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Abstract

This article aims to develop a fuzzy adaptive SMC technique that incorporates a variable boundary layer and adaptive switching gain for 

speed control of a three-phase induction motor (IM) drive. The boundary-layer characteristics are chosen to offer the best compromise 

between control robustness and chattering elimination or reduction. In addition, this technique offers many advantages for uncertain 

dynamic systems. The chattering phenomenon, a well-known problem in classical SMC, arises when the switching function attracts 

the state trajectory toward the sliding surface. Several methods and approaches have been tried to eliminate this phenomenon. 

We propose here an approach that involves fuzzy logic to avoid this undesirable effect so that the stability condition according to 

Lyapunov is verified. This fuzzy adaptation system associated with the SMC (FASMC) towards the obtained results forms a robust 

tool for chattering reduction. Finally, an experimental prototype setup tests the robustness of the fully developed control structure. 

The experimental results obtained from the FASMC for speed IM drives demonstrate the highest effectiveness and robustness when 

compared to the conventional SMC controller.
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1 Introduction
In recent years, significant development and consider-
able technological advances, both in power electronics 
and microelectronics, have brought considerable progress 
in AC machine application and robust controls' real-time 
implementation. The induction motors (IMs) have been 
used for numerous industrial applications due to their sim-
plicity of design, low maintenance cost, high efficiency, 
and reliability [1–3]. However, in general, their control is 
considerably more complex because their model is highly 
nonlinear, and some electrical variables cannot be directly 
measured, such as flux and motor parameters, especially 
the rotor resistance, which are often precisely unknown or 
time-varying. On the other hand, separately excited direct 
current machines were used for a long time in adjustable 
speed processes because their torque and flux are natu-
rally decoupled and can be easily controlled [1, 2, 4, 5].

High-performance induction motor drives frequently 
adopt the field-oriented control strategy. This control 

strategy provides decoupling of the flux and torque con-
trol signals of the induction motor, so its dynamic behav-
ior is quite similar to that of a separately excited DC 
motor [1, 3–7]. Usually in a vector control approach, the 
use of classical proportional-integrator (PI) regulators to 
implement the d-q axis currents and speed control loops 
of the IM is the most frequent case, due to their struc-
tural simplicity and acceptable control performances in a 
wide range of operating conditions [6, 7]. However, these 
classical controllers are still inadequate when the pro-
cess dynamics are highly nonlinear and precise perfor-
mances are required. Also, vector control's performance is 
affected by motor parameter uncertainties and unpredict-
ably changing external loads. Because of this, it is not pos-
sible to achieve exact decoupling control between torque 
and flux [4, 6, 7].

These technical and technological advantages have ori-
ented the research community toward advanced techniques 
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to deal with internal parameter variations and external load 
changes. For example, exact feedback linearization, back-
stepping, sliding mode control, and adaptive control have 
been successfully implemented for the IM drive  [8–11]. 
One of these advanced strategies, sliding mode control 
(SMC), has garnered significant attention for its robust-
ness against uncertainties and its ability to provide good 
robustness, stability, and fast dynamic responses  [9–16]. 
This control strategy employs a discontinuous switch-
ing control action, initially pushing the system's variable 
states towards a sliding surface, and subsequently guid-
ing them along this surface towards an equilibrium point. 
It  can operate some nonlinear systems that are not pri-
marily stable using linear controllers  [12–16]. However, 
due to its switching nature, it presents numerous operat-
ing limits in electrical drives and induces high-frequency 
oscillations known as chattering characteristics. This phe-
nomenon results in several undesirable effects, including 
harmonics, torque pulsation, system control instability, 
and damage to the controller's elements [12].

Notwithstanding the benefits of the SMC technique, 
addressing the chattering phenomenon poses a significant 
challenge. The use of the functions called soft has made it 
possible, where the basic idea is to be based on the com-
bination of artificial intelligence and classical SMC, espe-
cially fuzzy logic and other advanced techniques  [8–11, 
17–24]. The purpose of fuzzy logic is the study and rep-
resentation of imprecise knowledge and approximate rea-
soning. As a result, the used fuzzy logic system will gen-
erate an adaptive factor that can adjust the parameters or 
compensate for the variations of the discontinuous func-
tion, offering a compromise between robustness, preci-
sion, and the elimination of chattering. Thus, the large 
success of fuzzy logic control is due to its ability to trans-
late a skilled operator's control strategy into a set of easily 
interpretable linguistic rules [11, 17–20].

