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Abstract. In this study, the vehicle’s dynamic behavior during braking and steering input is investigated by
considering the quarter-car model. The case study for this research is a Sport-Utility Vehicle (SUV) with the
anti-lock braking system (ABS) and nonlinear dynamic equations are considered for it along with Pacejka tire
model. Regulating the wheel slip ratio in the optimal value for different conditions of the road surface (dry, wet
and icy) during braking is considered as the ABS control strategy. In order to regulating the wheel slip ratio in
the optimal value, an intelligent adaptive fuzzy controller that can perform online parameter estimation is
considered. In this regard, the proposed controller tracks the optimal wheel slip ratio with changing the
condition of the road surface from dry to wet and icy. The adaptive fuzzy controller consists of linguistic base,
inference engine and defuzzifier section. The wheel slip ratio and vehicle longitudinal acceleration are selected as
inputs of the controller, controller adapter and detector of the road surface condition. During braking and
steering input, effective parameters of the wheel that are affected on the vehicle’s dynamic behavior and its

stability are investigated.
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1 Introduction

Vehicle safety is an important factor for designers, so
vehicles have to meet strict safety standards in order to be
allowed to enter the market. Vehicle stability is one of the
most important issues in pre-crash safety. Because of
higher customer demand for SUVs in recent years, many
automobile companies are interested in the production of
these types of automobiles. Due to high height of the
center of gravity, SUVs have higher probability of
instability than the other vehicles [1]. The influence of
center of mass longitudinal position, tire cornering
stiffness and front/rear roll stiffness ratio on the vehicle
stability analyzed by Farroni et al. [2]. Hisaoka et al. [3]
discussed an analysis of driver-vehicle behavior during
braking in turns. The behavior of the vehicle on the lateral
stable and unstable areas for calculating the probability of
wheel lock during braking presented by Lenasi et al. [4].
Qu and Liu [5] studied on the nonlinear influences of tires
on the steady-state steering behavior, dynamic response
and handling stability of the vehicle. Olson et al. [6]
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considered the longitudinal braking dynamics of a two-
wheel vehicle model on an incline using techniques from
nonlinear dynamics. Ahmadian [7] improved handling,
stability and ride comfort of the vehicle by theoretical and
experimental methods. Kazemian et al. [8,9] proposed the
dynamic of SUVs by a new suspension system and they
improved the instability of the vehicle system by proposed
suspension systems. Joa et al. [10] estimated the tire slip
angles under various road conditions without the prior
knowledge of tire and road condition only by using on-
board vehicle sensors. Cheng et al. [11] proposed an
adaptive-sliding-mode observer to estimate the lateral tire
force. Reiter and Wagner [12] studied on the variance of
longitudinal and lateral forces and plus aligning torque of
tires. Zhang et al. [13] proposed a reconfigurable control
scheme for articulated stabilization of vehicles by
leveraging optimization-based control techniques. More-
over, basic researches of dynamic modeling have been
placed in [14-20].

In different road conditions, especially slippery roads,
proper operation of the braking system can guarantee the
stability of the vehicle during braking. The anti-lock
braking system improves the stability and safety of the
vehicle by regulating the optimal wheel slip ratio.
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Intelligent control could be useful for regulation of the
wheel slip ratio to obtain ABS purposes. Lee and Zak [21]
designed a genetic neural fuzzy anti-lock-brake-system
controller for different types of braking maneuvers. Change
of membership function characteristics in the controller to
improve the fuzzy control of antiskid braking systems
studied by Layne et al. [22]. Madau et al. [23] described the
preliminary research and implementation of a fuzzy logic
controller to control the wheel slip ratio for an anti-lock
brake system. A friction monitoring system with using
nonlinear and linear mathematical models for describing
the friction coefficient characteristics and computing the
dynamic wheel loads and longitudinal tire forces developed
by Germann et al. [24]. Mirzaei et al. [25] proposed an
optimized fuzzy controller for anti-lock braking systems
and they considered the wheel speed and the vehicle
acceleration as two input controller variables. An optimi-
zation-based on non-linear control law with increased
robustness designed by Mirzaeinejad and Mirzaei [26] for a
two-wheel ABS. Sabanovi¢ et al. [27] contributed to the
development of the new efficient engineering solution
aimed at improving vehicle dynamics control via the anti-
lock braking system (ABS) by estimating friction coeffi-
cient using video data. To verify functionality of an
intelligent open loop fuzzy-logic-based anti-lock braking
system the control method for four on-board motor drive
electric sport utility vehicle a hardware-in-the-loop
experiment conducted by Aksjonov et al. [28]. Zhang
et al. [29] presented a novel nonlinear robust wheel slip rate
tracking control strategy for autonomous vehicle with
actuator dynamics. Wellstead and Pettit [30] described the
analysis and subsequent redesign of an ABS using a new
method for studying the dynamical behavior of piecewise
linear systems. An adaptive fuzzy logic control of discrete-
time dynamical systems proposed in [31,32] and Sakai et al.
[33] designed a robust discrete-time controller. A vehicle
dynamics control system developed by Zheng et al. [34] for
tracking desired vehicle behavior. Applications of fuzzy set
theory and fuzzy adaptive control of a first-order process
with a varying gain and time constant investigated in
[35,36]. Other important controllers for anti-lock braking
systems have been placed in [37-42].

