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Sliding mode control (SMC) of induction motor is a new concept in the current scenario, as it seeks to improve torque control
accuracy and power steering efciency through the use of pulse width modulation schemes. Furthermore, artifcial neural
network-based sliding mode control is applied to a squirrel cage induction motor, which is used in the steering control of
automobiles. Te artifcial neural network (ANN)-based SMC is more popular due to its robustness and good stability in external
parameter variation. Additionally, an SMC and an ANN-based SMC are employed to compute the torque and fux, improving
performance for power steering applications. Te performance of the designed model is validated through MATLAB/Simulink
and experimental models with diferent controllers under various operating conditions. Te controller has been embedded into
a TMS320F28335 controller, and performances have been evaluated.Te performance analyses of induction motor using diferent
controllers are performed. Te transient performances of induction motor such as delay time, rise time, settling time, and steady-
state error are investigated.Te proposed work is analysed by using amathematical model and implemented in a test-benchmodel
for validation.

1. Introduction

Induction motors (IMs) are widely used in various industrial
and consumer applications due to their simple structure,
robustness, and low cost. One of the signifcant applications
of induction motors is power steering in automobiles, where
they are used to provide the necessary torque to turn the
wheels. Te power steering system in modern cars is typi-
cally an electro-hydraulic system, where an electric motor

drives a hydraulic pump to assist the driver in turning the
wheels. In this application, the IM needs to be controlled
precisely to ensure efcient and reliable operation. Sliding
mode control (SMC) is a popular technique for controlling
induction motors in various applications, including power
steering. Te idea behind sliding mode control is to design
a controller that forces the system to slide along a specifc
surface, called the sliding surface, towards a desired state.
Once the system reaches the sliding surface, it remains on it
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and moves towards the desired state in a robust manner,
regardless of disturbances or uncertainties.

High-order sliding modes (HOSM) are a class of control
systems that are designed to provide robustness against
uncertainties and disturbances in the system.Tis technique
can be used to control a wide range of nonlinear systems,
including mechanical systems, electrical systems, and
chemical processes. HOSM controllers use a higher-order
sliding surface compared to traditional sliding mode con-
trollers, which can improve the performance and robustness
of the system. In HOSM, the sliding surface is designed such
that it passes through higher-order derivatives of the system
state. Tere are two types of HOSM controllers: fnite time
and infnite time. Finite-time HOSM controllers aim to
reach the sliding surface in a fnite amount of time, while
infnite-time HOSM controllers aim to stay on the sliding
surface indefnitely.Te high-order sliding modemanifold is
well-defned as a solution to a high-order polynomial
equation that depends on the system’s state and its de-
rivatives.Te high-order sliding mode control technique can
be used to control a wide range of nonlinear systems, in-
cludingmechanical systems, electrical systems, and chemical
processes. Tey are also able to achieve fast convergence to
the sliding surface, leading to improved control perfor-
mance. However, HOSM controllers can have some draw-
backs [1, 2]. Tey require more complex control laws than
traditional sliding mode controllers, which can make them
more difcult to implement. Additionally, HOSM control-
lers can sufer from chattering, which is a high-frequency
oscillation that can occur when the system approaches the
sliding surface. Tis can be mitigated through the use of
smoothing techniques, but this can add additional com-
plexity to the controller design [3, 4].

Due to its simplicity, obvious performance, and per-
formance, the proportional-integral (PI) regulator consti-
tutes one of the most commonly employed methods of
regulation in electrical machines [5]. An efcient nonlinear
control may nevertheless enhance activity in an environ-
ment of issues and ambiguity since the IM operates within
a nonlinear system [6, 7]. Several researchers have used
a variety of cutting-edge control strategies to manage the
power electronics and drive sector in this respect [8]. In
particular, the sliding mode control [9–11], the predictive
control approach [12–14], the adaptive control technique
[15], and the backstepping algorithm [16–18] are involved in
advanced electrical machine applications. With its unique
dynamic characteristics for IM, such as robust reliability,
rapid response, and straightforward software and hardware
deployment, the SMC methodology has emerged as an in-
triguing nonlinear control method [19–21].

Te sliding mode observer-based fnite time control
scheme is a method for controlling the frequency regulation
and economic dispatch in power grids. It uses a sliding mode
observer to estimate the states of the system, such as the
generator speeds and power outputs, and then applies a f-
nite time control scheme to adjust the control signals in
order to regulate the frequency and optimize the economic
dispatch [22, 23]. Tis method is efective in handling un-
certainties and disturbances in the power grid, as the sliding

mode observer is able to adapt to changing conditions and
provide accurate state estimates. Te fnite time control
scheme ensures that the system converges to the desired state
in a fnite time, which improves the stability and perfor-
mance of the power grid [24, 25].

Discrete-time SMC is a popular control technique that is
widely used in various applications due to its robustness and
ability to handle system uncertainties and disturbances. One
variant of SMC is the use of a desired switching variable
(DSV) generator, which can improve the control performance
by generating a smoother and more suitable reference signal
for the sliding surface. Te main objective of using a DSV
generator in SMC is to achieve better tracking performance
and reduce chattering, which is a common issue in traditional
SMC.TeDSV generator uses a dynamic model of the system
and generates a continuous reference signal that is then
discretized and used as the input to the SMC controller. Tis
reference signal is then used to construct the sliding surface,
which determines the control action based on the system
state. Te DSV generator can generate a reference signal that
is more suitable for the system and can handle changes in the
system dynamics more efectively. Additionally, it can reduce
the chattering that is often observed in traditional SMC,
which can improve the stability of the system. However, there
are also some drawbacks in using a DSV generator in SMC
[26, 27]. One of the main issues is the complexity of designing
the DSV generator, which requires a good understanding of
the system dynamics and control theory. Additionally, the
DSV generator may introduce additional computational
overhead and delay, which can afect the real-time perfor-
mance of the system [27, 28].

