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Abstract

Studies have shown that road accidents usually result in rollover. Therefore, the rollover dynamic is
one of the most significant vehicle dynamic issues. The main objective of this study is to increase the
safety margin of the commercial vehicle based on controlling the steering angle. The two-wheel
vehicle model have been performed in order to obtain yaw rate and body lateral slip angle. Then,
rollover model have been performed in order to obtain roll angle and roll rate of the vehicle during
maneuvers. After Linear quadratic regulator and pole placement control system were used as the
controller, uncontrolled system result was compared with the results of the two different controlled
systems. The results indicate that pole placement controller gives better results than LQR in specific
case.

Keywords: Rollover Dynamics, Commercial Vehicle, Controller Applications, Linear Quadratic Regulator, Vehicle
Dynamics

Nomenclature

& | : Steering Angle (rad) Mz | : Angular Momentum around z-axis(N mm)
B | : Sideslip angle at vehicle CG (rad) Fy | : Lateral Force (N)
a; | : Sideslip angles at the front tire (rad) e Longitudinal CG position measured the
a, | : Sideslip angles at the rear tire (rad) v | front axle (m)
Ak Cornering stiffness of the front Wheel nE Longitudinal CG position measured the
o | (N/rad) | rear axle (m)
K Cornering stiffness of the rear Wheel T | : Track Width (m)
2 | (N/rad) k | : Suspension Spring Stiffness (kg m?/sn?)
g | : RollAngle (rad) Suspension Damping Coefficient (kg
¢ | : Roll Rate (rad/sn) ¢ | m¥sn)
¢ | : Yaw Rate (rad/sn) h | : CG Height Measured over the Ground (m)
a, | : Lateral Acceleration (m/sn?) Vx | : Longitudinal Speed (m/sn)
m | : Vehicle Mass (kg) Vy | : Lateral Speed (m/sn)
{ | : Yaw acceleration (rad/sn?) ] : Yaw moment of inertia of the chassis
“ | measured at the CG (kg m?)
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1. Introduction

Commercial  vehicles occur stability
problems if the drivers have to make a quick
maneuver in order not to impinge on an
unexpected obstacle. Studies have shown
that road accidents usually result in rollover.
[1]. Therefore, rollover related accidents
became the new target of the studies in the
field of vehicle dynamics research.

In Germany, 5% of vehicle accidents have
resulted in rollover [2]. The studies
conducted in the UK show that 13% of
vehicle accidents were caused by rollover
[2]. According to research conducted in the
U.S, in 2001, the rollover accidents been
accounted in 21% of total accidents [2]. The
ratios of the accidents occurred in Turkey
are shown as Table 1.

Table 1. The Accident Datas Occurred in Turkey [1]

Kaza - Accidents

upgiies drasped fram the vehicie

The main group of vehicles were more
prone to rollover accidents are trucks and
heavy vehicles [3]. Rollover dynamics can
be neglected for cars but it cannot be
neglected for especially heavily loaded
trucks during maneuver. Therefore, in this
study, a virtual model of the commercial
truck (e.g. a heavy vehicle) is used for
evaluating the stability.

The purpose of this paper is improving the
response handling and preventing rollover
based on controlling the steering angle.
Mathematical models of the yaw and roll
dynamics have been formed. Then, the full
vehicle model is completed by combining
sub-systems such as yaw, roll and steering
models using Matlab/Simulink programme.

The first step in this project is to measure
the initial parameters using real Fishhook
test. Matlab model is confirmed based on
the measured parameter. Therefore, initial
parameters of the model are the same as the
actual vehicle.

