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Abstract

In response to the severe chattering, slow dynamic response, and limited disturbance
rejection capability of switched reluctance motor (SRM) drive systems under conventional
control methods, this paper develops an improved nonsingular fast terminal sliding mode
controller (INFTSMC). An integral sliding surface is first designed to eliminate the steady-
state tracking error. An adaptive exponent and an improved double-power reaching law
are then introduced to enhance the convergence performance. In addition, a smooth hy-
perbolic tangent approximation and a boundary layer design are employed instead of the
conventional signum function to suppress chattering while maintaining a rapid response.
Theoretical analysis demonstrates that the sliding variable is globally asymptotically stable
and enters any prescribed neighborhood of the origin within a fixed time independent of
the initial condition, thereby establishing practical fixed-time convergence rather than exact
finite-time stability. Furthermore, an error-dependent bandwidth scheduling mechanism is
incorporated into the modified super-twisting observer, resulting in an adaptive bandwidth
modified super-twisting observer (AB-MSTO) for load torque estimation and compensation.
The proposed bandwidth scheduling mechanism improves the balance between transient
estimation speed and steady-state noise sensitivity. Finally, a MATLAB/Simulink simu-
lation platform is constructed to evaluate the proposed control strategy. The simulation
results demonstrate that the proposed INFTSMC combined with the AB-MSTO improves
the dynamic speed regulation performance and disturbance rejection capability of the SRM
drive system under different operating conditions.

Keywords: switched reluctance motor; nonsingular fast terminal sliding mode control;
integral sliding surface; improved double-power law; adaptive bandwidth-modified
super-twisting observer; load torque estimation

1. Introduction

In recent years, the rapid growth of new energy vehicles, electric aviation, and high-
performance industrial servo systems has driven motor drives toward higher power density,
efficiency, and reliability, thereby imposing more stringent requirements on both the mo-
tor and its control strategy. Owing to its simple structure, high mechanical robustness,
high-temperature capability, rare-earth-free design, high starting torque, and wide speed
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regulation range, the switched reluctance motor has attracted substantial attention in appli-
cations such as electric vehicles, rail transportation, and industrial drives [1]. In addition,
in starter/generator systems, the SRM is widely regarded as a promising candidate for
aviation electrification because of its inherent reliability and fault-tolerant capability [2].
Nevertheless, the doubly salient structure and strong magnetic nonlinearity of SRMs lead
to pronounced electromagnetic torque ripple, significant acoustic noise, and challenges in
accurate modeling [3-5]. These issues become more severe under wide speed and high-
torque operation, where torque fluctuations can further evolve into speed oscillations and
mechanical vibration, limiting SRM deployment in high-performance drives. Therefore,
while preserving the structural simplicity and cost advantages of SRMs, improving speed
smoothness and disturbance rejection while further suppressing torque ripple remains
a key research challenge.

To address the above challenges, extensive efforts have been made worldwide from
the perspectives of machine design, power conversion/drive, and control. From the control
perspective, existing high-performance SRM speed regulation studies can be broadly clas-
sified into three technical directions. First, intelligent optimization and adaptive control:
Ref. [6] develops an ANFIS-based control architecture optimized using the Border Collie
Optimization algorithm for rotor position estimation and torque ripple minimization in
an 8/6 SRM. Ref. [7] proposes a two-stage adaptive strategy for speed regulation and
torque ripple optimization in electric vehicle applications, where particle swarm optimiza-
tion is used offline to obtain initial parameters and extremum seeking is employed for
online refinement, achieving improved speed tracking and torque smoothness over a wide
operating range. However, such methods may involve complex optimization procedures
and rely heavily on accurate system modeling and parameter tuning. Second, robust
speed regulation based on active disturbance rejection control (ADRC): Ref. [8] develops
an ADRC-based integrated control strategy for bearingless SRMs to improve the dynamic
and steady-state performance of torque and suspension force control systems. Ref. [9]
introduces an autoswitching upgraded ADRC scheme to balance transient response and
steady-state accuracy under varying operating conditions; however, the performance of
ADRC-based methods may be affected by observer bandwidth selection and controller gain
tuning. Third, predictive, sliding-mode, and sensorless control methods: Ref. [10] presents
a model predictive torque control approach with PWM generation based on linear poly-
nomial fitting, in which phase torque and current prediction are incorporated to achieve
fast dynamic response and torque ripple suppression. Ref. [11] proposes a super-twisting
sliding mode observer based on a machine learning model for position sensorless control
of SRM drives. Ref. [12] develops a super-twisting sliding mode control strategy for the
speed and current loops of SRM drives, improving tracking performance and robustness
under electric vehicle operating conditions. Ref. [13] proposes a direct instantaneous torque
control strategy based on an improved sliding mode controller and disturbance observer
to enhance torque regulation performance. Ref. [14] introduces a high-precision injection
current sampling scheme for direct drive low-speed position sensorless control of switched
reluctance machines. Overall, although these methods demonstrate strong adaptability
and disturbance rejection capabilities under complex operating conditions, they may still
suffer from increased computational complexity, dependence on model accuracy or data
resources, chattering phenomena in sliding mode control, and trade-offs between rapid
disturbance estimation and effective torque ripple suppression.

The super-twisting algorithm has been widely employed in second-order sliding
mode controllers and observers because it can generate a continuous correction signal
while maintaining strong robustness against matched disturbances. To improve its conver-
gence characteristics, Moreno and Osorio developed the modified super-twisting algorithm
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by incorporating additional linear feedback terms into the conventional super-twisting
structure [15]. This modified structure combines the robustness of second-order sliding
modes with the convergence characteristics of linear error feedback. Subsequently, modi-
fied and related super-twisting schemes have been applied to motor drive systems. For
example, a modified super-twisting-based speed controller combined with an extended
state observer was developed for SPMSM drives [16]. A super-twisting observer-based
position sensorless drive with online parameter estimation was proposed for a magnetic
suspension centrifugal compressor driven by a high-speed permanent magnet synchronous
motor [17]. In addition, a modified super-twisting-based disturbance observer was em-
ployed in second-order sliding mode position control of permanent magnet synchronous
motors [18]. Nevertheless, fixed-gain observer implementations generally involve a trade-
off between rapid transient estimation and steady-state noise sensitivity. To address this
issue, an error-dependent bandwidth scheduling mechanism is incorporated into the modi-
fied super-twisting observer in this study, resulting in an adaptive bandwidth modified
super-twisting observer. The proposed AB-MSTO is integrated with the INFTSMC to
estimate and compensate for the load torque in the switched reluctance motor drive.

Building on the above analysis, this paper proposes a high-performance SRM speed
regulation strategy that combines an improved nonsingular fast terminal sliding mode
control scheme with an adaptive-bandwidth modified super-twisting observer, without
modifying the motor structure or power topology. Compared with conventional terminal
sliding mode controllers, the proposed INFTSMC introduces an improved nonsingular
fast terminal sliding surface, which accelerates error convergence while avoiding singular-
ity problems and reducing steady-state tracking errors. Compared with existing sliding
mode observers and super-twisting observers, the proposed AB-MSTO improves distur-
bance estimation accuracy and enhances robustness against parameter variations and
external disturbances.

The proposed INFTSMC method employs hyperbolic tangent functions and piecewise
continuous functions to replace the conventional sign function, resulting in a concise
control law structure that involves only basic algebraic operations and saturation function
calculations, facilitating digital processor implementation. To verify the effectiveness of the
control strategy, simulation studies are conducted based on the MATLAB R2024b /Simulink
platform, with four groups of typical operating condition experiments designed: high-
speed starting with dynamic load, low-speed starting with dynamic load, high torque with
dynamic speed, and low torque with dynamic speed.

The effectiveness of the proposed method is quantitatively verified through compre-
hensive internal benchmarking against conventional proportional-integral-derivative (PID)
control and modern super-twisting sliding mode control (STSMC) under four typical oper-
ating conditions, with detailed motor-specific numerical results presented in Section 4, with
comprehensive evaluation of each method’s control performance in terms of speed response,
torque ripple, current quality, and anti-load disturbance capability, providing theoretical
basis and simulation verification for the engineering application of the proposed method.

