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Abstract

This paper presents an advanced direct torque control (DTC) strategy incorporating artificial intelligence and a speed Model Reference 

Adaptive System (MRAS) observer for permanent magnet synchronous motors (PMSMs) used in electric vehicle traction. The studied 

electric vehicle is equipped with four in-wheel PMSMs, requiring an electric differential to ensure balanced torque distribution and vehicle 

stability, especially during cornering maneuvers. To reduce system weight and enhance efficiency, two machines on the same vehicle 

side are powered by a single three-leg inverter, forming a multi-machine single-inverter configuration. A master–slave control structure 

is adopted to manage this architecture and ensure synchronized operation of all motors. The proposed AI-based DTC combined with 

the MRAS speed observer significantly improves torque accuracy, dynamic response, and robustness against disturbances. Simulation 

results obtained using MATLAB/Simulink confirm that the proposed strategy achieves high performance in both transient and steady-

state conditions, ensuring reliable traction, enhanced vehicle stability, and improved overall dynamic behavior.
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1 Introduction
Electric vehicles equipped with in-wheel motors offer 
significant advantages in energy efficiency and precise 
motion control. Recent research has increasingly focused 
on advanced motion control strategies – such as yaw sta-
bility control and traction control – made possible by the 
independent actuation of each in-wheel motor [1–4].

In-wheel motor technology enables highly responsive 
and precise torque actuation, offering significant advan-
tages for advanced electric vehicle (EV) traction sys-
tems [5–7]. Unlike industrial motors, EV traction motors 
must withstand frequent start–stop cycles, rapid accel-
eration and deceleration, and deliver high torque at low 
speeds for hill climbing while maintaining efficient low-
torque operation at high cruising speeds. Consequently, 
these motors must ensure fast and robust torque dynam-
ics over a wide speed range to meet instantaneous driver 
torque demands, while maintaining extremely low torque 
ripple – typically below ±2% – to avoid undesirable vibra-
tions, noise, and reduced driving comfort [8].

Permanent magnet synchronous motors (PMSMs) are 
widely regarded as the leading candidates for electric vehi-
cle (EV) propulsion systems due to their high efficiency, 
superior power and torque density, wide constant-power 
speed range, robust mechanical structure, and overall 
cost-effectiveness. However, the mitigation of torque rip-
ple remains a critical challenge for their effective deploy-
ment in traction applications. Excessive torque ripple not 
only degrades ride comfort through undesirable vibrations 
but can also induce mechanical stresses and negatively 
affect vehicle stability. Consequently, significant research 
efforts continue to focus on advanced control strategies 
and motor design optimizations aimed at minimizing 
torque ripple in PMSM-based electric drivetrains [8].

Recently, direct torque control (DTC) of PMSM drives 
has gained wide attention in industrial and electric vehi-
cle applications for its simple structure, fast dynamics, 
and robustness. Conventional DTC, however, suffers from 
high torque ripple due to hysteresis-based switching and 
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limited voltage vector selection, which can degrade driv-
ability through vibrations and acoustic noise. To address 
this, the present work proposes an enhanced Sliding Mode 
Backstepping DTC (SMB-DTC) for in-wheel PMS motors, 
offering improved dynamic response and substantially 
reduced torque ripple under varied operating conditions.

The studied electric vehicle employs four in-wheel 
PMSMs in a direct-drive configuration, powered via a five-
leg three-phase inverter controlling parallel bi-PMS motor 
pairs. This setup enables precise, independent torque con-
trol at each wheel, enhances vehicle stability and handling, 
and allows coordinated participation of the traction motors 
during braking and regenerative energy recovery [9].

Sensorless control of PMSM drives has attracted con-
siderable attention, with the Model Reference Adaptive 
System (MRAS) emerging as a widely adopted method 
for AC drive applications [10–12]. This work implements 
MRAS-based sensorless speed control for a DTC-driven 
PMSM powered by a NPC inverter [13].

Electric vehicles (EVs) are increasingly favored for their 
zero emissions, smooth and quiet operation, and enhanced 
safety, yet challenges such as limited energy density and 
long charging times remain. Advanced control strategies, 
particularly those integrating artificial intelligence (AI), 
are crucial for optimizing performance by identifying 
optimal system parameters [14, 15].

