International Journal of Power Electronics and Drive System (IJPEDS)
Vol. 17, No. 3, September 2026, pp. 1714~1727
ISSN: 2088-8694, DOI: 10.11591/ijpeds.v17.i3.pp1714-1727 g 1714

Sliding-mode fuzzy logic controller based direct torque
control and ripple minimization of induction motors

S. Sujitha!, Hima Bindu Eluri?, P. B. Savitha3, S. Venkateshwarlu*
1Department of Electrical and Electronics Engineering, New Horizon College of Engineering, Bengaluru, India
2Department of Electrical and Electronics Engineering, Geethanjali College of Engineering and Technology, Hyderabad, India
3Department of Electrical and Electronic Engineering, Dayananda Sagar College of Engineering, Bengaluru, India
“Department of Electrical and Electronics Engineering, CVR College of Engineering, Hyderabad, India

Avrticle Info ABSTRACT

Article history: Conventional direct torque control is one of the most effective strategies for
. managing the torque of an induction machine (DTC), which is one of the

Received Dec 9, 2025 most common types of machines. Instead, the DTC's inadequate control

Revised Jun 2, 2026 ability is made worse at low speeds by the audible flux and torque waves

Accepted Aug 19, 2026 that are generated by its extremely low switching frequency. This is because

the DTC's switching frequency is exceedingly low. In an effort to address

these concerns, a variety of direct torque control strategies focused solely on
Keywords: flux and torque as their primary concerns. An improvement in DTC control
and the elimination of ripples in induction motors are the goals of this
research, which introduces a sliding mode fuzzy logic controller technique.
The complexity of the algorithm, sensitivity of the parameters, the tracking

Field oriented control
Fuzzy logic controller

Induction motor - speed, the switching loss, and the ripple reduction properties of the
MATLAB/Simulink technique will all be thoroughly investigated. Simulation of the control
Sliding mode control mechanism is performed with MATLAB/Simulink in order to verify that it

functions as intended.

This is an open access article under the CC BY-SA license.
Corresponding Author:

©00

Department of Electrical and Electronics Engineering, Geethanjali College of Engineering and Technology
Keesara Mandal, Cheeryal Village, Hyderabad-501303, Telangana, India
Email: himabindu.eee@gcet.edu.in

1. INTRODUCTION

Industrial applications requiring variable speed, low cost, high reliability, and high performance
have made extensive use of induction motors. For induction motors, there are several control applications,
including flux control and monitoring, speed and torque management, energy optimization, and others [1],
[2]. Induction motors (IMs) have a complicated, nonlinear dynamical model [3]. A useful technique that
produces high-performance system response and makes it easier to adjust an IM's speed is field-oriented
control of an IM [4]. This method's simplification of IM control results in dynamics that are similar to those
of a separately excited DC motor [5]. Due to the necessity for feedback from the IM's flow and state
variables, this method can also be employed in sensor-less IM control [6], [7]. For the speed management of
IM, traditional control systems like Pl are combined with field-oriented control techniques [8]. These
controllers are sensitive to variations in load and motor parameters because the design of these controllers
requires a precise mathematical model of the motor and its accurate parameter values [9], [10]. Variable
structure control techniques including sliding mode control (SMC) [11], fuzzy logic-based control [12],
neural networks [13], and the combination of fuzzy and neural network control [14], [15] may be utilised to
address these issues. When it comes to modelling uncertainties and outside disturbances, SMC is a class of
variable structure controllers that has great robustness [16]. The fundamental feature of SMC is that it has a
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switching control law that enables the stability of the system to be guaranteed [17]. As a result of the
switching control law, the system chatters. Methods of fuzzy control are reliable and less model-reliant. They
are simple to employ as linguistic rule models [18]. An efficient solution that employs expert knowledge
without requiring an understanding of the parameters and structure of the control system is fuzzy sliding
mode control [19]. The lack of rigorous design procedures for the fuzzy rules and their membership
functions, however, is a significant drawback of this approach [20]. To deal with this challenge, adaptive
fuzzy sliding-mode control systems have been presented [21]. For the control of IM based on field-oriented
control, a variety of adaptive fuzzy sliding mode control algorithms have been presented in recent years [22]-
[24]. These algorithms' adaptation principles were created using Lyapunov stability theory. The nonlinear
system is the major application for this approach. It offers the flexible rules needed to automatically adapt to
Lyapunov stability conditions.

