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Abstract: In this paper, a new concurrent yaw rate, sideslip angle, and longitudinal-velocity direct
yaw moment control (DYC) strategy is proposed to improve the handling and stability of a rear-wheel
drive student electric racing vehicle (EV) equipped with two independent motors. In order to control
these three parameters concurrently, three control schemes are developed: three fuzzy controllers,
three optimized PID controllers, and two fuzzy controllers for the yaw rate and sideslip angle with a
PID for longitudinal velocity. The EV dynamic behavior for the different control schemes is compared
by using a nonlinear model of the EV. This model consists of three main parts: vehicle dynamics,
wheel dynamics, and tire dynamics. Simulations under a circular-path driving scenario show that the
proposed fuzzy controllers can effectively reduce the consumed energy by 10%, track the desired
speed and path, and enhance the vehicle’s behavior and stability while maneuvering by decreasing
both the yaw rate and sideslip angle deviation.

Keywords: electric vehicles; direct yaw moment control; fuzzy logic; student racing vehicle

1. Introduction

In the last decade, electric vehicles (EVs) have become more popular, mainly due to
their influence on greenhouse gas (GHG) emission reduction since EVs have no tailpipe
emissions [1,2]. In addition, EVs are easy to operate, flexible to control, quiet, and have
lower operating costs compared to internal combustion engine (ICE) vehicles [1,3].

EVs can be operated by using different driving configurations that differ in electric
motors’ type and numbers, the count and arrangement of driving axles and wheels [4] such
as single-motor front- or rear-wheel drive, and multi-independent motors driving wheels.
Independent motors configuration has individually actuated motors per driving wheel.
This configuration provides an accurate and high responsive torque to each motor in each
wheel to enhance control flexibility and improve vehicle behavior during hard driving
maneuvers and high speeds on hard road conditions [5,6].

Many researchers worked on the independent motors EVs to control the yaw moment,
because in some critical driving situations the lack of control on yaw moment leads to losing
the vehicle stability due to insufficient or excessive amount of moment. In the literature,
various direct yaw moment control (DYC) methods are presented to improve the stability
of independent motors EVs [7]. The most forward method is the equal torque method, in
which the same torque commands are provided to the left and right motors, as presented
in [8–10]. Its performance is similar to the open differential in ICE vehicles [8]; however,
operation is limited to low speeds only.

Nonlinear controllers are utilized for DYC, for instance, fuzzy logic controller [11] and
sliding mode control in [12]. The main result of these methods is improving vehicle stability
and performance by reducing yaw rate error which minimizes the driver’s possibility to
perform an improper maneuver.
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On the other hand, in the literature, the sideslip-angle-based DYC method is used to
minimize the sideslip angle by providing the driver with a precise driving control through
turning [13]. Many sideslip angle DYCs are presented in the literature, such as sliding mode
controller for four-wheel steering (4WS) [14], and integrated DYC and active front-wheel
steering (AFS) [15]. The main results for these controllers showed improvement in the
vehicle handling performance during higher lateral acceleration and larger slip angle.

The aforementioned methods of controlling yaw rate and sideslip angle individually
are not efficient in different driving scenarios. The challenge is when controlling one
parameter, the other parameter is negatively affected [16]. For instance, controlling the yaw
rate individually on low-friction roads might not be enough to prevent the vehicle sideslip
from swerving. Therefore, the vehicle may lose its stability and swirl [17]. On the other
side, controlling the vehicle’s sideslip angle individually enhances the vehicle’s stability
without generating the desired yaw rate response [16]. Therefore, in order to overcome this
problem, some recent DYC algorithms controlled these states simultaneously.

A simultaneous yaw rate and sideslip angle DYC method using fuzzy logic is pre-
sented in [18]. The controller is designed to improve cornering performance and enhance
EV’s stability with independent rear-wheel drive motors. The fuzzy controller has three
inputs: yaw rate error, rate of change of the yaw rate error, and sideslip angle error. The out-
put is the percentage of the torque provided to each wheel from the total amount of torque.
The main result of this work is increasing the cornering forces by reducing under-steer
behavior. Other simultaneous yaw rate and sideslip-based DYC used sliding mode control
with a single surface, as presented in [16,19,20]. In addition, sliding mode DYC control
with multi-surface is proposed as in [21]. Mainly, these methods are more efficient than the
individual parameter controllers in improving cornering performance and enhancing EVs’
stability.

