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This paper presents a novel hybrid control strategy that integrates a
proportional—integral (PI) regulator with an adaptive super-twisting sliding
mode controller (ASTA) defined on a nonsingular terminal sliding mode
control (NTSMC) surface for high-performance induction motor drives
(IMDs). This enhanced hybrid PI-ASTA-NTSMC architecture jointly
exploits the steady-state accuracy of Pl control and the finite-time robustness
of a higher-order sliding mode formulation. The adaptive mechanism of the
super-twisting algorithm dynamically adjusts the switching gains according
to the instantaneous sliding variable, ensuring consistent performance under
time-varying loads and parameter variations. The NTSMC surface
guarantees singularity-free finite-time convergence, while the adaptive
ASTA law suppresses chattering and enhances disturbance rejection.
Simulation results across multiple operating conditions show that the
proposed controller significantly outperforms Pl and PI-FOSMC schemes. It
achieves the fastest transient, reducing settling time to 0.0407 s (39.4% and
31.5% faster than Pl and PI-FOSMC), with overshoot lowered to 0.0091
rad/s and ISE/IAE minimized to 0.0035 and 0.0256, confirming its superior
tracking precision. Additionally, reductions in the speed and torque RMSE
indicate smoother control effort and improved closed-loop performance. The
Lyapunov-based analysis confirms global finite-time stability of the overall
system. With its enhanced robustness, low sensitivity to sampling noise, and
continuous higher-order sliding structure that suppresses chattering, the
proposed hybrid PI-ASTA-NTSMC offers a computationally efficient and
practically attractive solution for integrated speed—flux control in industrial
IM drives.
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1. INTRODUCTION

Induction motors (IMs) are widely utilized in industrial drive systems owing to their robustness,
simple mechanical structure, and low manufacturing cost. Despite these advantages, achieving precise and
robust regulation of both speed and flux remains a critical challenge in high-performance applications,
particularly under parameter uncertainties, load disturbances, and external perturbations. Since its
introduction in the 1970s [1], field-oriented control (FOC) has become the cornerstone of IM drives,
providing decoupled control of torque and flux, fast transient response, and reliable steady-state performance
over wide operating ranges. In conventional FOC schemes, the outer speed and inner flux control loops are
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typically implemented using proportional—integral (PI) controllers due to their straightforward structure and
ease of tuning. However, the fixed-gain nature of Pl regulators makes them highly sensitive to motor
parameter variations and external disturbances. Consequently, conventional Pl-based control often results in
performance degradation such as overshoot, long settling time, and poor steady-state precision under
dynamic operating conditions [2]-[5].

To enhance performance and robustness, several hybrid Pl-based control strategies have been
developed by combining PI regulators with intelligent or nonlinear techniques. For instance, PI-fuzzy logic
controllers (PI-FLCs) employ fuzzy inference to adaptively adjust Pl gains, improving transient and steady-
state performance [6], [7]. Likewise, Pl-artificial neural network (PI-ANN) and Pl-radial basis function (PI-
RBF) schemes utilize learning mechanisms to handle system nonlinearities and parameter uncertainties [8]—
[10]. Although these intelligent hybrid controllers exhibit superior adaptability, they often entail high
computational cost, complex design processes, and lack rigorous theoretical stability guarantees factors that
hinder their practical industrial adoption. Among robust nonlinear control techniques, sliding mode control
(SMC) has attracted considerable attention due to its inherent robustness against parameter variations,
external disturbances, and unmodeled dynamics [11]-[13]. The classical first-order SMC (FOSMC) ensures
strong robustness under matched uncertainties but suffers from chattering, which may excite unmodeled
high-frequency dynamics and cause mechanical wear [14], [15]. To alleviate this issue, higher-order SMC
(HOSMC) approaches such as the super-twisting algorithm (STA) have been developed, offering finite-time
convergence with significantly reduced chattering [16]-[20]. Meanwhile, advancements in sliding surface
design have introduced terminal sliding mode control (TSMC) and nonsingular terminal SMC (NTSMC)
formulations. While TSMC achieves finite-time convergence, it suffers from a singularity near the
equilibrium point. In contrast, the NTSMC formulation eliminates this singularity, ensuring bounded control
effort and robust finite-time convergence [21]-[27].