Load transfer ratio effects the handling
balance of the vehicle and it causes rollover.
Therefore, dynamic load transfer ratio
(DLTR) was used as the system output.
Calculations were completed to investigate
these loads and their effects. This tutorial
have guided to understand how controller
types affect the DLTR value. After the
determination of the boundary conditions,
the controller design has been performed in
order to increase the safety margin. DLTR
has been tuned using the well-known the
two different control theories, which are
pole placement method and LQR. Two
different controller were considered here
and the performance of each controller was
compared with the other one. The signals of
the yaw rate, roll angle, roll rate and body
lateral slip angle have been selected as state
variables of the simulation model.
Moreover, the steering angle has been
selected as input of the simulation model.
Amongst the standard testing maneuvers,
the Fishhook maneuver was the most
repeatable of all rollover resistance
maneuvers performed in the study [4, 5].
Cornering represents a dangerous situation
when a vehicle attempts to turn a corner
quickly. Therefore, controller design was
performed using Fishhook maneuver. In the
simulations without the controllers, a
dynamic load transfer ratio was calculated
as 1.074. However, it is observed that DLTR
value can be decreased as 0.85 if the
controller was included in the loop.

2. Vehicle Mathematic Model

Isuzu commercial truck model have been
chosen as the improvement vehicle. All
vehicle parameters exist within the vehicle
dynamics library of the Isuzu. The
geometric dimension of the truck is shown
as Figure 1.

Figure 1 Geometric Dimensions of the Truck
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Gross vehicle weight (GVW) is the
condition that has more tendency for roll
over. Therefore, the wvehicle have been
handled as GVW. Vehicle parameters are
shown in the Table 2.

Table 2. Technical specification of the Midi Bus

Vehicle Parameters Measurements
Wheelbase 3365 (mm)
Length 6123 (mm)
Width 2040 (mm)
Height 2275 (mm)
Front track width 1680 (mm)
Rear Track width 1650 (mm)
Center of Gravity Height 1450 (mm)
Gross Weight Vehicle 8000 (kg)

Combined with steering angle input, a two-
wheel model was used as reference model in
determining vehicle yaw stability status.
Firstly, a two-wheel vehicle model have
been performed in order to obtain yaw rate
and body lateral slip angle during
maneuvers. The two-wheel vehicle model is
shown in Figure 2.

Figure 2 Two-Wheel Model of the Vehicle

Figure 2 represents sideslip angle () and
yaw rate ({)) measured at the CG. The
lateral tire forces Fr and Fr are expressed by
Equation 1.

2 Fy=ma,=F;cos(d) +F, 1)
Angular Momentum around the axis of
rotation z axis (M) are described by
Equation 2 [4].

Z Mz :\T]JZZZIVF’E COS(S) 'thr (2)
Where ) is the yaw acceleration, J;; is the
yaw moment of inertia of the chassis
measured at the CG. |y is the Longitudinal
CG position measured the front axle, In is
the Longitudinal CG position measured the
rear axle and 0 is the steering angle.

Steering angle (0) is small. So that, cos(d)
=land sin (&) =0areassumed. Arranging

equations 1 and 2, the following set of
equations can be obtained.

YE =ma, =F +F (3)
ZMZ = lp]zz = lva - th;‘ (4)
Also notice that since we assume small
angles and constant longitudinal velocity,
sideslip angle (B) Usatisfies the following

p=tandp== (5)
According to the linear tire model, front

wheel side slip angle (ao) is expressed by
Equation 6.

ag=tan” () -3=5-B- s (6)
Where Vo is the longitudinal speed of the
front wheel, Voy is the lateral speed of the
front wheel. Rear wheel side slip angle (oa)
is expressed by Equation 7.

0, =tan” (22) =B+ 2y ™
Where Vax is the longitudinal speed of the
rear wheel, Vay is the lateral speed of the
rear wheel.

Nominal cornering stiffness of the front
wheels is illustrated as C, and nominal
cornering stiffness of the rear wheels is
illustrated as C,. Lateral tire forces are
approximated as linear functions of
cornering stiffness and the wheel slip angle.
They are expressed by Equation 8 and 9.
Fi=Cy x 0=Co(3- ) )

Vx

F,=C, x 0,=C,(22Y ) )

V.

Where Vy is the lateral speed of the vehicle
and Vy is the longitudinal speed of the
vehicle. Finally, equation 10 is obtained
with arranging equation 4.