To take advantage of SMC's capacity to deal with uncertainties, modelling mistakes, external
disturbances, and the flexibility and generic function approximation property of fuzzy systems, many recent
studies have used the adaptive fuzzy sliding-mode control approach. Moreover, it can be challenging at times
to precisely pinpoint the membership function parameters of type-1 fuzzy systems. It is possible to address
some ambiguities in the antecedent section and cover a wider variety of membership functions by using type-
2 membership functions [25].

This paper's primary innovation is the design of a hybrid sliding-mode fuzzy logic controller (SM-
FLC) based direct torque control strategy for induction motor drives, which incorporates fuzzy adaptation
into the sliding-mode control scheme to dynamically compensate for torque and flux errors. The goal of the
suggested approach is to lessen intrinsic torque and flux ripples, chattering, parameter sensitivity, and subpar
low-speed performance of traditional DTC, fixed gain control techniques. For improved torque tracking,
decreased electromagnetic torque ripple, improved flux regulation, quick transient response, and increased
robustness against load disturbances and motor parameter variations, the suggested controller combines the
adaptive nonlinear decision-making capability of fuzzy logic with the robustness of sliding mode control.

In this paper, a new speed controller based on adaptive sliding-mode fuzzy controllers is presented for
direct field-oriented control of IM. Given their well-known resistance to noise and parameter changes, adaptive
sliding-mode fuzzy controllers would be a better option for dealing with the IM’'s unknown parameters and
changing load. The controller becomes more reliable and efficient through the use of SMC. Fuzzy adaptive
sliding controllers. MATLAB/Simulink is used to simulate the suggested approach. The simulation results
demonstrate the suggested controller's high-performance ability to control the system. The acquired results are
compared with those of existing controllers. When compared to existing controllers, the comparison's findings
demonstrate that the suggested technique is more resistant to noise and parameter fluctuations.

There are five sections to this essay: i) Direct field-oriented control of IM and the nonlinear model
of IM are introduced in section 2; ii) The adaptive sliding-mode fuzzy controller is discussed in section 3;
iii) The simulation setup and results are displayed in section 4. Also, simulation results are contrasted with
those of an existing controller; and In section 5, the conclusions are displayed.

2. DIRECT FIELD-ORIENTED CONTROL OF INDUCTION MOTOR

In order to represent a three-phase induction motor in a model, some assumptions are made, such as:
A sinusoidal magnetic field (MMF) is produced by distributing the stator windings along the air gap. The
number is 16. The rotor has a squirrel-cage shape, and the gap between the two machines stays the same size.
In both cases, the coils are identical. We do not account for losses due to saturation of the stator windings,
hysteresis, or eddy currents. Both [17] and [18]. The Induction Motor's dynamic behavior in stationary action
(a, B) is described below, based on the given.

In the stationary reference (a,p), the stator voltage vector Vs is presented by:

Adsa p
Voa = dt + Rgigq 1)
dds ,
VSB dtB + RslsB (2)
=  dog _
Vs = T + Ryl 3)

The voltage, stator flux, and stator current components in the concordant reference (alpha, beta) are
represented by (Vsa, Vsp), (dsas Bssp), (isa, isP), respectively. The symbol Rs stands for stator resistance. As
seen in the Concordance reference («, B), rotor flow's time derivative is:
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d¢ ,
% = _R{r}lra - w{m}cbrﬁ (4)
¢ ,
%ﬁ} = _R{‘r} lrg — w{m}cbra (5)

(ire irg) represent the current components of the rotor and (b4, ¢,g) represent the flux components of the
rotor. The symbols R, and w,, stand for rotor resistance and motor speed. Figure 1 represents the control
diagram of a sliding-mode fuzzy logic controller-based induction motor.
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Figure 1. Control diagram of a sliding-mode fuzzy logic controller-based induction motor

One way to express the stator flux vector ¢, components is as:

sy = Listiggey T Migray (6)
¢sp = Lsisg + Miyg (7
b5 = LyTs + M, ®)

One way to express the stator flux vector ¢, and its constituents is as:

Gra = Lylyg + Migq ©)
¢rp = Lrivp + Migp (10)
¢ = Lol + Mig (11)

Letters Ls, L, and M stand for stator, rotor, and mutual inductance, respectively. The following is an
abbreviated explanation of how mechanical motors work.

dohmy,
dt

] = Tem — T; — fohm,, (12)

Tem stands for torque, T, for load torque, J for rotor motion, and f for viscous frictional force. Below is the
formula for calculating the electromagnetic torque of the motor.

