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ABSTRACT

Vehicle rollover is a large concern in the auton®bidustry. It claims many
lives each year. Research to investigate the dsamvolved in rollover accidents is
necessary in order to mitigate rollover.

This work focuses on an initial investigation oégicting vehicle wheel lift
thresholds and determining a means to preverithitough simulation and experimental
results, road conditions and vehicle parametetsiiceease rollover susceptibility are
explored.

First, vehicle dynamic models are derived to creabetter understanding of the
physics behind rollover. A two-degree-of-freedomdal is compared to a three-degree-
of-freedom model for validation of the planar dynesn The threshold for tire saturation
is determined with both models. Then it is juxtsgub with the threshold determined for
wheel lift of a vehicle calculated in terms of t@ximum restoring moment of the
suspension in order to determine if a roll befdie ®ndition exists. The effects of a
banked surface on the wheel lift threshold are efgablished

Second, a feed-forward control method is used tdifpthe dynamics of a
vehicle that is likely to experience wheel lift aneince rollover. By taking the
differences in parameters of a more stable velmtteaccount, an algorithm is designed
to alter the steering input of a vehicle to avertlpus conditions.

Finally, the control algorithm is implemented ine@xperiment utilizing a scaled

vehicle. The vehicle has similar dimensionlesapeaters to that of an actual vehicle.



Wheel lift is achieved for the scaled vehicle dmaaked surface with a sinusoidal

steering input and then prevented by the contraeli¢he same conditions.
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Chapter 1

Introduction

This thesis will focus on studying the thresholdis\iheel lift predicted by
vehicle models, developing a control algorithm todify unsafe steering inputs that
might lead to wheel lift, and using a scaled vehtol test the algorithm’s ability to
prevent vehicle rollover on a banked road surfadee main goals for this work are to
show how a banked surface affects the likelihoodetiicle rollover and to use a control

algorithm to mitigate wheel lift on this type ofréace.

1.1 Motivation

There are various sources of motivation for thiskwor he first is to help find a
way to make vehicles safer. In order to help pnévehicle rollover, an understanding
of vehicle roll models and the conditions that @rdlover must be explored. Therefore
the second source of motivation for this work isuxdher the knowledge in this area.
Finally, exploration of safe and cost efficient hads of vehicle rollover experiments is
advantageous to academic research. This worldemfionstrate the benefits of using a

scaled vehicle instead of a full-size vehicle foniroller testing.



1.1.1 Safety Goals of the Automobile Industry

One of the largest concerns of automobile manufargus safety. The
development of the automobile has made transpontatuch more feasible for the
average person, but the problem of accidents hiasesm solved. In 2001, more than
42,000 fatal car crashes occurred in the UniteteSta]. It is a common goal to
eliminate or at least help prevent this large nundbeleaths. The U.S. Department of
Transportation reports that automotive safety festhhave saved 329,000 lives since
1960 P]. Commercials often boast that their cars havpaaged safety standards to
appeal to customers who are rightfully worried dtlibe wellbeing of their family and
friends. According to a poll led by Harris Intetige Inc., six of the top ten most desired
features by consumers were safety relafgdjutomobile safety will continue to be an
issue throughout the years to come.

One of the latest ideas in the automobile industiite development of crash
avoidance systems which have the purpose of hetpimgrs avoid and prevent accidents
before they occur. This is much different thanriegority of today’s safety features
which collaborate to protect the driver and passeenduring or after the event of a car
crash. Reducing the total number of accidents dvoahsequently reduce the number of
fatalities caused by automobiles.

A key challenge in preventing accidents is decidiog to intercede. Driver
error causes ninety percent of all crasi#s Pecreasing the amount of driver error
would potentially create safer roads. That is whg of the main ideas in industry is to

warn the driver in the case of an impending acdidemlter the input of the driver before



it causes an accident. Unfortunately, the drieaction times and the limitations of
advanced warning systems limit the effectiveness driver-centered approach.

Automobile manufacturers are already beginningrtwide new automated-assist
features that will help prevent collision. For exae, both Honda and Toyota have
developed systems for this purpose. Honda’s syss®s radar to detect possible
collisions and warns the driver with a buzzer agttlon the dashboard. Automation
immediately begins to assist the driver as theesiysightens the seatbelt and begins to
apply the brakes slightly. If the driver applies brakes, the power of the brakes is
strengthened. If the driver seems oblivious, @revdll increase its braking and prepare
for a crash]]. Toyota, on the other hand, is utilizing a systat activates only when
the driver reacts. It also tightens the seatbwltassists in braking before a crash, but
only if the driver responds to the possibilify.|

These developments are promising for avoiding aigating collision, but what
about rollover prevention? For passenger vehi@8%j of fatalities are caused by
rollover crashes even though only 3% of automatyiéshes involve rolloved]. Over
10,000 people are killed each year when a vehigler@ences rolloverd]. For this
reason, the safety focus in industry and governtastncreasingly looked at rollover
prevention.

For example, the National Highway Traffic Safetymdistration (NHTSA) has
recently begun roll stability evaluation of vehglasing their New Car Assessment
Program (NCAP). The review consists of calculatrngtatic Stability Factor (SSF),
which is based on the height of the center of gyasfi the vehicle and its track width,

and a dynamic maneuvering tedf [ The SSF is given a larger weighting in thermgti
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however, and the dynamic test is limited. Thisas necessarily a good measure of
rollover stability since the SSF is based on otdyic measurements for steady-state
maneuversq]. In a real rollover situation, driver input idage factor in determining
whether an accident will happen. The NHTSA adthigd a vehicle with its highest
rating of five stars still has a 10% chance ofaedr in a single-vehicle accident. In fact,
the number of rollover accidents for some five-sttricles is higher than those of some
three-star vehicles due to the increased likelinafoalggressive maneuvers in certain
types of automobiles such as sports céls [Furthermore, the ratings are primarily
focused on tripped rollover, so they are not elytirelevant to the study of preventing
un-tripped rollover.

Industry has also begun deploying many basic rell@revention systems. One
concept is the use of a variable ride-height suspen(VRHS) technique. Vehicles with
high suspensions required for off-road travel @awelr their suspension height for on-
road, higher speed conditions and therefore deerth@sprobability of rolloverq).

Active suspensions are also a common feature.-rdltbars are used to help reduce the
roll angle of vehicles?]. Other methods include traction and electrotabsity controls
(ESC) B]. The feasibility of active torsion bar contrgissems is also a current research
topic [9]. Algorithms are also being developed by manufiass to prevent rollover, but
the details often are not shared with the publigfoprietary reasons.

The development of rollover prevention systemgapsing. For example, ESC
reduces the odds of fatal rollovers by 73 peraei8WVs and 40 percent in passenger
cars, according to the University of Michigan Tnamdation Research Institut&d].

Ford plans to include rollover-reducing ESC asaadard feature in all vehicles by 2009



[11]. The technology is actually going to be fedgrafiquired for all vehicles in the
future [10].

Changing the dynamics of the vehicle is not they evdy to prevent rollover.
Research is also leading to methods that involedipting when wheel lift will occur so
that a driver can be warned of the danger. Timd®tover (TTR) metrics, which are
used to find the amount of time it takes for roBoto occur after a given steering input,
are also being used in researt®]| The amount of time, however, is too small for a
human to react in times]. If this method is implemented, it will be nesasy to use a

system to make the necessary changes in steeriagstfe maneuver.

1.1.2 Study of Rollover Dynamics and Conditions

The dynamics of vehicle rollover are difficult toodel. There are many
parameters such as roll stiffness and dampinggiteathallenging to measure. The
limited amount of funds available in the acadere&lm for purchasing vehicles to
collect data also makes research difficult. Mugtipehicle roll models have been
developed by researchers in the field includingéhoy Carlson and Gerdes, Mammar,
and Kim and Parkl3-15]. In previous work by the research group, manthete
models were studied and narrowed down to a fewvtkeat validated experimentally by
the authors and used model parameters that carasuned or inferred.§].

It is also important to understand the human factioat lead to rollover. Itis
challenging to foresee the steering input of a hudréaver in an emergency maneuver.

Attempts to model drivers have been made, but mwbtigem accurately model every
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single possible scenarid][ When predicting rollover, various steering itpmust be
considered and their effects must be studied.

Research in steering modification has also bediated. One of the most
obvious ways to prevent rollover is to never allavunsafe steering input. This can be
achieved by using a steer-by-wire system. Suctesysused to help control yaw rate
have been designed since the 1980% [ These controllers are now being developed to
maintain roll stability L.3]. Both feed-forward and feedback controllers wattelied in
previous work by the research grod. [ Further testing and experimental validation of
these control methods may lead to working contystesns that will successfully mitigate
unsafe steering inputs. Before developing thegeridhms, an understanding of the

effects of the steering input must be achieved.

1.1.3 Scaled Vehicle Testing

Testing roll models and algorithms created to pnévellover can become
extremely complicated and expensive. If scaledokes could be used instead, the costs
can be reduced and safety concerns can be elirdinatee dynamics of a scaled vehicle
have been shown to be similar enough to thosetatkeehicles through dimensional
analysis to be used for testing controllel®]] The vehicles can also easily be tested at

various road conditions, including a banked surfétat are likely to promote rollover.