Several hybrid methods, including fuzzy logic, neu-
ral networks, and genetic algorithms, integrate classi-
cal sliding mode control, adaptive control, and artificial 
intelligence to maintain control robustness and minimize 
chattering stress  [9–11, 17–30]. Amieur  et  al.  [18] have 
proposed a design of a fuzzy sliding mode controller with 
an adjustable gain for a nonlinear multi-input multi-out-
put system. Amieur  et  al.  [18] suggested a way to solve 
the problem of not having a way to figure out the gain k 
in the SMC. It is based on an adaptive method, and its 
design is created using Lyapunov stability. In [19], a robust 
sliding mode controller with an adaptive switching gain 

and integrator has been designed to decrease the effects of 
uncertainties and external disturbance. The development 
of a hybrid fuzzy sliding mode controller has been inves-
tigated in  [21] for robust control of both active/reactive 
power in the DFIG for WECS applications. The controller 
designed by [21] has the objective of suppressing the chat-
tering stresses/values and ensuring robustness and pre-
cision against disturbance variation. Itouchene et al. [22] 
have implemented various types of controllers based on 
sliding mode control design. The studied controllers are 
high-order SMC control and variable gain high-order SMC 
using super-twisting algorithms, which are all applied 
to enhance the control of transmitted stator active/reac-
tive power. In [23], a fuzzy adaptive SMC controller has 
been applied for an electro-hydraulic position system to 
improve trajectory tracking precision, effectiveness, and 
chattering elimination. In this controller, a nonlinear inte-
gral term has been added to design the sliding surface, and 
an adaptive term is developed to replace the equivalent 
control action. A neuro-fuzzy estimator with variable gain 
combined with sliding mode control to suppress undesir-
able chattering problems and compensate the uncertain-
ties' model can be found in [24].

In [25], another fuzzy logic regulator combined with slid-
ing mode control was investigated for robot manipulators, 
demonstrating performance improvements, quick responses, 
convergence, higher precision, and better effectiveness. Aichi 
and Kendouci [26] have proposed a hybrid controller based 
on SMC combined with PI-Anti-Windup in which a linear 
supervisor is used to activate the above controllers regarding 
operating conditions. Furthermore, in [20] a hybrid control-
ler combining the fuzzy logic supervisor and super-twisting 
second-order SMC has been designed in which the gains of 
STSMC are adjusted with a fuzzy system. Yang et al. [27] 
investigated an adaptive fuzzy sliding mode controller for 
an islanded inverter microgrid to improve power supply 
performances and deal with uncertainties without chatter-
ing effects. Furthermore, the Boukhalfa et al. [31] proposed 
a  novel genetic algorithm-optimized fuzzy second-order 
sliding mode control (G-FSOSMC) for direct torque control 
of dual star induction motors (DTC-DSIM) to reduce torque/
flux ripples, chattering, and sensitivity to parametric varia-
tions. Baek et  al.  [32] introduced a novel adaptive sliding 
mode control (ASMC) employing a designed adaptive law 
to adjust the switching control gains near the sliding surface. 
The proposed method by [32] addresses drawbacks of classi-
cal SMC, such as chattering and excessive gains adaptation, 
by ensuring quick and strategic reduction of switching gains 
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near the sliding surface. Sacchi et al. [33] introduced a neu-
ral network-based integral sliding mode (NN-ISM) control 
for nonlinear systems with uncertain drift terms and control 
effectiveness matrices, leveraging deep neural networks to 
approximate unknown system dynamics and design the inte-
gral sliding manifold, ensuring ultimate boundedness of the 
system state through Lyapunov stability analysis. Another 
approach has been proposed by Roy et  al.  [34] that treats 
a significant gap in the field of adaptive sliding mode con-
trol design, where a novel methodology that does not require 
a  priori knowledge bounds uncertainty. An adaptive chat-
tering-free terminal sliding-mode control (TSMC) method 
designed for n-order nonlinear systems with unknown dis-
turbances and model uncertainties can be found in  [35]. 
The proposed method leverages finite-time convergence 
to address the singularity problem and ensure robustness 
against system uncertainties and disturbances. In  [36], 
a hybrid fuzzy logic-based sliding mode control optimized 
by the imperialist competitive algorithm for energy manage-
ment in multi-area power systems with wind power gener-
ation has been proposed, effectively stabilizing frequency 
and tie-line power deviations. Another hybrid controller 
based on a fuzzy adaptive PID fast terminal sliding mode 
control technique for redundant manipulators has been pre-
sented to improve accurate tracking performance and sup-
press the chattering problem  [37]. A neuro-fuzzy adaptive 
SMC for quad-rotor, combining classical SMC with ANN 
and fuzzy logic control, has been developed to address 
chattering attenuation and unmatched/matched uncertain-
ties [38]. Furthermore, other approaches based on adaptive 
sliding mode control applications for nonlinear systems can 
be found in [39–42].