El Ouanjli et al. [16] reviewed various DTC strategies 
for induction motors, incorporating fuzzy logic, neural 
networks, sliding mode control, and genetic algorithms to 
enhance efficiency. These methods were evaluated based 
on complexity, parameter sensitivity, torque ripple reduc-
tion, switching losses, and speed-tracking performance. 
Selecting the optimal strategy depends on application 
requirements, hardware availability, reliability, and cost. 
Additionally, an ANN-based DTC for fuel cell EVs modu-
lates stator flux according to torque demand to maximize 
driving performance. This study focuses on the control 
efficacy of IM drives for EV propulsion, without consider-
ing full vehicle dynamics, range, or energy efficiency [17].

The electric differential advances beyond conventional 
mechanical designs by eliminating inter-wheel mechan-
ical links, reducing drivetrain weight and friction, and 
enhancing power transmission efficiency and reliability. 
It independently supplies traction to each wheel and lim-
its power to inner wheels via speed controllers [18]. This 
work develops an electric differential for the studied EV 
using a sliding mode backstepping control strategy.

In that respect, we propose in this paper a direct torque 
control (DTC) technique integrating artificial intelligence 

for an all-wheel drive electric vehicle. This paper is orga-
nized as follows:

•	 Section 2 presents the sensorless DTC-MTPA 
approach, including the IPMSM mathematical 
model, conventional DTC, MTPA control technique, 
and MRAS-based speed observer;

•	 Section 3 details the design of the AI-enhanced DTC 
controller;

•	 Section 4 describes the vehicle dynamic model and 
electric differential to ensure full reproducibility of 
the simulations;

•	 Section 5 discusses the simulation results;
•	 Conclusions are provided in Section 6.

2 Principal DTC approach
2.1 IPMSM mathematical model
The model of the IPMSM in the stationary α–β reference 
frame is described by Eqs. (1) to (6) [19, 20].

The stator flux linkage is comprised of:
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The torque equation can is defined as:

T p i i p L L i i iem d q q d d q d q f q� �� � � �� � ��� ��
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2
� � � . 	 (2)

The mechanical equation is expressed by:

J d
dt

f T Tem L
�

�� � � , 	 (3)

where:

�m p� �, 	 (4)

T T f J
d
dte L m
m� � ��

�
, 	 (5)

where Tload is the load torque, f is the viscous coefficient 
of friction, and J = Jm + Jω is the moment of inertia of the 
motor and the wheel.

A structural of a coupling between mechanics and 
motorization as shown in Fig. 1. The expressions of the 
resistant torques which act on each wheel are given by:

T R F d F i
i i it z zload

,� � � �� 1 4, , . 	 (6)
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2.2 Conventional direct torque control
Achieving optimal control performance in this specific 
system is dependent on the successful implementation of 
the DTC strategy. DTC utilizes non-linear hysteresis con-
trollers to directly control torque and flux. Unlike alter-
native control strategies, DTC eliminates the requirement 
for reference transformation in order to independently 
control flux and torque.

Instead, the machine's currents are indirectly controlled 
through torque and flux control. For a visual representa-
tion (Fig. 2), which illustrates the block diagram of the 
DTC control method.

In a stationary frame αβ, by carefully choosing the appro-
priate voltage vectors, it is possible to regulate the flux tra-
jectory and speed. In the realm of hysteresis comparators, 
different levels are commonly incorporated, such as the uti-
lization of a two-level comparator for the flux controller 
and a three-level comparator for the torque controller.

In order to determine the components of the stator flux 
linkage, the prescribed procedure is utilized [21].
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Through the careful analysis of these elements, in addi-
tion to considering several other variables, it becomes pos-
sible to ascertain the amplitude of the stator flux linkage.

� � �s s s� �� �
2 2 	 (8)

Minimizing ripple in torque and flux linkage is essen-
tial for enhancing the performance of the DTC system. 
A successful strategy integrates this method with MTPA, 
a well-recognized technique celebrated for its rapid 
dynamic response and exceptional efficiency [22].