Unlike previous hybrid PI-SMC schemes, this paper introduces an entirely new hybrid
configuration that integrates nonsingular terminal dynamics with higher-order continuous control action,
thereby unifying finite-time convergence without singularity and ensuring enhanced smoothness in the
control response. The ASTA-NTSMC component guarantees rapid finite-time convergence, superior
robustness against parameter variations and external disturbances, and smooth control effort owing to the
higher-order continuity of the super-twisting algorithm. The Pl component, on the other hand, preserves
steady-state accuracy and allows intuitive gain tuning, maintaining industrial simplicity and practical
implementation feasibility. Moreover, the proposed adaptive mechanism dynamically adjusts the switching
gains of the STA law in accordance with the instantaneous sliding dynamics, significantly improving the
controller’s robustness and adaptability under time-varying operating conditions.

Additionally, the hybrid PI-ASTA-NTSMC structure is also employed for the flux control loop,
forming an integrated dual-loop architecture that achieves superior torque smoothness, flux stability, and
overall drive efficiency. The global stability and robustness of the proposed controller are rigorously
established through Lyapunov-based analysis, confirming the finite-time convergence of the closed-loop IM
drive system. The major contributions of this paper are summarized as follows: i) A novel hybrid PI-ASTA-
NTSMC control strategy is developed for FOC-based IM drives, enabling integrated speed and flux
regulation with steady-state precision, finite-time convergence, and adaptive robustness within a unified
framework; ii) A Lyapunov-based stability analysis is presented to rigorously establish global finite-time
convergence of the closed-loop system under parameter variations and external disturbances; and
iii) Comprehensive simulations under wide-speed operation, load torque disturbances, and parameter
uncertainties quantitatively demonstrate the superiority of the proposed controller over conventional Pl and
PI-FOSMC schemes.

The remainder of this paper is organized as follows: i) Section 2 reviews the fundamental principles
of FOC for IM drives; ii) Section 3 details the proposed hybrid PI-ASTA-NTSMC controller and its stability
analysis; iii) Section 4 presents simulation results and comparative evaluations; and iv) Finally, section 5
concludes the paper with key findings and directions for future work.

2. MATHEMATICAL MODEL OF IMDs

The induction motor (IM) model in the synchronously rotating reference frame, serving as the
foundation of field-oriented control (FOC), is expressed in state-space form as (1) [28].

x(£)=Ax(t) + Bu(t) )

Where: x, A, B, and u are state vectors, state matrix, input matrix, control input, and they can be defined as:

x(t) =[isa Isp Ora Prp Or]" u(t) =[Usa Usp To]”
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With isq; isp; Usqs Usps Pra; Prp are components of the stator’s current, stator’s voltage, and rotor’s flux
in the af reference frame. Te, T.: electromagnetic and load torque; respectively; wr: the angular velocity
(mechanical speed), wr = (2/P)wre; wre, s, we: the electrical speed, respectively rotor and slip angular and
synchronous angular velocity; p: number of pole pairs. Ls, Lr: stator and rotor inductances; Lm: mutual
inductance; Rs, Rr: stator and rotor resistances; J: the inertia of motor and load; o: total linkage coefficient;
B: friction coefficient; and 7,.: rotor time constant.