Te signifcant noise that some sliding mode controllers
identify has long been a source of dissatisfaction and, in
some cases, outright rejection among control designers, as
sliding mode concepts recommended. Chattering is the term
most commonly used to describe the occurrence. High-
frequency fuctuations, referred to as chattering, emerge
around the equilibrium point due to the inconsistent reg-
ulatory actions in response to the changing environment. As
a consequence, many real-life applications are unable to
efectively utilize the designed regulatory mechanisms to
control behavior.Tis type of behavior gives rise to problems
such as the deterioration of mechanical motion components,
machine movements, futtering use of shafts in aerospace
applications, and impact during operation [27, 29, 30].
Numerous chattering preventive measures have been pro-
posed [31–33] as a means of chattering repression. As an
example, a number of researchers have been developing IM
regulators based on the integration of SMC theory with
other cutting-edge control techniques such as the back-
stepping algorithm, adaptive method, and fuzzy technique
[34–36]. Subsequently, it should be noticed that using SMC
in conjunction with other types of nonlinear control tech-
niques increases controller complexities and mathematical
eforts, which is not compatible with SMC’s simplicity [37].

Te majority of induction motor recognition algorithms
depend on inaccurate induction motor appropriate variables
and shortened mathematical representations [38–40]. Due
to their superior learning capabilities, artifcial neural
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networks (ANN) are capable of overcoming this drawback.
By being used to identify and manage various nonlinear and
complex systems, ANN has solidifed its position as
a methodology. Numerous research fndings, in particular,
show that feed-forward ANN is successful in identifying the
induction motor. It is well known that the main disad-
vantages of feed-forward ANNs are their lack of memory
and high sensitivity to the training data because their input
and outputs are solely based on the inputs and the weights
used at the time [41–43]. As the architecture of the dynamic
neural network (DNN) encompasses feedback from the
output and has excellent interaction illustration capabilities,
it can get around this drawback [44]. However, conventional
static sliding mode control methods can only be applied to
systems with a relative degree of one or two [45, 46]. In order
to apply static sliding mode control to systems with arbitrary
relative degree, an artifcial delay can be introduced into the
control input. Tis approach has been shown to be efective
in controlling a variety of nonlinear systems with arbitrary
relative degrees, including robotic manipulators and me-
chanical systems [47–49].

Tis study investigates the link of IM control
employing SM with power steering applications. Te
sliding mode control mechanism and the operation of the
power steering have been replicated in the simulation
using virtual modules with various controllers in the
interest of preserving the state’s speed and torque. To
further elucidate the cohabitation of these control
mechanisms and the driver implementations, other
simulations are also being provided. Additionally, hard-
ware implementations are used to verify the results of
simulations. Te major objectives of the proposed tech-
nique are listed as follows:

(i) To develop a mathematical model for the in-
duction motor in power steering applications,
including the efects of the load and the control
system

(ii) To design and train an artifcial neural network for
sliding mode control of the induction motor,
considering the nonlinear and time-varying nature
of the system

(iii) To compare the performance of the sliding mode
control strategy with other control strategies, such
as proportional-integral (PI) control, fuzzy logic
control, and ANN control

(iv) To investigate the efect of various parameters,
such as the sliding surface and the neural network
architecture, on the performance of the sliding
mode control strategy

(v) To evaluate the robustness of the sliding mode
control strategy against disturbances, such as
sudden changes in the load with the parameters of
delay time, rise time, settling time, and steady-
state error

(vi) To analyze the stability of the sliding mode control
strategy and ensure that the closed-loop system is
stable under all operating conditions

(vii) To validate the simulation results with experi-
mental data obtained from a physical prototype of
the inductionmotor and the power steering system

(viii) To investigate the efect of varying operating
conditions, such as diferent steering angles and
speeds, on the performance of the sliding mode
control strategy

(ix) To provide insights into the practical imple-
mentation of the sliding mode control strategy,
including the hardware and software re-
quirements, and any limitations or challenges that
need to be addressed

(x) To demonstrate the feasibility and efectiveness of
the sliding mode control strategy for induction
motors in power steering applications and to
identify potential areas for future research and
development

2. Indirect Vector Control of Induction Motor

Indirect vector control (IVC) is a type of control strategy
which is used to control the speed regulation of induction
motor (IM). By adjusting the stator current and voltage, IVC
manages the motor’s speed and torque. Figure 1 shows the
indirect feld-oriented IM schematic diagram. Te three-
phase currents are converted into the binary synchronous
reference frame system and the synchronous frame using the
Clarke and Park transforms. Te feedback for the inner
loops is provided by the resulting d-q axis currents. Te
amplitudes of the comparison dc voltages for the PWM unit
with the reverse park and Clarke transform are formed by
the reference amplitudes derived from the present con-
trollers. Te impulses from the PWM entity that is obtained
create the trigger signals for the inverter’s IGBT switching
devices. In this case, the IM is fed by a PWM inverter with
a hysteresis current controller. Te iqs∗ is obtained from the
speed error with the help of the PI controller, FLC, SMC, and
ANN-based SMC. Te ids∗ is obtained using essential ro-
tating fux Ψr as computed in the following equation [5]:

Ψr � Lmids. (1)

Te ω∗sl that is created using the current i∗qs is expressed as
follows [5]:

ωsl �
LmRr

ΨLr

  × iqs. (2)

Te ω∗sl is summed with ωr to ωe. Te θe is determined in
the following equation [5]:

θe � ωedt �  ωr + ωsl( . (3)

Te vector rotator converts the i∗qs and i∗ds to i∗a , i
∗
b , i∗c .Te

measured currents are compared with the set values of the
current of IM. In order to obtain the desired machine
performance, the current error signal is fed to the hysteresis
band. Te rotational equation of a system will be trans-
formed as follows [5]:
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J _ω(t) + Bωr(t) + TL � Te, (4)

Te � Kti
∗
qs, (5)

where Kt is the torque constant, and it is written as
follows:

Kt �
3np

2
 

L
2
m

Lr

 i
∗
ds. (6)

From equations (4) and (5), the mechanical equation of
IM is

_ω(t) � −
B

J
 ωr(t) +

Kt

J
 iqs∗(t) −

1
J

 TL, (7)

_X(t) � Apωr(t) + BpU(t) + CpTL, (8)

where X(t) � ωr(t), Ap � − (B/J), Bp � Kt/J, Cp � − (I/J),

U(t) � i∗qs(t).
Te system model uncertainties, which encompass pa-

rameter variations and external load changes, are managed
by means of the induction motor (IM). Hence, a variable
SMC structure is designed to enhance the performance of
the IM in industries.

Rewriting equation (1) and representing the IM system
without external load disturbance [12],

_X(t) � Apnωr(t) + BpnU(t). (9)

By choosing the constraint changes and load torque
variation, equation (9) can be rewritten as follows [12]:

_X(t) � Apn + ∆A ωr(t) + Bpn + ∆B U(t) + CpTL

� Apnωr(t) + BpnU(t) + L(t).
(10)

Here, ∆A and ∆B are the uncertainties owing to model
the machine variable J and B where U(t) is the set speed, ωr

is measured speed of IM, and L(t) is the lumped indecision
as expressed in the following equation [12]:

L(t) � ∆Aωr(t) + ∆BU(t) + CpTL. (11)

3. Designing of Sliding Mode Controller with
Induction Motor

3.1. Indirect Vector-Controlled IM SMC Design Circuit.
Indirect vector control is achieved by generating the ref-
erence stator current vector based on the desired torque and
speed of the IM. Te fux vector is subsequently utilized to
create the PWM signals needed to control the IM. Te most
widely used technique for enhancing or achieving high ef-
fectiveness in an induction motor drive is feld-oriented
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Figure 1: Indirect vector-controlled IM.
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regulation. Te methodology and the indirect method are
the two fundamental types of feld-oriented control. Te
primary diference between the two is how actuation is
accomplished: the direct method uses electromagnetic or
electrical feedback from the motor, whereas the implicit
method uses velocity feedback from the motor and a feed-
forward slip authority. Both strategies generally make use of
stator existing regulations in a certain capacity. Te in-
stantaneous actuation is provided by the implicit feld-
oriented method using a feed-forward slip command and
motor acceleration responses. Since the velocity output
typically produces relatively clean input signals than the
voltage from a power converter, the indirect method’s
control is inherently more reliable. Tis method difers
signifcantly from everyone else because its outputs and
evolved motor model are predicated on the motor’s basic
system parameters instead of a number of associated in-
dicators. Te circuit diagram of the SMC is depicted in
Figure 2, where a modifed vector IM is applied to signify the
plant (controllable). Te primary parameters of the con-
troller have to be developed with an appropriate control law
in order that the ωr can be able to optimize ωr∗. In sliding
mode control (SMC), the model is adjusted based on the
error value (E) and the changing error (CE) variations,
which are regulated using a sliding or switching surface.

Choose the sliding surface in terms of the state space
equation of the model, and it is expressed in the following
equation [12]:

s(e, _e, t) � 0. (12)

Ten, the sliding surface variables are

s(t) � _e’(t) + λeˉ(t),

e(t) � (j)r
∗

− ωr.
(13)

From equation (13), the sliding surface becomes

_S(t) � €e (t)� + λ_e(t),

_S(t) � ω∗r (t) − Apnωr(t) − BpnU(t) − L(t) + λ _e(t).
(14)

Using the above equation, the control efort is derived as
S(t) � 0 and (L(t) � 0) is to attain the supposed charac-
teristics of the model, and its equivalent control law is
expressed in the following equation [12]:

Ueq(t) � B
− 1
pn ω∗r − Apnωr(t) + λ _e(t) . (15)

Te vector control, however, responds to variables very
quickly. Te complex dynamics, unmodeled behaviour
patterns, and impulsive variable modifcation adversely af-
fect the IM’s ability to control. As a result, the controller
cannot guarantee any improvement in control characteris-
tics. Tus, the support control could be developed to
eradicate the unappreciable modifcations. Te support
control efort is expressed as follows:

Uh(t) � gh ∗ Sgn(S(t)), (16)

where gh is gain, and SMC control law is written as follows:

USMC(t) � Ueq(t) + Uh(t), (17)

Uh(t) � gh

(S(t))

S(t)
+ c. (18)