Motivated by the advantages of previous studies, this 
research employs an adaptive fuzzy logic controller to 
instantaneously adjust the coefficients, both gain and 
boundary layer thickness, of the discontinuous switching 
term. This adjustment is based on an appropriate intelli-
gent mechanism, and its goal is to improve control per-
formance when parameters change and external loads are 
applied. This study can represent a powerful solution to 
the problems induced by the chattering phenomenon, find 
the compromise between the tracking error and the bound-
ary layer thickness, and allow the controller to achieve 
a smoother control signal. Generally, we can summarize 
the main objectives of this study as follows:

•	 A detailed mathematical design procedure of speed 
and current controllers based on indirect field-ori-
ented IM control is presented.

•	 The sliding mode control problems are avoided using 
adjusted switching control parameters, solving the 
trade-off between them by employing a fuzzy logic 
adaptation system.

•	 The switching function gains are tuned instan-
taneously using a fuzzy logic adaptation system 
designed in a simplified way according to the tran-
sient and steady-state conditions of system state 
locations relative to the sliding surfaces.

•	 By employing the decision-making capability of the 
FLC to instantly learn the switching control param-
eters, the prior knowledge of upper limit uncertainty 
is suppressed, leading to enhanced high dynamic 
performance stability and also effectively mitigat-
ing the chattering problem caused by excessive large 
gain selection.

•	 The successful real-time implementation of the 
FASMC for IM speed drive in the dSPACE DS114 
board in order to show the superiority of the pro-
posed controller.

This paper investigates the design of a fuzzy adaptive 
sliding mode controller (FASMC) for IM speed control, 
focusing on indirect field orientation. Classical SMC con-
trollers are used for current control loops that yield satis-
factory tracking of steady-state and transient-state perfor-
mances. In the outer speed control loop, a fuzzy adaptive 
SMC controller was developed to achieve high control 
responses and considerably reduce the chattering problem 
while ensuring stability and robustness and improving the 
motor's performance. The rest of the paper is organized as 
follows: The model and indirect field-oriented control of 
the IM drive system are described in Section 2. The con-
trol design of the sliding mode controller for IM speed/
currents control is developed and presented in Section 3. 
Section 4 then elaborates on the proposed FASMC for IM 
speed control. The experimental result using dSPACE 1104 
of the proposed controller design is defined in Section 5. 
Section 6 draws some final conclusions.

2 Indirect field oriented control of an induction motor
The dynamic model of the three-phase Y-connected induc-
tion motor can be written in the d-q synchronous frame by 
the following differential equations [1, 4, 7, 19, 28–30, 43].
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Where Rs and Rr denote the stator and rotor resistance per 
phase, Lm is the magnetizing inductance per phase. Ls and 
Lr are the stator inductance and rotor inductance per phase, 
respectively; ωs denotes the synchronous frequency, ωr is 
the rotor frequency, p is the number of pole pairs, τr = Lr / Rr 
is the rotor time constant, σ = 1 − Lm

2 / LsLr represents the 
leakage coefficient, ids and iqs are the d-axis and q-axis 
stator current, φdr and φqr are the d-axis and q-axis rotor 
flux, and vds and vqs are the d-axis and q-axis stator voltage, 
respectively and Req = Rs + ( Lm / Lr )

2Rr. The electromagnetic 
torque can be written as follows [1, 2, 6, 7]:

T
PL
L

i ie
m

r
qs dr ds qr� �� �3

2
� � .	 (6)

The behavior of the induction motor with vector control 
can be shown as a separately excited DC machine where 
its torque and flux are independently controlled [7]. If the 
rotor field orientation is completely ensured, the quadratic 
rotor flux φqr is set to equal zero, then we can write:

�qr � 0 	 (7)

� �qr r
N� � constant ,	 (8)

where φr
N denotes the rotor flux rated value.

