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Student: Ling-Yuan Hsu Advisor: Dr. Tsung-Lin Chen

Department of Mechanical Engineering

National Chiao-Tung University

Abstract

In this thesis, we present a vehicle rollover prediction method, which employs the
“full-car model” accompanied with road conditions and states observer techniques, to predict
vehicle dynamics and declare a rollovershappening by the vehicle roll angle in future time.
This prediction method presents.a strong-evidénce for a rollover occurrence, and the

methodology can be widely applied.to vehiclesswith different dynamic characteristics.

Based on the novel observability: matrix proposed in this thesis, the “full-car model” is
broken down into two subsystems. ‘Twe. states-observers are constructed for each subsystem
respectively and do the switching scheme for the vehicle states estimation, which the
approach is similar to the conventional alternative direction implicit method (ADI). The
proposed ADI-like computation scheme enables a states observer design for a highly

nonlinear and high order dynamic system.

Simulation results indicate that, with the following three sensors: longitudinal velocity
sensor, lateral accelerometer and suspension displacement sensor, we are able to predict a
vehicle rollover occurrence correctly, which is initiated by a quick wheels maneuvering on a

slope.
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Mathematical Notations

Variable symbol

E® . global frame

EY - wheel frame

E® - body frame

[ road . road frame

Q . rotation orthogonal tensor for Euler transformation

£,9,0  Euler angles presented in body frame, for yaw, roll, and pitch motion

Eroad »Proad s Proaa © Euler angle presented in road frame, for yaw, roll, and pitch motion

&, . relative yaw. angle between vehicle yaw angle and road yaw angle

X, Y,z . vehicle displacement 1 longitudinal, lateral, and vertical directions

Wy, . Euler angular velocity-along three Euler axes

Wy, . vehicle angular veloeity presented in body frame

, - tire angular velocity in wheel frame, for i = 1~4.

L : angular momentum about the CG of the vehicle body

M . external moment about the CG of the vehicle body

O, * momentum arms associated with the ith external force

Fxtj(;sz ¢ effective forces presented in the body frame in three directions

Feye - effective forces presented in the wheel frame in three directions

[ road . effective forces induced by road conditions and presented in road
oyt frame in three directions

z" - length variation at the ith suspension in wheel frame

H; - spring compression of the ith suspension in wheel frame
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effective rolling radius of the ith tire
road curvature

tire steering angle of the ith tire

slip ratio of the ith tire

slip angle of the ith tire

Vehicle parameter symbol

m

vehicle

m

D

damper

T

brake,i

T

motor ,i

g

- total vehicle mass from sprung mass and unsprung mass
- sprung mass of the vehicle body

. unsprung mass of the Vehiele at the ith side

- moment of inertia of the vehicle-along three axes

: tread widthoof the vehicle at the front/rear side

¢ distance from'the vehicle CGto the front/rear axle
. height of the vehicle CG

: distance from the vehicle CG to the road surface

. spring stiffness coefficient

 nonlinear spring stiffness modeling, form=1, 2, 3
 damper coefficient

- braking torque acting on the ith tire

* motor torque acting on the ith tire

. gravitational constant

X



Tire parameter symbol

r; - real radius of the ith tire

I el : moment of inertia of the tire along three directions

K verticat . tire vertical stiffness coefficient

K, - roll steer coefficient of the ith tire

B,C,D,E i characteristic coefficients of the nonlinear tire model

e : camber thrust stiffness coefficient




Chapter 1

Introduction

A vehicle rollover prediction system proposed in this thesis is to study this topic of the
vehicle safety problem. This system can help drivers know where, when and how the vehicle
rollover happens, and provide the dynamic information to rebuild the happened rollover
accident. Furthermore, motivations and objective will be introduced in section 1.1. Section
1.2 surveys previous researches about issues extended from this prediction system. Then, the
construction and organization of this thesis will be described in section 1.3 and 1.4,

respectively.

1.1 Motivations and Objectives

In 1999, National Highway Traffic Safety: Administration (NHTSA) announced its plan to
take rollover stability in the oneto-five star rating system for safety performance. One major
driving force behind this initiative was! the“well-published rollover incidents of several Sport
Utility Vehicles and consumer passenger cars. In particular, from CBS news, 62% of all SUV
deaths occurred in rollover accidents. It seems fair to say that the rollover stability has

become an important measure in the car safety performance.

With the increasing amount of the car, the rise of this vehicle safety problem comes as
expected. The vehicle safety performance, such as the above-mentioned star rating system,
safety factor, etc., becomes one of the important factors when consumers purchase a car.
However, the cost of this vehicle, equipping more safety systems, will deter consumers from
buying this vehicle. Therefore, a safety system with low cost and high accuracy is necessary

to be planned.

Most of the research works, which study in rollover accidents, were focus on vehicles
with higher center of the gravity (CG), such as trucks, trailer, etc. [1] [18] [21] [26]. However,
the dynamic maneuver of these heavy vehicles is more different than that of consumer

passenger cars, even the SUV. The factor of that is heavy vehicles carry more than four tires



and in some cases, a trailer. Therefore, a proper vehicle rollover prediction system with low

cost and high accuracy for four-wheel vehicles is proposed in this thesis.

1.2 Previous Research Survey

In this section, several topics studied in this thesis will be reviewed. Additionally, the
topics include: dynamic modeling of full-state vehicle, prediction method in vehicle rollover,

neglect of the vehicle pitch motion, and numerical algorithm in switching scheme.

1.2.1 Dynamic Modeling of Full-State Vehicle

The complication of the vehicle model is decided from concerned vehicle states. Most of
previous researches were developed their own vehicle models with less degree of freedom
(DOF) [4] [71[10] [23] [27]. In order to'keep accurate dynamics of the vehicle, vehicle states,
which are not integrated into the vehicle model, will be supplied by empirical parameters.
Furthermore, the empirical parameter, verified by the experimental data, may be only valid in
some operating regions. However, this.method is not suitable for rollover accidents, for the

reason that the vehicle rollover may happen in any possible situation.

In contrary, some research works construct a vehicle model with complex dynamics, as
shown in VDANL (Vehicle Dynamics Analysis, Non Linear) [2], CarSim [29], EDVSM
(Engineering Dynamics Vehicle Simulation Model) [6], ADAMS (Agencywide Documents
Access and Management System) [22], etc. With substituting vehicle geometry parameters of
this vehicle model, we can obtain accurate dynamics of this vehicle in any possible operating
region. However, these vehicle models hiding in the unavailable codes are not suitable for

observer and/or controller design.

1.2.2 Prediction Method in Vehicle Rollover

Obviously, a credible vehicle rollover prediction method can effectively lower the amount
of rollover accidents. As a result, researchers proposed various prediction methods including:

time-to-rollover (TTR), rollover velocity, genetic algorithm predictor (GAP), rollover index

2



(RI), rollover stability advisor (RSA) and etc. [4] [10] [18] [23] [27] [28] [31]. Most of these
methods employ vehicle current states information along with either heuristic formulas or
over-simplified vehicle models to predict rollover happenings. These approaches may be
applicable to certain rollover events and specific types of vehicles. However, they generally
can not be applied to different types of vehicles nor account for different types of rollover
events. This is because the vehicle rollover is a consequence of multiple vehicle dynamics,
vehicle maneuvering, road conditions, etc. All these factors have to be examined carefully for

an accurate vehicle rollover prediction.

1.2.3 Neglect of the Vehicle Pitch Motion

Most of the research work developed their rollover stability measure based on a
simplified vehicle model. Furthermore, the frequently neglected vehicle dynamics is the pitch
motion [4] [10] [19] [23] [28]. The negligence-of pitch motion, or any other dynamics, in the
rollover stability could be practical but it meeds:a feasibility check. Unfortunately, we did not
find much theoretical discussion-from the published materials. From the dynamic viewpoint,
the system observability matrix-can elucidate the connections between system output and
system states [5]. This technique has been successfully utilized in determining the best sensor
locations [11] [24], model reduction [5], etc. ' Therefore, conceptually, it is possible to adopt
this technique in a rollover prediction system to examine the feasibility of a simplified vehicle
model and determine the suitable sensors deployment. However, challenges arise for the case
that a system of interest is highly nonlinear and involves many states. In that case, the
construction of observability matrix would involve intensive math derivations and thus

impractical.

1.2.4 Numerical Algorithm in Switching Scheme

Alternative Direction Implicit (ADI) [14] methods have been widely utilized in numerical
calculations for partial differential equations. This method breaks a partial differential
equation into a set of difference equations and doing the switching scheme mainly to save for
the computation time. In this thesis, an ADI-like computation scheme is proposed to break a
set of highly nonlinear differential equations into two sets of nonlinear differential equations,

3



not for the computation time but for obtaining less complicated subsystems. It is because most
of control methodologies require vast math derivation and, in practice, can only apply to
systems with less complicated math models. Similar to the ADI method, the proposed method
gain its advantages at the price of simulation accuracy. Therefore, the stability and accuracy of

this ADI-like method need to be resolved before use.

1.3 Construction of this Vehicle Rollover Prediction System

Theoretically, the response of a dynamic system can be well described by a precise
system model and associated initial conditions. Stem from this concept, we proposed a novel
vehicle rollover prediction system, which composed of an observer-based estimator and a
model-based predictor. The estimator uses three sensors (longitudinal velocity sensor, lateral
acceleration sensor and suspension displacement sensor) to work with a simplified vehicle
model for the observer construction. The predictor uses the vehicle dynamic model along with
those estimated vehicle states to predict thewvehicle roll angle in future time. The predicted
vehicle roll angle can be utilized-to.declare vehicle-rollover in future time and/or determining
which rollover prevention measure .to-implement. Furthermore, the simplified model is
excerpted from the vehicle full-car. model with the feasibility check via system observability
matrix, and it incorporates the road bank'condition. This approach, based on the well-defined

system model, present a strong evidence for the vehicle rollover prediction.

1.4 Outline of this Thesis

The organization of the thesis is shown as follows.

In chapter 2, the nonlinear full-car model is presented. The sprung mass system and
unsprung mass system of the vehicle are discussed and linked together. Furthermore, the road

condition is also considered to be integrated into the vehicle modeling.

In chapter 3, the basic concept and procedure of the novel observability matrix along a

trajectory are both presented. Then, simulation results provide the evidence for the neglect of



the vehicle pitch motion. After neglecting the vehicle pitch motion, the integrated yaw-roll

model is excerpted from the full-car model.

In chapter 4, the vehicle rollover prediction system is described in detail. The components
of this prediction system, such as the predictor, estimator, switching scheme, and nonlinear
observer, are also introduced, respectively. Additionally, the stability analysis of the switching

scheme is proved in the mathematical methodology.
In chapter 5, simulation results are shown to verify this prediction system.

In chapter 6, we summarize conclusions addressed in this thesis and the suggestions of

future works.



Chapter 2
Full-Car Model

A full-car model with 21 states is constructed to mimic a moving vehicle on real road
conditions. This model contains two parts: a vehicle body (sprung mass) and four wheel-axle
assemblies (unsprung mass). In this thesis, the sprung-mass system assumes rigid body
motion and its math derivation work mostly follows Hingwe’s dissertation [13]. The
unsprung-mass system contains five sub-systems, which are wheel steering system,
suspension system, nonlinear tire model, wheel dynamics and road bank conditions. The
mathematic models of these subsystems, which often derived for different coordinates system
(dynamic frame) at its own convenience, can be integrated into one system via physical

principles and Euler angle transformation.