W, ~Co®-S2rC,(B2)  (10)

Vx V;
Rollover model have been performed in
order to obtain roll angle and roll rate of the
vehicle during maneuvers. The 3-dof model
considering roll movement is a simple yet
most commonly used vehicle model in
rollover prevention as in Figure 3. This
model is developed from the Euler-
Lagrange method. Figure 3 also illustrates
the key factors in the tendency of heavy
vehicles to roll over. It is also described as
linear functions of track width (T) and CG
height (h) as well as the parameters of the

Vy +

164


http://tureng.com/search/technical%20specification

suspension system Kk and c. Lateral
acceleration acting on the CG creates a roll
moment about the suspension roll center.
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Figure 3 Rollover Model of the Vehicle [6]
This model is developed from the Euler-
Lagrange method. Figure 3 also illustrates
the key factors in the tendency of heavy
vehicles to roll over. It is also described as
linear functions of track width (T) and CG
height (d) as well as the parameters of the
suspension system k and c. Lateral
acceleration acting on the CG creates a roll
moment about the suspension roll centre.
Lateral forces are expressed by Equation 11.
Y. F, =ma,-mh&cos(o) -mhé’sin(e) (11)
Where m is the vehicle mass, ay is the lateral
acceleration, h is the CG height measured
over the round, @ is the roll angle. Roll
angle of the unsprung mass @ is small. So
that,
cos(9)=1, sin(@)= o, mha*=0are assumed.
Arranging equations 8 and 9, the following
set of equations can be obtained.

iy vy -mhi=Co(3- 2 14 C, (S ) (12)
Using the parallel axis theorem, the moment
of inertia of the vehicle (Jag) about the
assumed roll axis can be computed by
Equation 13.

Jog=J o mh” So that,
mhay+(J,,+mh*)é=-co-ke+mghsin(e) (13)
Lateral acceleration is expressed by the
following equation.

ay=(VyTrvy)

Equation 14 is obtained with arranging the
lateral acceleration.

sin(@)= mh\'/y+(J XXerhz)izis
=-mh\sv,-cé-ke+mghe (14)
Arranging equations 5,12 and 14, the
following set of equations can be obtained.
mfv,-mho=

=-myvy-(CtCa) B+(Cali-Coly) - +8Cs (15)

(I.]JZZ=

= (Caly-Csly)B-(Csly*+Cyly ) =+8C51,(16)
—thVX+(JXX+mh2)é=

= mhyv,-co-ke+mgh a7

Equations 15, 16 and 17 were arranged
because roll angle, roll rate, yaw rate and

body lateral slip angle must be in the left
half plane.

3. Dynamic Load Transfer Ratio

Dynamic load transfer ratio (DLTR) is
defined by the relationship between wheel
loads and center gravity height of the
vehicle [6]. Equation 18 represents dynamic
load transfer ratio.

DLT :nght wheel load-Left wheel load (18)

Total wheel load

We can write a force balance for the
unsprung mass about the assumed roll axis
in terms of the suspension forces as shown

Equation 19.

DLTR= mfg — (k otco) (19)

Dynamic load transfer ratio was selected as
the system output. It is evident that this
parameter varies in the interval [—1, 1] and
during straight driving for a perfectly
symmetric car it is 0.The extremum is
reached in the case of a wheel lift-off of one
side of the vehicle, in which case it becomes
1 or —1.Therefore, a direct measurement of
this parameters can be used as a rollover
warning.

4. State Space Equations

The corresponding linearized equations will
be written in the state space form, the
following set of equations can be obtained.
x=Ax+Bu

y =[C][x]
wherex =[B ¢ o]T
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Roll angle, roll rate, yaw rate and body
lateral slip angle are chosen as state
variables. All state variables of the initial
conditions were measured using real vehicle
test. The steering angle is chosen as input
parameter of the system as written below.
B;=[5]

We can define the auxiliary variables as
written below.

G:Ca+C6

pzlhca'lvcé

K=1,%C,+1,%Cy

State space form can be obtained when
using previous equation of 15, 16 and 17.

p Jeq CiiJeq
mv JXX mv, J,(X e _E M] [m JXX]
JXX JXX I l'3 0
Jzzv JZZv 0 0 | M T JZZ |[5]
ho c mghk | | hC; |
Jxxv Jxxv N T
1 0 J |_ 0 J

Where(é‘)) is the driver steering command
from the actuator.