2. Working Principle and Mathematical Model of SRM

Unlike conventional AC machines, which apply an alternating supply to the stator
windings to establish a rotating magnetic field in the air gap, an SRM adopts a typical
doubly salient structure: both the stator and rotor salient poles are formed by laminated
silicon steel sheets without using permanent magnets, and the phase windings are concen-
trated on the stator teeth; its electromechanical energy conversion follows the principle
that magnetic flux always closes along the path of minimum reluctance [19-21]. Figure 1
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illustrates the structure of a typical 12/8-pole switched reluctance motor, which consists of

12 stator poles and 8 rotor poles.
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Figure 1. Structure of a typical 12/8-pole switched reluctance motor.

The instantaneous electromagnetic torque generated by the k-th phase can be ex-

pressed in terms of the magnetic co-energy or magnetic field energy as

. oW, (iy, 0
Ty (ix, 0) = 7%(91( )

a0

ix=const

The magnetic co-energy of the k-th phase is defined as

Wi ) = [ gi(s 0t

__ OWi(¥y,0)

(1)

P =const

()

The total electromagnetic torque of the motor is obtained by summing the torque

contributions of all phases: .
Te = ) Ti(ix 0).
k=1

©)

where T, denotes the total electromagnetic torque generated by the motor, k denotes the

phase index, m is the number of motor phases, iy is the instantaneous phase current, {y is

the phase flux linkage, 6 is the rotor position, W}/ (iy,0) is the magnetic co-energy, Wy (\y,0)

is the magnetic field energy, and t is the integration variable.

In the simulation model, the nonlinear electromagnetic characteristics of the SRM

were obtained through offline two-dimensional finite element analysis over the prescribed

ranges of phase current and rotor position. The resulting phase flux-linkage data )y (ix,6)

and static electromagnetic torque data Ty (iy,0) were stored as two-dimensional lookup

tables in MATLAB/Simulink. During simulation, the instantaneous phase flux linkage

and electromagnetic torque were evaluated by two-dimensional interpolation according to

the phase current and rotor position. Consequently, magnetic saturation, rotor-position-

dependent inductance, and nonlinear torque production were retained in the SRM model

instead of using a constant-inductance approximation. The same nonlinear electromagnetic

characteristic maps were used for all comparative simulations.

Due to the strong magnetic nonlinearity and complex flux distribution in an SRM, it

is difficult to establish an accurate analytical relationship among flux linkage, inductance,

torque, phase current, and rotor position angle. To obtain a high-fidelity model, this paper

employs finite element analysis (FEA) to extract key electromagnetic characteristics and

constructs three-dimensional nonlinear inductance and torque characteristic surfaces (see

Figure 2). Considering the real-time requirements of torque control, the extracted data

are incorporated into the simulation model in the form of look-up tables, enabling rapid

acquisition of instantaneous torque at different rotor position angles.
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Figure 2. Characteristic curves: (a) torque characteristics; (b) inductance characteristics.

To obtain a high-fidelity SRM model, the nonlinear magnetic characteristics of the
SRM shown in Figure 2 were obtained through finite element analysis using 600W50 silicon
steel as the stator and rotor core material. Considering the periodicity of the SRM magnetic
characteristics, the rotor position was normalized within one electrical period (0-45°)
through a modulo operation. The flux linkage and torque characteristics were generated
with current sampling intervals of 1 A over a current range of 0-30 A and rotor-position
sampling intervals of 1° within the range of 0-45°. The obtained nonlinear magnetic data
were stored in lookup tables and implemented in the MATLAB/Simulink model. During
the simulation, the lookup tables were used to obtain the corresponding flux linkage and
torque values according to the instantaneous phase current and rotor position. In the DITC
strategy, the turn-on and turn-off angles were set to 5° and 20°, respectively.

3. Design of an Improved Nonsingular Fast Terminal Sliding
Mode Controller

To improve the dynamic performance and robustness of the outer speed loop, this
paper introduces an improved nonsingular fast terminal sliding mode controller into the
conventional outer loop scheme and optimizes both the sliding surface and the reaching law.
The resulting controller achieves fast convergence, low chattering, and strong disturbance
rejection, making it suitable for high-performance SRM speed regulation over a wide
operating range.

3.1. Design of an Improved Nonsingular Fast Terminal Integral Sliding Surface

According to the control requirements, this paper proposes a novel nonsingular fast
terminal sliding mode controller. An improved integral sliding surface with an adaptive
power term is adopted to avoid singularity and accelerate convergence in the small error
region, while the integral term is used to suppress steady-state bias and low-frequency
disturbances and to reduce the reliance on high switching gains. The improved integral
sliding surface is defined as follows:

t t
s—FE, + al/ E,, dt + az/ |Eqy | ME<)sgn (E,, )dt 4)
0 0
|Ew|
AMEw) = Ag + Ay exp —? 5)

where E, denotes the speed tracking error, a; and a, are positive design parameters, e is
a positive scaling factor, and Ag and A are adaptive coefficients. The function A(E,) is intro-
duced to provide fractional power behavior near the origin and improve the convergence
performance of the nonlinear integral channel, which enables the nonlinear integral channel
to exhibit “fractional-power” behavior in the near-origin region. This is consistent with the
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terminal power term in the reaching law, thereby avoiding singularity while simultane-
ously improving the recovery speed under small errors. The linear integral part eliminates
steady-state error and suppresses low-frequency disturbances by integrating persistent
errors into an additional driving force, which pushes the trajectory to approach s = 0 more
rapidly and, while maintaining convergence speed, significantly reduces the reliance on
large switching gains and the associated chattering risk. The nonlinear integral part offers
a pronounced advantage in accelerating the approach to the origin in the near region while
avoiding the singularity inherent in conventional terminal sliding mode designs.

The “nonsingular” attribute of the proposed sliding surface lies in avoiding the un-
bounded control input problem that occurs in conventional terminal sliding mode control
when the system state approaches the equilibrium. Conventional terminal sliding mode
employs a fixed fractional power A << 1, where the term |[E¢, [*~! — o0 as E¢, — 0 in the
derivative of the sliding surface, leading to infinite control input, actuator saturation, and
even system instability.

This paper adopts an adaptive power A(E,) = A combined with an integral form sliding
surface to fundamentally eliminate singularity: when far from equilibrium (|Ey | >> ep),
A — Ag + A1, and the surface degenerates to an approximately linear form, avoiding the
amplification effect of fractional power; when near equilibrium (|[E,,| — 0), A — Ag, and
although fractional, the derivative of the integral term [|Ey [Asgn(Ey,)dt yields |Eg, 1,
which approaches 0 rather than infinity, ensuring bounded control input. Mathematically,
the control input u = —esgn(s) — ks remains bounded since s is always finite.

Compared with the linear sliding surface s = Ey, + ¢ [EdT, the proposed surface
maintains nonsingularity (control input always bounded) while achieving finite-time
convergence through the adaptive fractional power, overcoming the slow asymptotic
convergence drawback of linear sliding mode.

Figure 3 Comparison of speed error convergence between the conventional sliding
surface and the proposed novel sliding surface in a switched reluctance motor drive system,
using the same reaching law:

S = —thanh(;) (6)

where s represents the sliding surface, kt is the switching gain, and ¢ is the boundary layer
thickness parameter used to smooth the switching function and reduce chattering. The
mechanical dynamic equation of the SRM is given by the following expression:

dw
]aZTe—TL—BW ()

with J = 0.0015 kg-mz, B =0.002 N-m-s/rad, and no load (T, = 0). Initial speed w(0) = 0;
reference speed wyef = 100 rad/s. The conventional sliding surface (cg = 2, where ¢y denotes
the integral gain of the conventional sliding surface) is

s =B, + o / E,dt 8)

To evaluate the convergence performance of the proposed sliding surface, a compar-
ative simulation is conducted between the proposed surface and the traditional sliding
surface under identical conditions. The initial speed error, reference condition, and reach-
ing law parameters are kept the same for both methods. The parameters of the proposed
surface are setas p =8, g =30, A\g = 0.3, A\; = 0.7, E,0 =2.0. For a fair comparison, both the
proposed and traditional surfaces employ the same reaching law parameters, with e =5,
¢ = 0.5. As illustrated in Figure 3, the proposed surface enables the speed error to converge
within the range of +0.5 rad/s in approximately 0.35 s, whereas the traditional surface
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requires a longer convergence time. This result demonstrates that, under identical reaching
law conditions, the proposed surface provides improved convergence performance.