2.3 MTPA control technique
The DTC method necessitates the reference values for 
torque and flux. Incorporating speed loop control removes 
the requirement for direct torque calculation. To enhance 
efficiency, the reference flux is established based on motor 
parameters and reference torque, which influences the 
controlling current. Once the stator current is transformed 
into the synchronous frame (id , iq ) and parameters such as 
the rotor magnet flux linkage constant Φf and the d and q 

Fig. 1 Coupling between mechanics and motorization

Fig. 2 Direct torque control block diagram of IPMSM



Aouadj et al.
Period. Polytech. Elec. Eng. Comp. Sci., 69(4), pp. 386–400, 2025 |389

axis inductances (Ld , Lq ) are known, the calculation for 
the reference flux proceeds as follows [23, 24]:

� �s f d d q qL i L i*
.� �� � � � �

MTPA MTPA

2 2 	 (9)

To achieve optimal torque output based on a specific 
current, it is essential to examine Eq. (2) which represents 
the electromagnetic torque generated by the motor. 
The currents in the d- and q-axes can be expressed as:

i Id s� cos ,� 	 (10)

i Iq s� sin ,� 	 (11)

In Fig. 3 [25], the "torque angle" (β) is defined as the 
angle between the stator phase current vector and the pos-
itive direction of the d-axis, while Is represents the mag-
nitude of the stator phase current in an IPM motor [25].

The developed torque in IPMSM motors can be viewed 
as a combination of the magnet's excitation torque Tmag and 
the reluctant torque Trel, as shown in Fig. 4. This is because 
the q-axis reactance/inductance is larger than the d-axis 

reactance/inductance, resulting i.e., Lq > Ld. The expres-
sion for the developed torque is as follows in Eq. (12) [25]:

T T Te mag rel� � , 	 (12)

where:
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In the constant-torque region of an IPMSM, the max-
imum torque per ampere (MTPA) strategy identifies 
the optimal d- and q-axis current combination to maxi-
mize torque output for traction applications. Below the 
base speed, torque is limited only by the current, without 
inducing voltage stress, and the d-axis current is mathe-
matically defined as in Eq. (15):

i i iq s d� �2 2
, 	 (15)

Replace Eq. (15) with Eq. (2):
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The d-axis current during MTPA operation is obtained 
as follows in Eq. (17):
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By substituting Eq. (16) into Eq. (14), it is possible to 
derive the q-axis current in MTPA operation with simplicity.

i I iq s dMTPA MTPA
� �2 2 	 (18)

When the current drops below Is , the operating point on 
the MTPA curve shifts downward. At the base speed ωb 
defined by the intersection of the current-limit circle and 
the voltage–limit ellipse – the motor reaches its maximum 
allowable current and voltage.
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Fig. 3 Torque angle

Fig. 4 Developed torque vs. torque angle of IPMSM [26]
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When opting to surpass the base speed while still 
adhering to the MTPA control strategy, the operating 
point is established at the point where the new voltage 
ellipse intersects with the MTPA curve [27].

i
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By utilizing Eq. (24), one can determine the highest 
attainable speed.

�
end MTPA,

�
V
p
sn

f�
	 (24)

When operating at this speed, the motor exhibits no 
torque or power.

2.4 Speed MRAS observer
The MRAS estimates rotor speed sensorlessly by com-
paring a reference IPMSM model with an adjustable sta-
tor-current-based model [28–31], using the resulting error 
to iteratively refine the speed estimate.

The reference model represents the IPMSM, while the 
adjustable model is based on the stator current equations, 
enabling the implementation of a sensorless control algo-
rithm (Fig. 5) [32].

A PI controller enhances the MRAS adaptation by 
using the estimated rotor speed to adjust the stator-cur-
rent-based model. Continuous negative feedback on the 

speed error ensures system stability. The IPMSM current 
is given by Eq. (25):
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One way to express the current equations mentioned 
above is as follows in Eq. (26):
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The adjustable model utilizes Eq. (26) with speed as 
the variable. The reference model for this algorithm is the 
IPMSM, which provides id and iq. To calculate the esti-
mated value of the rotor speed, the algorithm takes into 
account the information from the reference model.
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A PI controller is employed in the MRAS observer to 
adjust the adaptive model to match the reference model, 
minimizing the error toward zero and ensuring accurate 
rotor speed estimation.