According to previous researches with changing the
road surface condition, during braking the controller does
not have a good performance and the wheel slip ratio is
regulated in a predetermined constant value for each
surface condition. On the other hand, when the road
surface conditions are changed, the slip ratio of wheels is
not regulated in the optimal value. For the quarter-car
model of this study, when the road surface condition is
changed from dry to wet and icy and vice versa, for
obtaining the good performance of the brake system, the
intelligent ABS adaptive fuzzy controller due to the online
parameter estimation is considered. Wheel slip ratio
regulation in the maximum range of longitudinal friction
coefficient for different conditions of the road surface is
selected as the purpose of the ABS control. During braking
and steering input on a slippery road, the influence of the
wheel parameters is analyzed on the vehicle’s dynamic
behavior.
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Fig. 1. Quarter-car model of the vehicle.

2 Vehicle model and equations

A quarter-car model is considered for investigating the
dynamic analysis of the vehicle (see Fig. 1). The vehicle is
passed in a path that consists of longitudinal, lateral and
yaw motions by steering input. The main equations of
motion for the quarter-car model can be simplified as
follows [34]:

Longitudinal motion:

ZFI = Fyycosdy — Fypsindy = m(Vz — Vy¢) (1)
Lateral motion:

> Fy = Fupsinds+ Fyreosdy =m(Vy+ Vap)  (2)
Yaw motion:

ZMZ = (Fxfsin(SerFyfcosSf)lf

. d ..
—&-(waCOS(Sf—Fyf81n5f)§+sz:Izz‘ﬂ (3)

which m denotes the mass of the vehicle, Iis the moment of
inertia, § is the steering input and V'is the vehicle velocity.
@ is the yaw angle, M ;is self-aligning moment of the front
wheel and subscript f shows the front wheel. [ is the
distance from the center of gravity to front axle and dis the
vehicle width.

2.1 Lateral and longitudinal forces of the tire

The Pacejka non-linear Magic Formula is considered to
evaluate the lateral and the longitudinal forces of the tire
[19,24,34,38]. The lateral slip angle is difference between
the direction of tire longitudinal axis and the direction of
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tire velocity vector in the zy plane (Fig. 2). Therefore the
lateral slip angle («) is considered as [19,34]:

(4)

The output of the Magic Formula under some inputs
such as lateral slip angle and vertical force of the wheel
(static load) is introduced as [19,34]:

oy = arctan[(Vy + (})'lf)/(Vz + gb-d/Z)] — &

Y(z) = Dsin(Carctan(Bz — E(Bz — arctan(Bz)))) (5)

which, Y(2) is the lateral force (F),) with the lateral slip
angle and B, C, D and F are the constant parameters of the
Magic Formula. In this research the lateral force is
considered as F,;= (KN that K. is the sideslip force
stiffness of the tire and N is the tire normal load [42]. The
longitudinal force (F,) is considered as a function of the
longitudinal friction coefficient as equation (6) [24,34]:

(6)

In equation (6), u(S) related to the longitudinal friction
coefficient and it is a function of the wheel slip ratio (5).
The formula of 1(S) is defined as equation (7) [19,24,38]:

u(S)= Dsin (C arctan(B(1 — E)(S))+ (g arctan(B(S))))
(7)
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Fig. 2. Tire characteristics in contact patch area [19].