Section 2.1 introduces some dynamic frames. of the vehicle system. The sprung mass
system and the unsprung mass system of'the yvehicle are individually introduced in the section
2.2 and 2.3. The road conditions-are also considered in the vehicle modeling and described in
the section 2.4. The whole dynamics equations-of the vehicle model, as discussed above, are
summarized in section 2.5, and then, section 2.6 will introduce how to check out the model

validation. Section 2.7 describes the conclusion of the vehicle modeling.

road sideline

(global frame)

Figure 2.1 Diagram of frames about vehicle



2.1 Dynamic Frames of the Vehicle

Dynamic frames of a vehicle system, most moving objects as well, are often considered
for two frames: global frame and body frame. However, these two frame systems are not
convenient enough to describe the dynamics of a vehicle system, since a vehicle system can
contain lots of subsystems. Therefore, we introduce 4 coordinate systems along with the
vehicle dynamics modeling work. They are global frame (E®), which is fixed to earth; road
frame (E ™), which is set on the road and changed with the road bank angle; wheel frame
(E"), which is set on the tire; body frame ( E®), which is set on the center of gravity (CG) of
a vehicle. These frame systems are shown in figure 2.1, and they can switch around through

Euler angle transformation.

Unlike most of the vehicle modeling works, we introduce the road frame system to
accommodate the change of road angle. This road frame system is particularly useful because
lots of vehicle motions are performed relative to the road surface, instead of a fixed point on
earth. In other words, it is more effective to describe the vehicle dynamics in terms of the road

frame than of the global frame.

2.1.1 Euler Transformation

In this section, we will introduce two Euler transformations for 4 coordinate systems.
First Euler transformation is shown in figure 2.2, and three Euler’s angles (&,68,¢) are used
to represent the coordinate relationship between the global frame and body frame. In the Euler
transformation, yaw motion ( &) rotates along the vertical axis (z ), pitch motion () rotates
along the lateral axis (y ) and roll motion (¢ ) rotates along the longitudinal axis ( X). Then,
we can define the proper orthogonal rotation tensor (Q) such that the motion in the global

frame can be transformed to the body frame by the following equations,

EB:Q'EG

:Qx'Qy'Qz'EG @0



10 0
with Q,=|0 cos¢ sing
|0 —sing cos¢

[cos@® 0 —siné
Qy = 0 1 0
_sin@ 0 cosd

cose sine 0
Q, =|—sin¢ cose 0
0 0 1

where Q represents the transformation matrix from the global frame to the body frame.

X,Y,Z
Therefore, we can describe the vehicle motion in the global frame, wheel frame, and body

frame by Euler transformation.

Second Euler transformation is set between the global frame and the wheel frame to
represent the road frame for the coordinate transformation. As shown in figure 2.3, we can
describe the road curvatures by the three, Euler angles (&,,.q> @roaq> Groag )- Again, the proper

road

orthogonal tensor (Q™" ) is defined such that the motion in the global frame can be

transformed to the road frame by-the following equations,

Eroad _ Qroad . EG

=Q€road 'Q;oad . ‘;oad 'EG

(2.2)

COSEppyg  SNE g O
with QX =| —sing,,y COSEy O
0 0 1
; 1 0 0
road __ :
Q¢ =0 CO‘S ¢road Sin ¢road
_0 —Ssin ¢road COs ¢road
.| eos O.0ss 0 —sinb, 4
road __
o =| 0 1 0
sin€,,;, 0 cosd, 4

where Q ;o(;(; represents the transformation matrix from the global frame to the road frame.

Therefore, we can take these two Euler transformations to derive the vehicle motion in

the following sections.
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Figure 2.2 Diagram of Euler transformations from the global frame to the body frame
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Figure 2.3 Diagram of Euler transformations from the global frame to the wheel frame



2.2 Sprung Mass System

Assuming the rigid body motion, as the free body diagrams shown in figure 2.4, the
sprung mass clearly has six degree-of-freedoms, which are three rotational motions and three
translational motions for the center of gravity (CG). These motions of the sprung mass are

briefly described as follows.

sprung

mass .
¢ N unsprung
z ES @ +~  mass
y N
L ES
(global frame) (wheel frame)

Figure 2.4 Free body diagrams_of the vehicle

2.2.1 Vehicle Rotational Motion

The vehicle rotation dynamics can be conveniently written in equations in the coordinate
that is rotated with the car (body frame) and then transformed back to the coordinate that is
fixed to the earth (global frame) by the above-mentioned Euler’s angles (&,86,¢)
transformation. Hence, the angular velocity along three axes which rotated by Euler’s angles

can be expressed as follows,

l T1 0o o T4 [4
w;=Q,|0/=|0 cosg sing|0|=]0
0] [0 —sing cosg |0 |0
0] | 0
w, =Q,Q,|0|=| Ocosg (2.3)
0 —Osing
0 —&£sind
@, QZQVQ{OI =| £cosfsing
£] |&cos@cosg

10



rotates along

&

where @, , . is the Euler angular velocity, and in these angular velocity, @

W
z 0

the axis €, , w, rotates along the axis 7, and @, rotates along the axis e’ . Therefore,

the vehicle angular rate and the vehicle angular acceleration can be expressed in terms of the

Euler angle dynamics as follows:

w, =¢—ésin@
o, = Ocos ¢+ &cosOsin ¢ 2.4)

®, = —0sin ¢+ & cosOcos @

@, =¢—Esin@—£0cosO
o, =0 cos ¢+ &cosOsin g — Opsin ¢ — £0sin Osin @ + £ cos O cos ¢ (2.5)
, = —0sing + £ cosOcos g — Opcos ¢ — £0sin O cos ¢ — £pcos Psin ¢

where @, ,, is the vehicle angular rate represented in body frame.

z

The rotational motion of the vehicle;bedy.is to rotate about the roll center (RC), instead
of the CG. Hence, the external moment consists.of two parts: the angular momentum about the
RC measured from the global frame and the angular momentum about the CG measured from
the RC frame. Furthermore, because the RC frame is fixed in and move with the body frame,
the angular velocity of the RC<is the same with' that of the CG Therefore, using the
well-known Euler equations of motion, one ¢an presents the vehicle rotational dynamics as

follows.

(d—LJ +oxL=M (2.6)
dt J,

where L is the angular momentum about the CG of the vehicle body, and M is the

external moment about the CG of the vehicle body (M,,M ,M,). Furthermore, we can

expand the above equation in terms of the angular velocity in body frame.

M, =Lao, (1, -1, )o,0,
M, =lLa, (I, -1,)o,0, (2.7)
M, =L, - (1, -1, Jo,0,

11



is the moment of inertial of the vehicle body. Then, from equations (2.4), (2.5),

where 1, ,

and (2.7), the vehicle rotational motion can be represented in terms of Euler’s angles as

follows,

$—&sin0 = £0cos O +
M I, -1,

X

X X

(é’cos¢+écosHsin¢X—6’5in¢+écos€cos¢)

0 cos g+ &cosOsin ¢ = Opsin ¢ + £0sin Osin ¢ — £ cos O cos ¢ +

M -1 4. . 2.8
I—y—IXI—IZ(¢—ésin9X—Hsin¢+éc0s9c0s¢) 28)
y y
—Osing + &cosOcosp = Opcos ¢ + £0sin O cos ¢ + édcos Osin ¢ +
Mz Iy_IX

I I (é—ésin 0X9cos¢+écosesin¢)

z z

Therefore, using the external moment discussed in the following section, we can obtain the
information of Euler’s angles, and then, can also obtain the vehicle angular velocity in body

frame.

2.2.1.1 External Moment

The external moment contains the external forces and the associated moment arms. In
order to match the above-mentioned Euleriequations of motion, we will discuss the external
moment on the CG of the vehicle body. Then, we can easily express the external moment as
follows,

4
M= (o, xF>) (2.9)
i=l

where o, is the ith moment arms associated with the ith external force, and F,™" is the ith

external force in body frame.

2.2.1.2 External Forces

External forces of the vehicle body mainly come from tire forces and can be expressed as

follows,

4 4

SERY ZSE, e 4 SF, e D, e (2.10)
i=1 i=1

i=1 i=1



where F, . represents effective force in the wheel frame (el e‘;v ,e) from ith wheel in
three directions, for i = 1~4 to represent a 4-wheels vehicle. However, the structure of tire

forces does not suit to discuss in this section, and we will go into detail about this topic in

section 2.3. Using the transformation matrix (Q,Q,), we can transform tire forces from the

wheel frame to the body frame.

F body - .
xi cos@ 0 —sind || Fyq
Fyt;"dy =|sin@sing cosg cosfsing | F,
[ body sinfcos¢ —sing cosfcosy | F_
A - (2.11)

F,,cosd—F, sind
=| Fsinf@sing + F, cosg+ F, cosOsin g
Fisindcosg—F; sing+ F, costcosg

Therefore, external forces in body frame are obtained, and in the next section, momentum

arms in body frame will be introduced.

2.2.1.3  Momentum Arms

We take one of the momentum arms as the.example for simplicity. As shown in figure 2.4,

it will clearly find out where the-momentum arm ( o ; the blue dash line) is. This momentum
arm is composed of two parts: o+ and o, (thered dash lines), as shown in figure 2.4. We

will separately discuss two momentum arms that locate in the different frames.

Firstly, the momentum arm (o,,) locates in body frame. From the figure 2.4, we can

intuitively set the CG of the vehicle body as the origin and write down the length of the

momentum arm as vector term,

z

sb h
o, =1e’ +71ef —EeB (2.12)
Secondly, the momentum arm (o, ) locates in wheel frame. Again, we can also set the edge of
the vehicle body as origin and write down the length of the momentum arm in vector term,
—(Z -2)e} (2.13)

where Z represents the height of the CG in the static situation, and z represents the height

variation of the CG. However, the momentum arm (o,,) with the vehicle pitch and roll

13



motion will induce the length variation of the momentum arm (o,,). Here, we assume the
length variation largely depends on the z axis in wheel frame for simplicity. Using the

transformation matrix (Q,Q, ), we can inversely transform the momentum arm (o, ) from the

body frame to the wheel frame.

al
ok cosd 0 —sing |’ Stl,
**% | =|sin@sing cosg cosfsing | | —- (2.14)
z) sindcos¢ —sing cos@cosg 2h
| 2]
W . sb, ) h W
Z" = —Ilsm6’+70056’sm¢—500s000s¢ e, (2.15)

where Z)' is the length variation at the front-left suspension in the wheel frame. Hence,

using (2.13) and (2.15), we can obtain_the pattial momentum arm (5, ) in wheel frame,
. Sb1 - h w
o, =|-1, smt9+700s4951n¢—500s¢9c0s¢ —(Z-2) ¢ (2.16)

Two of partial momentum arms, as'shown in equation (2.12) and (2.16), are derived in the

body
X,Y,Z

different frames. However, the external forces (F,,,), as shown in equation (2.11), are

represented in the body frame. Therefore, we should transform the momentum arm to the

body frame for calculation. Again, using the transformation matrix (Q,Q, ), we can transform

this momentum arm (o, ) from the wheel frame to the body frame,

cosd 0 —sin @ 0 — 0, sind
sin@sing cosg cos@sing | 0 |=|oc,cosfsind |-E® (2.17)
sindcos¢ —sing cos@cosg || Oy, 0,, cos@cosl

Then, the whole momentum arm (o,) in body frame can be composed of (2.12) and (2.17),

shown as follows,

| . |, +o,,sind
o -0, sm‘é’ o ‘ .

o, = # —| 0, cos0sinf | = 71—612 cosfsing |-E (2.18)
_g 0, cosgpcos —%— o, COScos O
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In the same way, the other momentum arms (o,, o,, o,) can be calculated soon.

|, +o,,siné
sh,

— 1 1
0, =|—— —0,cos0sing

_—%—022 cosgcost |

-1, +0,,snd
sh .
0y =|——>— 0y, cosPsing (2.19)
_—%—032 cos¢c050_
-1, +0,,sn60
sh, .
0, =|—5 —0,co0s0sing

- % — 04, cosgcosf

. . sb .
with o, =|-1 s1n¢9—jcos6s1n¢—gcos6?cos¢—(z - Z)]e‘z’v

o, = Izsin0—%cos@sin¢—gcosecos¢—(z —Z)je\zN

b
o, =\ sin<9+%cos@sinqﬁ—gcos@cosqﬁ—(z - Z)Je\z"’

From the above two sections, weobtain two_essential materials for the external moment,
which are the external forces in body frame and the momentum arms in body frame.