Traditional
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Figure 3. Comparison of the two sliding surfaces.

As shown in Figure 3, a comparison between the nonsingular terminal sliding surface
and the conventional linear sliding surface indicates that the former requires less time and
achieves a faster reaching speed as the state trajectory approaches the sliding manifold

s = 0. Therefore, compared with the traditional sliding surface, it exhibits a significantly
higher convergence rate.

3.2. Design of an Improved Double-Power Convergence Law

The conventional nonsingular fast terminal sliding mode (NFTS) reaching law has

been widely investigated because of its rapid convergence characteristics and is generally
expressed [22] as

§ = —ki|s1%sgn(s) — kp|s | Psgn(s) )

where k; and k; are positive reaching gains, « and 3 are power exponents satisfying k; > 0,
ky >0,a>1,and 0 < B < 1. The high-order power term provides a strong driving action
when the system state is far from the sliding manifold, whereas the fractional power term
accelerates the convergence process near the origin. However, the discontinuous sign
function may cause severe chattering, thereby limiting the application of the conventional
reaching law in high-precision switched reluctance motor speed regulation systems.

To alleviate chattering while maintaining a rapid reaching process, an improved
double-power reaching law is proposed. A narrow-band interpolation function is intro-
duced to provide a continuous transition between the fractional power term in the near
region and the quadratic power term in the far region. Moreover, smooth hyperbolic tangent
functions and a boundary layer damping term are employed instead of the discontinuous
sign function. The proposed reaching law is expressed as

§ = —ki|s1P/tanh(s) — kyH(s)tanh(s) — c[tanh(%) + s} (10)

where k1, ky, and c are positive control gains; p and g are positive integers satisfying
0 < p < g ,suchthat0 < p/q < 1; A > 0 denotes the boundary layer thickness of
the hyperbolic tangent function; and H(s) is a continuous interpolation function used to
smoothly connect the different power terms. To avoid abrupt switching between different
power terms, a continuous transition function is introduced. The function is constructed by
smoothly blending the fractional power term and quadratic term in different error regions,

which improves the continuity of the proposed convergence law. The interpolation function
H(s) is defined as

https://doi.org/10.3390/en19153588
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|s1P/4, 0<|s|<1-6
H(s) =S a(s)|s12+[1—a(s)][s1P/7, 1-6<]|s| <140 (11)
s 12, Is| >1+6
where 5| (1-6)
S J— —

where & defines the transition boundary, and «(s) is a continuous weighting function used
to ensure a smooth transition between the two power terms. The construction of this
function follows the continuous nonlinear switching strategy reported in [23].

The design parameters satisfy 0 <p/q<1,0<5<1,A>0,k; >0,k >0,c>0,and
T¢ > 0. Here, 5 determines the half-width of the interpolation interval, whereas A denotes
the thickness of the hyperbolic tangent boundary layer.

The continuity of H(s) can be verified at the two junction points. At |s| = 1 -,
a(s) = 0, and the middle branch of (9) reduces to H(s) = |s|P /9; therefore, the left- and
right-hand values of H(s) are both equal to (1 —5)P/9. At |s| = 1+, a(s) = 1, and the
middle branch reduces to H(s) = |s|%; hence, the left- and right-hand values are both
equal to (1+ 6)2. Thus, H(s) is continuous over its entire domain. Since all the remaining
terms in (8) are also continuous, the proposed reaching law avoids numerical jumps at
the switching boundaries. The linear interpolation provides a smooth transition between
different convergence regions and improves numerical stability during implementation.

The gains of the proposed reaching law are selected as

klzT—f, kzzT—f, c:T—f. (13)

In this study, Ty = 0.024 s is adopted, yielding k; = ko = 166.67 and ¢ = 83.33.
These values are identical to those implemented in the simulation model. Because smooth
hyperbolic tangent functions are employed in (8), T is treated as a gain scaling parameter
rather than an unconditional exact settling time to the origin. Its relationship with the
practical convergence time bound is established below.

When |s| > 1+ 8, the quadratic term H(s) = |s|? provides a strong driving action and
rapidly reduces large sliding errors. When |s| < 1 — §, the fractional power term improves
the convergence performance for small errors. The hyperbolic tangent terms provide
smooth control action near the origin and alleviate chattering. Therefore, the proposed
reaching law combines rapid far-region attraction with smooth near-origin behavior.

To analyze stability, consider the Lyapunov function

V= %52 (14)

Taking the time derivative of V along the trajectories of (8) gives

V =3
= —kq|s| p/q+1tanh(|s|) — ko|s|H(s)tanh(]s]|) (15)

—c|s|tanh(%) — s

For every s # 0, tanh(|s|) > 0, H(s) > 0, and tanh(|s|/A) > 0; therefore, V < 0. Since
V is positive definite and radially unbounded and V is negative definite, the equilibrium
s = 0is globally asymptotically stable. Moreover, V(t) < V(0) for all t > 0, and hence s(t)
remains bounded.
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Because the hyperbolic tangent functions make the vector field locally Lipschitz in
a neighborhood of the origin, the proposed smooth reaching law guarantees asymptotic
convergence to s = 0, rather than exact finite time arrival at the origin. Nevertheless, it
guarantees that s enters any prescribed neighborhood |s| < ¢, where 0 < ¢ < 1 — §, within
a time bound that is independent of the initial condition. Here, ¢ is an analysis tolerance
used to characterize practical convergence and is not an additional controller parameter.

Let x = |s|. For s # 0, the dynamics of x are Let x = |s|. For s # 0, the derivative of x
can be expressed as X = sg#(s)s. Substituting (8) into this expression yields the following
dynamics of x:

X = —k1xP/tanh(x) — ko H(x)tanh(x) — ctanh(%) —cx (16)

When x > 1+8, H(x) = x? and tanh(x) > tanh(1+§). By retaining only the
quadratic reaching term, one obtains

X < —kptanh(1 + 6)x? (17)

Integrating (15), the time required for x to enter the region x < 1 + 6 from any finite

initial condition satisfies 1

T < 1
1= k(14 6)tanh(1 +0) (18)
For ¢ < x < 1+ 5, the monotonicity of the hyperbolic tangent function gives
tanh(x/A) > tanh(e/A). Consequently,
. €
< e
x < ctanh( A) (19)

The time required for x to move from 1 + § to the prescribed neighborhood x < ¢

therefore satisfies
1+0—c¢

< —F 2
2 = ctanh(e/A) 20
Combining (18) and (20), the total practical convergence time satisfies
T. <Th+T;
) 1+o—¢ (21)

1
= ko (14-6)tanh(14-5) + ctanh(e/A)

The upper bound in (21) is independent of the initial value s(0). Hence, the proposed
reaching law guarantees practical fixed-time convergence to the prescribed neighborhood
Is| <e.

Substituting the gain selection expressions in (11) into (19) yields

1 n 1+0—¢
(1+9)tanh(1+0) 2tanh(e/A)

T <Ty|g (22)
Define C; = 1/[4(1 + 8)tanh(1 +0)] + (1 + 8 —¢)/[2tanh(e/A)]. Then, To < C.Ty.
For Tf = 0.024 s, the practical convergence time bound becomes T, < 0.024Cs.
If a prescribed practical convergence time Ty > 0 is required, the gain scaling parame-
ter can be selected to satisfy T
d

< £
Tr<¢ (23)

which guarantees T, < T;. Equations (22) and (23) explicitly establish how the gain selection
in (13) determines the practical convergence time bound. A smaller Ty produces larger k,
ky, and ¢, thereby reducing the theoretical convergence time upper bound. After the sliding
variable enters the neighborhood |s| < ¢, the negative definite Lyapunov derivative in (15)
guarantees asymptotic convergence to the origin.
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For the closed-loop boundedness analysis, it is assumed that the reference speed and
its required derivatives are bounded, the lumped disturbance and its estimation error
are bounded, and the input coefficient of the SRM speed dynamics is continuous and
satisfies 0 < bin < b(x) < bmax. Since V(t) < V(0), the sliding variable s is bounded. For
bounded s, all terms in the reaching law (8) are continuous and bounded. Furthermore, the
proposed sliding surface contains no negative powers of the tracking error and therefore
does not introduce a singularity. Under the bounded input bounded state property of the
tracking error dynamics established in Section 3.1, the boundedness of s implies that the
speed tracking error and the auxiliary integral state remain bounded. Since b(x) is bounded
away from zero and the reference, model, disturbance compensation, and reaching law
terms are bounded, the control input also remains bounded. Therefore, all controller-side
closed-loop signals remain bounded for finite initial conditions.