3 DTC strategy based artificial intelligence
Fig. 6 illustrates the DTNC control for IPMSM motor 
drive. The network receives inputs such as eT , which 
represent the error between the torque generated by the 
motor and their respective reference values; eΦ , the error 
related to the modulus of the stator flux versus a refer-
ence generated by MTPA strategy; and θs , which indicates 
the position of the stator flux vector in the complex plane 

ˆ ˆ ˆ ˆ ˆ

ˆ

Fig. 5 Structure of Model Reference Adaptive System
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(α, β).The outputs consist of the pulses Sa , Sb , Sc , which are 
essential for driving the converter to ensure proper motor 
feeding. During the training phase of the network, uti-
lizing data derived from the simulation of the traditional 
DTC control, the output is generated through a calculation 
that propagates from the input layer to the output layer 
once the input data is presented. The quadratic sum of the 
errors is calculated using Eq. (29):

E k
N

d k y ki i
i

N
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�
�1 2

1

. 	 (29)

Let di represent the desired output, yi denote the com-
puted output, k signify the number of iterations, and N indi-
cate the size of the training dataset. As a result, through 
the use of the error backpropagation method, the error 
is transmitted from the outputs back toward the inputs, 
resulting in adjustments to the network's synaptic weights 
as described in Eq. (30):

w k w k
dE k
dw kji ji

ji
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� �

1 � . 	 (30)

In this context, wji represents the weight linked to the 
connection between the j-th neuron and the i-th neuron 
of the previous layer, while η signifies the learning rate. 
The features of the network are described as follows:

•	 The structure includes two hidden layers, each con-
taining 10 neurons, in addition to input and output 
layers that have 3 neurons each;

•	 Both input and output layers use linear (purelin) acti-
vation functions, whereas the hidden layers employ 
a sigmoid (logsig) function; 

•	 This setup follows a supervised learning approach, 
utilizing the backpropagation of error as its selected 
learning algorithm;

•	 The chosen optimization method is the Levenberg-
Marquardt technique, noted for its rapidity and effi-
ciency in convergence.

3.1 Sliding mode controller design
In order to optimize the dynamic performance of the slid-
ing mode speed controller and reduce the occurrence of 
chattering, it is essential to incorporate the reaching law 
technique. The exponential reaching law, as mentioned in 
Liu and Wang [33] and in Ning et al. [34], is the specific 
reaching law that is employed for this purpose.

s s ks k� � � � � � �� �sgn , ,0 0 	 (31)

Equation (31) yields a solution when s > 0:
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Once t reaches a certain threshold, the speed at which 
the sliding surface is reached surpasses that predicted 
by the exponential function. To calculate the duration, 
it takes to reach the sliding surface, the equation s(t) = 0 
can be utilized.
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By directly adjusting the parameters ε and k, one can 
effectively control the speed at which reaching occurs. 
Incorporating the reaching law into the sliding mode con-
trol system offers several advantages, including maintain-
ing dynamic performance during the reaching phase and 
reducing system chattering. The state variables of the sys-
tem adhere to the specifications detailed in Ning et al. [34].
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We can represent the reference speed of the motor as ω*, 
and the actual speed of the motor as ω = ωm / p. The sys-
tem's sliding surface can be defined as follows in Eq. (35):

s cx x c� � �
1 2
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In order to obtain the sliding mode controller, we can 
proceed by implementing the following approach:
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where Tem
*  is the required reference torque.

Fig. 6 Neural controller structure for DTC control
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It can be inferred from Eq. (37) that the integral term 
can act as a filter and attenuate the chattering effect in the 
sliding mode control.

We choose V1 = (1/2)s2 as the Lyapunouv function. 
The time derivative of function V1 is as follows:



V ss s s ks
1
� � � � � �� �� sgn . 	 (38)

The system is stable according to the Lyapunouv sta-
bility criterion. Therefore, the negative semi-effective 
of function V1  can be guaranteed by an approximation 
choice of the parameters ε > 0 and k > 0, which results in 
the opposite of the parameters signs for s and s  [34].

