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Abstract

This study introduces a sensorless control approach for permanent magnet synchronous
motors (PMSMs) that employs an Improved Non-Singular Fast Terminal Sliding Mode
Controller (IMNFISMC) and an Improved Non-Singular Fast Terminal Sliding Mode
Observer (IMNFISMO). The IMNFISMC employs a novel hybrid reaching law and a
continuous piecewise square root switching function to achieve faster convergence and
effective chattering reduction over the conventional Sliding Mode Controller (SMC). This
design successfully replaces two critical components: the discontinuous constant velocity
term (a key component of the traditional SMC reaching law that is a primary source of
control chattering in PMSM torque regulation) and the high-gain exponential term (which
tends to induce overshoot during transient speed adjustments and degrade steady-state con-
trol precision). In the IMNFTSMO, a hybrid approach combining linear and non-singular
terminal sliding modes eliminates phase lag associated with low-pass filtering in traditional
sliding mode observers, improving rotor position and speed estimation accuracy. Stabil-
ity of both IMNFTSMC and IMNFTSMO is rigorously proven using Lyapunov stability
theory.Validation through extensive simulations and hardware experiments, including chal-
lenging zero-speed start, speed stepping, and load disturbance tests, confirms the proposed
strategy provides improved dynamic response, effective anti-disturbance capability, and
high accuracy for rotor position and speed estimation compared to established benchmark
methods, demonstrating its feasibility for mid-to-low speed sensorless PMSM drives.

Keywords: permanent magnet synchronous motor; sensorless control; Non-Singular Fast
Terminal Sliding Mode Theory; piecewise square root function; sliding mode control

1. Introduction

Owing to its high operational efficiency, low acoustic noise, and outstanding dynamic
properties, modern speed regulation systems increasingly adopt the permanent magnet
synchronous motor (PMSM) as a core component [1]. Despite these significant advantages,
its inherent nonlinear and strongly coupled dynamics—along with operational uncertainties
like parameter variations and external disturbances—present considerable difficulties for
achieving high-precision control [2]. Consequently, exploring more advanced and robust
control schemes remains a critical objective for improving the overall performance of PMSM
drive systems.

Although Proportional-Integral (PI) regulators are widely used for PMSM speed con-
trol, they are sensitive to load and parameter variations, leading to overshoot and instability
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under dynamic conditions. As a result, PI-based approaches are often inadequate for the
high-precision control required by modern PMSM systems [3,4]. In contrast, nonlinear
control strategies, such as Sliding Mode Control (SMC), impose less stringent requirements
on the accuracy of the system’s mathematical model, offering advantages including faster
tracking response and enhanced robustness compared to traditional PI control [5]. Tradi-
tional control approaches for PMSMs require mechanical sensors to acquire speed and rotor
position data [6,7]. Yet, integrating these sensors elevates both the system’s cost and physi-
cal size, in turn reducing the motor’s power density [8,9]. To eliminate mechanical sensors,
sensorless schemes estimate rotor information from stator current and back electromotive
force (back-EMF); among them, the Sliding Mode Observer (SMO) stands out for its low
dependency on model accuracy and robustness against disturbances and parameter drift.

Both the SMC and SMO are rooted in the theory of sliding mode variable structure
control. This theoretical framework applies to a class of nonlinear control systems, which
employ a discontinuous control signal to drive system states toward a pre-designed sliding
surface [10]. The effectiveness of this approach primarily depends on the appropriate design
of sliding surfaces and switching functions. Notably, SMC is largely independent of plant
parameters and disturbances, granting it intrinsic robustness—most notably, robustness
against model uncertainties and external perturbations. This obviates the need for precise
system identification and simplifies practical implementation [11,12]. However, a well-
known drawback of conventional SMC lies in the chattering issue, which arises from the
high-frequency switching behavior of its discontinuous control law.

To mitigate the chattering phenomenon present in traditional sliding mode control,
Zahng et al. [13] proposed the quasi-sliding mode control (QSMC) strategy. By adding a
boundary layer, QSMC softens switching to curb chattering, yet the accuracy-robustness
trade-off persists.

Dai et al. [14] proposed the Fuzzy Sliding Mode Control (FSMC) method, which
utilizes fuzzy reasoning to adaptively adjust the sliding mode control switching gain. This
technique is intended to further suppress chattering as well as enhance the robustness of
the system. A key strength of FSMC lies in its independence from a precise mathematical
model, allowing controller parameters to be adjusted adaptively through fuzzy inference
rules. However, under extreme operating conditions, fuzzy control may struggle to achieve
global optimality, potentially resulting in system response delays (Zhang et al. [15]).

