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Rollover of sport utility vehicles is a critical challenge for dynamic
stability of the vehicle. Due to the high rate of fatalities resulted from the
rollover, in order to reduces the injuries, the design of active vehicle
controllers has received significant attention among the researchers and
car companies. In this article, a multi-criteria optimum method is
discussed in order to design a dynamics stabilizing controller via
differential braking with an optimum braking torque distribution. To this
end, the nonlinear control method on the basis of the sliding mode
techniques has been implemented that provides ride comfort, improve
safety performance, and maintain maneuverability. To address the trade-
off between the challenge issue in these systems in terms of
maneuverability and rollover prevention capability, we formulate an
artificial intelligence-based multi-criteria genetic algorithms. The
simulation verification analysis indicates that the utilized optimum
distribution braking torques result in the desired enhancement in roll
stability of the vehicle.

AUTOMOTIVE
ENGINEERING

1. Introduction

Lateral dynamic instability of wvehicle-type
rollover is the most important issue in the field of
transportation and its safety has attracted the
attention of many researches. The rollover
accidents are divided into two parts as tripped and
untripped rollovers.

The tripped rollover happens because of the side
collision to an external obstacle, for example: the
curb, pothole, or guardrail. The untripped
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rollover, usually, is happened due to driving
maneuvers vehicle goes out of balance and rolls
over [1]. Over the past decades, the increased
popularity of sport utility vehicles (SUVs) with
higher center of gravity (C.G.) than sedans has
persuaded academic researchers to study the
potential improvements in rollover protection and
also the governmental agencies and car
companies to look at manufacturing orders
precisely, aiming to reducing mortalities due to
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expense of fabricating and manufacturing, by
considering higher rollover tendency. Reports of
national highway traffic safety administration
(NHTSA) show that rollover leads to severe and
fatal crashes of road accidents and the rollover
accidents are estimated to be the most dangerous
form of accident, after head-on collisions [2]. The
similar analysis for vehicle rollover were reported
in [3 to 5]. Therefore, it is necessary to avoid
rollover of vehicle. However, many inquiries
have been done. For instance, Anwar proposed a
developed theoretical and practical result of a
vehicle shift to stability control system in case of
generalized predictive control (GPC) method [6
and 7]. Wang presented a design for demand
dependent active suspension consist of four
double direction hydraulic actuators,
hydraulically interconnected which seriously lean
the vehicle against its roll direction by providing
an essential restoring moment [8]. In order to
improve the safety and longitudinal stability of a
vehicle equipped with standard ABS system, an
adaptive  modified  fuzzy-sliding  mode
longitudinal control design and simulation for
vehicles equipped with ABS system was
presented by [9]. Design of an Adaptive Fuzzy
Controller for Antilock Brake Systems was
proposed in [10] because of the nonlinearity of
the wvehicle dynamic model, three fuzzy-
estimators have been suggested to eliminate
nonlinear terms of the front and rear wheels’
dynamic. Cairano considered a system where
active front steering and differential braking are
available and proposed a model predictive control
(MPC) method to coordinate the actuators [11].
Also, Doumiati used similar method by using a
suitable gain scheduled linear parameter varying
(LPV) controller to ensure vehicle stability [12].
Additionally, a wide range of investigations in the
literature has been developed to reduce or prevent
rollover threat [13 and 14].

Hence, rollover is of the utmost importance in
designing an active safe control system, and as
such is valuable of further scientific study. In
order to simplify the control design and tuning
procedures, to the best of authors knowledge, the
existing references in the literature are limited to
the linearized equations of motion for up to four
degrees of freedom (DOF), for example [14 to
21]. This simplification essentially results in

modeling errors comparing to the high order
nonlinear model of the vehicle.

in this study, we suggest a complete vehicle
model for the purpose of rollover stability
analysis. This model includes eight DOF model
for equations of motion, nonlinear combined slip
tire model, and two-track chassis model of
vehicle. Sliding mode control (SMC) is designed
for lateral stabilization of the model. Although
the SMC theory results in a reliable control
system, many parameters should be tuned to
achieve the desired goals in practice. Therefore,
we adopt the multi-objective uniform-diversity
genetic algorithm (MUGA) with a diversity
preserving mechanism (called the e-elimination
algorithm) for Pareto optimization of controller
parameters. Absolute area under the curve of roll
angle over time and area under the curve of total
braking torque over time are the objective
functions used for minimization. The design
variables that are used in the optimization, are all
seven parameters of our SMC algorithm.
Utilizing Pareto fronts obtained by MUGA
process, a trade-off optimum design can be
confirmed. Through the obtained numerical
results, it is found that the utilized optimum
distribution braking torques can result in
obtaining desired enhancement in roll stability
and maneuverability.

