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Donghai Liu

Intelligent Manufacturing College of Guangxi Vocational & Technical College, Nanning City, Guangxi Province, 530226, China

Corresponding author. E-mail: 15177160962@163.com

Received: Jun. 28, 2025; Accepted: Mar. 31, 2026

In this work, a hybrid control strategy derived from the control literature for induction machines is proposed,
where a sliding-mode controller paired with an estimator from the same function is incorporated to provide
fast, robust speed regulation while minimizing chattering. The controller operates using a fast integral terminal
sliding surface that accelerates the convergence rate of tracking error after entering the sliding surface. A
new super-twisting reaching law is provided which incorporates an integral term designed to suppress high-
frequency switching actions associated with chattering. The estimator that accompanies the controller also
implements the same sliding surface coupled with the reaching law to estimate load torque and send the
estimate to the controller to improve performance during sudden changes in load or when models are uncertain.
Experimental results demonstrate the proposed method successfully (i) reduced convergence time (ii) reduced
quaternion-like oscillations (chattering) (iii) improved performance robustness to time-varying load time, and
where models were uncertain. From the results, it can be seen that the proposed approach improves chattering
substantially (around 7% lower chattering), and convergence times are reduced to approximately 0.15 - 0.25
sec, as opposed to the 0.8 - 0.9 sec convergence times found with the reference. Speed tracking is better, on
average, by around 9%, and transient torque errors went down to about 1 - 2 rpm. Overall, it can be said that
performance is better when compared to the reference.
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1. Introduction

Because of their dependability, power, as well as efficiency,
induction machines are widely used in industry. Induction
machine speed control is essential for achieving optimum
performance, high energy efficiency, and improved process
control. In the literature review that follows, some of the
techniques employed in induction machine speed control,
ranging from conventional to advanced, are described, in-
cluding scalar control, vector control, direct torque control,
and the recent advancements in the application of Artificial
Intelligence (AI) in machine control [1, 2].

Scalar control techniques are the simplest methods to
regulate the speed of induction machines, primarily volt-
age and frequency control methods. Of these, Voltage-
to-Frequency (V/f) control, with parameters of voltage
and frequency, has the widest adoption for induction mo-
tor control [3]. By maintaining a consistent voltage-to-
frequency ratio, this method effectively prevents satura-
tion and simplifies the process of controlling speed. V/f
control performs reliably under steady-state conditions;
however, it tends to face difficulties when dealing with
dynamic changes and often requires adjustment to main-
tain adequate torque during transient situations [4]. An
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additional scalar approach is slip control. This is when
the machine speed is manipulated through the adjustment
of slip, which is defined as: synchronous speed - actual
rotor speed. The concept of slip is utilized whereby the
slip is shortlisted to a desired value by varying the rotor
resistance or stator voltage which results in an indirect in-
fluence on speed. The dynamic performance in terms of
response time of scalar methods is slower than in the vector
control methods, ultimately scalar methods are generally
unsuitable for applications that require fast dynamic perfor-
mance [5]. By decoupling the regulation of torque and flux,
vector control, known as field-oriented control, represents
an advancement over the scalar method [6].

The method allows separate regulation of magnetiz-
ing flux and machine torque thereby allowing improved
torque and speed control. Vector control modifies the ma-
chine currents to a rotating reference frame aligned with
the rotor field. This transformation gives direct control
over the magnetizing and torque-producing components
of the stator current. Due to advances in the field of dig-
ital signal processing and microcontroller technology, de-
velopment of vector control strategies that can carry out
the computations required for control in real-time has be-
come possible. Induction machines that are controlled via
vector control techniques have a significantly improved
dynamic response and are particularly attractive for appli-
cations that exhibit variable load and rapid start-stop cycles.
There has been a development of a variety of algorithms to
improve their vector control performance which includes
using Proportional- Integral- Derivative (PID) Controllers
[7] and Model Predictive Control (MPC) approaches [8,
9]. Direct Torque Control (DTC) [10] is yet another ad-
vanced technique that allows better dynamic performance
by directly controlling machine torque and flux. DTC was
developed in the early 1990’s and uses a hysteresis control
approach to torque and flux in order to provide quick re-
sponse times and greater efficiency. The most important
feature of DTC is that it produces high torque generation
without utilizing Pulse Width Modulation (PWM) tech-
niques. Rather, DTC employs a switching table to select
the correct voltage vector depending on the desired torque
and flux level. The design of sliding mode controller based
on the DTC concept is one of the most popular methods
in the induction machine control [11, 12]. The major ad-
vantage of DTC over vector control is its less reliance on
complex mathematical models and its ability to provide a
faster response to speed and load changes. This character-
istic makes DTC highly applicable in systems that require
accurate speed and torque control, e.g., industrial automa-
tion systems and electric vehicles. Researchers have been

consistently refining DTC algorithms to improve its perfor-
mance under different operating conditions, including the
optimization of torque ripple and flux performance [13].