4 Vehicle dynamic model
The electric vehicle (EV) studied is equipped with 
four in-wheel permanent magnet synchronous motors 
(PMSMs), one in each wheel, as illustrated in Fig. 7. This 
configuration enables precise, independent control of each 
wheel's torque for optimal vehicle motion management. 
Two in-wheel PMSMs are connected in parallel to a sin-
gle inverter powered by a DC source and controlled via 
a sensorless direct torque neural control (DTNC) scheme, 
as shown in Fig. 8.

The assumptions underlying the dynamics of the four-
wheel drive vehicle depicted in Fig. 8 include an even dis-
tribution of load across all four wheels, the front wheels 
functioning as the steering wheels, a transverse road angle 
assumed to be zero, and the vehicle's center of gravity (CG) 
frame being perfectly aligned with the longitudinal axis. 

To evaluate the forces acting on the vehicle, we analyze the 
frame (x,  y) with the front wheels set at a steering angle δ. 
The forces at the contact points between the wheels and 
the ground are illustrated in Fig. 9.

The equations that describe a vehicle's longitudinal, lat-
eral, and yawing movements are formulated as follows in 
Eq. (39) [35]:
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The overall impact of the Fx operating in the direction (x), 
which includes both the aerodynamic force and the resis-
tance from the slope to be climbed, can be represented as:
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The outcome of the forces in relation to the direction (  y) 
can be represented by:

Fig. 7 Block diagram of the new sensorless MTPA-DTNC with SMC
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Equation (42) illustrates the moment of the forces that 
are acting along the (z) axis:
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The linear velocities for the four wheels can be 
expressed as:
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The loads from the rear and front axles at the wheel 
contact points can be simplified in the following manner:
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The slip angle αi is defined in relation to a steering 
angle δi as follows in Eq. (45):

� � �i i i� � . 	 (45)

The steering angle of the wheel (i), denoted as βi , 
is defined by the subsequent equation (Eq. (46)):
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The sideslip for both the front and rear wheels is out-
lined as follows in Eq. (47):
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where Lf is the distance from the gravity center to front 
axle, Lr is the distance from the gravity center to rear axle, 
δ is the Steering angle of the front wheels.

The coefficient of longitudinal adhesion, denoted as μa, 
for a wheel is defined as:

�a
x

z

F
F

� . 	 (48)

Fig. 8 Configuration of the EV with four independent in-wheel-motors

Fig. 9 Vehicle Dynamics Model
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4.1 Electric differential system design
The operational concept behind an electric differential sys-
tem mirror that of a conventional mechanical differential. 
As an electric vehicle approaches a turn, the outer wheels 
cover longer distances compared to the inner wheels, indi-
cating that the rotational speed of the outer wheels exceeds 
that of the inner ones. An electric differential system auto-
matically adjusts for the speed variations between these 
inner and outer wheels. Consequently, the structure of 
the electric vehicle features four in-wheel motors, specif-
ically permanent magnet synchronous motors, installed 
in each wheel, as illustrated in Fig. 10. This particular 
setup allows for independent speed adjustments for each 
in-wheel motor ω2ref ≠ ω4ref.

The electric converter's structure enables individual 
control of these motors without any coupling through the 
control system. This results in effective rejection of distur-
bances and a system that operates similarly to controlling 
a single motor. Additionally, the implementation of an 
electric differential system is facilitated by the speed con-
trol of the driving wheels, as depicted in Fig. 10 [35].

5 Simulation and discussion
5.1 Test 1
In Section 5.1, we present the results from simulations 
conducted with the sensorless MTPA-DTNC setup in con-
junction with a sliding mode speed controller. This cut-
ting-edge control method has been assessed using a speed 
reference of 400 rad/s. The parameters for the IPMSM 
employed in the electric vehicle's traction system are 
detailed in Table 1.

