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ABSTRACT: Accurate and rapid speed response during different operating conditions of permanent magnet syn-
chronous motor (PMSM) drives is a critical requirement in industrial automation, robotics, CNC, and electric vehicle
applications. This paper proposes a new predefined-time adaptive sliding mode speed control (PTASMSC) strategy
for high-performance surface-mounted permanent magnet synchronous motor (SMPMSM) drives. The proposed
PTASMSC controller is designed to overcome the well-known trade-off between fast convergence and chattering by
combining a switchable power exponent and a dual-gain surface. This architecture will accelerate the speed error
convergence during large transient deviations while effectively suppressing high-frequency chattering at steady-state
conditions. The control algorithm is verified using MATLAB simulations and hardware-in-the-loop (HIL) on the
OPAL-RT real-time platform. The simulation and experimental results of seven case studies conducted under different
speed profiles and four disturbance scenarios demonstrated enhanced motor speed tracking accuracy and reduced
transient duration of the proposed PTASMSC over conventional proportional integral (PI) and standard predefined-
time sliding mode control (PTSMC) methods. Quantitative analysis confirms that the proposed method eliminates
maximum overshoot 0% and minimizes the transient settling time to just 0.035 s—representing a 75% speedup
compared to the conventional PI baseline. Furthermore, the adaptive dual-gain mechanism restricts the maximum
speed drop ratio to a negligible 0.04% with a near-instantaneous recovery time of 0.01 s while maintaining a smooth
quadrature current iq profile. The real-time HIL implementation validates the robustness and practical feasibility of the
proposed PTASMSC for industrial PMSM speed regulation.

KEYWORDS: Predefined-time adaptive sliding mode speed control; PMSM; HIL; anti-disturbance; chattering sup-
pression; switchable power exponent; dual-gain; PI; predefined-time sliding mode control

1 Introduction
The permanent magnet synchronous motor (PMSM) has been widely used in many applications to

achieve high performance, such as industrial servo drives, precision manufacturing, robotic actuators and
aircraft actuators, etc., because of its high-power density value, compact dimensions and low maintenance
requirements [1–6]. This is further enhanced by the proliferation of EVs in the last decade, which has resulted
in the emergence of tight speed control, low torque ripple and low power loss at extreme speeds and load
requirements for modern traction drives [1,2]. In such applications, the performance of the speed control has
direct impacts on the system performance, such as positioning accuracy in servo systems, production quality
in manufacturing, and driving range in traction systems. Therefore, high-performance PMSM speed control
has been a research focus that has been continuously pursued and is still an active area of research [3–8].
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There are many more challenges to speed control of a PMSM than just nonlinearity. The voltage
equations are cross-coupled in a speed-dependent manner in the synchronously rotating d–q reference
frame. Therefore, whenever the rotor speed changes, both axes are affected at the same time. But there
is another layer of complexity due to the mechanical dynamics; the torque of the electromagnetics, the
load torque, the inertia, and viscous friction play back and forth in a nonlinear fashion. In addition to the
nominal dynamics, the parameter uncertainties include: temperature-dependent stator resistances, wear and
aging of flux linkages, load torque variations (including sudden load torque changes), and cogging torque.
Convergence time predictability is another practically important, but seldom mentioned, problem: many
nonlinear controllers ensure that the speed error will ultimately be driven to zero, but the time needed will
vary with the magnitude of the initial error and/or with the system parameters, in a manner that is not
directly specifiable by the designer. The fundamental challenge of high-performance PMSM drive design
is the simultaneous resolution of cross-axis coupling and parameter uncertainty, external disturbance, and
assignable convergence time.

Based on the field-oriented control (FOC) technique, the conventional proportional integral (PI)
controllers have been well applied to the industrial standard of motor speed and current regulations [9,10].
They are widely used in commercial drives because they are easy to integrate into the decoupled model
and because of the well-known gain selection rules. They have a basic structural restriction, though:
consistency of optimization for disturbance rejection bandwidth and transient stability margin for all loading
conditions in a fixed-gain pair. An increase in the proportional gain improves load rejection but risks closed-
loop instability, whereas a reduction to restore stability margin sacrifices response speed [11]. Under large
disturbances and significant parameter variation, tracking performance degrades in ways that retuning alone
cannot correct.

This structural limitation has motivated substantial research into the advanced nonlinear control
strategies for PMSM drives. Several approaches have been proposed, each one focusing on a certain aspect
in relation to the bigger picture of robustness, and all reintroducing some additional constraints into the
problem formulation. MPC is capable of dealing with multi-input multi-output interaction effects and
constrained control input actions through one optimization problem. However, its requirement for real-
time computations makes it unsuitable for high-speed drives [12]. More tractable in implementation, active
disturbance rejection control (ADRC) lumps all model uncertainty into a single term estimated by an
extended state observer. However, the observer bandwidth tuning remains a critical sensitivity, particularly
under abrupt load torque steps [13–15]. It has been shown that adaptive controllers that adjust gains online
typically cannot converge quickly enough when the disturbance varies at a rate faster than their adaptation
bandwidth [16]. Passivity-based control (PBC) preserves the physical energy structure of the plant within
the control design, a theoretically principled approach. However, its synthesis procedure is computationally
intensive for high-order motor models [17,18]. Fuzzy and neural network controllers extend representational
capacity at the cost of reduced closed-loop transparency and substantial offline training effort [19,20]. Each
of these approaches addresses one or two of the three core difficulties: cross-axis coupling, parameter
uncertainty, and fast external disturbance, but none resolves all three comprehensively.

The sliding mode control (SMC) technique is well known as a robust control approach whose basis lies in
structural aspects, not just the parameters. This technique is based on variable structure control ideas, which
were initially developed by Emelyanov and then enhanced by Utkin in his study [21,22]. SMC will drive the
dynamic system’s state to move towards a well-defined sliding surface in the error space. On reaching this
surface, the behavior of the closed-loop system becomes fully dependent upon the definition of the sliding
surface, which does not depend at all on matched perturbations or changes in the parameters within the
bounded set. Thus, to realize a PMSM speed controller using SMC, the sliding surface should be designed
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according to the error of motor speed and the error derivative of motor speed. Research over the subsequent
decades extended this foundation in several directions, thereby producing a family of variants each targeting
a specific performance gap that the basic first-order formulation leaves unresolved. Other classical sliding
mode architectures have evolved robustness paradigms [23,24]. Integral SMC incorporates the tracking error
integral into the surface definition, thus eliminating the reaching phase and ensuring that system robustness
holds from the first instant of operation [25]. Terminal SMC introduces a fractional-power term into the
surface that drives the tracking error to zero in finite time rather than asymptotically, which is significant
when rapid convergence is required [26,27]. A known difficulty with fractional-power surfaces is a singularity
near the origin, where the required control input grows without bound as the system state approaches
equilibrium. Non-singular terminal SMC formulations resolve terminal SMC limitations by substituting a
linear surface term in the neighborhood of the equilibrium, maintaining finite-time convergence without the
unbounded control action [28,29]. Composite SMC strategies superimpose a switching component onto a
nominal feedback law, confining the role of the switching term to compensating for the residual uncertainty
that the nominal controller does not handle [30].