Based on the dynamics of IM in the stator fixed reference frame, the stator flux can be estimated
such as:

L 13 L 3pL k
=2 =120 p=tmy = Bimy, K
Ry LyLs Ly 2Ly
1 L%L) 4 14 Y Y
a =——( ), Q3 =——; Ay = ——— W} Qs = ——— ; Ay = —
11 ol s T )y Qi3 = 5 o Gag oLy Pr s ULSQDr,Bx 25 o'LS(pra

The electromagnetic torque and the slip frequency can be expressed in the dq reference frame:

{(psa = fo (Usq — Rsisq)dt @)

Psp = fot(usﬁ - Rsisﬁ)dt

The stator and rotor flux linkage phase is given by (3).

L
@5 = /(psz(x + o o 0 ®3)

Torque can be calculated as (4).

3 . .
T, = Ep(lsﬁ(psa - lsa(psﬁ) (4)

The mechanical dynamics follow:

dwy
dt

J :Te_TL_Bwr (5)

3. NOVEL HYBRID PI-ASTA-NTSM STRATEGY
3.1. Speed control strategy

This subsection introduces the proposed adaptive PI-ASTA-NTSMC speed control framework for
induction motor drives. The controller integrates a conventional Pl regulator with an adaptive super-twisting
algorithm designed on a nonsingular terminal sliding mode control surface. Within this hybrid structure, the
Pl regulator ensures steady-state accuracy and control simplicity, while the NTSMC-based surface
guarantees finite-time convergence and eliminates the singularity issues of conventional TSMC.

The adaptive mechanism embedded in the STA law continuously adjusts the switching gains in real
time according to the instantaneous sliding dynamics. This self-tuning feature enables the controller to
maintain optimal performance under parameter variations, load disturbances, and time-varying operating
conditions, without requiring prior knowledge of uncertainty bounds. Consequently, the proposed controller
simultaneously achieves high robustness, improved adaptability, and effective chattering suppression.

Compared with conventional Pl and PI-FOSMC approaches, the proposed method offers four major
advantages: i) faster transient response and shorter settling time, ii) reduced overshoot and torque ripple, iii)
adaptive robustness against parameter and load variations, and iv) enhanced steady-state precision with

Int J Pow Elec & Dri Syst, Vol. 17, No. 1, March 2026: 414-424



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 417

minimized chattering effects. The proposed control strategy, therefore, ensures smooth electromagnetic
torque, reduced mechanical stress, and high dynamic reliability, providing a practical high-performance
solution for industrial IM drive systems. Based on this structure, the tracking errors are defined as (6).

ew(t) = wy(t) — wr(t) (6)
To guarantee finite-time convergence and avoid singularities, the proposed sliding surface is defined as (7).

s, (8) = e, (t) + ay|e,, (£)[P/9sat (e“’“)) With: a;>0; $>0&0<2<1 @
The derivative of the sliding surface is given by (8).

S, () = é,(t) + ay S le,,(£)|®/D1sqt (%) + ale|®/D % [sat (e“’Tft))] (8)
The Lyapunov function is selected as (9).

V() = 5 52(t) ©)

Its derivative can obtain:

AV (£)
dt

= 50 (D30 () (10

To satisfy: dV“’(t)

as (11) and (12)

< 0 then: s, (t)s,, (t) < 0. From (8), a hybrid PI + ASTA_NTSMC control law is designed

50 (6) = =1ty (6) = =By [Kpawu (8) + K Jy €0 ()t + tunsra (0] (12)
Uaasta(t) = ¢ (50 () + 14, () (12)

Bu(50®) = ey Ols, O 2sat (22) .
Where: ¢ s (6) . The virtual control vector i, is designed as (13).
0, (6) = kga () [y sat (*5%) e

lsq = 3pL o ——{Jw; + Bw; + T, + Bu(t)} (13)

