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This paper discusses a novel fuzzy adaptive sliding mode control (FASMC)
strategy for a four-wheel-drive (4WD) electric vehicle (EV), incorporating
an exponential reaching law (ERL) and a fuzzy adaptive switching gain to
enhance speed tracking. The classical SMC technique often suffers from the
chattering problem, which can degrade the dynamic control performance of
the electric vehicle. To address these challenges, the proposed hybrid
controller employs an exponential reaching law to ensure fast convergence
and reduced chattering, while a fuzzy logic-adaptation mechanism
dynamically adjusts the switching gain to improve robustness against
uncertainties and external disturbances. First, the mathematical model of the
motor derived for achieving speed regulation using the classical SMC with
an exponential reaching law based on indirect-field-oriented control (FOC).
Then, the proposed control technique is designed to automatically adjust the
ERL gain using a fuzzy logic controller to ensure precise vehicle speed
control, optimizing the vehicle's dynamics under varying road conditions.
This novel configuration enables the development of a 4WD EV control
framework with an optimized controller, serving as the foundation for
implementing our proposed study. The results validate the proposed
method's superiority, delivering lower chattering, enhanced tracking
precision, and greater robustness compared to traditional SMC while
adhering to control standards. This control framework presents a viable
advancement for 4WD EV motion management, supporting safer, more
effective autonomous vehicle technologies.
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1. INTRODUCTION

Recently, the automotive industry has known a significant interest in the adoption of electric drives
for vehicle traction, for reasons of sustainability, emissions reductions, and energy efficiency [1]. This
transition has led to the widespread development of various types of EVs, including EV’s battery, hybrid EV
modes, and fuel cell-powered EVs. As a result, drivetrain technologies have become a focal point of research
and innovation, with a strong emphasis on improving efficiency, performance, and reliability for the
foreseeable future. A vehicle's driving performance is typically assessed based on key metrics such as
acceleration time, maximum velocity, and road gradeability. At the heart of the electric propulsion system
lies the electrical motor, which serves as its essential component. Recently, leading international vehicle
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manufacturers have increasingly employed induction motors (IMs) and permanent magnet motors (PMs) in
their electric vehicle designs due to their high efficiency, reliability, and adaptability [2].

According to industry evaluations and surveys conducted among electric vehicle commercial
companies, the IM has emerged as a preferred choice for electric vehicle drivetrain systems (EVDS) due to
its robustness, lower cost, and ability to operate effectively under a wide range of conditions [3]. Control of
speed in electric vehicles (EVs) is crucial for enhancing the performance, efficiency, and general
functionality of EV traction systems. As an important part of the electric powertrain, speed regulation lets the
car adapt to different driving conditions, such as sudden acceleration, deceleration, or changes in road
gradient, while still keeping smooth and precise control over how the motor operates [4].

In fact, the IM presents a high coupling between flux and torque. making the control of induction
motors more challenging, as adjustments to one parameter inevitably influence the other. To address this
complexity, the researchers have developed many control propositions, such as scalar control, vector control, or
field-oriented control (FOC). The scalar control technique is widely recognized for its simple structure and ease
of implementation, making it an attractive solution that can provide acceptable steady-state performances for IM
drive control. Yet scalar control reveals limitations under transients, including abrupt load or speed variations.
Vector control allows for accurate and smooth control of both flux and torque, even during rapid changes in
operating conditions. However, this technique has a high sensitivity to the machine parameters variations and
requires a precise mathematical model of the IM, accurate measurement, and sophisticated control method,
increasing the complexity in terms of hardware requirements, computational resources, and implementation [5].

The proposition of an adaptive neural fuzzy inference system (ANFIS) by Benhammou et al. [2], it
has resulted in some ripples in the law speed test due to the requirement adaptation of the controllers.
However, the discontinuous nature of the control law in SMC can lead to high-frequency switching, also
known as the chattering phenomenon, which can propagate throughout the system and cause a range of
undesirable effects [6]. To mitigate these limitations, various methods and advanced propositions have been
developed to minimize chattering while preserving SMC robustness and dynamic performances [7]. One such
method is the boundary-layer strategy, which introduces a smooth transition region around the sliding
surface. This approach maintains the system's stability and robustness while significantly improving control
smoothness [8]. However, it has several limitations, including reduced robustness, residual chattering, and
challenges in tuning the boundary layer thickness. To address these issues, several advanced and hybrid
control strategies are often employed, such as higher-order sliding mode control and methods that combine
SMC with adaptive control and intelligence techniques, such as neural networks and fuzzy logic.