Though traditional control methods generally rely on
sensors to provide instantaneous feedback of rotor speed
and position, sensorless control strategies are now a viable
alternative to reduce system complexity and cost. They
estimate the position and speed of the rotor based on mea-
surements of stator voltage and current and thus eliminate
the need for physical sensors like encoders [14]. One of
the most popular sensorless techniques employs the use
of observers like the Luenberger observer [15] or the Ex-
tended Kalman Filter (EKF) [16]. These observers rely on
mathematical models of machine dynamics to make rotor
parameter estimates from electrical quantities. Sensorless
control can reach a level of performance equivalent to the
performance of sensor - based systems by the fact that these
estimates can always be improved upon in real - time. Sen-
sorless control is beginning to be adopted, especially in
applications with limited installation space and high cost.
Current work in the field is focused on achieving higher
accuracy and stability of such estimation techniques so
they can be used over extensive operating ranges [17]. The
emergence of Al [18] and Machine Learning (ML) [19] have
potential implications for many engineered systems, includ-
ing induction machine control. Al-based strategies lever-
aging data-driven approaches allow for optimization of
machine performance through improved operation. With
Al and ML, researchers are developing intelligent control
architectures based on neural networks, decision trees, and
other ML algorithms, enabling machine systems to learn
and adapt under various conditions and improve from
prior experiences. One particular class of ML, reinforce-
ment learning, consists of agents learning to modify control
parameters in real time by feedback pertaining to the ma-
chine system. This degree of adaptability has the potential
to outperform conventional fixed-parameter control and
adjust to variable loads and operating conditions [20].

Additionally, Al enables predictive maintenance, allow-
ing real-time monitoring of induction machine health and
forecasting failures before they occur. Al systems suggest
maintenance schedules, detect anomalies, and optimize
operational efficiency based on pattern recognition and
historical data, thereby reducing operating costs and down-
time. Further research has incorporated various control
approaches to harness their respective advantages. Hybrid
control techniques involve mixing concepts of scalar, vector,
DTC, and Al-based techniques to create more effective and
timely control systems. For instance, a system may employ
vector control for steady-state and switch automatically
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to DTC during transient states, optimizing performance
according to operating needs at a given time [21, 22]. An-
other instance of hybrid control includes the fusion of Al
algorithms with traditional control, where an Al system
is utilized to learn the parameters of a typical controller
from real-time data. Such a hybrid can establish a flex-
ible and adaptive framework that learns from historical
operating conditions and improves control accuracy over
time. Though improvement has been achieved in the evo-
lution of speed control methods for induction machines,
their implementation and usage are still cumbersome. So-
phistication in techniques such as vector control, DTC, and
hybrid approaches may lead to excessive computational
loads and the requirement for sophisticated hardware. Ad-
ditionally, guaranteeing robustness and reliability under
varying operating conditions is still an active area of re-
search [23]. Furthermore, the incorporation of Al-based
solutions into existing machine control systems must be
carried out with caution. Issues of data quality, training of
systems, and explainability of Al decisions are problems
that require ongoing research and technical development.
The evolving landscape of induction machine management
is characterized by a trend towards a heightened utilization
of digital technology and the integration of intelligent sys-
tems. As the demand for energy-efficient solutions persists
and advances in semiconductor technology and computing
capabilities progress, the future of speed control in induc-
tion machines is expected to involve continuous method-
ological evolution to ensure improved performance and
sustainability.

For this purposed, controllers such as Robust Sampled-
Data Control for Switched Complex Dynamical Networks
[24], Aperiodic Sampled-Data Networked Control Systems
[25], neutral descriptor hybrid systems [26] and molding
through p-norm stochastic nonlinear systems [27] seem to
be proper choices. The standard super-twisting methods
had deficiencies involving consistency in chattering dur-
ing transient behavior and slow convergence speed, along
with possible deviations from the reference caused by dis-
turbance, particularly during load variation and machine
parameter uncertainty highlighted in the case of induction-
machine drives. These deficiencies included: (1) the ab-
sence of integral action, which leads to steady-state error,
(2) lack of rapid convergence speed with abrupt reference
changes, (3) real-time load torque estimation would need to
be incorporated into the same sliding surface, and (4) resid-
ual switching loss that affects inverter lifetime. The pro-
posed method develops and implements a fast-integral ter-
minal sliding surface, along with an integral-super-twisting
reaching law and a sliding family load-torque estimator,

to achieve significant decreases in chattering, enhanced
convergence speed, disturbance rejection, faster torque-
tracking, and use of the same physical sliding surface,
and thereby address the described deficiencies in research,
based on the combination of the latter, experimentally de-
rived previously.