1.2 Outline of Remaining Chapters

The remainder of this thesis will be organizeddks: First, a two-degree-of-
freedom model will be derived and the thresholdtif@r saturation will be explored in
Chapter 2. Then, a three-degree-of-freedom modib&derived to incorporate roll
dynamics in Chapter 3. The threshold for wheéeWifl be calculated and compared to
the threshold for tire saturation to predict whetheehicle will first experience slip or
roll.

Chapter 4 will present a feedforward control mettmgrevent wheel lift by
modifying the steering input and reducing the nesgpmoment acting on the vehicle’s
suspension. Chapter 5 will explore how a banked surface will affect the likelihood
of rollover and demonstrate how a similar conttgbathm can be used to prevent wheel
lift in this situation. The algorithm will be test through experiment using a scaled

vehicle in Chapter 6. The main conclusions ofwloek will be discussed in Chapter 7.
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Chapter 2

Two-Degr ee-of-Freedom-M odel

The chassis dynamics of vehicles are often destrkang a simplified Two-
Degree-of-Freedom (2DOF) model, and so it is imgarto understand this basic model
before studying the Three-Degree-of-Freedom (3D@&(els which incorporate roll
dynamics. This chapter will present the 2DOF mdyetiescribing the assumptions
associated with the model, the corresponding feqeeations resulting from Newtonian
mechanics, and the final equations of motion. dtpeations of motion will then be used
to find both the algebraic forms of the transferdiions and state space models for
various inputs such as steering angle and outpigts as lateral velocity, yaw rate, and

tire slip.

2.1 The Bicycle M odél

The classical “bicycle model,” which only describbateral and yaw dynamics,
will be used for the 2DOF analysis of this chapt€o. derive this model, the Society of
Automotive Engineers (SAE) body-fixed coordinatseteyn will be usedlf]. This
coordinate system is shown in Fig@ré&, and the parameters for this model are defined
in Table2-1. The lateral velocity and yaw rate are often elmogs the state space
variables. To better demonstrate these paraméters|ip coordinate model is shown in

Figure2-2



direction
of positive
lateral

diraction R
of positive
roll rate

Figure2-1: SAE Vehicle Coordinate System
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Table2-1: Parameters for 2DOF Model

Parameter Definition
U Longitudinal Velocity (body-fixed frame)
r Yaw rate (angular rate about vertical axis
m Vehicle mass
2, Inertia about the vehicle axis
l¢ Front-axle-to-CG distance
I Rear-axle-to-CG distance
L Track of vehicle ¢+ I)
t Width of vehicle
B Slip angle of the vehicle body
G Front cornering stiffness
C Rear cornering stiffness
O Front steering angle
a Tire side-slip angle

N

l[ ‘ l]‘

Figure2-2: Slip Coordinate Model
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Certain assumptions are necessary to derive thetiega of motion for the
bicycle model. First, small angles are assumet st cosf) ~ 1 and sinf) = 0. The
longitudinal velocity, U, is assumed to be constdnts also assumed that the lateral
force acting on a tire is linearly proportionalit® side-slip angle. The tire side-slip
angle,a, is defined as the difference between the longitldaxis of the tire and the
tire’s local velocity vector, e, and can be clearly seen in Fig@r8. Another
assumption is that the tires must be rolling withglipping in the longitudinal direction.
Finally, the forces acting on the right half of thehicle are assumed to be symmetric to
the forces acting on the left half of the vehiclhe last assumption simplifies the four-
tire model to the single-track model with only tiues that looks similar to a bicycle,
hence the name “bicycle model.” However, the dyicaraf an actual bicycle are notably
different from this representation such that, icatly, the bicycle model is not suitable to

describe the motion of a bicycle.

Figure2-3: Tire Velocity Vectors




13
2.1.1 Newtonian Force Equationsfor the 2DOF M odel

Now that the parameters and assumptions have lefimed, the force equations
can be derived. As mentioned before, the sideaslgle of a tire is defined as the
difference between the steering angle of the tigkthe tire’s local velocity vector,\,
as shown in Figurg-3. The lateral force on the tire is related togltke-slip angle by a
constant called the cornering stiffness. The feord rear tires have different values for
the cornering stiffness and are defined aar@ G respectively. The units for these
terms aréN/rad. This relationship is shown in Eg1

F. =Ca,
Fr = Crar

21

and again in matrix form in EQ.2

Fol |G O a; 25
F|l |0 C|a, '
By examining Figur@-3, the slip angles of each tire may be redefinea i&gio
of the local velocities of each tire. The trueoggly vector, V., is offset from the

longitudinal axis by the side-slip angle From geometry, the new relationship is found

in Eq.2.3.

Vire Vire
a:tan‘l( : 'yjz ey 2.3
V

tire, x tire, x

Now returning to Figur@-2, the lateral velocity vectors for the front andrrére
can be found.

V,

tire,y, front

V,

tire,y,rear

=V +l,r

24
=V -lr
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These definitions can be substituted into Z£§.to give the slip angles for the front and

rear tires shown in EQ.5 and Eg2.6.

V+lr
a; = T -0 2.5

V-lr
a, = — |— O, 2.6
( U j

Assuming there is no rear steering input resulteénfinal equations for the front and

rear tire slip angles in matrix form:

1
Ha
a, 1
U

Now the Newtonian force equations can be foundutpgstuting the tire slip equations

5[

I
u

into Eq.2.1.resulting in the following algebraic force equasowvhich are written in

matrix form in Eq2.10

V+lr
F, =Cia, =C; -9 2.8
U
V-=Ilr
F. =C,a, =C, ! 2.9
( U j

Cf
Ff Cfaf U U \V/ _Cf
= - + 5
{FJ {Crar} C. Cl |r o |°f 2.10
U
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2.1.2 Motion Equationsfor the 2DOF M odel

Now the equations of motion for the bicycle modmh be developed. The system
described above, however, is a non-Newtonian sybeggause the lateral velocity and
yaw rate are given in body-fixed coordinates. 8itie bicycle model was formulated
with respect to the vehicle frame, the equationsofion for the vehicle with respect to

Earth-fixed axes must be developed. First, thgitadinal and lateral accelerations must

be found. If& is the angular velocity of the body-fixed axeg/(x), andP is a vector
whose components are time-varying with respedtécstime axes, the time derivative of

the vector can be calculate?].[

+ %P 2.11

-

1]
o
%| 0!

Therefore, the accelerations relative to the baxlgef axes may be expressed by taking
the derivative of the velocity vectar as in Eq2.12.
A=@xV+V 2.12

Here, a is the total acceleration of the body in globabrctinates v is the time rate of
change ofv in global coordinates, and is the vehicle’s yaw rate in body-fixed

coordinates.
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X
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/
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YWIIH

y

Figure2-4: Motion of a Body-Fixed Coordinate System

The velocities U and V have already been defindoktalong the x- and y- axes

of the body-fixed frame respectively as shown igure2-4 . If the unit vectors of the

body-fixed (x,y,z) coordinate system afe k) and

@=rk 213
Eq.2.12 can be expressed as:
a = (rkxUf )+ [tk xVj )+ UT +Vj 2.14
which becomes:
a=-r i +Ui +r U] +Vj 2.15

after taking the vector cross product. The terarslme separated to give the x and y

components of acceleration:

a, =U-Vr 2.16

a, =V +Ur 217
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Eq.2.16 is equal to zero due to the previous assumptianlemgitudinal velocity
is constant and the tires are rolling without dliygp Therefore the acceleration along the
longitudinal axis is zero. This means there ar@etdforces acting along the x-axis. By
summing the forces in the lateral direction andrtteenents about the vertical axis, the

equations of motion are formed.

SF, =m{V +Ur)=F, +F,

2.18
XM, =1 =F, -Fl,
Substituting Eg2.8 and Eq2.9 into the equations of motion results in:
. +l.r -
V+ru |=c, b+, )+C, v 'fr)—cfaf
U U
W | ) I 2.19
+lr \B
Ii=c, >~ ") _c,93, —Crwlr
U
Rearranging the equations gives:
. C,+C, Cl; -C,I, C,
V= v+ -U [r——9,
muU muU m
5 5 2.20
Cflf _Crlr Cflf +Cr|r Cflf
= V + r- O
I U | U I

z
Recognizing the state space matrices terms ofythamdic matrix A and the input matrix

B:



C, +C,
-y
Cflf _Crlr
T Y
C,l, -C,,
ay = flf U
Cf|f2+Cr|r2
&, = | U
C,
S
bzz_cflf

V=a,V +a,r+hJ,
r =a,V +a,,r+b,J;

the equations of motion can be written in the stptice model form:

BN

or with the substituted coefficients:

C, +C, C,l, —-C.I, C,
{V}_ mU mU {V]F m 5
(| | Cely —Cil, Cf|f2+Cr|r2 r _Cflf '
U U I,

The algebraic transfer functions can also be ddrix@n Eq.2.22.

sV(s)=a.V(s)+a,r(s)+ 0., (s)
S (S) =ay,V (S) *tanrl (S) +b,0; (S)

Then they can easily be solved for V(s) and r(hesvn in Eq2.26.