The goal of the paper is to investigate an adaptive sliding mode control (ASMC) based on exponential
reaching law design using a fuzzy logic system for 4WDEV speed control. The outer speed loop employs a
fuzzy adaptive sliding mode control (FASMC) to achieve superior performance, minimize chattering, guarantee
stability/robustness, and improve EV dynamic response [4]. Analysis of recent research in [9], a hybrid fuzzy
sliding mode control (SMC) regulates doubly fed induction generator (DFIG) active/reactive power in wind
energy conversion systems (WECS), minimizing chattering while delivering robust, precise performance amid
disturbances. In [10], a robust sliding mode control scheme is proposed, incorporating an adaptive switching
gain and an integral action to effectively mitigate the influence of model uncertainties and external disturbances.

In [11], a fast and smooth second-order sliding mode control approach is introduced to enhance
power extraction performance in fixed-pitch, variable-speed WECS. Moreover, a neuro-fuzzy scheme founded
on the Takagi-Sugeno-Kang (TSK) inference structure is employed to improve robustness and to provide
reliable online estimation of system parameters under uncertain operating conditions [12]. Furthermore,
Nurettin and Inan¢ have presented a hybrid fuzzy super-twisting sliding mode controller (HFSTSMC) for IM
vector control systems, combining super-twisting sliding mode control (STSMC) with a fuzzy logic controller
(FLC) to optimize control coefficients and reduce chattering while maintaining high tracking accuracy and
robustness. The authors in [13] introduce a robust trajectory tracking control law for autonomous vehicles
using a higher-order quasi-sliding mode control (QSMC) combined with an adaptive single-input FLC, which
estimates perturbations online and ensures global asymptotic stability via Lyapunov theory. Another approach
proposes a fuzzy adaptive SMC control algorithm to enhance the lateral stability of distributed drive EVs by
addressing system parameter perturbations and external disturbances, using a simplified unscented Kalman
filter observer to estimate critical vehicle state parameters and road adhesion coefficients [14]. Optimized
fuzzy control for quadcopters to enhance their behavior has been proposed in [15], where other hybrid control
strategies based on adaptive fuzzy sliding mode control have been explored for attitude stabilization of
quadrotor unmanned aerial vehicles (UAVs) [16]. In this approach, a fuzzy logic system is employed to
approximate system uncertainties, while a second-order auxiliary system is introduced to counteract control
input saturation. System stability is ensured through Lyapunov-based analysis. Similarly, an SMC technique
for acceleration slip regulation in battery electric vehicles is proposed in [17]. This method effectively
addresses wheel slip during initial acceleration by adaptively tuning the switching function of the sliding mode
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controller using a fuzzy algorithm. In [18], a novel fuzzy sliding mode proportional-integral control (FSMPIF)
strategy is introduced for active suspension systems. By integrating PI control, sliding mode control, and fuzzy
logic, this hybrid controller aims to minimize vehicle vibrations and enhance ride comfort. Several advanced
control strategies have been explored for electric systems and motion control, including (STSMC) [12],
ANFIS [2], model predictive control (MPC) [19], fractional order proportional-integral-derivative (PID) [20],
[21], and fuzzy-PI controllers [15]. Each approach offers distinct trade-offs in complexity, adaptability, and
required training effort. Compared to these, the proposed FASMC combines rapid convergence and robustness
with adaptive tuning, aiming to overcome limitations such as chattering in classical SMC and extensive
training in neuro-fuzzy methods. This comparative perspective guides the development of a more efficient and
practical control solution. Table 1 compares some controller techniques.

Building on the benefits reported in the aforementioned studies, this work employs a fuzzy logic—
based controller to appropriately tune the system parameters, € and K, in the ERL of the traditional SMC
based on an appropriate algorithm to improve the dynamic performances against operating conditions
variations and external load. The work presents the proposition of a novel SMC strategy for a 4WD-EV,
integrating an ERL and a fuzzy adaptive switching gain to enhance speed tracking performance. It highlights
the challenges posed by chattering in classical SMC and how the proposed hybrid controller effectively
reduces this issue while improving robustness against uncertainties and disturbances. In general, the main
objectives of this study can be summarized as follows:

— A mathematical design procedure of a speed controller based on indirect FOC 4WDEV.

— The sliding mode control challenges are reduced first using an exponential reaching law.