The residual of the article is organized in this
way. First, we develop an eight-DOF model for
rollover simulation. Then the structure of the
controller system for avoiding the rollover of the
simulation is designed and formulated. Also, the
multi-objective tuning method to find the
optimum parameter values for our sliding
controller is proposed. The simulation results and
discussions are presented next. Finally, the
conclusion and summary are given.

2. System modeling

Figure 1 shows a schematic view of the
dynamic model of an eight-DOF system in planar
model.
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Figure 1: Typical view of the vehicle model with
roll dynamics

Figure 2 displays the suspension system of the
model. In this figure, C, and K, denote the roll
damping and stiffness coefficients, respectively.
It should be noted that in the present modeling,
the pitch angle (rotation around y axis) is
neglected in order to study the behavior breaking
system based on four-wheel rotation as
demonstrated in Figure 3. The exhibited model
has eight degrees of freedom which are
considered to be the rotational speed of the
wheels, translational motions along x and y axis,
and rotations around x (roll) and z (yaw) axis.

Rezapour et al.
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Figure 2: Behind view of the two-track model in
vertical plane

Figure 3: Free body diagram of the wheel during
braking

The governing equations associated with the
angular and translational motions are as below
[20]:

__ Fyrh cos¢p+mgh sing— Cydp— Ko+ % (Iyy—Izz)sing cosdp

IXX

P
1)
W=

My — Fyrh sing—2(Lyy—l,;)singcosp
Iyysin?¢+I,,cos?¢d

)

International Journal of Automotive Engineering (IJAE) 3359


http://dx.doi.org/10.22068/ase.2020.544
http://www.iust.ac.ir/ijae/article-1-544-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2020.544 ]

Rollover avoidance in sport utility vehicles: a multi-criteria viewpoint

u= % + vy —
hsing (MT— Fyrh sinqb—Z(Iyy—lzz)sin¢cos¢rb1])) 3)

Iyysin?¢+1,,cos%¢p

V= iyn—T — wyp — hsingcosdip? + Ii (Fyrh cos¢ +
mgh sing — Cypp — K¢d) + l[lz(lyy — I;)sing cos¢)

(4)

Where h, m and I;; outline the distance from
the roll center to the C.G., the vehicle mass and
the moment inertia about the ith axis,
correspondingly.

It should be noted that the reference [20] used
the linear forms of the equations. However, in this
paper, we study the nonlinear form the equations.
Also, the equations governing the motions of the
wheel can be written as [22]:

rEl =T/ = 1,0 (5)

" —1/" = 1,0/ 6
oy p — lww (6)
rEN T = 1,0 (7
rEIT =T = 1,0™ ©)

where w is the angular velocity of the wheel, I,
is the total moment of inertia of the
wheel, T, [T/ /" TJ' T;"] is the braking
torque, r is the wheel radius and Fis the
longitudinal tire force. Hereinafter, the
superscripts and the subscripts fl, fr, rl and rr
illustrate the front left, front right, rear left and
rear right, respectively.

2.1. Nonlinear tire Modeling

In the present study, the nonlinear combined
slip tire model so-called Pacejka Magic Formula
[23 and 24] has been used for simulating the
behavior of tire. The longitudinal force F, is
generated due to the longitudinal slip, 4, while,
the lateral force F, is produced because of the
lateral slip, a. The general form of the Magic
Formula is as follows [23 and 24]:

y = D sin[C arctan{B z — E(arctanBz)}] (9)

where z is the input variable for the longitudinal
or the lateral slip, y stands for the output variable
of F, Fy or probably M,. Also, B, E, C are the
stiffness, curvature, shape factors, respectively
and D denotes the maximum value. According to

the vehicle dynamics as shown in Figure 4, the
normal forces of each of the wheels can be
obtained as follows

Fypy =2+ MFyp (10)
Fypy = 2= APy (11)
By =2+ AFyg (12)
By, = "2 — AFyp (13)

The two components of the normal load, i.e.
static and dynamic loads which are initiated by
the distribution of the vehicle mass and load
transfer during braking, respectively, can be
obtained according to equations (14) and (15):