Figure 3 shows typical variations of the longitudinal
and lateral friction coefficients with respect to the wheel
slip ratio (u(S) curves, Fig. 3a [23]), u(S) curves for
different conditions of the road surface (Fig. 3b [24]) and
comparison of u(S) curves for tire models (Fig. 3c [24]).
Figure 3c also shows different models of the tire and it is
proved that the Pacejka Formula has the most appropriate
results for all range of wheel slip ratio than the other tire
models such as polynomial model.

2.2 Wheel rotational equation

The rotational equation of the wheel is obtained as [24,34]:

®)

which 7, is the radius of the wheel, T is the brake torque
that acts on the wheel, w,, and I, are angular velocity and
moment of inertia of the wheel; respectively. During
braking, the wheel slip ratio (S) is defined as [34,38]:

Loy = =Ty — 1, Fy

TwWyw — Vz
S=——77—— 9
o )
The slip ratio shows the wheel slip according to the
longitudinal velocity of the vehicle and angular velocity of
the wheel and 0 <|S| <1. When w,, = 0 then | S| =1 and the
wheel lock-up will be occurred.

2.3 Self-aligning moment of tires

The self-aligning moment (M) indicates the tendency of
the tire to accept the steering input around the vertical
axis. This moment is resulted from the deformation of tire
in contact patch area (Fig. 2). The self-aligning moment is
defined as the product between the lateral force and the
pneumatic trail. The pneumatic trail is resulted from the
lateral slip angle and the pneumatic trail is defined with the
Magic Formula as [19,20,34]:

Y () = Dcos(Carctan(Bx — E(Bx — arctan(Bz)))) (10)
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Fig. 3. u(S) curves: (a) variations of friction coefficients with respect to the wheel slip ratio, (b) for different conditions of the road

surface and (c¢) comparison for different models of the tire.
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Fig. 4. Block diagram of the control system.

In this study, the self-aligning moment of the tire is
considered as M,;= (K ) N that K, is defined as the self-
aligning moment stiffness of the tire [18,42].

3 Anti-lock Brake System (ABS)

The ABS has some sub-systems such as the vehicle
dynamic, the hydraulic system [25] and the tire-road
system. The hydraulic system of the ABS consists of the
controller and control valves. The control valve input is
supplied from the controller. The fluid pressure in the
hydraulic system determinates the brake torque and the
fluid pressure is regulated by control valves. The regulation
of the fluid pressure in the hydraulic system of the ABS
must be done to keep the wheel slip ratio in the appropriate
range to obtain the lateral stability of the vehicle.

The tire-road system is an important section of the
brake system. Variations of the friction between tire and
road are resulted from the change of the road surface
condition. Furthermore, the controller has a difficult task
to keep the wvehicle stability. In contact patch area,
longitudinal and lateral friction coefficients are available.
With increasing the longitudinal friction coefficient during
braking, the stop time will be decreased. Meanwhile, with
decreasing the lateral friction coefficient, the lateral
stability of the vehicle will be decreased. Both of friction
coefficients are the functions of the road surface condition
and the wheel slip ratio (Fig. 3(a)).

3.1 Control system strategy

The operation of the ABS controller is controlling the
hydraulic pressure of the brake system to prevent wheel
lock-up. Purposes of the ABS are stop time reduction,
keeping the lateral stability and preventing the wheel lock-
up. Mentioned purposes are resulted from increasing the
longitudinal and lateral friction coefficients. Both of these

friction coefficients depend on the wheel slip ratio and the
road surface conditions. According to the variations of
friction coefficients with respect to the wheel slip ratio, it is
not possible that both of friction coefficients increase
simultaneously (see Fig. 3a). On the other hand, the
maximum lateral friction coefficient is occurred at zero slip
ratio and will be decreased with increasing the slip ratio.
However, the zero longitudinal friction coefficient is
occurred at zero slip ratio and will be increased with
increasing the slip ratio in the stable range of 0 < |5 <0.2.
It means that, when the maximum lateral friction
coefficient is occurred, the longitudinal friction coefficient
goes to zero and the vehicle does not stop. When the
maximum longitudinal friction coefficient is occurred,
during braking, the maximum force will be occurred in
contact patch area and the stop time is decreased. For this
manner, the lateral friction coefficient is lower than its
maximum but is not enough to causes the lateral instability
of the vehicle.