A further dimension of the SMC design space concerns the rate and predictability of convergence.
Finite-time SMC guarantees that the tracking errors reach zero in a finite duration, an improvement
over asymptotic stability; however, the settling time depends mainly on the system’s initial conditions, so
the accurate convergence deadline cannot be specified in advance [8]. Fixed-time SMC eliminates this
dependency by establishing an upper bound in the settling time that holds for all initial conditions; the bound
is nonetheless an implicit function of system parameters rather than a freely assignable design variable,
limiting the designer’s ability to impose an explicit deadline [6]. Predefined-time adaptive control is able to
resolve both limitations: the convergence time upper bound is set as an explicit, freely chosen parameter
independent of initial conditions and system parameters alike. Predefined-time adaptive SMC has been
used for chaotic synchronization, fractional-order systems, and nonlinear systems in general, confirming its
theoretical effectiveness.

The principal limitation of the SMC is chattering problems, which arise because the nominal discon-
tinuous switching law, when implemented on digital hardware at a finite sampling rate which produces
high-frequency oscillations rather than exact sliding [31,32]. In PMSM drives, chattering appears as torque
and current ripple, acoustic noise, and faster wear of mechanical components, which reduces the tracking
precision that the control aims to achieve. However, using the discontinuous sign function instead of a
smooth approximation such as a hyperbolic tangent function reduces chattering substantially; the residual
error within the approximation region is small but non-zero, representing a practical trade-off between
chattering elimination and exact sliding [33]. Higher-order sliding mode control algorithms, especially the
super-twisting algorithms, act on higher derivatives of the sliding variable and thus produce a continuous
control signal, which reduces chattering significantly without loss of robustness [34,35]. Adaptive and state-
dependent reaching laws modulate the switching gain according to the distance of the state from the surface,
so that the gain is large when robustness demands it and small when the state is near the surface [36,37].
Despite these developments, a key trade-off still exists in most of the current designs.

The switching gain chattering tension has a logical resolution: if the disturbance were known, the
switching gain would only need to account for the residual estimation error, rather than the full disturbance
amplitude, a much smaller quantity. Disturbance observers do essentially this: they estimate the lumped
disturbance from available state measurements and feed the estimate forward as a compensation signal, so
the switching law only needs to handle the residual estimation error [38,39]. Across numerous PMSM studies,
this composite architecture observer-based feedforward paired with an SMC switching law has been shown
to simultaneously improve tracking accuracy and reduce chattering [40–43]. Despite these improvements,
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the convergence-time literature for PMSM SMC reveals three unresolved gaps. First, existing predefined-
time stability inequalities assign fixed values conventionally expressed as −1 and +1 to the power terms of the
Lyapunov condition, leaving no freedom to adjust the convergence dynamics beyond selecting the predefined
time itself. Second, the systematic application of predefined-time SMC to PMSM speed control within an
FOC architecture, with rigorous treatment of parametric uncertainty and bounded load disturbance, has
not been reported. Third, no existing predefined-time SMC for PMSM incorporates an adaptive dual-gain
function that simultaneously amplifies control action for large tracking errors and for small ones, achieving
fast convergence throughout the full error magnitude range. This paper addresses all three gaps.

This work presents a PTASMSC of surface-mounted PMSM drives, developed within an FOC structure.
The PI controller in the outer speed loop is replaced with the proposed PTASMSC. The inner current loops are
retained in order to ensure accurate and fast tracking of current references, and this results in the commanded
current reaching the motor without delay. The approach relies on a flexible predefined-time stability concept
that introduces a tunable parameter to shape convergence behavior, which extends existing methods and
provides better control over system response without affecting the guaranteed convergence time. An adaptive
sliding surface with a dual-gain structure delivers strong correction, significant speed error and precise
adjustment for minor error, which improves performance across the full operating range without extra
control effort. The system’s overall response converges within the predefined time irrespective of the initial
operating conditions. A smooth approximation substitutes the discontinuous switching action to minimize
chattering and ensure practical implementation that preserves the stability. A comparative summary of the
proposed method and alternative SMC approaches reported in the literature is shown in Table 1 to clearly
differentiate the proposed method from other alternative approaches.

Table 1: Structural and behavioral comparison of advanced SMC design paradigms.

Control Paradigm Convergence Type Initial Conditions
Dependency

Explicitly
Assignable

Settling Time

Chattering Level and
Mitigation Strategy

Advantages/
Limitations

Terminal/Non-
singular Terminal

SMC [26–29]
finite-time highly dependent

no (cannot be
specified in

advance

high; requires
discontinuous sign

function or high
switching gains

guarantees finite
convergence but suffers

from singularity risks near
the origin or slower

response under large
initial errors.

Fixed-Time
SMC [6,7] fixed-time fully independent

no (implicit
function of
controller

parameters; cannot
be set freely)

medium to high;
highly sensitive to

fixed gain variations

provides an upper bound
on settling time for all
initial states, but the

bound cannot be directly
designated by the

designer.

Observer-Based
SMC [40–43]

asymptotic or
finite-time

(dependent on the
core algorithm)

variable (depends
on baseline
controller)

no (controlled by
observer tracking

bandwidth)

low; mitigated via
feedforward

compensation of
lumped disturbances

effectively reduces the
burden on the switching
law, but observer tuning
becomes highly sensitive
under sudden load steps.

Proposed PTASMSC predefined-time
Tp = Tp1 + Tp2

fully independent
yes (freely assigned

a priori by the
designer)

negligible; suppressed
via a continuous tanh
(μs) law and adaptive
dual-gain structure

breaks the fast-tracking vs.
chattering trade-off;

incorporates a switchable
power exponent k for

trajectory shaping.
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The rest of this paper is arranged as follows. Section 2 presents the PMSM plant model and the
derivation of the lumped disturbance. Section 3 presents the theoretical foundation and realization of
the proposed PTASMSC. Section 4 presents numerical simulation and HIL results based on benchmark
comparisons. Section 5 provides concluding remarks and future work.