_ mglr mH ., _ mglr—-mHu
For = il Ay T i (14)
_ mglf mH .. _ mglf+mHu
FZR - - (15)
If+lr  If+lr lf+lr

inwhich F,g, F,, m, H, If, lr and ¥ (i) denote
the front axle normal load, rear axle normal load,
vehicle mass, height of the center of gravity,
distance from the front wheels to the center of
gravity, distance from the rear wheels to the
center of gravity and the longitudinal
acceleration, respectively. Considering roll
effects, dynamic components can be modified as
follows:

myHir K¢f¢+c¢f¢

AFer =t~ (16)
_ myHIf _ Kg,p+Co,®

AFzr = t(If+1r) t '
_ _ K¢ - _Ce

(K¢f_K¢r = 7, C¢f_C¢r = ?) (17)

where AF,, AF,g, tand y(v) are the difference
between the normal load of right and left sides
related to the front axle, the difference between
the normal load of right and left sides related to
rear axle, the track width and lateral acceleration,
correspondingly.
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(a) Side view (b) Behind view

Figure 4: Obtained resultant normal loads
corresponding to each tire: (a) Side view of a
schematic of the vehicle; (b) Behind view of force
analysis of a simple vehicle in cornering (1-DOF
roll model)

By considering Figure 5, the total forces and
moments which have been previously used in
equations (1) to (4), can be obtained by [20 and
23]:

Fer = F''+ E" + (E' + E[")coss — (B +
EJ")sing (18)
Fyr = E'+ F7 + (B[' + B[ )coss — (F[' +
F/Ysins (19)
My = (Ef' + E[")Ifcoss — (F* + Ey")ir + (F/* +
E[)ifsing + (EI" + E["cos§ + EJ'sins — FJ' —
El'coss — Ffsind)t/2 (20)

Figure 5: Planar model, displaying the
longitudinal and lateral forces of tires

Rezapour et al.

In order to present a more precise investigation,
block diagram representation of the nonlinear
eight-DOF dynamic model including a tire
modeling and a chassis modeling, is revealed in
Figure 6 in which the actuator inputs are the four
torque braking, as well as the steering angle. The
outputs of the system are the vehicle states.

Moy
= L
Derivation of Ey . Vehicle States
T
Tire Forces E[Chunls ,\.I»deﬂy >
Slip Angles
F. Load Transfer

Figure 6: The block diagram of our developed
nonlinear eight-DOF dynamic model including a
tire modeling and a chassis modeling

3. Control System
3.1. SMC-based stabilizing controller

This subsection presents a nonlinear control
system on the basis of SMC to prevent the vehicle
rollover. Since the governing dynamic equations
of the vehicle are nonlinear, it is appropriate to
deploy a nonlinear control design methodology.
The SMC is a powerful theory that lends itself for
designing robust controllers [25 and 26]. The
ability of this method is that a robust controller
designed in confronting uncertainties and
disturbances with determined bounds. The
purpose of control system includes two parts.
Firstly, vehicle rollover should be avoided by
minimum braking torque. Secondly, the roll angle
must be stabilized. We adopt the MUGA method
[27 and 28] to optimally tune the parameter of the
sliding controller, in spite of the conflict in goals.
In the next subsection, this matter is elaborated in
detail and the conflicting objective functions are
introduced.

Using equations (1) to (8), the state-space
representation of the nonlinear dynamic system
can be expressed as:

x=f(x)+bu (21)
Where :
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X = [Xq Xy X3 X4 X5 Xg X7 Xg Xg X190 | € RO
is the vehicle states vector. States X1, X2, X3, X4, Xs,
Xe, X7, Xs, X9 and Xio are expressed as roll
angle(d), roll rate(d), yaw angle(y), yaw
rate((), longitudinal  velocity(u), lateral
velocity(v), angular velocity of the fl wheel(w /),
angular velocity of the fr wheel(w/™), angular
velocity of the rl wheel(w™) and angular velocity
of the rr wheel(w™), respectively. u defines the
vector of system control inputs. b denotes
matrices with suitable dimension. The state-space
representation equations related to equations (1)
to (8) are as follows:

X1 = X (22)