Therefore, when regulation of the wheel slip ratio is
occurred in the maximum range of the longitudinal friction
coefficient, appropriate results in the lateral friction
coefficient will be obtained. According to equation (7),
the maximum range of the longitudinal friction coefficient
for different conditions of the road surface in this research is
happened in the stable range of 0.08-0.18 for the wheel slip
ratio. For the higher amounts of this range, the lower
longitudinal friction coefficient will be obtained. It can be
concluded that the important strategy of the ABS
controller in this study is regulation of the wheel slip ratio
in the stable range of 0.08<|S]<0.18 for different
conditions of the road surface (dry, wet and icy).

3.2 ABS adaptive fuzzy control

The block diagram for the fuzzy control system of this
study is shown in Figure 4. The wheel slip ratio and
longitudinal acceleration of the vehicle are considered as
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Fig. 5. Membership functions for the controller inputs: (a) wheel slip ratio and (b) longitudinal acceleration.

two inputs. Mentioned inputs are used in the adaptive
fuzzy controller, controller adapter and detector of the road
surface condition. Simulation steps of this research are
expressed in the following sections.

3.2.1 Discretization

The control process of this research is considered in the
form of discretization of equations [31-33]. As an example,
discrete equations of the wheel rotation and longitudinal
force of the tire are considered as:

T

(i 1) = wuli) + (I—) (CTo(0) — roFas () (11)

Fap(i) = —n(S(i +1)).mg (12)
That 7 is the sampling time and 7 shows each sampling
period of the process.

3.2.2 Adaptive fuzzy controller

The wheel slip ratio and longitudinal acceleration of the
vehicle are considered for regulation of control rules.
Gaussian membership functions for the controller inputs
are shown in Figure 5. Fuzzy IF-THEN rules such as “IF
THE SLIP RATIO IS MEDIUM AND; THE NEGATIVE
LONGITUDINAL ACCELERATION IS BIG; THEN
THE CONTROL SIGNAL IS BIG” and “IF THE SLIP
RATIO IS SMALL; THEN THE CONTROL SIGNAL IS
VERY BIG” are considered for the control process. These
rules are evaluated according to the slip ratio and the
longitudinal acceleration. The inference process is per-
formed by the Mamdani max-min inference method [35,36].
To obtain the control law (u is resulted from the controller
output) the defuzzifier process is done for inference of
results [37]. In this study, the hydraulic system of the ABS
is considered as an actuator with first-order dynamic [41].

The discrete dynamic of the actuator is considered as
equation (13).
Ty(i+ 1) = Tp(2) + 20.37t(u(i) — Th(7)) (13)

The adaptive fuzzy controller consists of the linguistic
base, the inference engine and the defuzzifier section. The
adaptive fuzzy controller of this study is created in form of
a matrix by a function in the MATLAB software. When
elements of the controller matrix are constant, the control
system does not have a good performance due to change of
the road surface condition. However, when elements of the
controller matrix have the adaptive property then the
adaptive property of the controller is appeared. Due to
the adaptive property such as the online parameter
estimation, the wheel slip ratio will be regulated in the
optimal value for different conditions of the road surface.
The procedure of using the controller matrix is shown in the
equation (14).

u(i +1) =evalfis[S(i +1) ay(i+1)] (14)

According to equation (14) the controller matrix is
created owning to the new adaptive parameter and it is
obtained by the controller adapter. Therefore, the control
law of each period (u(i+ 1)) is obtained due to two inputs of
the wheel slip ratio and longitudinal acceleration of each
sampling period (S(i+ 1) and a,(i+ 1)).

3.2.3 Controller adapter

The controller adapter in this study consists of solver of
variations slop and solver of parameters’ variations. In the
proposed controller adapter, parameters of the fuzzy
controller are regulated to obtain the appropriate slip
ratio by the control law. The solver of variations slop
performs the derivation and the relation between varia-
tions of the wheel slip ratio and longitudinal acceleration,
forms the adaptive basis of the controller.
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Fig. 6. Membership functions for solver inputs of the parameters’ variations: (a) variations of the wheel slip ratio and (b) variations of

the longitudinal acceleration.