Therefore, the proposed smooth double-power reaching law guarantees global asymp-
totic convergence of the sliding variable to the origin and practical fixed-time convergence
to any prescribed neighborhood |s| < €. Because the hyperbolic tangent terms render the
closed-loop vector field locally Lipschitz near the origin, exact finite-time convergence
to s = 0 is not guaranteed. Hence, the established property is global asymptotic stabil-
ity of the sliding variable together with practical fixed-time convergence to a prescribed
neighborhood, rather than exact finite-time stability of the origin.

In summary, the proposed improved double-power reaching law guarantees global
asymptotic stability of the sliding variable, practical fixed-time convergence to an arbitrarily
prescribed neighborhood, continuity at the switching boundaries, and boundedness of the
controller-side closed-loop signals. Compared with the conventional NFTS reaching law,
the proposed method achieves a better compromise among convergence speed, chattering
suppression, and numerical smoothness.

Figure 4 Comparison of INFTSMC and NFISMC reaching laws in the SRM speed
control system. The simulation employs the SRM mechanical model with parameters ]
=0.0015 kg~m2, D = 0.002 N-m-s/rad, and a linear integral sliding surface s = e + cfedt
(c = 5). The initial condition is s(0) = 2.0. As shown in Figure 4a, INFTSMC exhibits
a larger reaching speed when far from the sliding surface (|s| > 1), benefiting from the |s1?
term in H(s). The log-scale plot in Figure 4b reveals that Ids/dt| of INFTSMC decays
smoothly to negligible values as s — 0, while NFTSMC retains a residual reaching speed
of approximately 0.097, demonstrating the superior chattering elimination of INFTSMC.
Figure 4c presents the time response of s(t): INFTSMC (blue dashed) converges to zero
within about 0.25 s, which is significantly faster than NFTSMC (red solid, about 0.8 s).
Moreover, INFTSMC shows a smooth, oscillation-free transient, whereas NFTSMC exhibits
noticeable chattering before convergence. The phase trajectory in Figure 4d further verifies
the “soft landing” characteristic of INFTSMC—the curve approaches the origin smoothly
without abrupt changes in | ds/dt!|. In summary, INFTSMC achieves a balance between fast
reaching and chattering-free performance through piecewise enhancement and continuous
design, making it more suitable for precision control applications.

The mechanical dynamic equation of the SRM is shown in Equation (5).

By combining the above sliding surface and reaching law, the expression for the SRM
electromagnetic torque is obtained as shown below.

Tref = Teq + Tsw (24)

T,y = Ty, + Bw + ](wref + @ Ew + 2| Eo M(Ew)sgn(Ew)) (25)
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Figure 4. Comparison of INFTSMC and NFTSMC reaching laws in terms of (a) reaching law curves;
(b) reaching speed; (c) sliding variable time response; (d) phase trajectory.

The control law (24)-(26) consists of two components: the equivalent control Teq
given by (25) and the switching control Ty, given by (26). In (25), T} represents the
load torque, Bw is the viscous damping term, and the bracketed terms correspond to
the reference acceleration feedforward, linear error feedback, and nonlinear terminal
attractor, respectively, which collectively maintain the ideal sliding motion. In (26), the
switching control drives the system state toward the sliding surface with fast reaching
and chattering suppression, where k; |s|P/9 provides the fractional power fast reaching
term, kyH(s) enhances the reaching speed when far from the surface through the piecewise
function, and c(tanh(s/A) + s) introduces the boundary layer smoothing and linear damping.
The total electromagnetic torque reference Thef is obtained by summing (25) and (26),
ensuring both finite-time convergence and bounded control input. The block diagram
of the improved nonsingular fast terminal sliding mode controller is presented in the
following figure.

The nominal moment of inertia and viscous friction coefficient are obtained from the
rated SRM parameters. The load torque is not assumed to be measurable or known in
advance; instead, it is estimated online by the proposed AB-MSTO and used for feedforward
compensation. Variations in the mechanical parameters and unmodeled dynamics are
regarded as lumped uncertainties, whose effects are compensated by the observer estimate
and the robust term of the sliding mode controller. The block diagram of the improved
nonsingular fast terminal sliding mode controller is presented in Figure 5.
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Improvement of the Integral Type NFTSM Sliding Surface

Estimated load
torque

Figure 5. Block diagram of the improved nonsingular fast terminal sliding mode controller.

4. Adaptive Bandwidth Modified Super-Twisting Observer

To mitigate the influence of external load disturbances on system performance, this
paper develops an adaptive bandwidth modified super-twisting observer to estimate
the load torque online. The estimated load torque is introduced into the speed loop as
a feedforward compensation term to improve the dynamic response and disturbance
rejection capability of the switched reluctance motor drive system.

The mechanical system is augmented into a two-dimensional extended state model, in
which x; = w denotes the rotor speed and x, = Ty, denotes the load torque. The extended

v, — _ Ty =T —Bw
{ e w ! ]

=Ty

state equations are

(27)

where T,; denotes the actual torque command applied to the SRM after the torque satura-
tion process, while T, represents the reference electromagnetic torque generated by the
speed controller. In the above model, the load torque Ty, is assumed to be bounded and
piecewise differentiable. Its derivative satisfies ’TL(t)‘ < Dt almost everywhere, where
Dt > 01is a known upper bound. A finite number of bounded jump discontinuities is also
permitted. This unified assumption includes constant and slowly varying loads as special
cases, permits time-varying disturbances with bounded rates, and is consistent with the
step load tests used in the simulation. At a load torque jump, the estimation error may
change instantaneously but remains bounded, after which the observer reconverges on the
subsequent continuous interval.

For the extended system, the observer estimates both the rotor speed and the load
torque. The speed estimation error is defined as

bw =wW—® (28)
For the subsequent analysis, the load torque estimation error is additionally defined
as TL = TL — TL.

First, a linear extended state observer (LESO) is employed to estimate the speed and
load torque. Its standard form is
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T,

& = ctrl_?L_Bw + liew

A (29)
Ty = —hew

The LESO has a simple structure and satisfactory far-region behavior. However, when
the estimation error approaches zero, purely linear correction may result in a relatively slow
convergence rate. To improve the near-origin convergence performance, a super-twisting
sliding mode algorithm-based correction mechanism is connected in parallel with the
linear LESO correction. By further introducing an adaptive bandwidth adjustment strategy,
an adaptive bandwidth modified super-twisting observer is obtained. The proposed

AB-MSTO is )
s Tay—Ti—B® 1/2
c:) _ Ty I + g1lew | ' 7sgn(ew) + hew (30)
Tr = —gosgn(ew) — hew

The nonlinear correction terms are functions of the estimation error e, rather than the
rotor speed w. This correction resolves the notation inconsistency in the previous version
and ensures that the observer injection vanishes with the estimation error.

To facilitate tuning, the observer gains are generated using two physically interpretable
parameters:

I = 2wy, b = J&d, g1 = &/, g2 = EJwd/? (31)

where g1 and g, are the nonlinear super-twisting correction gains, and 1; and 1, are the
linear observer gains. Here, wy is the observer bandwidth, which determines the observer
response speed, and & > 0 is the super-twisting strength coefficient, which regulates the
convergence rate of the nonlinear correction mechanism. The symbol & is used consis-
tently throughout this section. Increasing & accelerates convergence but may also increase
sensitivity to measurement noise.