Output parameter of the system is written as
Equation 20.

Y= mZg:T mgT] I (20)

The vehicle is driven in a straight line. Then
steering angle reaches 250 degree within
three second with vehicles at a constant
speed of vx = 20m/s. The wheel is held at
this angle for three seconds. Then it is
turned back to zero degrees at a steady rate
during the following three seconds. The
Steering angle is shown in Figure 4.

Flg 4The Steering Anglg?/vhen Fishhook Maneuver
DLTR exceeded the value of 1.074 shown in
Figure 5 during the maneuver. Therefore, it
was observed that the vehicle will be
rollover. The maximum value of the DLTR
will be compared with the results of the
controller response (closed loop system).

L . L L L L L L
0 2 4 L] 8 10 12 14 16 18 20
Time (5]

Fig. 5 Open System ReTsI;?)nse of the DLTR.

5. Controller Design

In this research, controllers will be designed
for the vehicle around a nominal straight
line trajectory. Therefore the state space
representation of the linearized tracking
error dynamics, as described in previous
section, will be used.

The active steering control based on linear
quadratic regulator and pole placement
control improves the rollover significantly
under the disturbance torque.

Numeric values are created by inserting
parameters of the vehicle into the state-
space equation. Equation 21 represents

state-space  equation of the rollover
dynamics.

-5.89 -18.31 -2 -15.707[B 41.66
lwl I 0.59 -3.84 0 0 ‘ ] " 14.00][5]
& 2.47 1.64 -1.53 -12.07| | ¢ 17.50
& 001 0 o] 0

B

y=[0 0 -030 -425]|Y (21)

Time-dependent graph of the roll angle (x1),
roll rate (x2), yaw rate (x3) and body lateral
slip angle (x4) are shown in Figure 6.

03

L I I I L L L L L
0 2 4 6 8 10 12 14 16 18 20

Timefs)

Fig. 6 Responses of Parameters

5.1 Controllability

It is mandatory to investigate how the
system can be controlled before starting the
control design. Uncontrollable systems have
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certain modes unaffected by the law of
control. The mathematical test gives
information about states of the system (A,
B) which is the rank of the controllability
matrix. The controllability matrix has been
found as Equation 22.

Axp=[B ABA?B A3B]then,

42 -537 3632 -18353
14 -29 21 2975
App= (22)
18 -107 1235 -9941

0 18 -107 1235

The system (A, B) is controllable if the rank
of A matrix is equal to the number of the
states. It is possible to indicate the
controllability of a system with the placed
actuators (inputs) on the system. Rank of the
system is calculated as four. Therefore, the
system can be controlled under these
assumptions.

The controllability of the system output
have been obtained as the following
equation.

Coap=[-54 -41.3 73.4 -2176.8]

Rank of the system output is calculated as
one. Therefore, the system output is
controllable.

5.2 Controller Companion Form

State space equations must be transformed
to controller companion form in order to
design controller matrices. Equation 23
represents controller companion form.

0 10 1
B 0 010
Ac= 0 00 1

-271.64-113.31-55.67-11.27

0
Bc = 8 and
1

Cc=[-4459.3 -793.4-116.1 -2] (23)
5.3 Pole Placement Method

The purpose of the control law is to assign a
set of desired (control) pole locations of the
closed loop system which corresponds with
a satisfactory dynamic behavior.

Necessary parameters should be determined
based on the expected performance of the
system. Rollover is a condition that occurs
suddenly [7]. Therefore, controller response
should become more quickly and it should
not exceed a maximum value.

Maximum exceed and damping ratio were
selected as desired performance
characteristics obtained as the following
equation.

e Maximum exceed is %5
&n
o=¢ \/E (24)
Where o is the damping ratio
Settlement time is based on the responses of
the state variables in open loop system.
e Settlement time for the system is 15
second
t=— (25)

W 1-87

Where wi is the natural frequency

The system must be 4-pole so it has four
degrees of freedom. Damping ratio and
natural frequency are dominant poles
determined the behavior of the system. w,,
& and two poles in second order are
described as Equation 26:

s2 4+ 2&w,s + w2 (26)
The locations of the desired control poles
were arbitrary chosen and two poles of the
system were computed according to the
damping ratio as shared below.