3.2. Design of ANN Controller. Te input/output values are
critical for training ANN in of-line IM for incoming iqs∗
with speed error. Te variable parameters are appropriately
encumbered to confrm a steady process because no sup-
plementary learning can occur once the ANN has been
trained. A feed-forward back propagation algorithm
(FFBPA) is employed to train the ANN.Te createdmodel is
put via the PURELIN mathematical derivation, which has
a grade reduction with bias and weight updating. Te
learning develops in accordance with the learning re-
quirements. Te fundamental performance criterion for an
ANN network is the mean square error (MSE), which should
be implemented in accordance with the MSE between the
target and estimated output, which has a signifcant impact
on machine performance in ANN. In this ANN network, the
least MSE that can be reached is 1e− 5. In FFBPA, the dif-
ferential function is used to determine the activation
function (AF). Te tan sigmoid function (SF), which is
frequently used in squashy-restricting AF, therebymeets this
requirement. Te linear activation function (LAF) is utilized
in output layers that never compare the output value,
whereas SF is used in linear output nodes to streamline the
learning process.

Te fundamental concept next to SMC is to create
a controller that moves the system’s states towards a sliding
manifold, where the complexities are more straightforward
and manageable. ANNs have proven to be efective in
controlling nonlinear systems, including induction motors.
ANNs can approximate any nonlinear function to a desired
level of accuracy, making them well-suited for control
applications.

Te steps to design an ANN controller for SMC of an
induction motor are as follows:

Step 1: Determine the system model: Te frst step is to
determine the mathematical model of the induction
motor. Tis will help in understanding the dynamics of
the system and developing the SMC algorithm.
Step 2: Design the slidingmode controller:Tenext step is
to design the SMC algorithm. Tis involves selecting the
sliding surface and designing the control law that will
drive the system states towards the sliding surface.
Step 3: Train the ANN: Once the SMC algorithm is
designed, an ANN can be trained to approximate the
control law.Te ANN should be trained using a dataset
that contains the input-output pairs for the control law.
Step 4: Implement the ANN controller: Te ANN can
be used as an induction motor controller once it has
been trained. Te ANN receives the system’s controller
parameters as inputs and outputs the command signal
that directs the system in the direction of the sliding
manifold.
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Step 5: Test and tune the ANN controller: Finally, the
ANN controller should be tested and tuned to ensure
that it is performing as expected. Te controller’s
performance can be evaluated by measuring the speed
of the motor and comparing it with the desired speed.

For the hidden layer, a bipolar SF is employed, and a LAF
is used for the output layer. Te trials are distributed to fnd
the lowest number of neurons required to achieve the best
accuracy for each layer.Te created neural network has three
neurons in the hidden layer and one neuron in each of the
input and output layers. Tree neurons are chosen from the
hidden layer to train the ANN, greatly reducing the number
of epochs. In this instance, the hidden layer’s simulated
training data and 569 epochs of the tan sig function are
shown in Figures 3 and 4.

4. Simulation Results and Discussion

Te fndings of designed controllers for vector-controlled
IM under various operating conditions are addressed in this
section. Te appropriate control is designed using nonlinear
mathematical analysis of an IM and the MATLAB/Simulink
platform, and it implements sliding mode control for a re-
silient design which is resistant to variable fuctuation.When
the insolation varies, the load also varies immediately. Te
simulated IM parameters are listed in Table 1.

In the transient region, where the output voltage is
changing rapidly, a well-designed proportional-integral (PI)
controller can help maintain stability and ensure that the
output voltage remains within acceptable limits. Figure 5
illustrates the designed system with PI controller in transient
region inverter output voltage 460V peak value. Te rotor
speed is seamlessly changed, the stator current has a fre-
quency response form, and the amplitude of the stator fux
linkage is continuous from the dynamic response procedure
of the speed regression. It demonstrates that the suggested
method exhibits an acceptable dynamic characteristic.
Figure 6 illustrates the PI controller in a transient region
speed of 118 (rad/sec) with a settling time of 6 sec. Te
torque needed to initiate a motor’s rotation is known as the

electromagnetic torque, and it is typically equal to the load
torque. For a system with a PI controller in the transient
region, such as a speed control system, the controller’s
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output is determined by the error between the desired speed
and the actual speed of the system.Teproportional termof the
controller responds to the current error, while the integral term
responds to the historical error. In order to design a PI con-
troller for a speed control system in the transient region, the
frst step is to determine the transfer function of the system.
Tis can be performed by analysing the dynamics of the system
and deriving an equation that relates the output of the system
(the speed) to the input (the control signal). In a load variation
from electromagnetic torque of 10N-m to 5N-m, Figure 7
shows the simulated results of a designed system with a PI
controller. After 20 seconds of operation, the torque is settled
according to the observation.

Figure 8 shows the results of a designed system with a PI
controller in terms of load variation speed (rad/sec). Te
range of the load torque has to be located from 5 to 10N-m.
Te load’s oscillations have already subsided, and the load
torque disturbance has decreased from a maximum varia-
tion of 10 to 5N-m after 20 seconds. Te simulated out-
comes of the designed system with the PI controller are
shown in Figure 9 in terms of load variation speed (rad/sec).
Te range of the load torque has to be located from 5 to 10N-
m. After 20 seconds, the IM’s speed has controlled after
experiencing oscillations with a value of 120 rad/sec. Due to
the voltage drop caused by the excitation of the stator and
rotor windings, the DC voltage has been reduced from 460V
to 420V while the PI controller had been able to operate.