Moreover, Zhou et al. [16] introduced a neural network-based sliding mode control
(NN-SMC) approach, where a neural network is used for the real-time dynamic tuning
of sliding mode control coefficients. The self-learning capability of neural networks en-
ables optimization of the switching gain, thereby maintaining high control accuracy and
robustness under complex load variations and external disturbances [17]. Nevertheless,
the training process of neural networks introduces computational complexity, making
real-time implementation on standard controllers challenging [18].

Additionally, Guo et al. [19] presented an improved approach based on High-Order
Sliding Mode Control (HOSMC). By introducing higher-order sliding mode surfaces, this
method further smooths the switching process and effectively reduces chattering. While
HOSMC enhances system dynamic performance, it also imposes a higher computational
burden on the controller [20].

In sensorless PMSM control, the SMO accurately estimates rotor position and speed.
However, conventional SMO algorithms typically utilize the signum function as the switch-
ing term, which can induce high-frequency chattering and consequently compromise the
accuracy of rotor position and speed estimation [21].

In consideration of the preceding issues, the present paper puts forward a novel
approach to control that integrates the Improved Non-Singular Fast Terminal Sliding
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Mode Controller (IMNFTSMC) and the Improved Non-Singular Fast Terminal Sliding
Mode Observer (IMNFTSMO). In order to address the fundamental trade-off between
convergence speed and chattering (a key limitation of conventional SMC), this paper
proposes the IMNFTSMC. The proposed design is intended to enhance the conventional
framework in two key aspects: First, a composite reaching law is developed to achieve
notably faster finite-time convergence of system states, thereby mitigating the slow response
characteristic of traditional SMC. Second, the standard signum function is substituted with
a continuous piecewise square root function to effectively reduce high-frequency chattering
without significantly compromising the system’s dynamic performance.

The IMNFTSMO design further strengthens the system by integrating linear sliding
mode and non-singular terminal sliding mode. This approach aims to improve both the
accuracy and convergence rate of state estimation, thereby providing a more precise speed
reference than the conventional SMO, which often suffers from estimation phase lag and
low accuracy, particularly at low speeds.

Compared with conventional methods (including PI control and standard SMC),
the proposed strategy demonstrates effective suppression of high-frequency chattering,
improved control accuracy, and a low computational burden, allowing for successful
deployment on a microcontroller unit for real-time operation. The effectiveness of the
developed control strategy is validated through extensive simulations and experimental
tests. The results demonstrate a significant enhancement in the PMSM system’s transient
response, robustness against sudden speed changes and load disturbances, and estimation
precision, all while maintaining structural simplicity.

2. Analysis of the PMSM Mathematical Model

The PMSM model is formulated in the synchronous rotating reference frame (d — gq
frame) under standard assumptions necessary for control design. The model neglects
specific physical phenomena, including magnetic saturation, iron core losses (eddy cur-
rents), and magnetic hysteresis losses, and assumes sinusoidal air-gap flux and constant,
symmetrical parameters. The voltage equations in the synchronous d — g frame are derived
from the stationary « — § frame by defining the d-axis (direct axis) to be aligned with the
rotor’s permanent magnet flux axis, while the g-axis (quadrature axis) is in quadrature with
it [22]. This framework allows the PMSM voltage equations to be formulated as:

uy; = Riy — a)quiq + Ld%r

t
Ji 1)
ttg = Rig + weLgig + Ly + wey.

where the subscripts 4 and g denote the components along the direct and quadrature axes,
respectively; uy, ug and iy, iy denote the stator voltages and currents expressed in the d—q
reference frame; L; and Lq represent the stator inductances along the d-axis and g-axis,
respectively; R refers to the stator winding resistance; we is the electrical angular velocity;
and i denotes the permanent magnet flux linkage.

The electromagnetic torque equation of the motor is formulated as follows:

3 ) ..
T, = P [9ig + (Lg — Lg)igig] )

For a surface-mounted PMSM, characterized by equal d- and g-axis inductances
(Lg = Lg), the expression for the generated electromagnetic torque (T;) is given by the
simplified relation in Equation (3).

3 ) .
T, = Epnlplqz Kiig 3)
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where K; = 3 p,,ip represents the torque constant.