3.2. Flux control strategy

Accurate rotor-flux regulation is essential for linear torque production, low torque ripple, and high
efficiency in field-oriented induction motor drives. Conventional Pl-based flux control degrades under
parameter variations, magnetic saturation, inverter nonlinearities, and rapid load changes, leading to flux
oscillations and reduced torque smoothness. To address these limitations, the flux loop in this work adopts
the proposed hybrid PI-ASTA-NTSMC structure, which combines Pl action with an adaptive super-twisting
term on a nonsingular terminal sliding surface to achieve time-adaptive flux regulation with finite-time
convergence and minimal chattering. The rotor flux is obtained from a current-model-based estimator. The
resulting flux tracking error is defined as (14).

ey (t) = @r(t) — @, (t) (14)

Where ¢ (t) denotes the reference flux and @,.(t) is the estimated rotor flux. The hybrid PI-ASTA-NTSMC
flux controller uses e, (t) to generate the d-axis current reference, ensuring rapid, robust flux convergence

while avoiding excessive control activity and steady-state oscillations. The sliding surface is designed
according to the nonsingular terminal function:

5o (8) = €, (1) + azle, ) *sat ( "’(t)) With: @, >0; $>0&0<2<1 (15)
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The Lyapunov function is selected as (16).
Vp(£) = 252(8) (16)

Its derivative can obtain:

V() _
5p (D)5, (1) (17)
to satlsfy <o then: s, (t)s,(t) < 0. Based on the derived sliding surface, the control law is designed
as (18).
5p(6) = —Batt (£) = =5 [Kppey (6) + Ky [} € ()t + ugasra(t)] (18)

Py (s(0)) = ka2 (B) |5, () |1/25at (S(prt))

Where: ) = ) ) + v, (t); with: .
UgpasTA by (Stp ) Uy 2y (©) = ko (©) f; sat (s(p(%) dt

The virtual control vector isq is designed as (19).
i3(6) = 75 [SE 4 7 4 Kpgey () + Kig [ ep(D)dt + upnsra(6)] (19)

3.3. Adaptive gain laws (ASTA gains) and Lyapunov stability analysis
The gains k,;(t) and kg, (t)are updated using an adaptive law of the form:

: Sijls| + vkt — 1), kij(®) > Kijmin . ,
ki (8) = {kij,mm >0, otherwise (i=ap;j=12) (20)

Where §;; > 0 and y;; > 0 are adaptation and damping coefficients, respectively. This rule ensures that the
gains increase when the sliding variable deviates from zero (indicating larger uncertainty) and decrease
smoothly when the system approaches equilibrium, thus balancing chattering suppression and disturbance
rejection. The Lyapunov function is selected as (21).

V(E) = Vo (£) + Vp (£) = 5 [s3(®) + s3(0)] (21)

Combining (10), (11), (17), and (18) we get:

av(t) _ dv,(t) | dve(t) . .
= T T = 5, ()30, () + 5, (D3, (1)

dz—io == - {ﬂlsw(t) [prew(t) + K, fot e, (t)dt + uwASTA(t)]

6255 (0) [Kppep(©) + Kig [ e (O)dt + uppsa(®)]}; iz > 0 (22)

If e,,,(t) > 0, from (7) and (15) we have s,,(t) > 0, combining (12), (13), (18), and (19) we have s,,(t) < 0.

dv(t) < 0. If e, (t) < 0, from (7) and (15) we have s,,(t) < 0, combining (12), (13), (18) and (19)
av () dV(t)

Therefore —=

we have sm(t) > 0. Therefore —— < 0. From (22) we have:
is always stable according to Lyapunov stability theory.