A fixed large observer bandwidth may amplify measurement noise, whereas a fixed
small bandwidth may degrade dynamic performance. Therefore, a speed-estimation-error-
based adaptive bandwidth strategy is adopted. The adaptive bandwidth is

wo(ew) = Wnear + (wfar — Whear)S(|ew], emn) (32)

where the switching function is

1
14 exp[—ks(|ew| —em)]

S(lewl em) = (33)
where S(| e, |, €4,) denotes a smooth switching function, e, is the speed estimation error,
ey, > 0 is the prescribed error threshold, and ks > 0 is the switching slope coefficient that
determines the transition steepness between the near-origin and far-region bandwidths
The adaptive bandwidth parameters satisfy 0 < wpear < Wiy, ks > 0, and ey, > 0.
Consequently, wp(ew) € [Wnear, Wiar|, and all observer gains remain positive and bounded.
For a large estimation error, the bandwidth approaches wy,, to accelerate the transient
response. Near the origin, it approaches wpear to reduce noise amplification.

Using the SRM mechanical equation and the AB-MSTO structure, the estimation error
dynamics are obtained as follows:

bw = —(% + Zl)ew —kqlew | 1/2sgr1(ew) — %

i3 . (34)
Ty, =Tr+ kzsgn(ea,) + ey

Define v = —"T"L/] and d(t) = —Tr/J. Then |d(t)| < D, where D = Dy/J.
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The following finite-time convergence analysis is developed based on the strong
Lyapunov framework for the modified super-twisting algorithm established in [15]. The
transformed estimation error dynamics preserve the modified super-twisting structure,
while the adaptive bandwidth generates bounded state-dependent gains.

The error system can consequently be rewritten as

bw = —aey — Aglew | 1/ngn(ew) +v (35)
v = —apsgn(ew) — Boew + d(t)
The coefficients in the transformed error system are defined as
B l
a=7+11, Ao = 81, lxongz, ﬁ0:72 (36)
Because the adaptive bandwidth is bounded, the fractional power gain satisfies
Aomin = &/ Wnear, Aomax = g\/ Wear, Aomin < Ao (ew) < Apmax (37)
and the integral sign-related gain satisfies
X0min = gw%ézzrr X0max — Cw%rzr Xomin < #0(€w) < Xomax (38)

A sufficient disturbance dominance condition is cgmin > D. To provide a formal and
directly checkable finite-time condition, define

1/2

z1 = lew |/ sgn(ew), z2=v, z=[71 2T (39)

For ey, # 0, the super-twisting core of the transformed error dynamics can be repre-

sented by the uncertain matrix

—Xo/2 172

A(/\O,OCO,V) = [(ao . "l/l) 0

], lul <D (40)

Following the strong Lyapunov framework established for the modified super-twisting
algorithm, a sufficient condition for uniform finite-time convergence over the admissible
adaptive gain and disturbance ranges is the existence of common symmetric matrices
P =P > 0and Q = Q' > 0 satisfying

AT(Ag, a0, )P + PA(Ag, o, ) < —Q (41)

Because the matrix inequality is affine with respect to Ay, «tg, and y, it is sufficient to
impose the condition at the following vertices:

A {AOmin/ /\Omax}/ S {D‘Omim ‘XOmax}/ ne {_D/ D} (42)

Since the matrix inequality is affine in A, ¢y, and p, satisfaction at all vertices is
sufficient for satisfaction over the complete admissible parameter ranges. Under this
common Lyapunov sufficient condition, define

V, =z'Pz (43)
The derivative of the Lyapunov function satisfies

Vo < —coVi2, ¢y >0 (44)
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Integrating the above inequality yields the following upper bound on the settling time:

T, — 1y < 2V oll0), o)
Co
where ty denotes the initial time of the considered continuous interval of the load torque
disturbance. Therefore, under the stated disturbance dominance and common Lyapunov
sufficient conditions, the speed estimation error and load torque estimation error con-
verge to zero in finite time during each continuous interval in which the load torque
is differentiable.

The additional linear correction terms —ope, and —pgeq are part of the modified
super-twisting structure considered. These terms are continuous and vanish at the ori-
gin. Under the sufficient conditions stated above, they do not invalidate the finite-time
convergence property of the modified super-twisting error dynamics.

At a bounded load torque jump, T1, remains bounded, although the load torque esti-
mation error may change instantaneously. After the jump, the same finite-time convergence
argument applies on the subsequent continuous interval, provided that the disturbance
dominance and common Lyapunov sufficient conditions remain satisfied. Thus, the adap-
tive bandwidth is restricted to an admissible bounded range and does not change the
implemented observer structure.

The structure diagram of the proposed adaptive bandwidth modified super-twisting
observer is shown in Figure 6.

Speed Estimation Module

» 1/]

Figure 6. Structural diagram of the adaptive bandwidth modified super-twisting observer.

To evaluate the dynamic load torque estimation performance of the proposed AB-
MSTO in the SRM drive system, a conventional linear extended state observer (LESO),
which is commonly used for lumped disturbance and load torque estimation in motor
drives, is selected as the benchmark observer. Step load changes are applied under two rep-
resentative operating conditions, namely high-speed startup and low-speed operation. The
load torque estimation results and estimation errors obtained using the AB-MSTO and
LESO are compared in Figure 7.
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Figure 7. Estimation performance of AB-MSTO and LESO under different SRM operating conditions:
(a) High-speed: Speed estimation; (b) High-speed: Speed estimation error; (c) Low-speed: Speed
estimation; (d) Low-speed: Speed estimation error.

The simulation is based on the mechanical dynamic model of a 12/8-pole SRM
with a moment of inertia of ] = 0.0015kg - m? and a viscous damping coefficient of
B = 0.002N - m - s/rad. Two operating conditions are considered. In the high-speed startup
condition shown in Figure 7a,b, the reference speed is 1500 r/min (157.08 rad /s); the load
torque steps from 0 to 2N - m at 0.5s and then to 3.5N - m at 1.2 s. In the low-speed condi-
tion shown in Figure 7c,d, the reference speed is 300 r/min (31.42rad/s); the load torque
steps from 0 to 1N - m at 0.3 s and then to 2N - m at 1.0s. Both observers use the same
speed controller.

Figure 7a,c compares the actual speed with the estimated speeds. AB-MSTO tracks the
actual speed rapidly during startup and after each load transient, whereas LESO exhibits
noticeable lag and overshoot. The estimation errors in Figure 7b,d further quantify this
difference. The peak estimation error of AB-MSTO remains below approximately 10 r/min,
and the error reconverges within approximately 0.05s after each load change. In contrast,
LESO produces peak errors of approximately 30—40 r/min and requires more than 0.2s
to reconverge.

This improvement originates from the super-twisting correction mechanism of AB-
MSTO. In addition to the conventional linear error feedback terms, AB-MSTO introduces
the fractional power term k; |e, |1/ %sgn (e ) and the integral sign-related correction gen-
erated by kysgn(ey ) into the estimation error dynamics. Under the stated bounded rate
disturbance assumption and gain conditions, this structure provides finite-time conver-
gence between load torque jumps and robust rejection of disturbances whose derivatives
remain bounded. Arbitrarily high-frequency disturbances with unbounded derivatives
are not included in the theoretical claim. By contrast, LESO relies only on linear correction
terms and therefore provides asymptotic rather than finite-time convergence.
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The proposed AB-MSTO estimates the load torque and rotor speed online without
directly measuring the load torque. The super-twisting mechanism accelerates estimation-
error convergence, while adaptive bandwidth regulation provides a compromise between
noise sensitivity and dynamic performance. Consequently, the observer improves distur-
bance rejection and is suitable for high-precision SRM speed control applications.

5. Simulation Analysis

As shown in the following figure, the optimized SRM control system proposed in this
paper consists of an improved nonsingular fast terminal sliding mode speed controller and
an adaptive bandwidth modified super-twisting observer. To evaluate the control perfor-
mance of the proposed strategy, a three-phase 12/8-pole SRM simulation model is built in
MATLAB/Simulink, where the motor parameters are obtained from Ansys electromagnetic
simulations. To highlight the advantages of the proposed improved strategy, four groups of
dynamic load and dynamic speed tests are conducted. The improved strategy is compared
with the conventional linear baseline PID controller, which is most commonly used in
engineering practice, and with the representative modern second-order super-twisting slid-
ing mode control strategy, which features strong disturbance rejection and low chattering.
Figure 8 presents the overall block diagram of the INFTSMC and AB-MSTO.