This torque subsequently drives the mechanical system, whose rotational dynamics are
governed by the equation of motion in Equation (4). The parameters within this equation
include the rotor’s moment of inertia (J), the viscous damping coefficient (B), the external
load torque (17), and the motor’s torque constant (K;).

dwn K. BT

T R A @
3. Improvement of Non-Singular Terminal Sliding Mode
Controller Design

3.1. Traditional Design Principle of NFTSMC
The state-space representation of the PMSM'’s mechanical dynamics is established by

T
defining the state vector as x = [xl xz} . The state variables, defined in Equation (5), are
the speed tracking error (x1) and the derivative of the error with respect to time (x7).

X1 = Wy, — W )

X2 = —Wpy

where wj, represents the reference mechanical angular velocity, and wy, denotes the actual
mechanical angular velocity of the rotor.

To facilitate a focused design of the speed controller, the external load torque (TL)
is initially assumed to be zero, a common simplification justified in [23]. Consequently,
combining the equation of motion (4) with the state variable definitions (5) yields the state
equation for the system in the form of Equation (6):

5(1 _ 0 1 X1 0 .
D6 e

The sliding mode surface adopted in this study follows the standard Non-Singular
Fast Terminal Sliding Mode (NFTSM) structure [23], defined as:

s :x1+¢xx11/h+,5x§/q (7)

where the parameters [, h are positive odd integers, and p, g are specifically selected as
positive odd integers satisfying the constraint p > g. This parameterization strategy
is critical to ensure the non-singularity of the controller and guarantee the finite-time
convergence of system states.

To derive the error dynamics, we differentiate the sliding surface in Equation (7) with
respect to time. By applying the chain rule and substituting the state relationship %; = x;
(from Equation (5)), we obtain:

al _ _
s=x+ 50" T+ 5§x§/" v ®)

To effectively drive the system states toward the sliding surface, the conventional
exponential reaching law is incorporated [23]:

d
CTi = —glsgn(s) —kis, € >0,k; >0 )

Thus, the term ¢; sgn(s) represents the constant-rate reaching component, which
drives the system state to the sliding surface at a constant speed. In contrast, the term —k;s
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is the proportional reaching component, which ensures that the reaching speed decreases as
s approaches zero, leading to exponential convergence and effectively mitigating chattering.

Finally, by equating the derived $ (Equation (9)) with the reaching law (Equation (8))
and substituting the PMSM state dynamics for X, (from Equation (6)), the control input i,
can be solved. Integrating the resulting expression yields the standard NFTSMC law:

, 2] t[ q 2p/q( al l/h1>
ig = —Xx 1+ —x
T 3pay Jo 1 Bp7? bt

— bmez +e1sgn(s) + kls} dt

(10)

3.2. Improving the Design of NFTSMC

Conventional NFTSMC faces an intrinsic trade-off: the discontinuous constant-rate
reaching law guarantees fast convergence yet induces high-frequency chattering; increas-
ing its gain further intensifies the oscillation. This conflict, evident from Equation (10),
arises because a high-gain coefficient, though effective far from the sliding surface, causes
the system to significantly overshoot the target manifold upon approach. Consequently,
the traditional NFTSMC structure is unable to reconcile the competing objectives of fast
response and chattering-free operation.

To address the aforementioned challenges, this study proposes an Enhanced Expo-
nential Reaching Law (EROEC) derived from the principles of variable structure control.
The design methodology is mathematically formulated as follows:

§ = —f(x1,5)sgn(s) —kys,

_ e1]x1] (11)
f18) = o kel

where the design parameters satisfy the stability conditions: &1 > 0,6 > 0,k > 0,
and 0 < kp < 1. Additionally, the condition lim;_, |x1| = 0 holds as the system stabilizes.

The mathematical rationale behind this reaching law is as follows: When the sliding
surface deviation |s| is large, the variable-speed reaching term f(x1,s)sgn(s) works in
conjunction with the exponential term k;s to drive the system state toward the sliding
surface rapidly. Conversely, as |s| decreases, the exponential component k;s diminishes.
Simultaneously, since it f(x1, s) is proportional to the error state |x1| (which tends to zero),
the variable-speed term also progressively attenuates. This adaptive behavior ensures that
the reaching law naturally weakens near the equilibrium, effectively suppressing chattering.