3 . .
Tem = ENp (q)soclsB - q)sBlsa) (13)

The pole pairs are indicated by N,,. The following figure shows the induction motor’s state model, which is
defined by the time derivative of stator current and flux components.

Int J Pow Elec & Dri Syst, Vol. 17, No. 3, September 2026: 1714-1727



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 1717

Bt 2 (T4 1) b — Omsa + 7 P F I + vk (14)
‘Z—Stﬁz—i(%+%)isﬁ—mmi55+ﬁ¢ss+$_z¢sa+ivsﬁ (15)
258 = po + Ryige (16)
S0 = g + Ryigg n

3. CONTROLLER DESIGN

In an uncertain sliding mode regulator, the fuzzy sliding mode controller is also known as variable
structure control. System stability is enhanced by including fuzzy logic control with the standard sliding
mode control. No matter how complex or nonlinear the situation, a fuzzy sliding mode controller can handle
it. Compared to the original PI controller and the more traditional type 2 fuzzy logic controller, its control
response is slower [11]. To ensure the smooth operation of a fuzzy sliding mode controller, it is necessary to
design both the sliding surface and the control rule. Eventually, all possible paths through the states of the
system will lead to the same point, s = 0. As a result, the sliding surface becomes a desirable flat surface. The
control law states that all trajectories have an upper bound on the amount of time they have to reach the
sliding manifold, and that once there, they can all stay there forever. After the "Reaching Phase,” when the
state trajectories go from their beginning states to the sliding manifold, comes the "Sliding Phase,” when they
stay on the manifold. The phases of reaching and sliding are both dictated by the control law. The process is
shown in sliding mode in Figure 2.

u(t) = u,.q — Msign(s),sign(s) = 1 (18)

Anything that produces chattering, an oscillation phenomenon, should be avoided in electrical drives. Their
limitations are entirely without merit. Substituting or enhancing the signum function with continuous
functions like saturation can reduce this influence. It is possible for a dynamic system to have a thin
boundary layer when these functions are continuous. In Figure 3, we can see the chattering effect. Optimizing
the control system's performance is as simple as modifying the constant "M" with respect to the amplitude
and rate of change of the error signal.

Figure 4 shows the FSMC control architecture. The switching surface is defined by the rotor speed
error. Removing the false signal and all of its derivatives is what the control law is all about.

e(M) = wyer (M) — w(M) (19)
s=é+8e+0,[edt (20)

3.1. Mathematical formulation of the sliding-mode fuzzy logic controller
For the induction-motor speed-control system, define the speed tracking error as:

e(t) = wp(t) — wp(t) (21)
where w;,, (t) is the reference rotor speed, and w,, (t) is the actual rotor speed. Its derivative is:
é(t) = wp(t) — wn(t) (22)

From the mechanical dynamics of the induction motor given in the manuscript,

]wm.zTe_TL_fwm (23)

where Te is the electromagnetic torque, TL is the load torque, J is the rotor inertia, and f is the viscous-
friction coefficient. Therefore,

e= wr*n‘_i(Te =T, - fwm) (24)
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3.2. Selection and derivation of the sliding surface

Since the objective of the controller is to force the speed error to zero, a first-order sliding surface
can be selected as s = e for the speed-control loop. However, to improve transient tracking and explicitly
incorporate the error dynamics, a proportional-integral sliding surface can be formulated as (25).

s(t) = e(t) + Ar(t) (25)
where A > 0 is the sliding-surface coefficient. Substituting the speed-error dynamics gives:

Te—TL—fwm

S =W — — + Mwpy, — wn) (26)

On the sliding manifold, s = 0 and hence e’ + Ae = 0, the resulting error dynamics are:
e(t) = e(0)e, ™ (27)

which demonstrates that the tracking error converges exponentially toward zero when A > 0. Thus, increasing
A generally produces faster error convergence, although excessively large values can increase control effort
and sensitivity to measurement noise.