As a result, we simplify the torque equation to resem-
ble the torque equation of a DC motor, as shown in [6, 7].
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And the slip frequency, ωsl  =ωs  −  pωr , is computed 
by Eq. (10):

�
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where the superscript "*" represents reference values.

3 Sliding mode control design for IM drive
The sliding mode control is a type of variable structure con-
trol. It is well known as an effective strategy of robust con-
troller design for a variety of complex nonlinear systems that 
operate under various uncertain conditions [12–15]. It has 
many incontestable advantages, such as robustness against 
external disturbances, precision, stability, and insensitiv-
ity to parameter variations of the controlled system. Due to 
these advantages, the SMC has become a popular techni-
cal solution for different scientific and technological areas 
such as electric drives, robotics, nonlinear process control, 
and vehicles [11, 12, 17–19, 23–28]. The SMC objective is 
to conduct system state trajectories to a defined sliding sur-
face and then maintain them around this surface using an 
appropriate switching control law. The sliding surface can 
be expressed as [13]:

s x
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e x
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�
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�
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�
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�

�
1

,	 (11)

where x denotes the controlled variable, λ is a positive con-
stant, and n is the order of the system.

The general structure of the sliding mode controller is 
composed of two parts: one concerns the system's exact 
linearization ( ueq ) and the second is for system stabiliza-
tion, un [11, 13, 19, 28].

u u ueq n� � 	 (12)

The ueq represents the equivalent control action that 
ensures the system states remain on the sliding surface, while 
un refers to the discontinuous switching control action that 
mitigates the effects of uncertainties, as provided by [19]

u k s xn � � � �� �sgn ,	 (13)

where k is positive design constant.
However, classical SMC law presents the chattering prob-

lem. The most popular solution to this problem involves 
replacing the sgn(∙) function with a smooth function, such 
as saturation (sat(∙)), hyperbolic tangent function, or a tan-
gent-sigmoid switching function. Consequently, the discon-
tinuous switching control action can be defined as [11, 12, 28]

u k
s x
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�
�

�

�
�sat

�
,	 (14)

where ξ denotes the boundary layer thickness.
And the saturation function is defined as: 
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3.1 Sliding mode speed controller design
The main objective of SMC design is to create a control 
law that ensures a finite-time convergence of motor speeds 
with good dynamic performance. In order to achieve this 
objective, a tracking error has been derived for choosing 
the switching surface as follows: 

e r r� � �� �� ,	 (16)

where ωr
* represents the desired speed.

Then, the sliding surface can be defined according to 
Eq. (11), taking n = 1, as follows:

s r r� � �� �� .	 (17)

Differentiating Eq. (17) gives:
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Choosing an adopted Lyapunov function for a control 
system using SMC is done as follows:

V s
1
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2
� � .	 (19)

The derivative of Eq. (19) gives 
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Taking into consideration Eq. (18), Eq. (20) can be writ-
ten as 
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According to Eq.  (12), the sliding mode control law 
design includes two parts as 

i i iqs qs
eq

qs
n� � � .	 (22)

During the sliding mode, the system state trajectory 
is oriented and keeps around the switching surface, i.e., 
sω =ṡω = 0, then the equivalent control part in

qs is derived:
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And the discontinuous switching control input of the 
SMC can be adopted as

i k sqs
n � � � �� � ��sat ,	 (24)

where kω is a positive design constant.
Substituting Eq. (23) and Eq. (24) into Eq. (21) yields 
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where |sω| > ξω and μω is a positive gain. This ensures that 
the system remains stable and that the speed error trajec-
tory reaches the boundary layer, where |sω| ≤ ξω.

3.2 Sliding mode current controller design
The IM drive control performances depend highly on 
the current controller's responses in the inner loop. 
So,  high-accuracy current control is strongly needed 
to obtain good dynamic responses for FOC IM drives. 
In Section 3.2, the sliding mode current controller design, 
ids and iqs , based on indirect field-oriented is developed. 
To achieve this goal, two sliding surfaces are chosen as 

s i id ds ds� �� 	 (26)

s i iq qs qs� �� ,	 (27)

where i*
ds and i*

qs are the d- and q-axis reference stator cur-
rents, respectively.