In this paper, a student electric racing vehicle (EV) with rear-wheel drive with two
independent motors is controlled. Multiple control schemes are proposed to improve both
stability and cornering performance under higher speeds, by controlling the vehicle yaw
rate, sideslip angle, and longitudinal velocity simultaneously. In order to control these three
parameters, three DYC approaches are developed: the first one is three fuzzy controllers,
second is three optimized PID controllers, and the third is two fuzzy controllers for yaw
rate and sideslip angle with a PID for longitudinal velocity. The behavior of the three
proposed controllers is compared with other three controllers, namely, the equal torque
controller, yaw-rate-based DYC, and sideslip-based DYC designed in [22]. The parameters
used in the comparison through simulations are the sideslip angle error, yaw rate error,
driving motors’ torque longitudinal speed, and vehicle path parameters.

The rest of this paper is ordered as follows: the electric vehicle model is discussed in
Section 2. Section 3 explains the design of the proposed DYC algorithms. The simulation
results under the circular-path driving test are shown in Section 4. Finally, Section 5 presents
the conclusion of this work.

2. EV Model

In the literature, verbose efforts have been done on vehicle modeling techniques such
as kinematic model, four-wheel-drive planar dynamic model, intermediate multi-body
model, linear 2-DOF bicycle model and nonlinear bicycle model [23–25]. In this paper, the
used model developed in [22] is used since it is a comprehensive, accurate, and close to
the real vehicle dynamic model. The model includes three main parts: vehicle dynamics,
wheel dynamics and tire dynamics.

The vehicle dynamics can be derived based on the vehicle equivalent mechanical
model presented in [2]. Equations (1) and (2) represent the longitudinal and lateral motion.
Equations (3) and (4) represent the yaw and roll motion.

4

∑
i=1

(
Fxi cos δi − Fyi sin δi

)
= m

( .
vx − vyr

)
+ mshspr (1)
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∑
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.
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where xi and yi are the ith wheel coordinates in the x, y, z coordinate system. φ, r, p
represent roll, pitch, and yaw rates (angular velocities about X, Y, Z-axis, respectively).

.
p,

.
r

represents the derivatives of r, p respectively. Fxi and Fyi are the tire forces applied on the
ith wheel in longitudinal and lateral directions. δi is the ith wheel steering angle, m is
the vehicle total mass and mS is the sprung mass. The velocities of the vehicle in x and y
directions are denoted by vx and vy, respectively; h is the height of the vehicle center of
mass, while hS is the height of the sprung mass’s center of mass. Ix is the roll moment of
inertia, Iz is the yaw moment of inertia, and Ixz is the product of inertia with respect to the
xz plane. Kφ represents the total roll stiffness while Cφ denotes the suspension system
total roll damping.

In order to find the longitudinal and lateral forces (Fxi and Fyi) in the previous vehicle
dynamic equations of motion Equations (1) and (3), the Magic Formula can be used [22].
Figure 1 illustrates the inputs and outputs of the Magic Formula. The inputs are the tire slip
angle, slip ratio, and the normal load of the wheel. The results from the Magic Formula are
the longitudinal and lateral forces of the wheel, namely, Fxi and Fyi. Detailed explanation
of the calculations of the Magic formula can be found in [22].
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The wheel equation of motion Equation (5) is applied to calculate the wheel slip ratio,
one of the inputs of the Magic Formula, and it is also used to find the wheel angular velocity.
Equation (5) is applied based on the force wheel system shown in Figure 2. It can be
found as:

J
dω
dt

= T − FxR − Fz (5)

where J is the mass moment of inertia of the wheel, andω denotes the angular velocity of
the wheel, T is the motor torque, Fx is the longitudinal tire force and Fz is the normal tire
force, R is the radius of the tire vw is the center wheel velocity, N is the wheel normal load,
and b is the pneumatic trail of the tire.
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Figure 2. Wheel force system schematic [22].

3. Proposed Controllers

In this section, three independent DYC algorithms are designed to control the yaw
rate, the sideslip angle, and the vehicle’s longitudinal velocity, simultaneously. Each control
method has three controllers to minimize the error between the desired yaw rate, sideslip
angle and actual values in order to enhance vehicle handling and stability. The general
block diagram for the closed loop control system is shown in Figure 3.
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3.1. Desired Values Generation

The desired yaw rate is generated from the 2-DOF linear bicycle model based on the
longitudinal vehicle velocity, input steering angle, and the distance between the front and
rear axles as follows [26]:

r∗ =
vx·δ

l
(6)
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where l is the wheelbase, vx is the estimated longitudinal velocity, δ is the steering angle
computed by the steering wheel angle sensor [27].

The desired vehicle speed is selected by the driver. The sideslip angle β needs to be
minimized because when the sideslip increases to large values, the cornering stiffness of
the tires decreases [22]. No sideslip in the vehicle dynamics is considered therefore the
desired sideslip angle is zero.