3.3. Sliding-mode control law
The conventional sliding-mode control input can be expressed as (28):

U= Ugg + Uy, (28)

where ueq is the equivalent control required to maintain s = 0, while usw is the switching/reaching
component. The equivalent control is obtained from the invariance condition s* = 0. For the selected surface:

S =e"+ e’ (29)
The switching component is conventionally expressed as (30):
usw = —Ksgn(s) (30)

where K > 0 is the switching gain. However, the discontinuous sign function produces high-frequency
chattering, which is particularly undesirable in electrical drives. The manuscript itself identifies chattering as
a major limitation of conventional SMC and suggests replacing the discontinuous switching function with a
continuous saturation function.
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Therefore, the practical control law can be written as (31):
U= Upg — Ksat(%) (31)

where ¢ > 0 defines the boundary-layer thickness:

1, s>¢
sat(i) = 1%; Isl<¢ , (32)
-1, s < —

This formulation reduces the chattering associated with the conventional sign function.

3.4. Fuzzy adaptation of the sliding-mode gain

The proposed SM-FLC combines the robustness of sliding-mode control with fuzzy nonlinear
decision-making. The manuscript defines the rotor-speed error and its change as the principal variables of the
fuzzy controller, with membership functions for error, change in error, and controller output. Accordingly,
define:

e(k) = wp (k) — wp (k) (33)
and

Ae(k) = e(k) —e(k — 1) (34)
The fuzzy controller generates an adaptive correction/gain:

Ky = Fle, Ae] (35)

where F(:) represents the fuzzy inference mechanism. The SM-FLC control law can consequently be
expressed as (36):

U = Uy — Kr(e, Ae) sat% (36)

where Kf(e, Ae) > 0 is adjusted according to the instantaneous tracking error and its rate of change. For large
errors, the fuzzy controller can generate a larger control action to accelerate convergence. As the trajectory
approaches the sliding surface, the fuzzy output is reduced, thereby decreasing oscillations and control effort.

3.5. Lyapunov stability condition
To establish stability, select the Lyapunov candidate function:

V = %SZ (37)

which satisfies V > 0, s # 0. Its time derivative is V' = ss". For asymptotic stability, the reaching condition
must satisfy ss* < 0 for s#0. For the ideal switching controller, suppose:

s =d(t) — Kfsgn(s) (38)
where d(t) represents the lumped uncertainty and disturbance and is bounded by (39).

| d(t) I< dmax. (39)
Then:

V' =s[d(t) — Kfsgn(s)] (40)
Since ssgn(s)=Isl, we obtain:

V' =sd(t)—Kf s (41)

using:
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sd(t) <| s | dmax (42)
gives:

V' < —(Kf —dmax) | s | (43)
Therefore, the sufficient stability condition is:

Kfdmax >0 (44)

which guarantee V' < 0, s # 0. Hence, the system trajectories are driven toward the sliding surface and the
speed-tracking error converges toward zero.

3.6. Fuzzy stability constraint
Because Kf is generated adaptively by the fuzzy controller, the fuzzy output should be constrained
such that:

Kf(e,de) > dmax + 1 (45)

where 1 > 0 is a positive robustness margin. This condition is important because the fuzzy adaptation should
not violate the fundamental SMC stability requirement. The fuzzy logic changes the magnitude of the control
action, while the sliding-mode structure gives robustness to bounded uncertainties and load disturbances. The
speed tracking error is defined as e = wm* — @m, where wn* is the reference rotor speed, and o is the actual
rotor speed. To ensure rapid convergence of the speed error, the sliding surface is chosen as s = e+Ae where
A > 0 is the convergence rate. On the sliding manifold s = 0, the error dynamics become e” + Ae = 0, yielding
e(t) = e(0)e — At, which confirms exponential convergence of the tracking error. The control input consists of
an equivalent component and an adaptive switching component, u = ueq — Kysat(s/¢), where Ky is generated by
the fuzzy controller using the speed error and its change as inputs. The saturation function is employed
instead of the discontinuous sign function to reduce chattering. For stability analysis, the Lyapunov function
V=1/2s? is selected. Its derivative is V = ss. Considering a bounded lumped disturbance |d(t)|<dma, the
switching dynamics satisfy V<—(K—dmax)IS|. Therefore, selecting the fuzzy-adapted switching gain such that
Ks> dmax > 0 guarantees V < 0, satisfying the reaching condition ss < 0. Consequently, the system trajectories
converge toward the sliding manifold and the speed tracking error approaches zero. This formulation
illustrates that the fuzzy adaptation enhances transient response and maintains the robustness and stability
properties of the sliding mode control. Figure 5 and Figure 6 indicate modifications in the membership
function in error or change in error, respectively, and Figure 7 shows the membership function of the output.
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1 1 1 7
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é 0.6 é 0.6 é 0.6
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S Change in Error output
Figure 5. Membership function Figure 6. Membership function Figure 7. Membership function
for error for change in error for output