To explicitly derive the control law, we substitute the proposed EROEC (Equation (11))
into the derivative of the sliding surface (Equation (7)) and combine it with the PMSM state
dynamics (Equation (6)). Solving for the control input yields:

2] (g 2-p/ al j/pq
[x P4 1—0——xl/

i =
" 3pay Jo | Bp7? h a2
bm 81|xl| ]
_Im kis|dt
12 o+ (- ke sgns) +has

Although the EROEC mitigates chattering to some extent, the presence of the hard-
switching sign function sgn(s) in Equation (12) remains a potential source of high-frequency
oscillation. To further resolve this issue, this paper introduces a novel continuous piece-
wise square root function g(x) to replace the sign function. This function provides a
smooth transition within the boundary layer while maintaining robust switching outside,
defined as:
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1, xX>a
\/%, 0<x<a
8(x) = - (13)
—/ =7, —a<x<0
-1, x < —a

where a > 0 determines the width of the smoothing boundary layer.

In this formulation, x denotes the output of the sliding mode surface function, while
a signifies the transition region thickness, defining the transition region governing the
function’s behavior. The selection of a presents a critical trade-off: a larger value enhances
chattering suppression at the expense of control accuracy.

The proposed switching function—shown in Figure 1—saturates outside the boundary
layer and varies smoothly within it, merging a transition mechanism with nonlinear gain
to suppress chattering.

Comparison of Improved Smooth Switching Functions

05

5 - -5 2 -1 0o 1 2 3 4 5
Figure 1. Graphs of the improved piecewise smooth function under different values.

Unlike the hyperbolic tangent (tanh) function utilized by Bai et al. [24], the proposed
form requires only a square root calculation, reducing computational cost. This design
avoids the noise amplification issues associated with the fixed slope at the zero-point of
the tanh function. Furthermore, the parameter 7 is directly correlated with the system’s
dynamic range, giving it a clear physical meaning. Relative to the piecewise exponential
function introduced by Zhang et al. [18], the proposed scheme embeds an adaptive near-
zero gain that eliminates the zero-gain drawback while retaining the saturated output that
ensures robustness outside the boundary layer.

Consequently, the final output of the proposed IMNFTSMC is formulated as:

- 2] /t{ q 2—p/q( al l/h—l)
g = —Xx 1+ -—x
T Bpuy Jo [ Bp7? hl

bm €1|xl‘

— Ty +
12T ot (1 —kpe oW1

(14)

() + kls} dt

3.3. Stability Analysis
Robustness of IMNFTSMC is verified via Lyapunov’s direct method; adopting the

candidate from [25]:

1
V= 552 (15)

Stability is evaluated through the first derivative of the Lyapunov function V defined
in Equation (16):

https:/ /doi.org/10.3390/app16041767
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. l _
V—s(xz+“xll/h_1x2+/3§x§/q 1x2>

I
_gP p/a-1|_ €1]x1| .y 2} 16
e { k2+(1—k2)e—5\5\sg(s) 1 (16)
/q—1
< gL/ 15| = —yls|
q
where —ﬁgxg/qfl = —.

As indicated by the foregoing formulation, the condition V() < 0 holds whenever
s # 0, thereby fulfilling the reaching condition requisite for sliding mode operation.

Let the initial value of the system’s sliding variable be s(0) # 0, and let ¢, denote
the time required for the system to transition from the initial state to the sliding surface
s(t;) = 0. At the instant t = f,, the inequality $-s < —#|s| gives rise to the following
two cases:

(1)  Fors >0, it follows that s < —7. Integrating both sides yields f:((ot)’ ) ds < fot’ —ndt,
which simplifies to s(t;) —s(0) < —nyt,. Hence, the reaching time satisfies
b < ((0) /1),
(2) Fors < 0, we have § > 5. Integration leads to | S((Ot)’)ds > fot’ ndt, implying
s(t;) —s(0) > nt,. Consequently, the reaching time is bounded by t, < —(s(0) /7).
In summary, the upper bound of the finite duration needed for the system’s state to

attain the sliding surface, starting from any original condition, can be expressed as:

< 2O 17)

n
Given that p and g are defined as positive odd integers satisfying 1 < p/q < 2, the
term xg /871 remains real and non-singular. The subsequent analysis is therefore divided

into two distinct cases for comprehensive discussion:
(I) When x; # 0, rearranging Equation (16) yields:

e1x1|
ko + (1= k2

> _ P p/a-1 2
V= 'Baxz {_ Ye—olsl sg(s) — ks } (18)

<0

(2)  When x; = 0, substituting Equation (14) into Equation (6), the subsequent formula
can be derived:

. e1]x1]

Xy = — s) —kis 19
2 k2 n (1 _ k2)€75|5|g< ) 1 ( )
. e1]xq]

Xy < — , s>0
2= k2+(1—k2)€7‘5‘s‘ (20)
ity > €1]x1] s<0

ko + (1 — kz)e—é\s\ ’

Equation (20) describes the system’s behavior when x, = 0. Whens > 0 and x; =0,
the state is unstable and will be driven into the regio x, < 0. Similarly, when s < 0 and
x2 = 0, the state is also unstable and transitions to the region x, > 0 within a finite time.

