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Abstract—This research conducts a comparative evaluation of a conventional Proportional-Integral-
Derivative (PID) controller and a Fractional Order PID (FOPID) controller, enhanced through the
Particle Swarm Optimization (PSO) algorithm, for a Two-Wheel Drive Electric Vehicle (TWDEV)
equipped with an electronic differential. The electronic differential plays a crucial role in distributing
torque to the wheels based on speed and road conditions, ensuring smooth cornering and improved
vehicle maneuverability. The performance evaluation is carried out through simulations in
MATLAB/Simulink. The PSO-optimized FOPID controller outperforms the conventional PID by
preventing overshoot, reducing torque peak, and minimizing torque ripple under varying conditions. Its
adaptability enhances vehicle handling, traction control, and efficiency, improving TWDEV
performance and driving comfort.
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I.  INTRODUCTION

In recent years, the demand for electric vehicles (EVs) has
significantly increased, driven mainly by the urgent necessity
to lower greenhouse gas (GHG) emissions [1]. Electric
machines are a crucial component of EV drivetrains, with
permanent magnet machines becoming increasingly
prevalent in modern traction propulsion systems [2].

Field-Oriented Control (FOC), commonly known as
vector control, is a widely adopted method for electric
machine drive control and is recognized for significantly
improving the performance of PMSM drives [3,4]. According
to W. Ahmed et al. [9], FOC is among the most prevalent
control strategies in electric drive systems, as it enhances
PMSM operation and simplifies speed control by decoupling
the torque-producing component from the flux component
[4,5].

The industrial sector has increasingly demanded more
accurate and sophisticated control techniques, prompting a
shift from conventional PID controllers to fractional-order
PID (FOPID) controllers. Owing to their higher reliability,
improved efficiency, and superior performance in complex
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applications, FOPID controllers have attracted growing
attention [6]. Moreover, Y. Ahmed et al. [7] improved
FOPID performance by applying metaheuristic optimization,
demonstrating that this approach significantly enhanced the
drive system’s dynamic response and control accuracy
compared with traditional PID controllers.

Particle Swarm Optimizer (PSO) is a fundamental
optimization technique that can effectively solve a wide range
of problems, delivering high-quality solutions with minimal
computational effort [8]. For instance, S. S. A. Nagvi et al. [9]
proposed a PSO-optimized Pl controller for regulating EV
motor speed, demonstrating improved tracking performance
and control precision by minimizing the mean squared error
(MSE) between the desired and actual speed profiles.

In EVs, the electronic differential system plays a crucial
role in ensuring smooth vehicle operation. It adjusts wheel
speeds based on road curvature, ensuring that the inner wheel
rotates slower than the outer wheel to maintain stability and
maneuverability [10].

This study aims to enhance the control efficiency of Two-
Wheel Drive Electric Vehicle (TWDEV) using PSO-
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Optimized FOPID controller by incorporating an electronic
differential.
The structure of this paper is organized as follows:

Section 1 explores the field-oriented control (FOC) of PMSM.

Section 2 provides a summary of PID and FOPID controllers,
while Section 3 describes the electronic differential system.
Section 4 delves into the PSO algorithm. Section 5 presents
the analysis of the results and findings of the proposed control
methods. Lastly, Section 6 concludes the study.

Il. FOCoOFPMSM
The mathematical representation of the PMSM is
expressed through the following equations [11]:
d
Vd = RsId + % - wr¢q (1)
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Field-Oriented Control (FOC) is a crucial method for

(PMSMs) by maintaining an optimal 90° angle between
stator and rotor flux to maximize torque. The process
involves measuring three-phase stator currents and rotor
angle, converting them into a two-phase stationary reference
frame using Clarke transformation, and further transforming
them into a rotating frame with Park transformation. By
keeping the direct axis current (Iq) minimal and maximizing
the quadrature axis current (lg), the control system ensures
efficient torque generation. The corrected voltages are then
transformed back to three-phase form and applied to the
inverter for motor control [12].

The main parameters of the PMSM used in this study are
summarized in Table 1 [13].

TABLE I. PMSM PARAMETERS

Parameter Value
Stator resistance R (Q) 14
d-axis inductance L, (H) 0.0066
g-axis inductance L, (H) 0.0058
Moment of inertia J (kg-m?) 0.00176
Friction coefficient (N-m-s/rad) f | 0.00038
Number of pole pairs P 3

Figure (1) presents the fundamental block diagram of the
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Fig. 1. Matlab block diagram of FOC for PMSM.
IIl.  PID AND FOPID CONTROLLERS and lower energy losses. As the wheels are not mechanically
o ] connected, the controller allocates traction power to each
The traditional PID controller ~comprises three \yheel independently [18, 19]. The outer wheel needs to spin

components: proportional, integral, and derivative. Its control
law is expressed as follows [14,15]:

de(t)

Ut) = Kye(t) + K; [ e(t)dt + Ka—;

(6)

The FOPID controller is an advanced version of the
conventional PID controller, allowing integration and
differentiation to be performed in arbitrary orders. The time-
domain differential equation for the FOPID controller is
given as follows [15-17]:

U(t) = Kye(t) + sre(t) + KgSke(t) )

IV. ELECTRONIC DIFFERENTIAL SYSTEM

Recently, the electronic differential (ED) system has
become the preferred alternative to traditional mechanical
differentials owing to significant benefits like lower weight
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at a higher speed than the inner wheel according to the turning
angle. When the EV moves in a straight line, the steering
angle remains zero, whereas any deviation in the steering
angle causes the vehicle to turn left or right [19].