2 System Formulation and Preliminaries

2.1 PMSM Mathematical Model
The dynamic behavior of the surface-mounted PMSM is described in the synchronously rotating d–q

reference frame. To derive a tractable model, motor iron-core saturation, eddy-current losses, and hysteresis
effects are neglected. Additionally, for the surface-mounted topology, rotor saliency is absent, so the d–q axis
stator inductances are equal: Lq = Ld = Ls . When representing the PMSM in the d–q reference frame, the
motor stator voltages are described by the following relations [44]:

Vd = Rid − Lq iqωe + Ld
did

dt

Vq = Riq + Ld id ωe + ωe φ f + Lq
diq

dt
(1)

where Vd , Vq are the stator voltages; id , iq represent the stator current components; R is the resistance of the
stator; φ f is the motor permanent magnet flux linkage; and ωe represents the rotor electrical angular speed.
Under the FOC strategy with id = 0, Thus, electromagnetic torque simplifies to:

Te =
3
2

pnφ f iq (2)

where pn denotes the number of motor pole pairs. The following dynamic equation of the PMSM gives the
rotational behaviour of the rotor shaft.

Te − TL = J dωm

dt
+ Bωm (3)

where B is the viscous friction coefficient, TL is the load torque, J is the rotor moment of inertia, ωm represents
the mechanical angular speed.

2.2 Uncertainty and Disturbance Formulation
In real motor operating conditions, the parameters J and B do not remain constant and may change

with time. Decomposing each into a nominal value and an uncertain increment, (3) becomes:

Te − TL = (J + ΔJ) dωm

dt
+ (B + ΔB)ωm (4)

Rearranging (4) and collecting all uncertain and load terms on the right-hand side yields:

Te = J dωm

dt
+ Bωm + ΔJ dωm

dt
+ ΔBωm + TL (5)

Let x = ωm denote the state variable, (5) is recast as the compact state-space equation:

ẋ=Te

J
− Bx

J
+ D (6)
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The term D aggregates all disturbance contributions into a single lumped quantity, defined as:

D = −(ΔJ
J

dωm

dt
+ ΔB

J
ωm +

TL

J
) (7)

The derivative of D is assumed to remain within known bounds, i.e., ∣Ḋ∣ ≤ β, where β is a positive
constant. This assumption is standard in disturbance-observer design [26] and is readily satisfied under
realistic operating conditions. To facilitate controller synthesis, the speed tracking error and its rate of change
are considered as follows:

e1 = ωm
∗ − ωm (8)

e2 = ė1

where ωm
∗ is the desired reference speed. Differentiating e1 and substituting (6) gives:

ė1 = ω̇∗m −
Te

J
+ B

J
x − D (9)

Eqs. (6)–(9) constitute the complete plant model on which the proposed PTASMSC controller and its
disturbance observer are designed in the following sections. The lumped disturbance D, defined in (7) as

D = −(ΔJ
J

dωm

dt
+ ΔB

J
ωm +

TL

J
), satisfies ∣D∣ ≤ β. For PI speed regulator drives, the error dynamics of (9) are

expressed as ė1 = −kpe1 − ki ∫ e1dτ + D; for any non-zero D, this yields a persistent steady-state error ess =
D/ki ≠ 0, which fixed gains cannot eliminate, kp and ki alone. Sliding mode control resolves this structurally:
a surface s(e1, e2) = 0 is designed so that, once reached, the closed-loop dynamics are independent of all
matched disturbances satisfying ∣D∣ ≤ Dmax , and (e1 , e2) → 0 is guaranteed. The classical linear surface
s = ce1 + e2 confines convergence to (e1 , e2) → 0ast →∞; finite-time convergence requires a fractional-
power or nonlinear surface term. Furthermore, the nominal discontinuous switching control us = −εsign(s)
implemented at the sampling rate fs produces chattering of amplitude O(ε/ fs), exciting current ripple and
mechanical resonances. Both limitations, asymptotic-only convergence and chattering, are addressed by the
predefined-time nonlinear surface and tanh() approximation.

3 Proposed Controller Design

3.1 Predefined-Time Stability and Lyapunov Foundations
This section presents the stability definitions and the predefined-time Lyapunov theorem that underpin

the controller design in this section. Consider a nonlinear system ẋ = φ (x, t) , x(0) = x0 ∈ Rn , φ(0, t) = 0.
Definition 1: The origin of the finite-time stability requires Lyapunov stability and the existence of a settling-
time function T ∶Rn → (0,∞) such that the state x(t) becomes zero for all t ≥ T(x0) [29,45]. In general, T(xo)
grows with ∥x0∥ and cannot be bounded independently of xo .
Definition 2: The origin of the fixed-time stability is ensured when convergence occurs within finite time, and the
settling time admits a uniform upper bound Tmax > 0, independent of the initial state, such that T(xo) ≤ Tmax
for all x0 ∈ Rn [45]. However, Tmax is an implicit function of the controller parameters and cannot be specified
freely.
Definition 3: Predefined-time stability holds for the origin when fixed-time stability is satisfied, and a
constant settling-time bound Tp > 0 is specified independently of the initial condition and system and controller
parameters [46]. The designer specifies Tp a priori; the remaining controller gains are then derived from it.
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The following theorem, proved in full in [47], provides a flexible Lyapunov sufficient condition for
predefined-time stability with a switchable power exponent. It is the theoretical foundation for the sliding
surface (8) and control law (10).
Theorem 1: Flexible predefined-time stability: establishes the generalized Lyapunov foundation for predefined-
time stability. Assume V ∶Rn → (0,∞) is a positive definite Lyapunov function with continuous differentiability.
Therefore, the core differential inequality is formulated as:

V̇ ≤ −

ln3
2 − 2k + δ

+ ln3
2k + δ − 2

Tp
(2V + V k+(δ/2)−s i gn(V−1)) (10)

where Tp is the predefined time which is greater than one, 1 ≤ k < 2, 0 < δ < 1, and 2k < 2 + δ; under these
conditions, the system achieves predefined-time stability with T(x0) ≤ Tp for all x0 ∈ Rn . The power term k +
(δ/2) − sign (V − 1) represent switching exponent.
Remark 1: Setting k = 1 in (10) recovers the symmetric predefined-time condition of [15,18–23] based on fixed
exponents (1 − δ/2) and (1 + δ/2). The parameter k ∈ (1, 2) is therefore a strict generalisation: every prior result
with symmetric 1 ± exponents is a special case k = 1 of Theorem 1.