Collectively, Equations (18) and (20) demonstrate that the system state cannot remain
at the origin (x; = 0, xp = 0). Instead, the state trajectories will continuously traverse the
pg-axis in the phase plane, because the Lyapunov derivative V does not persistently remain
at zero. This analysis confirms that the system state is guaranteed to reach the terminal
sliding surface s = 0 from any initial condition in finite time.
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4. Design of a Non-Singular Terminal Sliding Mode Observer

The back-electromotive force (back-EMF) of a motor inherently contains information
about its rotor position and rotational speed, which enables the estimation of these states
through a SMO. Conventional SMO implementations typically employ low-pass filters
(LPFs) to extract smooth back-EMF signals by attenuating the high-frequency chattering
induced by the discontinuous signum function. However, these filters introduce phase
delays in the position estimate, necessitating complex compensation. Furthermore, obtain-
ing speed via direct differentiation of the rotor angle is highly susceptible to noise, which
degrades estimation accuracy.

To address these challenges, this paper proposes an IMNFTSMO whose core innova-
tion is chattering suppression without a low-pass filter, thereby eliminating phase lag and
improving the accuracy and robustness of rotor-state estimation. From the voltage equation
of a surface-mounted PMSM in the stationary coordinate system, the state equation can be
derived as follows: i R , ,

ﬁ = _fis + Z”s - Zes (21)
among them, is = [iy ig] T(stator current in the stationary coordinate system), us = [uy ug| T
(stator voltage in the stationary coordinate system), es = [e, eg] T(baCk-EMF in the station-
ary coordinate system), R denotes the stator resistance of the PMSM, and L denotes the
stator inductance (for surface-mounted PMSM L = L; = Lg).

The structure of the proposed novel sliding mode observer is defined as:

dis R. 1 1
E = _fls + Zus + Z'D (22)

T
where the term v = {v,x vﬁ] is the observer control law.
The observation error dynamics are derived by subtracting Equation (22) from
Equation (21). Defining the current estimation error as Iy =i — iAS, the error equation is:

di, R, 1 1

E — Lls - zes - ZU (23)

In sliding mode theory, the design of the switching surface is pivotal, as it governs
the system’s convergence characteristics. For an observer, specifically, the sliding surface
determines the convergence rate and the trajectory by which the estimated values track the
true values. Therefore, leveraging the concepts of both linear and non-singular terminal
sliding modes, this paper proposes a hybrid switching surface, defined as:

s=f—+cf+yfr/1 (24)

Here, ¢, v, p, q are sliding mode parameters, with the constraints thatc > 0, v > 0,
and p/q > 1, where both p and g are positive odd integers. The term f = is = is — is
represents the stator current observation error and is used as a first-order linear sliding
mode switching surface. Consequently, s constitutes a second-order mixed non-singular
terminal sliding mode switching surface.

The sliding mode observer control law is designed as:

. t
v:RiS—/
0

where 7, u, [ are the control law parameters, satisfying the conditions 7 > 0 and u > 0.

Lzﬁ'

W + (lg + r])sgn(s) +us|dt (25)
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To verify the feasibility of the proposed integral sliding mode observer, its stability
must be analyzed. Based on the Lyapunov stability criterion, the Lyapunov function is
defined as:

Ve = %si (x=uw,p) (26)

To ensure stability, the time derivative of the Lyapunov function in Equation (26) must
satisfy the condition Vy < 0. The derivation is as follows:

Vi stz 5 ( fotchot ’ijx”/q‘lf;c)

_ YP :p/q-1 lzx ;

—Sx<C+1x ) —— 7 Tk |n (27)
7 e+ /T

=syF i—x+:

= Sx T Ix

wherex =a, 5, F =c+ ¥{§/q—1 and F > 0. Combining with the error Equation (23), that
can get:

. Li .
V= %P “j‘ T éx — Riy + 0y (28)

Substituting the sliding mode control law from Equation (25) yields:

Vy = %F[éx — (lg +17)sgn(sx) — usy] (29)

When the control parameter [, satisfies the condition
lg > |éx] (30)

then have F
Vy < - [ﬂ\sx| +us§} <0 31)

Therefore, provided that the parameter [, is selected within the specified range, the de-
signed sliding mode control law satisfies the reaching condition; thus, the stability of the
observer is guaranteed throughout the sliding phase.

