r
=
paal
£ 5l < Data-Large Amp
< Data-Small Amp
Linear Maodel
D n T n 1 1
10" 10’
w (rad/s)
0 T
-0 < @ ]
fan)
2 aqm} . Re .
= o]
_c:"'é 180 <@ Data-Large Amp T O@D b
o 2200 < Data-Small Amp o @
Linear Model o
2280 N |IJ N L L L L |1 L
10 10
w (rad/s)

Fig. 4.5 Model Prediction of Yaw Rate

It became obvious from the model comparison thatdimple bicycle model is

not fully capturing all the dynamics of the vehiaéspecially at and above 1 Hz.
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Applying the cornering stiffness values obtainednfrmatching the frequency
response data to steady-state situations yieldetk stiscrepancies, as can be seen in

Figure4.6
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Fig. 4.6. Lateral Velocity in 25 mph Steady-State Circle

A similar offset can be seen the in the yaw rat& @ well. By parametrically
fitting the cornering stiffness, values can be fbwo that the model more accurately
predicts the measured response during steadycteles, but these values do not result
in a good correlation to measured swept sine ddttere are several differences between
the dynamics of a steady-state and transient mangwuch as tire lag and roll
influences. These were investigated further innapts to modify the models to better

predict vehicular behavior.

4.2.1Lag in Tire Force Generation

One common modification to the bicycle model useddmpensate for transient
maneuvers is the inclusion of the tire lag phenamerirhis phenomenon has been
implemented by many researchers to capture thanldgrce generation seen during
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transient maneuvers [3, 4]. Lateral force on theis a result of both the deformation of
the tire and the scrubbing of the tire againstgheement. The linear tire model equates
lateral force to slip angle, but the resulting defation after a change in tire angle is not
instantaneous. This delay in force generation ismonly referred to as tire lag.

Tire lag is most commonly modeled as a simple 1-Di@E delay system with a
time constant ofr:g where o is the relaxation length of the tire, referring tte

rotational distance required for the tire deformatito reach steady state conditions.
Therefore, the tire force at any instantaneous nmbngea result of the steady state force
expected under given conditions minus a partiallarhbased upon the relaxation length

of the tire, the current speed and current tiredas seen in E4.5
F=F_-—F Eq4.5
Inclusion of tire lag into the linear bicycle moaekates two additional states, tire

force at the front and rear tires. Adding thesgest#o the bicycle model and rearranging

into state space representation yieldsZ6q.

o -u = 2
. m m | r 1
\Y a -b|V 0
. 0 o — — 0
s R B F) Eq4.6
F, & aC; U 0 F, -t q4.
F, o o o F, 00'

C, bcC Ul L

= = 0 ==

Lo o]

While the inclusion of tire lag does not affect thedel correlation in steady state
maneuvers, the benefits of adding tire lag are emtidvhen examining the frequency
response representation of transient maneuvers.nfdgnitude plots for both lateral
velocity and yaw rate show a slight peak in the snead data around 1 Hz, and the
addition of tire lag helps capture this trend. Naue of sigma was determined by

parametric variation until a good correlation wégamned wheno = 0.7. Figure4.7 and
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Figure4.8 show the comparison of the linear bicycle modehwaind without the addition

of tire lag.
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4.2.2Roll Influence

Vehicle response measured during a steady-statde cwill include roll
influences, while transient maneuvers with low &ton levels may not. To address this
discrepancy, a further investigation into cornemtiffness values was started. Using data
from steady-state circle tests, the slip anglehef front and rear tire was calculated, as
was the force at each tire required to keep thé&cleemoving in a steady-state circle. The
slip angle of each tire was plotted against thedaat its respective axle as shown in
Figure4.9
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Fig. 4.9 Rear Tire Slip Angle vs. Rear Axle Lateral Force

The data shows a linear relationship throughouttrabthe range tested which is
the basis of a linear tire model, but at very Idig angles, the resulting curve produces
unpredicted behavior. When plotting the force venall angle as shown in FigudelO,

a linear plot is produced for all values tested.
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With these observations, it was inferred that asothechanism to produce tire

force was occurring during steady turning.

4.2 .3Camber Influence

An influence from roll motion on tire force geneost was suspected during
steady-state cornering, so the system gains weedyzetd to help determine the
guantitative effect of vehicle roll on the genedatge forces. Equations were derived
from steady-state geometry to predict steeringegrigteral velocity and yaw rate. From
these equations, the gains were numerically caktdiland compared to values obtained
from experimental data. This process is descritztovin

To account for the additional force generationrsetassumed to be from wheel
camber, the bicycle model was initially modifieditelude a modified tire model based

on tire slip angle and tire camber angle as inZEq.

F=Ca+C,@, Eq4.7
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where g, is the camber angle of the tire a@j is the proportionality constant relating

tire camber to generated lateral tire force. Tlamlwer angle of the wheel is

proportionally related to the roll angle of the e by a constanSas Eq4.8

@G = S, Eq4.8

Solving Eq.3.19in steady state conditions for roll angle and stigg into Eq.4.8
yields Eq.4.9

Q@ —SmShU_z

Eq4.9
Y K R a

Recalling Eg.3.4 and Eq.3.5, the tire forces during steady state circles camvbtten as
Eq.4.10(3, 5]

2
L Eq4.10
F==
L R

Solving Eq.4.7, Eq.4.9 and Eq4.10for the front and rear slip angles while naviggtan

circle under steady-state conditions gives4£i)1

- omy_comng ]

f

f

C/|L R K R
 emh 12 Eq4.11
g =2|amu’ FaMAg U-
C|L R K R

At steady state, the steering is geometrically ddpet on the size of the turning circle
and the front and rear slip angles[3, 5, 6] astemitn Eq4.12

:%mf ~a, Eq4.12

which can then be rewritten using Eqllas Eq4.13

L. 1|bmu* _.U?| 1|amu® _.U?
O=—+—|— -C,—|-—|— -C — Eq4.13
R C,|L R R| C|L R R
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where Eq4.14

. _Cymh
ci ===,
Eq4.14
. C;mh a
C = s
K

for simplicity.
The yaw rate and lateral velocity of a vehiclstatdy sate conditions reduce to
simple equations:

U
r=— Eq4.15
= q
b
V:Uﬂ:U(Eﬂrrj Eq4.16

Using Eq3.13 Eq.3.15and EQ3.16 the steady-state gains for lateral velocity aad y

rate around a circle of constant radius can baewihs Eg4.17and Eq4.18

U
roo_ R
5 - 2 2 2 2 Eq4.17
f circle L.{.i Emu _C;Ui _i Emu _C:Ui
R C |L R R| C|L R R
o pra)
AS = R Eq4.18
7L 1[bmu? _.u?| 1famu® _.U? qs
circle  — 4 — | & —Cfi - — _Cr
R C |L R R| C|L R R

The system gains during circle maneuvers can tereal by averaging the inputs
and outputs of interest. Averaging the steeringuirgmd measured lateral velocity and
yaw rate during steady-state circles gave gainesbf G, =3.3721 m/s lateral velocity
per radian of steering input ar@ =3.753Irad/sec of yaw rate per radian of steering

input.
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Using the gain values obtained from the steadistarnering data, and the

values of cornering stiffness calculated during limagquency sinewave maneuvers, the
two remaining unknown€§; andC’were determined to beC; =-1195kg and
C, =-1694Kkg.