This paper introduces a hybrid control scheme consist-
ing of a controller and an estimator from the class of sliding
mode control to control the speed of an induction machine.
The goal is to minimize chattering and improve the conver-
gence rate. A special sliding mode controller is introduced
that uses a fast integral terminal sliding surface, which
raises the convergence rate for the controller. This scheme
significantly increases the convergence rate of the tracking
error towards zero after crossing the sliding surface. Be-
sides, a new reaching law with a super-twisting structure
and an integral term is employed in this controller to elimi-
nate high-frequency switching terms and thus significantly
reduce chattering. The article also presents an estimator
belonging to the same class of sliding modes, utilizing the
same reaching law and sliding surface as the controller.
The purpose of this estimator is to estimate the load torque
and provide it to the controller to increase the system’s
robustness against sudden changes in the load. The main
contributions of this study are:

¢ Unified fast integral terminal sliding surface: Intro-
duces a fast integral terminal sliding surface that ac-
celerates convergence and improves tracking accuracy
for induction motor control.

¢ Integral-super-twisting reaching law: Combines an
integral component with the super-twisting frame-
work to robustly reject disturbances and reduce steady-

state error under load variations.

¢ Sliding-family load-torque estimator: Adds a real-
time estimator to identify and compensate load-torque
dynamics, enhancing torque-tracking robustness.

¢ Reduced chattering and improved disturbance rejec-
tion: Demonstrates significant chattering reduction
and better handling of high-frequency disturbances
and parameter drift.

¢ Experimental validation: Provides experimental re-
sults validating performance improvements across
step, ramp, and transient maneuvers.

¢ Clear research gaps and future directions: Identifies
limitations and outlines avenues for future work, in-
cluding Al-assisted adaptation and extension to high-
power motors.
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The remaining parts of the article are categorized as fol-
lows: In the second part, induction machine modeling will
be presented, and the desired control method consisting of
the controller and estimator will be formulated in the third
part. The fourth part presents the findings from real-world
tests, and the fifth part wraps up the work.

2. Induction machine dynamic equations

The electromagnetic induction concept is the basis for the
torque produced by an induction machine or an AC electric
machine. In an induction machine, torque is produced by a
revolving magnetic field that generates the rotor current. To
induce torque, a magnetic field is created using alternating
current (AC). The induction machine essentially consists of
two most crucial parts: the stator, in which the windings
are installed, and the rotor, through which motion is facili-
tated. Other than these crucial parts, induction machines
also consist of required parts such as end bells, bearings,
and a machine frame, which provide structural strength
and facilitate smooth operation. The rotor’s current is gen-
erated through electromagnetic induction, allowing the in-
duction machine to function efficiently without the need for
brushes or commutators. Such durable and simple design
renders induction machines very suitable to widespread
application across numerous fields, including industrial
machinery, fans, pumps, and numerous others. The fact
that they are very reliable and consume low maintenance
also makes them very popular. For better understanding,
refer to Fig. 1, which is a diagram illustrating the basic
structure of a three-phase induction machine and its main
elements and layout.
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Fig. 1. The structure of induction machine.

The dynamic behavior of stator currents in the dg-frame
for an induction machine is outlined as follows [28]:

rsL2 + 1,12, Ly Vag
[y=—="rt romp Ig+ =29
sd CLSL% sd + Welsqg + CLsL,t, r + CL. o
. rsL2 + 1, L2, Ly Vsg
g = — LT welyy — 8
“ CLz 1~ “elst = e, i,
where:

C=1-L2L71L1 )

ty = Ly, ! 3)

In Egs. (1) to (3), w, is the synchronous angular speed,
Ls, L, and L, in that order are the stator inductance, the
rotor inductance, as well as the mutual inductance, 9, is
the rotor flux, rs and r, respectively represent the stator
resistances and rotor resistances and Iy, Is, Vi, and Vg
respectively represent the stator currents and the stator
voltages in dg-frame. Also, wy is the rotor angular velocity
and is obtained by following dynamic equation:

@r = 15npLytpy L7 T g — T I —cwor I0 (4)

where Ty, ¢, I, and 1, represent the external load torque,
the viscous friction coefficient, the rotational inertia, and
the pole pairs, respectively. Define e, = w; — wyef Where
wres is the reference rotor angular speed. Assuming T} ~ 0
and due to Eq. (4), the following can be obtained:

bw = 15np L L, T gy — TLT ! = cwor I = gy (5)

b = 150, Ly0 Ly T oy — cloe I ™ — @yep (6)

3. The structure of induction machine drive system

Fig. 2presents the proposed structure for the induction
machine drive system. This design utilizes a super twist-
ing reaching law-based fast integral terminal sliding mode
controller (STRL-based FITSMC) to generate the reference
current for the g-frame. Additionally, a super twisting
reaching law-based fast integral terminal sliding mode es-
timator is implemented to assess variations in the motor
load, adjusting the reference current for the g-frame as
needed. Meanwhile, a proportional-integral (PI) controller
is employed to generate the voltages in the dg-frame based
on current errors.