The appropriate variations of controller parameters for
regulating the wheel slip ratio in the optimal value are
resulted from the solver of parameters’ variations. The
solver of parameters’ variations consists of the knowledge
base, the inference engine and the defuzzifier section as like
as the fuzzy controller. For the knowledge base Gaussian
membership functions of inputs are considered as Figure 6.
In the knowledge base, fuzzy IF-THEN rules such as “IF
VARIATIONS OF THE SLIP RATIO IS ZERO AND;
VARIATIONS OF THE LONGITUDINAL ACCELER-
ATION IS ZERO; THEN INCREASE OF PARAME-
TERS IS ZERO” and “IF VARIATIONS OF THE SLIP
RATIO IS BIG NEGATIVE AND; VARIATIONS OF
THE LONGITUDINAL ACCELERATION IS SMALL
POSITIVE; THEN INCREASE OF PARAMETERS IS
BIG” are used to present appropriate output. These rules
are inferenced by the Mamdani max-min inference method.

The defuzzifier process is performed by the centroid of
area method for the final result and the final result will be
sent to the controller. The control adapter of this study is
created in the form of a matrix by a function in the
MATLAB software. Equation (15) shows the instruction of
the control adapter matrix.

Adaptive parameter(i + 1) = eval fis[A(dS(i + 1)/dt)
A(dag(t+1)/dt)] (15)

Equation (15) illustrates that with using the matrix of
the controller adapter and according to variations of the
wheel slip ratio slop and variations of the longitudinal
acceleration slop the parameter which adaptive process is
performed by it, will be obtained.

3.2.4 Detector of the road surface condition

The detector of the road surface condition is used for
regulation of fuzzy controller rules. For each road surface
condition, a special number could be considered. For
instance, number one introduces the surface of dry road

and the number zero shows the surface of icy road and other
conditions of the road surface such as surface of wet road
places between this range (]|0,1]). The detector of the road
surface condition consists of the knowledge base, the
inference engine and the defuzzifier section. Similar to the
controller, Gaussian membership functions for detector
inputs of the road surface condition are considered as
Figure 7. Fuzzy IF-THEN rules such as “IF THE
LONGITUDINAL ACCELERATION IS BIG NEGA-
TIVE; THEN THE ROAD SURFACE CONDITION IS
DRY”and “IF THE SLIP RATIO IS MEDIUM AND; THE
LONGITUDINAL ACCELERATION IS MEDIUM NEG-
ATIVE; THEN THE ROAD SURFACE CONDITION IS
WET” are used to detective of the road surface condition.
These rules are evaluated by the Mamdani max-min
inference method and after the defuzzifier process, the final
result will be obtained and will be placed in the range of
[0,1]. Detector matrix of the road surface condition is
created by a function in the MATLAB software and its
instruction is presented in equation (16).

Detect of the road surface condition (¢ 4 1)

=evalfis[S(i+1) au(i+1)] (16)
According to equation (16), with using the wheel slip
ratio and the longitudinal acceleration of 4 period and
detector matrix of the road surface condition, the road
surface condition of each sampling period (i) will be
detected in form of a number in the range of [0,1].

4 Simulation results

To evaluate the performance of the anti-lock brake system
and the vehicle stability during braking and steering input,
the vehicle is considered as the class of SUVs (Jack S5) with
parameters of Table 1. For different conditions of the road
surface the steering angle of this research is considered as
Figure 8. The ratio of the maximum steering angle of
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Fig. 8. Steering angle for: (a) icy, wet and dry road surfaces and (b) dry, wet and icy road surfaces.

Table 1. System parameters of the case study.

Parameter Value Unit

m 1545 kg

I.. 1808 Kg.m?
K 3500 N.m/rad
K. 120 kN /rad
T 5 ms

I, 3.04 Kg.m?

d 1.84 m

Vo 60 Km/h

ly 1.103 m

Tire type 225/55R18
Numerical model of tire Pacejka Magic Formula

Figure 8 to the maximum angle of the front wheel is
17.5 to 1. On the other hand, according to Figure 8 the
maximum variation in the angle of front wheel of is one
degree.