Including the effects of tire camber produce maateldictions that more closely
correlate with the experimental results, as casdes in Figuré.11
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Fig.4.11 Lateral Velocity with Camber Correction




4.2.4Roll Dynamic Validation
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The 2-DOF linear model with the inclusion of bdihe lag and a camber

correction term produced good correlations betwbermeasured data and the predicted

vehicle response, thus providing a solid foundatarthe addition of roll dynamics. The

roll model, originally presented in E&.20 was updated to include the tire lag and

camber correction term. The updated model is pteden state-space form in E§19

0 -u
e
0 o0
r
p|_| O
17 0
Fil lc, ac,
_F’_ ag ag
C, -bC,
L O ag

-mh(mgh-K) mhD I, +mh® I +mh?]
Iy I I o
- Vv
0 2 b
|ZZ IZZ r
1 0 0 p
mD -mh -mh
I I T ¢
0 —U 0 i
vl LF
U -u
ho g i

I, =ml

X

.+ mmh® - m’h?

o O O o

I
e
C

Eq4.19

o9q

Two new parameters introduced in the roll dynamicdel, K and D, are not

easily measured, so were parametrically fit. Tisallteng model fits are shown in Figure

4.12, Figure4.13and Figuret.14
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Fig.4.12 Lateral Velocity Frequency Response
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Fig.4.14 Roll Angle Frequency Response

The addition of roll dynamics improves the modelediction at higher

frequencies, thus proving to be more suitable mtatehodeling avoidance maneuvers.
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Emergency lane change maneuvers were also pedodueng the validation
process. The roll inclusive model proved to be veapable of predicting vehicular
response during such maneuvers. The vehicle respams model prediction are shown
in Figure4.15Figure4.16andFigure4.17
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Fig.4.15 Lateral Velocity Response — Lane Change
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Fig.4.16 Yaw Rate Response — Lane Change
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Fig.4.17 Roll Angle Response — Lane Change

4 3Terrain Influence

Throughout the course of the validation processyas noted that there were
repeated irregularities in the steady-state cidel@a. These irregularities were similar in
size, and when investigated, were determined toroatthe same geographic location.
These disturbances were due to small variationthefterrain of the test track facility.
Most noticeable was a small dip that was purposedated in the skid pad area to
increase water drainage. This dip, however, prowediave an effect on a vehicles
behavior at high speeds.

Carrying this knowledge over to transient testiadditional tests were done to
consider the degree of terrain influence. For lel@ge maneuvers, safety cones were
set up at the track to make the maneuver highlgatgble. The lane change was first
completed at 5 mph and the response recorded.afgedhange was then completed at
the normal test speed of 25 mph and again, theomsgpwas recorded. Using the

geographic position of the vehicle obtained frore tBPS measurements, the vehicle
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response at both low and high speed could be cadgar a given spot on the track. The
roll angle observed during the low speed testing assumed to be a result of terrain
disturbances, not vehicle dynamics, so any rolleanbserved was then subtracted off of
the roll angle measured at high speed. The twoamdlles observed for the same lane

change at both high and low speed is shown in Eigui8
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Fig.4.18 Roll Angle During High and Low Speed Lane Change

Figure4.19shows the measured roll angle during a high sfseesichange along
with the corrected roll angle and the roll angledicted by the roll model. The roll angle
when corrected for terrain provides a much bettatcmto the roll angle predicted from

the roll model. One can see that the terrain imibes from a seemingly level surface are

significant and should not be ignored.
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Fig.4.19 Corrected Roll Angle vs. Model Prediction

To better illustrate the influence of changingder on the dynamic response of a
vehicle, lane change maneuvers were performedb@amked curve and then compared to
a lane change on straight, level ground. Both magrsuwvere guided by the placement of
safety cones on the test track facility. The spa&iatween cones directing vehicle travel
were measured and equated for both maneuversm@heuvers on the banked turn were
performed such that the vehicle started in thedentane and moved to the outside, or up
the bank, during the lane change. To navigateuitredven when not changing lanes, the
vehicle will require a constant steering input. Mahicle also maintains a constant roll
angle throughout the turn due to the terrain. Tosild be in addition to any roll angle
produced by an additional steering input. Theseetdf a constant steering input and a
constant roll angle, were determined during a li@sdést that involved completing the
curve without any lane change at the normal tesedgmf 25 mph. The roll angle and
steering input measured during this baseline tesewaveraged and then used as offsets
due to the bank of the roadway and the curvaturéhefroad. The baseline test was
performed in the middle of the roadway in an attetopcapture the average values of
roadway curvature and bank angle. The averagenglle was measured to be -5.0365°
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while the average steering angle measured at ihavias -1.35°. Figuré.20 shows the
raw roll angle measured during the lane changehenbainked turn, and the corrected

value.

Banked Curve - Raw
31 Banked Curve - Corrected |7

Roll Angle (deg)

Time {sec)

Fig. 4.20 Measured and Corrected Roll Angle on a Bankeah Tur

By subtracting these offsets from the measured, dagaintent is to relate measurements
on a banked surface to the vehicle response darstgaight and level lane change. As a
result, any discrepancies between the measurednmes@nd the model prediction could
more easily be detected.