3.2 Predefined-Time Adaptive Sliding Mode Speed Control
In the FOC architecture, the d-axis motor reference current is set to in i∗d = 0, decoupling magnetic flux

and torque control so that the motor electromagnetic torque is regulated solely through the q-axis motor
current. The inner current control loops are assumed to operate with sufficiently high bandwidth such that in
id = 0 and iq ≈ i∗q at all times, where i∗q is the q-axis reference current, which is produced by the outer speed
controller. The speed control objective is to drive the rotor’s mechanical speed ω to track a smooth reference
ω∗r within a user-specified predefined time Tp = Tp1 + Tp2, despite disturbances and parameter variations.

Define the tracking error of the motor speed as:

e = ω∗r − ω (11)

Differentiating (11) and substituting the motor mechanical dynamics (3) yields the error dynamics:

ė = ω̇∗r −
Kt i∗q − TL − Bω + Δ(t)

J
(12)

The nominal value of the load torque TL is set to zero when unknown for practical robust nature con-
sideration.

To facilitate controller design, define the computable feedforward term F(ω, t) and the bounded
normalised disturbance d(t) as:

F (ω, t) = ω∗r +
TL + Bω

J
(13a)

d(t) = −Δ(t)
J

, ∣d(t)∣ <= dmax (13b)
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Substituting iq ≈ i∗q (nominal inner-loop assumption), the error dynamics simplify to:

ė = F (ω, t) − u + d(t) (14a)

u = Kt

J
i∗q (14b)

The predefined-time control problem reduces to designing u (equivalently i∗q via (14b)) such that the
error system (14a) achieves predefined-time stability with a settling time bounded by Tp = Tp1 + Tp2.
Assumption 1: The lumped disturbance d(t) remains within a known bound, such that, ∣d(t)∣ = dmax for all
t ≥ 0. where dmax considered as a known constant.

Now, from Theorem 1 and the error dynamics (7a), a novel predefined-time adaptive sliding mode
surface is established for the speed loop of PMSM. The sliding surface is formulated as:

s = e + ∫
t

0

⎛
⎝

c1e + c2 ∣e∣2k−1+δsi gn(∣e∣−1) ⎛
⎝

β1 ∣e∣b +
β2

∣e∣b
⎞
⎠
⋅ tanh (e)

⎞
⎠

dτ (15)

where c1 and c2 are defined consistently with Theorem 1 as:

c1 = 2.

ln3
(2 − 2k + δ) +

ln3
2k + δ − 2

Tp1
(16a)

c2 =

ln3
(2 − 2k + δ) +

ln3
2k + δ − 2

2Tp1
(16b)

where constraints 1 ≤ k < 2, 0 < δ < 1, 2k < 2 + δ, β1 > β2 > 1, 0 < b < 1, and Tp1 > 0 is the designer-specified
convergence time for the sliding phase. The developed PTASMSC law will generate motor reference q-axis
current as:

i∗q =
J

Kt

⎛
⎝

F (ω, t) + c1e + c2 ∣e∣2k−1+δsi gn(∣e∣−1) ⋅
⎛
⎝

β1 ∣e∣b +
β2

∣e∣b
⎞
⎠
⋅ tanh(e) + c4s

+c5 ∣s∣2k−1+δsi gn(∣s∣−1) ⋅
⎛
⎝

β1 ∣s∣b +
β2

∣s∣b
⎞
⎠
⋅ tanh(s) + ε ⋅ tanh(s)

⎞
⎠

(17)

The gains c4 and c5 are defined analogously to c1 and c2 but with Tp1 replaced by Tp2:

c4 = 2.

ln3
(2 − 2k + δ) +

ln3
2k + δ − 2

Tp2
(18a)

c5 =

ln3
(2 − 2k + δ) +

ln3
2k + δ − 2

2Tp2
(18b)

The disturbance compensation gain ε must satisfy:

ε ≥ dmax (19)



Energy Eng. 2026;123(11):6 9

where Tp2 > 0 is the predefined reaching time. The total predefined convergence time for the speed tracking
error is Tp = Tp1 + Tp2, which depends solely on the designer-chosen constants Tp1 and Tp2, and they are
independent of all system initial conditions. The structure of the proposed FOC-based PMSM drive with
the proposed PTASMSC in the outer motor speed loop is illustrated in Fig. 1. The proposed PTASMSC is
responsible for generating the motor reference current i∗q , which is tracked by inner PI current controllers
through Park/Clarke transformations and an SVPWM inverter. The detailed structure and the flowchart of
the proposed PTASMSC controller are depicted in Figs. 2 and 3, respectively.

3.3 Controller Stability Analysis
This subsection provides a rigorous proof that the proposed control schemes (15)–(19) ensures that the

tracking speed error of the motor converges to zero according to the predefined time Tp = Tp1 + Tp2.
Theorem 2: Consider the PMSM speed error dynamics (8) under Assumption 1. With the sliding surface defined
by (15) and the control law defined by (17)–(19), the following holds:

(i) When the error trajectory lies on the sliding surface ( s = 0), the speed tracking error e(t) converges to zero
within the predefined time Tp1.

(ii) Starting from any initial condition, the tracking speed error of the motor reaches the sliding surface
within the predefined time Tp2. Consequently, e(t) → 0 within the total predefined time Tp = Tp1 + Tp2,
independent of all initial conditions.

Figure 1: Detailed block diagram of the FOC of PMSM drives using proposed PTASMSC for speed loop and PI
controllers for current loop.



10 Energy Eng. 2026;123(11):6

Figure 2: Algorithmic block configuration of the proposed PTSMC for speed control using nonlinear error mapping
and adaptive dual-gain surface feedback path.