Therefore, we can derive the external moment in the next section.

2.2.1.4 External Moment Arrangement

Using equations (2.11), (2.18), and (2.19), the external moment, shown in equation (2.9),

can be expanded as follows,
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_TF 5 V3 +032Fy3cose
-1, sz10dy - g F)?IOdy -0, (Fxl cos ¢ — Fyl sin @ sin ¢) |
) _|1F£’20dy _ 2 fgdy -0, (FX2 cos § — F,  sin Osin ¢) 8
l, FZ30dy -g F)gOdy ~oy, (FX3 cos ¢~ F\ 3 sin Gsin ¢) Y
I2 szfdy _; Fffdy -0, (FX4 cos ¢ — Fy4 sinsin ¢)
ly F)t/JIOdy B % F)?lc}dy +0,, (FX1 sin g+ Fy ) sin 0 cos ¢) |

1y2 2 X2

2°y3 2 X3

| hFya T 5 Fa

Then, substituting (2.11), (2.18), and (2.19)rinto (2:20), the partial moments (M,

can be expressed as follows,

shy
M, = Sgl

+
o
[\]

2

+

+

+ o+
N T T T T
e e

+|-h sin0+%cosesin¢—hcosﬁcos¢—( Z)
+{-l mn&—%cosé’sm¢——cos€cos¢ (Z Z)

h
+ |2 mnt?—%cos@sm¢——cos€cos¢

+(|2 sin @ +

body _ sb; _body i i
LE +F +O'22(FX2 51n¢—Fy2 sm900s¢) B
(1, FR00Y | by phody (Fx3 sin§ — Fy 3 sin 0 cos ¢)

body shp Fbody +J42(FX4 sin @ — Fy4 sianos¢)

FX4 sin @sin ¢ + Fy4 cos @+ FZ4 cos @sin ¢

sbr h
22 cos@smgﬁ——cos@cosgjﬁ

lsmﬁcosqﬁ F 1sm(é+F lcosé’cosgé)
( X2 sin @ cos ¢ — Fy2 sin ¢ + F22 cos @'cos ¢)
—ﬂ(FX3 51n¢9cos¢—Fy3 sin ¢ + FZ3 cochos¢)
—(Fx4sinﬁcos¢—Fy4sin¢+ FZ4cos900s¢)
—(Fxl sin @sin ¢ + Fyl cos ¢+ F,j cos&sin ¢)
Feo sin dsin ¢ + Fy2 cos ¢+ F,, cos sin ¢)

FX3 sin @sin ¢ + Fy3 cos @+ FZ3 cos @sin ¢)

S~——

y1c0549
y2cosH
(2-9)Fppeso
(2o
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(2.20)

M,,M,)

2.21)



My =—|1 (Fxl sin & cos ¢ — Fy1 sin ¢ + le cos@cos¢)
Il(F 2smﬁcosgb F 2sm¢+F 2cosﬁcos¢)
+ |2 (FX3 sin 6 cos ¢ — Fy3 sin ¢ + FZ3 cos & cos ¢)

F 4sin6’cos¢—Fy4 sin ¢ + Fz4cos€cos¢)

+|2 X
g(Fxl cosd—F 1sm0) h(F 2cos@ F 2sm9) (2.22)
g(F 30059 F 3sm¢9) h(F 4cos0—F 4smt9 .
—({-l 51n9+%cost951n¢—ﬂcosé’cos¢ )(Fxl cos¢—Fy1 sin&singﬁ)
-l sm@—%cos@smqﬁ—hcosﬁcosqﬁ )(szcosqzﬁ—Fy2 sin&singﬁ)
- |2 s1n6—%cos€sm¢—gcosﬁcos¢ Z - (F)(:;cos¢—Fy3 siné?sin¢)
- |2 sin6+%cosﬁsin¢—gcos€cos¢ Z - ( X4cos¢—Fy4sinﬁsin¢)
( x] SinOsin ¢ + Fyl cosg+F, c05951n¢)
+1 ( w0 Sin@sin g + Fy2 cosg+F,, 0059s1n¢)
-1, (FX3 sin @sin ¢ + Fy3 cos ¢+ F, 5 cos Osin ¢)
—|2( X4sint95in¢+Fy4cos¢+FZ4cosesin¢)
Sbl(FxlcosQ lesmﬁ) Sbl( Fip cost =~ Fzsinﬁ)
% (2.23)

+T( x3 €080~ Fy3 Sm@)—%(ﬁm cosO—F, 4 sinH)

+{-I sin9+%cos€sin¢—hcos6’cos¢—( —Z) (F 1sin¢+F 1sin&cos¢)

+ —I smH—ﬂcosﬁsmgé——cosﬁcosqﬁ (Z Z) ( X2s1n¢+ Fy251n9005¢)
h
+[|2sm0—cos«95m¢—2cochos¢ (Z Z))( 3sin¢+ Fy3sin000s¢)

+ 251n9+—cosﬁsm¢—hcosﬁcos¢ (Z Z))( 451n¢+F451n6005¢)

The derivation of the vehicle rotational motion is complete here. Therefore, vehicle angular

velocity presented in body frame can be obtained by Euler’s angles.

2.2.2  Vehicle Translational Motion

Using Newton’s equations, we can clearly express the linear motion for the CG of the
vehicle body. However, we should check what terms the acceleration contains. Therefore, we

can obtain the vehicle translation dynamics.
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2.2.2.1 Newton’s Equation

The vehicle translation dynamics can be conveniently written in equations by Newton’s

equation as follows:

Myehicte * Ay = z in
Myehicle * ay = Z I:yi (224)
Myehicte * &, = z in -9

where X, Y,z represent longitudinal, lateral and vertical displacement of CG, respectively,
F, represents effective force from ith wheel in each direction, for i = 1~4 to represent a

4-wheels vehicle, m is the total vehicle mass from sprung mass and unsprung mass, and

vehicle

g is the earth gravity.

2.2.2.2 Acceleration

The acceleration contains not only Jinear acceleration along three axes, but also inertial
acceleration induced by the angular velocity and angular acceleration. Therefore, the

acceleration can be written down-as.follows,

(2.25)

where <’;1=[<’:1X,ay,<';12]T represents the acceleration in each direction, ®=[¢, 0, &]"

represents the angular velocity along each direction, and V =[X, Y, 2] represents the
velocity in each direction. Here, the vehicle angular velocity (o, , ,, ®,), shown in equation

(2.4), contains many terms of Euler’s angles. However, we assume the vehicle angular

velocity is close to the Euler angular velocity (¢, 0, € ), and two of the Euler angular velocity,

(¢,0) are smaller than the other angular velocity, (&). Hence, we only consider the

acceleration induced by the vehicle yaw angular velocity ( £), as shown in equation (2.25).

Therefore, substituting equation (2.25) into equation (2.24), we can write down the

equations of the linear motion as follows,
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Mehicte (X—-yé) = Z in
Myericie (V + XE) = Z Fy (2.26)
Mehicle (Z) = Z in -9

The derivation of the vehicle translational motion is complete here.

2.3 Unsprung Mass System

The unsprung mass, which consisted of axles, chassis, and four tires, is crucial to a
full-car modeling. Its dynamic characteristics are described in various subsystems for
expression clarity, which include wheel steering system, suspension system, tire model, wheel
dynamics and road bank condition. The dynamics of these subsystems are first discussed

individually and put back together via physical principles and Euler angle transformation.

2.3.1 Wheel Steering System

Figure 2.5 Ackerman principle

The Ackerman Steering principle is to ensure a vehicle can be smoothly cornering. As

shown in figure 2.5, the vehicle, turning slickly around the instantaneous center (IC), has the
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different angles at the outer and inner tire. This principle specifies the angle relations between
steering wheel angle, inner tire angle and outer tire angle [9]. The equation from the simple
geometry in figure 2.5 can be written as follows:

sb,

—-cotd,, . =—— (2.27)

COt5 inner | + |
1 2

outer

where o

outer

is the steering angle of the outer tire, 0. is the steering angle of the inner tire,

nner

sb, represents the front tread width, and |, represent the distance from the CG to the

front/rear axle.

After each tire angle is specified, the adhesive force generated by tires [15] [16] can be
transformed from the wheel frame to the body frame. These force outputs are then fed into

equations (2.8) and (2.26) for further derivation.

F,, = F, coso, — F;sind,

F, = Fysind, + Fy cosd, (2.28)

where &, is the steering angle of the ith tire, F,, is°the longitudinal/lateral tire force of the

ith tire, for i = 1~4 to represent 4-wheels."Addifionally, this full-car model is set front-wheel

steer (0; =0, =0).

2.3.2  Suspension Force

Without losing much generality, a spring-damper system is considered for the vehicle
suspension system. Most of the suspension-modeling works assume linear operations.
However this assumption is likely to be erroneous in rollover incidence since a rollover
usually accompanied with suspensions lift-off on one end and reach compression limits on the
other end. The suspension at the lift-off end generates force to balance its own wheel weight
and produces no net force on the vehicle body. The suspension on the other end reaches its
maximum compression limit and the output force gradually saturated. For these reasons, the
spring coefficient is modified to be nonlinear to handle these extreme cases. From the figure

2.6, the equations of suspension force can be written as follows:

20



in = KHI + DdamperHi + muig (2 29)
Z:MZHi
with K =Ces"
H = H,, for H, <-m,g/K
" l-m,g/K, for H, <-m,g/K

where K represents spring stiffness coefficient; C_, m = 1, 2, 3 for nonlinear spring

m?

stiffness modeling, D represents damper coefficient, m, represents unsprung mass

damper
from each tire weight and H, represents spring compression at ith wheel. Lastly, the mean

value of the displacement from each suspension is the vertical displacement of the

unsprung-mass system.

The calculation of the spring compression at each suspension mainly focuses on the
height induced by the vehicle pitch and roll motion. As discussed before, this induced height
has been shown in equation (2.16),-However, when considering the equation (2.16), we set the
origin at the edge of the vehicle body. At this moment, we should set the origin at the bottom
of the suspension system, shown in figure-2.6. In this-regard, we will not consider the height
(Z) of the CG, because of concerning the-spring compression. Therefore, the spring

compression at each suspension can be.written down as follows,

The part of Vehicle

o =
¢

(wheel frame)

Figure 2.6 Diagram of the passive suspension system
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: sb : h
I, s1n6?—71005051n¢+Ecosﬂcos¢— z

. sb : h
|, sin@+—Lcos@sing +—cosfcos¢p—z
= gb 2h (2.30)
-1, sin6’+7200s6’sin¢+Ecos@cosqﬁ— z

ITTITI

AW~

sb
—1, sin0—Tzcosesin¢+gcosé?cos¢— z

Additionally, suspension forces will cause the deflection of tires and change the radius of

tires. Therefore, we should consider this variation in radius for further derivation.

F.
r,=r,——-~= (2.31)

vertical

where r, is the effective rolling radius of ith tire, r; is the real radius of ith tire, and

Klenicar 18 the tire vertical stiffness.