— The parameters of the exponential reaching law are automatically changed by a fuzzy logic system
designed based on the transient and steady-state conditions of control system states.

The remainder of this paper is structured as follows: i) Section 2 describes the comprehensive
modeling of the EV propulsion system; ii) The formulation of the sliding mode speed controller for the
induction motor, incorporating an exponential reaching law, is detailed in Section 3; iii) Section 4 presents
the development of the FASMC scheme; iv) The electronic differential mechanism implemented for vehicle
operation is discussed in Section 5; and v) Section 6 reports and analyzes the simulation results that
demonstrate the effectiveness of the proposed control strategies. Concluding remarks and perspectives for
future research are given in the final section.

Table 1. Different control technigues comparison

Criterion STSMC [12] ANFIS [2] MPC [19] Fuzzy-PID [15]
Complexity Medium; requires gain Requires data training and Needs precise modelling and Low to medium;
tuning and chattering network tuning real computation simpler tuning
Adaptability Good; robust to Good Very good; anticipates and ~ Moderate; limited by
disturbances optimizes control fuzzy rules design
Training effort  Low; basic tuning needed  High; requires substantial Medium to high; Low; requires initial
training data fuzzy rule setup
Control Good stability; chattering ~ Superior responsiveness; Excellent constraint Moderate performance
performance possible adaptive to changes handling and prediction

2. MODELLING OF EV DRIVING

Effective speed control in accordance with a predefined driving cycle requires a comprehensive
vehicle model. The vehicle model receives the reference velocity from the predefined driving cycle as its
input, while the control system interfaces directly with the inverter. The inverter plays a crucial role by
converting the DC electrical energy from the battery into controlled AC voltage and current supplied to the
induction motor. The IM then converts this electrical energy into mechanical power, which ultimately propels
the vehicle. Figure 1 illustrates the main components of the electric vehicle propulsion system and
emphasizes their coordinated integration to ensure efficient and responsive vehicle operation [22].

2.1. EV dynamic model

The use of a dynamic vehicle model is essential for improving the overall efficiency of EVs, as it
enables the optimization of propulsion system design and the assessment of vehicle performance under
realistic operating conditions. Consider an EV of mass M+ traveling at a velocity V on a roadway inclined at
an angle ¢ relative to the horizontal. The vehicle dynamics can be described by modeling the EV as a rigid
body subjected to several longitudinal resistive forces. These forces include aerodynamic drag arising from
air—vehicle interaction, rolling resistance due to tire—road contact, grade resistance induced by road slope,
and inertial resistance associated with variations in vehicle speed. The combined effect of these forces
determines the total traction force required for vehicle motion and directly influences energy consumption as
well as the effectiveness of the applied control strategies, as depicted in Figure 2 [8].
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Figure 2. lllustrates the forces acting on the 4WD

Based on these forces, the vehicle dynamics can be described using Newton’s second law as (1).

My =% Foe = Fro + Foce + Frot + Funa + Fyra &)
The projection of the law onto the horizontal axis leads to (2):

My = % Fexe = Fre, = (Face, + Frot, + Fuinay + Fyray) 6
where:

Fuina, = 3PSCx(v — v;)? 3)

Fyra, = G;M,g cos(a) @)

Wy = M, g sin(a) ®)

Face, = My (6)

Where Fr, represents the total tractive force, F, , the force of wind resistance, F,, the force of rolling
resistance, Fgra the force of grading resistance, g, . the force of acceleration, and ¢, ., and ¢, symbolize the
wind and rolling resistance coefficient, respectively, while p, is the vehicle mass, and g is the gravitational
force. The wheel radius, gear ratio, and vehicle velocity are represented by y,, G,, and Vv, respectively.
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Vy Vy
©r = GT Rwheel’ and @wheel = Rwheel (7)
The motor load torque T can be formulated as a function of speed as (8).
1 1
T, = G_TTW = G_r(Fwind + Fror + Faee +F:qra) (8)