XIZ =
Fyrh cosxy+mgh sinx;— Cex1— Kgpxp+ x42(Iyy—I57)sinxy cosxy

IXX

(23)
X3 = X4 (24)
i = Myp— Fyrh sinx,—2(Iyy—1I;7)Sinx;cosx;x;x, (25)
4 Iy sin?xq+1,,c05%x,
X5 = % + xgx4 —
hsinx1 (MT— Fyrh sinxl—2(Iyy—IZZ)sinxlcosx1x2x4) (26)

lyysin?x,+1,,c05%x;
Fyr ; 2

Xe === = XsXs — hsinx;cosx;x,” +

n ,

E(FyTh cosxy + mgh sinx; — Cpx; — Kgxp +

x42(L, — I, )sinx, cosx) 27
X7 = # (28)
Xg = # (29)
£y = T (30)
yo = T (31)

Based upon the SMC technique, the switching
surface S is defined as follows:

S=x+k[x (32)

where k= diag([ky ky ks ky ks ke kr]) €
R7*7 is SMC gain. The error between the actual
value and the desired value reads as:

%=x,—x% (33)

in which x, = [x; x, X4 X7 Xg X9 X10]7 € R’
is the control states vector. Also, x& € R’is the
desired states vector. A control law could be
obtained so that § = 0. Differentiating equation
(32) with respect to time gives the derivative
form:

S=%+kx (34)

Substituting ¥ = f(¥) + bu into equation (34),
according to equation (21), we arrive at:

S=fE) +bu+kx=0 (35)
Hence, the control law is achieved as:
Upqg = —b~Ykx - b71f (%) (36)

Based on the process illustrated by equations
(21) to (36), the equivalent braking torques of the
four wheels are estimated. Figure 7 represents the
block diagram of the control system considered
in this work.

Nonlinear Qutputs
Vi ‘ehicle Staty
\ehlclc_- (Vehicle States)
dynamic
model

Desired Inputs <> U=[Ty", Tyfr, Ty, Ty ]
Controller

Actuators
(Control effort)

‘ Feedback States

T[N X XX X X T

Figure 7: Configuration of the proposed optimized
sliding mode control system

3.2. Multi-objective parameter tuning

The heuristic sliding mode controller gains are
required to be chosen properly for rollover
prevention of a full vehicle dynamic model with
an eight-DOF as presented in the "System
modeling" section. As an application of our
previously developed MUGA algorithm,
represented in Figure 8, we adopt it to optimally
tune the parameter of the sliding mode controller,
in spite of the conflict in objectives. More
detailed description of MUGA can be found in
[27 and 28]. Therefore, the MUGA is utilized to
find the gains of SMC with respect to the two
conflicting objective functions, namely, absolute
area under the curve of roll angle over time and
area under the curve of total braking torque over
time. Two conflicting objective functions are
formulated as follows:
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fi = [le®ldt (37)
fo =i (38)

where  u, = [T/ dt.u, = [T/ dt.uy =
[Tftdtandu, = [ T}" dt .

Evidently, it can be noted that these objective
functions have to be minimized, simultaneously.

The vector [k, Kk, K; Kk, Kq kg, K;] is the

vector of selective gains of SMC (design
variables). This demonstrates that by choosing
different amounts for the selective gains, which is
changeable in each one of two mentioned
objective functions. in this study, we are
interested in choosing values for selective gains
to minimize these objective functions. It is clear
that this is an optimization problem with two
objective functions and seven decision variables.
The input variables are set to be in the range

k. €[0,1000](i =1-7).

4. Simulation results and discussion

The aim of the simulation scenarios presented
here is the application of the MUGA-based SMC
described in the "Control system" section to avoid
the rollover of our developed vehicle dynamic
model. Table 1 represents list of the numerical
values of the relevant parameters of the SUV
model used in the simulation.

Table 1: The values of fixed parameters of the SUV

model [14]
Fixed parameter Value
M 1146.6 kg
I 442 kg m?
lyy 1302 kg m?
Iz 1302 kg m?
i 0.88 m
Ir 1.32m
H 0.51m
Co 1000 N.m.s/rad
Ky 60000 N.m/rad
r 0.39m
T 1.76 m

The initial vehicle speed is considered to be 80
km/h (equivalently 22.22 m/s) and the steering
wheel input is shown in Figure 8 [29]. The peak
angle of this maneuver is assumed to be 221 deg.
This maneuver as an untripped rollover

Rezapour et al.

maneuver, tries to maximize the vehicle roll angle
under the dynamic motion condition (see [2] for
more details regarding the Fishhook maneuver).
The consideration of this maneuver for the
steering input, simulates very hard and critical
condition which rarely happens in the real.
Therefore, the results achieved can be practical in
the real state where the intensity of maneuvers is
lower than this.