Figure4.21 shows the measured roll angle minus the terrdsebfersus the roll
model prediction for flat terrain from the corretttsteering input measured during the

banked lane change.
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Fig.4.21 Measured vs. Predicted Roll Angle on a BankedTur

The corrected steering input results in an aceypagdiction of roll angle during
the initial turn into the outer lane and up thelime, but overestimates the roll angle
during the second turn performed in the outer tangraighten the vehicle. In an effort to
understand the reason for the discrepancy, thersgezngle required to navigate the lane
change maneuver on the banked turn was plottechstgthie steering input required to
make a lane change on straight, level ground. reig22shows the comparison between

the two steering inputs.
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Fig.4.22 Measured Steering Angle Input During Level arahBed Lane Change

More steering input is required to navigate théahturn in a lane change on a
banked turn as compared to one on straight, levedih. This could be due to the slope
of the terrain, or the curvature of the roadwaye Bteering angle required to straighten
the vehicle once in the new lane is comparableoth bituations.

Noting the similarities and differences betweea #teering inputs required to
navigate either a straight and level or banked@mded lane change maneuver can shed
light on the differences observed in the vehiclspomse measured during both
maneuvers. Figuré.23 shows the measured roll angle minus the terrdisepon the

banked curve and the roll angle measured durin¢etred lane change.
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Fig.4.23 Measured Roll Angle During Level and Banked L&tenge

The discrepancy in roll angle during the initiafrt is expected since the steering
inputs required during the initial turn were ditet, but the roll angle during the second
turn on the banked curve is lower than on leveligtbeven though the steering input for
both situations were comparable. This differencauis to the terrain resisting the rolling
motion of the vehicle which would normally be inédcby the supplied steering angle.
This becomes evident when comparing the model gtiedi of roll angle with the

measured roll angle of both maneuvers. FiguPd summarizes the ideas presented

above.
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Fig.4.24 Measured Roll Angle During Level and Banked Lammae vs. Predicted

A larger steering input is provided to the vehicrersing the banked and curved
lane change during the initial turn, resulting ilager predicted roll angle which
matches the measured data. Steering inputs simitaagnitude are supplied to the
vehicle in both the banked and level situationsrmiduthe corrective steer, but the
measured roll angle on the banked turn is lowertduke terrain resisting the vehicle’s

motion.

4.4 Need for More Complex Dynamic Model

While the linear bicycle model does a very good jaib capturing chassis
dynamics of vehicles, the previous terrain and rhad®lysis reveals that is it not
suitable for all occasions, especially avoidancenenaers that encounter changes in
terrain or have high frequency steering inputsaad vehicle speeds. The addition of
roll dynamics, a dynamic tire model and tire camhbereased the accuracy of the model

during such maneuvers but even with such corregtitve model alone cannot account
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for terrain influence. To make a true comparisonween model prediction and
experimental data, a simulation model is needetlititdudes additional factors such as

terrain.
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Chapter 5

Simulations of Vehicles During Median Encroachments

As discussed in Chapter 1, trucks, SUV’s and vaasreore than twice as likely
to be involved in rollover accidents as passengdrcles [1]. The National Highway
Traffic Safety Administration (NHTSA) estimates th20% of rollover accidents are
tripped events, often induced by the vehicle legwime roadway [2]. As shown in the
previous chapter, terrain variations have a larffeceon the dynamic response of a
vehicle. To further investigate the effects of amdering changing terrain during a
roadway departure, a study was performed to stbhdyeffects of median shape on the
dynamic response of a vehicle. Such a study is belbnd the capabilities of the vehicle
models previously presented in this work, so thenroercially available simulation
software, CarSim®, was utilized instead.

5.1 Methodology

A study was done to investigate parameters thattithe dynamics and location
of a vehicle during median encroachments. The gb#le study was to arrive at a ‘best’
median profile given a variety of vehicle and driweputs. For a given median profile,
the vehicle parameters and driver inputs considaretlis study included vehicle type,
median encroachment angle, the vehicle’s depagpeed into the median, the driver's
steering input and the driver’s braking input. Véh@arSim® comes with many standard
road profiles, vehicle configurations, and driveputs; they are all intended to model
normal on-road driving. Therefore, outside souseegse found to provide the variables of
interest.

Variations in median profiles examined in this studcluded changing the

median width and the slopes of the front and baages All median profiles used were
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based on the standard median profile describedhbyPennsylvania Department of
Transportation [3], a profile also employed by gongy of state DOTS.

Vehicle parameters were obtained by averaging #tecles tested during New
Car Assessment Program (NCAP) testing in 1998 {d¢ last year that NHTSA
published a database of vehicle parameters. Thedseles matched distributions used in
similar studies and were selected as being repiasen of vehicles on the roadway
today [5]. The vehicle parameters used to diststyudifferent vehicle types included
mass, wheel base, track width, CG location andialgrarameters for all three axes. A

summary of the vehicles used is shown in T&blebelow.

Table5.1 Representative Vehicle Parameters

Car Sprung | Wheel| Track | Front| CG | Iy .
Mass(kg)| Base | Width | Axle | Height
to
CG

Passenger 969 2.524| 1444 1.0210.519| 392.6| 1632.2 1798.8
Small

Passenger 1403 2.679| 1468 1.2770.585| 632.3| 2749.1 28933
Large

Pickup 1409.4 | 2.948] 1.424 1.3960.620| 571.25| 3142.753326.25
Small

Pickup 1885.77| 3.425 1.619 1.5810.684 940.5 5344 | 5642.25
Large
SuUvV 1718.48| 2.683 1.49¢ 1.3500.688 | 803.33 3367| 3522.17
Small
SuUvV 2251.11( 3.032 1579 1.6280.767 | 1157.2% 5960.75] 6111
Large

Van 1847.46| 2.947 1.58P 1.480.698 | 992.33] 4410.6[74617.83

The encroachment angles and departure speedsselemted to match data from
a previous study of median encroachments [5]. Tievipus study analyzed median
encroachment data to determine the frequency alwag departures at different angles
and speeds. The results yielded a breakdown @nsexcroachment angles and seven
vehicle speeds. The angles varied from 2.5° t0o°38.5° increments, and speed varied in
increments of 16 km/hr from 8 km/hr to 88 km/hr atsb included 115 km/hr.
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Driver inputs were chosen to model the range piiis a driver may chose during
a median encroachment. The three steering inputsded two defined as steering to a
target lateral point and one no steer conditiore Tdrget points were either the edge of
the pavement on the shoulder of the original tréeveds or the middle of the median and
both made use the CarSim® driver model. Brakingiinpas varied between hard and
light braking with ABS brakes used in both situatoBraking inputs in CarSim® are
defined by the pressure applied to the brake systenthis study, hard braking was
defined to be 15MPa while light braking was definedhe SMPa.