Torque DITC
hysteresis switching table

0

T (Torque characteristic
L table estimation

Current
detection

o Speed | T 0 Position
| detection | detection
Figure 8. Overall block diagram of the INFTSMC and AB-MSTO.

All comparative simulations were conducted in MATLAB/Simulink using the same
SRM model, converter model, and nominal motor parameters reported in the preceding
section. The variable step ode45 (Dormand—Prince) solver was employed with a relative
tolerance of 1073, and the simulation duration was set to 1.1 s. A constant numerical incre-
ment of Ts =1 x 107° s was used in the discrete accumulation and controller calculations.
This value represents the internal algorithmic increment rather than the step size of the
variable-step solver.

To ensure a fair and reproducible comparison, PID, STSMC, and INFTSMC were
evaluated using identical reference speed commands, load torque profiles, initial condi-
tions, evaluation conditions, DITC logic, DC link power supply, asymmetric bridge power
converter, and motor model settings. A common torque command saturation range of
[—40, 40]-N-m was applied to all compared controllers so that no method could obtain
improved performance by using a larger control input. No additional controller-dependent
voltage or current limits were imposed beyond the common converter and motor model
settings. Once determined, the parameter set of each controller was fixed and used without
modification in all operating cases.

The key parameters of the motor model used in the simulation are listed in Table 1.
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Table 1. Main parameters of the motor model.
Parameters Value Parameters Value
Number of stator/rotor poles 12/8 Stator inner diameter 216.5 mm
Stator pole arc coefficient 0.42 Stator outer diameter 378 mm
Rotor pole arc coefficient 0.35 Rotor inner diameter 60 mm
Number of winding phases 3 Rotor outer diameter 215.5 mm
Rotor yoke height 27 mm Stator yoke height 20 mm

The nominal mechanical, electrical, and geometric parameters of the SRM used in the
simulation are summarized in Table 1. The geometric dimensions, winding data, material
properties, and rated operating quantities were obtained from the design specifications of
the investigated SRM. The phase resistance and rotor inertia were determined from the
winding and mechanical design data, respectively. The same motor parameters were used
for all comparative simulations to ensure a fair evaluation of the different control strategies.

For the PID baseline, the gains were determined through coarse-to-fine iterative tun-
ing under the same SRM model, operating conditions, and physical constraints. Nonzero
derivative gains were also tested, but they increased sensitivity to high-frequency speed
feedback components without consistently improving the transient response. Therefore,
the best tested performance was obtained at K4 = 0, and the resulting benchmark operates
as a PI-type controller. For the STSMC baseline, the gains were first restricted by the
corresponding stability conditions and then refined using the same coarse-to-fine tuning
procedure adopted for the PID controller. The final parameters were selected by balanc-
ing overshoot, settling and recovery times, tracking accuracy, disturbance rejection, and
numerical chattering and were fixed for all comparative simulations. Therefore, the PID
and STSMC parameters in Table 2 were not selected through a single arbitrary trial but
represent the best overall performance obtained among the tested parameter combinations
under identical operating conditions and constraints. No mathematically proven global
optimality is claimed.

The controller and observer parameters and their tuning information are summarized
in Table 2. The parameters of each method were first selected according to its correspond-
ing control structure and admissible design conditions and were subsequently adjusted
under the same simulation environment and common torque command constraint. Once
determined, the same parameter set was used in all operating cases. For the AB-MSTO, the
adaptive bandwidth sigmoid slope was calculated as ks = 6/eth, rather than tuned inde-
pendently, and the observer gains were generated online from the scheduled bandwidth.

To ensure a fair and reproducible comparison, the PID and STSMC baseline controllers
were independently tuned through an extensive coarse-to-fine iterative procedure before
the comparative simulations were conducted. All candidate parameter sets were evaluated
using the same nonlinear SRM model, converter configuration, sampling period, current
and torque command limits, reference speed profiles, and load disturbance conditions.
The tuning process covered startup, reference speed changes, load application, and load
removal. Parameter combinations producing instability, sustained oscillation, excessive
current, pronounced chattering, or controller output saturation were excluded. Among
the remaining candidates, zero or negligible speed overshoot was imposed as the primary
tuning requirement, after which the parameter sets providing the shortest settling and re-
covery times, the smallest tracking error, and the smoothest control response were retained.
The final PID and STSMC parameters listed in Table 2 therefore represent the best overall
performance obtained among the extensively tested parameter combinations under the
common simulation conditions and physical constraints. Once selected, these parameters
were fixed and used without further case-dependent adjustment in all operating scenar-
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ios. The term “best” here refers to the best compromise obtained within the investigated
parameter ranges and does not imply a mathematically proven global optimum.

Table 2. Parameters and tuning information of the compared controllers and observer.

Parameters and Implementation

Method Settings Tuning Information
The derivative channel was disabled to avoid additional
_ Y _h e 0 sensitivity to high-frequency components in the speed
PID contiII<11:1 (;uos.—lt?ﬁlzl _afa'l?llelftsitr_u(():jcure feedback signal. The gains were adjusted under the common
P ' model and torque constraint to obtain stable tracking
without sustained oscillation.
¢ =120; ¢; = 1.3; fractional exponent ~ The gains were adjusted under the same model and torque
STSMC =1/2; smooth switching function constraint. The smooth switching function was adopted to
2/[1 + exp(—e)] — 1 = tanh(e/2). reduce numerical chattering.
T base/z 0'02% 51; ?AZ:SO.}SOI“;; & The parameters were selected according to the fixed-time
INFTSMC Pp"_ws 4%1"0W 7 3’50f.s)_\ 012 design conditions and subsequently adjusted under the
Pgain = 9% Ggain = 29U7 A0 = 122, common simulation and torque constraints.
A1 =0.10; eg = 80 r/min.
Wear = 420 rad/s; Wnear =220 rad/s; The near- and far-region bandwidths were selected to
eth = 30 r/min (3.142 rad/s); . . e .
k. = 6/eth ~ 1.91 s/rad; £ = 1.05; balance transient response and noise sensitivity. The gains 11,
ft ~0.50 s le;ika o coé fficier‘1t ! 12, k1, and k2 were calculated online from the scheduled
AB-MSTO Lo oo™ & bandwidth according to the gain relationships presented in

vL = 0.02/11, = 0.04 s~ 1; estimated
load-torque limit = [-100, 100] N-m;
explicit Euler discretization;

Section 4. The leakage and projection terms were used to
suppress estimator drift and prevent unbounded

Tew, < 0.1, load-torque estimates.

To further quantify the speed regulation accuracy and disturbance rejection perfor-
mance, the maximum absolute speed error is defined as

Ew,max = maXee[s, 1] ’wref(t) —w(t)|, (46)

where w,¢(t) and w(t) denote the reference speed and actual motor speed, respectively,
and [t,, tp] is the selected evaluation interval. For the start-up condition, E(, max is eval-
uated over the selected steady-state interval after the motor speed has settled. For the
load torque step conditions, it is evaluated over the corresponding transient interval be-
ginning at the instant of the load change. The same evaluation intervals are used for all
compared controllers.

To quantitatively evaluate the speed fluctuation of the SRM under different operating
conditions, the speed ripple ratio is defined as

b = [max — Wmin] 1500, (47)
W
where Wmax, Wmin, and wmy, denote the maximum, minimum, and average values of the
motor speed within the selected steady-state evaluation interval, respectively.
On the other hand, in steady-state performance analysis of motors, torque ripple is
an important indicator of output smoothness. The torque ripple coefficient can be used to
quantitatively evaluate the simulated torque results [24], and it is defined as

Kr = T = Tmin 1309, (48)
Tavg

where Tiay, Tin, and Tyyg are the maximum, minimum, and average values of the torque
ripple, respectively.

https://doi.org/10.3390/en19153588


https://doi.org/10.3390/en19153588

Energies 2026, 19, 3588

20 of 32

The recovery time t, is defined as the elapsed time from the instant t at which a load
torque or reference speed change occurs to the earliest instant ts at which the motor speed
enters and subsequently remains within a 2% settling band around the corresponding
steady-state reference speed. Accordingly,

b= ts — te (49)

where t4 satisfies

|w(t) — Wy < 0.02]wyef|, t € [ts, ], (50)

and t; denotes the end of the evaluated transient interval. The same settling band criterion
was applied to all compared controllers and operating cases.