221

2.22

2.23

2.24

2.25

18
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r(s) — (s_ an)v(s) —b,J; (S)

ap,
2.26
V(s) — (S_ azz)r (S) —b,0, (S)
a21
Then these two equations can be substituted irtio ether:
(S— a, )((S_ azz)r(s) —b,9; (S)J ~b,J (S)
1 f
r(s) _ Ay
2 2.27
(s-a )[(S_ a, V(s)- b, (S)j 1,5, (s)
22 2 f
V(s)= e
a21
Solving Eqg.2.27 for the output to input ratio results in:
(S_ a:l.l)bz
+
o . ay
o; (5) (S_ ail)(s_ a22) -a,
a21 ’
2.28
(S ~ 8y )bl +b
2
V(s) _ 3,
Oy (5) (s-ay)(s-a,) —a
21
&,
And finally, after some distributing and rearrarggithe transfer functions are:
r(s) - b,s+ (blaZl _ a11b2)
Jf (S) s® - (au *ay, )S+ (a11a22 - a12a21) 299
r(s) — b23+ (blaZl B a11b2) .

Jf (S) s® - (au tay, )S+ (a11a22 - a12a21)
To caution there were no mistakes, in either thgestpace or transfer-function

formulations, the models were compared. Both thespace method and the transfer
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function method resulted in the same Bode plotsafteral velocity and yaw rate which

can be seen for various longitudinal velocitiesdaiven vehicle in Figurg-5.

Bode Diagrams for Lateral Velocity and Yaw Rate
50 T T T
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I o 1
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50 . L . | . |
10— | |
—
8z o — —
T - —
o - —
g ¢ -
<
o
. 180 . L . | . |
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©
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Frequency (rad/sec)

10°

Figure2-5: Bode Diagrams for the Transfer Functions for Fraee8ng Input to Later
Velocity and Yaw Rate Output for the Bicycle Model

The next point of interest is the set of equatidescribing tire slip due to steering
input. Returning to the state space model inZ228 and Eq2.24 , the state variables
were chosen as the lateral velocity V and the yate/ . These were also chosen as the
output variables, so the output matrix C and theatlitransmission matrix D were self-
evident for the state space model. To modify tleel@hsuch that tire slip will be the

output, the C and D matrices must be chosen acugiydi Returning to EcR.7 for tire
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slip in terms of V and r, the state space matrieass can be recognized as those shown

in Eq.2.30
_1
Ci _U
I
Co =y
1
C,, :U 2.30
__k
Cp = _U
d, =-1
d, =0

The second state space equation can be written as:

KRS A O
ar C21 C22 r d2
The generic transfer function for input u(t) andput y(t) can be written in terms of the

four state space matrices:

YO _c g - A
U(S)—C[ﬂsl A B+D 232

For front and rear slip, the transfer functions barwritten in matrix or algebraic form:

st os I 2] e
st <ells o M o]

K|
—
2

ai (S) - dlSz + (Cllbl +Cpb, — dl(all *+ay, ))S+ (Cn(bz a, —ba,, ) *Cp (blaZl -b, a11) + dl(a11a22 B a12a21))

O (S) S (a11 tay )S+ (auazz - a'.LZaZl) 234
a, (S) — dzs2 + (CZlbl +Cpb, —d, (all + azz))5+ (CZI(bZa:LZ B b1a22) *tCy (b1321 B b2a11) +d, (a11a22 B a12a21)) '

O (S) s* - (a11 + azz)S+ (a11a22 - a12a21)
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Again, both the state space method and the trafisietion method result in the same
Bode plots for front and rear tire slip which candeen for various longitudinal

velocities for a given vehicle in FiguRe6 and Figure2-7.

Front Slip
T
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w
=]
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Figure2-6: Bode Diagram for the Transfer Function for Fr&téering Input to Fro
Tire Slip Angle Output for the Bicycle Model
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Rear Slip
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Figure2-7: Bode Diagram for the Transfer Function for Fr&teering Input to Re
Tire Slip Angle Output for the Bicycle Model

Using the ratio of slip angle to steering inpug thaximum steering input before tire
saturation and slip occurs can be calculated bgtgubon of a known maximum slip
angle. The ratio of slip angle to steering ingutoiund from the Bode analysis done
previously. Because tires cannot produce an utdaramount of force, the tires will
begin to skid at some maximum slip angle, whiclotlgh experiment is found to be
approximately 10 degree8][ Assuming that tire saturation occurs when figeangle is
at this maximum value, the following equation ca&nused to find the steering angle at

which saturation occurs by substituting the 10 degralue in fora, ., -

-1
5f max = [i] af max 235
1 5f
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This maximum steering input can then be plottedresjahe frequency to see which

steering frequencies are most likely to causeadipeen in Figur2-8 and Figure2-9.

Maximum Front Steering Before Frontslip vs Frequency
T

Us5
U=10
U=15

Increasing Speed

Maximum Front Steering (ra

Figure2-8: Front Steering Input that Causes Front Tire Saitom for the Bicycle Model

Maximum Front Steering Before Rearslip vs Frequency
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°
T
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°
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T
I

u=25|_|
——u=30
—— u=3s
U=d0
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—— U=50
—— u=ss
U=60

I I
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Figure2-9: Front Steering Input that Causes Rear Tire atm for the Bicycle Model




25

2.2 Conclusions

In this chapter, the simple bicycle model waswdsatiusing Newtonian
mechanics. Then these equations were manipulatedhe state space form to see how
a front steering input affects lateral velocityyweate, and tire slip. These results will be
compared to those of a more complicated modeltar Ehapters to verify their accuracy.
Methods similar to the ones used to find steenpyiis which cause tire slip will be used
to find the inputs at the threshold for wheel l#td hence roll. The two cases will be

compared to determine whether slip or roll occust &t various steering inputs.

1 “Surface Vehicle Recommended Practice,” Socié#udomotive Engineers
J670e, July 1976.

2. J.H. GinsbergAdvanced Engineering Dynamics, 2" ed. New York, NY:
Cambridge University Press, 1998.

3. J.C. DixonTires, Suspension, and Handling, 2" Ed. Warrendale, PA: The
Society of Automotive Engineers (SAE), 1996.



Chapter 3

Three-Degree-of-Freedom M odel

Although the bicycle model is helpful in describisignple vehicle dynamics, a
Three-Degree-of-Freedom (3DOF) model must be Usaaki wishes to consider roll
dynamics. This chapter will present a 3DOF modeluding its derivation and its state
space representation. In previous work by thearesegroup and in literature, multiple
roll models have been developed for stutly [This chapter, for brevity, focuses on one
model in particular. Using this model, the coradis for wheel lift will be explored. The
steering inputs necessary for wheel lift are themgared to those necessary for tire slip

to find which will occur first at various steeriggnditions.

3.1 Roll Moded

The roll model chosen for examination in this warks originally created and
published by Kim and Parl2]. To include roll dynamics, this linear model anporates
roll angle degrees of freedom in addition to therk velocity and yaw rate motions
described earlier. The same SAE coordinate sydefmed in the previous chapter will
be used as shown in FiguBel. The parameters for this model are defined inda.

The roll angle is defined in FiguBe2.
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The assumptions included in this model are simdahose of the bicycle model.
First, small angles are assumed such thabgesl and sinf) = 6. The longitudinal

velocity, U, is assumed to be constant. It is alssumed that the lateral force acting on a

direction
of positive
lateral

direction i
of positive
rll rate

Figure3-1: SAE Vehicle Coordinate System
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Table3-1: Parameters for 3DOF Model

Parameter Definition
U Longitudinal velocity (body-fixed frame)
r Yaw rate (angular rate about vertical axis
¢ Roll angle
@ Roll rate
m Vehicle mass
Ms Sprung mass
my Unsprung mass
o Inertia about the vehicle axis
lyy Inertia about the pitch axis
I xx Inertia about the roll axis
Ixz Inertia product
l¢ Front-axle-to-CG distance
I Rear-axle-to-CG distance
L Track of vehicle ¢+ 1)
t Width of vehicle
h Height of CG above roll axis
B Slip angle of the vehicle body
C Front cornering stiffness
C Rear cornering stiffness
Ko Roll stiffness
D, Roll damping
O Front steering angle
a Tire side-slip angle

N
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\ my(agtUr)

ghll| 2@E+E)
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r t 1 m“(ao-tUr)
p——— e

Figure3-2: Roll Angle Definition for 3DOF Model

tire is linearly proportional to its side-slip arglAnother assumption is that the tires
must be rolling without slipping in the longitudirdirection. A new assumption is that
the vehicle also has a sprung mass. The sprung isidefined as all of the mass that is
supported by the suspensi@j. [ For simplification, symmetry about the x-z pbawill

be assumed so that £ O.