2.2. The system modeling
The dynamic behavior of the three-phase Y-connected induction motor can be expressed in the
synchronous d-q reference frame through the following set of differentials in (9)-(13) [23], [24]:

d;:s = %LS —Reqigs + 0Lswgigs + %(pw + PLL—’:<pqra)r + vds) )
% = i (-csLS(DSids-Reqiqs 'P]L_T(Pdr“)r + Lrlr:%Rr Ogr + vqs) (10)
e = s — 1 par + (@05 = PO )y (11)
T = I g — (@5 = POy Par =1 gy (12)
d;‘:r = }G% (igs- Par — las-Pqr) — fc.wr—.Tl) (13)

where Rs, R denote the stator and rotor resistors, | is the magnetizing inductance per phase. Ls , Lr are the
stator inductance and rotor inductance per phase, ws denotes the synchronous frequency and cw; is the rotor
frequency, P the number of pole pairs, 7, = L, /R, the rotor time-constant, ¢ = 1 — [L2,/(L,L,)] represents
the leakage coefficient, iy and i, d-axis and g-axis stator current, ., and ¢, d-axis and g-axis rotor flux,
vgs and v, are the d-axis and g-axis stator voltage, R, = (Rs + (L;n/L,)?R;). And the electromagnetic
torque can be written as given in (14).

3PL . .
T, = Trm (lqs(pdr - lds(pqr) (14)

Under vector control, the induction motor exhibits dynamic characteristics analogous to those of a
separately excited DC machine, allowing independent regulation of torque and flux. When perfect rotor flux
orientation is achieved, the quadrature component of the rotor fluxg,,, becomes zero. Consequently, the
system equations can be expressed as shown in (15) and (16):

@qr =0 (15)
- = @Y = constant (16)
Pa ¢

where: @ is the rotor flux rated value. Consequently, the torque equation is simplified to become like a DC
motor torque equation as (17).

__ 3PLy .

Te - qu(pdr (17)

2Ly

And the slip frequency, wy; = ws — Pw,., is computed by (18):
wg =L (18)

where superscript (*) represents reference values.

3. SLIDING MODE CONTROL BASED ON EXPONENTIAL REACHING LAW FOR IM SPEED
CONTROL

SMC is a form of variable structure control. It is recognized as an excellent technique for robust

controller design applicable to diverse complex nonlinear systems functioning under various unpredictable
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conditions [14], [25]. The SMC offers numerous undeniable benefits, including resilience to external
disturbances, accuracy, stability, and insensitivity to parameter variations within the controlled system. As a
result, SMC has become a widely adopted approach in multiple scientific and engineering fields, such as
electric drives, robotics, nonlinear process regulation, and automotive systems. The primary objective of
SMC is to guide the system trajectories toward a designated sliding surface and maintain their motion along
it through an appropriate switching control strategy [25]-[27].

When the tracking error is considered as the sliding surface (or switching function) in the speed
control loop, it can be represented as (19):

S = €4 = Wy — Wy (19)
where w;: represents the desired speed. The derivative of the surface is found as (20).
S0 = OF — W,

.k 3pL . f T
=Wy — (Eﬁ(pdrlqs - Ter - 7) (20)

The exponential reaching law is employed to enhance the dynamic performance of the system
during the approach phase. It can be mathematically expressed as (21):

S, = —esgn(s,) — k- s, (21)
where e and k are positive constants. According to the principle of equivalent control, we can get (22).
. . 3pLlm ) fc T
{Sw = 0 = (S22 artes = For =) (22)
= —esgn(s,) — ks,

The g-axis current i, expression can be obtained as (23).

- fe T
o= () @
The Lyapunov function selected for the sliding mode control system is defined as (24).
V=-s} (24)
The derivative of (14) gives (25).
V =5,5, (25)

Then we can get (26).

V = s,(—esgn(s,) — k- s,)
= —esgn(sy) s, — k- s2 (26)
= —¢ls,| —k-s: <0

For ensuring high convergence speed, the term s, = —esgn(s,) is used, while to reduce
chattering, we should design a bigger value of k and use a smaller value of &. for improving the performance
of sliding mode control, the smooth function, such as saturation (sat(-)) is used instead of the sign function.
The saturation function can be expressed as (27).

s(x)

s\ _ ) SLT <1
sat( z )_ sgn(%)Si % >1 (27)

Figure 3 depicts the overall control block diagram of the induction motor speed regulation using SMC with
the ERL.
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Figure 3. Speed and current control technique based on classical SMC

4. PROPOSED ADAPTIVE FUZZY SLIDING MODE CONTROL

In the exponential reaching law, the gains € and k remain constant, which can limit the system’s
dynamic performance and robustness under challenging operating conditions. To overcome this limitation, an
FASMC is employed. This controller combines a classical sliding mode controller with a fuzzy logic system
that adjusts the parameters based on the transient or steady-state behavior of the system [28], [29]. The
operating principle of the proposed adaptive sliding mode control with fuzzy logic adaptation is illustrated in
Figure 4. Accordingly, the exponential reaching law of the classical SMC speed control can be expressed as
(28) [14].