A1 ,=-0,5991+j0,6283

Other two poles chosen for controller must
be placed on the left plane of the open loop
system poles. Therefore, two roots were
selected as A3 4 =-5

Controller system function is computed as
Equation 27.
s*+11.19853+37.73652+37.4945+18.844(27)
System matrix can be computed as
following equation

Ay =Ac — bcke
It is obtained as Equation 28.
0 10 0
0 010
A= 0 00 1 (28)

18.8440 37.4949 37.7367 11.1983
The controller coefficient is computed as

Equation 29,
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k. =[-252.8046-75.8157-17.93770.0739] (29)

LQR model was created as shown in Figure
7

S—
Fig. 7Simulink model of the Pole Placement Controller

The maximum value of the DLTR under
uncontrolled system is compared with the
result of the controller response as shown in
Figure 8.

Blue line represents the result of the
uncontrolled system and the green line
represents the result of the controlled
system. It is observed that the controller
reduces DLTR value when compared to the
result of the uncontrolled system.

Dynamic Load Transfer Ratio is calculated
as 0.7802 under pole placement controller
design. Therefore, increment of the safety
margin in percentage is calculated as %
27.355. The possibility of rollover of the
vehicle is prevented and the vehicle remains

safe region under the specified test
conditions.

il e
1 A\

s h Nt

I L 1 | I I L I I
0 2 4 6 8 10 12 1 16 18 20

Tome 2]

Fig. 8 Comparison of System Response and Controller
Response

5.4 Linear Quadratic Regulator

In this section, LQR design with control
coupled output regulation is proposed and it
is applied to a vehicle dynamics problem.
Popular method for control design of linear
dynamic systems is called as the LQR
method. Recalling the performance index in
LQR design is denoted by J. Furthermore,
the purpose of the study is to minimize the

cost function which can be described in
Equation 30:

J=2 [ " (9 Qx(®) +u" () *R*u(1))dt(30)

P (t) is constant, so P(t) = Ois obtained.
Riccati equation can be described as
Equation 31:
AMPO+AT(®P®-PHBMORM) BT ®P®+Q(1)(31)
Where R is the energy coefficient and Q is
the performance matrix

Q and R that are design parameters
represent performance outputs of the
trajectory y and the control input u. The rule
of the optimal control is described as
Equation 32:

u()=-R(HB ()P (1) (32)

Where P is the solution of the following
Algebraic Riccati Equation (ARE).

The selection of R and Q determines how
the system acts. Stabilization time of the
system is changed with Q/R oscillation
around the same regime. LQR model is
created as shown in Figure 9. Red line
represents system block of the LQR
controller.

>
-

0

@

N/

Fig. 9 Simulink model of the Quadratic Regulator
Controller

Three different LQR controllers is designed
in order to see the effects of Q and R. These
values are founded by experimental trails.
Experimental results are compared with the
output in the time domain in order to
provide a foundation for the remainder of
the work.

5.4.1 Design 1

Energy coefficient (R) were assumed as
equal to 1 and performance matrix (Q) was
minor number matrix. First design is shown
as Equation 33.
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20000

R=1and Q= 83288 (33)

00090 '
The rule of the optimal control is expressed

by the following equation.
u(® = —RM®BT (VP (V)

The controller coefficient is computed as
Equation 34,

k.'=[0.0368 36.6433 17.6726 4.6151] (34)
The maximum value of the DLTR under
uncontrolled system response is compared
with the result of the first design response as
shown in Figure 10.

Dynamic Load Transfer Ratio is calculated
as 0.9282 under linear quadratic controller
design. Whereas increment of the safety
margin is calculated as % 13.575. The
possibility of rollover of the wvehicle is
prevented and the vehicle remains safe
region under the specified test conditions.