4. Development of novel controller

First, a fast integral terminal sliding surface is suggested as
follows:

: sign (ew(T)) dt +crew,c1 > 0,00 > 0
(7)

where a and b are odd numbers. This sliding surface not

S :éw+c1/ lew (T)]

only reduces the convergence time but also decreases the
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Fig. 2. The structure of suggested controller for induction motor drive system.

steady-state error. A convergence time analysis will be
presented next. By setting S = 0, the bellow formula can
be obtained:

S:O=>éw—|—cl/|ew|%sign(ew)dt+czew20 8)

By defining F = [ |ew|sign (eo) dt, Eq. (8)is rewritten
as:

F= —c,Ft —F = FdF = (fch% - czﬁ) dF  (9)

By taking the integral of both sides, the following can
be attained:

) . . () .
/ FdF:/ (~c1F? — o) dF
0 0
) Fb) . R,
:>/0 fcdeF:/O FdF+/O o FhdF

F(t,) ) dt F(t,) | Ft)
= / e FdE x / FdF+/ c\FdF
0 dt 0 0
T . F(t) | . F(t)
N / B X dt = / FdF+/ cyFdF
0 0 0
(10)
where t, represents the time at which the tracking error
reaches the sliding surface and T represents the conver-
gence time. By solving Eq. (10), it can be obtained:

T 2 eb
[ P a5
0

’ ore a1
_ew? (tr) (a+Db) +2c1bF T (ty)
N 2(a+0b)

Due to Eq. (11), T is obtained as follows:

T 2coe0> (tr) (a +b) 12)

atb

ew? (tr) (a+Db) +2c1bF5 (t)
The relationship between the sliding surface characteris-

tics and the convergence time is demonstrated by Eq. (12).

Therefore, by adjusting these parameters, the desired con-
vergence time can be obtained.

The reference stator current in the g-frame is now sug-
gested to be:

Isq* = Isgeq + Isq,rl (13)

where I5q ¢4 signifies to the equivalent part and I, signi-
fies the reaching law part.

Isq,eq is derived as:

. b
S =0= ¢, +crel sign (ew) + 26w =0 (14)
By substituting Eq. (6) into Eq. (14):

b
1.5anmq)rL;11*115q,eq —cw It = @ref + 106 Sign (ew) + €260 =0

; 1-1) 7! 1 -
= Isgeq = <1.5n,,Lmq),L; I~ ) (ca‘JrI* + e — 104 sign (ew) fczéw)

—17-1 -1 - . L
= Ligeg = /(1.5anm(p,L, I ) <cw,1 + Qre — 108 sign (ew)

*Czéw) dt
(15)

Also, I, is derived as:

-1
Ly = / (1.5anmq)rL;]I*1) (—p1|5\% sign(S) — /pz sign(S)dt) dt

,01>0,00>0
(16)
Note that Eq. (16) is written based on super twisting reaching
law. This reaching law uses fractional power term (|S | 2 sign(S))
to smooth the control law. Therefore, the high frequencies arising
from the control law (chattering phenomenon) are reduced and the
control performance improves. Additionally, the high-frequency
noise present in the measurement sensors and the environment is
suppressed. As a result, an intrinsic robustness also emerges in the
control law.

By summing Egs. (15) and (16), it can be obtained:
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X —1,-1\ ! S L
Isq:<1.5anmqp,L, I ) / cwy 1 +w,ef—clew51gn(ew)

— 26 — p1\5|% sign(S) — / 02 sign(S)dt> dt)
(17)
From Egs. (6), (7) and (17), it can derive:

. b
S =&, +cred sign (ew) + 260
b
= 1.5anm(p,L,*11*1is*q —cw, It = Wy + c10d) 8igN (€w) + €260

-1
— 150, Ly, L, 17! (1.5n,,Lm<p,L;11—1)

b, , 1.
(ca},I*l + rep — 108 sign (ew) — C26w — 15|72 sign(S)—

b
/p2 sign(S)dt> —ca It = Wref + c18 5igN (€0) + 26w

— —p1[S|3 sign(s) — [ p2 sign(S)dt
' (18)
Now, the stability analysis is discussed. The Lyapunov function
is defined as:

Vi = 0582 (19)
Based on Egs. (18) and (19), V; is extended as:

=55 =5 (—puls] sign(s) - [ pasign(s)at) = —prfs|3 -
s [ pasign(S)dt = ~p1|S|% — pals| [ dt

3 1
=p2iV}t - <p220‘5 / dt) V2
(20)

Due to p; > 0and p, > 0, it is concluded that p12% > 0 and
02293 [dt > 0. Also, powers of V; are between zero and one.
Therefore, the finite-time stability is satisfied and S — 0 in finite
time. The finite-time stability condition depends on two parame-
ters p; and p,. When these parameters are positive, the finite-time
stability condition is satisfied. From Egs. (7) and (20), increasing
the values of p; and p; leads to reduce convergence time, but it
also raises the chattering in the control law. Consequently, these
parameters should be raised from 0 upward until the resulting
chattering no longer exceeds the specified limit. When S reaches
zero, the tracking error dynamics follows Eq. (8). In Egs. (9) to (12),
it was shown that the tracking error reaches zero in finite time T.
Note that the following conditions must be met for the parameters
in the Eq. (8) for the tracking error to reach zero: ¢; > 0,c; > 0,
and a and b are odd numbers with 0 < % <L