< 0Ve,,(t); m = w: ¢. Thus, the system

4, RESULTS AND DISCUSSION

The effectiveness of the proposed hybrid PI-ASTA NTSMC scheme was examined in
MATLAB/Simulink 2023b using a squirrel-cage induction motor model. The motor specifications are:
400 V, 50 Hz, 2 pole, 2880 rpm, Rs = 1.97 Q, Rr = 1.96 Q, Ls = 0.0154 H, Lr = 0.0154 H, Lm = 0.3585H,
J =0.00242 kg.m?, B = 0.0005. The complete simulation structure is depicted in Figure 1.
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4.1. Dynamic performance evaluation under rated load moment

Figure 2 and Table 1 present the comparative dynamic responses of the conventional Pl, Pl-
FOSMC, and the proposed hybrid PI-ASTA-NTSMC controllers under rated load conditions. As observed,
the proposed hybrid controller achieves the fastest transient and most accurate steady-state performance
among all schemes. Quantitatively, the settling time is reduced from 0.0671 s (PI) and 0.0594 s (PI-FOSMC)
to 0.0407 s, representing improvements of 39.4% and 31.5%, respectively. The overshoot is nearly
eliminated, decreasing from 0.6634 rad/s (PI) and 0.3834 rad/s (PI-FOSMC) to only 0.0091 rad/s with the
proposed approach. These substantial improvements in transient behavior arise from the finite-time
convergence property of the NTSMC surface and the higher-order continuity of the adaptive super-twisting
algorithm (ASTA), which together suppress oscillations and mitigate the chattering phenomenon inherent to
conventional sliding-mode drives. Moreover, the ISE (0.0035) and IAE (0.0256) indices of the proposed
controller are considerably smaller than those of Pl (0.0473, 0.1105) and PI-FOSMC (0.0049, 0.0337),
confirming that the overall tracking-error energy is minimized.

In addition to improved speed regulation, Figure 2 shows that the Hybrid PI-ASTA-NTSMC also
yields a much smoother and more stable rotor-flux trajectory. Whereas the Pl and PI-FOSMC controllers
exhibit noticeable flux oscillations and coupling effects during acceleration and deceleration, the proposed
strategy maintains an almost constant flux magnitude with negligible ripple. This enhanced flux regulation,
enabled by the hybrid PI-ASTA-NTSMC flux loop, ensures finite-time flux convergence and effectively
compensates for inverter nonlinearities and magnetic saturation. As a result, torque production remains
linear, torque ripple is reduced, and current stress is minimized. Consequently, the RMSE of speed and
torque decreases to 0.1156 and 0.1775, corresponding to improvements of over 72% in speed accuracy and
16% in torque smoothness compared with P1 control. Overall, the dual-loop hybrid structure enables well-
coordinated torque—flux decoupling and delivers rapid transient recovery with minimal ripple, consistent with
the stability analysis in section 3.

From the obtained survey results, it is easy to see that the proposed structure provides a smoother and
more energy-efficient control effort. The continuous higher-order ASTA formulation generates bounded
control derivatives, which significantly reduces high-frequency switching activity compared with PI-FOSMC.
This behavior not only mitigates chattering but also decreases voltage stress and thermal loading on the
inverter power devices. Additionally, the controller is more resistant to noise caused by digital sampling. Since
the ASTA term avoids a pure sign function and instead uses a continuous approximation, quantization and
sampling jitter are effectively filtered out. This makes the controller highly suitable for real-time DSP
implementation, where limited sampling rates and digital noise often degrade first-order sliding mode
schemes. From a computational perspective, the hybrid PI-ASTA-NTSMC algorithm maintains a lightweight
arithmetic structure. Its per-cycle computational load is comparable to PI-FOSMC and far lower than
advanced predictive or ANN-based controllers, ensuring full compatibility with low-cost TI C2000 processors.

_ s
y/? L>€um\—’-;dtéljﬁ_> " 7 7 7
- o PWM

v, \V
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Figure 1. Simulation model of hybrid PI-ASTA-NTSMC algorithm based FOC

Table 1. Indices for evaluating control performance

Control strategy  Settling time  Overshoot ISE I1AE RMSE speed RMSE torque
PI control 0.0671 0.6634 0.0473 0.1105 0.4265 0.2119
PI-FOSMC 0.0594 0.3834 0.0049  0.0337 0.1377 0.2065
PI-ASTANTSMC 0.0407 0.0091 0.0035 0.0256 0.1156 0.1775