From the error Equation (23), it follows that once the error dynamics converge to
the equilibrium point, where s = Is = 0, the linear sliding mode variables f and f also
converge to zero. This signifies that the system has reached the mixed non-singular terminal
sliding mode state. The observer error Equation (23) can therefore be simplified to:

es = —0 (32)

Equation (32) reveals that the motor’s back-EMF can be directly estimated via the
SMC law. In a conventional SMO, the back-EMF information is embedded within the
discontinuous signum function, which is the primary source of chattering. By contrast,
the proposed observer extracts the back-EMF information from the control law defined in
Equation (25). Though containing a signum term, the control law embeds a built-in filter
that smooths discontinuity, suppressing chattering without an external LPF and enabling
direct, lag-free rotor-position extraction from the observed back-EMFE.

Conventionally, using arctangent of the back-EMF for position is noise-sensitive,
and division near zero crossings amplifies errors, degrades accuracy. The estimation of
rotor position and rotational speed in this research is accomplished through a Phase-
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Locked Loop (PLL)-based scheme. The corresponding block diagram depicting the system
architecture is provided in Figure 2.

,éa

W,
L
AFE K [
; 1 e
K,+ Y A ———>

Figure 2. Block diagram of the phase-locked loop structure.

Based on the figure provided, the following relationships can be derived:

AE = —é,cosf, — égsin 0,

—é, cos B, — égsin 0

a 2+é (33)

~

= sin(6, — 0,)
When the rotor position error is small, i.e., |6, — @g| < %, the small-angle approxima-

tion sin(@e — @3) ~ 0, — ée can be applied. The rotor speed is then obtained through a PI
controller, and subsequently, the rotor position is determined by integration.

5. Simulation and Experimental Analysis

To assess the efficacy of the devised control strategy, a simulation model of a sensor-
less PMSM drive system was designed within the MATLAB/Simulink (version R2023b)
environment. The system utilizes a field-oriented control (FOC) framework. The overall
control architecture, which integrates the proposed approach, is illustrated in the block
diagram provided in Figure 3.

]

w SVPWM Inverter

Wref ifl ref (Current Loo;
f,\ IMNFTSMC _ Pl uy dg
N\ %4 PI

idre[: 0

urrent Looj

A%

PI

U,

g

dgq

i

i

. i

8

af

PLL IMNSFMC

Figure 3. Block diagram of the non-sensing control system for permanent magnet synchronous motor
based on the theory of non-singular fast terminal sliding mode.
5.1. Simulation Analysis

The simulation study was performed using the PMSM parameters detailed in Table 1.
To ensure a fair and objective comparison, the current inner loop controllers for all compared
speed control methods (PI, SMC, NFTSMC, and the proposed IMNFTSMC) were set to
the identical PI gains: K, = 34 and K; = 3000. This standardization guarantees that
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differences in speed loop performance are attributable solely to the unique characteristics of
the outer speed controller. Step-speed simulations compared the dynamic and steady-state
performance of four controllers: PI, SMC, NFTSMC, and the proposed IMNFTSMC.

Table 1. PMSM machine specifications.

Name Value Unit
Rated Speed 3000 rpm
Rated voltage 24 \%
Rated Power 200 Y
Stator resistance 0.889 (@)
Rotor Moment of inertia Jm 0.214 kg-cm2
Stator inductance 151 mH
Pole Pair Number 3 -

Step-speed simulations compared the dynamic and steady-state performance of four
controllers: PI, SMC, NFTSMC, and the proposed IMNFTSMC.

With the motor’s target speed set to 500 r/min, the speed response curves in Figure 4
reveal distinct performance characteristics. The traditional PI controller shows a noticeable
overshoot and a prolonged settling time, while the SMC exhibits a slower response without
overshoot. The NFTSMC achieves a faster transient but incurs steady-state chattering.

In comparison, the proposed IMNFTSMC strategy allows the motor to rapidly con-
verge to the setpoint in approximately 0.09 s. The steady-state speed fluctuation of less
than 0.3 r/min confirms the effective suppression of chattering, highlighting a significant
improvement in control performance over the conventional methods.
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Figure 4. Zero-speed no-load startup diagrams under different control methods.

To further assess the robustness of the proposed IMNFTSMC strategy, a simulation was
performed with a time-varying reference speed profile, as illustrated in Figure 5. Starting
from 500 r/min, the reference was stepped to 900 r/min at 0.5 s and back to 500 r/min at
1.0 s; the IMNFTSMC followed these changes with minimal overshoot and swift settling
time. When the reference speed increases at 0.5 s, the system converges to the new target in
approximately 0.15 s (at t = 0.65 s) with negligible fluctuation. Similarly, when the speed
command drops at 1.0 s, the system stabilizes at the new setpoint within approximately
0.15s (att=1.155s).