2.3.3 Nonlinear Tire Model

The study of the tire model in‘previous research can be classified into three approaches:
empirical, physical, and hybrid model [17]. In this thesis, we use the hybrid model, which is
named the magic formula tire model [15] [16], for its accuracy. The forces generated by the
tire are obtained from the magic formula tire model and associated tire parameters, used in
this simulation, are excerpted from Feng’s dissertation [7]. This nonlinear tire model takes the
vertical loads to identify tire parameters, and uses slip ratio, slip angle, and tire parameters to

get tire forces. In this section, the construction of the nonlinear tire mode will be described.

2.3.3.1 Pacejka’s Magic Formula Tire Model

From [15] [16], the magic formula tire model is shown as follows:

F, =D, sin{C, tan"'[B A~ E,(B,a —tan"'(B, 1) 232
F, =D, sin{C, tan”'[B,a - E, (B, f — tan"'(B, '

where F,, represent the longitudinal/lateral adhesive force, A is the slip ratio of the tire,

a is the slip angle of the tire, and B,C,D,E represent the associated tire parameters.
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Additionally, the slip ratio is defined as the respective speed difference between the tire and
vehicle at the each side. The slip angle is defined as the respective angle difference between
the tire and vehicle at the each side. These two physical quantities are both induced by the

frictional coefficient of the road, and are the best suitable parameter of the tire force.

According to the magic formula, the tire longitudinal and lateral forces are functions of
slip ratio, slip angle and tire parameters. Moreover, tire parameters change with vertical loads
and thus they need to be calculated in real-time. Additionally, the tire “self-alignment torque”
and “longitudinal-lateral force coupling” effect, mentioned in [15] [16], are neglected in this

simulation for simplicity.

However, the lateral force has the other component, mentioned in [7], are also considered

in this thesis. Hence, the total lateral force can be expressed as,
F, = D, sin{C, tan"'[B,a —E, (B, 8 - tan™ (B, )|} + 7 (2.33)

where y is the respective coefficients from the'camber thrust, and ¢ is the Euler roll angle..

Additionally, the camber thrust is; assumed- linear respect to the Euler roll angle for simplicity

[7].

2.3.3.2 Slip Ratio and Slip Angle

As discussed before, the slip ratio depends on the vehicle speed and the tire speed in the

longitudinal direction. Hence, the slip ratio is expressed as follows,

r,o, —V; cosq,

1 =
' max{r,®,,V, cosa, |

ei i

(2.34)

. . Sb . . .
with V) = (k=Sré)el +(y+1,£)el
V, = (X + 24 1 (g -1 6)e"
2 2 X 1 y
. sz W . NaW
V,=(x+528)e, +(Y-1,8)e
. sh, . . .
V, =(x=32é)ey +(y-lé)ey
where r,; is the effective rolling radius of the ith tire, @, is the ith tire angular velocity, and

V, is the vehicle speed at the ith side. Additionally, when choosing the tire speed (r,,) as
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the denominator, it means the vehicle does the tracking maneuver. Furthermore, when

choosing the vehicle speed (V, cosq;) as the denominator, it means the vehicle does the

braking maneuver.

As discussed before, the slip angle value depends on the tire attitude and vehicle attitude.
The tire attitude contains steering angle, sideslip angle, roll steer, kingpin inclination etc.
However, in this thesis, the slip angle only considers the steering angle, sideslip angle, and

roll steer. Therefore, the slip angle is expressed as follows,

a, =6, —tan”' B, — Kk, (2.35)

with B =(y+lax-2s)"
B, = (Y +16)(x+ 2 )"
By = (J-1&)(x+ 2 )"
B =(-1,6)(x -2 8)3

where f; is the side slip angle-at Ith tire;;and x; is:the roll steer coefficient. Additionally,

we assume the roll steer angle, induced by thevehicle roll motion, is also linear respect to the

Euler roll angle for simplicity [7].

2.3.4 Wheel Dynamics

Figure 2.7 Diagram of front-wheel free-body

24



As shown in figure 2.7, the spinning wheels are accelerated by motor torque and

decelerated by both braking torque and adhesive tire forces.

Luneet @ = —T:Fy = T + T

i'ai brake,i

(2.36)

motor ,i

where | represents moment of inertia of the tire, @, represents the angular rate of the

wheel

each tire, r. represents the effective rolling radius of the each tire, T

| brakei TEpresents the

braking torque acting on the each tire, and T represents the motor torque acting on the

motor ,i

each tire. Additionally, this full-car model is set front-wheel drive (T, =T =0).

motor,3 motor,4
Thanks to the equation obtained for wheel dynamics, we are able to link wheel angular

velocity with the power train system, braking system and adhesive tire force all together.

2.4 Road Condition

As shown in figure 2.8, the‘road bank condition, which include curves and slopes of
roads, are introduced into the vehicle dynamics modeling by inserting a “road frame” in

between the conventional “global frame’-and;“body frame”.

B ] b c
a) & road sideline ) )
(body frame)
B
ey road ez
+ road
YA
ES Y (road frame)  (road fram \ road frame)
y / Vi G
v ~,’ G
/ R G E ) z
OX ‘/V\f - /‘/\groad Ex EyG mvehlcle g EG l
! X
(global frame) (global frame) ¢road groad (global frame)

Figure 2.8 Vehicle motion in the three road conditions. a) the relationship between vehicle yaw angle (€) and road
yaw angle (€r0ad), b) the vehicle motion on a slop, c) the vehicle motion on a downward

These road curvatures can be intuitively described by the three Euler angles (&4,

Proag > Oroag ) TOr the coordinate transformation. Since the rollover incidence is declared by the

vehicle roll angle relative to the road level, it is reasonable to express the vehicle dynamics in
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the road frame, instead of global frame. Moreover, the gravity g is the only external force

that is fixed to the global frame. Therefore, the forces induced by road bank angles and

represented in road frame can be obtained as:

road
F, 0
road | _ road ~ road ~ road
Fy - Qg Q¢ 14 m 0 g
- road — venicle
: (2.37)
— Mygpicie (_ sin Hroad COS &y +COS eroad sm ¢road S & pqq )

- mvehicle g S eroad sm groad +cos eroad sin ¢road COs groad
- mvehicle gcos groad COs ¢road

COSEppyg SNEryy O
: road __ .
with Q. =|—sin&,y COSEy 0
0 0 1
1 0 0

d .
nga =10 cos ¢road sin ¢r0ad
_O —sim ¢road COs ¢road

[cosb,,, 0 —siné,
goad — 0 1 0
0 cosé

L s eroad road

where Fx“;ag represents effective forces induced by the road conditions and represented in

the road frame and Q;?;‘; represents the transformation matrix from the global frame to the

road frame.

The vehicle linear motion, as shown in equation (2.26), is derived in the body frame.

F road

vy ) are represented in the road frame. Therefore, we should

However, the effective forces (

transform the vehicle linear motion to the road frame for calculation. Again, using the
transform matrix, the vehicle linear force, shown in equation (2.26), can be transformed to the

road frame as follows,

-1

cosg, sing, O | F, Fqicose, —F sing,
—sing, cose, O |F,;|=|F;sing +F,cose, (2.38)
0 0 1 0 0
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where ¢&,, shown in figure 2.8a, represents the relative yaw angle between the vehicle yaw
angle (&) and the road yaw angle (&,,,, ). Then, the acceleration, shown in the equation (2.25),

can be rewritten as follows,

a‘road — (X road yroad éroad kroad + (y road + )-(road éroad kroad + (Z road kl’oad (239)

X y z

—_—

where a™ represents the acceleration of CG in road frame, and (X,Y,z)™ represent

longitudinal, lateral, and vertical displacement of CG in road frame. Therefore, using
equations (2.37), (2.38), and (2.39) by Newton’s equation, we can rewrite the vehicle linear

motion in road frame as follows,

{; road - road - . road
Myenicte (X -y Eoad ): z in coség, — Z I:yi sinég, + Fx
Menicte (y road 4 g g )= z F,sing, + Z F, cose, +F/ (2.40)

road
<;road road
MepiceZ ™ =D Fy +F,

vehicle

Additionally, the road yaw rate (&,,, ) can be approximated by the vehicle longitudinal

velocity in road frame and the curvature of the road centerline [13]. Hence, the road yaw rate

can be approximated as follows,

&g =X p (2.41)

road

The full-car modeling discussed in this paper is thus completed. The validation of this full

car model will be discussed in the section 2.6.

2.5 Summary

Here, we summarize the main function of the full-car model for convenience. Using
equations (2.36) and (2.40), we can get vehicle translation dynamics and associated equations,

as follows,

y; road - road - _ . road
Myehicte (X =Y E )— D Ficose, — Y Fsing, +F,

+; road o road _ . road
Mepicle (y + X € ad )— Z F,sine, + Z Fyi cosg, + Fy

5o road
mvehicleZ - z in + I:z
Lheer @ =T Fy =T,

(2.42)

+T

brake, i motor, i
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Then, taking equations (2.28), (2.29), (2.32), (2.33), and (2.37) as the assistance, the vehicle

linear motion can be clearly expressed.

Using the equation (2.9), we can get the vehicle rotational dynamics, as follows,

$—&sin0 = 0cos O +

-1, . :
'\I/lx z y(gcos¢+écos€sin¢X—95in¢+écos€cos¢)

0 cos g+ & cosOsin ¢ = Opsin ¢ + £0'sin Osin ¢ — £pcos O cos ¢ +

M Il —1. . .
I—y—%@ﬁ—ésin@X—6’sin¢+écosé’cos¢)
y y
—@sing + & cosOcos g = Opcosp + £0sin O cos ¢ + £ cos Osin @ +

M, I,-1,

z —

z z

(2.43)

(¢5 —£sin 6’X9005¢ + £cos@sin ¢)

Then, taking equations (2.21), (2.22), and (2.23) as the assistance, the vehicle rotational

motion can be clearly expressed.

2.6 Full-Car Model Validation

Now, we can not verify the validation of this*full-car model, as result of the enormous
experimental data. The production of the detail experimental data is needed time and cost.
However, we are unable to find that this detail data is available. Therefore, the validation of

this full car model will be verified by experimental data in future, if this detail data is in hand.

2.7 Conclusions

The developed nonlinear vehicle model, contained 21 system orders, is addressed in this
chapter. Using Euler transformation, the relationship between dynamic frames is obtained,
and then, sprung mass system and unsprung mass system can be incorporated. Additionally,
we bring the road condition into the full-car model to obtain the vehicle dynamics induced by
the road conditions and the vehicle roll angle with respect to the road surface. In this way, the
full-car model presents more accurate simulation with the real vehicle. Furthermore, the

derivation of this full-car model does not aim at some special kind of the vehicle. Therefore,

28



this methodology can be widely applied to four-wheel vehicles with different dynamic

characteristics.

29



Chapter 3
System Observability of Full-Car Model

The states observability matrix can reveal the connections between system states and
system outputs. Therefore, it is possible to employ this technique to discover the connections
between each vehicle dynamics. Owing to the conventional observability matrix is inadequate
for the vehicle rollover dynamics, we proposed a novel nonlinear observability matrix and,

based on this matrix, the feasibility of neglecting vehicle pitch motions is discussed.

The unsuitability of the conventional observability matrix is described briefly in section
3.1. Under our demands, a novel observability matrix is proposed in section 3.2. Based on the
simulation results, as shown in section 3.3, the integrated yaw-roll model is developed in

section 3.4.

3.1 Nonlinear Observability Matrix

Most of the conventional observability matrix‘techniques discuss the system observability
around equilibrium points [30]. They need lots of math derivations but are only applicable to
a small operation range. The rollover incidence encounters a large roll angle variation and 21
system states. Therefore, it is impractical to construct a nonlinear observability matrix based

on conventional methods.