Fig. 11 illustrates the system's performance utilizing 
the proposed method. The motor initiates operation at a 
reference speed of 400 rad/s. To assess the controller's 
robustness, the load torque is incrementally adjusted from 
15 to 20 N m at t = 0.4 s. The dynamic performance of the 
sensorless MTPA-DTNC IPMSM drive, controlled by the 
SMC speed controller, is depicted in Fig. 11. This control-
ler has been evaluated across a broad spectrum of motor 
speeds. The findings presented in Fig. 11 indicate that 
the motor starts with an initial load torque of 15 Nm and 

successfully reaches the commanded speed of 400 rad/s. 
Ultimately, the controller undergoes testing for distur-
bances caused by step load torque changes.

Simulation results shown in Fig. 11 provide the evi-
dence of improvements of the proposed MTPA-DTNC 
strategy over the conventional DTC by indicating a fast 
torque response, and an accurate speed tracking perfor-
mance. Fig. 11 (a) show the speed response. The actual 
speed converges with reference speed in very short time 
with a negligible overshoot and no steady state error. 
The  sliding mode controller rejects the load disturbance 
rapidly and converges back the reference speed. The pro-
posed senroless MTPA-DTNC method gives a better 
response of the stator flux linkage during transient-state. 
Fig. 11 (c) and (d) show the stator flux response. Fig. 11 (c) 
shows that the stator flux magnitude was constant at its 
nominal value 0.148 Wb generated by MTPA strategy.

Fig. 11 (e) and (f) show, in more detail, the stator cur-
rent and phase current of IPMSM motor, during steps of 
speed command and load torque. It was observed, that the 
MTPA-DTNC has better performance using SMC speed 
controller. Fig. 11 (e) and (f) show that the stator current 
which increases when load disturbance is applied.

Result shows that the torque and flux ripples are 
decreased in MTPA-DTNC and provide good speed track-
ing performance compared with the conventional DTC.

5.2 Test 2
The target vehicle responses are determined according to the 
driver's inputs, including steering commands and the desired 
vehicle speed. Table 2 provides a comprehensive summary 
of the vehicle's key parameters and their corresponding 
numerical values, which serve as the basis for simulating 
and evaluating the dynamic behavior of the electric vehicle.

Fig. 10 Electric differential scheme

Table 1 IPMSM parameters used in EV application

Symbol Parameter Value

Pe Nominal power 30 kW

Te Maximal torque 65.55 N m

Vs Line to line voltage 230 V

Rs Stator resistance 0.45 Ω

Ld d-axis inductance 0.54 mH

Lq q-axis Inductance 1.05 mH

Φf Permanent magnet flux linkage 0.148 Wb

p Number of pole pairs 3

Is Nominal current 100 A

ωbase Based speed 466.81 rad/s

MTPA limited speed 518.02 rad/s

ˆ

ˆ

ω
endMTPA
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The accelerator pedal input defines a baseline reference 
speed for the vehicle. This common reference speed is 
then adjusted based on the steering angle to determine the 
individual reference speeds for the left and right in-wheel 
motors. When the steering angle is zero, the vehicle 
moves along a straight path, and the electronic differen-
tial remains inactive. However, during a turn, the steer-
ing input causes the electronic differential to modulate 
the speed distribution among the four in-wheel motors, 
ensuring that the outer wheels rotate faster than the inner 

wheels. This dynamic adjustment enhances vehicle stabil-
ity and handling while navigating curved trajectories.

The vehicle starts from rest and accelerates to a predeter-
mined reference speed. Fig. 12 (a) depicts the steering angle 
input used as the reference for the simulations. The vehicle 
initiates a right turn at t = 6 s, reaching the peak steering 
angle at t = 7.5 s, which is maintained for approximately 
four seconds before gradually returning to zero at t = 11.5 s. 
Subsequently, at t = 13.5 s, a left turn is executed, with the 
steering angle peaking at t = 15 s, sustained for about four 

Fig. 11 Simulation results Test 1: (a) speed; (b) torque; (c) stator flux; (d) alpha-betta axis flux; (e) alpha-betta axis currents; (f) motor currents [26]

(c) (d)

(e) (f)

(a) (b)
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seconds, and then returning to zero at t = 19 s. This steer-
ing profile ensures a dynamic evaluation of the vehicle's 
response under successive turning maneuvers.