S = —Esgn(s,) —k s, (28)

The fuzzy logic controller has two inputs and two outputs. The inputs to the FLC are the sliding surface s,,
and its derivatives,, , while the outputs are the switching control parameters ¢ and k.

& "
YN i o
- i k ds
Fuzzy logic | & ik T [+ oy k; s y
d Controller | m 2 P dg []2ay 1
ar & . * | PWM |—
s Td Vol o —
. —, | Signals |-}
&4 Y+ 55, + i * abe | —
o ¢ —1 2, _.«"’ght‘ml%} St | e K ve,| Gen [
So 1 d T | ¢ :
naalalf F L 3 pLoda @, + 25 o, Wi | = 14
]‘\ T | o J J »
FAMSC Speed Controller

*
'gs—>{  Slip
calcul

+
Tdls ]

IFOC Block
e
Encoder o

Figure 4. Principle of control system with adaptive fuzzy-SMC

The inference rules are derived from fuzzy sets corresponding to the input variables, which
determine the degree of membership of the output variables within their respective subsets. Triangular
membership functions are used for the input variables, each of which is defined by five fuzzy sets: big
negative (BN), medium negative (MN), zero (Z), medium positive (MP), and big positive (BP). For the
outputs of the fuzzy logic adaptation system (FLAS), only three fuzzy subsets are used: S(Small), M
(Medium), and B (Big), represented by sigmoid-shaped membership functions. The FASMC utilizes a fuzzy
rule base structured as a set of IF-THEN rules that relate the sliding surface and its derivatives to appropriate
control actions. The rule base is initially designed based on expert knowledge of the system dynamics and
control objectives. Its tuning is achieved through an adaptive mechanism that updates the fuzzy parameters in

Fuzzy adaptive sliding mode control with exponential reaching ... (Abdelhamid Bouregba)



114 a ISSN: 2088-8694

real-time, guided by an adaptation law ensuring system stability. This dynamic tuning enables the controller
to effectively estimate and compensate for uncertainties and disturbances, improving robustness and tracking
performance while minimizing chattering.

The membership functions of the tow inputs,s,and s, are depicted in Figure 5, whereas the output

fuz

membership functions of the gain k. ““and the boundary-layer thickness &.““are depicted in Figures 6 and 7,
respectively. The membership functions for the two inputs, s, and s,, are shown in Figure 5, while the

fuz

output membership functions for the gain k.“* and the boundary-layer thickness &, are illustrated in
Figures 6 and 7, respectively.

BN MN

0.8

0.6

04}

02}

-1 -0.5 0 0.5 1
s &ds /dt
w w

Figure 5. Membership function of the inputs s, and s,,

- . . . v . —
06 08 1 12 14 16 18 2 22 24 3 15 4 46 5
kfuz
q €
Figure 6. Membership function of the output k. Figure 7. Membership function of the output ¢**

Hence, a two-dimensional inference matrix is constructed to organize the rule base governing the
adaptive law for both control parameters, ¢ and k, as shown in Tables 2 and 3. Taking the outputs £ and k of
the fuzzy controller is used as the parameters of the SMC, the expression of the g-axis current is (29).

) 2 L, <wﬁ+%wr+%+ésgn(sw)>
io=2_Jr

= (29)
as 3PLm@Par +k - S

Based on the stability theorem of SMC, it can be observed that (30) [30].
V =5,S, (30)

Then we can get (31).
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V =s,(—ésgn(sy,) —k-s,)
= —ésgn(s,) s, — k- s2
=—f|s,|—k-s2<0

Therefore, the system is asymptotically stable.

Table 2. FLC rules

k Se
BN MN Z MP BP
Sw BN B B B M S
MN B M M S S
z M M S M M
MP M S M M B
BP S S B B B

(31)

Table 3. Fuzzy rules of the fuzzy adaptation system

& S,

BN MN Z MP BP

Su BN S S S M B
MN S M M B B

z M M B M M

MP M B M M S

BP B B S S S

5. THE ELECTRONIC DIFFERENTIAL PRINCIPLE
The electronic differential system (EDS) for an electric vehicle equipped with four independently
driven wheel motors represents a highly complex control architecture. Figure 8 presents the proposed
configuration of the electronic differential, in which the front-left and front-right wheels, as well as the rear-
left and rear-right wheels, are each controlled by individual motors. IMs are chosen due to their high
efficiency, high torque density, quiet operation, and overall suitability for electric vehicle applications [31].