Hahn J. and Edgar T. [11] proposed a new covariance matrix for the observability of
nonlinear systems. This approach computes the observability grammian around system
equilibrium points by applying perturbations on states initial conditions. And next, the
observability grammian matrix corresponding to each initial condition is summed up, which
makes it a covariance matrix in essence. This approach employs the concept of covariance
matrix for the system observability. Unfortunately, it is only suitable for the small operation

range.
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3.2 Novel Observability Matrix along a Trajectory

Extended from the covariance matrix discussed previously [11], we proposed a novel
system observability matrix that is applicable to a nonlinear system with a large operation
range. In this approach, the observability grammian in [11] was replaced with the states
covariance matrix. Furthermore, the calculation of states covariance matrix is performed

along a trajectory, instead of at equilibrium points.

The proposed states covariance matrix along a trajectory can be calculated by the

following steps.

1. Choose a trajectory of interest and along this trajectory, many distinct operation points are

specified. These operation points are treated as the states initial conditions for simulation later on.

2. The perturbations are applied to each operation point as the initial conditions for numerical

simulations. States covariance matrix can be calculated for each operation point.
3. Repeat the Step 2 for each operation.point along the trajectory.

4. State covariance matrix obtained from each operation:point is summed up and normalized for the

final outcome.

This approach takes advantage oficomputer computation power to replace intensive math
derivation, which makes it particulatly suitable for a complicated nonlinear system with a
wide operation range. However, the development of this method is not fully completed yet.

More theoretical work is still on the way to ensure its feasibility.

3.3 Negligence of Pitch Motions

Table 3.1 shows the covariance matrix of the system along a stable trajectory. When
comparing the numbers shown in “roll angle” column, we find relative small values in pitch
motion and vertical motion, which imply that these two motions have less effect on the roll
angle. The vertical motion can not be neglected in this case because it does play an important
role of the CG lifting in a rollover incidence. The simulation fails to indicate its importance
because the trajectory in this simulation is a stable one and does not involve much vertical
motion. Therefore, if the order reduction must be made to the vehicle system, the vehicle

pitch motion should be firstly considered.
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~ & & 0 0 ¢ ¢ ~
X 0.0716  0.0503 -0.1112 -0.0343  0.0658 -0.0084
X 0.0072  0.0647 -0.0596 -0.0517  0.3201 -0.0288
y -0.2036  0.1784  0.1091 -0.0396  0.2200  0.0146
y -0.3204 -0.0339  0.1580 -0.0385  0.1203  0.0598
z 0.0563  0.1083 -0.8329  0.0077  0.0138 -0.0010
7 -0.0156  -0.0115  0.0070  -0.8555  0.0267 0.0756
& 1 01372 -02161 0.0272  0.0535 -0.0314
& 0.1372 1 -0.1628  0.0213  0.0980 0.1574
0 -0.2161  -0.1628 1 -0.0189  0.0372 -0.0140
0 0.0272  0.0213  -0.0189 1 -0.0211 -0.0514
¢ ~ 0.0535  0.0980  0.0372 -0.0211 1 0.0035 ~
é ~ -0.0314  0.1574 -0.0140 -0.0514  0.0035 1 ~
€ rons -0.0076  0.0547  0.0977 -0.0153  0.0202 -0.0012
o, -0.2016  -0.2075  0.1914  0.0576  -0.0586 -0.0267
o, -0.2453  -0.1590  0.2494  0.0332  0.1266  0.0465
;s -0.1213  -0.0261  0.0383  0.0238  0.1578  0.0867
o, -0.3126  -0.2553 .,:02106  0.0315 -0.1380 -0.0782
H, 0.1301  0.1468  0.1392 '+-0.1149  -0.2464 0.1154
H, -0.1569  0.1761 1 0.3201. -0.0898  0.2468 -0.0638
H, 0.4227 =03330 -0.2791 -0.0034  0.4001 0.0164
H, -0.4187 #=0.3284 0:2091 = 0.0288 -0.4052 -0.0023

Table 3:1 States-covariance matrix in partial part.
(subscript 1: front-left side#2: front-right side, 3: rear-right side, and 4: rear-left side)

3.4 Integrated Yaw-Roll Model

To obtain a simplified vehicle model, the vehicle pitch motion is neglected from the

full-car model. The vehicle pitch motion (@, ), as shown in equation (2.4), contains many

terms other than Euler pitch angle (6). However, we chose to neglect the Euler angle (&),

instead of the vehicle pitch angular velocity (@, ), for simplicity for now. From equations

(2.8), rotational dynamics of the full-car model can be deduced to the following.

¢=—>- (éz sin¢cos¢)

) 3.1
é= M, IXI_ E (&écos¢) sin¢+[|\l/|Z - |y| g (&ésin¢)jcos¢

z z
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The simplified vehicle model, with equations (3.1) for rotational dynamics, is named
“integrated yaw-roll model” in this thesis. Additionally, the integrated yaw-roll model is
considered as the real vehicle in this thesis. In the following section, the construction of the

vehicle rollover prediction system will be based on this integrated yaw-roll model.
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Chapter 4

Vehicle Rollover Prediction System

The proposed prediction system manages to incorporate an observer-based estimator.
However, it is extremely difficult to construct a nonlinear observer for the full-car model,
even for the integrated yaw-roll model. Owing to that, we proposed a novel separated
yaw-roll model to reduce the intensive math derivation in the subsequent observer design.
Furthermore, two observers work with suitable sensor measurements and compute in the
ADI-like scheme. With this separated yaw-roll model and this switching observer scheme, we
are able to estimate every vehicle states accurately. Additionally, the stability and convergence

analysis of this switching scheme is also represented in this thesis.

As discussed before, the response of a dynamic system can be well described by a precise
system model and associated initial conditions. In this thesis, we took the integrated yaw-roll
model to accompany with the real-time vehicle states, which are estimated by the switching
observer scheme. Therefore, we-are able to.cotrectly predict vehicle states in the future time.

Additionally, this prediction method presentsasstrong evidence for a rollover occurrence.

Section 4.1 represents the separated yaw-roll model. The organization of the switching
observer scheme is introduced in section 4.2, and the stability and convergence of that is
presented in the next section. The suitable sensor and the suitable nonlinear observer are
chosen in section 4.4 and 4.5. In the last section, the procedure of this whole system will be

described briefly.

4.1 Separated Yaw-Roll Model

The novel separated yaw-roll model was obtained by breaking the integrated yaw-roll
model into two subsystems, while preserving all the dynamics in the integrated yaw-roll
model. As shown in the integrated yaw-roll model, Appendix A, the lateral force is present in
both yaw dynamics and roll dynamics. To avoid the same states appearing in two sub-models,

the lateral dynamics is ascribed to one model and the resulting lateral acceleration is
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considered as the input to another model. With these arrangements, the integrated yaw-roll
model is readily to be broken into two sub-models which are named “yaw model” and “roll

model” in this thesis.

w b)
€ (wheel frame) ef’ e A
/ e

Figure 4.1 Comparison of the full-car model and separated yaw-roll model. a) diagram of the full-car model (in the
light gray) and the yaw model (in the dark gray) b) diagram of the full-car model (in the light gray) and the roll model
(in the dark gray)

4.1.1 Vehicle Yaw Model

The vehicle yaw model contains four degree-of-freedoms, which are longitudinal
dynamics, lateral dynamics, yaw dynamics and wheel angular rate. The steering wheel angle,
motor torque and brake torque, which originally considered as inputs to the integrated
yaw-roll model, are treated as inputs to the yaw model. From some assumptions shown as

followings, we can extract the vehicle yaw model from the integrated yaw-roll model.

® As discussed before, the Euler pitch angle (6) and Euler pitch rate (6) are
neglected.

® The vehicle states associated with the vehicle roll model are considered as inputs to

the vehicle yaw model.

® With neglecting the vehicle pitch motion, we are able to consider only two tires

(front and rear tires) in the integrated yaw-roll model for the vehicle yaw modeling.
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® From the 3™ assumption, we consider to set two imaginary tires, which locate

individually in the middle of axles, as shown in figure 4.1a.

® From the 4" assumption, variables of imaginary tires, such as the tire slip ratio, tire
slip angle, tire steering angle, etc., are set the mean value of left and right tires,

which originate from the full-car model.

® From the 4™ assumption, the geometry parameter, the tread width of the vehicle, is

set as zero. (Sb, =sh, =0)

According to above-mentioned assumptions and equations (2.40) and (3.1), the dynamic
equations of the yaw model are rearranged as follows:

é=[¥_lxl;lz(¢fécos¢)]sin¢+(l\:lz - 'y I_ s (&ésin¢)]cos¢

¢; road - road - . road

mvehicle (X - y €road ): z in cosé, — Z I:yi SIn &, + Fx (4 1)
+5 road s road - . road

mvehicle(y +XE ): Z Fsing, + z F,cose, +F,

road

M, =-1,(F, sing+ Fycosp)+ (= Fysing + F,, cosg)

y

ith
wit _%(Fxl + sz)—(—%cos¢—(z = 2)\F,cosg+F,, COS¢)

M, =1,(F,, cosg +F, sing)=I,(F,cos g+ F,, sing)
+ (—%cosqﬁ—(z —2)[E, sing+F,; sing)

where the subscripts of tire forces (F;), “1” and “2”, represent the front and rear of two

imaginary tires. Then, the derivation of the yaw model is competed.

4.1.2 Vehicle Roll Model

The roll model contains three degree-of-freedoms, which are vertical dynamics, roll
dynamics and suspension dynamics. The lateral acceleration is treated as the input to the roll

model.

® As discussed before, the Euler pitch angle (#) and Euler pitch rate (&) are
neglected.
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® The vehicle states associated with the vehicle yaw model are considered as inputs to

the vehicle roll model.

®  With neglecting the vehicle pitch motion, we are able to consider only two tires (left

and rear tires) in the integrated yaw-roll model for the vehicle roll modeling.

®  From the 3™ assumption, we consider to set two imaginary tires, which locate in the

middle of right end and in the middle of left end, as shown in figure 4.1b.

® From the 4™ assumption, the nonlinear spring coefficient of the vehicle roll model is

modified two times stiffer than that of the full-car model.

® From the 4™ assumption, the geometry parameter, the wheelbase length of the

vehicle, is set as zero. (I, =1, =0)

According to above-mentioned assumptions and equations (2.40) and (3.1), the dynamic

equations of the roll model are rearranged as follows:

. I\I/IX _'ZI;IV(g'Z sin¢008¢)

X X

5 road
mvehicleZ = Z in + I:z

4.2)

with M, = FZI(STblcos¢+%sin¢j+ Fzz(—%cos¢+%sin¢)+(— Z-)F, +F,)

where the subscripts of tire forces (F,), “1” and “2”, represent the left and right of two

imaginary tires. Then, the derivation of the roll model is competed.
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Figure 4.2 Dynamic responses of two models (thesintegrated yaw-roll model and the separated yaw-roll model) in
the general case
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4.1.3 Separated Yaw-Roll Model Validation

The validation of the separated yaw-roll model should be verified by the experimental
data. As discussed before, we are unable to find the available data of the vehicle. Owing to
that, we assume the integrated yaw-roll model has the accurate dynamic maneuver. Then, we
design two simple driving maneuvers to compare with the dynamic response of the integrated
yaw-roll model and the separated yaw-roll model. The comparison of simulation results will

provide the evidence for the feasibility of the separated yaw-roll model.