The derivative of the two sliding surfaces is expressed as 
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If the tracking errors are kept around the sliding sur-
faces, sd = sq = 0, t ≥ 0 and ṡd = ṡq = 0. Thus, by solving the 
two equations ṡd = 0 and ṡq = 0, the d- and q-axis voltage 
equivalent control actions could be found as 
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Therefore, according to Eq.  (12), the reference volt-
age control laws that conduct the system states to move 
towards the defined sliding surfaces in finite time can be 
expressed as 

v v k sds ds
eq

d d d
� � � � � �sat � 	 (32)

v v k sqs qs
eq

q q q
� � � � � �sat � .	 (33)

The Lyapunov functions used to analyze the stability of 
the control system can be adopted as 
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The derivatives of Eq. (34) give 
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By substituting Eq. (32) into Eq. (35) and Eq. (33) into 
Eq. (36), we yield 

V s L k s sd s d d d d d2
0� � � �� � � � �� � �sat 	 (37)

V s L k s sq s q q q q q3
0� � � �� � � � �� � �sat ,	 (38)

where sd d� � , sq q� � , and μd , μq are positive constants. 
Thus, it guarantees the stability of the system control ver-
ified and the convergence of current error trajectories to 
sliding surfaces sd = sq = 0 when t → ∞.

Fig. 1 shows the control block diagram of the IM speed 
control using the classical sliding mode control.

4 Fuzzy adaptive sliding mode control (FASMC) of IM 
speed control
As demonstrated in Section  3, the design of the sliding 
mode controller becomes challenging due to the opti-
mal selection of the switching function gains, as well as 
the presence of uncertainties in system parameters and 
unknown external disturbances. So, these gains values 
have a significant effect on the performance quality of 
the control system in transient and steady states  [18, 24, 
25,  27]. Therefore, while an excessive gain value can 
enhance the speed rise time and disturbance rejection of 
the IM drive, it may also exacerbate chattering issues. 
However, on the other side, a large boundary-layer thick-
ness may cause precision losses and provide low tracking 
accuracy with minimum chattering effects. In Section 4, 
we propose a fuzzy adaptive sliding mode control to mit-
igate these issues and find a compromise between the 
switching control parameters. The suggested hybrid con-
troller is mainly made up of a sliding mode control design. 
A fuzzy logic adaptation system (FLAS) is used as a 
supervisor to change the switching control parameters, 
gain kω and ξω , continuously and instantaneously between 
maximal and minimal values (i.e., ξω

max, kω
max, ξω

min and kω
min) 

based on whether the IM drives are in a steady state or 
a transient state, ensuring high dynamic performance.

Fig. 1 Block diagram of classical sliding mode speed and currents control



Sabouni et al.
Period. Polytech. Elec. Eng. Comp. Sci. |7

The purpose of this proposed fuzzy adaptive sliding 
mode control (FASMC) is to maintain the regulation per-
formances, ensuring more robustness to the system and 
mainly reducing the undesirable effect of the chattering gen-
erated by the sliding mode control, which can even damage 
the machine and control elements. Fig. 2 shows the oper-
ating principle of the proposed adaptive sliding mode con-
trol using a fuzzy logic adaptation system. Consequently, 
the classical SMC speed controller's discontinuous control 
action (Eq. (24)) took on the following form: 

i k sqs
n fuz fuz� � � �� � ��sat ,	 (39)

where kω
fuz and ξω

fuz are the adjusted gain and the bound-
ary-layer thickness of the switching control action, 
respectively.

In this study, we have designed a fuzzy logic adaptation 
system (FLAS) with two inputs and two outputs. The slid-
ing surface sω and its derivative ṡω serve as the inputs of 
the FLAS block, while the switching control action param-
eters kω

fuz and the boundary-layer thickness ξω
fuz serve as the 

outputs. The main role of the FLAS block is to increase 
or decrease the switching discontinuous function gains 
instantly depending on whether the state variable is near 
or far from the sliding surface. The fuzzy logic adapta-
tion system operates by reasoning that when the IM drive 
states and speed errors are far from the sliding surface, it 
should increase the switching control gains to large val-
ues. However, when the system states approach the sur-
face, it should decrease the adaptive gains to small values. 
Thus, the fuzzy rule base design is based on the sliding 
mode reachability conditions, as follows: 

•	 When the system's state is far from the sliding sur-
face, sω  is large, or moving away, i.e., ṡω takes the 
same sign as sω . The kω

fuz and  should be increased as 
much as possible to conduct the system to the slid-
ing surface.