3.1.1 Motion Equations

The motion equations may be developed using thenkatics methods described
in [4]. The vehicle is subject to inertial forces andifected by the motion of the center
of gravity (CG) about the origin O The coordinate system is not centered at thesGG,
the equations of motion are expressed in termieo&tceleration at the origig.eand
the angular momentum about the origig,HTherefore the sum of the moments is

expressed as:
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ZMOvzmS[H]anv+|f|0v 31

The angular momentum is defined as:

H,, =[1]da] 3.2
where [l] is the inertia matrix:
e =1y =g
[H=|-1, 1, -1, 3.3
-1, —1, 1,

and [5)] is the angular velocity vector:

wx
[@]=| w, 3.4
.

z

with components along the body-fixed axes. Theimeproperties of the vehicle are
constant since the vehicle is not moving with respe the body-fixed axes. The time

derivative of Eq3.2 is shown to be:

0 -w w,

tlalxHo, =[1]da]+| @, 0 -o, |t]da] 35
—w, o, 0

X

|_;| al:lOV

o —

in [4] wherea is the angular acceleration about the body-fix@ardinate axes.

Assuming that, Iy, and }, are negligible, the inertia matrix can be simptifi

to:

[I]=| 0 1, o© 36
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From the geometry shown in Figu3€, the angular velocity can be rewritten as:
@, @
w, |=|- r sin(g) 3.7
| |-rcody)

[@]

The angular acceleration can easily be found binggthe derivative of the angular

velocity just found in Eg3.7:

a, @
[@]=|a, |=| -rsin(@)-r cod@)p 38
a,| |-rcodg)+rsin(p)p

The angular acceleration is vital in calculating tthange of angular momentum with

respect to time. The linear acceleration is ofteyken down into two component [
8o, = 8oy + 8oy, 3.9
where the two terms are normal and tangential acaigbn respectively. The two
components may be defined as:
dovn =@ U 3.10
doy, =[a]th 3.11
Now returning to Eg3.1, the total moment about the body-fixed axes cafobed since
the time rate of change of angular momentum arehfiacceleration are known.

If the forces and moments are summed as they iwéhe previous chapter for
the bicycle model, a set of non-linear equatiossilts. Using the same lateral tire force
eqguations as in the bicycle model and again asguthare are no longitudinal forces
acting on the tires, the external forces actinghenvehicle can be found. In the roll

model, a third equation for the moments about Hagig is necessary:



m 0 mh JV| |0 mu oO0fVv] |0 O 0 1 1 c
0 1, 0 Fl+/0 0 O |r|+0 O 0 =1, —|r{f} 3.12
mh 0 I,+mh’|@| [0 mhU D,|¢| |0 O K,-mgh

The result in Eq3.12 is in the MDK form:

MIg+Dlg+KIlg=FI[u 3.13

This form demonstrates the contributions from iagrtlamping, and stiffness forces, but

the equations would be easier to work with in theegal state-space form with the state

vector:
X= b/ r g qu 3.14
and input vector:
u=|F, F] 3.15
in the form:
% = Alx+Bl 3.16

This transformation can be completed by first defirthe transformation matrices

100 000 0000
010 000 0000
R= S = T = 3.17
000 001 0001
001 000 0000
E=RIM-1,)[R" +I, 3.18

where }, represents the identity matrix of size n. Theéesspace matrices are then

defined as the following in terms of M, D, K, and F
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A=E'[{-RIDR -RIKE +T) 216

B=E*[{RLF)
For direct comparison to the bicycle model, the et@dust be written in terms of

steering input instead of the force input vectds shown in the previous chapter, the

lateral tire force is a function of the tire slipge.

Fol |G Ojay| — _
s ela)-e

F= { 3.20

The tire slip angle can be written in terms of ldderal velocity, yaw rate, and front

steering input.
1
S VIRVN D Pl 3.21
1L
U

u

The slip angles can be expressed in terms of tvestege vector using the same

relationship:
1 v
BTV L MR P S 3.22
- a - 1 -b @ 0 f_Aa oYt -
r — — 00
u Uu )

Now returning to Eg3.16 where the force was used as the input, a newspatee model

with steering as the input can be derived by sttstg the relationships in E§.20 and

Eq.3.22.
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%=AD(+ BLF
dt

%zADH BOA. @)

dx 3.23

E:
dx

o =(A+BIA B )+ (BIA (B, )5,

Ax+BA, (A, X)+ (B, &, )

The Bode plots for lateral velocity, yaw rate, ratigle, and roll rate can be plotted using

the state-space model in E323. The Bode plot for roll angle is shown in Fig8.

50
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Figure3-3: Bode Diagram for Front Steering Input to Rollgi for Roll Model
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If tire slip is the desired output, E822 can be used as the output equation in the state
space model. The Bode plots for front and reardtiip are shown in Figui@4 and
Figure3-5. The bicycle model and the roll model magnituaesalso compared in these

figures for a velocity of 20 m/s. The models apgeanatch very well.

Bode Plot for Steering to Front Slip
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Figure3-4: Bode Diagram for Fron$teering Input to Front Tire Slip Angle for thelF
Model and Comparison to Bicycle Model of Front T8kp at 20 m/s
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Using the same method as the previous chaptemaxémum steering input before tire

saturation can be plotted versus frequency to $eehvsteering frequencies are most

likely to cause slip as seen in Fig®6 and Figures-7 .

Maximum Steering Before Front Tire Slip
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Figure3-6: Front Steering Input Which Causes Front Tire &sdion for the Roll Model
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Maximum Steering Before Rear Tire Slip
10 T T
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Figure3-7: Front Steering Input Which Causes Rear Tire i@titun for the Roll Model

3.1.2 Whesd Lift Threshold

In order to determine wheel lift, it is importaotlook at the restoring moment of

the vehicle. The maximum restoring momét,, .. can be found using a simple force

balance. The forces from the suspension on thelwlaee shown in Figui®8.
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Figure3-8: Force Balance Between the Suspension and Wheels

The suspension provides the restoring moment. h@passenger tire, summing of the

vertical forces results in:

SF= M W 3.24
t 2

Therefore the threshold for wheel lift is:

M rest,max =t 3.25

because the restoring moment will exceed the fisooe the weight of the vehicle if it is
greater than the above value. The restoring morsnbe found using the following
output equation in the state-space model:
Vv
r
Yiewwig =[0 O K, D,] ol [0]5, 3.26

@



40

The Bode plot for steering to restoring momentisven in Figure3-9
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Figure3-9: Bode Diagram for Front Steering Input to RestgrMoment for the Rc
Model

Using a similar method to the one used to findstteering input at tire saturation, the
steering input at which wheel lift will occur cals@be calculated. The Bode plot

provides the ratio of restoring momei, , , to steering input at a given frequency. The
magnitude of the maximum steering angle before Wifged;, . , can be calculated

using the given ratio and the maximum restoring @oiyM

rest,max *

-1
M
. . = rest M 3.27
f lift [5f J rest,max
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Substituting the value in EQ.25 into Eqg.3.27 allows the calculation of the maximum
steering angle before wheel lift occurs. Fig8t#0 shows the maximum steering input

before wheel lift as a function of frequency.

Maximum Front Steering Before Wheel Lift vs Frequency
10 T T

Maximum Front Steering (rad)
o
T

Frequency (rad/s)

Figure3-10: Front Steering Input That Causes Wheel Lifttfar Roll Model

The maximum steering before wheel lift can themlipectly compared to the maximum
steering before tire saturation. Using the vehpeleameters for a Mercury Tracer, the
maximum steering angle for saturation and wheehldre plotted together at various
speeds in Figurg-11. As expected, the Tracer is much more likelydbieve tire

saturation than wheel lift primarily due to its |I&G height.
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Maximum Front Steering Before Wheel Lift (Blue) and Front Tire Slip (Red)vs Frequency
10 ! oy ! oy :

Maximum Front Steering (rad)
o
T

Frequency (rad/s)

Figure3-11: Comparison of Maximum Steering Before Wheel lkiftd Front Tire Sli
for Mercury Tracer

A direct comparison of individual speeds is showifrigure3-12 and Figure3-13.



43

Maximum Front Steering (rad)

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 10 m/s
10 T T

—— Wheel Lift Threshold
Front Slip Threshold

10 10 10 10
Frequency (rad/s)

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 20 m/s
1 T T

Maximum Front Steering (rad)
o)

—— Wheel Lift Threshold
Front Slip Threshold

107

Frequency (rad/s)

Figure3-12: Maximum Steering Before Wheel Lift and Tire Sation for the Mercur
Tracer at 10 m/s and 20 m/s
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Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 30 m/s
10 T T

— Wheel Lift Threshold
Front Slip Threshold

Maximum Front Steering (rad)
@
T

™

Frequency (rad/s)

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 40 m/s

10 T T
— Wheel Lift Threshold
Front Slip Threshold
ol
sk

Maximum Front Steering (rad)
o)
T

10 10 10 10
Frequency (rad/s)

Figure3-13: Maximum Steering Before Wheel Lift and Tire Sation for the Mercur
Tracer at 30 m/s and 40 m/s
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Using the parameters of a Jeep Grand Cherokeerfief analysis, the following plots
in Figure3-14 and Figure8-15 compare the maximum steering for wheel lift amnd ti

saturation at various speeds for the Jeep.