Under the same dynamic test scenarios (including acceleration and deceleration), PI
control typically exhibits significant overshoot, SMC demonstrates a slower transient re-
sponse, and both SMC and NFTSMC exhibit detectable steady-state chattering—deficiencies
that are effectively addressed by the proposed IMNFTSMC.

https:/ /doi.org/10.3390/app16041767


https://doi.org/10.3390/app16041767

Appl. Sci. 2026, 16,1767 12 0f 21

1000

—n
SMC
NFSMC

900 —— DMNFSMC]|

800

~
(=3
(=]

=2
(=3
(=]

Nr/(r/min)
wn
>
[—J

400
o0 | 4 TN L -
200 Ve R S
wolb [/ R B ;
()Tﬁ 0?7 0?8 1.0 1.1 1.2 1.3
0 s : -
0.0 0.4 0.8 1.2
t/s

Figure 5. Graph showing the rotational speed under different control strategies with sudden increases

and decreases in the reference speed.

In summary, this comparative analysis indicates that the proposed IMNFISMC strat-
egy improves the system’s dynamic performance and stability. By optimizing the sliding
mode surface and introducing a segmented switching function, the controller achieves
faster convergence and more effective chattering reduction. It maintains reliable dynamic
and steady-state performance across the tested range of operating conditions.

Simulations were carried out to test the dynamic disturbance rejection capabilities of
different control methods. In this experiment, the motor was set to run at a target speed of
500 r/min. After the speed stabilized, a step load torque of 0.2 N-m was applied at 1.0 s.
The resulting speed responses for each controller are presented in Figure 6.
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Figure 6. Simulation results of speed response under different control schemes with increased load.
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The results in Figure 6 show that the proposed IMNFISMC strategy provides a fast
and robust response to load disturbances. The maximum speed deviation is approximately
20 r/min, which is less than the deviations observed with the other three control methods.
Furthermore, the system under IMNFTSMC returns to the steady state with a shorter
recovery time. This outcome confirms that the proposed method offers enhanced robustness
and dynamic performance in rejecting external disturbances.

A comparative study was conducted between the proposed IMNFTSMO and a con-
ventional SMO to evaluate rotor position estimation accuracy. The outcomes are depicted
in Figure 7.

The results show that the proposed IMNFTSMO achieves a reduced rotor position
estimation error compared to the conventional SMO. The estimated position from the
IMNFTSMO consistently tracks the actual rotor position, which validates the improvement
in estimation accuracy and the effectiveness of the proposed method.

8 8
—— actual rotor position
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Figure 7. A magnified comparison diagram of the rotor position under the two observers after the
rotational speed stabilizes.

5.2. Hardware Validation

To validate the proposed control strategy, an experimental platform was set up (as
shown in Figure 8). The system is centered around an Infineon Aurix TC275 microcontroller
(Infineon Technologies, Neubiberg, Germany) running at 200 MHz, with custom-built
control and driver boards. A 1000-line Hall encoder is used to measure the motor speed,
providing a reference for comparison with the sensorless control method’s estimated speed.

The control software was developed using the AURIX Development Studio. Low-
level drivers and hardware configurations were managed via the iLLD library, and the
application layer control logic was implemented using a Model-Based Design (MBD)
approach (Simulink model generation). The generated code was compiled and downloaded
to the microcontroller’s RAM for execution. The Pulse Width Modulation (PWM) frequency
was set to 10 kHz.

Data is acquired via the 12-bit ADC and transmitted to the Vofa+ PC software (version
1.3.10) via serial port (921,600 bps) for real-time plotting. To ensure fair comparison, PI
current loop controllers for all tested methods utilize identical parameters: K, = 34 and
K; = 3000. A 200 W induction motor serves as the load. The system’s control block diagram
is shown in Figure 8. The key PMSM parameters for the experimental validation are
identical to those listed in Table 1 for the simulation study.

A comparative performance analysis was conducted between the proposed IMN-
FISMC /IMNFTSMO scheme and three conventional methods: PI control, classical SMC,
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and standard NFTSMC. The evaluation focused on key performance indicators, including dy-
namic speed response, rotor position estimation accuracy, and disturbance rejection capability.

Figure 8. Experimental platform diagram.