•	 When the system's state is far from the sliding sur-
face, sω  is large, but moving toward it, i.e., ṡ small 
or taking the opposite sign of sω . The kω

fuz and ξω
fuz 

should be moderately increased to guarantee the 
convergence.

•	 When the system's state is close to the sliding sur-
face, sω  is small and approaching it. The kω

fuz and 
ξω

fuz are decreased to reduce the chattering effects.
•	 When the system's state is on the sliding surface, 

sω  is zero, and kω
fuz and ξω

fuz are maintained as small 
as possible.

The fuzzy sets of inputs give us the inference rules we 
need to figure out how many subsets the output variable 
belongs to. The fuzzy logic adaptation system admits 05 
fuzzy sets for each input variable: BN (big negative), MN 
(medium negative), Z (zero), MP (medium positive), and 
BP (big positive). We adopted triangular functions for 
each input variable, sω and ṡω , because of their simplic-
ity and computational efficiency. The two FLAS outputs 
select only three fuzzy subset membership functions, each 
with a sigmoidal form and a linguistic variable defined as 
S (small), M (medium), and B (big). The sigmoidal func-
tions are adopted for output variables because they can 
facilitate a smooth transition, ensuring gradual changes in 
the outputs, and guaranteeing soft tuning with precision 

Fig. 2 Principle of control system with FASMC
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in the switching control gains. The choice of 03 linguistic 
terms for outputs is typically based on the fact that they 
offer more simplicity, provide adequate control actions, 
reduce the computational load (which is important for 
real-time systems), and simplify the rule base, making it 
easier for establishment and design.

The membership functions of the two inputs, sω and 
ṡω , are depicted in Fig. 3, whereas the output membership 
functions of the gain kω

fuz and the boundary-layer thickness 
ξω

fuz are depicted in Figs. 4 and 5, respectively.
Where: 

•	 ξω
max, kω

max: are the maximal values possible of switch-
ing control gains 

•	 ξω
min and kω

min: are the minimal values possible of 
switching control law gains. 

With a careful and successful selection of ξω
max, kω

max, ξω
min 

and kω
min, we can find a solution for the trade-off between 

robustness and chattering reduction. Finally, the two-di-
mensional inference matrix, which groups the rules gov-
erning the online adaptation of both parameters, kω

fuz and 
ξω

fuz, is shown in Table 1.

5 Experimental results
The effectiveness of the fuzzy adaptive sliding mode con-
trol for induction motor speed control has been exper-
imentally verified. An experimental test platform has 
been done in various operating conditions to verify the 
proposed control method analysis. The machine param-
eters are given in Table  2. The experimental test setup 
exhibited in Fig.  6 has been processed using a dSPACE 
DS1104 R&D board with TMS320F240 DSP and Control 
Desk experiment software. As shown in Fig. 6, the exper-
imental platform consists of a 250W three-phase wound 
rotor induction motor fed by a three-phase inverter 
(SEMIKRON) and a 250W DC generator fed by a resis-
tance serving for generating load torque. The driver adap-
tation designed based on ULN2803 serves to amplify the 
PWM signals generated by the dSpace1104 card board 
from a 0-5V logic level to a 0-15V logic level. The param-
eters chosen of the FASMC speed controller are listed as 
follows: kω = 0.5, ξω = 1.65, kω

min = kω , kω
med = 0.9, kω

max = 1.3, 
ξω

min = ξω , ξω
med = 1.92, ξω

max = 2.2.

Fig. 3 Membership function of the inputs sω and ṡω 

Fig. 4 Membership function of the output kω
fuz 

Fig. 5 Membership function of the output ξω
fuz 

Table 1 Fuzzy rules of the fuzzy adaptation system

kω
fuz , ξω

fuz
sω

BN MN Z MP BP

ṡω

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
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A test with both transient and steady state operating con-
ditions for the induction machine drive is implemented to 
illustrate the efficiency of the proposed fuzzy adaptive slid-
ing mode control. The test involves a step change in speed 
reference from 1200 rpm to −1200 rpm, with the reference 

speed reversing at 6.4 s. We start the IM drive system with 
a constant load of 0.35 Nm, apply an additive load torque of 
0.5 Nm at t = 2.4 s, and eliminate it at t = 4.4 s.