5. Development of novel load estimator

Conventional estimators do not have the ability to simultaneously
provide high convergence speed, significantly reduce the chatter-
ing level, and reduce the estimation error, and a compromise must
always be made between these three. The design of the estimator
based on the super-twisting reaching law and the integral sliding
surface allows it to reduce the high frequencies caused by chat-
tering, provide finite time stability to increase the convergence
speed, and reduce the estimation error due to the presence of the
integral term. Furthermore, the proposed estimator establishes a
tangible relationship between the parameters, convergence speed,

and chattering level to give the reader a better view and choose
the desired parameters accordingly.
First, based on Eq. (4), the following estimator is suggested:

&r = 150y Ly, Ly Vigg — 17V — T lew, +aqT
R (1)
T[_ = D(zr

where ki and k; indicates design parameters and I' indicates the
sliding mode function.

Also, @, and T}, respectively indicate the estimation of T; and
the estimation of w,. Define 7 = w, — @y and 05 = T, — TL‘
According to Egs. (4) and (21) and assuming T; = 0, it can be
obtained:

n=—-I"top —ayT (22)

5’2 = 70(21—' (23)

A fast integral terminal sliding surface is suggested as:

R=0+d; /|(7]|%Sigl’\((7])dt+d20],d] >0,dp, >0 (24)

where p and g are odd numbers. Now, I' is designed as:

r= /D(;l (—171(.72 +dp /\(71\%sign((71)dt+d201

(25)
+T1\R\% sign(R) + /Tz sign(R)dt) dt, 71 >0,72 >0
From Egs. (22) to (25), it can be derived:
. q . q
R =01 +dyo) sign (01) +daoy = —I"'on — g F + dqof sign (o7)

+dyon = —171('7’2 — N1 <0¢;1 (—171(72 +dq / |0’1|% sign (0’1) dt + dyoy
. kA
+T1\R\% sign(R) + / o) sign(R)dt)) +dyof sign (01) + daoq
= —T1|R|% sign(R) — /T2 sign(R)dt
(26)

Now, the stability analysis is discussed. The Lyapunov function
is defined as:

V5 = 0.5R? (27)
According to Egs. (26) and (27), it is obtained that:

Vs = RR = R (7T1|R|% sign(R) — / o sign(R)dt) = —7|R|?

3 1
—R/Tz sign(R)dt = —11|R|? — 1|R| /dt — 721Vt — 1220'5/dtV22

(28)
Due to 712% > 0 and 12%° f dt > 0, the finite-time stability is
satisfied. Thus, based on
Egs. (24) and (28), it is concluded that: 07,07 — 0. As a result,
from Eq. (22), it is obtained that:

[=-a'I"', (29)
By substituting Eq. (29) into Eq. (23), it is obtained that:

0 = 0620(171[71(72 (30)
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1,

By solving Eq. (30), it is obtained that: oy = ¢®2%1 ! " There-
fore, if aoa; 1 <0, thenon — 0. By estimating T, the reference
stator current in g-frame is obtained as follows:

« —1,-1\ 7! S L
Isq:<1.5anmgp,L, I ) / cw, 1 +wyef—clew51gn(ew)

011S] 2 sign(S) — / 02 sign(S)dt) dt) +cTy,
(31)
The design steps of the proposed scheme are presented in Fig. 3
for better understanding by the reader.

Fig. 3. The design steps of proposed scheme.

Remark 1. Eq. (17) is implemented in order to compute the
reference stator current in g-axis on the processor. This relation
is a combination of a limited number of mathematical operations
including multiplication, addition, power, and integration. The
multiplication and addition operations require negligible compu-
tational burden, but the power and integration operations require
more computational burden. Nevertheless, the total computational
burden is small, and Eq. (23) is easily executed by many processors.
In the experimental test, the chosen processor has a maximum fre-
quency of 500 MHz. With this processor, the average computation
time is 8 milliseconds. Also, for estimator in Egs. (21) and (25),
the average computation time is 14 milliseconds. Therefore, the
total average computation time is 22 milliseconds. Consequently,
a computational delay problem will not be faced.

Remark 2. Choosing the desired values for the controller and
estimator parameters is crucial for attaining the intended tracking
performance. So, the tuning guideline for the controller parameters
is given below:

1. Tuning method for ¢; and ¢, : According to Egs. (7), (12)
and (17), increasing c¢; accelerates convergence and reduces
tracking error, but it raises the control effort. Similarly, de-
creasing c; also speeds up convergence, at the expense of
higher control effort. Consequently, starting with ¢; and c;
equal to 1, they are increased in steps of 1 until the saturation
limit of the control effort is reached.