SMC, a nonlinear control technique, forces a nonlinear
system to slide along a cross section of its appropriate be-
haviour by implementing a discrete control signal (or, more
precisely, a collection control signal). Figure 10 illustrates
the simulated results of the designed system with PI con-
troller inverter output voltage with the variation of 460V to
420V after 28 seconds. Figure 11 illustrates the speed results
of the designed system with fuzzy sliding-mode controller
(FSMC) in load variation with sliding surface according to
control law. According to the measured and reference speed
values, Figure 12 shows the simulated speed results of the
designed system with ANN-based SMC in the speed reversal
from 116 rad/sec to − 116 rad/sec. Te speed variation of
various controllers for PI, SMC, FLC with SMC, and ANN
with SMC is shown in Figure 13. When compared to other
algorithms, ANN with SMC performs faster and with less
load disturbance. Table 2 compares the various speed pa-
rameters in terms of error value for delay time, rise time,
peak time, and settling time. In terms of performance, ANN
with SMC has performed better due to its lower error value
in terms of the controller.

Te voltage, current, speed, and torque results of a power
steering control system designed based on SMC will depend
on the specifc design parameters and system characteristics.
SMC is a reliable control method which, in the absence of

Table 1: Simulated parameters of IM.

Parameters Values
Power 30HP
Voltage 460V
Stator resistance 0.087 ohms
Stator inductance 0.8×10− 3 H
Rotor resistance 0.228 ohms
Rotor inductance 0.8×10− 3 H
Mutual inductance 34.7×10− 3 H
Moment of inertia 1.662 kg-m2
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system disturbances and unpredictability, can deliver good
detection accuracy. In a power steering control system, the
voltage and current will depend on the power source and
motor specifcations, as well as the load on the system. Te
speed and torque of the motor will be infuenced by the

control inputs and the mechanical properties of the system,
such as the gear ratio and steering mechanism. If the SMC
design is successful, it should be able to regulate the voltage
and current to provide stable power to the motor, while also
controlling the speed and torque to achieve the desired
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Figure 8: Simulated results of designed systemwith PI controller in
load variation speed (rad/sec) from load torque varied from 5N-m
to 10N-m.
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Figure 9: Simulated results of designed systemwith PI controller in
line voltage variation from 460V to 420V.
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Figure 12: Simulated speed results of designed system with ANN-
based SMC in speed reversal from 116 rad/sec to − 116 rad/sec.
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steering performance. Te exact values of these variables will
depend on the specifc system design and operating conditions.

Table 2 illustrates the comparative analysis of various
controllers under diferent torque conditions. Te SMC and
ANN-based SMC are applied to the power steering appli-
cation of IM. In comparison of the abovementioned two
controllers, the ANN-based SMC gives improved perfor-
mance. Table 3 illustrates the proposed sliding mode con-
troller with the ANN approach, which gives a lesser error
value than without SMC. For the designed system-based SMC
in power steering control, where the voltage value has been
varied from 460 to − 460V, Figure 14 shows the voltage,
current, speed, and torque. Specifcally, the delay time, rise
time, peak time, and settling time have all been varied for the
current parameter. After varying over time, the induction
motor’s speed and torque have fnally been controlled. Fig-
ure 15 shows the voltage, current, speed, and torque results of
the designed system with ANN-based SMC, which have
smoother results as a result of the system’s inclusion of ANN.
A power steering control system can be designed using SMC
to regulate the current and fux parameters. Te SMC al-
gorithm is robust to disturbances and can guarantee system

stability and tracking performance. Te simulation results of
the designed system with SMC in power steering control are
shown in Figure 16 for the parameters current and fux.

5. Experimental Setup and Validation

Te hardware test was conducted to confrm the viability of
the suggested control strategy. Te exact same motor pa-
rameters that were used here were additionally employed in
the simulation as shown in Table 1. Te PM75RL1A060
(Mitsubishi) IPM modules and the TMS320F28335 control
board have been combined to form an inverter (Texas In-
strument). Four current sensors (two for each motor) and
one voltage sensor were also used to keep track of the DC-
link voltage and motor currents. Te machine, which is
robotically combined with the drive shaft, has a resistor
connected through the diode rectifer to interact with the
load application. Te experimental model of the designed
system is shown in Figure 17.

Te time response of PWM pulses for an inverter can be
characterized by two important parameters, TON and TOFF.
TON refers to the time duration for which the pulse remains

Table 2: Comparison table of speeds in various controllers.

Controllers Td (sec) Tr (sec) Tp (sec) Ts (sec) Errors
PI control 4.4 6.0 7.0 22 0.68
SMC 3.0 4.4 4.6 5.1 0.098
Fuzzy 2.0 2.4 2.6 3.0 0.13
Fuzzy plus SMC 1.2 1.4 1.8 2.0 0.1
ANN 1.0 2.0 2.3 2.5 0.08
ANN plus SMC 0.8 1.2 1.6 1.7 0.05

Table 3: Comparisons for SMC and ANN-based SMC power steering.