In figure 4.2 and 4.3, the plot is arranged in the following order: longitudinal velocity in
the upper left, lateral velocity in the upper middle, vertical velocity in the upper right, yaw
rate in the lower left, roll rate in the lower middle, and roll angle in the lower right.
Furthermore, the integrated yaw-roll model outputs are drawn in solid-blue lines, and the

separated yaw-roll model outputs are drawn in dash-green lines.

As shown in figure 4.2 and 4.3, two dynamic responses are going in the same maneuver.
Therefore, with these two simulation results;.we can verify the validation of the separated
yaw-roll model. Additionally, in‘the.next section, we will use mathematical proof to show the

stability of the separated yaw-roll model,-and obtain the other evidence for the validation.

4.2 Switching Observer Scheme

After obtaining two subsystems for the separated yaw-roll model, the observer is
constructed for each subsystem, respectively. These two observers work under a “switching
scheme” in each simulation time step, which means, holding one subsystem when the other
subsystem is doing the calculation. Although the separated yaw-roll model and integrated
yaw-roll model possess the same system dynamics, the observer construction is indeed a lot

simpler for the separated yaw-roll model accompanied with switching observer scheme.
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4.2.1 Error Source

As discussed before, the proposed separated yaw-roll model is doing a switching scheme
similar to conventional ADI methods. Therefore, same as the ADI method, the pertinent error

can be attributed to two sources: switching time step error and round-off error [14].

The switching time step error mainly comes from the deviation generated by the high
frequency content of the dynamic model, and this deviation propagates from one computation
phase to another computation phase [14]. The round-off error is due to the discretization error
and the digitization error [25]. The discretization error comes from the numerical
approximation of a continuous-time function, which is needed for the computer numerical
processing, and the digitization error comes from the finite length of digits. Therefore, the
switching time step error largely depends on the switching time between two phases, and the
round-off error largely depends on the computer hardware setup and the numerical method

utilized to approximate a continuous-time differential equation.

In this thesis, we discussed the stabilitysof this, switching computation scheme for two
cases. One employed “explicit *Euler method” and the other one employed “Runge-Kutta
method” as the accompanied numerical methods. At-the end, the “Runge-Kutta method” is

adopted for the vehicle rollover computer simulation‘in this thesis.

4.2.2 Preliminaries for the Stability Analysis of Switching

Computation Scheme

Consider a nonlinear ordinary differential equation shown below.
x = F(x(t)) (4.3)

where xeR", F:R" > N", and 0<t<T. The above equation can stand for many
nonlinear autonomous systems at the finite time. By separating the states into two groups, we
can break down a complicated nonlinear differential equation into two sets of differential

equations.

F(x(t)) = F,(x, (1), X,(1))+ F, (x, (1), X, (1)) (4.4)
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where X(t) =[x, (1) x,O]", X €R™, X, eR"™, F:R" >R" and F,:R" >R"".
Instead of using equation (4.3), the exact states values can be obtained from the following

equation.

Xine = Xip T J.:H Fl (Xl (®), X, (t)) dt

- 4.5)
=Xon t A F, (Xl (0, X, (t)) dt

X

2,n+1

where X;(t) is the states value at time t, Xx;

i,n

represents the value of X;(t) attime t=t,,

X represents the value of Xx;(t) at time t=t t. =t,+7, and 7 is the switching

i,n+1 n+l o

time interval. One thing to be noted, up to this point, we have not made any approximation or

simplification for the differential equation calculation.

In this thesis, we solve equation (4.5) by an ADI-like method in order to estimate the
system (4.3). Following the ADI-like method, two simpler functions can be seen as two space
dimensions, and operated in the switching scheme.to simulate this system. Additionally, this
method reveals that the computational proeess activates alternatively in one dimension, and is
called the locally one-dimensional (LOD) method. The link between the ADI-like method and
the LOD method can govern step-by-stéprconvergence stability for this system.

4.2.3 Stability Analysis for “Explicit Euler Method” Approximation

In order for computers to calculate above differential equations, we need to approximate
the continuous-time function and integral operation by suitable numerical methods. Here, we
use a simple “explicit Euler method” to approximate equation (4.5) as to focus on the
switching computation scheme for the stability analysis work. At the end of this section, we
shall show that the local deviation between solutions, obtained from explicit Euler method
accompanied with switching computation scheme and from explicit Euler method without

switching scheme, decreases as time goes.
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Proof:

By doing the Taylor series expansion on equation (4.5), we have the following equation.

=X, +7-F (xl,n Xa )+ O(r?)
=X t7T- F, (Xl,n+1’ Xon )+ 0(72)

X

1,n+1

(4.6)
X

2,n+1

Therefore, by neglecting the high order terms, we can have the following equation for the

“explicit Euler method” approximation.

Xl,n+1

anpl = Xon + T Fz( Xinso Xz,n)

_X +T F(ln’xz,n) (47)

x|

Where X, is the true states value, at time t, of the differential equation (4.6) that has been

approximated by explicit Euler method. Then, the perturbed switching computational process

for equation (4.7) can be written as follows as to obtain the solutions as close to X, as

possible,

(4.8)

where ¢, represents the perturbations during computation, and which mainly comes from
the round-off error at time t=t,, X;, is the estimated value of X;, at time t=t by

i,n

switching computation scheme. Subtracting (4.7) from (4.8), we have the following,

)_ Fl(Yln’Xz,n)]—i_T'é‘l,n

Eip =& TT [F( Xin
Eann = Expn T r-[F, (X TR ) Z(Xl,n+19 Xan )] +tT 52,n

(4.9)

where the error (&,) is defined as the difference between the estimated state ( X; ) and the state
(X;). By assuming F, is continuous at (X;, X,), according to the mean value theorem, we

can have the following results for a,b e (0,1).

Fl )A(l,n > )A(z,n )_ Fl (Yl,n » X2,n )

=F )A(l,n’)A(z,n)_ Fl(il,no)zz,n)+ Fl()_(ln’)?zn)_ Fl(iln’YZn) (4.10)
= o Fa R, T (1) %Ry )10+ 5 (KD Ry + (1-D) %, ) 65,
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Therefore, by substituting (4.10) into (4.9), the error ¢, ., can be rewritten as follows,
Enn = En YT (AL En + Aan €0+ 70, (4.11)
Al,xl,n = aixl F (a ) )’Zl,n +(1-a)- Xins )A(z,n)
A1,x2,n = 8% F (Xl,n , b )A(z,n +(1-b)- Xon )
Similarly, we can write down the equations for ¢, .,
Expnt = Ean TT (A i € T Ao €001+ 705, (4.12)

0 " — "
Az,xl,n = Wl Fz (C : Xl,n+1 + (1 - C) ' Xl,n+1 5 Xz,n )

0 - " _
Al,x2,n = @ Fl (Xl,n+l , d- Xon T (- d) “Xon )

Again, F, should be continuous at (X,, £,)and c,d € (0,1).

Now, we want to eliminate &, | inthe (4.12) by equation (4.11),

g2,n+1 =T AZ,xl,n ’ gl,n + (1 + 7 A2,x2,n) £ ‘92,n + T 52,n + O(Tz) (4 1 3)

Again, neglecting the high order terms of time ‘step, we can rearrange (4.11) and (4.13) into a

matrix form.
E..=AE +7-D, (4.14)
En = [gl,nﬁ gz,n]T

_ l+z- Al,xl,n U Al,xz,n
An | 7 Az,xl,n I+7- Az,xz,n

Dn = [51,n7 52,n]T
To find out the bound for the stability, the following matrix norm is introduced here.

|E

=|A,-E,+7-D,| (4.15)

n+l1

Therefore, from Cauchy-Schwarz inequality, the local error bound with perturbations can be

derived from (4.15),
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(4.16)

where D is the maximum bound of perturbations, and ||Dn|| < D. Because the perturbation
(0) has noting to do with the error ( E,) propagation, we can find out a proper switching time

step (7) to facilitate ||An|| , <1. Therefore, the switching computation scheme can be stable.

O

The proof shown above only reveals the stability of this switching computation scheme,
but not the convergence properties [14]. That is to say, the proof so far only guarantees that
the error between switching computation value and discrete time system, shown in equation

(4.6), does not grow. However, it does not say how accurate the estimated states X; ,can be

close to X

in»

let along X, ., which is the exact states value of the differential equation. It is

i,n>

obvious that for X, to be close t0 X

- the'solution obtained from numerical approximation

method (X, ) must be close to- X; . and as accuraté as possible. For that reason, we use

“Runge-Kutta mthod” to approximate a confinuous-time differential equation. The related

stability issues are discussed in the following section.

4.2.4 Stability Analysis for “Runge-Kutta Method” Approximation

In this section, we provide the stability analysis of the switching scheme based on the
Runge-Kutta method, which is adopted for the vehicle rollover simulations in this thesis. As
shown in previous research that a high order Runge-Kutta method can guarantee the
convergence of a nonlinear differential equation, we then assume no discretization error for

the following proof work.
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Proof:

By assuming the solution obtained by the Runge-Kutta method can be arbitrary close to

the integral operation, the switching computational process can be written as follows,

Kina = J.M X (t) in)dt

(4.17)
Kynsl = J-M Xins1o X (t)) dt

As different from previous, the X;, means the estimated value of x;, at time t=t  with

perturbations. In the above equation, we can see that when one state is active, the other state is

inactive, and vice verse. Then, subtracting (4.5) from (4.17),

Einy =& T J:M F (Xl (t), )A(z,n ) dt - J:M F (X1 (0, X, (t)) dt

tn+1 A tn+l (4 1 8)
Eynat =&n T X F, (Xl,nﬂ’ X, (t)) dt - X F, (Xl (1), x, (t)) dt

where the error (¢&;) is defined the difference between the estimated state ( X;) and the exact

state (X;).The last two terms of equation (4.18) can be processed as follow,

R (0 (0, R, )= F (4 030) dt
- J-M F (%, (D), X ) F (Xl (), X, )"‘ F (Xl ®), X, )_ F (X1 (1), X, (t)) dt
= [ R0 0, o) B0, 30, ) dt+ [ (6 0, 3,0 )= R0 (0, 0)

=& 0T E0n

(4.19)

Ell,n = J.:H Fl (Xl (t)’ )}Zz,n )_ Fl (Xl (t)= Xz,n ) dt

Fon = [ F (X %, )= F (%, (0, X, (D) dt

where £, represents the intermediate states error during the switching scheme, for
i =1~2. From the dynamics viewpoint, &, represents the convergent rate for the states
error, and &, represents for the computation accuracy or perturbations. Therefore, we can
separate errors into two terms, which represent &, and £,, in (4.19), and discuss,

respectively.

45



Firstly, using the mean value theorem, we can obtain more information of the error

(Ell,n )

Eun = [ R0GO, R ) R0 0, 3, )t

= I"” O (x,(t), e)-¢,, dt (4.20)

sl
— &, - jt n a—‘iz F,(x, (1), e) dt

where F is continuous at (X,,, X,,) and € E(O,l). Furthermore, with assuming the

2,n°
Runge-Kutta method can obtain the numerical solution close to the exact solution of above

equations, and linear respect to the time step (7 ), we can rewrite (4.20) as follows,

— tn+l a
Eiin = € J‘t @Fl (Xl (1), e) dt
=&yn 16, (X, X,)

4.21)

where G, represents the exact solutionpof-the integral operation shown above, which is

obtained by the Runge-Kutta method:

Secondly, for obtaining the expansion of‘the error (£, ), we let the upper bound (t,,,) to

be a variable (o ), and we can rewrite the'error (&, ) as follows:

Fian = [ F(x (0, %)= F (3,0, %, (D) dt (4.22)

Using the Taylor expansion around o =t , we can expand the error (&, ) as follows,

Enn = [ RGO, %0 )= F (0, (D) it
=0+ (0 —t,)-[F,(x,(0), X,,, )~ F.(x,(0), X, (0))]2Z

—1 ( t ) X |:5X l(Xl( )’ Xz)”) ax2 I(Xl (U)o XZ (O-)) (423)
2 = n ’
60 | (Xl (O ), X2,n )— _6X1 Fl (X1 (J), X (O'))

+0((c-t,)")

Then, we set the upper bound is t,,, to obtain the result of the error (&, ).

n+1
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Eppn =T lFl( X ne1s %o, n)_ Fl(xl,n+1’ X2,n+1)J
_%72 X, - 52 F (XI(O-)J X, (U)thw, (4.24)
+0(7)

Therefore, incorporating equations (4.21) and (4.24) into equations (4.18) and (4.19), the error

(€10, ) can be rearranged as follows,

Einit =Ein T En T Ennp
Eiin = €2 TG, (X,X5) (4.25)

Epn=T- [Fl (Xl n+l> Xon )_ F (Xl,n+1v X5 n41 )]
1

. 0
) %X X, e F (Xl (0), X, (U)X o=t
+0(7?)