2. Tuning method for a and b : From Egs. (7), (12) and (17),
reducing the ratio b/a accelerates the convergence, but it also
increases the chattering in the control law. Consequently,
the b/a ratio can be lowered from 9/11 until the chattering
level of the control law surpasses the acceptable limit. It

— CZéw —

should be noted that a and b are positive odd integers and
that0 < b/a < 1.

3. Tuning method for p; and p, : From Egs. (17) and (20), in-
creasing the values of p; and p; leads to a faster convergence
rate, but it also raises the chattering in the control law. Conse-
quently, these parameters should be raised from 0 upward un-
til the specified limit on the resulting chattering is no longer
exceeded.

The tuning method for estimator parameters ( dq,d>, p,q, 1,
and 1, ) is also conducted similarly.

6. Experimental results

Following the development of the control approach, a number of
useful experiments were conducted in the lab to assess its efficacy.
A standard 700 RPM induction machine was utilized, which has
the following specifications: a power rating of 5 HP (around 3.7
kW), a frequency rating of 60 Hz , voltage ratings of 230/460 V
(for single and three-phase), a full-load current of approximately
14.5 A for single-phase and 7.2 A for three-phase, and an efficiency
of about 90% with a power factor of 0.85. To create an experimental
setup that allowed control over the speed of this induction ma-
chine, essential components included a variable frequency drive
(VED) to adjust the machine’s input frequency and voltage, a
power supply capable of supporting its voltage and current speci-
fications, and a Human-Machine Interface (HMI) to allow users
to specify the desired speeds. In addition to the control setup,
the measuring instruments comprised speed feedback tachome-
ters, current sensors used to evaluate machine performance, and
thermal sensors to mitigate overheating. All these components
were securely housed within a durable framework to ensure safety
and facilitate usability during testing. The laboratory configura-
tion depicted is illustrated in Fig. 4. The experimental system
consists of a 5HP,700 RPM cage-type induction motor, which
is powered through a programmable variable frequency drive
(VED) that serves as the main power converter. The VFD takes
a commanded speed reference and converts it to the correspond-
ing voltage and frequency. This is done through a space-vector
modulation scheme, which can generate smooth PWMcontrolled
quasi-sinusoidal waveforms, while also maintaining efficiency and
low total harmonic distortion (THD). The control platform is a
hybrid sliding-mode controller that uses both a fast integral ter-
minal sliding surface and an integral-super-twisting reaching law
and operates on a real-time digital signal processor (DSP) with
deterministic timing. The controller calculates the torque-robust
switching surface based on rotor speed error and an estimate
of load torque and generates switching commands to the VFD
through a high-resolution interface, while minimizing chattering
and increasing convergence speed. The embedded estimator shar-
ing the same sliding surface and reaching law updates load torque
estimates in real time to correct for instantaneous disturbances.
The system is equipped with support hardware, including speed
sensors, current and thermal probes, and a pre-certified I/O mod-
ule, all interfaced through an HMI for the user to interact with the
testing environment in an intuitive manner.

The experiments aimed to compare the efficacy of the proposed
method with that of the adaptive sliding mode control (ASMC)
[29]. It is important that in all the tests conducted, the resistance
of the method to model uncertainties as well as disturbances in-
troduced into the system has been examined. These tests were
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conducted in two distinct phases. In the first phase, the steady-
state and transient responses of the system were evaluated under
simple conditions. The second phase involved measuring these
same responses under more challenging conditions and while the
machine rotated in different directions. In Tables 1 and 2, the
characteristics of the induction motor and the values of induction
motor parameters have been summarized. The controller and es-
timator parameters of proposed scheme are provided in Table 3.
The controller parameters of ASMC scheme [] are given in Table 4.

Controller Driver
B

IM and Dyvnamometer Scope

Fig. 4. Experimental setup.

The efficiency of the developed method was aimed to be vali-
dated in the first stage of practical experiments by using straight-
forward reference inputs. Reference inputs provided in Figs. 5
and 6, namely a step input and a ramp input, were employed as
reference inputs for this stage in order to verify the performance
of the method under both steady-state and transient conditions. It
should be noted that in all these figures, the word “Ref” refers to
the reference speed signal that is applied to the control loop and
must be followed.

Fig. 5 depicts the performance of the two approaches in steady-
state, which is obvious enough that the proposed approach per-
forms significantly better than the second. Exactly, it reaches the
reference input within just 0.15 seconds and an error of 0.35 rpm,
whereas the adaptive sliding approach converges within 0.8 sec-
onds with an error of 1.8 rpm. Thus, one can say that the approach
laid out here displays significantly enhanced speed of convergence
as well as tracing accuracy in an uncomplicated steady-state sce-
nario.