Fig. 12 (c) presents the vehicle's longitudinal veloc-
ity, clearly illustrating its acceleration and steady-state 
behavior. The lateral velocity vy and yaw rate r, shown 
in Fig. 12 (d) and 12 (e), are directly affected by the driv-
er's steering input. These dynamic responses are only 
observed during cornering maneuvers and vanish when 
the vehicle travels along a  straight trajectory, reflecting 

the vehicle's coordinated lateral and rotational motion 
under steering-induced forces.

Fig. 13 (c) depicts the variation in traction forces gen-
erated by the front axle motors (M1 and M3) in compari-
son with the rear axle motors (M2 and M4) during a turn-
ing maneuver. At the onset, all motors produce substantial 
traction forces to overcome the vehicle's inertia and resis-
tive forces, including rolling resistance and aerodynamic 
drag. This coordinated force distribution ensures suf-
ficient acceleration while maintaining vehicle stability 

Table 2 Notation and vehicle parameters

Symbol Quantity Value

Mv Vehicle mass 1562 kg

Jv Vehicle inertia 2630 kg m2

Jω Wheel inertia 1.284 kg m2

Lf Distance from the gravity center to front axle 1.104 m

Lr Distance from the gravity center to rear axle 1.421 m

hcg Height gravity center of the vehicle 0.5 m

Sf Frontal area of vehicle 2.04 m2

ρ Air density 1.2 kg m−3

Cpx Drag coefficient 0.25

Crr Rolling resistance coefficient 0.01

Cf Longitudinal stiffness of each tire lateral 37407 N/rad

Cr Lateral stiffness of each tire lateral 51918 N/rad

Rω Wheel radius 0.294 m

Fig. 12 Simulation results Test 2: (a) steering angle; (b) trajectory; (c) longitudinal velocity; (d) lateral velocity; (e) vehicle yaw rate [26]

(a) (b) (c)

(d) (e)
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throughout the turn. Notably, the differential allocation of 
traction between the front and rear motors contributes to 
optimized handling and cornering performance.

Fig. 13 (f) presents the rotational speeds of the in-wheel 
motors. During straight-line motion, all four motors exhibit 
nearly identical speed profiles, converging to steady-state 
values as the vehicle accelerates. When the vehicle enters 
a turn, a distinct speed differentiation emerges: the outer 

motors (M1 and M2) rotate faster than the inner motors 
(M3 and M4) to accommodate the longer travel dis-
tance along the curvature. This adaptive speed distribu-
tion, managed by the electric differential, ensures precise 
torque allocation and contributes to enhanced vehicle sta-
bility and handling during cornering.

Fig. 14 (a) illustrates the variation in the electromag-
netic torque of the in-wheel motors. During vehicle startup, 

Fig. 13 Simulation results Test 2: (a) longitudinal acceleration; (b) lateral acceleration; (c) traction forces; (d) lateral forces; (e) normal forces; 
(f) motors speed [26]

(a) (b)

(c) (d)

(e) (f)
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all motors generate high torque to overcome initial iner-
tia and resistive forces, maintaining elevated levels until 
the wheels reach steady-state speeds. Once stabilized, 
the torques gradually decrease to their respective set 
points. During cornering, a clear torque differentiation is 
observed: the outer motors (M3 and M4) produce higher 
electromagnetic torque than the inner motors (M1 and M2) 
to accommodate the larger travel distance along the turn. 

This torque distribution aligns with the vehicle's dynamic 
requirements, ensuring optimal traction, stability, and effi-
cient cornering performance.

The simulation results demonstrate that the proposed con-
trol strategy effectively governs a traction system compris-
ing four in-wheel motors, delivering excellent performance 
in both steady-state and dynamic conditions. The approach 
ensures coordinated torque and speed distribution across 

Fig. 14 Simulation results Test 2 : (a) motors torque; (b) load torque; (c) alpha-axis currents; (d) betta- axis currents; (e) alpha- axis flux;  
(f) betta-axis flux [26]

(a) (b)

(c) (d)

(e) (f)
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