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 10 m/s
1 T T

—— Wheel Lift Threshold
— Front Slip Threshold

Maximum Front Steering (rad)

—— Wheel Lift Threshold
—— Front Slip Threshold

Maximum Front Steering (rad)

Frequency (rad/s)

Figure3-14: Maximum Steering Before Wheel Lift and Tire Sation for the Jee
Grand Cherokee at 10 m/s and 20 m/s
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Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 30 m/s
T T

Wheel Lift Threshold
Front Slip Threshold

Maximum Front Steering (rad)
T

Frequency (rad/s)

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 40 m/s
10 T T

—— Wheel Lift Threshold
Front Slip Threshold

Maximum Front Steering (rad)
o
T

Frequency (rad/s)

Figure3-15: Maximum Seering Before Wheel Lift and Tire Saturation foe thee
Grand Cherokee at 30 m/s and 40 m/s

The Jeep is more likely to slip than achieve wlhiéedt lower speeds, but it will

experience wheel lift at higher speeds for a lichitenge of frequencies.
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3.2 Conclusions

In this chapter, a roll model was derived using Mewan mechanics. Unlike the bicycle
model, the roll model has 3DOF. State-space madets used to demonstrate how front
steering input affects roll angle, tire slip, aegdtoring moment. The maximum steering
input before tire saturation was calculated foious frequencies and speeds using the
same method that was used for the bicycle modedimMlar method was used to
calculate the maximum steering input before whiidbdsed on the restoring moment
from the suspension. The maximum steering inpfdrbeslip and the maximum steering
input before wheel lift were then directly compafedboth the Mercury Tracer and the
Jeep Grand Cherokee to predict whether the vehiabesdd slip before wheel lift, and

hence rollover.

1 J.T. Cameron, “Vehicle Dynamic Modeling for thee@ction and Prevention of
Vehicle Rollover,” M.S. Thesis, Mechanical and Neasi Engineering,
Pennsylvania State University, Dec. 2005.

2. H.-J. Kim and Y.-P. Park, “Investigation of robusll motion control considering
varying speed and actuator dynamiddgchatronics, 2003.

3. J.C. DixonTires, Suspension, and Handling, 2" Ed. Warrendale, PA: The
Society of Automotive Engineers (SAE), 1996.

4. J.H. GinsbergAdvanced Engineering Dynamics, 2" ed. New York, NY:
Cambridge University Press, 1998.



Chapter 4

Rollover Prevention Algorithm

In the previous chapter, the threshold for whdehlas calculated for the
Mercury Tracer and the Jeep Grand Cherokee. Naitftecle was extremely susceptible
to wheel lift since they were much more likely tgerience tire saturation first. Other
vehicles, such as SUVs, for example, are knowrat@ Iproblems with wheel lift. In this
chapter, a feed-forward controller will be proposedhelp prevent wheel lift. The
parameters of the Mercury Tracer will be adjuste@diding a load at the top of the
vehicle and reducing the damping rate in order ax@rthe vehicle more likely to
experience rollover. Then the new system will bigjscted to an open-loop controller
which will help reduce the restoring moment actamgthe vehicle and therefore the

likelihood of rollover.

4.1 Dead-Beat Control

The dead-beat control method was chosen for itplgiity [1]. In this open-loop
control method, the goal is to replace the unddsiggmamics of a system with those of a
desired system. For demonstration, a simple systpnesented by the transfer function

in Eq.4.1 will be used. This damping ratio of this examgystem is 0.1.

%: s+225 _ B(s) a1

s?+015s+ 225 A(s)
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If the output of this system was undesirable, oag mish to make it resemble an
acceptable system. The system in£&8with a damping ratio of 0.9 will be used as the

desirable system.

Y- = B ) 4.2
u

s +135s+ 225 A(s)
The dead-beat filter is then chosen so that itaeinpletely cancel out the first

system and replace it with the desired system. cbneplete system is shown in

Figure4-1 in block diagram format.

Input.u Bd (S) - A(S) Filtered Input. u’ - B(S‘) Plant Response, ¥ >
1| 4:6) B(s) T

Dead-beat Filter Example System

Figure4-1: Sample Dead-Beat Filter System

The system simplifies to the one shown in Figit#Zbelow.

Tnput. u B, ( 5) Plant Response. y
> >
4d(5)
Figure4-2: Filtered System
In this example, the dead-beat filter would be:
'_B,(s)As) . (s?+015s+225)  _ 2 + 0155 + 225

A,(s)B(s) (s? +135s+ 225)s+ 225)  s° +36s? +5.2875%+5.0625 43
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Dead-beat Filter
T

Frequency (rad/sec)

Figure4-3: Dead-Beat Filter

By applying the filter, the system dynamics cledrbcome more damped. Figurd
shows the example system and the filtered systeégure4-5 shows a comparison of the
filtered system and the desired system. As expetiie desired and filtered plots show

the systems are identical.



Example System and Filtered System
T

Example
— Filtered | |

Magniude (dB)
T
/

Phase (deg)

Frequency (radisec)

Figure4-4:. Example System and Filtered System for Dead-Beatroller

Desired and Filtered System Comparison
T

Desired
— — Filtered |

Magniude (0B)
T

Phase (deg)

Frequency (radisec)

Figure4-5: Desired System and Filtered System for Dead-Beatroller
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The effects of the filter can also be seen in itme tdomain in Figurd-6

Example System and Desired System Dead-beat Filter

0.4

Magnitude
Magnitude

0.3F

0.2-

0.1r

Magnitude
Magnitude
o
S

014

0.2F

\ s
f
| AR
K T\,
Filtered | 002 Y/ Desired | |
— — ~Desired R - — ~Filtered
03 . . . . . 0.04 . . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (sec) Time (sec)

Figure4-6: Implementation of the Dead-Beat Filter on the lapke System

4.2 Creating the High Roller

To demonstrate the use of the dead-beat contmtleehicle dynamics, a
fictitious vehicle was created to implement themetused in Cameron’s work][
First, the damping rate of the vehicle was redumnetbrty percent. For the Mercury
Tracer this resulted in a decrease of the roll daghfsom 5000 N-s/rad to 3000 N-s/rad.
Then an imaginary load of 200 kg was added to #iecle at a height of 2 meters. This

increased the total mass of the vehicle, modifedvialue of ki, and increased the height
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of the center of gravity. The remaining parametegse unchanged. The modified
vehicle will be referred to as titéigh Roller as it was referred to in Cameron’s work. A

comparison of the parameters is found in Tdble

Table4-1: Comparison of Mercury Tracer and High Roller Pagters

Parameter Mercury Tracer | High Roller Units
m 1031.92 1231.92 kg
Ms 825.5 985.5 kg
|22 1850.5 1850.5 kg-fn
lyy 1705 1705 kg-r
Ixx 375 456.25 kg-n?
lxz 72 72 kg-
It 0.9271 0.9271 m
Ir 1.5621 1.5621 m
L 2.4892 2.4892 m
t 1.43 1.43 m
h 0.25 0.534 m
Cs -83014 -83014 N/rad
C -88385 -88385 N/rad
Ko 17000 17000 N-m/rad
Dy 5000 3000 N-s/rad

4.3 Implementation of Dead-Beat Controller

In this section the dead-beat controller is applieethe High Roller to reduce the
wheel lift propensity. As shown in the previouspter, wheel lift will occur when the
restoring moment exceeds a certain value. By cepdahe dynamics associated with the

restoring moment of the High Roller with those loé Mercury Tracer, the dead-beat
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controller will help reduce the magnitude of thetoging moment and thereby prevent

wheel lift from occurring.
The transfer function for the restoring momentresdutput and the front steering

as the input for the High Roller at 30 m/s is:

B(s) _ -246706° - 2926008 — 37990008 —16620000
Als) s" +1918s° +1624s? +6531s+1515

4.4
The desired dynamics are those of the Mercury Trage the corresponding
transfer function:

= (S) _- 215406° - 2066008° — 30150008 -87090000

2 3 > 4.5
A (s) s* +24285° +2401s? +118&+ 2311
Therefore, the dead-beat filter is:
u' _ 2154x10°s +6.199x10°s® +1.048x10°s° +1.142x10°s* +8.243x10°s® + 3.697x10'°s? +1.025x10"'s +1.319x 10" 4.6

U 2.467x105s” +8.91Ex10°s® +1.682x1C5s® + 2.084x10°s* +1.72x1C°s® + 9.18x10'°s? + 2.85x 1C's + 3.842x 10
The roll moment response of the High Roller, f@irausoidal steering input,
shown in Figurel-7 is reduced to that of the Mercury Tracer. Thémament response

is also reduced for a pseudo-step input as showigure4-8.
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Steering Angle x10” Restoring Moment
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Figure4-7. Comparison of the Tracer, High Roller, and FéteHigh Roller Dynamic
Sinusoidal Excitation, 8.2 rad/s, 0.1 rad Amplitede€80 m/s
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Steering Angle Restoring Moment
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Figure4-8: Comparison of the Tracer, High Roller, and FédttHigh Roller Dynamic
Pseudo-Step Input, 0.1 rad Amplitude at 30 m/s

It appears that the dead-beat controller is vefigcéfe in preventing rollover,
and it is certainly very easy to design. The caldr, however, requires perfect model
knowledge 2]. Unfortunately, this is not realistic in the r&gorld, but it may still be
effective for a practical model. This issue is tiat direct focus of this work, but issues
of model uncertainty are discussed further in Camerthesis and the interested reader

is referred there for detailg]|
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4.4 Conclusions

The dead-beat controller is a great option fororak mitigation due to its
simplicity. In this chapter, it was successfulBed to reduce the restoring moment
experienced by the High Roller. In the next chg@elead-beat filter will be used to

help prevent rollover for a vehicle traveling obanked surface.