(]
3
8
g

720 deg/sec

Steering angle (deg)

-4,

H
i

2 1 3 8 10
Time (sec)
Figure 8: Fishhook steering input

Optimum Pareto design of SMC is now
deployed via the MUGA process. In case of
optimum design of sliding mode controller from
the multi-criteria viewpoint, the specifications
required to perform the utilized optimization
algorithm in this work are given in Table 2.

Table 2: Required parameters to perform the

MUGA process
Parameter Value
Population 80
Crossover 0.95
Mutation 0.1
Generation 240

With the implementation of the genetic
algorithm program, 71 non-dominate optimal
design points which are called Pareto points are
extracted from the distribution of two objective
functions, which are demonstrated in the Figure
9. As shown in the Figure 9, the points No.1, No.3
and No.2 are the important points of the Pareto
front.

International Journal of Automotive Engineering (IJAE) 3363
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6800
6200}
« 5600}

5000} Y No.3

4400

Figure 9: Pareto front of the optimum controller
design

However, all the points obtained in the Figure
9 are optimal, and each of them can be selected as
a best from a designer's point of view. But point
No.2 could be a better one to design from the
point of view in both objective functions and is
selected as a design compromise point. In such a
way, by moving from No.1 to No.2, without a
significant increase in the objective function of
the car roll angle, a significant reduction, about
78%, is seen in the objective function of control
effort. Without applying the multi-objective
optimization such an optimal design point cannot
be achievable. Since all the points obtained in the
Pareto front which are shown in Figure 9 are
optimal, for each of them the car does not
overturn. So by moving on the Pareto curve, the
simulation results of points No.1, No.3 and No.2
are compared, respectively. Design variables and
objective functions are presented in Table 3.

Table 3: The objective functions and the values of
control parameters at the optimum points No.1, No.3,

and No.2
Optimum design 4 No.2 No.3
point
f 11.66 13.16 18.58
f, 6533 5013 4582
Des'g"k"a”ab'e 24846 25235 243.20
1
Des'gnk"a”ab'e 145.72 144.19 14354
2
Des'g”k"a”ab'e 105.34 102.83 101.21
3
Des'g”k"a”ab'e 354.60 352.21 351.86
4

Design variable 5,4, 305.46 31052

ks
De5|gnkvar|able 34991 184.71 179.01
6
DeS|gnkvar|abIe 260.47 219.38 215.23
7

Figures 10 to 15 show the time responses of the
point No.2 with and without the controller. The
obtained results illustrate that the rollover
happens right after attainment of the peak value
of the second steering step, while the controller is
deactivated. In Figure 10, the sever instability of
the roll dynamics can be observed clearly in the
uncontrolled mode.

20
o0 i
of %
i
P -20
o0
=
E -40
=
o~ 60 Rollover uccurs\ i | =—MUGA-based SMC
AN
N & | e No control
N
-80 ]
) 3 3 6 8 10
Time (sec)

Figure 10: Time responses of roll angle

Moreover, the rapid growth of both the roll
angle and the roll rates, as illustrated by Figures
10 and 11, reveal that they are the most important
parameters in controller design. Further to this,
the activating controller indicates that the roll
angle is limited to about 5 degrees in the worst
motion condition while it reaches to 80 degrees in
the case of deactivated control. In addition, the
roll angle becomes zero at the end of maneuver.

50

= MUGA-based SMC
=== N control

Z 0
w i
o iy
E ¥
& -5
-
-
2
o -100 Rollover occurs
i /
-15
! Gn 2 4 6 8 10
Time (sec)
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Figure 11: Time responses of roll rate
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—

Rollover occurs

Longitudinal acceleration (m/sz)

2r
23t
-4t
SF —— MUGA-based SMC
== No control
-6
0 2 4 6 8 10
Time (sec)

Figure 12: Time responses of longitudinal
acceleration

—
<
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_Raollover oceurs

>

1
N

Lateral acceleration (m/sz)

-10 ¥ —— MUGA-based SMC
Famnn—— NU l:l.lnh‘ﬂl
-15
0 2 4 6 8 10
Time (sec)

Figure 13: Time responses of lateral acceleration

As there is no speed control to maintain a
constant speed, it can be observed that velocity
reduces to 15 km/h at the end of the Fishhook
maneuver, as depicted in Figure 14.