The CarSim® software used for this study can gabg integrated with
MATLAB® to perform multiple simulations with easeA script was written in
MATLAB® to cycle through all the permutations of hiele and driving conditions:
seven vehicles, seven encroachment angles, seeedssphree steering inputs and two
braking inputs for a total of 2058 simulated enctoments per profile. Each of the
parameters were written into a separate input pguie, which was then read by the
CarSim® software as initial conditions, or inputgidg the median incursion. Outputs
of the simulations, including vehicle positiongtiiorces, angles of orientation, speed and
accelerations, were then saved in an output file ach simulation for later post-

processing. Details of the implementation can bhedoin Appendix A.

5.2 Weighting

To better represent real-world conditions and tleguency of different types of
median incursions, the results of each simulatienevwweighted based on three variables,
vehicle type, encroachment angle and initial sp@ée encroachment angle and speed
frequencies were taken from the Engineer’'s Manuoaltie Roadside Safety Analysis
Program (RSAP), and the vehicle frequencies wenendoin the 2001 National
Household Travel Survey, prepared for the U.S. Diepent of Transportation in 2005 [5,
6]. Table5.2 summarizes the relative frequencies of encroachraggles and speed
distributions as analyzed for the RSAP study andld@a3 presents the relative

frequency of each vehicle model.
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Table5.2 Weighting Factor for Encroachment Angle and Sp@ethbination

Departure Angle (deg)
2.5 7.5 12.5 17.5 22.5 27.9 325

8 0.0002| 0.000§ 0.0006 0.0003 0.0002 0.0001 0.0002
Initial 24 | 0.0049] 0.0119 0.011B 0.0088 0.0057 0.0p34 0.0042
Speed 40 0.0151| 0.0364 0.0350 0.0268 0.0174 0.0L04 0.0127
(km/hr) 56 | 0.0215] 0.0519 0.0518 0.0382 0.0248 0.0049 0.0181
72 | 0.0205] 0.0494 0.0488 0.0364 0.0236 0.0142 0.0173
88 | 0.0152] 0.0367 0.036R 0.0270 0.0176 0.0105 0.0128

115 | 0.0200] 0.0484 0.0478 0.0356 0.0431 0.0139 0.016

Table5.3 Weighting Factor for Vehicle Type

Vehicle Weighting Factor
Small Passenger 0.089
Large Passenger 0.501

Small Pickup 0.090
Large Pickup 0.101
Small SUV 0.063

Large SUV 0.063

Van 0.093

The driver inputs of steering and braking wereegjually weighted due to the

lack of information available from accident repatsout driver inputs.

In the final location plots, the ‘weight’, or likbbod, for each situation is shown
by the size of the marker marking the end locatwith a large marker indicating a more

common occurrence. The linewidth of each markeéh@plot was set equal to 500 times

the frequency of the given simulation. To bettedenstand the relationship between

terrain and vehicle response, end locations wendawsed into histogram plots of lateral

distance from the roadway edge. To produce histogrghat clearly illustrate the

frequency of an event, each simulation was rem@daby a whole number factor

proportional to the weighting if the inputs, anckrththe entire plot was normalized to

produce results in percentages of likelihood ofehicle coming to rest at a certain

location.
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5.3 Results

While the simulations have the capability to outpuér 500 different variables,
there are only a few primary variables of interghen considering the overall dynamics
of vehicles during off-road incursions. Of partauinterest was the forward and lateral
velocity of the vehicle, the yaw and roll angletloé vehicle and the path traveled.

While CarSim® has been validated for on road maeey\the off-road validity is
not as strong [7, 8]. Currently, no commerciallyaigable software on the market can
accurately model rollover behavior through the pafivehicle body contact with the
ground, and very few have the ability to accoumtdoil penetration or tire furrowing.
Part of this weakness is due to the lack of a cemmgmsive soil deformation model which
would include lateral forces upon the tires thatlddead to a tripped rollover. To correct
for this shortfall, a post processing step was usehonitor the value of the vehicle’s

velocity and sideslip angleg, the angle between the heading and the velocitjovef

the vehicle. Previous studies have shown througberxental testing of induced
rollovers, that a threshold of 45° sideslip andiaimum speed of 32.187 km/hr (20 mph)
will lead to a soil tripped rollover [9, 10]. Dugnthe post processing, if a vehicle
experienced 45° sideslip while the vehicle speed a@ove 32.187 km/hr, the traversal
was earmarked as a rollover. Due to the unpredetasture of rollover accidents, any
trajectory data after the onset of rollover wasoiga in later calculations that attempted
to predict the end locations of vehicles.

Plotting end locations of each situation provides umderstanding of where
vehicles have traveled since leaving the roadwayure5.1 shows the end locations of
all simulations run on a 18.29m wide median wiHalV front and back slope.
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Fig. 5.1 Final Position of all Simulations on 18.89m 6H:Médian

The horizontal lines across the plot indicate thedway edges and the middle of
the median. The shoulder of the original traveklands at zero lateral offset.

As previously described, a post processing step adaed to monitor vehicle
sideslip angle and vehicle velocity for conditidhat are conducive to vehicle rollover.
The location where rollover was initiated was releor and are plotted in Figuse?,

similarly to the end locations of those vehicleat tthid not roll.
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Fig. 5.2 Initiation Point of Rollover in Simulations on 18/ 6H:1V Median

To clarify the relationship between parameters sxreeveral profiles, each
profile investigated was divided into seven sedi@gross its width regardless of the
width or slope, as shown in Figuses.

6 5 4 3 2 1 0
/\ /\

Opposing N ] Original \
Right
Travel Lanes \/ Travel Lanes g

Back Slope Front Slope Shoulder

Fig. 5.3 Profile Zones
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The final rest location of the vehicle or the angfion of rollover were grouped into one
of the above seven zones for easy comparison betdifflerent widths or slopes. If the
event took place on the left side of the opposhagdl lanes, it was grouped into zone

SiX.

5.4 Sensitivity Analysis

A sensitivity analysis was performed on all fiverighles of interest: steering
input, braking input, initial speed, encroachmengla and vehicle type. While all
variables have an impact on the behavior of théclekuring an incursion, some clearly
had a more significant impact. When comparing exwtions of the vehicle subject to
the light and hard braking inputs, it was notedt tthee hard braking situations were
simply a “shadow” of the light braking situations the sense that the hard braking
simulations were shifted slightly behind the copasding simulation that received only
light braking. Of all variables investigated inghstudy, aggressiveness of braking input
seemed to have the least impact on vehicle behaViee results from examining
encroachment angle and speed were very predictaeleicles with higher speeds
traveled further longitudinally, and vehicles wildrger encroachment angles and no
steering input traveled the furthest laterally.