______

VN

! AFSMC

+  Control
4 1

Electronic

| Differential
\

s
| AFSMC !
1 Control

o

Figure 8. General structure of the EV4WD four-wheel drive electric vehicle studied

The reference speed for the four drive wheels is defined as (32)-(35):

1+(cos(6)—2dl‘—“’w)2

wh = w I
Ir veh 1 4(cos(8))?

de \?

1+(C0$(6)+m)

w: =w e —
" veh ™ [14(cos(8))?

" d, tan(6)
‘Wf:“%w(l_ wum )
« d,, tan(8)
Wrp = Wyeh (1+ szw )

(32)

(33)

(34)

(35)

where: (*) indicates the reference values, wi is the left rear wheel speed, wr is the right rear wheel speed, wis
is the left front wheel speed, w, is the right front wheel speed, w.en is the EV speed d,, and L, are distance
between left and right drive wheels and the distance between the front and rear axles.
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6. SIMULATION RESULTS

To thoroughly assess the performance of the proposed FASMC, a series of simulations
encompassing four distinct test scenarios was carried out using the MATLAB/Simulink platform. These test
cases were designed to evaluate the controller’s effectiveness under various dynamic conditions. The vehicle
parameters and system specifications employed in the simulations are detailed in Table 4.

6.1. CASE 01

Figure 9 presents the obtained simulation results under a step-speed reference, deliberately avoiding
the influence of the ED to evaluate the controller's performance in a basic scenario. This setup allows for a
clear analysis of the FASMC’s characteristics and effectiveness. As observed in Figure 9(a), the speeds of the
IMs on all four wheels are identical, confirming that the ED is inactive in this test. Figure 9(b) illustrates the
flux response of the motor under these conditions, further validating the robustness of the proposed control
strategy. When Load torques are applied between 2s and 4s, Figure 9(c) shows that the primary variation
occurs in the direct torque response, and in the variation of the current in the same interval as seen in
Figure 9(d). The developed motor torque is clearly affected, as evidenced by the smooth and logical response
in the current waveforms. The presence of a slope contributes to an electromagnetic torque improvement on
both the left and right motors.

6.2. CASE 02

Figure 10 presents the simulation results following a sudden change in the speed setpoint. These
tests, performed in the MATLAB/Simulink environment, are designed to assess the robustness and
adaptability of the proposed FASMC strategy in maintaining accurate speed regulation under abrupt
disturbances. The results demonstrate the controller’s capability to quickly react and stabilize the system,
highlighting its effectiveness in handling dynamic variations. Figure 10(a) demonstrates the motor speed
response across five speed levels, highlighting precise tracking without overshoot or control errors.
Figure 10(b) illustrates the corresponding flux response, while Figure 10(c) displays a smooth torque
response, even at low speeds, which is further confirmed by the stable and continuous current profile as
illustrated in Figure 10(d).

250 - - - - - T T T T T
15 ‘b(lr ]
200 1 ¢‘|'"
réf
— )
r —
3 w = e
T 1501 =% 1 =
= =
—_ =
3 b N
a ]
( ) 3 100 ( ) 0.5
- =
H =3
3
50 1 OF
0 1 . ; 0 1 2 3 s 5 6
& . ']
0 1 3 5 6
t [sec] t [sec]
600 -
50
500 H 0
__ 400 1 -50
£
Zz 266 268 27 272 274 276 2.78
— 300
= 200
(c) £ (d)
o
200 1 — 100
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A
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| 2200
“ - ! ! ; ! i i L 1 L
0 1 2 3 4 5 6 h " : s p
t [sec] 2 t |§ec| : ]

Figure 9. Simulation results: (a) speed responses and its reference [rpm], (b) flux [Wh],
(c) electromagnetic torque [N.m], and (d) stator current (A)
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Table 4. Nominal system parameter values

Nominal IM parameter values EV mechanical & aerodynamic parameters
Parameter Value Parameter Value
Rated powerP, 37 Kw m 150 kg
Line-Line voltage V, 400 V A 1.8 m?
Rated current I, 64 A R 0.3m
Rated speed w,, 2960 rpm Hrr1 0.0055
Number of pole pairs P 1 Hyro 0.056
Stator resistance R; 85.1 mQ Cad 0.19
Rotor resistance R, 65.8 mQ G 104
Stator inductance L, 31.4 Mh g 0.95
Rotor inductance L, 31.4mH T 57.2Nm
Magnetizing inductance L,, 29.1 mH Vo 4.155 m/s
Inertia moment of motor j 0.23 kg/m? g 9.81 m/s?
Friction coefficient f, 0.0095 Nm.s/rad p 0.23 kg/m®
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Figure 10. FASMC Simulation results: (a) speed responses and its reference [rpm], (b) flux [Wb],
(c) electromagnetic torque [N.m], and (d) stator current (A)
6.3. CASE 03