The performance of the IM drive using the proposed 
fuzzy adaptive SMC control scheme under this operat-
ing test is depicted in Fig. 7  (a)-(e). The rotor speed and 
the rotor fluxes ( φdr , φqr ) are depicted in Fig. 7 (a) and (b), 
respectively. Fig. 7 (a) and (b) clearly shows that the pro-
posed FASMC scheme can achieve good tracking per-
formance with high precision and accuracy even with 
load torque disturbance variation. In Fig. 7 (a), the speed 
response of the proposed fuzzy adaptive sliding mode 
control is observed to present better tracking character-
istics and more robustness against speed reference rever-
sals (minimal rising time, minimum undershoot against 
load torque application, with no overshoot).The proposed 
scheme maintains the d-axis rotor flux level constant at 
its nominal value, highlighting a proper cross-coupling 
and an accurate field orientation of φqr = 0. Fig. 7  (c)-(e) 
shows the dq-axis stator currents, electromagnetic torque 
and estimated load torque value, and stator phase current. 
Fig. 8 also depicts the values of the adaptive parameters 
(kω

fuz, ξω
fuz) of the switching function. Fig. 9 illustrates the 

waveform of the phase "a" stator voltage generated by 
the inverter feeding the Induction Motor (IM) drive. It is 
clear that the stator voltage waveform is rich in harmonics 
due to its discontinuous behavior and the chosen switch-
ing frequency of the PWM signals. This harmonic content 
has significant implications for the motor's performance, 
including increased losses and torque ripple.

To further demonstrate the superiority of the proposed 
FASMC in terms of control performance, comparative 
experience with classical sliding mode control has been 
done. The comparison tests consist of the following: 

•	 Test  1: Comparison of speed responses between the 
classical SMC and the proposed FASMC under the 
same nominal operating conditions already carried out.

•	 Test  2: The robustness of the controllers is tested 
under main uncertainty conditions. In the first case, 
the control system is operated with a 50% increase of 
the inertia moment J, and in the second case, the IM 
drive is operated under a 50% increase of the rotor 
resistance Rr .

For the first test, Fig. 10 illustrates the speed responses 
of the proposed FASMC and the classical SMC. In Fig. 10, 
it can be observed that the proposed FASMC controller 
outperforms the classical SMC in tracking performance 
and exhibits greater robustness and overall effectiveness. 

Table 2 Nominal IM parameters values

Parameter Value

Rated power Pn 250 W

Line-line voltage Vn 398 V

Rated current In 0.86 A

Rated speed Ωn 1350 rpm

Number of pole pairs P 2

Stator resistance Rs 39.36 Ω

Rotor resistance Rr 35.6015 Ω

Stator inductance Ls 3.6076 H

Rotor inductance Lr 3.6076 H

Magnetizing inductance Lm 3.233 H

Inertia moment of motor J 0.0013 kg/m2

Friction coefficient fc 0.0047 Nm s/rad

(a)

(b)

Fig. 6 Photograph view of experimental setup (a) IM drive system 
(b) PC, dSPACE 1104 and sensors
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In terms of settling time and rise time, it can be seen that the 
speed response using classical SMC provides an overshoot 

of 38 rpm at start-up and over 70 rpm during speed rever-
sal. Additionally, it shows an undershoot of 10 rpm when 

Fig. 7 Experimental results of the proposed FASMC IM drive: (a) Speed, (b) φdr &φqr , (c) ids & iqs , (d) Te & Tl
est , (e) ias 

(e)

(c) (d)

(a) (b)
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load torque is increased. The suggested FASMC, on the 
other hand, doesn't overshoot when starting up or switch-
ing speeds. When the load torque is applied, it only under-
shoots slightly, and it recovers its speed much faster than 
the classical SMC.