Steering input had a large impact on the sevefitthe dynamics of the vehicle
during the median traversal. The situations in Wmo steering input was given to the
vehicle, in general, traveled the furthest latgrallvhile most of the situations that
received a steering input made it to the targeitipos either the middle of the median or
the roadway edge, some resulted in a rollover @ontnolled situation. Some situations
that included a steering input did not result ia tlehicle coming to a rest at the target
location, but rather, the vehicle lost control dedjan skidding as a result of the steering
input. Figure5.4 shows the same final position plot as Figoré but distinguishes

between the three different steering inputs.
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Fig. 5.4 Final Positions on 18.89m 6H:1V Median with Stegrnput Distinctions

Vehicle type had a large impact on the final lomaif the vehicle after incursion.
Larger vehicles, such as pickup trucks, SUV’s aadsvall traveled further laterally than
passenger vehicles. Figuses shows a breakdown of end locations for each vehyge

throughout the seven zones.
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Fig. 5.5 Percent of Vehicle Type to Come to Rest Acr&&89m 6H:1V Median

The values are normalized as percentages of alfsians for a given vehicle type. As
seen in the zone six distribution, there is a sligbnd in the data indicating that larger
vehicles are more likely to enter the opposing damé traffic than their smaller
counterparts. As the vehicle fleet continues thdt sbwards larger vehicles, this
distinction between vehicle size and lateral exoarsnto a median gains importance in

redesigning the nation’s roadways and off roacaterr

5.5 Profile study

Two important factors were considered during astwidmedian profiles, width
and slope. Each was varied independently to istheteffects of each and then the same
simulations were run over all profiles. The pradilwere compared by examining the end
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locations of vehicles that did not rollover and tloeation of rollover initiation for

vehicles that did rollover.

5.5.1Varying Width

A representative median with shoulder charactesstnatching the typical
median from the Pennsylvania Department of Trariaion and a 6H:1V front and back
slope was varied in width from 12.19m (40ft) to&n (76ft) in 1.83m (6ft) increments.
The end locations of each simulated median incarsiere recorded and weighted as
described above. All medians were then comparepldiiing the percentage of vehicles
to come to a rest in certain lateral zones, sudhe$ont slope, back slope and opposing

lanes. Results are shown in Figré.
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Fig. 5.6. Percent of Vehicles to Come to Rest Across Raefilf Varying Width
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It is clear from the data that as the width of tedian increases, fewer vehicles
traverse the entire median and enter the oppoameglof traffic. This is as expected.
But what is not expected is the influence of mediadth on the initiation of a
rollover event. Figuré.7 shows the percentage of rollover events in eacth@fseven

zones for medians of varying width.
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Fig.5.7. Percent of Incursions that Lead to Rollover Acressfiles of Varying Width

The widest median, at 23.16m, results in a reltivegh number of rollover
situations when the vehicle leaves the roadway, agalin when passing through the
bottom of the v-shape. The narrowest median cawdleser in contrasting locations, the
front slope and in opposing traffic. Since the gofathis study is to arrive at the ‘best’
median design, one that limits rollover accidemntd arevents cross median collisions,
the overall frequency of each was compared acr@&shams of varying width. Figur&8

shows the rollover frequency for the seven medadnvarying width.
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Percent of Mehicles That Rollower by Median Width

1219 m 1402m 1585m 1768 m 1951 m 2124 m 2316 m

Fig. 5.8 Percent of Encroachments that Result in RolloveMedians of Varying Width

While it appears that a narrow median would be adgdesign in terms of
limiting rollover accidents, Figur&.6 showed that narrow medians result in a high
percentage of vehicles crossing into opposing itraffo balance the two worst case
scenarios, of rollover and entering oncoming tcafé ratio between rollovers occurring
in the median and vehicles either entering oncontiaffic lanes or rolling over in the
opposing lanes was determined. The breakdown ofiteviermulating this ratio are
shown in Eq5.1

#of Rolloversin OpposingLanes+ # VehiclesEntering OpposingLanes
# of Rollovers in Mediar

ratio = Eqg5.1

For medians of varying widths, this ratio is shawrrigure5.9




78

Ratio of Vehicles that Cross into Qpposing Traffic to Rollovers

1219 m 1402m 1585 m 1768 m 1951 m 2124 m 2316 m

Fig. 5.9 Ratio Between Vehicles Entering Opposing Lanes\&itucles Rolling Over

A vehicle entering a median 12.19m in width is 085 times more likely to
cross into oncoming traffic than rollover, so ewbough the rollover frequency for a
median of that width is low, the vehicle still dag a high likelihood of being involved in
an accident.

As previously mentioned, a large motivating fadtorcomparing median profiles
of different shapes is the trend of increasing elehsize. The simulations that were
identified as potentially leading to a rollover wegrouped by median width in Figure
5.8 These events were then sorted by the vehicleitymdved to determine how vehicle
size affects rollover propensity during a mediaavérsal. Figur&.10 shows the

breakdown of rollover frequency by vehicle.
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Fig.5.10 Rollover Frequency by Vehicle for Medians of Viaty Width

It is clear that the larger vehicles have a mughéi likelihood of rolling over

compared to passenger cars. This trend is evideoss@medians of any width.

5.5.2Varying Slope

Similarly to the varying width investigation, a repentative median with
shoulder characteristics matching the typical Pgrasia Department of Transportation
18.89m wide median was altered to vary the fromt back slope from a 4H:1V to a
10H:1V slope in 1H increments. The end locationga&ath simulated median incursion
were recorded and weighted as described abovem@tlians were then compared by

plotting the percentage of vehicles to come tosa ire certain lateral zones, such as the
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front slope, back slope and opposing lanes. Alesanedian profiles were plotted on the

same graph, Figure 11

40 . . . . .
N

35+ -
[ 6:1

30 F L 171
[ Ta

_ I o1

251 I 01

Fercent of Vehicles to Come to a Rest in Each Area
a2
[

Fig.5.11 Percent of Vehicles to Come to Rest Across RraiilVarying Slope

The end locations do not show an obvious trenchdacate that one slope profile
is more preferred over another, but a closer lddkesituations that would likely lead to
a rollover situation provide better proof that desaimprovement occurs for a slope no
steeper than 7H:1V, as seen in Figbre2.