Controllers Td (sec) Tr (sec) Tp (sec) Ts (sec) Error
SMC 0.5 0.8 0.9 1.4 0.357
ANN plus SMC 0.4 0.7 0.8 0.9 0.111
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Figure 14: Simulated voltage, current, speed, and torque results of designed system-based SMC in power steering control.
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ON, while TOFF refers to the time duration for which the
pulse remains OFF. Te ratio of TON to the total time
period of the pulse is called the duty cycle, and it de-
termines the average power delivered to the load. For
example, if the pulse has a total time period of T, and TON is
equal to 0.4 T, then the duty cycle would be 0.4. Tis means
that the pulse is ON for 40% of the time and OFF for 60% of
the time. Te TON and TOFF times are determined by the
input signal to the inverter’s PWM controller. Te con-
troller compares the input signal with a triangular wave-
form of fxed frequency and generates a PWM output signal
whose duty cycle is proportional to the amplitude of the
input signal. Te TON and TOFF times can also afect the
harmonic value of the voltage output patterns, which is
important in applications such as motor control. In

general, the TON and TOFF times are chosen such that the
voltage output waveform has a low harmonic distorted
value and the average power delivered to the load is as
desired. Te exact values of TON and TOFF may vary
depending on the specifc application and the charac-
teristics of the load. Table 4 displays the induction motor’s
acceleration time T1, turning time T2, and deceleration
time T3 throughout the operation. Te PWM technique
has been used to drive an induction motor by controlling
an inverter. Te on-and-of periods of this PWM pulse can
be provided by the sliding mode estimation and the input
(angle from steering). Te acceleration time is determined
by the time at which the angle is reached. Te angle needs
to be reached because the input determines when to
turn on.
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Figure 15: Simulated voltage, current, speed, and torque results of designed system with ANN-based SMC in power steering control.
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Figure 16: Simulated results of the designed system with SMC in power steering control for the parameters current and fux.
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Te fuzzy logic controller-based 1800 rpm induction
motor speed is shown in Figure 18. Tis is possible be-
cause the fuzzy logic controller only has one pole,

allowing it to control the system independently of the
other poles. According to the inspection in the fgure, the
system’s speed varies every second. With PI and PID,
however, stability could not be maintained when a setting
point lower than the appropriate setting point (1800 rpm)
has been applied. Tis is due to the regulation having
multiple poles, so when the setting point is intended from
the start, the control system can only preserve the way to

Table 4: TON/TOFF time response of PWM pulse for the inverter.

Angle (degree) Time (sec) T1 (sec) T2 (sec) T3 (sec)
35 9 5.5 10 4.5
50 11 7 9 5
100 9 8 16 6.5
175 22 9.5 20 4

Figure 18: Fuzzy logic controller-based IM—speed.

Table 5: Induction motor parameters.

Parameters Values
Power 5.4HP
Voltage 400V
Frequency 50Hz
Stator resistance 1.405Ω
Stator inductance 0.0058H
Rotor resistance 1.395Ω
Rotor inductance 0.0058H
Mutual inductance 0.172H
Inertia 0.0131 kg-m2

Digital Storage Oscilloscope IGBT Switches Controller 

Driver Circuit Three Phase Induction Motor Inverter 

Figure 17: Experimental model.

Table 6: Tree-phase inverter confguration.

Parameters Values
Number of phases 3
Number and type of switch 6 & IGBT
Inverter inductance 5.0mH
Grid side inductance 3.0mH
Switching frequency 10 kHz
Dead time 2 µs
Maximum DC bus voltage 500V
Rated AC current (peak) 25A
Rated AC voltage (peak) 220V
Rated power 100 kW
Filter capacitor 92 µF

Figure 19: Fuzzy logic controller-based IM—current.

Figure 20: Sliding mode controller-based IM—speed.
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set the position in that region. Tables 5 and 6 illustrate
induction motor parameters and three-phase induction
motors of the experimental setup.

Figure 19 depicts the output of a fuzzy logic controller-
based induction motor current, which indicates the stator
current at 75% of the load condition.

Te respondents of an induction motor based on
a sliding mode controller under steady state speed condi-
tions are shown in Figure 20. Te P-I controller’s speed
response is directly impacted by the load disturbance;
meanwhile, the sliding mode controller has demonstrated its
reliability against load fuctuations. Figure 21 depicts the
output of a sliding mode controller induction motor current,
which indicates the stator current at 75% of the load con-
dition. Te induction motor with speed controller is
designed based on a sliding mode controller as shown in
Figure 22. When a load is applied, the ANN-based sliding
controller exhibits a considerable portion of motor speed
gradation. Te ANN controller responds more quickly than
the fuzzy controller. Figure 23 shows an induction motor
with a sliding mode controller based on an ANN with
a smaller ripple than a sliding mode or fuzzy logic controller
for the current value.

Figure 24 depicts, from the inspection of various time
periods, the time domain specifcations of the delay time,
rise time, peak time, and settling time characteristics of PI
control, sliding mode control, fuzzy, fuzzy with SMC, ANN
control, and ANNwith SMC. From the characteristics, it can
be contended that ANN with sliding mode control performs
better than other controllers. Te interference of the ANN

Figure 21: Sliding mode controller-based IM—current.

Figure 22: ANN-based sliding mode controller-based IM—speed.

Figure 23: ANN-based sliding mode controller-based
IM—current.
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Figure 24: Comparative analysis of various controllers with time
domain specifcations.
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Figure 25: Comparative analysis of SMC and interference of ANN.
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technique in power steering sliding mode control applica-
tions is shown in Figure 25.