1 S. Skogestad and |. Postlethwaliyltivariable Feedback Control, Analysis and
Design, West Sussex, England: John Wiley & Sons Ltd.6199

2. J.T. Cameron, “Vehicle Dynamic Modeling for thee@iction and Prevention of
Vehicle Rollover,” M.S. Thesis, Mechanical and Naarl Engineering,
Pennsylvania State University, Dec. 2005.



Chapter 5

Rollover Prevention on a Banked Surface

In the previous chapters, the conditions for whiflelvere explored and a control
algorithm was implemented to help prevent rolloaethe same conditions. The
thresholds for tire saturation and wheel lift gsraction of steering were calculated to
determine when slip would occur before wheel liftthe surface of the road is not flat, it
is expected that the threshold for wheel lift wlidicrease with an increase in bank angle.
In this chapter, the conditions leading to whedeloih a banked surface will be explored.
Then the dead-beat control method will be implereénid prevent wheel lift under these

new conditions.

5.1 Whed! Lift Threshold on a Banked Surface

First, the wheel lift threshold must be recalculdfier the banked surface. As in
Chapter 3, the maximum steering angle before wlifeean be calculated using the
maximum restoring moment. Using Fig&4 below, the maximum restoring moment

can be calculated using the force balance irbHdfor a surface banked at an anglé.of
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M et
\ T
'\{[lre“ Wsin(e)
o~ 2
\ \
Wcos(8)

2
i~
%e)\ Wcos(@)

2 2

Figure5-1: Force Balance Between the Suspension and Woedsnked Surface

ZFz_I\::lrest +WCZS(9) 5.1

Therefore, the threshold for wheel lift is:

_Wcog#6) .

M rest,max 2 5.2

For the following calculations, the system is assdno still be in linear operation at the
banked angle. When calculating the frequency mespdeft and right turning maneuvers
were not differentiated between. In reality, tiqg@aions for the moment required for
wheel lift will be different for the uphill or downill sides. Substituting the value found
in Eq.5.2 into the previous E@.27, the maximum steering angle can be plotted for
various values dd. The maximum steering angle for wheel lift and gaturation at 10
m/s versus frequency is shown in FigGf2. As expected, the minimum steering input
required for wheel lift decreases as the angléefianked surface increases. An

increase in speed of the vehicle also decreasesdabang input required for wheel lift.
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The difference in maximum steering input before @i for different speeds can be

seen in Figur&-3 which compares the threshold for 10 m/s and 40 m/s

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 10 m/s

10

Maximum Front Steering (rad)
(92
T

Increasing Bank Angle

—— Wheel Lift Threshold
Front Slip Threshold

Frequency (rad/s)

10

Figure5-2: Front Steering Input that Causes Wheel Lift am@ Baturation for ¥rious

Bank Angles at 10 m/s
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Maximum Front Steering Before Wheel Lift vs Frequency
1 : ;

Increasing Bank Angle, 10 m/s//

T
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01F
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Figure5-3: Front Steering Input that Causes Wheel Lift faridus Bank Angles at .
m/s and 40 m/s

The Tracer will still experience tire saturatiorhggh bank angles and high speeds as

shown in Figuré-4 for a bank angle of 25 degrees and a speed offlgd0 m
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Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 40 m/s for a Bank Angle of 25 Degrees
T T

— Wheel Lift Threshold
Front Slip Threshold

ol -

Maximum Front Steering (rad)
(92
T

Frequency (rad/s)

Figure5-4: Thresholds for Wheel Lift and Tire Saturation foe Tracer at High Speed
40 m/s and a Banked Surface Angle of 25 Degrees

If the High Roller, however, is subjected to thensaconditions, wheel lift will occur
before tire saturation for a certain range of fiemgies. In fact, the High Roller will
experience wheel lift before tire saturation ain2@ at a bank angle of 25 degrees.

Figure5-5 shows the thresholds for wheel lift for the Higbller at these two conditions.
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Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 40 m/s at a Bank Angle of 25 Degrees
10 ; ;

—— Wheel Lift Threshold
Front Slip Threshold

9l -

Maximum Front Steering (rad)
2
T
|

10 10 10 10
Frequency (rad/s)

Maximum Front Steering Before Wheel Lift and Front Tire Slip vs Frequency at 20 m/s at a Bank Angle of 25 Degrees
10 T T

—— Wheel Lift Threshold
Front Slip Threshold

9l -

Maximum Front Steering (rad)
o
T
|

10 10 10" 10
Frequency (rad/s)

Figure5-5: Thresholds for Wheel Lift and Tire Saturatiom fbe High Roller at Sged:
of 40 m/s and 20 m/s and a Banked Surface Angksdegrees.
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For both vehicles, an increase in bank angle lgleaduces the steering angle for
wheel lift as expected. For the High Roller, hoeman increased bank angle will cause

wheel lift to occur before tire saturation.

5.2 Implementation of Dead-Beat Controller on a Banked Surface

Now the dead-beat controller will be applied to tigh Roller on a banked
surface to prevent wheel lift. In Figused, the High Roller experiences wheel lift before
tire saturation at a speed of 20 m/s and a banle&i@5 degrees around a frequency
input of 3 rad/s. The Mercury Tracer will expeertire saturation before wheel lift at
the same conditions. Therefore, the Mercury Tracdkibe used as the desired system
again for the dead-beat control method.

The transfer functions for the High Roller and Mercury Tracer at 20 m/s are
shown in Eq5.3 and Eq5.4 respectively. The bank angle is only used toutate the
maximum restoring moment before wheel lift, sotila@sfer functions do not change

with respect to bank angle.

B(S) _ -9000G° - 66520@* — 2856008 —11220000

4 3 2 53
Als) s* +1162s® +56.74s* +1145s+54
B,(s) _-7867G° —402508° - 2188008 - 5.877000 54
A (s) s" +1726s° +9435s2 +1915+1018 '
Therefore, the dead-beat filter is:
u'_ 7.867x10%s” +1.317x10°s’ +1.133x10°s® + 6.315x10's* + 2428x10°s® + 6.057x 10°s + 7.911x 10s° + 3.174x 10° 55

U 9.00€x10%s” +2.22x1C°s® + 2.284x107® + 1405 x 10°s* + 5,992 x 10°s° +1.672 x 10°s? + 2.434x1Cs° + 1.14Z x 10°
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For a sinusoidal input at frequency of 3 rad/s aplitude of 0.1 rad at a speed
of 20 m/s, the filter successfully reduces theamsg moment of the High Roller to that

of the Mercury Tracer. The results of this exange shown in Figurs-6.

Steering Angle x 10° Restoring Moment
0.1 : . — 1 T T T T
7N\ 7\ / \
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Figure5-6: Comparison of the Tracer, High Roller, and Féte High Roller Dynamic
Sinusoidal Excitation, 3 rad/s, 0.1 rad AmplitudéJa= 20 m/s

For a pseudo-step input at the same amplitudelafa@l and at the same speed of
20 m/s, the restoring moment of the High Rollemgsin reduced to that of the Mercury

Tracer as shown in Figuge?.
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Figure5-7: Comparison of the Tracer, High Roller, and Fédte High Roller Dynamic
Pseudo-Step Input, 0.1 rad Amplitude at U = 20 m/s

5.3 Developing the Scaled Vehicle Controller

In the previous section, the High Roller was sulgiéc¢o a filter to change the
dynamics of the desired dynamics of the Mercurycé&ra A banked surface, however,
can trip rollover for vehicles that are not usuallysceptible to rollover. In the next
chapter, wheel lift will be induced for a scaleesizvehicle similar to the Mercury Tracer
by creating aggressive steering inputs on a basddce. The scaled vehicle simulation

model does not use the same body-fixed coordiriagesvere used to develop the
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previous control algorithm. Instead, it is basadaa error-coordinate system. This
system is convenient for running the scaled vehiclarder to help stabilize the yaw
angle of the vehicle. The model was developedéwipus work of the research group.
Two additional variables are added to the statéovext this model shown in E&.6.