81

I -
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Fig.5.12 Percent of Incursions that Lead to Rollover AsrBsofiles of Varying Slope

The likelihood of a vehicle rolling over in a 18rB9width median seems to be
unaffected by the front and back slope in somesarBashallow slope seems to cause
more rollovers in the initial front slope and inpmsing traffic. But this slightly higher
percentage is overshadowed by the significanthyhérigrollover likelihood on slopes
steeper than 6H:1V at the bottom of the V-shapethageak of the back slope near the
opposing lanes.

Similarly to the study on median width, the rollovieequency was lumped
together across the entire median profile to bejtemtify the effects of median slope.

Figure5.13shows the rollover frequency for the seven medadnarying slope.
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Percent of Wehicles That Rollover by Median Slope

4:1 51 G:1 71 8:1 9:1 10:1

Fig. 5.13Percent of Encroachments that Result in RollogeMedians of Varying Slope

An 8H:1V slope has the lowest rollover frequenmjlofved closely by a steep
4H:1V slope. Again, to balance the two worst caseasons, the ratio between the
likelihood of a vehicle entering oncoming traffiadcathe likelihood of vehicle rolling
over in the median was calculated for each slopm &1.5.1 The resulting ratios are
shown in Figuré. 14
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Ratio of Vehicles that Cross into Qpposing Traffic to Rollovers

41 51 61 71 8:1 91 101

Fig.5.14 Ratio Between Vehicles Entering Opposing Lames\aehicles Rolling Over

While the 5H:1V slope has the lowest opposing langy versus rolling over
ratio, it also has the highest rollover likeliho@dthough there is not a large difference
between all the simulated slopes.

Again, rollover frequency was examined for thealént vehicle types used in the
simulation study. FigurB.15 shows results similar to those in FiguselQ Larger

vehicles are more likely to rollover regardlessha slope of the median encountered.
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Fig.5.15 Rollover Frequency by Vehicle for Medians of Varyiglope

5.5.3Summary of Findings

Through examinations of the two most significamexds of a highway median,
width and front and back slope, conclusions cardifzsvn through the use of vehicle
dynamic simulations about safe designs and safetietffs. From the comparison of the
frequency of rollover accidents to the frequencw ekhicle entering into opposing lanes
of travel, optimal dimensions for median designesgpto be 17m (55ft) in width with
8H:1V front and back slopes. A further discussibthe results of the simulation study is

presented in the following chapter.
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Chapter 6

Conclusions

In this chapter, general conclusions about the wbtkis thesis are discussed,
followed by specific conclusions about the low-ardedels presented in Chapter 3 and
validation process described in Chapter 4. Conahssiegarding the simulation study
presented in Chapter 5 are presented, followeddgcussion of possible avenues of

further study.

6.1 Low Order Vehicle Dynamics Models

Chapter 3 presented derivations of the linear lécygmodel including a linear tire
force model using both Newtonian mechanics and aragg’s principles. The simple
model was then extended to include roll dynamicalidation efforts first concentrated
on matching the linear bicycle model to obtain ealwf the front and rear cornering
stiffness. Utilizing a swept sine test to capturarge of input frequencies, discrepancies
were noticed between the bicycle model and meastaéal at higher frequencies. The
tire lag phenomenon was added to the linear tirelahowhich greatly improved the
match at higher frequencies. Because the cornstiffgess values obtained during the
swept sine test yielded a poor model match to gtetate behavior, camber influences
were added to the tire model. An investigationigd forces during steady-state circles
indicated the tire force could be related to thik aagle of the vehicle. Roll dynamics
were then added to the model and the additionanpaiers used in the roll model were
parametrically fit to obtain an improved match bed¢w model prediction and measured
data. Throughout testing, the effects of slightater disturbances were noticed. Repeated
testing confirmed the influences and a post prosgssnalysis allowed these effects to

be removed from the raw data, vastly improvingrtiael fits.
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6.2 Simulation Study

The work presented in Chapter 5 was a preliminéugys of vehicle dynamics
during median incursions with the goal to showuhkty of vehicle dynamic simulations
for applications beyond vehicle design, such asiwag design. The commercially
available vehicle dynamic simulation software, Gax®, was used as a tool to study the
effect of highway median width and slope on vehsthility. This study was initiated as
part of an effort to arrive at a more informed viefahighway design.

Based on the simulation analysis, the variatiomedian width appears to be a
more significant factor in regard to median sategn differences in median slope. There
is a tradeoff in the size of medians and the tyjpacgidents observed: narrow medians
produce a high likelihood of a cross median calhsioccurring, yet produce fewer
rollover accidents. If the goal is to balance tiwe harmful events, a median closer to
17m (55 ft) is suggested.

In regard to slope variations, there is not a laddierence in outcomes when
varying median slope. However, an 8H:1V front andkbslope leads to an incrementally
fewer number of rollover accidents. This suggestednge away from the commonly
implemented 6H:1V slope might be a reflection oa itlcreased number of light trucks
on the roadways. This study, based on modern dateates that light trucks such as
SUV’s, pickup trucks and minivans carry the higheslover probability, regardless of
median width or slope for all medians studied.

To determine the ‘best’ median design, other factoe needed to supplement the
above conclusions. Traffic volume will affect thieelihood that a vehicle crossing into
opposing lanes of traffic will be involved in ancatent. Ironically, because vehicles are
designed to withstand head-on and side impactstoas cmedian collision may be
favorable to a severe rollover accident, but theamues of both accident types as well as
the relative impact of each type of accident aeded to truly quantify whether a median
design is the ‘best’ in regard to vehicle safetiisTwork is ongoing and will continue

past the completion of this thesis.
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6.3 Future Work

6.3.1Low-Order Vehicle Models

All of the experimental testing done in this theaisd in previous work was
performed on the same 1992 5-door Mercury Trace?][1To increase the confidence of
the testing and validation methods presented, sieyuld be repeated on multiple
vehicles, perhaps even of different body types.

While the roll model presented in this thesis dipsmodels the measured
behavior of the vehicle, some disagreement remahdiglitional sources of dynamic
influence, such as suspension forces or weightsteanshould be investigated to
determine if inclusion of these factors will impeothe model fit. But caution should be
taken during such investigation to keep the modeiear and add only needed
complexity. The specific purpose of deriving a lovder, linear model is to utilize it for
control purposes and for facilitating core underdiags of vehicle dynamics. Adding
complexity to the models will make the needed auntiheory more complicated and
more expensive to implement and may obscure theecise importance of primary

factors of vehicle behavior.

