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Abstract

In this research, with the aim of stabilizing an in-wheel
motor electric vehicle, an adaptive sliding mode robust
control strategy is developed based on the phase plane. The
proposed control strategy consists of three levels. The first
level includes an adaptive sliding mode controller. In this
study, the system's state is adjusted to mitigate chattering,
minimize response delay, and reduce tracking error. The
second level involves a joint control algorithm,
implemented based on the boundary model of the stable
region in the vehicle sideslip angle rate phase plane. When
the vehicle operates within the stable region, the adaptive
sliding mode controller uses the yaw rate to determine the
rotational torque. Conversely, when the vehicle exits the
stable zone, the algorithm utilizes both the sideslip angle
and yaw rate to stabilize the vehicle and return it to the
stable region. The third level incorporates an optimal
distribution function to allocate rotational torque across
the four vehicle tires. To accurately represent the vehicle's
real behavior, the nonlinear dynamics of the tires are
considered. The proposed control algorithm is evaluated
under various scenarios, including different operating
conditions and critical/emergency situations. Simulation
results demonstrate the algorithm’s optimal performance
and effectiveness. Additionally, MATLAB/CarSim
software is used to validate the simulations.

Keywords: Sliding Mode, Stability, Sliding Surface, In-
wheel Motor, Vehicle Dynamic.

1. Introduction

In the last decade, with the development of related
technologies, the production of electric vehicles by the
world's leading vehicle manufacturers and the growing
demand of customers for these vehicles, their presence
became prominent due to much less energy consumption
and less pollution in the automotive industry. At the same
time, with the advancement of vehicle control and the
feeling of drivers to help them drive, especially in critical
situations, the world's leading vehicle manufacturers
started designing and producing electric vehicles. Also, the

approach to the development of autonomous driving
electric vehicle is growing in advanced countries.
Therefore, researchers have also conducted appropriate
research in this field in the last five years. Considering the
importance of safety issues, the discussion of stability in
electric vehicles is a serious and important issue, especially
in emergency and dangerous situations and maneuvers. In
critical and emergency maneuvers, there are very strong
couplings between longitudinal and transverse dynamics at
several levels of dynamics, kinematics and tire forces.
Therefore, the need for an integrated control system that
can guide the vehicle in these maneuvers is well felt. In
recent years, control methods have been proposed to track
the vehicle's path. In a research, it has been attempted to
provide an optimal control method for the foresight with a
small side angle of the vehicle. In another research, an
optimized prediction neural network model has been
proposed, and the active front steering wheel angle is
guided based on the prediction point and the current state
of the vehicle. Analytical values of model parameters are
obtained by analyzing the amount of error. In a research,
researchers have attempted to design a track tracking
controller based on the sliding mode technique by using a
non-linear tire model and comparing them with a linear
quadratic regulator controller. According to the conducted
research and the results, it is clear that the sliding mode
controller has a good performance in controlling the
rotation angle of the vehicle around the yaw axis. In a
research on the design of vehicle track tracking control
based on linear matrix inequality, a saturated linear tire was
used to obtain the dynamic model, which includes time-
varying characteristics in the tire. Also, the proposed
controller is compared with the controller based on the
prediction of the model.

The structure of this paper is as follows: The second
part introduces the dynamic model of the in-wheel motor
electric vehicle. The adaptive stability control system
based on the sliding mode control algorithm is introduced
with details in the third section. In the fourth part, the
results of the simulations are analyzed and reviewed. The
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conclusion is presented below. E o—m gly + axheg + Faerohaero/m
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2. Dynamic Modeling lrayheg 0.6F; 010
2.1. Wheel Equation (U +1ot,| 4

The wheel is one of the subsystems in the analysis of the
dynamic behavior of the car in acceleration and braking
modes.
dw;
hy—F=Ta; =Ty,
where [, is the moment of rotational inertia of the
wheel, F, is the longitudinal force of the tire, R is the
effective radius of the wheel, T;.T, represents the
braking and thrust torque, respectively. Also, the rolling
resistance can be calculated using equation (2).

_Fx]-R = Trou @

Trou = f+RE, )

that F, of,- represent the rolling resistance of the tire and

the normal force of the tire, respectively.
The vehicle bicycle model is shown in figure (1).
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Figure 1. Vehicle bicycle model

2.2. Tire Dynamic

Assuming the linear dependence of the friction force of the
tires on the vertical force of each tire, the longitudinal or
transverse friction force of the tire can be expressed by
equation number (3).

E, =y B Ke{xylte{frlee{lr} A3)

Where F,__ represents the vertical load of each of the
front and rear tires and y;_, also represents the longitudinal
or transverse friction coefficient of the tire. The vertical
force of the tire is described by relations (4) to (7).
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Where h.gshaero.g represent the acceleration of gravity,

the height of the center of aerodynamic force from the road
surface and the height of the center of mass from the road
surface, respectively. The expression 0.6F,.,, represents
the aerodynamic force that is applied to the car in the
vertical direction. In this research, it is assumed that this
force is equally divided between the tires. Also, the
coefficient u, , can also be calculated using the magical
Pejka formula.

ke{rylre{frlee{lr} ®)

O
Hie, . =
T.E O—T e

Hee = Dr.s Sin(c‘[.sarCtan(B‘r.so-‘r.s)) .TE {f T} . EE {lT} (9)

where B, .. C... D, are fixed coefficients that are specific
for the tire and road in question. Also, in this research, it is
assumed that these coefficients are the same for four tires.
o, represents the total slip of the tire, which is a function
of the longitudinal and transverse slips of the tire .