A novel hybrid Pl and adaptive super-twisting sliding mode controller for ... (Duc Thuan Le)



420 a ISSN: 2088-8694

302F

200

o8]
(=3
=

Speed (rad/s)
(=}
Speed (rad/s)

Ref Ref
PI PI
-200F PI-FOSM 1 PI-FOSM

PI-ASTANT PI-ASTANT
296 . . ,

0 0.5 1 1.5 2 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

a0F T T T

20 20
| .
| 0 . 0
(W | _

Ref
20F PI ] -20
PI-FOSM
PI-ASTANT | 40

(%3

N=3

3
T

Torque (N.m)
(=}
Torque (N.m)
Torque (N.m)

-20

40} -40

0.8

0.6

0.4

Ref

PI

0.2 PI-FOSMC
PI-ASTANT

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (s) Time (s)

Stator current (A)

PI

Flux rotor (Wb)

PI-FOSMC
40 . ll’]-ASTANT

Figure 2. Performance of PI, PI-FOSMC, and hybrid PI-ASTA_NTSMC under the variable speed

4.2. Robustness evaluation under load disturbance

The robustness of the proposed controller was further evaluated under sudden load torque variations,
as shown in Figure 3. Under a step disturbance, the conventional PI controller exhibits large speed deviations
and prolonged recovery, indicating weak disturbance rejection capability. The PI-FOSMC improves
resilience by enforcing a sliding mode, but the fixed-gain switching induces observable chattering in both
speed and electromagnetic torque. By contrast, the Hybrid PI-ASTA-NTSMC exhibits superior robustness
and fast disturbance rejection. When the external load torque abruptly changes, the adaptive ASTA
mechanism instantly increases its switching gain to counteract the disturbance, ensuring the sliding variable
quickly converges to zero. As the transient subsides, the adaptive law smoothly reduces the control gain,
thereby maintaining continuous control and effectively suppressing chattering. This dynamic gain adaptation
results in finite-time recovery of the speed to its reference within a negligible deviation of +£0.5%, while the
electromagnetic torque rapidly stabilizes without overshoot.

Furthermore, the rotor flux remains tightly regulated during the entire disturbance period, indicating
strong flux decoupling and effective compensation of magnetic cross-coupling effects. This stable flux
profile contributes to consistent torque generation and reduced stator current stress, further demonstrating the
synergy between the speed and flux control loops. Compared with Pl, PI-FOSMC, the hybrid controller
reduces both torque ripple and integral of absolute error (IAE) significantly, confirming its adaptive and
disturbance-tolerant characteristics. In addition, the sliding-mode structure embedded in the ASTA-NTSMC
framework inherently strengthens robustness against matched disturbances such as load torque variations.
Because load torque enters the mechanical dynamics through the same channel as the control input, the
sliding-mode term naturally compensates for this disturbance once the system reaches the sliding surface.
This means that the proposed controller can reject sudden or sustained load variations without requiring
explicit disturbance estimation. The combination of a nonsingular terminal sliding surface and an adaptive
super-twisting law ensures that the system is driven toward the sliding manifold in finite time and remains
insensitive to load perturbations, modeling inaccuracies, and parameter drift. These results clearly
demonstrate that the proposed hybrid controller integrates adaptive robustness and smooth control effort
within a single framework, allowing the IM drive to maintain stable performance even under severe load
disturbances.
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Figure 3. Performance of PI, PI-FOSMC, and hybrid PI-ASTA_NTSMC under the variable torque