3.2. Proposed Control Methods

The first proposed control method consists of three optimized PID controllers for the
three parameters: yaw rate, sideslip angle, and longitudinal speed. This method is achieved
by using three PID controllers in the block diagram shown in Figure 4. As illustrated in the
diagram, the input of each controller is the desired value. The output of the speed-tracking
PID controller is the base torque of the driving wheels. The yaw rate PID controller’s
output is a corrective torque added to the right driving wheel and subtracted from the left
driving wheel. The corrective output torque from the sideslip angle PID controller is added
to the left rear wheel and subtracted from the right rear wheel, Equations (7) and (8).

TRL= TB + Tβ − Tr (7)

TRR= TB − Tβ + Tr (8)

where TRL and TRR are the left rear and the right rear wheels’ torques, respectively. TB is
the base torque the output of the speed-tracking controller, Tβ is the corrective torque from
the sideslip angle controller and Tr is the corrective torque from the yaw rate controller.
The parameters of all optimized PID gains used in this work are shown in Table 1.
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Table 1. Gains of Optimized PID controllers.

Description Gains Symbol Value

Speed tracking PID proportional gain Kp_s 3081.4
Speed tracking PID integral gain Ki_s 4.32 × 10−5

Speed tracking PID derivative gain Kd_s 13.84
Yaw rate PID proportional gain Kp_r 492.59

Yaw rate PID integral gain Ki_r 20.29
Yaw rate PID derivative gain Kd_r 4.28

Sideslip angle PID proportional gain Kp_B 7094.2
Sideslip angle PID integral gain Ki_B 1.96 × 10−4

Sideslip angle PID derivative gain Kd_B 4.33

The second designed controller is based on fuzzy logic. In this method, each controller
in Figure 4 is replaced by a fuzzy controller. The fuzzy controller is chosen to handle the
high nonlinearity of the vehicle dynamics due to its robustness and ease to implement [28].
Each fuzzy controller is used to track the desired value explained in the previous section.
The controller’s inputs are the error between the desired and the actual values and the
rate of change of the error. The output of the speed-tracking fuzzy controller is the driver
wheels’ base torque. The outputs of the yaw rate and sideslip angle fuzzy controllers are
the corrective torques to improve vehicle stability performance while turning.

The type of fuzzy used in this paper is of Mamdani type. All of the inputs and outputs
of the three fuzzy controllers have five membership functions (MFs), namely, Negative
Large (NL), Negative Small (NS), Zero (Z), Positive Small (PS), and Positive Large (PL). The
type of used MFs is Gaussian because it is smooth, precise, and accurate [29]. All MFs have
a normalized range from −1 to 1. The membership functions for these variables are shown
in Figure 4. The three fuzzy controllers have the same fuzzy rules as those presented in
Table 2.

Table 2. Fuzzy rules.

Error
Error Change

NL NS Z PS PL

NL NL NL NS NS Z
NS NL NS NS Z PS
Z NS NS Z PS PS
PS NS Z PS PS PL
PL Z PS PS PL PL

The last control method combines PID with the fuzzy controllers. In this approach,
the yaw rate and the sideslip variables are controlled by using fuzzy controllers designed
in the previous method. At the same time, the longitudinal speed is controlled by using the
optimized speed-tracking PID that is designed in the three-PID-controllers method. It was
not clear why much research in the literature used PID for controlling speed as presented
in [30–32].

4. Simulation Results

The complete vehicle model used in this article was built and verified using Simulink.
The vehicle parameters used in the simulation study were taken from an actual electric
racing vehicle built at Royal Melbourne Institute of Technology University (RMIT); for more
details the readers are encouraged to check [22]. This car has two independent rear-wheel
driving motors.

The optimization of the PID and the fuzzy controllers’ inputs and output gains were
achieved through the “Response Optimization” tool in Matlab using “Optimization Tool-
box” and “Global Optimization Toolbox.
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The proposed control methods were compared with three other controllers: The first
one is the equal torque controller, which provides the same torque signal for each driving
wheel. It consists of the longitudinal-speed-tracking PID controller designed in [22] The
second controller is a fuzzy yaw-rate-based DYC, which tracks only the desired yaw rate
using the yaw rate fuzzy controller explained earlier. The third control method is the fuzzy
sideslip-based DYC, which individually controls the sideslip angle value to keep it close to
the zero desired value.

Circular-Path Driving Test

The rear-wheel-drive electric racing car model in this paper is tested under a circular-
path maneuver. The circular path is achieved through a step input steering angle or ramp
input with a short increasing time. Ramp input has a “softer” response than step input [33].
After trying both, the simulations showed that step input cause very high errors at the step
instant, which provides a tremendous amount of torque at that moment; however, ramp
input showed more stable and realistic behavior. The selected ramp steering input is shown
in Figure 5. This signal is applied to the racing vehicle under the six control methods to find
the best performance and stability. The longitude desired speed remains constant during
the simulation at 20 m/s (72 km/h). Simulation time is selected to be ten seconds.
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The sideslip response in Figure 6 shows that the equal torque, yaw rate fuzzy, and the
three PID controllers cannot handle the vehicle to keep stable while turning in a circular
path at the desired speed. The sideslip fuzzy controller achieves the minimum sideslip root
mean square error (RMS) error with a value of 0.0053. The three-fuzzy-controllers method
has an RMS error of about 0.0095, and the fuzzy with the PID control method has a relative
RMS error value of 0.0105. These three control methods can keep the vehicle stable while
turning.