6.3.2Simulation Study

Efforts were made during the simulation study ofdme encroachments to
produce results that model behavior similar to meatld conditions on the highway.
Such efforts led to different steering and brakinguts and the weighting of outputs
based on measured frequency of occurrence. But #rer many additional factors that
can influence a vehicles trajectory through a medier a roadway departure that were
not included in the previous study.

The only initial conditions supplied to the vehigaor to departure were initial
speed and heading direction. This resulted in #gfecle leaving the roadway with a side
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slip angle of zero, e.g. it was not skidding lallgraln reality, the driver may try to
correct their motion prior to leaving the roadway, the vehicle may be leaving the
roadway as a result of an accident. Both situatemeslikely to cause the vehicle to be
skidding or rolling to a significant degree prior toadway departure. More simulations
should be run with additional initial conditionschuas vehicle sideslip to better represent
possible outcomes of roadway departure.

CarSim®, the software utilized in the simulatiomdst, cannot currently model
tire furrowing or rollover behavior. While post jpessing steps checked for conditions
that have been shown to lead to a soil-trippedavell, actual modeling of such behavior
would unquestionably lead to a better understandihgoff-road vehicle behavior,
especially factors that influence vehicular rolloveis therefore suggested that the study
be repeated with software that accurately modsdsftirrowing and rollover when such
software becomes available.

The results of the simulation study could be bemfinot only to highway
designers interested in median profiles, but deséd interested in median barriers. The
results of the study help illustrate where theahation of a barrier may be beneficial in
preventing cross median collisions or vehiculadongr. By monitoring a vehicle’s
dynamics throughout the median incursion, infororatabout the state of the vehicle
when impacting a proposed barrier can be determified could be easily implemented
as a post processing step to the current analydis@uld lead to improved barrier testing
procedures.

As previously mentioned, to obtain a true pictur¢he ‘best’ median profile, the
simulation results need to be studied in a cossuseibenefit analysis that includes
weighting factors for accident costs as well agassociated with installing barriers or
changing the median profile. Highway designersroftise such tools to determine if
proposed improvements should be implemented. Bynexag the costs associated with
the many different outcomes of a roadway departarg the frequency of such
outcomes, the ‘best’ solution can be determine@das financial comparisons.

Highway designers often rely on statistical datapoévious implementations

similar to the one proposed to determine if a cleaisgnecessary and beneficial. While
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the simulations take time to set-up, run and amglymost case studies of roadway
features last at least five years to ensure acynadictions of outcomes. But due to
recent changes in vehicle fleet, the effects oficteh increasing in size may not yet be
captured in historical data. Simulation studiesilsinto the one presented in this work
can provide highway designers with current predigdi of vehicle behavior. An
investigation into the rollover likelihood of a Jvele based on its size can help predict
what highway designs may be more beneficial ifttead of increasing size. The use of
simulation software can save money and signifi@nbunts of time for the highway

designer.
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Appendix A

Implementation of CarSim® Software

The vehicle dynamics software, CarSim®, availabbenf Mechanical Simulation
Corporation, was used in the study of median inouss presented in this thesis. An
overview of the process involved in setting up andning multiple simulations with

varying inputs is outlined in this Appendix.

A.1l Integration of CarSim into MATLAB

The CarSim® software is initially set up to run amulation at a time. It has the
option to save the data from one run and plot dirzgj other previous runs, but each run
would require the user to manipulate the set-upestrTo make comparisons between
parameters more efficient, CarSim® has the capgldi be integrated into a Simulink®
model, and commanded to run through MATLAB®. Boim&ink® and MATLAB®
are technical computational programs available fidiethWorks, Inc. Simulink® is
simulation software that is housed within MATLAB®tbcan also be run independently,
for example, through CarSim®. MATLAB® is a compuinnterface and has the
capability to run scripts and functions similatGecode.

CarSim® supplies an S-function, which is a usemgef block that can be placed
within a Simulink® model. The CarSim® S-functionntains the CarSim® solver
program. This allows CarSim® to be run completéiyotigh Simulink® and can be
commanded solely through the MATLAB® interface. Sian® provides several
example Simulink® models that can be used to madeghriety of systems such as
adaptive cruise control or active suspensions. Eacthese models contains an S-
function that can be copied into a new Simulink®d®lo The only difference between
models is the CarSim® solver program used. Theeel8r different solvers, all with

combinations of suspension and axle configuratioftse ‘Independent-Independent’
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solver was used in this study. There is one inmut pnd one output port on the S-
function. If multiple inputs or outputs are speeifj the signals can be combined within
Simulink® by using a Mux.

The steps required to integrate CarSim® into a $nk® model are outlined

below.
Start in the CarSim® main Run ScreerBmdget’'s Restart
Set theModel typetab to ‘Models: Transfer to Local Windows Diregtor
From the pull down menu, select ‘File Transfer txél Bridget.’

Click on the blue box which now reads ‘File TramgfeLocal Bridget.’

a kr 0N e

The vehicle solver codes are now shown on the sgle of the screen.

Changes can be made to the codes used.

6. The file location is shown next to the vehicle soleode. The Simulink®
model to be used needs to be saved in the spedifiectory.

7. TheImport andOutputtabs both have pull down menus next to them. In
each, select I/O Channels and click on the blueviadn it comes up.

8. There are several import and output files that covite CarSim® to be
used when runing the provided Simulink® models. Median Export
output file was used in this study. Details of tineport and output
channels available can be found clicking on the fieme and then by
clicking ‘View File’ at the top of the new screefhe order of the inputs
and outputs should match the vertical order ofitipeit or output signals
going to or coming from the S-function in the Simk® model.

9. There is a large box on the left side of the scngbare external files can
be specified. This is where the input parametesfilsed in this study are
specified, for example ‘INCLUDE Sim_ICs.par.’