Figure 3: Operational flowchart of the proposed PTASMSC for PMSM drives showing the execution procedure from
parameter reading to final generation of reference quadrature current (i∗q ).
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(A) Proof (Phase 1—convergence of the sliding surface)
When s = 0, the Lyapunov function candidate is considered:

V1 =
1
2

e2 (20)

Differentiating (20):

V̇1 = eė (21)

Setting s = 0 and differentiating (15) with respect to time gives ṡ = 0, from which the reduced error
dynamics on the sliding surface are:

ė = −
⎛
⎝

c1e + c2 ∣e∣2k−1+δsi gn(∣e∣−1) ⋅
⎛
⎝

β1 ∣e∣b +
β2

∣e∣b
⎞
⎠
⋅ tanh(e)

⎞
⎠

(22)

Substituting (22) into (21):

V̇1 = −c1e2 − c2 ∣e∣2k+δsi gn(∣e∣−1) ⋅
⎛
⎝

β1 ∣e∣b +
β2

∣e∣b
⎞
⎠
⋅ tanh(e) (23)

The given adaptive function h (e) = (β1∣e∣b + β2/∣e∣b) attains its global minimum hmin(e) =
2
√

β1β2 ≤ 2 by using the arithmetic mean and geometric mean (AM–GM) inequality, since β1 > β2 > 1,
tanh (e) ⋅ e ≥ 0and, c2 ∣e∣(2k+δ)s i gn(∣e∣−1) ≥ 0, then Eq. (16) satisfies:

V̇1 ≤ −c1e2 − 2c2 ∣e∣2k+δsi gn(∣e∣−1) (24)

Expressing the right-hand side in terms of V1 using e2 = 2V1 and ∣e∣∧ (2k + δ) = (2V1)∧ (k + δ/2), and
substituting definitions (16a) and (16b):

V̇1 ≤ −
l n3

2−2k+δ +
l n3

2k+δ−2
Tp1

(2V1 + V1
k+(δ/2)−s i gn(∣e∣−1)) (25)

Condition (25) exactly matches the predefined-time stability criterion of Theorem 1. Therefore, V1 (t) →
0 and e(t) → 0 within the specified predefined time Tp1. This completes the proof of Phase 1.

(B) Proof (Phase 2—convergence to the sliding surface)
The following Lyapunov function candidate is used for the reaching phase.

V̇2 =
1
2

s2 (26)

Its time derivative is:

V̇2 = sṡ (27)

Differentiating sliding surface of (15) with respect to time and using the error dynamics of Eq. (14a):

ṡ = F (ω, t) − u + d(t) + c1e + c2 ∣e∣2k−1+δsi gn(∣e∣−1) ⋅
⎛
⎝

β1 ∣e∣b +
β2

∣e∣b
⎞
⎠
⋅ tanh(e) (28)
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Substituting the control law (17) into (28), the feedforward term F(ω, t) and the error-feedback
component cancel exactly, yielding:

ṡ = d(t) −
⎛
⎝

c4s + c5 ∣s∣2k−1+δsi gn(∣s∣−1) ⋅
⎛
⎝

β1 ∣s∣b +
β2

∣s∣b
⎞
⎠
⋅ tanh(s)

⎞
⎠
− ε ⋅ tanh(s) (29)

Therefore, the derivative of the V̇2 becomes:

V̇2 = s ⋅ ṡ <= s ⋅ d(t) −
⎛
⎝

c4s2 + c5 ∣s∣2k+δsi gn(∣s∣−1) ⋅
⎛
⎝

β1 ∣s∣b +
β2

∣s∣b
⎞
⎠
⎞
⎠
− ε∣s∣ ⋅ tanh(s) (30)

Since ∣d(t)∣ ≤ dx
ma ≤ ε∣ from condition (19), and ∣s∣ .tanh(s) > 0 for s ≠ 0, the disturbance term is

dominated by compensation term: s.d (t) ≤ ε ∣s∣ .hanh(s). Applying the same adaptive function bound
hmin ≥ 2, Eq. (23) reduces to:

V̇2 ≤ −(c4s2 + 2c5 ∣s∣2k+δsi gn(∣s∣−1)) (31)

Expressing in terms of V̇2 using s2 = 2V̇2 and substituting definitions (18a) and (18b):

V̇2 ≤ −

ln3
(2 − 2k + δ) +

ln3
2k + δ − 2

Tp2

⎛
⎜⎜
⎝

2V2 + V2
k+

δ
2

s i gn(∣s∣−1)⎞⎟⎟
⎠

(32)

By Theorem 2, condition (32) guarantees V2(t) → 0, hence s(t) → 0, within the predefined time Tp2.
Once the sliding surface is reached at t = t1 ≤ Tp2, Phase 1 guarantees e(t) → 0 within an additional interval
Tp1. Therefore, the total speed tracking error converges to zero within Tp = Tp1, for all initial conditions.
Remark 2: The settling time T(x0) for the closed-loop control system satisfies T (x0) ≤ Tp = Tp1 ≤ Tp = Tp1 +
Tp2 for all xo ∈ Rn , where Tp1 , Tp2 > 0 are freely assigned scalars independent of all system parameters. This
contrasts with finite-time stability, where T ≈ c1 ∣xo ∣ α grows with ∣xo ∣, and with fixed-time stability, where
T x

ma = f (k, δ) is implicit in the controller gains. The designer selects Tp1 and Tp2, and this leads to a shift in the
convergence time without modifying any other controller parameters.
Remark 3: The parameter k ∈ (1, 2)modulates the power exponents k = ±δ/2 in the Lyapunov inequality (18).
Lemma 2.2 shows that the baseline predefined-time stability is ensured by choosing the symmetric power
exponents 1 ± δ/2 as the baseline. Setting k = 1 scales the flexible power exponents (k ± δ/2) back to this
standard symmetric configuration. For k > 1, the upper exponent k + δ/2 > 1, which steepens the decay rate V1
for V1 > 1, while constraint 2k < 2 + δ keeps k − δ/2 < 1, preserving finite-gain behavior for V1 < 1. Because the
sign (∣e∣ − 1) switching couples both branches non-linearly, the net reduction in settling time is not monotone in
k; the recommended tuning sequence is: fix Tp1, Tp2, then sweep k ∈ (1, 2) and δ ∈ (0, 1) subject to 2k < 2 + δ.

Remark 4: Define h (e) = β1 ∣e∣b + β2 ∣e∣b . By the AM–GM inequality, h (e) ≥ 2
√

β1β2 = hmin for all e ≠ 0,
with equality at ∣e∣ = (β2/β1)1/b . As ∣e∣ → ∞, h(e) ∼ β1∣e∣b →∞; as ∣e∣ → 0, h(e) ∼ β2/∣e∣b →∞. Conse-
quently, the effective nonlinear gain c2h(e)∣e∣n on the surface (8) satisfies c2h(e)∣e∣n ≥ c2hmin ∣e∣n ≥ 2c2∣e∣n ,
which underpins the bound in (17), while growth at both extremes accelerates convergence beyond what a
fixed-gain term c2∣e∣n alone achieves.
Remark 5: The substitution sign(⋅) → tanh(μ) with μ = 100 introduces the pointwise approximation
error ∣sign (s) − tanh (μs)∣ = 1 − tanh (μ ∣s∣) ≤ 2e−2Tx . This modifies inequality (24) to V̇2 ≤
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−(c4s2 + 2c5 ∣s∣n sign (∣s∣ − 1)) + ρ(s), where ρ (s) = ε ∣s∣ (1 − tanh (μ ∣s∣)) ≤ 2ε ∣s∣ e−2Tx . Since ρ (s) → 0
exponentially as μ →∞, trajectories converge to a residual set of radius O(e−2Tx /μ); for μ = 100, this is
numerically negligible. Simultaneously, the continuous signal tanh(100s) eliminates the discontinuous switching
that causes current chattering in the q-axis reference i∗q .