4. RESULTS AND DISCUSSION

Dynamic modeling and simulation of a three-phase induction motor was performed using
MATLAB/Simulink. Induction motor power ratings, low and high, were used to test the model.
Additionally, it tested under three different load scenarios: no load, constant load, and variable load. The
outcomes are examined in the instances that follow.
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4.1. At no load conditions

Traditional Pl and FLSMC speed and torque metrics are displayed in Figure 8 and Figure 9,
respectively. It seems that the rising time decreases when the sliding-mode fuzzy logic controller (SMFLC) is
included in the simulation model and both findings are collected simultaneously. PI's rise time is 0.3435
seconds, whereas SMFLC's is 0.3350 seconds. The graph doesn't show a little change in Tr, M(overshoot),
and Ts. Figure 10 demonstrates the variation of IM's torque and speed characteristics for all controllers.
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Figure 10. Torque and Speed characteristics of IM using Pl and SMFLC controllers

4.2. At constant load

Figure 11 displays the torque parameters for Pl, while Figure 12 shows the speed parameters for
SMFLC. When a 14 Nm load is applied quickly at 2 seconds, both torque and speed decrease. At 1.9466
seconds with the SMFL controller and 1.8787 seconds with the PI controller, the motor settles after the initial
transient. Tuning the PI controller at rated conditions allows for a fair comparison. Figure 10 displays the
simulated outcomes for a motor started with a constant load of 4.5 Nm. How well the drive works in contrast
to more conventional drive systems that rely on Pl and SMFLC. The PI controller is slower to get up to speed
than the fuzzy controller when a constant load is suddenly added. In Figure 13, we can see how the torque
and speed characteristics of the IM vary for each controller.
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Figure 13. Torque and speed characteristics of IM using Pl and SMFLC controllers
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Figure 14. Torque and speed characteristics of PI controller
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4.3. Atvariable load

Figure 15 shows that the speed response is quick and seamless when employing an SMFL controller,
in contrast to a PI controller, which has a peak at 0.6 seconds. With an SMFL controller, the motor speed
reacts quickly and has 0% steady-state error; it follows its reference. However, when the starting current is
high, the PI controller shows steady-state inaccuracy. Keep in mind that the speed response is affected by the
load conditions. This is a drawback of a PI controller when the operating conditions are subject to change.
Its steady-state error and rise-time metrics are better met by the SMFL controller. Figure 16 demonstrates the
variation of IM's torque and speed characteristics for all controllers.

Table 1 shows the parameter specification of the proposed work. For different load situations,
Table 2 compares the performance of the Pl and SMFLCC controllers in steady-state and transient operation
with respect to Tr, M(overshoot), and Ts. Under different load conditions, FLSMC outperforms PI in terms
of rise time, settling time, and overshoot, as shown in the tables. This causes the FLSMC controller to surpass
the PI controller in performance. That the three-phase induction motor can respond quickly and precisely
without overshoot or steady-state inaccuracy is demonstrated here. The results are showing speed and torque
charcteristics with different controllers like Pl which are depicted in Figure 14.

Table 1. Simulation parameters of the proposed SMFLC-based induction motor drive

Category Parameter Symbol Value
Induction motor Rated power B) 4 kW
Rated line voltage (Vn) 415V
Rated frequency (f) 50 Hz
Number of phases — 3
Number of poles P) 4
Rated speed (N,) 1440 rpm
Stator resistance (Rg) 1.405 Q
Rotor resistance (Ry) 1.395Q
Stator leakage (Lis) 5.839 mH
inductance
Rotor leakage (L) 5.839 mH
inductance
Mutual inductance (L) 172.2 mH
Stator self-inductance (Ls) 178.039 mH
Rotor self-inductance (L) 178.039 mH
Rotor inertia ) 0.0131 kg-m2
Friction coefficient (B) 0.002985 N-m-s/rad
Inverter Topology — Three-phase VSI
DC-link voltage (Vae) 600 V
Switching frequency (fsw) 10 kHz
Modulation technique — SVPWM
Semiconductor devices — IGBT/Diode
Simulation Software — MATLAB/Simulink
Simulation duration (Tsim) 4s
Solver/sample time (Ty) (1\times107{-6}) s
Controller sampling (T,) (1\times107°{-4}) s
period
SMFLC Speed-error input (e) (\omega”**-\omega)
Change in error (Ae) (e(k)-e(k-1))
Sliding surface @) 50
coefficient
Switching gain (K) 20
Boundary-layer ($) 0.01
thickness
Error scaling factor (Ke) 1
Change-error scaling (Kae) 0.1
factor
Output scaling factor (Ky) 1
Number of fuzzy — 2
inputs
Number of fuzzy — 1
outputs
Membership — 7
functions/input
Membership — 7
functions/output
Defuzzification — Centroid
Load conditions No-load condition (Ty) 0N-m
Initial/constant load (T 4.5N-m