10. For this simulation study, seven files were needéey were:

a. Sim_ICs.par

b. Brake.par

c. Steer.par

d. Speed.par
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e. Encroach.par
f.  Vehicle.par
g. Median.par
11.Click the back arrow to return to the main run sare
12.Click the Sendbutton, wait approximately 5 seconds and therkdine
Receivebutton. This establishes connections betweenpbeifged files. It
also transfers the time step specified in the neiddl the CarSim® screen
to the Simulink® model.
At the time of this writing, the S-functions arelpset up to run in an old version of
MATLAB®. They also only work if MATLAB® is openedhrough CarSim®. To do
this, select ‘Models: Simulink’ in thodels Typedab. Choose any model from the list
and a box withOpen Modelshould appear. Clicking that box will open the s
Simulink® model, but also the correct version of MAAB®. The Simulink® model is
no longer needed, but any scripts will need to ppened in this version of MATLAB®.
Make sure to re-select Models: Transfer to Locahd@iwvs Directory’ and click th8end
andReceivebuttons again before starting the simulations.

A.2 Specification of Simulation Variables

A MATLAB® m-file, script_runCarSim.m,was created to run through the
desired simulations. In this script, additional iles are called that contain information
about median profiles, vehicle parameters, brakimd) steering inputs. These values were
housed in different m-files to make the main scniygire manageable in size. The script is
set up to cycle through seven median profiles, sexhicle types, seven encroachment
angles, seven initial speeds, three steering ingdistwo braking inputs. The file is set
up with multiple ‘for’ loops so that all iteratiorsf one variable will be run before any
other variables are changed. In the very first &mon, all variables will be set to the
first specified value. Then the braking input viné changed to the second configuration,
and the simulation run again. The third simulatiah still have the first configuration of
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profile, vehicle, encroachment angle and speed,vwblithave switched to the second
steering input.

The variables are fed into the simulation by wgtthem into files which are then
read by the solver. These were mentioned in stapo®e. Each variable, along with the
initial vehicle conditions are written into sepa& gtarsfiles. The parsfiles are written for
the initial run, but because of the ‘for’ loops.earewritten only when the variable
specified in the file changes. This shortens thecgssing time necessary for each
simulation.

When writing parsfiles, the first line must alwagadPARSFILEfollowed by a
blank line and the last line must re&ND. Some variables are entered as values
correlating to specific keywords while others anéeeed in tabular form. Descriptions of
each keyword and table can be found either in Megh model import list’ or the ‘Echo
file with initial conditions.” Both can be found lselecting them from the bottom right
pull down menu on the main control screen. Eaclethbs a heading to specify what
information the table contains. The heading inctutlee variable and the number of
columns in the table.

The first parsfile written within the script doeet include a varying variable, but
initializes the vehicle on the roadway. In t8en_ICs.palffile, the OPT_INIT_ROADO
command initializes the vehicle on the roadwaypaaoting for any terrain variation. The
initial lateral position is then set at -4.2m, whis the middle of the left traffic lane.

Next, the median profile and friction values argtten in tabular form into the
file Median.par In the 3D median profiles and friction profilése first row of the table
begins with a 0 as a placeholder, followed by Hte&listances. The rest of the first
column contains longitudinal information, and themaining values contain either
vertical or friction values. The elevation of thmadway needs to be entered into a table
called ROAD DZ CARPETand the friction values are entered into a takdded
MU_ROAD_CARPET Once the table values are written, the file ne¢alsread
ENDTABLE
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The vehicle parameters are written into theVighicle.par All the parameters are
entered as keyword specifications. Tabl@ shows the keywords and definitions of the

parameters used to specify vehicle type.

TableA.1: CarSim® Vehicle Parameter Keywords

CarSim® Keyword Vehicle Parameter
L WHEELBASE Vehicle Wheelbase

L TRACK Vehicle Track Width
M_SU Sprung Mass

LX CG_SU Front Axle to CG Distance

H CG SU CG Height
IXX_SU Roll Moment of Inertia
lYY_SU Pitch Moment of Inertia
1ZZ SU Yaw Moment of Inertia

The next two files written specify the encroachimamgle and initial speed. The
encroachment angle is written Encroach.parby using the keywor&V_YAWand the
initial vehicle speed is written iBpeed.paby using the keywor&PEED.

The steering input is written i@teer.parin 2D tabular form specifying input that
correlates either to time or longitudinal distanc&he no steer option is created by
turning the driver model off by settif@PT_DRIVER_MODEILo 0. The steering input is
then specified in a table nam8@EER_SW_TABLiE be zero for the duration of the run.
The commanded steering inputs require the drivedahlbe turned on, or set to a value of
1 and are entered in a table nameBARG_TABLE The input is then specified to
correlate to the longitudinal distance traveledthweither the goal of returning to the
shoulder of the roadway, or the middle of the media

The last file created controls the braking indute brake pressure versus time is
input in a 2D table name@BK _CON_TABLENd written to the filBrake.par.

A.3 Running the Simulations

Once all the variables are specified and writtén their respective parsfiles, the

simulations are ready to run. As with any other 8ink® diagram, the command
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run(‘Median_study’) when entered in MATLAB® will ruthe Simulink® diagram saved
as Median_study. Thecript_runCarSim.mfile calls this command and then saves
outputs from the simulation into a structure callieda A simulation ID is also saved,
indicating which variables were used in each rumsWill be helpful in post processing
of the data.

Because the output files are rather large, dbta structure is saved after the
simulations have cycled through all combinationsdogiven vehicle. This includes all
iterations of encroachment angle, initial speedershg and braking input. The name of
the saved file iggroupxy.matwhere x indicates the median profile and y indisathe
vehicle used in the simulations in that file. Tteadfiles can be saved in any directory by

specifying the path in the main m-file.

A.4 Location of Simulations Files

Currently, all the files necessary to run the satiohs described in this work are
housed on the 8300 Dell Dimension desktop compnt&r. Brennan’s graduate student
office, 323 Leonhard building. CarSim® 6.05 is thersion currently installed, and all
files are saved in the C:\CarSim\Programs\SimulMiRL folder. There are seven files
needed to repeat the work in this thesis, the Mediaudy.mdl Simulink model, and then
six m-files:

e script_runCarSim.m

» script_median_profile.m

» script_median_profilel6width.m

» script_median_profile60slope.m

e script_car_params.m

» script_braking_control.m
The three m-files detailing median profiles weredito keep the inputs organized. The
script_median_profile.rfile contains profile information for five medigmofiles used in

a preliminary study performed for NCHRP 22-21. Diieer two were used to study the
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effects of varying median width and slope. Beept_median_profilel6width.file
contains information on seven profiles, all witBt:1V slope, but varying in width. The
script_median_profile60slope.fike contains information on seven profiles, all fé@t
(18.89m) in width, but with varying slopes. All tife scripts can be easily modified to

change the variables used in the simulation