No artificial measurement noise or motor parameter perturbation was introduced
in the present benchmark simulations. Therefore, all controllers were compared under
the same nominal measurement and parameter conditions, while disturbance rejection
performance was evaluated through the specified load torque and reference speed changes.
Four common operating cases were applied identically to all compared controllers. In the
first case, the SRM operated at 1000 r/min, and the load torque was increased from 5 to
9 N-m. In the second case, the SRM operated at 500 r/min, and the load torque was first
increased from 5 to 9 N-m and subsequently reduced to 4 N-m. In the third case, the SRM
started under a load torque of 9 N-m, while the reference speed was increased from 400 to
1000 r/min. In the fourth case, the same reference speed step was applied under a load
torque of 4 N-m. Identical reference commands and load torque profiles were used for PID,
STSMC, and INFTSMC.

5.1. Performance Comparison of Dynamic Load Tests Under High-Speed Starting Conditions

Figures 9 and 10 present the time-domain waveforms of speed and electromagnetic
torque for three control schemes when the SRM starts at a rated speed of 1000 r/min, with
the load torque stepping from an initial 5 N-m to 9 N-m and then being adjusted to 4 N-m.
The results are summarized in Table 3.

Table 3. Quantitative comparison of transient and steady-state performance among different control
algorithms under high-speed starting and dynamic load conditions.

PID STSMC INFTSMC
Recovery time during start-up (s) 0.0385 0.0679 0.0192
Recovery time during the torque step to 0.352 0.0283 0.0012
9 N-m (s)
Speed ripple ratio during the torque step to 3.65 0.770 0.0509
9 N-m (%)
Recovery time during the torque step to 0.443 0.0615 0.00414
4 N-m (s)
Speed ripple ratio during the torque step to 450 118 0218
4 N-m ((70)
Torque ripple coefficient (%) 5.39 5.65 3.05
Maximum steady-state speed error after 0.095 0.056 0.006
start-up (r/min)
Maximum speed deviation during the load
torque step from 5 to 9 N-m (r/min) 36.519 7.709 0-509
Maximum speed deviation during the load 45223 11.830 2182

torque step from 9 to 4 N-m (r/min)
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Figure 9. Speed-time curves under high-speed startup and dynamic load conditions: (a) start-

up instant; (b) instant when the load torque suddenly increases; (c) instant when the load torque

suddenly decreases.
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Figure 10. Waveform diagrams of torque and current versus time for three control algorithms under
high-speed startup and dynamic load: (a) INFTSMC, (b) STSMC, and (c) PID. In each subfigure, the
upper part shows the three-phase current waveforms (black, red, yellow, and blue for phases a, b,
and c, respectively), and the lower part shows the torque waveform.

As can be seen from Figure 10, the electromagnetic torque under PID control and
super-twisting control fluctuates within approximately 9.37-8.88 N-m and 9.38-8.87 N-m,
respectively, whereas the proposed improved strategy significantly narrows the torque
fluctuation range to 9.28-9.00 N-m. Here and throughout this paper, the two values in each
torque fluctuation range are reported in the order of the maximum value followed by the
minimum value.
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5.2. Performance Comparison of Dynamic Load Tests Under Low-Speed Starting Conditions

Figures 11 and 12 present the time-domain waveforms of speed and electromagnetic
torque for three control schemes when the SRM starts at a rated speed of 500 r/min, with
the load torque stepping from an initial 5 N-m to 9 N-m and then being adjusted to 4 N-m.
The results are summarized in Table 4.
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Figure 11. Speed-time curves under low-speed startup and dynamic load conditions: (a) start-
up instant; (b) instant when the load torque suddenly increases; (c) instant when the load torque

suddenly decreases.
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Figure 12. Waveform diagrams of torque and current versus time for three control algorithms under
low-speed startup and dynamic load: (a) INFTSMC, (b) STSMC, and (c) PID. In each subfigure, the
upper part shows the three-phase current waveforms (black, red, yellow, and blue for phases a, b,

and c, respectively), and the lower part shows the torque waveform.
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As can be seen from Figure 12, the electromagnetic torque under PID control and super-
twisting control fluctuates within approximately 9.5005-8.7951 N-m and 9.5401-8.791 N-m,
respectively, whereas the proposed improved strategy significantly narrows the torque
fluctuation range to 9.208-8.969 N-m.

Table 4. Quantitative comparison of transient and steady-state performance among different control
algorithms under low-Speed starting and dynamic load conditions.

PID STSMC INFTSMC
Recovery time during start-up (s) 0.0312 0.0435 0.0115
Recovery time during the torque step to 0.151 0.0541 0.0021
9 N-m (s)
Speed ripple ratio during the torque step to 540 161 0.26
9N-m (0/0)
Recovery time during the torque step to 0.0261 0.0631 0.00446
4 N-m (s)
Speed ripple ratio durm{); the torque step to 6.85 257 0.731
4 N-m (%)
Torque ripple coefficient (%) 7.71 8.17 2.63
Maximum steady-state speed error after 0323 0.989 0.078
start-up (r/min)
Maximum speed deviation during the load
torque step from 5 to 9 N-m (r/min) 26.988 8.036 1305
Maximum speed deviation during the load 34.265 12.839 3.657

torque step from 9 to 4 N-m (r/min)

5.3. Performance Comparison of Dynamic Speed Tests Under High-Torque Starting Conditions

Figure 13 shows the speed—time waveforms of the three control schemes when the
SRM starts under a load torque of 9 N-m and the rated speed steps from 400 r/min to
1000 r/min. The performance of different controllers is quantitatively evaluated in terms
of maximum speed deviation, recovery time, and steady-state speed error. The results are
summarized in Table 5.

Table 5. Quantitative comparison of transient and steady-state performance among different control
algorithms under high-torque starting and dynamic speed conditions.

PID STSMC INFTSMC
Recovery time during start-up (s) 0.1052 0.1061 0.0122
Recovery time during'the speed step to 0.242 0.0495 0.0122
1000 r/min (s)
Speed ripple ratio during the speed step to
1000 r/min (%) 5.53 0.169 0.002
Maximum steady-state speed error after
start-up at 400 r/min (r/min) 0.801 0.215 0.112
Maximum speed deviation during the speed
step from 400 to 1000 r/min (r/min) 55287 1.687 0.02
Maximum steady-state speed error after the 0.0685 0.0622 0.0062

speed step to 1000 r/min (r/min)
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Figure 13. Speed-time curve under high torque and dynamic speed conditions: (a) start-up instant;

(b) when the speed command suddenly increases.

5.4. Performance Comparison of Dynamic Speed Tests Under Low-Torque Starting Conditions

Figure 14 shows the speed-time waveforms of the three control schemes when the
SRM starts under a load torque of 4 N-m and the rated speed steps from 400 r/min to
1000 r/min. The performance of different controllers is quantitatively evaluated in terms
of maximum speed deviation, recovery time, and steady-state speed error. The results are

summarized in Table 6.

Table 6. Quantitative comparison of transient and steady-state performance among different control
algorithms under low-torque starting and dynamic speed conditions.

PID STSMC INFTSMC
Recovery time during start-up (s) 0.0188 0.0335 0.0101
Recovery time durmg.the speed step to 0.266 0.0462 0.0124
1000 r/min (s)
Speed ripple ratio during the speed step to
1000 r/min (%) 343 0.169 0.008
Maximum steady-state speed error after 1.865 1.801 0.551

start-up at 400 r/min (r/min)
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Table 6. Cont.

PID STSMC INFTSMC
Maximum speed deviation during the speed
step from 400 to 1000 r/min (r/min) 34.317 1.689 0.081
Maximum steady-state speed error after the
speed step to 1000 r/min (r/min) 0.046 0.055 0.005
1200 . - i ' ' ' '
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Figure 14. Speed-time curve under low torque and dynamic speed conditions: (a) start-up instant;
(b) when the speed command suddenly increases.