Ore = ’Jxmz +o0, 2 te{frt.ee{lr} 10

The longitudinal slip of each of the front or rear tires is a
function of the longitudinal speed of the contact point of
the tire with the road surface and the longitudinal speed

equivalent to the rotation of the wheel and with The
relationship number (11) can be defined.
=M.Te{f.r}.se{l.r} an

a.
e max (vrwm' vCW-(_g)

The longitudinal speed of the point of contact of each tire
with the road surface can be calculated with the help of
relations (12) to (15).

Vouy, = veg =7 (3 16) (12)
vy, = g (L ) @)
S (W 14
Vow,, = Ve +7 (5= uh) (15)

Also, the longitudinal speed equivalent to the rotation of
the wheel can also be calculated from equation (16).

Vrw,, = Tw,,Wre -TE{f.1}. e €{lL1} A16)

In order to calculate the transverse slip of the tire, the slip
angle of the tire (a,.) should be determined first, slip

angles of the front and rear tires can be determined using
the relations number (17) to (20).
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The parameters of the vehicle dynamic model are
presented in table (1).

Table 1 Vehicle Parameters

Parameter Symbol Value
m kg 1411
Cy - 0.45
I kgm? 2.6
tw m 1.48
ly m 1.56
l, m 1.04
h m 0.54
L, kgm? 2031.4

3. Control Algorithm

The proposed control algorithm has three levels. The
first level includes the adaptive sliding mode control
algorithm. The outputs of this level are the rotational
torque. The second level includes a joint controller
which is concerned with checking and analyzing the
stability of the vehicle based on its phase plane, the
speed of the side slip angle of the vehicle - the side slip
angle of the vehicle in order to balance the range of the
two controllers. In the third level, the final torque is
calculated and the required torque distribution of the
wheels is done.

4. Results and Discussion

In this section, the effectiveness and efficiency of the
proposed adaptive sliding mode control algorithm
system is validated. In this scenario, the friction
coefficient of the road surface and tire is assumed to be
0.45. And the input of the wheel steering angle is
considered. And the performance of the proposed
control algorithm is investigated and analyzed with the
sliding mode control algorithm. In this maneuver, the
longitudinal speed of the car is considered to be 100
km/h. The steering wheel angle is assumed to be a
sinusoidal curve with a period of 2 seconds and an
amplitude of 50 degrees. Figure number (2) shows the
sinusoidal input curve of the wheel steering angle. The
results of the simulation can be shown in figures (2) to
(6). According to Figures (3) and (4), when the car is
not under control, the values of the rotation angle of the
car around the yaw axis and the side slip angle of the car
become very large. While the vehicle is under the
sliding mode control algorithm and the adaptive sliding
mode control algorithm system, the values of the
rotation angle of the vehicle around the yaw axis and the

side slip angle of the vehicle are very close to the ideal
values. And according to the simulation results, it is
clear that the adaptive sliding mode control algorithm
system creates a better effect on the system
performance. The changes of the steering wheel angle
can be seen in figure number (5) according to time.
Figure number (6) shows the tracking of the vehicle's
movement path. And according to the obtained results,
it is quite clear that the car quickly loses its stability
without the presence of the control algorithm. While the
vehicle under the control of the sliding mode algorithm
and the adaptive sliding mode algorithm system is able
to track the specified and ideal value, and the adaptive
sliding mode control algorithm system has the lowest
amount of error in tracking the movement path
compared to the sliding mode control algorithm.
According to figures (9) and (10), when the car is not
under control, although the driver tries to control the car
to maintain stability, the car is in a state of losing control
and exiting the stable state, and finally, seriously. It
deviates from the expected driving path and becomes
unstable. But when the car is under sliding mode control
and the adaptive sliding mode control algorithm system,
itisalways in a stable state and the car is able to perform
the double lane change maneuver in the desired state,
and the proposed control algorithm system has good
efficiency and effectiveness.
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Figure 2 Steering wheel input
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Figure 5 Changes of steering wheel angle over time
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Figure 6 Vehicle tracking

5. Conclusions

In this research, an adaptive sliding mode control strategy
based on the phase plane was proposed to stabilize the
motor-in-wheel electric vehicle. The proposed control
strategy includes three layers. The first layer includes the
sliding mode control algorithm. In this research, the
change of the system was done with the aim of eliminating
the jump in the system and minimizing the response delay
and tracking error. The second layer consists of a common

control algorithm, which was used to control the control
algorithm of the first level based on the boundary model of
the stability zone of the vehicle's side slip angle - the side
slip angle of the vehicle. When the vehicle is in the stable
zone, the adaptive sliding mode control algorithm uses the
rotational angular velocity of the vehicle around the yaw
axis to determine the rotational torque, and when the
vehicle is outside the stable zone, the adaptive sliding
mode control algorithm system uses the side slip angle.
The car and the speed of the car's rotation angle around the
yaw axis are used to stabilize and return the car to the
stable area. The third layer includes an optimal torque
distribution control algorithm that optimally distributes the
rotational torque to the required torque of the four wheels
of the electric vehicle. In this research, in order to consider
the real behavior of the car, the nonlinear dynamic of the
tire was implemented. The proposed control algorithm
system was analyzed and investigated in different
scenarios with different working conditions and
emergency and critical conditions. In this article, in order
to validate the results obtained from the simulation, the
Simulink/MATLAB-Carsim software was used. The
results of the performed simulations showed the optimal
and effective performance of the proposed control
algorithm system to stabilize and improve the steering of
the motor-in-wheel electric vehicle.

In the continuation of this research and as future
activities, it is possible to implement the proposed control
algorithm in the discussion of collision avoidance. He
also proposed an adaptive step-back method for the
design of the upper layer controller in order to create a
corrective torque.
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