In Figure 8a for different times (0<¢<4) the road
surface condition is changed from icy to wet and dry.
Figure 8b also shows that for 0 <¢<4 the road surface
condition is changed from dry to wet and icy. Variations of
the longitudinal friction coefficient for dry, wet and icy
road surfaces are shown in Figure 9. Figure 9 shows that the
maximum of the longitudinal friction coefficient with
respect to the wheel slip ratio (u(.S) curves) for dry, wet and
icy surfaces of the road is: 1(0.18), 0.7(0.13) and 0.3(0.08);
respectively. For the road surface conditions of Figure 8a,
variations of the vehicle longitudinal velocity and angular
velocity of the wheel is shown in Figure 10. Figure 11
shows tracking the optimal wheel slip ratio for different
conditions of the road surface.
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During braking for different conditions of the road
surface, according to results of the vehicle longitudinal
velocity and angular velocity of the wheel (Fig. 10) it can be
concluded that the stop time of the vehicle will be
decreased. According to Figure 11, tracking the wheel slip
ratio is ascertained by the controller with a high accuracy
for different conditions of the road surface. On the other
hand, the proposed intelligent controller regulates the
wheel slip ratio in the optimal ranges with changing the
road surface condition from dry to wet and icy and vice
versa. In regard to the change in the condition of the road
surface, the control system meets a problem. The proposed
control system works well against this problem and tracks
the optimal wheel slip ratio. According to the results it can
be concluded that the proposed adaptive fuzzy controller
could be effective to obtain purposes of the anti-lock brake
system.

During braking and steering input on a slippery road
(Fig. 8a for 0 < ¢t<2), the dynamic behavior of the vehicle
such as lateral velocity and rate of yaw angle with
parameters of Table 1 is shown in Figures 12 and 13 by dot
lines. The effective parameters of the wheel such as tire
stiffnesses (the self-aligning moment stiffness and sideslip
force stiffness of the tire) and the steering input are selected
for this research. The influence of the effective parameters
on the dynamic behavior of the vehicle is shown in
Figures 12 and 13 by dash and dash-dot lines.

Figure 12 shows that with increasing tire stiffnesses
such as the self-aligning moment stiffness and sideslip force
stiffness of the tire, system variables are rapidly converged
to zero. On the other hand, the resistance of system
variables increases to lateral stimulation and the vehicle
stability will be increased. Practically, radial tires with low
profile and wider width are used for this purpose. Figure 13
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Fig. 12. Influence of the self-aligning moment stiffness and sideslip force stiffness of the tire on the vehicle’s dynamic behavior during

braking and steering input.
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Fig. 13. Influence of the steering input on the vehicle’s dynamic behavior during braking.

shows that by raising the steering input, system variables
are slowly converged to zero. It should be noted that in
general, the parameters that cause change in the load
transfer during braking (the height of the center of gravity
and tire stiffnesses), will have a great effect on the
convergence and resistance of system variables.

5 Summary and conclusion

In this research, the stability of the class of SUVs (Jack S5)
during braking and steering input is investigated. The
vehicle model is considered as a quarter-car model with the
anti-lock brake system (ABS). The Pacejka non-linear
Magic Formula is used for the investigation of tire behavior
and nonlinear equations of the dynamic model are selected.
For the quarter-car model of this study, wheel slip ratio
regulation in the maximum range of longitudinal friction
coefficient for different conditions of the road surface is
selected as the purpose of the ABS control. The adaptive

fuzzy controller is considered and regulated in this study
according to variations of longitudinal acceleration of the
vehicle and the wheel slip ratio. In the adaptive fuzzy
control of this study because of the online parameter
estimation, controller parameters are regulated to control
the fluid pressure of the brake hydraulic system. During
braking and steering input on a slippery road, the influence
of the wheel parameters is investigated on the dynamic
behavior and the system stability. Based on the results, the
maximum longitudinal friction coefficient with respect to
the wheel slip ratio (u(S)) for dry, wet and icy surfaces of
the road is obtained as 1(0.18), 0.7(0.13) and 0.3(0.08). For
different conditions of the road surface tracking the
optimal wheel slip ratio with a high accuracy is performed
by the proposed controller. For different conditions of the
road surface according to the results of longitudinal
velocity of the vehicle and angular velocity of the wheel,
the stop time of the vehicle during braking will be
decreased. During braking and steering input on a slippery
road, when tire stiffnesses are increased the resistance of
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system variables increases to lateral stimulation and the
vehicle stability will be increased. This result also satisfies
for reduction of the steering input.
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