The state-variables are lateral velocity, latecakderation, yaw angle, yaw rate, roll

angle, and roll rate respectively.
x=ly vy v ¢ ¢ 4 5.6

The output equation for restoring moment is then:

Yiwang [0 0 0 0 K, D,]01” |+[0]6, 5.7

|8 ® &€ « «

Instead of creating a fictitious vehicle that kel to experience rollover like the
High Roller, this time an ideal vehicle which issdikely to experience rollover will be
developed. Although the scaled vehicle resemibleStacer which is not likely to
rollover even at a banked angle, the ideal velma¢hod was chosen to increase the
effect of the controller. Furthermore, an algantbased on an ideal vehicle could be
used for a vehicle that does not normally expegewntiover but may do so in a tripped
situation such as driving on a banked surfacest,Rine CG of the vehicle will be
lowered. Furthermore, the roll damping is increlaf®e added rollover prevention.
Using the scaled vehicle and ideal vehicle pararaaéteTables-1, the transfer functions

for restoring moment as the output can be caladlftteboth. The following controller is
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calculated for an example longitudinal velocity20866 m/s because the scaled vehicle

model was formulated at the same speed. It isdstig to note that the calculation of
each transfer function is not dependent on the bagle of the surface. The transfer

functions only depend on the speed of the vehickddition to its parameters.

Table5-1: Scaled Vehicle and Ideal Vehicle Parameters

Scaled Ideal .
Parameter Vehicle | Vehicle Units
m 11.4 11.4 kg
ms 11.4 11.4 kg
12z 1.2766 1.2766| kg-m
IXX 0.1843 0.1843| kg-m
Ixz 0 0 kg-nf
If 0.240 0.240 m
Ir 0.415 0.415 m
L 0.655 0.655 m
t 0.369 0.369 m
h 0.138 0.0874 m
Cf -219.59 -219.59 N/rad
Cr -304.76 -304.76 N/rad
Ko 239.12 239.12| N-m/ra
Do 11 25 N-s/rad

The transfer function for the scaled vehicle is:

B(s) _ (-0.0002° - 0.01165* - 0.248%° - 1.77865% ) 1x10”
A(s) (0.001%° +0.038%" +0.604%° +3.7517 |11x10~

5.8

The transfer function for the ideal vehicle is:

B,(s) _ (-0.00265° - 0.1054* ~1.48605° - 6.8505% ) 1x10°
A,(s) (00017%° +0.0543* +06415° + 2.632%2)1x10°°

The dead-beat controller can then be found aseiptavious sections:

U _ 286x107°° +2.171x10V"s” + 7.307x107°s” +1.388x 105" + 156x107*s° +9.717x107s° + 257x107s*
U 3.4x107°5° +3,056x1077s° +1.181x107°s" + 2.451x107s” + 2.86Ex107° <" +1.796x1072s" + 4,683x1072"

5.10
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5.4 Conclusions

Vehicle rollover is more likely to occur on a badksurface. The threshold for
wheel lift decreases with an increase in bank anglee design of a dead-beat controller,
however, is not affected by the bank angle. Therotier needs to be recalculated only
for new speeds because it is dependent only ordsprekthe constant parameters of the
vehicle. For the scaled vehicle experiments, h@wnew different set of coordinates must
be used and therefore a different roll model. déad-beat controller is still designed
using the same principle of replacing the undesiigthmics with those of a desired
vehicle. The transfer functions must be formulatsithg the state-space representation in
the error-fixed coordinates used to operate thkedaaehicle. In this chapter, a control
algorithm was developed to mitigate rollover of Hvaled vehicle on a banked surface by
changing the dynamics of the system to those adieal vehicle that is less likely to

experience rollover. The algorithm will be testetbugh experiment in the next chapter.



Chapter 6

Scaled Vehicle Implementation

In this chapter, the dead-beat controller methdtlbeitested for effectiveness on
the scaled vehicle. First, the scaled vehicle oygesated at various conditions that
induce wheel lift. Then a dead-beat controller er@ated to modify the steering input at

those conditions. The effects of the filter wevalaated.

6.1 Whesl Lift in the Scaled Vehicle

Using the Penn State University Rolling Roadway 8ator (PURRS), the scaled
vehicle can be operated under many different candit The scaled vehicle used is a 1/5
model of the Mercury Tracer. Talfel shows a comparison of the dimensionless
parameters for the scaled vehicle and Tracer asulated during research on the
PURRS. The parameters are relatively close inevaltiis also interesting to note that a
speed of 2.8 m/s for the scaled vehicle corresptmdsspeed of 11.2 m/s for the Tracer.
The dimensionless parameters ensure similar behdibthe actual magnitudes of the
dynamics may vary. The steering input can be ahbgeselecting a lateral position input
in the simulator. For this experiment, both a wiaee and a step input were used. The
speed of the vehicle can also be adjusted by chgrige speed of the treadmill. Finally,
the treadmill can be rotated about the pitch atichx@s. Figures-1 is a picture of the

PURRS.
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Figure6-1: Penn State University Rolling Roadway Simulator

6-1: Comparison of the Dimensionless Parameters fer Sicaled Vehicle and t

Mercury Tracer
Dimensionless Paramet| Scaled Vehiclg Mercury Tracer
IT; 0.366 0.373
I1, 0.634 0.626
IT3 0.204 0.209
I, 0.563 0.562
Il 0.261 0.290
I 0.038 0.059
I1, 1.607 1.607
ITg 2.230 1.710
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Initially, aggressive step and sinewave inputs aoftiple frequencies were used at
speeds up to approximately 5.5 m/s while increagiegpank angle to approximately 25
degrees. The scaled vehicle did not experienceMiftefor any of these conditions. As
seen in the previous chapter, the Tracer was mea®d to experience wheel lift at high
speeds or high bank angles. These results cordithagt the scaled vehicle did in fact
have behavior similar to the Tracer, at least gard to wheel lift propensity.

In order to test the control algorithm designed/presly, the scaled vehicle
needed to be modified such that wheel lift wouldusc The CG height of the vehicle
was increased by raising the mass attached tadhedf the vehicle. Pictures of the
vehicle before and after modifications are showRigure6-2. After modifications, the
parameters of the vehicle were recalculated, amdnibdified parameters are listed in
Table6-2. For comparison, the parameters of the origioalezl vehicle are also listed.
Note that unlike the creation of the High Rollére bverall mass of the scaled vehicle

was not modified.



Table6-2: Modified Scaled Vehicle Parameters

Modified Scale | Scale .
PEIEMBIE) Vehicle Vehicle S
m 11.4 11.4 kg
ms 11.4 11.4 kg
|2z 1.2766 1.2766|  kg-m
IXX 0.4792 0.1843 | kg-n?
Ixz 0 0 kg-nf
If 0.240 0.240 m
Ir 0.415 0.415 m
L 0.655 0.655 m
t 0.369 0.369 m
h 0.195 0.138 m
Cf -219.59 -219.59 N/rad
Cr -304.76 -304.74 N/rad
Ko 239.12 239.12] N-m/rag
Do 11 11 N-s/rad
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Figure6-2: Scaled Vehicle Before and After Raising the CGgHe
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After the modifications were complete, the scaletigle was placed on the
treadmill for further experiment. An initial ladrposition sinusoidal input of 0.6 Hz and
amplitude of 0.1 m was selected based on previatsabllected for the scaled vehicle
which showed yaw rate instability near these aréasthermore, it was found that if the
Tracer parameters were modified by increasing ehght of its CG by the same amount
with respect to the dimensionless parameters af¢hked vehicle, the Tracer would
experience wheel lift at various speeds on a baakete of 24 degrees. The wheel lift
and tire slip thresholds are shown for the Traterspeed of 13.86 m/s in FigLge.

Both the front and rear tires will experience whétbefore slip for a range of input
frequencies. It is interesting to note that ther keheels are much more likely to

experience wheel lift than tire saturation at theseditions.
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Maximum Front Steering Before Wheel Lift and Tire Slip vs Frequency at 13.86 m/s
12 T T

— Wheel Lift Threshold
— Front Slip Threshold
Rear Slip Threshold

10+ H

Maximum Front Steering (rad)
(2]
T
1

»—\
o
™

Frequency (rad/s)

Figure6-3: Tracer with Raised Center of Gravity, Wheel Ld&hd Tire Saturatic
Thresholds on a Banked Angle of 24 Degrees at acspe13.86 m/s

In the experiment, the bank angle of the treadwal$ increased slowly along with the
speed for the 0.6 Hz input. At a bank angle ofrapimately 24 degrees and a speed of
3.466 m/s, which corresponds to a speed of 13.8danthe Tracer, the rear tires of the
scaled vehicle began to experience wheel lift. Vdtacle was then operated at the same
speed and bank angle at a steering frequency d¢i£).9The increase in frequency
resulted in a larger roll angle and greater whiftel The frequency was then increased to
1.2 Hz. The vehicle also experienced wheel lithese conditions, though the

magnitude did not increase significantly.
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Using the parameters of the modified scaled velainkbthe ideal vehicle from the
previous chapter, a dead-beat control filter wasgieed for a speed of 3.466 m/s. The
algorithm was then incorporated into the simuléadirectly modify the steering input to
the vehicle. At the same speed, bank angle, awiéncies the vehicle did not
experience wheel lift. The control algorithm wasaessful in preventing the onset of
rollover. The following figures show the recordedl angle of the scaled vehicle at the
various conditions with and without the implemeimtiatof the dead-beat controller. In

all three cases, the roll angle of the vehicleeduced significantly by the controller. The

magnitude of the roll angle is decreased moreahipher frequencies. The algorithm

appears to work exactly as expected.