In the same way, we can also express the error (¢, ., ) as follows,

Eynnt = Exn T Eyn Ezz,n
— tn+1 6
En = Einu It X F, (f, X3 (t)) dt=¢ ., 5,(X,X,) (4.26)

1 2 X 0
Enn =37 %o Fo((8), () o

+0(7)

Again, F, should be continuous at (X, X, ) and f €(0,1). G, represents the exact

solution of the integral operation shown above, and is obtained by the Runge-Kutta method.

Furthermore, because &, and &, have no common state, we can rearrange (4.25) and

(4.26) as the matrix form, and obtain the matrix norm to find out the bound of the stability.

€.l =]

(4.27)

where E, = [51,n »Eyn ]T

N
" "1 4G, 14+7°G,G,

E, = [glz,na TGZng,n + ‘922,n]T
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From Cauchy-Schwarz inequality, the global error bound with perturbations can be derived

from (4.26),

||En+1|| = HAn ’ En + En
<[[Al-E[+]E,
<[[Adf-[Eal+7(z)

(4.28)

where y(r) represents the maximum bound of HEn s a

. Additionally, because HEn

function of time step (7 ), we can assume the bound is also a function of time step. However,

the bound (7/(2’)) has nothing to do with the states error convergence. Therefore, we can
choose a proper switching time step (7) to achieve ||An|| , <1, and thus the system can be

guaranteed to be stable. [J

In this section, the analysis work indicate that, by assuming the exact solution of a
continuous-time differential equation cansbe obtained by the Runge-Kutta method, we can can
find a proper switching time (7 ).to guarantee. the:stability for this switching computation

scheme. Furthermore, by assuming..F, (Xl’nH, Xz’n)z = (XI’M, XMH) for a stable system, this

switching scheme based on the Runge-Kutta-method ean precisely estimate the states with the

error of O(7°).

4.3 Sensor Selections

In this section, suitable sensors are chosen for the observer construction. According to the
information obtained by various sensors, the determination of sensors depends on the states
convergence. Although, in this thesis, we are unable to develop an organized methodology to
discover the optimal sensor and optimal location effectively, we can guarantee this set of

sensors, which is chosen in this section, will achieve the destination in states convergence.
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X 0 0 1 0 0 0 0 0
X | 3.99-7 0 0| 0.1893| -0.9751| 0.0705| -0.0120| 0.09131
y 0 -1 0 0 0 0 0 0
y | -4.06e-8 0 0| -0.0193| 0.1018| 0.1840| -0.1653| 0.9634
£ -1 0 0| 2.05e-6| -1.06e-8| 2.2e-16| -1.0e-21| 6.1e-26
& | -7.19¢-9 0 0| -0.0034| 0.0176] 0.3990| -0.8873| -0.2304
@, | -1.51e-8 0 0| -0.0071| 0.0485| 0.8955| 0.4303| -0.1025
@, | -2.02¢-6 0 0| -0.9817| -0.1904| 0.0021| 0.0009| 0.0003

Table 4.1 The eigenvector of the observability grammian when the output is lateral acceleration

-8.4e-20 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0| 1.2e-15 0 0 0 0
0 0 0 0] 1.0e-12 0 0 0
0 0 0 0 0/ 0.0005 0 0
0 0 0 0 0 0] 0.3369 0
0 0 0 0 0 0 0] 13.145

Table 4.2 The eigenvalue of the obsenvability grammian‘when the output is lateral acceleration

4.3.1 Sensors for Yaw Model

The main objective of the yaw model observer is to provide accurate lateral acceleration
information since the lateral acceleration is the input to the roll model. However, the lateral
acceleration can not be accurately predicted without all its associated states converging to
their correct values. In order to reveal which states are strongly associated with the lateral
acceleration and what sensors should be incorporated to enable states convergence, we

construct the observability grammian from the linearized yaw model.

Table 4.1 and Table 4.2 show the eigenvectors and eigenvalues of the observability
grammian when the lateral acceleration is set for the system output. The eigenvalues chart
indicates that only three modes are strongly related to the lateral acceleration. The eigenvector
chart indicates that these three modes consist of yaw rate, lateral velocity, front wheel angular

rate and a small portion of longitudinal velocity. Since 3 modes but 4 states are crucial to the
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estimation of lateral acceleration, we may need one more sensor, other than the lateral
acceleration sensor, to ensure all these 4 states converging to their correct values. To this
mean, the observability grammian is constructed again for the system output being
longitudinal velocity. Table 4.3 and Table 4.4 show the eigenvectors and eigenvalues of this

observability grammian.

X 1 0 0 0 0 0 0 0
X 0 0| 2.6e-17| 6.45e-8| -1.19¢-5| 0.0012| 0.0101| 0.9999
y 0 1 0 0 0 0 0 0
y 0 0| -2.1e-10| -0.5743| -0.2506| 0.7592| 0.1761| -0.0027
& 0 0 -1/ 3.6e-10| -1.8e-13| 1.0e-16| -3.9e-20| -1.4e-31
£ 0 0| -5.1e-11| -0.1402 -0.1002| -0.3526| 0.9198| -0.0088
23 0 0| -2.9¢-10| -0.8002| 0.31242| -0.4425| -0.2575| 0.0031
w, 0 0| -3.7e-11| -0.1010{ -0.9108| -0.3219| -0.2380| 0.0028

Table 4.3 The eigenvector of the observability grammian when the output is longitudinal velocity

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0] 2!1e-22 0 0 0 0 0
0 0 0}.11e-13 0 0 0 0
0 0 0 0] . 9.7¢-10 0 0 0
0 0 0 0 0] 4.6e-6 0 0
0 0 0 0 0 0] 0.00028 0
0 0 0 0 0 0 0] 7.9951

Table 4.4 The eigenvalue of the observability grammian when the output is longitudinal velocity

As shown in the eigenvalues and eigenvectors chart, the longitudinal velocity is not
strongly related to any other states. Therefore, we choose longitudinal velocity sensor as the

second sensor for the yaw model.

As shown in the above description, we choose two sensors, which can measure the
physical quantity of the lateral acceleration and longitudinal velocity respectively, to work
with the observer. And this observer, which will be discussed later, is based on the vehicle

yaw model.
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4.3.2 Sensors for Roll Model

Most of the research works utilized inertial roll rate sensor and/or roll angle sensor to
sense the vehicle roll angle. However, the information obtained from these two sensors is
coupled with the vehicle roll angle and the road bank angle [20]. The vehicle rollover
incidence is declared by the vehicle roll angle relative the road level. Therefore, the inertial
sensors mentioned above are not feasible. In other words, the eligible sensor for this
application must be capable of detecting vehicle roll angle in the “road frame”, instead of

“global frame”.

For the above-mentioned reason, we choose suspension displacement sensor for the roll
model. The advantage of that is this physical quantity of four suspensions is unable to couple
with road angles, such as bank angle and tilt angle shown in figure 2.8. In the other words, the

deflection of the suspension is only induced by the vehicle roll motion (¢ ), the vehicle pitch

motion () and the vehicle vertical motion ( z ), as shown in equation 2.30. Additionally, the
observability matrix of the linearized roll model is full rank. Therefore, the suspension

displacement corresponds to our destination of the sensor determination.

As shown in the above déscription,” we choosé one sensor, which can measure the
physical quantity of the suspension displacement, to work with the observer. And this

observer, which will be discussed later, is based on the vehicle roll model.

4.4 Nonlinear Observer Algorithm

The first order extended Kalman filter (EKF) is chosen to be the observer algorithm
mainly because it can work with nonlinear systems (yaw, roll models) and it is effective in the
noise reduction when the measurements are contaminated by noise. EKF has been questioned
for the capability of states convergence [3] [8]. In that case, we can use Iterative Kalman

Filter algorithm to work out both noise reduction and states convergence.
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Figure 4.4 Block diagram of the vehicle rollover prediction system

4.5 Block Diagram forthe Prediction System

Figure 4.4 shows the block diagram of the proposed vehicle rollover prediction system.
As shown in the diagram, the driver maneuver, such as steering, braking, tracking and etc are
fed into estimator as the system inputs. The estimator produces vehicle states information in
real-time with information from system inputs and sensor outputs. These states real-time
information is then fed into predictor to obtain the vehicle roll angle in future time. A rollover

incidence is declared based on the rollover angle in future time.
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Chapter 5

Simulation and Results

The following simulations are meant to elucidate the feasibility of the proposed rollover
prediction method. In these simulations, the vehicle is moving at the longitudinal speed of 90
km/hr and making a quick turn at the 4™ second. The simulation includes five situations and
each differs from the steering wheel maneuvering and/or vehicle on a slanted road. The
simulation results are shown in figure 5.1~5.6 and the plot is arranged in the following order:
steering wheel angle in the upper left, lateral acceleration in the lower left, roll angle in upper
the middle, roll rate in lower the middle, yaw angle in the upper right and yaw rate in the
lower right. Furthermore, the yaw-roll model outputs are drawn in solid-blue lines while the
predictor output is drawn in dash-green lines. The vehicle parameters utilized in simulations

are listed in Appendix B.

For the comparison purpose, the output of.the-predictor is intentionally set to obtain
current states information, instead ‘of states information in future time. Furthermore, three
sensors (lateral acceleration sensor, longitudinalvelocity sensor and suspension displacement
sensors) are turned on between 0~5 second and then turned off to the end of the simulation.
Also, during 5~8 second, the steering wheel angle is kept at the same. With the above
arrangements, the simulation results shown in solid-blue lines can be treated as the real
vehicle response; the green-dash lines can be treated as the estimator output for the timeline

within 0~5 second and as the predictor output for the timeline after the 5™ second.

In the reminder of this section, we will verify the vehicle rollover prediction system by
the real vehicle, which is the integrated yaw-roll model as shown in chapter 3. On one hand,
the convergence of the observer-based estimator will be checked between 0~5 second. On the
other hand, the accuracy of the model-based predictor will be checked between 5~10 second.
Additionally, keeping the same driving maneuver during 5~8 second looks like the future
dynamic behavior at the 5™ second. And, changing the driving maneuver after the 8" second
will check the inactivity of sensors. Lastly, we will declare the vehicle rollover by the vehicle

roll angle in the future time.
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51 Casel

Case I shows a vehicle doing a smooth turn on a flat road. As shown in figure 5.1, the
estimator observes the vehicle roll motion very well and the predictor successfully predicts
the vehicle roll motion. There is an obvious deviation between vehicle response and predictor
output after 8" second. That is because the steering wheel angle changes again at 8" second
and this command input, as expected, is not aware of by the predictor. Furthermore, both

estimator and predictor do not work well for the vehicle yaw angle.