4 Results and Discussion
This section of the article investigates the validity and robustness of the proposed PTASMSC of

SMPMSM drive through six case studies that have been simulated in MATLAB/Simulink and experiments
in hardware-in-the-loop (HIL) based on an OPAL-RT platform. The two inner PI current controllers of the
FOC are implemented with a bandwidth equal to ten times the outer speed loop. The parameters of the
SMPMSM that were used for verification purposes are given in Table 2.

Table 2: PMSM electrical and mechanical parameters.

Parameter Symbol Value Unit
Stator resistance R 0.958 Ω

Pole pairs pn 4 —
PM flux linkage φ f 0.1827 V⋅s

Stator inductance Ls 0.000835 H
Moment of inertia J 0.003 kg⋅m2

Viscous friction B 0.008 N⋅m⋅s/rad

Case 1: Controller’s parameters tuning: The design parameters govern the proposed PTASMSC
controller, Eqs. (15)–(19), and the evolution of three key parameters across the two simulation versions is
summarized in Table 3. The key tuning parameters of the proposed PTASMSC V2 based on the sliding gain
coefficient (c1), hyperbolic tangent smoothing factor (μ), and adaptive disturbance compensation gain (ε)
are thoroughly analyzed and compared to the standard baseline configuration V1 as shown in Fig. 4.

Table 3: Controller parameter evolution.

Parameter Symbol V1 V2
Exponent k 1.2 1.1

Switching coeff. δ 0.5 0.8
A1 = 2 − 2k + δ 0.10 0.60

Gain c1 = c4 s−1 464 60
Predefined times Tp1 = Tp2 0.05 s 0.08 s

tanh factor μ 100 50
Sign smooth v — 10
Disturbance ε 5 50
Output filter τp 0 0
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Figure 4: Quantitative comparison of critical controller tuning parameters for V̇1 and V̇2 version: (a) gain coefficient
c1 reduced 7.8× by dual-gain surface adjustment (b) dynamic boundary layer variation through tanh smoothing factor
μ and (c) disturbance compensation gain ε = 50.

Moving from v1 to v2 attenuates the required switching gain c1 from 464 s−1 to a conservative 60 s−1.
This achieves identical tracking convergence speed while relaxing unnecessary high-gain control stress on
the PMSM drive system by an absolute reduction of the primary switching gain magnitude by a factor of
7.8 through selecting A1 = 0.6 instead of 0.1, suppressing chattering to approximately 0.55 A peak-to-peak
as illustrated in Fig. 4a. The tuning factor μ is moderated from 100 down to 50. This smoothly doubles
the functional boundary layer width (δb = 1/μ) from 0.010 to 0.020 (rad/s), providing exceptional high-
frequency chattering mitigation without compromising tracking precision as shown in Fig. 4b. From Fig. 4c,
it can be observed that V1 violates the sliding reaching condition because ε = 5, which is much less
than dmax = 1000 rad/s2, leaving it vulnerable to sliding phase breakdown. Conversely, the proposed V2
configuration safely boosts the adaptive disturbance compensation gain threshold to ε = 50, ensuring robust,
invariant tracking performance against severe off-scale load variations. Finally, the transition process from
the controller V1 to V2 are summarized in Table 4.

Table 4: Summary of controller evolution.

Metric Version (V 1) Version (V 2) Improvement Result

Gain (c1) 464 rad s−1 60 rad s−1 7.8× reduction; lower sensitivity to noise and
less actuator strain.

Smoothing (μ) 100 50 2× wider boundary layer (0.020 rad/s);
significantly reduces chattering.

Robustness (ε) 5 rad s−2 50 rad s−2 10× increase; moves toward satisfying the
reaching condition for disturbance rejection.

Case 2: Performance of step response at no load torque: The comparison of the motor speed step
response between the proposed PTASMSC controller, conventional PI controller, and the PTSMC at 200
(rad/s) reference speed and no-load torque is visualized in Fig. 5a. The stator current in the q-axis has been
verified using the aforementioned controller, and the results are illustrated in Fig. 5b.

It is clear from the comparison results that the dynamic performance of the proposed PTASMSC strategy
is better than that of the conventional methods. The conventional PI controller has a substantial overshoot
of 20% and a settling time of 0.25 s. The PTSMC is able to eliminate this overshoot and reduce settling
time to 0.05 s while introducing a longer rise time. In contrast, the proposed PTASMSC achieves the most
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efficient response, reaching the 200 rad/s reference in 0.03 s in a completely stable manner with no overshoot
or oscillation. The convergence is very fast, which validates the efficiency of the adaptive predefined-time
mechanism to improve the dynamic performance of motor drive systems.

Figure 5: Step response simulation results under 200 (rad/s) step speed command at zero load torque (a) rotor
mechanical speed track highlighting 0% overshoot and a 0.03 s settling time for the proposed PTASMSC, (b) Iq stator
current (A).

Case 3: Performance of reversal speed at no load torque: As shown in Fig. 6a, the performance of
the developed PTASMSC controller is tested by abruptly changing the motor speed from 250 (rad/s) to
−250 (rad/s) at 0.4 s after motor running with no load and comparing the results with both PI and PTSMC
controllers. Among the other two controllers, the proposed PTASMSC successfully combines the benefits
of high-speed tracking capability with high stability. It mitigates the overshoot of the linear PI control and
overcomes the sluggish response in speed characteristic of standard PTSMC. This makes it the most effective
and powerful approach for motor speed control under these specific test conditions. The performance of the
motor current in the q-axis at 0.4 s speed reversal is illustrated in Fig. 6b. The result confirms the superiority
of the proposed PTASMSC in disturbance rejection, minimizing the current stress (peak magnitude), and
providing the fastest stabilization.