Yaw rate error responses are represented in Figure 7. Yaw rate error response for
the six control methods. The more stable responses are produced by sideslip fuzzy, three
fuzzies, and fuzzy with PID, which have RMS yaw rate error values of 0.299, 0.237, and
0.2634, respectively.
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The torque input signals of the driving rear wheels of the six control methods are
shown in Figure 8. As the figure illustrates, the plots of three controllers reached saturation.
These controllers are equal torque, yaw rate fuzzy, and three PIDs. These three controllers
also showed large sideslip-angle error and yaw-rate error as in Figures 6 and 7. The sideslip
fuzzy has a maximum torque of about 122 N·m and minimum torque of almost −86 N·m.
The steady-state torque values of the left and right wheels (TL and TR) are about 101 and
−22 N·m, respectively. The three fuzzy control method’s extreme values are around 71 N·m
and −67 N·m, and steady-state torque values are 21 N·m and 66 N·m for the right and
left wheels, respectively. The fuzzy with the PID control method has a maximum torque
of about 89 N·m and a minimum of almost −71 N·m; the left wheel’s steady-state torque
is around 69 N·m and of the right about 21 N·m. The three fuzzy control method has the
minimum input torque.
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The power of both wheels in each case is calculated by multiplying torque and angular
velocity curves. The energy is calculated as the area under the power curve [34,35]. Based
on the angular velocity and the driving wheels’ torque, the required energy is calculated
for the three stable control methods. The sideslip fuzzy control method has the maximum
required energy of approximately 67.84 kJ and 18.87 kJ for the left and right rear wheels.
The fuzzy with PID method has about 46.25 kJ and 17.10 kJ, and the three fuzzy control
method has 41.97 kJ and 15.27 kJ for the left and right driving wheels, respectively, which
is the minimum energy consumed among all control methods.

The longitudinal speed response of all controllers is shown in Figure 9. The sideslip
angle fuzzy and fuzzy with PID control methods have the closest value to the desired value
of 20 m/s. The three fuzzy control method has a final desired velocity of 19.62 m/s with a
steady-state error of 1.9%. In contrast, the other three methods, namely, equal torque, yaw
rate fuzzy, and three PID, have faraway values that decrease to less than 15 m/s.

The simulation is run for 9 s to be able to find the fastest control method, and the
result as shown in Figure 10. Among the six methods, the sideslip fuzzy method is the
slowest one and has the farthest path from the desired path. In comparison, the three-
fuzzy-controllers method is slightly faster than the fuzzy with the PID control method,
which means the vehicle will complete the circular path first. The yaw rate fuzzy controller
and the three-fuzzy-controller methods’ paths are almost identical, which are the closest
complete paths to the desired one.

The results under the circular-path test of the six different DYC-based control methods
show that in three controller methods, namely, equal torque, fuzzy yaw-rate-based DYC,
and three optimized PIDs, the vehicle loses stability while cornering under the speed of
20 m/s (72 km/h). The comparison between the other three controllers’ performance shows
that the three-fuzzy-controllers method has the minimum yaw rate and sideslip angle RMS
errors, and it completed the circular path faster than the other method. It has less required
input torque and consumed energy. It can be concluded that the three fuzzy controllers for
yaw rate, sideslip angle, and speed-tracking approach are the most appropriate methods
to control a rear-wheel-drive electric racing car with two independent motors under the
circular-path driving scenario.
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5. Conclusions

In this paper, three combinations of fuzzy and PID DYC schemes are proposed to
control the vehicle’s yaw rate, sideslip angle, and longitudinal velocity for a rear-wheel
drive student racing EV with an independent motor per driving wheel. These controllers are
designed to improve vehicle-cornering performance and stability by controlling the amount
of torque for each driving wheel. The designed controllers are tested using SIMULINK
by following a circular-path maneuver and longitudinal speed of 20 m/s (72 km/h). The
three-fuzzy-controllers DYC method outperformed the other tested controllers, namely,
three optimized PID controllers and fuzzy with PID method. The aforementioned method
minimized both yaw rate and sideslip angle RMS errors and the power consumption.
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In addition, it enhanced vehicle-cornering performance under higher longitudinal speed
without compromising the EV stability.
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