6. Conclusion

In this study, a novel sliding mode speed controller using
ANN for induction motor drives fed by a voltage source
inverter is investigated.Te disruption observation estimates
a continuous input disturbance signal with the purpose of
mitigating it in the SMC algorithm. As a consequence,
sliding mode controllers integrate processors into their
designs implicitly. Using sliding mode control for fux es-
timation, this work has devised a plan for enhancing the
response qualities of a power steering induction motor. For
the system, the suggested technique calculates and estimates
the speed, torque, and electrical angle. Furthermore, sim-
ulation data are provided to validate and demonstrate the
feasibility of the proposed approach. Moreover, the concept
of power steering combined with sliding mode control for
a three-phase inductionmotor is examined, and its efcacy is
examined. Te proposed sliding mode control systems are
compared to other controllers using experimental data, and
the results show that ANN-based sliding mode control has
better value in terms of delay time, rising time, peak time,
and settling time.
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[13] B. Çavuş and M. Aktaş, “MPC-based fux weakening control
for induction motor drive with DTC for electric vehicles,”
IEEE Transactions on Power Electronics, vol. 38, no. 4,
pp. 4430–4439, 2023.

[14] X. Lin, Y. Liu, J. Yu, R. Yu, J. Zhang, and H. Wen, “Stability
analysis of Tree-phase Grid-Connected inverter under the
weak grids with asymmetrical grid impedance by LTP theory
in time domain,” International Journal of Electrical Power &
Energy Systems, vol. 142, Article ID 108244, 2022.

[15] Y. Gao, M. Doppelbauer, J. Ou, and R. Qu, “Design of
a double-side fux modulation permanent magnet machine
for servo application,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 10, no. 2, pp. 1671–1682, 2022.

[16] X. Yang and X. Zheng, “Gradient descent algorithm-based
adaptive NN control design for an induction motor,” IEEE
Transactions on Systems, Man, and Cybernetics: Systems,
vol. 51, no. 2, pp. 1027–1034, 2021.

[17] C. Chen, X.Wu, X. Yuan, and X. Zheng, “A new technique for
the subdomain method in predicting electromagnetic per-
formance of surface-mounted permanent magnet motors
with shaped magnets and a quasi-regular polygon rotor core,”
IEEE Transactions on Energy Conversion, vol. 38, no. 2,
pp. 1396–1409, 2023.

[18] O. Gulbudak, M. Gokdag, and H. Komurcugil, “Model pre-
dictive control strategy for induction motor drive using
lyapunov stability objective,” IEEE Transactions on Industrial
Electronics, vol. 69, no. 12, pp. 12119–12128, 2022.

[19] X. Zhang, Z. Wang, and Z. Lu, “Multi-objective load dispatch
for microgrid with electric vehicles using modifed gravita-
tional search and particle swarm optimization algorithm,”
Applied Energy, vol. 306, Article ID 118018, 2022.

International Journal of Intelligent Systems 13



[20] T.-I. Yeam and D. C. Lee, “Design of sliding-mode speed
controller with active damping control for single-inverter
dual-PMSM drive systems,” IEEE Transactions on Power
Electronics, vol. 36, no. 5, pp. 5794–5801, 2021.

[21] X. Zhang, Z. Lu, X. Yuan, Y. Wang, and X. Shen, “L2-Gain
adaptive robust control for hybrid energy storage system in
electric vehicles,” IEEE Transactions on Power Electronics,
vol. 36, no. 6, pp. 7319–7332, 2021.

[22] G. Tu, Y. Li, and J. Xiang, “Sliding mode control of energy
storage systems for reshaping the accelerating power of
synchronous generators,” IEEE Transactions on Power Sys-
tems, vol. 38, no. 2, pp. 1242–1256, 2023.

[23] B. Wang, D. Zhu, L. Han, H. Gao, Z. Gao, and Y. Zhang,
“Adaptive Fault-tolerant control of a hybrid canard rotor/
wing UAV under transition fight subject to actuator faults
and model uncertainties,” IEEE Transactions on Aerospace
and Electronic Systems, vol. 59, no. 4, pp. 4559–4574, 2023.

[24] T. Ahmed, A. Waqar, R. M. Elavarasan, J. Imtiaz,
M. Premkumar, and U. Subramaniam, “Analysis of fractional
order sliding mode control in a D-STATCOM integrated
power distribution system,” IEEE Access, vol. 9, pp. 70337–
70352, 2021.

[25] Y. Lu, C. Tan, W. Ge, Y. Zhao, and G. Wang, “Adaptive
disturbance observer-based improved super-twisting sliding
mode control for electromagnetic direct-drive pump,” Smart
Materials and Structures, vol. 32, no. 1, Article ID 017001,
2023.

[26] A. Bartoszewicz and K. Adamiak, “Discrete-time sliding-
mode control with a desired switching variable generator,”
IEEE Transactions on Automatic Control, vol. 65, no. 4,
pp. 1807–1814, 2020.

[27] H. Wang, X. Wu, X. Zheng, and X. Yuan, “Model predictive
current control of nine-phase open-end winding PMSMs with
an online virtual vector synthesis strategy,” IEEE Transactions
on Industrial Electronics, vol. 70, no. 3, pp. 2199–2208, 2023.

[28] Y. Wu, S. E. Li, J. Cortés, and K. Poolla, “Distributed sliding
mode control for nonlinear heterogeneous platoon systems
with positive defnite topologies,” IEEE Transactions on
Control Systems Technology, vol. 28, no. 4, pp. 1272–1283,
2020.

[29] L. Hou, J. Ma, andW.Wang, “Sliding mode predictive current
control of permanent magnet synchronous motor with cas-
caded variable rate sliding mode speed controller,” IEEE
Access, vol. 10, pp. 33992–34002, 2022.