Figure 6: Dynamic response evaluation during a motor high-speed four-quadrant step from +250 (rad/s) to −250
(rad/s) executed at t = 0.4 s (a) motor speed tracking comparison presenting linear overshoot mitigation, (b) quadrature
current transient showing optimized peak current containment.
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Case 4: Performance of step response at 5 N⋅m load torque: Fig. 7a shows a comprehensive compara-
tive analysis of the motor speed response when a reference speed of 250 (rad/s) and a 5 N⋅m load torque are
applied at 0.4 s. The results confirm that the proposed PTASMSC successfully enhances the anti-disturbance
capability. By integrating a switchable power exponent and dual-gain surface, the controller provides an
optimized balance of high-speed tracking and robust disturbance rejection, making it idealized for high-
performance industrial applications. The transient response of the quadrature current Iq for the compared
control strategies is illustrated in Fig. 7b. It can be observed that the proposed PTASMSC achieves the best
balance between high-speed transient response and robust disturbance rejection. By introducing a high-
amplitude, fast-converging torque current, it eliminates the oscillatory tendencies of classical PI control and
the sluggishness of standard sliding mode techniques.

Figure 7: Anti-disturbance verification at 250 (rad/s) motor speed with a sudden 5 N.m load torque applied at 0.4 s
(a) motor speed droop profile shows minimized 0.04% speed drop, (b) Iq current adjustment at 0.01 s recovery time.

Case 5: Speed step change response performance: Fig. 8a shows the speed response performance of
the motor drive under different step speed commands, and Fig. 8b shows the stator q-axis current response
of the three control strategies. The reference speed is 50 (rad/s) at the starting instant, 200 (rad/s) after
0.26 s, and 100 (rad/s) at 0.52 s respectively. The results show that the PTASMC achieves better performance
compared to the other two methods in motor speed control of the three. It minimizes the compromise of
fast response time and stability, and allows fast tracking without overshoots as found with conventional PI
control. It is also well adapted for high-performance applications where exactness and rapid recovery from
disturbances are important. Both the PTSMC and the PTASMC exhibit the “predefined-time” property; the
error tends to zero after a finite amount of time from the step change, no matter what the initial conditions are
or how large the step change is. The PTASMC is very stable at the speed drop at 0.52 s. The PI controller takes
nearly 0.2 s to converge, and the PTASMC achieves convergence very quickly. After the predefined time, all
three controllers converge to the reference; the steady state signal of the sliding mode variants PTSMC and
PTASMC is very clean, without chattering as is generally seen with standard SMC.

To provide a rigorous benchmark evaluation, Table 5 outlines the quantitative performance metrics of
the conventional PI, standard PTSMC, and the proposed PTASMSC strategies under both transient startup
and sudden load disturbance conditions. The proposed PTASMSC has a settling time of 0.03 s during the no-
load startup transient, which is 75% and 41.67% faster than conventional PI (0.14 s) and conventional PTSMC
(0.06 s), respectively. The fast tracking is believed to be due to the proposed switchable power exponent
mechanism which dynamically changes the contraction trajectory according to the size of the state-space
error margin.
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Figure 8: Multi-step motor speed tracking profile under varying reference sequences 50 (rad/s) to 200 (rad/s) to 100
(rad/s) (a) motor speed response showing condition-independent predefined-time tracking (b) transient Iq current
response validating seamless stabilization.

Table 5: Quantitative analysis of conventional PI, PTSMC, and proposed PTASMSC controllers under transient and
load disturbance conditions.

Operational
Case/Scenario

Performance
Metric Conv. PI Standard PTSMC Proposed PTASMSC

Case 2: No-Load Step
Response (200 rad/s

step command)

Maximum
overshoot (os%) 19% 1.22% 0.48%

Startup settling time
(ts) 0.14 s 0.06 s 0.035 s (75% speedup)

Dynamic tracking
quality

Substantial overshoot
and oscillations

Overshoot
eliminated; longer

rise time

Highly efficient, rapid
and stable

Case 3: High-Speed
Reversal (+250 to −250

rad/s at t = 0.4 s)

Overshoot
mitigation

Poor (linear
overshoot present)

High (sluggish step
response)

Complete overshoot
mitigation

Stabilization
duration

Slow tracking
recovery

Delayed transition
settling Fastest stabilization

Transient current
stress (iq)

High peak current
stress

Continuous periodic
ripple

Optimized peak
current containment

Case 4: Sudden Load
Torque Step (5 N⋅m

abrupt load at t = 0.4 s)

Speed drop ratio
(Δω%) 6.25% 0.30% 0.025% (negligible)

Disturbance
recovery time (trec) 0.045 s 0.012 s 0.002 s

(near-instantaneous)
Peak quadrature
current (iqmax ) ≈25A >35A (saturated) ≈24 A (optimized)

Case 5: Variable
Step-Speed Command

(Multi-step tracking
performance)

Transition tracking
accuracy

Degradation during
transitions

Sluggish transient
adjustments

Highly precise
tracking

Steady-state
chattering (iq)

Medium chattering
level

Low (with periodic
ripple) Negligible

Stator current
profile

Oscillatory under
varying steps

Noticeable
high-frequency ripple

Smooth current
trajectory
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In addition, the proposed control framework has greater anti-external load disturbance stiffness when
subjected to abrupt external load disturbance of 5 N.m. Furthermore, the proposed control framework has
better anti-external load disturbance stiffness when it is subjected to 5 N.m abrupt external load disturbance.
The maximum dynamic speed drop is precisely kept to a minimal value of only 0.05 rad/s, corresponding
to a speed drop ratio of almost 0.025%. By contrast, the conventional PI controller suffers a severe transient
deceleration of 12.5 rad/s (6.25% speed drop ratio) while the base line of the conventional PTSMC has
a drop of 0.60 rad/s (0.30% speed drop ratio). This is a 95.6% decrease in speed deviation along the PI
loop and an 81.67% increase compared to the baseline PTSMC. At the same time, the speed recovery time
(trec) is reduced to an ultra-fast value of 0.002 s, which proves that the adaptive dual-gain surface very
quickly estimates and nullifies the lumped disturbance vector. Lastly, the steady-state tracking error is shown
to be very tightly bounded to a very small tracking error band of ±0.01 rad/s. These comparative results
clearly show the proposed PTASMSC method is able to overcome the classic engineering trade-off between
chattering suppression at high frequencies and aggressive disturbance rejection in high performance PMSM
drive applications.