Figs.  11 and  12 illustrate the speed responses of the 
SMC and the FASMC for the second test. Fig. 11 illustrates 
the system behavior when it operates under 50% increas-
ing of inertia moment, whereas Fig. 12 shows the robust-
ness of controllers against rotor resistance increasing. From 
Figs. 11 and 12, it can be clearly observed that the hybrid 
controller achieves superior tracking performance with min-
imal deviation, even under transient operating conditions 
and parameter uncertainty, compared to the classical SMC, 
which exhibits larger deviations and slower convergence 
to the desired speed. Table 3 presents a comparative anal-
ysis between the speed controllers, taking into account sev-
eral performance indicators. In addition, the phase plane of 

state trajectories for the two controllers, classical SMC and 
fuzzy adaptive SMC (FASMC), are shown in Fig. 13. These 
phase planes, which represent the speed error time-deriva-
tive against the speed error, offer a visual illustration of the 

Fig. 8 Parameters of switching function: (kω
fuz, ξω

fuz) 

Fig. 9 Supply voltage waveform of the phase "a" 

(b)

(c)

Fig. 10 Speed responses comparison between classical SMC and 
FASMC control: (a) Speed, (b) Speed zoom at load application and 

(c) Speed zoom at motor starting and speed reversal time

(a)
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system's dynamic behavior and highlight the effectiveness 
of the two control strategies in reaching the desired equilib-
rium point. In the phase plane of classical SMC, it can be 
clearly seen that the state trajectories exhibit high-frequency 
oscillation around the sliding surface, which indicates an 
important chattering stress. In contrast, the phase plane for 
FASMC reveals a smoother and more stable convergence 

of the state trajectories toward the sliding surface. This 
adaptive mechanism significantly provides smoother con-
trol actions and improved system performance. Moreover, 
the switching control terms for both the classical SMC and 
FASMC, i.e., Eqs. (24) and (39), against the sliding surface 
are illustrated in Figs. 14 and 15, respectively. In Figs. 14 
and 15, it is evident that the switching control action in clas-
sical SMC exhibits a saturation form, where the control 
signal alternates between a maximum and minimum value 
depending on the variation of the sliding surface. On  the 
other hand, the switching control action in FASMC is more 
dynamic and adaptive, as it continuously tunes the switch-
ing gain and boundary layer thickness based on the sys-
tem's operating conditions. By this dynamically tuning pro-
cess, FASMC achieves smoother control actions, effectively 
reducing chattering while maintaining robust performance.

Fig. 11 Performance comparison between classical SMC and FASMC 
under 50% increase of J 

Fig. 12 Performance comparison between classical SMC and FASMC 
under 25% increase of Rr 

Table 3 Comparison between FASMC and SMC

Classical SMC Proposed FASMC

Robustness Medium High

Chattering reduction Medium Good

Rising-time 0.183 0.154

Steady-state time 0.36 0.29

IAE 0.2093 0.1193

ISE 0.1956 0.0904

ITSE 0.0957 0.0409

ITAE 0.1309 0.0810

Fig. 13 Phase trajectories of SMC and FASMC for IM control drive 

Fig. 14 Switching control action of classical SMC against sliding surface 
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6 Conclusion
In this paper, we proposed a fuzzy adaptive sliding mode 
controller for speed control of the IM drive system to 
enhance the control performances under different oper-
ation conditions, modes, and load variations and reduce 
chattering issues. Firstly, we developed a sliding mode 
control based on the indirect field-oriented control archi-
tecture. Then, a fuzzy adaptive controller was designed 
to adjust the two parameters of the switching control law 
in the classical SMC, based on the error and its derivative 

variation. The adaptation method involves adjusting the 
switching control action's gains based on the transient and 
steady-state conditions of the IM drive system, as well 
as the system's position relative to the sliding surface. 
An  experimental setup using dSPACE1104 successfully 
verified the effectiveness of the proposed adaptive fuzzy 
sliding mode control of the IM drive during both steady 
and transient states. The results make it clear that the sug-
gested fuzzy adaptive sliding mode controller (FASMC) 
does a good job of controlling IM speed, with high accu-
racy and convergence at steady-state conditions and when 
the load increases and decreases. With these potential ben-
efits, the proposed Fuzzy Adaptive Sliding Mode Control 
(FASMC) stands out as a very useful and adaptable control 
method that can handle the difficulties of different elec-
tric motor drives and a large number of dynamic systems. 
Its important mix of robustness and adaptability makes it 
a good choice for complicated, nonlinear, and uncertain 
systems, guaranteeing dependable and effective dynamic 
performance in a wide range of settings. Robotic systems, 
power electronic converters, self-driving automobiles, 
aerospace technologies, and many more industrial appli-
cations can benefit from the proposed FASMC's ability to 
address modern control problems by combining the best 
aspects of fuzzy logic and sliding mode control.

Fig. 15 Switching control action of the proposed FASMC against 
sliding surface
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