4.3. Robustness evaluation under parameter variations (resistance changes)

In this robustness test, the load torque was kept constant at its rated value of 7 N.m, while the rotor
resistance was increased by 200% at the beginning of the simulation. Because rotor resistance R, has a
dominant influence on flux dynamics, torque production, and the overall stability of the induction motor
control loop—much greater than the weaker, secondary effects of stator resistance Ry only R, variation is
considered in this robustness survey. This condition emulates severe thermal stress or degradation of the rotor
cage, which shortens the rotor time constant and directly influences the flux—torque coupling and
electromagnetic dynamics of the induction motor. As shown in Figure 4, the conventional Pl and PI-FOSMC
controllers exhibit substantially degraded performance in the high-speed operating range: both controllers
show large steady-state speed error and elevated speed error energy, with correspondingly higher RMSE
values and increased torque ripple. These degradations are consistent with reduced torque production
capability at a fixed current when the rotor time constant is shortened. In contrast, the hybrid PI-ASTA-
NTSMC controller maintains excellent performance despite the 200% rotor-resistance increase. Owing to the
adaptive ASTA law, the control gain automatically rises during transient flux deviation and smoothly
decreases once the sliding variable approaches zero, ensuring finite-time convergence of both speed and flux
without inducing chattering. The rotor flux trajectory remains nearly constant and well-decoupled from the
torque channel, preserving linear electromagnetic torque production. Consequently, the torque waveform
exhibits minimal ripple and negligible offset even under the elevated rotor resistance, while the speed response
closely tracks its reference with the smallest ISE, IAE, and RMSE values among all compared schemes.

Furthermore, because the rotor flux magnitude is effectively maintained, the stator current amplitude
remains stable, preventing excessive copper loss or overheating. This demonstrates that the hybrid controller
not only sustains precise speed and torque control under severe parameter variation but also preserves current
efficiency and thermal reliability of the drive. These results confirm the theoretical robustness analysis
presented in section 3, where adaptive gain modulation and nonsingular terminal sliding ensure global finite-
time stability and parameter insensitivity. Overall, the proposed Hybrid PI-ASTA-NTSMC achieves
superior parameter robustness, reduced torque ripple, and enhanced flux—torque linearity compared with
conventional Pl and PI-FOSMC controllers.
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Figure 4. Performance of PI, PI-FOSMC, and hybrid PI-ASTA_NTSMC under the variations resistances

5. CONCLUSION

This paper has proposed a novel hybrid PI-ASTA-NTSMC control scheme for high-performance
induction motor drives (IMDs). The hybrid architecture combines the steady-state accuracy of a PI regulator
with the adaptive robustness of a super-twisting sliding mode controller defined on a nonsingular terminal
sliding surface. The ASTA mechanism dynamically tunes switching gains, ensuring finite-time convergence,
strong disturbance rejection, and chattering suppression. A Lyapunov-based analysis confirmed the finite-
time stability of the closed loop. Simulation results under three representative scenarios—wide-speed
operation with rated load, sudden load disturbances, and a 200% rotor-resistance increase at a constant 7 N.m
load—validated the controller’s superiority. The proposed scheme reduced the settling time to 0.0407 s,
achieving 39.4% and 31.5% improvements over Pl and PI-FOSMC, while almost eliminating overshoot
(0.0091 rad/s) and minimizing ISE, IAE, and RMSE indices. Even under severe parameter variation, it
maintained accurate speed tracking and stable torque, whereas conventional methods exhibited significant
degradation at high speeds.

However, the current validation is restricted to MATLAB/Simulink simulations, and practical aspects
such as inverter nonlinearities, measurement noise, sampling limitations, computational load, and actuator
saturation have not yet been examined. As future work, we plan to implement the proposed controller on a
real-time TI C2000 platform and perform hardware-in-the-loop (HIL) and laboratory experiments on an actual
induction motor drive. These efforts will enable a more complete assessment of industrial feasibility and verify
the controller’s robustness under real operating conditions. Overall, the hybrid PI-ASTA-NTSMC approach
provides a balanced solution that unites theoretical rigor with practical applicability. With its adaptive gain
mechanism, finite-time convergence, and chattering-free behavior, the proposed controller remains a
computationally efficient and promising solution for precision industrial drives.
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