To validate the FASMC control strategy applied to the 4WD electric vehicle traction system, the
system was tested under reference speed variations while simulating realistic driving maneuvers, as
illustrated in Figure 11. During this test scenario, the driver commands two distinct steering actions. The first
maneuver (Phase 01), corresponding to a left turn, occurs at t = 8 s, followed by a right turn att = 28 s.

Figures 11(a) and 11(b) present the linear velocity of each wheel and its zoomed view, respectively,
during the turning sequences at a constant electric vehicle speed of 100 km/h. These figures clearly
demonstrate the speed differentiation among the four wheels during cornering, confirming the precise and
real-time intervention of the proposed FASMC-based electronic differential system (EDS). The driver-
defined steering angle 4 is initially applied to the front wheels.

In response, the EDS dynamically adjusts the individual speeds of all four induction motors. During
the right-turn maneuver, the EDS reduces the speed of the inner wheels (right side) while increasing that of
the outer wheels (left side), thereby ensuring optimal torque distribution and enhanced turning stability.
Specifically, during Phase 01, the front-left and rear-left wheels rotate faster than their right-side
counterparts, highlighting the adaptive behavior of the control strategy. The smooth and dynamic response of
the wheel speeds is illustrated in Figure 11(c).
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Figure 11(d) shows the global load torque applied to the electric vehicle, which varies between 40
Nm and 110 Nm during the test scenario. Figure 11(e) depicts the steering angle profile, where a negative
steering angle (6 = —8°) indicates a left turn and a positive angle (6 = 8°) corresponds to a right turn. Finally,
Figure 11(f) illustrates the electric vehicle speed regulation at 100 km/h, exhibiting no visible overshoot and
a maximum deviation of approximately 0.4%.

250 r . . . . . . . R
Yo 7~ 231.6 T T T T T T
r VI ) S g
| L-f 1 Bk k’-—.—;
—_—r
? r
@ R-f 2314}
wo — 2]
:-; 150 "": 1
T
= w 231.3 -
= r 7 18 19 20 2 22 23 24
@ o — R 10O s— —
o
— r 240
3 -
50 235
230
l] 1 1 1 i 1 L i 1
220
0 5 1015 20 25 30 35 40 45 - * g - - * - :
t [sec] 8 y 10 11 12 13 14 15 16
— ,
20
100
EN(I
7__
= 60
(c) d =
-I(II
20
i i v ; N N h
0 5 10 15 20 25 30 35 40 45 0 s 10 15 :(l‘lsechl 30 35 40 45
t [sec] :
10 T T
I(l(l-r
r— 100.04
5 = 30
£ 100.02
E 100 \~
— - 60
2. 0 :: 99.98 [
(e) = () & 99.96
§ 40 15 0 25
5 =
o
> 20
10 M S ] , : L '
O s s a0 25 3035 40 4s 0 5 10 15 20, .25 .30 35 40 45
t [sec] t [sec]

Figure 11. Simulation results of EV behavior: (a) EV wheels speed [rpm], (b) ZOOM of speed,
(c) wheels' electromagnetic torque [N.m], (d) load torque (Nm), (e) angle of detour, and (f) EV speed