14
17[

X:1.334
¥i1.022

X 1618
1 Ty vosm B
.

| //-' \ /T}Y_‘;f; .
N\ caser

/x
! " voes

X 2661
Y:05047
04F -

L
L] 2 4 3 8 10 12 14 16 18 20
Tome (5]

Fig. 10 Comparison of System Response and First Design
Response

5.4.2 Design 2

Energy coefficient (R) were assumed as
equal to 0.1 and performance matrix (Q)
was minor number matrix. Second design is

shown as Equation 35.
20000

R=0.1 and Q= 04000\(35)

00700
00090] _
The rule of the optimal control is expressed

by the following equation.
u(t) = —R(®) *BT(®) * P (1)

The controller coefficient is computed as
Equation 36.

k.'=[0.3679 120.1191 75.7475 23.0579](36)
The maximum value of the DLTR under
uncontrolled system response is compared

to the result of the second design response
as shown in Figure 11.

| L | L 1 I | I I
0 2 4 & 8 10 12 14 16 18 20
Time (5]

Fig. 11 Comparison of System Response and Second
Design Response

As seen from the results in Figure 10,
Dynamic Load Transfer Ratio is calculated
as 0.8371 under linear quadratic controller
design. Therefore, increment of the safety
margin in percentage is calculated as %
22.057.

5.4.3 Design 3

We want to determine how interactions
between factors affect the performance and
significance. Energy coefficient (R) were
assumed as equal to 1 and performance
matrix (Q) was major number matrix. Third
design is shown as Equation 37.

100 0 0 0

0 120 0 0
R=1and Q= 0 0 150 0 (37)

0 0 0 170

The rule of the optimal control is expressed
by the following equation.

u(®) = —R(OBT (P (1)
The controller coefficient is computed as
Equation 38.
k.'=[0.1840 54.7046 28.0491 7.5204](38)
The maximum value of the DLTR under
uncontrolled system response is compared
with the result of the third design response
as shown in Figure 12.

L I L s | L s I I
0 2 4 6 8 10 12 14 16 18 20
Tome 2]

Fig. 12 Comparison of System Response and Third Design
Response
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As seen from the results in Figure 11,
Dynamic Load Transfer Ratio is calculated
as 0.8946 under linear quadratic controller
design. Therefore, increment of the safety
margin in percentage is calculated as %
16.703.

In the simulation results, the most effective
controller is design 2 to regulate the output.
Controller Design 3 cannot regulates the
output as much as design 2. However,
design 3 is more effective than the control
design 1. To sum up, the design 2 is more
effective than the controller design 3 and 1.

6. Conclusions

This paper presents an experimental
approach of the rollover dynamics with the
investigation on two different controller
designs. Open loop system response and
closed loop system controllers were
compared.

Weight matrices of the Linear Quadratic

Regulator were determined with
experimental methods in the controller.
When the energy coefficient (R) is

decreasing, the LQR design based on the
rollover performance index (Design 2)
always vyields a bigger safety margin
compared with the design 1 and 3.However,
the system response becomes slower.
Similarly, when the performance matrix (Q)
is increasing, the LQR design based on the
rollover performance index (Design 3)
always vyields a bigger safety margin
compared with the design 1.0n the other
hand, the system response becomes faster.
Therefore, the parameters of R and Q must
be determined according to the roots of the
system. In this LQR study, controller is
more  effective  for  regulating the
performance output if and only if the bigger
performance matrix (Q) and smaller energy
coefficient (R) are used.

Safety margin calculated using pole
placement method is higher than calculated
using LQR method. The results indicate that
pole placement provides better results than
LQR in specific case. The controller results
are shown in Table 3.

Table 3. Controller Design Results

Increment of the
: Safety Margin
Controller Design in  Percentage
(%)
Design 1 13.575
Linear
Quadratic Design 2 22.057
Regulator :
Design 3 16.703
Pole Placement Maximum 27.355
exceed %5 '

System output turns out that there is a
considerable difference in the performance
of the controllers based on the proposed
rollover performance index.

The analysis show that it is possible to
maximize rollover threshold and increase
vehicle stability by controlling the steering
angle. Therefore, safety margin can increase
by 27.355 % from their nominal value.
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