The angular speed for each wheel drive is defined as [20]:

_ Lw+%*dwtan(6)
Wy = —Lm Wy,
1 (8)
_ Lw—E*dwtan(é‘)
W, = ( Lo Wy

Where L, represents the wheelbase, d,, is the separation
between the wheels on the same axle, ¢ represents the steering
angle, w, and w; are the angular speed of the right and left
wheel drives, respectively.
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V. PARTICLE SWARM OPTIMIZATION (PSO)

Kennedy and Eberhart initially proposed Particle Swarm
Optimization (PSO) in 1995 [21, 22].

A swarm may appear as a chaotic collection of elements,
but it operates based on collective intelligence to accomplish
tasks such as evading predators or locating food. In
optimization problems, these swarm elements act as abstract
particles that navigate the search space to identify the optimal
solution. Initially, particles are randomly distributed and
iteratively adjust their positions by balancing two key
behaviors: exploration, based on their own best-found position,
and exploitation, influenced by the best position within their
neighborhood. This synergy enables efficient optimization by
combining individual learning with collective convergence
toward the best solution [23].

The governing equations of the standard PSO algorithm
are given as follows [22, 24]:

t+1 t

t t t t
P Tevton (pbest(i) - xi) T 6, <gbest - xi) ©)
A (10)

Where: vf*tand x{*! are the velocity and the location of
particle | at the (t + 1)™ iteration, w is the inertia weight of a
particle, vf and xit represent the speed and the location in the
t™ iteration of particle I , pj,q.(;) and gi.s. are the individual
and global best position of the particle | in the t
iteration, ¢4, ¢, decipt the actual acceleration coefficients
determining the influence of the global and individual best

positions on the particle’s velocity, 1, 1, represent random
numbers uniformly distributed between 0 and 1. Figure (2)
presents the flowchart of PSO.

v

t+1

xftt = xf + v

VI. PROPOSED TWO-WHEEL DRIVE ELECTRIC VEHICLE

This study examines a Two-Wheel Drive Electric Vehicle
featuring an electronic differential. Field-Oriented Control
(FOC) with PID controllers is first implemented, followed by
an optimized FOC using FOPID controllers tuned with
Particle Swarm Optimization (PSO) to regulate the torque of
two Permanent Magnet Synchronous Motors (PMSMs). Each
motor is independently driven by DC/AC inverters, ensuring
effective traction and maneuverability. To evaluate the
performance of the proposed system, both control strategies
are integrated into the FOC framework for the left and right
motors, with the corresponding electronic differential
managing torque distribution. The MATLAB/Simulink block
diagrams of these implementations are shown in Figure (3),
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highlighting the differences between standard PID control
and the enhanced FOPID approach.

Initial PSO particles

v

Generate firs Swarm

|

Evaluate the fitness of each
particle and record the best

OFe

!

Update the velocity (V)
and the position (X) of
particles

Termination
criteria

FEnd

Fig. 2. PSO organigram.

Table 2 presents the values of the parameters used for the
Particle Swarm Optimization (PSO).

TABLE II. THE PARAMETERS EMPLOYED IN THE PSO
ALGORITHM

Parameter Value

c, coefficient 1;5

c, coefficient 2

Inertia coefficient (w) |1

Population size 100

Lower bound 0

Upper bound 100

Number of iterations 100
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Fig. 3. Matlab bloc of the proposed TWDEV: (a) PID, (b) FOPID.

VII.  ANALYSIS AND DISCUSSION OF RESULTS

In this study, a TWDEV was simulated in
MATLAB/Simulink, utilizing FOC for control through an
electronic differential (ED). Initially, PID controllers were
implemented, followed by FOPID controllers optimized
using the PSO algorithm.

Various speed was applied to the EV with a 50° left turn
att=1(s), and a 40° right turn at t = 6 ().
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Figure (4) compares the speed results of the conventional
FOC technique with PID controllers and the optimized FOC
control using PSO-optimized FOPID controllers. Figure (5)
presents the electromagnetic torque results for the right motor
using both techniques in this study. Figure (6) depicts the
current results for the right motor.
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The comparison between FOC with PID controllers and VIIl. CONCLUSION

FOPID controllers optimized using PSO shows that FOPID-
PSO significantly enhances performance in TWDEV. It
effectively reduces the maximum speed ripple from 0.38 rad/s
(FOC) t0 0.12 rad/s and the maximum torque ripple from 0.40
N-m to 0.10 N-m, resulting in smoother operation. Moreover,
FOPID-PSO completely eliminates overshoot, whereas FOC
experiences a 7 rad/s overshoot, leading to improved speed
stability.

These findings confirm that FOPID-PSO provides better
speed regulation, reduces mechanical stress, and enhances
overall driving performance compared to traditional FOC with
PID controllers.
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The comparative analysis of FOC with PID controllers and
PSO-optimized FOPID controllers for a TWDEV
demonstrates the superiority of the FOPID-PSO approach.
The significant reduction in speed and torque ripples ensures
smoother operation, minimizing mechanical stress on the
drivetrain. Furthermore, the complete elimination of
overshoot improves speed stability, which is critical for
enhancing vehicle control and driving comfort. These results
confirm that the integration of FOPID-PSO control in
TWDEYV systems leads to improved performance, making it a
viable alternative to conventional FOC strategies for
achieving higher efficiency, stability, and ride quality.
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