6.4. CASE 04

In this study, the dynamic response of the EV propulsion system is implemented and evaluated
under the standardized New European Driving Cycle (NEDC), which includes both urban (ECE-15) and
extra-urban (EUDC) driving phases, offering a comprehensive scenario for assessing energy consumption,
motor performance, and system efficiency. During the simulation, the focus is placed on analyzing the
current drawn by the electric motor from the power supply across all operational modes of the cycle. These
include acceleration phases, where high torque demands significantly increase current consumption; cruising
phases, where maintaining steady-state efficiency and minimizing current fluctuations are essential; and
deceleration or regenerative braking phases, where the energy recovery potential is critically assessed.
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Through detailed examination of the current profiles, key insights are obtained regarding motor efficiency,
power electronic losses, and total energy consumption. This analysis further identifies opportunities to
optimize control strategies, such as FOC or MPC, to reduce energy losses and extend battery life. In addition,
the simulated current waveforms are compared with ideal theoretical models to detect deviations caused by
nonlinear motor characteristics, switching harmonics, and load variations. These results provide a deeper
understanding of real-world energy usage and validate the proposed FASMC strategy’s effectiveness in
minimizing peak current demand while maintaining robust driving performance throughout the NEDC.
Figure 12 illustrates the EV scenario over a duration of 1200 seconds, where Figure 12(a) shows the EV
speed profile, Figure 12(b) presents the electromagnetic torque for each wheel, and Figure 12(c) depicts the
variation of load torque under realistic driving conditions.
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Figure 12. EV scenario: (a) European driving cycle (EDC) speed profile applied to the 4WD electric vehicle
[Kw/h], (b) electromagnetic torque response under the proposed control strategy [N.m], and (c) load torque
variation corresponding to realistic driving conditions [N.m]
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Table 5 presents a comparative analysis between the proposed FASMC-based control strategy and
an existing method employing P1 and fuzzy logic controllers for 4WDEYV speed regulation. As highlighted in
the table, the proposed approach outperforms the reference method across several critical aspects. Unlike the
conventional FLC and PI strategies, which offer limited robustness and are susceptible to performance
degradation under varying conditions, the AFSMC integrates an exponential reaching law with a fuzzy
adaptation mechanism to dynamically tune control gains. This significantly reduces chattering and enhances
system robustness and tracking accuracy. Moreover, the proposed strategy demonstrates superior adaptability
to complex driving scenarios, including slope variation, curved paths, and the NEDC standard cycle, while
maintaining better energy efficiency and motor current regulation. Stability is also formally proven using
Lyapunov theory, which further confirms the reliability of the proposed method. Overall, the table clearly
emphasizes the practical and theoretical advantages of the FASMC approach, making it a promising
candidate for advanced EV motion control systems.
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Table 5. The comparison of the obtained results with existing published results

Criterion

This paper

311

Control method
Main objective
Vehicle architecture
Disturbance rejection
Chattering reduction
Adaptability to road

conditions
Simulation scenarios

Implementation
complexity

Hybrid SMC with exponential reaching law + fuzzy
adaptive gain

Reduce chattering, enhance robustness, and tracking
performance under dynamic conditions

4WD Electric vehicle with field-oriented control
(FOC) and electronic differential system

High due to fuzzy-tuned adaptive SMC and dynamic
gain adjustment

Significantly reduced via the exponential reaching law
and fuzzy tuning

Excellent includes tests on slope, curves, variable
speed, and NEDC cycle

Step change, slope resistance, curved path, and
standard NEDC driving cycle

Moderate adaptive fuzzy tuning of SMC enhances
control without a high computational load

Classical PI & FLC

Compare Pl and FLC for speed control in direct
torque control (DTC)-based 4WDEV
4 In-Wheel Induction Motors with DTC

Moderate FLC improves over Pl but lacks the
robust structure of SMC

Not addressed explicitly, DTC generally suffers
from torque ripple

Tested on different road conditions, but control is
limited to FLC and PI capabilities

Straight, sloped, and curved roads only

Lower, simpler Pl and FLC, but less robust under
uncertainties

Stability guarantee Proven via Lyapunov stability analysis

7. CONCLUSION

This paper presented a FASMC strategy to enhance speed tracking performance in a 4WD EV.
Unlike conventional sliding mode controllers, which are often affected by chattering and limited adaptability,
the proposed approach incorporates a fuzzy logic—based mechanism to dynamically adjust the switching gain,
thereby improving control accuracy, robustness, and overall system stability.

Simulation results under various driving conditions demonstrated improved dynamic behavior,
characterized by reduced chattering, faster torque and flux responses, and enhanced transient performance.
The improved control smoothness contributes to better energy utilization, particularly during startup and
rapid speed variations.

The developed control framework is suitable for real-time implementation due to its computational
efficiency and compatibility with embedded platforms such as microcontrollers and digital signal processors
commonly employed in electric vehicle control systems.

Although the method involves relatively complex mathematical formulations, it remains practical
for advanced control applications. Future work will focus on optimizing the computational efficiency of the
fuzzy inference mechanism for real-time deployment and investigating its integration with additional vehicle
subsystems, including regenerative braking and energy management, to establish a comprehensive and
coordinated control architecture.
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