RoII Angle for Scaled Vehicle and Filtered Scale Vehicle, 0.6 Hz Sinewave, 0.1 m Amplitude

- - Scaled Vehicle
— Filtered Scaled Vehicle
| . T - ;
2 [ | 1 i ! i 1" A . ! (=
"\1 \\'\‘ “J\‘ | l‘ il M Il '\v“ ”H\ j 1 /’t i I . i JH\ /‘\ ‘”
g | NN o e A " i oo o !
Vo g Pl o
15- P N A L e N A
T e D
| W Loy il | | I N
o f*.‘l ‘H\ f‘ ‘\ ﬂ\\ \\ r\,‘ )ﬂi\‘ / ‘\ ”‘“ ‘m“\ ml H\ WW\” }m‘\‘: \\[‘\ Hl Jm‘
| [ [ ! ! { {01
1*”\\ ()‘J““ \‘ \‘\f,‘\ \‘\“ \\: H’\ “\‘H ﬁ‘\« [ M\ ("\‘ \/‘1(}‘\{‘\‘
/r\ \ ﬂ\ \ ,w‘ ) - ‘J | Lo \\‘ ‘ ‘J“ “ ‘ ‘\ ‘ i B ‘/ /\ ‘ »‘ |
\‘\ ! ‘{f \H’ I r\ “\“ J\‘ ! \{‘ N ’\\ oo “‘J\‘
S BEREEN o “‘ | ‘ L | “ | AN NN
@ | ‘\“‘\\“"““ ‘ ! \\"\,““\“\
T osy! K AN “ \ \ ‘ 1HE Y \ IAEATARNY IR
o “‘\“\““““‘ ‘ “ N \‘\“/ N
=) “‘\\ l‘, \‘r \‘\ “/ \’ ‘ ‘ ‘\‘ ‘ ‘ ‘\“‘\ ,“\‘ A
c ) “\ " ““\' e “J ‘J ‘r ““J ! \“ \‘ }‘ |
< 7‘ Ll bk [ h . “\ ‘/‘ I [ | “\ ‘\ 1
— op |1 i o 1 | o 1y ‘\‘ N ! ‘}\ 1
S IR ! IR P! “‘M | P / ! \’/ [
& ol “}‘ I O T T R I N N FR ‘/‘ dh [l “‘M IR
AR O T TR R R E TR R I I T |
asp LV L L \Y‘ 1IN
R T R R T | I R T
| N ‘/u ”u T Y A (T
(T L U Vi “ T " " X ] ¢ Y H i Y !
1 Vg ! 1 i [ L il /! N N [ ! h X u [
i " N I I \‘ i X 1 | I ‘ ! iy " | | T
. ‘\‘ N I " I i ! i 1 Y Y ‘; i K It i ‘\
K I I Il U i i ! ) ! ‘ ‘r ) Y I ' { 1
v y Il !
-15+ -
> | | | | |
0 5 10 15 20 25 30
Time

Figure6-4: Roll Angle of the Scaled Vehicle Reduced by thieFat Speed of 3.4¢
m/s and Bank Angle of 24 degrees at Frequency 2.6 H
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Roll Angle for Scaled Vehicle and Filtered Scale Vehicle, 0.9 Hz Sinewave, 0.1 m Amplitude
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Figure6-5: Roll Angle of the Scaled Vehicle Reduced by Hiléer at Speed of 3.4
m/s and Bank Angle of 24 degrees at Frequency 2.9 H
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RoII Angle for Scaled Vehicle and Filtered Scale Vehicle, 1.2 Hz Sinewave, 0.1 m Amplitude
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Figure6-6: Roll Angle of the Scaled Vehicle Reduced by thedfitit Speed of 3.4
m/s and Bank Angle of 24 degrees at Frequency 1.2 H

6.2 Conclusions

The scaled vehicle confirmed the results of the@raimulation and the
effectiveness of the dead-beat controller. Théeslcaehicle was unable to experience
wheel lift at either sinewave or step inputs withowdifying it parameters. Increasing
the height of the CG, however, induced rollovefteAwheel lift was achieved at various
conditions, the dead-beat controller was used tdifythe steering input to replace the

unwanted dynamics with those of an ideal vehit\éheel lift no longer occurred at the
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same conditions while the controller was implemént&he controller appears to be a

promising method for preventing wheel lift, and bemollover.



Chapter 7

Conclusions

The conclusions of this thesis are organized dsvist conclusions regarding to
the use of dynamic vehicle models to determine Wifeéhresholds, conclusions
pertaining to feed-forward control as a methodrevpnt wheel lift, and conclusions
relevant to the implementation of the dead-beatrotiar using the scaled vehicle. A

discussion of future work pertinent to this thdsitows.

7.1 Determining Wheel Lift Thresholds Using Vehicle Dynamics

Before the conditions for wheel lift could be exgd, vehicle dynamics must be
understood. In this work, 2DOF and 3DOF modelsewesed to study planar and roll
motion respectively. The models largely agreedheir predictions for tire slip at
various steering input frequencies. For the 3DQifeah the wheel lift threshold for
vehicles was found to be related to the restoringent of the suspension. If the
maximum restoring moment is exceeded before ti@a@on occurs, a vehicle may
experience wheel lift and possibly rollover.

The effect of vehicle parameters pertaining to laiale’s susceptibility to rollover
were demonstrated by comparing the Mercury Trazéstown High Roller version.
Increasing the height of the center of gravity dedreasing the roll damping both

increased propensity for wheel lift. It was albown that rollover can be tripped by
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driving on a banked surface. As the angle of #ekbd surface increased, so did the
propensity for wheel lift. Increasing the speedhaf vehicle under the same conditions

increased wheel lift susceptibility as well.

7.2 Using Feed-forward Control to Prevent Whed Lift

To reduce wheel lift it is necessary to mitigate ttynamics that cause it.
Decreasing the restoring moment of the suspensieatieley decreases the chance of
rollover, and unsafe steering inputs can resuitaingerous restoring moments. By
modifying the steering input to prevent such hagasdconditions, the restoring moment
can be reduced.

Feed-forward control was shown to be a simple wagirtectly change the input
to the vehicle. In this work, dead-beat controbwhosen for its simplicity, a technique
that replaces the dynamics of an undesired systiémthwose of a desired one. It was
shown through simulation that the restoring monoextid be decreased in magnitude by

using this simple controller.

7.3 Scaled Vehicle | mplementation

To demonstrate the ability of the dead-beat coletréd change the dynamics of a
vehicle to mitigate wheel lift, a scaled vehiclgpexment was employed. The scaled
vehicle was shown to have dimensionless paramgitaitar to those of the Tracer. Like

the Tracer, the scaled vehicle was difficult touod wheel lift for in an unmodified form.
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By increasing the height of the center of graviywever, the vehicle began to
experience wheel lift when given a sinusoidal steginput on a banked surface. A
similar modification of the Tracer parameters wiasudated and it was shown that the
Tracer would also experience wheel lift under samdonditions. Therefore, scaled
vehicle testing proves to be a potential alterratos/full-scale vehicle testing which can
be extremely expensive and dangerous.

A dead-beat controller was then designed to hedgept rollover in the scaled
vehicle. After implementation of the controlldngtvehicle experienced a drastic
reduction in roll angle and hence wheel lift. Tdwatroller was successful in preventing
wheel lift under situations where the unmodifiedhizée response clearly exhibited wheel

lift.

7.4 FutureWork

In further research, the scaled vehicle shoulcebtetl at many more conditions
that produce wheel lift. Multiple bank angles, sg& and alternate steering maneuvers
should be incorporated in additional experimeritse controller should also be tested at
conditions for which it was not specifically desggh In reality, the vehicle parameters
may not be known accurately, and this may havesatgffect on the viability of the
controller. The dead-beat control method could ks compared to different algorithms
to see if there is a more effective method that matyaffect other dynamics of the
vehicle. The possibility of negative effects or ttynamics exist and should be

determined if so.
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The ability of the scaled vehicle to accuratelydicethe roll dynamics of the full-
scaled Tracer should also be explored. If theescaéhicle method shows substantial
evidence of its ability to foretell the behaviortb& Tracer at various conditions, it may
be used to confidently test the ability of variatiser algorithms to prevent rollover and
other types of accidents. Parameters of the velmh easily be adjusted to simulate
other vehicles as well. In addition, scaled vehtelsting may be able to replace or at
least assist in full-scale vehicle testing. Scalekicle experimentation may help groups
such as NHTSA determine what the worst case camditior a vehicle are and
consequently make their tests more effective imptiogess.

Further insight into the dynamic models used tades vehicle behavior would
also be beneficial. Other factors such as rokséad tire lag may need to be
incorporated to fully depict the behavior of a \@fi Future models may also wish to
incorporate human factors. In an emergency saoathe reaction of the driver plays a
large part in determining what input is given te trehicle. As models of human-vehicle
interaction become more accurate, the ability efrttodels to determine when undesired

dynamics will occur under human input might alseiove.