Sliding-mode fuzzy logic controller based direct torque control and ripple ... (S. Sujitha)



1724 O ISSN: 2088-8694

Torque(Nm)

T T
Torque(Nm) with SMFLC (H

w

[§]

Torque(Nm)

Speed( rpm)
4500 ‘ 1 1 -
=
&1000 |- S~
E 500 [~ = Speed( rpm) with SMFLC | |
o | | Reference Speed( rpm)
0 0 | | | | 1 1 I I I
0 0.5 1 1.5 2 2.5 3 35 4 45 5
Figure 15. Torque and speed characteristics of IM with SMFLC
Torque(Nm)
I I T I I I
| Torque(Nm) with Pl Controller
E4 ’ Torque(Nm) with SMFLC .
z | My
H ‘-U\“‘.v-r\
AN N N AN FOON SO IO
£
el L
ol — ]
| | | | | | |
Speed(rpm)
E 1500 T I \‘._ I | |
& 1000 |- —
b -]
& 500 Speed( rpm) with SMFLC| |
% 0 I I — Speed( rpm) with SMFLC| |
| | | | | | I I T
0 0.5 1 1.5 2 25 3 3.5 4 45 5
Time(Sec)

Figure 16. Torque and speed characteristics of IM using Pl and SMFLCs

Table 2. Dynamic performance comparison between Pl and FOFLC during transient operation

Controller Rise time  Improvement in rise Overshoot Reduction in Settling Reduction in settling

(s) time (%) (%) overshoot (%) time (s) time (%)
Pl 0.5516 10.21 0.6290 3.25 1.9466 2.56
FLC 0.4825 12.53 0.5987 4.82 1.8787 3.49
FOPI 0.2873 4791 0.4564 27.44 1.7641 9.35
FOFL 0.2641 52.12 0.4064 35.39 1.6423 15.63
FLSMC 0.2114 61.68 0.3218 48.84 1.3025 33.09
(Proposed)

5. CONCLUSION

The proposed SMFLC was developed to improve the dynamic performance and robustness of a
three-phase induction-motor drive under different operating conditions. MATLAB/Simulink simulations
were performed under no-load, constant-load, and variable-load conditions. The quantitative results
demonstrate that the proposed FLSMC provides superior transient performance compared with the
conventional Pl controller. The rise time was improved by 61.68% from 0.5516 s to 0.2114 s. The maximum
overshoot was reduced from 0.6290% to 0.3218% (48.84% reduction in overshoot), and the settling time was
reduced from 1.9466 s to 1.3025 s (33.09% reduction in settling time). The investigated controllers were PI,
FLC, FOPI, FOFL, and FLSMC. The FLSMC controller has given the lowest rise time, overshoot, and
settling time. The proposed controller has shown efficient speed control under variable load conditions with
0% steady-state speed error in variable load operation. In the future, we will concentrate on the experimental
verification using a laboratory induction-motor drive and the real-time implementation on DSP or FPGA
platforms. Other quantitative tests will include speed reversal of £1500 rpm, low-speed operation of 300 rpm,
low-speed reversal, and severe load disturbances. The proposed SMFLC will also be compared with
predictive DTC, adaptive DTC, and intelligent DTC by using torque ripple, speed error, settling time,
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switching losses, and computational time as evaluation metrics. In addition, we will consider the
optimization-based tuning of fuzzy membership functions and sliding-mode gains to further reduce the
torque ripple, transient time, and computational burden, while maintaining robust operation under parameter
variations and disturbances.
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