Case 6: Proposed controller evaluation using four types of disturbance profiles: In this case, a number
of comprehensive simulation tests were then performed at a fixed reference speed of 200 rad/s for the
aim assessing of the tracking resilience and disturbance rejection performance of the control loops under
four challenging disturbance types. Under these disturbances, the comparative study of the conventional
PI controller, PTSMC, and the proposed PTASMSC strategy is shown in Fig. 9. For an abrupt step load
change as shown in Fig. 9a, the linear integrator propagation delays result in a significant speed droop in
the PI loop, despite this, the Improved PTSMC reduces the speed droop recovery time, but it still exhibits
an obvious droop; on the other hand, the Proposed PTASMSC shows an outstanding dynamic stiffness,
with small speed deviation and quickly brings back the tracking errors to zero within its pre-defined time
window. For continuous sinusoidal disturbances as illustrated in Fig. 9b, time-varying periodic loads cause
permanent phase lag in the PI loop, and bounded oscillations in the Improved PTSMC, while the Proposed
PTASMSC completely decouples the ripple by means of the real-time dual-gain adaptive mechanism. In case
of high-frequency cogging torque pulsation as depicted in Fig. 9c, the trajectory of the PI loop is distorted,
and fixed-gain interactions result in severe chattering phenomenon in the Improved PTSMC, however, the
proposed PTASMSC uses an adaptive layer of singularity free design to eliminate the disturbance with high
fidelity and smooth regulation. Lastly, when the PI loop is subject to heavy jitter while under concurrent
stochastic noise and parameter variation in rotor inertia J and flux linkage φ f as demonstrated in Fig. 9d, the
proposed PTASMC shows a high sensitivity to noise, while the Proposed PTASMSC still maintains very good
tracking integrity demonstrating that the switchable power exponent and dual-gain surface provide excellent
parameter insensitivity and robustness to the PI loop under heavy jitter and concurrent stochastic noise.

Table 6 is a summary of the quantitative performance comparison of the three control strategies for
different challenging disturbance profiles. The metrics are based on tracking accuracy, transient response,
quality of control effort (chattering), and robustness to parameter uncertainties.

Case 7: Experimental performance response using HIL: To verify the practical applicability of the
developed PTASMSC controller, HIL simulations are conducted using OPAL-RT. The Fig. 10 shows the
reference and the measured motor rotor speeds with the reference motor speed set to 100 (rad/s). The actual
motor speed tracks the reference within a short time and achieves zero steady-state error. Fig. 11 presents the
speed response for a reference speed of 200 (rad/s), which demonstrates the fast dynamic response of the
controller. Fig. 12 illustrates the PMSM response under a sudden change in reference speed from 100 (rad/s)
to 200 (rad/s).
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Figure 9: Motor speed tracking under 200 (rad/s) reference speed (a) abrupt step load change (b) continuous sinusoidal
disturbance (c) cogging torque pulsations (d) stochastic noise and parameter shifts.

Table 6: Performance comparison of four disturbance profiles.

Conv. PI Standard PTSMC Proposed
PTASMSC

(1) Abrupt Step Load
(5 N.m step torque at t =

0.4 s)

Peak speed droop (rad/s) 18.50 4.50 0.08 (0.04%)
Recovery/settling time (s) 0.150 0.040 0.010

Current chattering (i∗q
ripple) Negligible Severe Minimized

(2) Continuous Sinusoidal
Load

Tl = 3 + 2 sin (10πt)
N.m

Tracking error ripple
(rad/s) ±4.20 ±1.10 ±0.05

Phase lag (deg) 28.4○ 4.5○ <0.5○
Total harmonic distortion

(THD) (iq) 11.3% 2.25% 1.38%

(3) Cogging Torque
Pulsations (6th and 12th

spatial harmonics)

Speed modulation ripple
(rad/s) ±1.50 ±0.40 <±0.01

Torque ripple factor (%) 12.4% 18.5% 3.2%
Steady-state bounds (rad/s) ±1.50 ±0.40 <±0.01

(4) Stochastic Noise and
Shifts
(σ 2 =

1.5 + 100%Rs ,+50%J)

Tracking standard dev.
(rad/s) 6.82 1.85 0.12

Convergence time (Tp)
Boundary Violated Preserved Fully bounded

System stability status Unstable/oscillatory Stable (high
chatter) Highly stable
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Figure 10: Real-time HIL experimental result capture on the OPAL-RT platform validating actual motor speed tracking
and zero steady-state error under a steady 100 (rad/s) reference motor speed.

Figure 11: Real-time HIL experimental result capture on the OPAL-RT platform displaying high-speed tracking
convergence and boundary layer stability for a steady 200 (rad/s) reference motor speed.

Figure 12: Real-time HIL experimental waveform capture on the OPAL-RT platform displaying the transient physical
response and tracking agility of the drive system during a sharp, step-wise speed alteration.
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5 Conclusions
A new predefined-time adaptive sliding mode speed control (PTASMSC) strategy based on switchable

power exponent and a dual-gain surface is proposed and validated in this paper for dynamic response
enhancement of SMPMSM drives. The adaptive sliding surface embedded with a dual-gain function
addresses a persistent limitation of fixed-gain sliding mode controllers: the corrective gain adjusts to
the instantaneous magnitude of the speed error, so the controller delivers high corrective action during
large transients and precise fine correction near the equilibrium without any compromise to the stability
proof. The guaranteed convergence time is determined entirely by two designer-specified constants and
remains independent of all initial conditions and motor parameters. Extensive simulation using MATLAB
and experimentation in hardware-in-the-loop on the OPAL-RT real-time platform under different motor
and load torque conditions have been conducted. Comparative results show that the proposed PTASMSC
performs much better than the conventional PI and PTSMC methods under various step-speed references
and sudden load torque disturbances. The quantitative analysis confirms that the proposed controller can
indeed provide an extremely fast tracking within a desired time window; in this case, a transient settling
time of only 0.035 s, which is 75% less than the conventional PI baseline, without any maximum overshoot
(0%). In addition, the adaptive dual gain allows for an even better robustness to external disturbances with
a maximum speed drop ratio of only 0.04% and a recovery time of almost zero, 0.01 s. Most significantly,
the switchable power exponent and dual-gain surface make the error converge quickly for large deviations
and prevent high-frequency chattering in the quadrature current (Iq) loop when the error is small in the
steady state. Therefore, the proposed PTASMSC provides deterministic predefined-time convergence and
chattering attenuation for the high-performance industrial PMSM speed regulation application.

Future work will pursue two directions. The first is an investigation of the nonlinear relationship between
the switchable power exponent and the actual settling time, intending to derive a closed-form expression
that replaces the current simulation-based tuning step. The second is an extension of the predefined-time
technique to more complex drive configurations, including multi-motor systems and drives subject to
demagnetization and inter-turn fault conditions, where the structural robustness of the predefined-time
approach may offer a particular advantage.
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