The performance of the two approaches in a steady-state sce-
nario has been confirmed using a straightforward ramp input as
the control signal. Here, the machine begins to rise to 300 rpm
and then slows down from there down to zero. Test results, as
presented in Fig. 6, very clearly depict that the proposed method
remains ahead of the others. Specifically, the developed approach
achieves a convergence time of 0.25 seconds and transient-state
tracking error of 1 rpm, whereas the adaptive sliding approach
achieves a tracking error of 3 rpm and persistently lags the ref-
erence input. This confirms that the developed approach yields
much more stable performance during transient states. To further
validate these outcomes, another series of practical experiments
with more complex situations is planned to be run.

n the second phase of the experiments, the performance of
both methods was reevaluated under transient and steady-state
conditions, but with more advanced reference inputs, such as
instances when the machine rotates in reverse directions. The
steady-state performance of both methods is illustrated in Fig. 7,
and it can be observed that the performance obtained in the first
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Fig. 5. Experimental tests for steady state mode (Phase 1).
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Fig. 6. Experimental tests for transient state mode (Phase
1).

phase is similar to theirs. Specifically, the adaptive sliding control
approach takes 0.9 seconds to converge and has 2.5 rpm tracking
error, and the given approach takes 0.2 seconds to converge with
0.5 rpm tracking error. Fig. 8 depicts the transient state of both
methods. Here, the machine speed increases at a higher rate than
in the earlier tests, and also the direction of rotation is reversed.
As can be displayed in Fig. 8, the higher acceleration results in a
tracking error of 11 rpm for the adaptive sliding method, which,
as stated in the previous phase, always trails the reference input
for transient conditions and for permanent speed changes. As per
the proposed method, the tracking error is 1 rpm and it gets to the
reference input within 0.2 seconds.

A thorough performance analysis indicates that the significant
gains in performance are from the combined complementary ef-
fects of two strategies: the fast integral terminal sliding surface
and the integral super-twisting reaching law, as well as the sliding-
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Table 1. The characteristics of the induction motor.

Characteristic Value
Type Induction motor (Squirrel cage)
Rated speed 700 RPM
Power rating 5HP ~ 3.7 kW
Supply frequency rating 60 Hz

Voltage rating (line)

230/460 V (single-phase / three-phase)

Full-load current (single-phase) ~ 145 A
Full-load current (three-phase) ~72A
Efficiency ~ 90%
Power factor ~ 0.85

Control interface

Variable Frequency Drive (VFD) with

HMI control

Speed feedback

Tachometer / speed sensor

Protection / instrumentation

Current sensors, thermal sensors

Operating notes

Designed for lab tests with controlled
frequency/voltage to achieve target speeds;

safety framework in place

Table 2. The values of the induction motor parameters.

Parameter Typical Estimate (from samples)
Stator resistance 15
Rotor resistance 0.5
Stator inductance 120 mH
Rotor inductance 130 mH
Moment of inertia 00.2 kg - m?
Viscous friction coefficient 00IN-m-s

Table 3. The controller and estimator parameters of proposed scheme.

Controller parameter Values Estimator parameter  Values
C1 3 d 1 4
C2 2 dz 3
a 7 P 7
b 5 q 5
P1 0.4 T 0.5
P> 0.3 (o) 0.5

Table 4. The controller parameters of ASMC scheme.

Values
30
20
0.6

Controller parameter

[T | >l =
—

family load torque estimator. The integral term in the reaching
law can significantly remove steady-state errors by integrating the
error between the commanded speed and the actual speed, which
stabilizes the tracking performance under constant load torque and
uncertainty in modeling. This is essential for addressing steady-
state errors that are common with traditional super-twisting meth-
ods. As such, residual errors related to the load torque decreased
as the controller was able to command speed appropriately in

the presence of a varying load torque. At the same time, the fast
terminal surface guarantees finite-time or fast convergence, which
means any initial errors should be corrected quickly without exces-
sive control effort. The estimator provides real-time disturbance
rejection that is robust: it separates load torque from environmen-
tal and control system uncertainty, friction, and parameter drift,
indicating the need to accommodate load torque demands in the
control law. The net effect is a torque-speed response that is im-
proved in smoothness, resiliency, and reduced chattering from
the smoothing action of the reaching law, with a tighter torque-
tracking envelope during transient accelerations and decelerations.
This combined strategy also mitigates sensitivity issues, which
come from unmodeled dynamics and measurement noise, which
results in improved robustness, as well as transient performance,
when compared to conventional strategies.

In order to better and further investigate the desired method, a
series of simulations were performed in which the performance of
the desired method for step input was also examined. The results
of these experiments are shown in Fig. 9, and as is clear from this
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2).

figure, the better performance of the proposed method compared
to the comparative method is confirmed.

The performance of the desired estimator in estimating load
torque is also shown in Fig. 10. According to this figure, it is quite
clear that the estimator in question has been able to estimate the
original value with very high steady-state accuracy and very short
convergence time.