The above simulation results demonstrate the comparative control performance of the
proposed INFTSMC under the specified MATLAB/Simulink conditions. The control law
involves hyperbolic tangent functions, fractional power operations, and piecewise interpo-
lation. Its actual computational requirement depends on the target processor, numerical
implementation, compiler optimization, and controller update rate. Quantitative real-time
implementation evaluation and hardware-in-the-loop validation will be considered in
future work.

6. Conclusions

This paper proposes a high-performance SRM speed regulation scheme integrating
INFTSMC with an AB-MSTO and verifies its effectiveness in suppressing torque ripple
and reducing speed fluctuations through comparative tests under dynamic disturbances.
Compared with PID and STSMC, the proposed strategy reduces the speed ripple ratio
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to 0.002% and 0.008% in the dynamic speed tests with high- and low-torque start-up,
respectively, whereas the corresponding values are 5.53% and 3.43% for PID and 0.169% in
both cases for STSMC. In the dynamic load tests with high- and low-speed start-up, the
torque ripple coefficient is reduced by 43.41% and 65.89%, respectively, relative to PID.
The speed ripple ratios during the load torque transitions are also substantially reduced,
demonstrating the improved dynamic tracking and disturbance rejection performance of
the proposed strategy. Mechanistically, INFTSMC achieves fast convergence and smooth
control via coordinated far- and near-region actions, avoiding singularity and alleviating
chattering; meanwhile, AB-MSTO rapidly estimates and compensates for load disturbances
and unmodeled dynamics, enabling the system to maintain strong robustness and superior
dynamic response under parameter variations, abrupt load changes, and start-up transients.

Despite the promising simulation results, this work still has some limitations. The
proposed INFTSMC and AB-MSTO have been validated only through MATLAB/Simulink
simulations based on a high-fidelity nonlinear SRM model. Although the theoretical con-
vergence analysis verifies the feasibility of the proposed method, experimental validation
on a DSP/FPGA-based hardware platform is still required to further confirm its real-time
implementation capability and practical robustness. At present, the experimental plat-
form construction, including the preparation and integration of the required hardware
devices, is being actively carried out for future experimental verification. Furthermore,
the parameter tuning of INFTSMC still relies on engineering experience, and systematic
auto-tuning strategies remain to be investigated. Future work will focus on experimental
implementation, adaptive gain optimization, and extension of the proposed method to
more complex servo systems.
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Nomenclature

Abbreviations

Abbreviation  Full term

SRM Switched reluctance motor

DITC Direct instantaneous torque control

INFTSMC Improved nonsingular fast terminal sliding mode control
NFTSMC Nonsingular fast terminal sliding mode control

NFTS Nonsingular fast terminal sliding surface

STSMC Super-twisting sliding mode control

AB-MSTO Adaptive bandwidth modified super-twisting observer
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LESO Linear extended state observer

PID Proportional-integral-derivative

FEA Finite element analysis

PWM Pulse-width modulation

DSP Digital signal processor

FPGA Field-programmable gate array

ADRC Active disturbance rejection control

Symbols

Symbol Definition Unit

T, Instantaneous electromagnetic torque generated by the N'm
kth phase

T, Total electromagnetic torque generated by the motor N-m

i Instantaneous current of the kth phase A

Py Flux linkage of the kth phase Wb

0 Rotor angular position rad (° for FEA data)

W'y Magnetic co-energy of the kth phase J

Wi Magnetic field energy of the kth phase J

L Dummy current variable used for integration A

k Phase index —

m Number of motor phases —

J Moment of inertia kg-m?

B Viscous friction coefficient N-m-s/rad

Ty, Load torque N-m

w Actual rotor angular speed rad/s

Wref Reference rotor angular speed rad/s

w',ef Time derivative of the reference rotor angular speed rad/s?

Eu Speed tracking error, defined as the difference between the rad/s
reference and actual rotor speeds

s Sliding variable —

ai, ap Positive gains of the improved integral sliding surface —

AMEw) Adaptive power exponent function —

Aos M Positive adaptive coefficients —

€ Positive scaling factor for the speed tracking error rad/s

ky Reaching gain of the conventional smooth reaching law —
Boundary layer thickness of the conventional smooth

¢ . Same as s
reaching law

o Integral gain of the conventional sliding surface —

k1, ky Positive gains of the improved double-power reaching law —

% B Power exponents of the conventional double-power o

’ reaching law

P q Positive integers defining the fractional exponent p/q —

c Positive damping gain of the improved reaching law —

A Boundary layer thickness of the hyperbolic tangent function =~ Same as s

Hes) Continuous interpolation function connecting the fractional-
and quadratic power terms

(s) Continuous weighting function in the interpolation region —

d Half-width of the interpolation interval —

T Gain scaling parameter associated with the practical s

f convergence time bound

Lyapunov function of the sliding variable dynamics —

X Absolute value of the sliding variable —

€ Radius of the prescribed convergence neighborhood Same as s

T; Upper bound of the far-region convergence time s
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T,
T,
C.

Tq

b(x)

bminr bmax
Tref

Teq
Tsw
X1

X2

Tctrl

~> E)

L
€w
Ty
I, 1

g1, 82
3

wolew)

Wnear

Wfar
S(lew |, eth)
eth

ks

Bo

)\Ozminr AO,max

&0, mins X0,max

71,2
V4

L
A
P

Upper bound of the near-region convergence time

Total practical convergence time bound

Coefficient relating the gain scaling parameter to the
practical convergence time bound

Prescribed practical convergence time

Input coefficient of the SRM speed dynamics

Lower and upper bounds of the input coefficient
Reference electromagnetic torque command generated
by the speed controller

Equivalent control torque

Switching control torque

Extended state representing the rotor angular speed
Extended state representing the load torque

Actual torque command applied to the SRM after torque
saturation

Estimated rotor angular speed

Estimated load torque

Speed estimation error, defined as the difference between
the actual and estimated rotor speeds

Difference between the actual and estimated load torques
Linear observer gains

Nonlinear super-twisting correction gains
Super-twisting strength coefficient

Adaptive observer bandwidth determined by the speed
estimation error

Observer bandwidth in the near-origin region

Observer bandwidth in the far-error region

Smooth bandwidth switching function

Prescribed speed estimation error threshold

Switching slope coefficient determining the bandwidth
transition steepness

Transformed load torque estimation error

Normalized disturbance associated with the load torque
derivative

Upper bound of the load torque derivative

Upper bound of the normalized disturbance

Combined linear coefficient of the transformed observer
error dynamics

Fractional power correction coefficient of the transformed
observer error system

Sign-related correction coefficient of the transformed
observer error system

Linear correction coefficient of the transformed observer
error system

Lower and upper bounds of the fractional power
correction coefficient

Lower and upper bounds of the sign-related

correction coefficient

Transformed observer error variables

Transformed observer error vector

Bounded uncertainty parameter in the matrix representation

State matrix of the transformed observer error system
Common symmetric positive definite Lyapunov matrix

N-m

N-m
N-m
rad/s
N-m

N-m

rad/s
N-m

rad/s

N-m

rad/s

rad/s
rad/s

rad/s

https://doi.org/10.3390/en19153588


https://doi.org/10.3390/en19153588

Energies 2026, 19, 3588 31 of 32

Symmetric positive definite matrix in the Lyapunov

Q inequality o

Vo Lyapunov function of the observer error system —

co Positive convergence coefficient in the Lyapunov inequality —

to Initial time of the considered continuous disturbance interval s

Ty Finite convergence time of the observer errors s

Ew, max Maximum absolute speed error Same as w

t Time variable S

ta, tp Starting and ending times of the selected evaluation interval s

dw Speed ripple ratio %

(Wmax Maximum motor speed within the selected evaluation interval ~Same as w

Wmin Minimum motor speed within the selected evaluation interval =~ Same as w

Wm Average motor speed within the selected evaluation interval Same as w

Kt Torque ripple coefficient Y%
Maximum electromagnetic torque within the

Tinax L. N-m
evaluation interval
Minimum electromagnetic torque within the

Tmin . . N-m
evaluation interval

Tavg Average electromagnetic torque within the evaluation interval N-m

tr Recovery time s

te Instant at which the load torque or reference speed changes s

" Earliest time at which the motor speed enters and remains
s
° within the prescribed settling band

te End of the evaluated transient interval s
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