100
—— MUGA-based SMC

wssss No control

80

A
=l

\
Rollover occurs

Vx (km/h)
s

[
>

0 2 4 6 8 10
Time (sec)

Rezapour et al.

Figure 14: Time responses of longitudinal

velocity
100
—— MUGA-based SMC
=== No control
80
=
= 60
E .
é Rollover occurs
# 40
-
20
0
0 2 4 6 8 10
Time (sec)

Figure 15: Time responses of lateral velocity

In order to avoid rollover, the differential
braking strategy for applied torque distribution on
the left or side wheels is considered to be as: if
the sign of steering wheel input is positive, only
the distributed torques on the right wheels are
utilized, otherwise, the distributed torques on the
left wheels are used [14]. The torque fades away
as the steering reaches to zero [14]. Figure 16
depicts the controller inputs of the trade-off
design point No.2. This figure shows that smooth
brake torques for all wheels are obtained by
proposed strategy.

800
—Front Left
. ===Front Right
’E it e Rear Left
: 60O0F il == Rear Right
£ i
5 %
I
= 1
g 400
= i
o daf
: u
= § 4
2200- 4 E
& i
1
0 I
[1] 2 4 6 8 10
time (sec)

Figure 16: Braking torque of the trade-off
optimum design point No.2

According to Figures 10 and 13, the roll angle
and the lateral acceleration are decreased. This
matter is due to the optimum braking torque input
of the optimum designed controller, as depicted
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in Figure 16. It is found that the highest value of
the obtained braking torque is lower than that
reported by [14 and 22]. The vehicle trajectory
corresponding to the point No.2 in the inertial xy
plane is depicted in Figure 17.

15 . .
—MUGA-based SMC Rollover occurs

-—~No control

. L . N Fou
0 20 40 60 8 100 120
X (m)
Figure 17: Trajectories of vehicle undergoing the
Fishhook steering input

It is clear that the vehicle lies on the desired
trajectory associated with the fishhook steering
wheel input when the controller is active.

Table 4 provides a comparison between the
present simulation results and those presented in
[14 and 17]. It is very evident from this table that
the highest roll angle and lateral acceleration
reduce around approximately 77 and 67 during
the first steering action and also about 307 and 25
/.during the second steering action in comparison
with [14], respectively. Also, it can be seen from
this table that the maximum value of roll angle
and lateral acceleration obtained in this paper
improve about 217 and 197 during the first
steering action and also about 267 and 31%
during the second steering action than those in
[17].

Table 4: Comparison of the peak values of the roll
angle lateral acceleration with the available results in
the literature

Peak Peak Peak Peak
roll lateral roll lateral
angle acceleratio angle acceleratio
(First n (second n
steering (First steering (second
) steering) ) steering)
2 2
Presen 26 (e;fi\zlar::e/;tly 27 (eé?J.iz\l/?;I?rllily
t study deg 0.76 g -deg 0.66 g
Ref. 2 2
[14] 2.8 deg 7.9 m/s -3.9 deg -8.5 m/s

Ref.

[17] 3.3deg 0949 -3.6 deg -0.96¢g

5. Conclusion

The current research focuses on an eight-DOF
two-track dynamic system and designs an active
safety controller to reduce the occurrence of
lateral dynamic instability of wvehicle-type
rollover on the basis of differential braking with
optimized distribution of braking torques. The
artificial ~ intelligence-based ~ MUGA s
implemented and the sliding mode controller is
optimally tuned to achieve the desired trade-off
in lateral stabilization of the sport utility vehicle.
In particular, seven gains of related control law
were optimized considering two simultaneous
conflicting objective functions. The multi-criteria
optimization of SMC led to the discovering
important trade-offs among those objective
functions which would not have been found
otherwise. The simulation results verify that by
applying  multi-criteria  optimum  sliding
controller, the roll stability of vehicle can be
considerably improved in spite of increasing
lateral acceleration. Since the consideration of
Fishhook maneuver for the steering input,
simulates very hard and critical condition which
rarely happens in real, therefore, the results
achieved can be practical in the real state where
the intensity of maneuvers is lower than this. This
testifies to the practicality of the designed optimal
controller.
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