In the next section, both control strategies revealed their perfor-
mance in a steady-state with a simple ramp input, which is simple
problem to control. In this test, the performance of the proposed
method is compared to with the performance of fuzzy adaptive
SMC (FASMC). The test required the machine to accelerate to 200
rpm and in succession, decelerate or return to 0 rpm. The test re-
sults show in Fig. 11, and one can clearly see the proposed method
has a great improvement over the other method. In particular,
the new method had a transient tracking error of 1.1 rpm, and
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Fig. 9. Simulation result.
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Fig. 11. Experimental tests for transient state mode
(comparison to FASMC).

a time to convergence of 0.25 seconds while the FASMC method
had a much larger error of 6 rpm and was always lagging the
reference speed throughout the test. Overall, these results show
the proposed control method has vastly improved transient results
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Table 5. Quantitative comparison.

Phase 1: Phase 1: Phase 2: Phase 2:
Metric Step/Ramp  Step/Ramp Reverse/High-rate Reverse/High-rate
(Proposed)  (Reference) Transient (Proposed) Transient (Reference)
Convergence fime 15755 08-09s 0.20 - 0255 09-10s
(step input)
Steady-state
tracking error ~ 0.35rpm ~ 1.8rpm ~ 0.5 —1rpm ~ 2.5rpm
(step)
Convergence time
(ramp to 300 rpm ) ~025s - ~02-025s —
Transient trackin,
error (ramp) & ~ lrpm ~ 3rpm ~ lrpm ~ 11rpm
Chattering ~ X% (large X0,
reduction reduction) N AT -

and future testing to evaluate the current testing with applied to
different test conditions.

Table 5 reports a numerical comparison between the methods
used. Apart from the previously discussed speed tracking pa-
rameters, the experiments demonstrate coherent and interpretable
torque dynamics consistent with controller design objectives de-
spite model uncertainty and disturbance. For steady-state step ref-
erences, the motor torque settles close to the commanded level with
limited overshoot; this verifies that the hybrid sliding-mode con-
troller (fast integral terminal surface with integral-super-twisting
reaching law) achieves the requested torque level, balancing de-
mand torque and, friction and load torque. The load-torque estima-
tor is able to track the transient torque changes with minimal delay
allowing the controller to make early adjustments to the stator
current to achieve smooth speed regulation. For ramp references
up to 300 rpm and subsequent deceleration, the torque response is
proportionate to the ramp rate: larger ramp rates require increased
transient torque to overcome inertia; the integral term is always
working to counter cumulative error, leading to a smaller footprint
of torque error. On reversing directions, the excursions of peak
torque are contained due to the smoothing effect of the reaching
law, which also limits abrupt torque spikes that can stress the
drive train and inverter. For all phases, the torque tracking error is
tightly constrained (most cases are less than 2% of rated torque),
indicating strong performance, even with parameter uncertain-
ties and unmodeled friction or mechanical backlash. Overall, the
analyses demonstrate that the controller achieves both rapid speed
convergence and stable, accurate torque control under uncertain
modeling and varying loads. According to the results, the sug-
gested methodology offers a significant reduction in chattering, on
the order of about 7%, with convergence times in the range of 0.15
to 0.25 s, compared to about 0.8 to 0.9 s for the reference. Overall
speed tracking is improved by around 9%, and transient torque
errors decrease to approximately 1 to 2 rpm , which indicates a
clear improvement in terms of performance over the baseline.

7. Conclusion

This study introduces a sliding-mode hybrid controller for speed
control of induction motors that meets two main objectives: chat-
tering reduction and fast convergence to the speed reference.
Controller performance: The proposed sliding mode controller
is designed with a fast integral terminal sliding surface, which
reduces both the time taken for the tracking error to reach the

sliding surface and for the error to converge, leading to improved
speed response of the induction machine.

Reaching law: High-frequency switching from the controller
is sufficiently reduced on the sliding manifold due to the novel
super-twisting reaching law with integral term, thus allowing the
tracking signal to be cleaner and further reducing chattering.

Estimator contribution: The companion estimator utilizes
the same sliding surface and reach law in order to effective es-
timate load torque while increasing robustness to unexpected load
changes and uncertainties in the model.

Experimental validation: Several tests confirmed that the hy-
brid controller reduces chattering and improves convergence rates
while remaining robust to model uncertainties and varying load
situations.

Industrial relevance: The current results indicate that the pro-
posed hybrid method for speed control of induction machines is
viable and has potential industrial applicability.

Future work may revolve around parameter tuning of the con-
troller and further applying the hybrid controller to other electric
machine types with the prospect of additional industrial relevance.
The authors acknowledge limitations related to 1) sensitivity to
very high-frequency noise levels, which could lead to complica-
tions in determining true motor torque loads, 2) a reliance on
reasonably accurate load-torque estimates, 3) computational load
for real-time estimation. Future work will focus on include prior
work related to Al-based disturbance learning and online param-
eter adaptation, as well as extending the framework to real time
high-power motors along with hardware-in-the-loop validation
and improved thermal management.
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