[30] H. Lin, J. Liu, X. Shen et al., “Fuzzy sliding-mode control for
three-level NPC afe rectifers: a chattering alleviation ap-
proach,” IEEE Transactions on Power Electronics, vol. 37,
no. 10, pp. 11704–11715, 2022.

[31] S. Liu, Z. Song, Y. Liu, Y. Chen, and C. Liu, “Flux-weakening
controller design of dual three-phase PMSM drive system
with copper loss minimization,” IEEE Transactions on Power
Electronics, vol. 38, no. 2, pp. 2351–2363, 2023.

[32] S. V. Malge, M. G. Ghogare, S. L. Patil, A. S. Deshpande, and
S. K. Pandey, “Chatter-free non-singular fast terminal sliding
mode control of interleaved boost converter,” IEEE Trans-
actions on Circuits and Systems II: Express Briefs, vol. 70, no. 1,
pp. 186–190, 2023.

[33] S. Liu and C. Liu, “Virtual-vector-based robust predictive
current control for dual three-phase PMSM,” IEEE Trans-
actions on Industrial Electronics, vol. 68, no. 3, pp. 2048–2058,
2021.

[34] S. Liu and C. Liu, “Direct harmonic current control scheme
for dual three-phase PMSM drive system,” IEEE Transactions
on Power Electronics, vol. 36, no. 10, pp. 11647–11657, 2021.

[35] S. Liu, C. Liu, H. Zhao, Y. Liu, and Z. Dong, “Improved fux
weakening control strategy for fve-phase PMSM considering
harmonic voltage vectors,” IEEE Transactions on Power
Electronics, vol. 37, no. 9, pp. 10967–10980, 2022.

[36] W. Xu, S. Qu, and C. Zhang, “Fast terminal sliding mode
current control with adaptive extended state disturbance
observer for PMSM system,” IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 11, no. 1, pp. 418–431,
2023.

[37] K. Liao, D. Lu, M.Wang, and J. Yang, “A low-pass virtual flter
for output power smoothing of wind energy conversion
systems,” IEEE Transactions on Industrial Electronics, vol. 69,
no. 12, pp. 12874–12885, 2022.

[38] S. Xu, H. Dai, L. Feng, H. Chen, Y. Chai, and W. X. Zheng,
“Fault estimation for switched interconnected nonlinear
systems with external disturbances via variable weighted it-
erative learning,” IEEE transactions on circuits and systems II:
Express briefs, vol. 70, no. 6, pp. 2011–2015, 2023.

[39] Y. Xu, S. Li, and J. Zou, “Integral sliding mode control based
deadbeat predictive current control for PMSM drives with
disturbance rejection,” IEEE Transactions on Power Elec-
tronics, vol. 37, no. 3, pp. 2845–2856, 2022.

[40] V. K. Dunna, K. P. B. Chandra, P. K. Rout, and B. K. Sahu,
“Design and real-time validation of higher order sliding mode
observer-based integral sliding mode MPPT control for a DC
microgrid,” IEEE Canadian Journal of Electrical and Com-
puter Engineering, vol. 45, no. 4, pp. 418–425, 2022.

[41] D. Li, S. S. Ge, and T. H. Lee, “Fixed-time-synchronized
consensus control of multiagent systems,” IEEE trans-
actions on control of network systems, vol. 8, no. 1, pp. 89–98,
2021.

[42] J. Fei and H. Wang, “Experimental investigation of recurrent
neural network fractional-order slidingmode control of active
power flter,” IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 67, no. 11, pp. 2522–2526, 2020.

[43] W. Deng, Y. Zhang, Y. Tang, Q. Li, and Y. Yi, “A neural
network-based adaptive power-sharing strategy for hybrid
frame inverters in a microgrid,” Frontiers in Energy Research,
vol. 10, 2023.

[44] X. Ma, Y. Wan, Y. Wang et al., “Multi-parameter practical
stability region analysis of wind power system based on limit
cycle amplitude tracing,” IEEE Transactions on Energy Con-
version, vol. 2023, Article ID 3274775, 13 pages, 2023.

[45] J. Xu, E. Fridman, L. Fridman, and Y. Niu, “Static sliding
mode control of systems with arbitrary relative degree by
using artifcial delay,” IEEE Transactions on Automatic
Control, vol. 65, no. 12, pp. 5464–5471, 2020.

[46] W. Sun, H. Wang, and R. Qu, “A novel data generation and
quantitative characterization method of motor static eccen-
tricity with adversarial network,” IEEE Transactions on Power
Electronics, vol. 38, no. 7, pp. 8027–8032, 2023.

[47] A. Taghieh, A. Mohammadzadeh, C. Zhang, N. Kausar, and
O. Castillo, “A type-3 fuzzy control for current sharing and
voltage balancing in microgrids,” Applied Soft Computing,
vol. 129, Article ID 109636, 2022.

[48] W. Zhang, C. Yan, X. Liu et al., “Global characterization of
megakaryocytes in bone marrow, peripheral blood, and cord
blood by single-cell RNA sequencing,” Cancer Gene Terapy,
vol. 29, no. 11, pp. 1636–1647, 2022.

[49] G. Bartolini and E. Punta, “Multi-input sliding mode control
of nonlinear uncertain non-afne systems with mono-
directional actuation,” IEEE Transactions on Automatic
Control, vol. 60, no. 2, pp. 393–403, 2015.

14 International Journal of Intelligent Systems