5.2 Casell

Case II shows a vehicle doing a quick turn on a flat road. As shown in figure 5.2, the
vehicle roll angle diverge and a rollover happening. Again, the estimator can observe the
vehicle roll motion very well and the predictor can successfully predict the vehicle rollover. In

addition, the estimation of vehicle yaw angle still does not follow the vehicle yaw angle.

5.3 Case lll

Case III shows a vehicle doing a slow turn on a slanted road with the slop of -25 degrees
from the horizontal. As shown in figure 5.3, the vehicle rollover and the prediction system
successfully predict this situation. The only difference between simulation conditions in Case

I and Case III is the road bank angle.

This example demonstrates how the road bank angle can initiate a rollover incidence.
Additionally, the estimator successfully observes the vehicle yaw angle in this case but not the
other. This is because the lateral acceleration is affected by the yaw angle when the vehicle is

on a slope and thus the yaw angle being observed through lateral acceleration sensor.
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54 CaselV

Case IV shows a vehicle doing a slow turn on a slanted road with the slop of -25 degrees
from the horizontal, while the prediction system exclude the road bank condition in the
modeling. As shown in figure 5.4, the prediction system can neither estimate the states nor

predict the states correctly.

Case IV and Case III are mean to demonstrate the importance of incorporating the road

bank condition in the vehicle model.

55 CaseV

Case V shows a vehicle doing a smooth turn on a flat road. The simulation condition is
the same as in Case I, except the car response (solid-blue lines) are obtained from the full-car
model. As shown in figure 5.5, theprediction system, which based on the yaw-roll model,

failed to estimate the system statgs.

The deviation shown in figure 5.5 ebviously came from the difference between full-car
model and yaw-roll model. To identify Which step'in the model simplification process results
in this big deviation, we compare the vehicle'response obtained from full-car model, separated
yaw-roll model and separated yaw-roll model with pitch motion. As shown in figure 5.6, the
response of yaw-roll model with pitch motion is very close to the response of full car model,

except at some high frequency content.

This simulation results suggest that, when focused on the vehicle roll dynamics, broken
down the full-car model into several subsystems is feasible. However, neglecting the Euler

pitch motion may be erroneous.
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5.6 Conclusions

A vehicle rollover prediction system proposed in this thesis achieves two goals: the
estimation in real-time vehicle dynamics and the prediction in future vehicle dynamics. In
these predicted vehicle states, we especially observe the vehicle roll angle in future time. With
this physical quantity, we can declare the vehicle rollover in future time while keeping the
same driving maneuver. Additionally, we can also take these predicted vehicle states to

present the relative orientation of the vehicle in future time.

Simulation results indicated that road bank condition plays an important role in rollover
incidences. This factor should be dealt with in two phases. Firstly, the road bank condition
should be included in the vehicle model. Secondly, the selected sensor should be truly
reflecting the vehicle roll angle relative to the road bank angle. These two challenges are
solved by introducing the “road frame” into vehicle modeling and adopting suspension

displacement sensors.

Simulation results also indicated that thesEuler pitch motion has less effect on the vehicle
roll angle estimation but may stil result in intolerable deviation when it is neglected. More
research work should be done in investigating the effect of neglecting vehicle pitch motion
instead of Euler pitch motion “for a better approximation to real driving situations.
Furthermore, simulation results also suggest that a separated yaw-roll-pitch model could be a

possible solution to this application.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

In this thesis, we touched upon several topics for the vehicle rollover prediction system.
The main contributions of this thesis include the full-car modeling, the novel observability
matrix, the ADI-like method and its stability analysis, and the vehicle rollover prediction

system. The work done in each topic is summarized as follows.

Full-car model

The proposed vehicle rollover prediction. system is developed based on the vehicle
full-car model, which is obtained from the wvehicle physical features, performance, road
conditions, etc, instead of a set of empirical parameters. Therefore, this prediction method can
be easily tailored for various types: of four-wheels .vehicles and accommodate for different
driving maneuvers. This approach ‘presents a strong evidence for the vehicle rollover

prediction.

A vehicle rollover is declared for the vehicle roll angle relative to the road. Therefore, the
consideration of road condition in a rollover prediction system should be a must. Simulation
results also indicated that a full-car model, incorporated with the road condition, can
successfully predict a rollover event for the case that a car doing a quick turn on a slope, while

a full-car model without road condition does not.

Novel observability matrix

The novel system observability matrix is developed to reveal the connection between
vehicle roll motion and other vehicle dynamics. It provides firm evidence for the modeling

reduction task. This approach, using covariance matrix to reveal the states relations, is
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particularly suitable to a complicated nonlinear system with a wide operation range. However,
more theoretical work should be done to investigate the reliability of this new observability

matrix.

Switching scheme in the ADI-like method

A vehicle rollover prediction system based on the separated yaw-roll model is developed
and verified by simulation results. The separated yaw-roll model, accompanied with switching
computation scheme, enables the nonlinear observer design, which the observer design is
almost impossible for the complicated full-car model. Furthermore, the stability analysis, as
shown in chapter 4, indicates that the switching computation scheme can perform a stable

computing by a proper choice of simulation time-step.

Vehicle rollover prediction system

A vehicle rollover prediction system“proposed in this thesis is developed and verified by
simulation results. The observer-based estimator, the first part of this prediction system, can
obtain more states information in real-time by deploying limited amount of sensors.
Additionally, the estimated vehicle states can be recorded in a so-called “Vehicle Black Box”
for multiple vehicle applications. The model-based predictor, the second part of this
prediction system, can predict vehicle states in future time by the integrated yaw-roll model.

Additionally, the predicted vehicle states can be the evidence for declaring a vehicle rollover.
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6.2 Future Works

In this thesis, some of the conceptual work for the proposed vehicle rollover prediction
system is verified by simulation results. However, more mathematical work should be done
for the reliability and optimization analysis. Some future works for this study are summarized

in the following.

Full-state vehicle model with automotive engine

Simulation result indicates that the dynamic response of the full-car model is different
from that of the separated yaw-roll model, but similar to the separated yaw-roll-pitch model.
However, in this thesis, we take the separated yaw-roll model as an example for simple
verification. In order to get close to the real situation, a vehicle rollover prediction system
should adopt the separated yaw-roll-pitechimodel for the subsequent observer construction

work.

Currently, the simulation wok does not-include the engine and power-train system in the
full-car modeling, and thus the driver has very limited control over the vehicle dynamics. The
next step is to include more vehicle.components, such as engine and power-train system, in
the simulation work so that we can investigate more driver maneuvers during a rollover

incidence.

Optimal sensor type and location

The sensor type and location, in this thesis, are chosen for the reasons shown in chapter 4.
However, the choice of the sensor type and location is not optimal yet. The sensor choice
could be determined by the observability covariance matrix [24]. Therefore, it is possible to
combine a cost function with observability covariance matrix to achieve the optimal sensor

location and selection for this prediction system.
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Rollover prevention measures

This vehicle rollover prediction system proposed in this thesis can provide the vehicle
states information for the subsequent rollover warning or prevention system. Since the
information provided by this prediction technique is much richer than other approaches, we
can design various prevention measures and determine which one to be in effect according to
the rollover conditions. This approach can provide a safety measure for the driver while

minimize the unnecessary interferences to the driver maneuvering.
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Appendix

A. The Separation of the Integrated Yaw-Roll Model from Euler

Transformation

After neglecting the vehicle pitch motion, the governing equation of the rotational motion

is shown in equation (3.1) by Euler transformation. The equations are rewritten as follows:

¢=—*— (é2 sin¢cos¢)

é:[&_ le—lz (¢5€COS¢)}Sin¢+(I\I/IZ _ Iyl_lx

y y z z

(A.1)

(¢8 sin ¢)j cos ¢

During most of the vehicle maneuvering, the vehicle roll motion (¢) is small, the above

equations can be written as:

x (A2)

Therefore, the integrated yaw-roll model can be broken into two sub-models: roll model and

yaw model. The angular momentum along e® (M,) consists of lateral force and vertical
force while the angular momentum along ef (M) consists of longitudinal force and lateral

force. Therefore the lateral force is presented in both roll dynamics as well as yaw dynamics.

B. Parameters of the Full-Car Model

In this appendix, the vehicle parameters utilized in simulations are mainly taken the
Feng’s dissertation [7] and Hingwe’s dissertation [13] as reference. Furthermore, vehicle
parameters, shown in the following section, consist of three parts: vehicle inertial and

geometric parameters, suspension coefficients, and tire geometric and experiential parameters.
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B.1 Vehicle Inertial and Geometric Parameters

Vehicle parameters Symbol  Value Unit
Total mass of the vehicle M. ehicte 1740 kg
Sprung mass of the vehicle m, 1600 kg
Front unsprung mass of the vehicle My, 40 kg
Rear unsprung mass of the vehicle Mys4 30 ko
Roll moment of inertia I, 420 kg-m?
Pitch moment of inertia l, 2594 kg -m?
Yaw moment of inertia I, 3214 kg-m®
Front tread width sh, 145 m
Rear tread width sh, 1.45 m
Distance from the CG to the front axis I, 1.05 m
Distance from the CG to the reat axis L 14 m
Height of the vehicle shell h 06 m
Distance from the CG to the road z 0.7 m
Gravitational constant g 981 m/s?

Table B.1 The inertial and geometric parameters of the full-car model

B.2  Suspension Coefficients

The equations of the suspension, shown in section 2.3.2, contain the nonlinear stiffness

coefficient and the damper coefficient. Then, suspension coefficients are listed in table B.2.
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B.3  Tire Geometric and Experiential Parameters

Tire geometric parameters, shown in section 2.3, are listed in table B.3.

Tire experiential parameters of the nonlinear tire model, shown in section 2.3.3, are
verified by Feng [7]. Furthermore, these tire experiential parameters, which consist of two
parts: parameters in the longitudinal direction and parameters in the lateral direction, are listed
in table B.4 and table B.5, respectively. Additionally, the more information for this nonlinear

tire model is shown in Pacejka [15] [16].

Suspension coefticients Symbol  Value Unit
Spring stiffness coefficient C, 34000 N/m
Spring stiffness coefficient C, 300 N/m
Spring stiffness coefficient C, 021 m
Damper damping coefficient D damper 1200 N-s/m

Table B.2 Coefficientsof the nonlinear suspension model

Tire geometric parameters Symbol  Value Unit
Real radius of the tre r 03 m
Moment of inertia of the tire I wheel 2.03 kg-m?
Vertical stiffness coefficient K vertical 150000 N/m
Front roll steer coefficient K, 0.01

Rear roll steer coefficient K4 0.03

Camber trust coefficient /4 1000 N /rad

Table B.3 Tire geometric parameters
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Nonlinear tire model parameters

Tire coefficient, stiffness factor
Tire coefficient, shape factor
Tire coefficient, peak value

Tire coefficient, curvature factor

Symbol  Value(tracking)  Value (braking)
B F,~1940 F,~1940
x 224+t 22+ 5
F,—1940 F,—1940

€ 135 -1 1.35 -1
D F,—1940 F,—1940
x 2000+ 555~ 1750+ o356~
E, -3.6 0.1

Table B.4 Nonlinear tire stiffness coefficients in the longitudinal direction

Nonlinear tire model parameters

Tire coefficient, stiffness factor
Tire coefficient, shape factor
Tire coefficient, peak value

Tire coefficient, curvature factor

Symbol  Value
B 5200-F,
y 22 + W
5200-F
C, 126+ 5 ”
Dy —0.0003FZ2 +1.8096F, —22.73
Ey -1.6

Table B.5 Nonlinear tire stiffness coefficients in the lateral direction
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