5.2.1. Performance Verification of the Starting Process.

Figure 9 presents the comparative speed response of the controllers during a no-load
start-up to a target speed of 1000 r/min.
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Figure 9. Speed fluctuation graph during startup under different control methods (Note: The transient
spikes observed in the measured speed curve are attributed to sensor signal interference during the
high-current startup phase, and do not represent the actual mechanical dynamics of the motor).

Among the conventional methods, the PI controller exhibits significant overshoot,
while the traditional SMO avoids overshoot but suffers from a slow settling time. The stan-
dard Non-Singular Fast Terminal Sliding Mode Controller (NFITSMC) provides a rapid
transient response but is plagued by severe chattering and steady-state ripples. In contrast,
the proposed method, which leverages an improved control law and a continuous piece-
wise square root switching function, effectively addresses these drawbacks. It achieves a
rapid response comparable to the standard NFITSMC while significantly suppressing the
chattering phenomenon.

Figures 10 and 11 illustrate the system’s performance during the start-up phase.
At near-zero speeds, the weak back-EMF signal prevents the sensorless observer from
accurately estimating the rotor position.
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Figure 10. Three-phase current and amplification diagram for the motor starting from zero speed to
1000 r/min.
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Figure 11. The stable three-phase current graph of the motor operating at 1000 r/min.

To address this, an open-loop I/F (current-frequency) start-up strategy is initially
employed to accelerate the motor. In this strategy, the g-axis current reference i; is set to a
constant value to generate sufficient starting torque, while the d-axis current i} is maintained
at zero. The rotational speed w* increases linearly from zero, and the rotor position is
integrated as 6 = [ w*dt. This ensures a stable run-up before switching to the sensorless
observer. Once a predetermined switching speed is reached, the control scheme transitions
to the closed-loop state using the proposed observer algorithm. A distinct difference in the
current is evident between these two phases. During the initial I/F start-up, the three-phase
current amplitude is elevated. After switching to sensorless closed-loop control, the current
amplitude is reduced, and the waveforms stabilize into ideal three-phase sinusoids.

5.2.2. Verification of Sudden Change Performance

To evaluate the dynamic tracking performance, the controllers were subjected to step
changes in the speed reference from an initial steady-state of 1000 r/min. Figure 12 presents
the comparative responses to a positive step change, where the reference is increased to
1200 r/min and subsequently restored. Figure 13 depicts the system responses to a negative
step command, with the reference speed first reduced to 800 r/min and then reset to its
original value.
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Figure 12. Graph showing the speed response under sudden speed increase under different
control strategies.
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Figure 13. Graph showing the speed response under sudden speed drop under different
control strategies.

The experimental results in Figures 12 and 13 reveal significant performance differ-
ences among the controllers. The PI controller exhibits noticeable overshoot, while the
standard SMC demonstrates a significantly slower response. Both the NFTSMC and the
proposed IMNFTSMC achieve a fast response with minimal overshoot. In the steady state,
the IMNFTSMC exhibits smaller ripple amplitudes compared to the NFTSMC, indicating
an observable improvement in suppressing steady-state chattering. While the proposed
strategy offers superior performance, it requires careful parameter tuning to ensure optimal
practical application.

5.2.3. Observation Performance Verification

The performance of the sensorless observer is presented in Figures 14 and 15. Figure 14
provides a magnified view of the system’s transition to sensorless control, illustrating the
close alignment between the observed rotor position and the actual position obtained from
Hall effect sensors at the switching instant. Figure 15 demonstrates the dynamic speed
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tracking performance, comparing the estimated speed against the measured speed during
step reference changes, with a magnified view of the transient response.

The results indicate that upon switching to sensorless operation, the estimated rotor
position exhibits close convergence to the actual position (Figure 14). The estimated speed
also effectively tracks the actual speed through step changes, supporting the effectiveness
of the proposed observer (Figure 15). This validates the scheme’s ability to maintain reliable
operation during dynamic speed transitions without a physical speed sensor.

Collectively, these experimental results validate the robust estimation capability of
the proposed observation algorithm. The consistent estimation of both rotor position
and rotational speed across dynamic scenarios highlights the reliable performance of
the IMNFTSMO.
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Figure 14. Improved non-contact control for rotor position observation and enlarged observation
angle diagram.
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Figure 15. Speed tracking situation (observed speed vs. actual speed) and enlarged diagram under
sudden speed changes. (a) Overall speed tracking response of observed speed and actual speed under
step changes; (b) Enlarged view of speed tracking at the sudden increase from 1000 r/min to 1200 r/min
(label b in (a)); (c) Enlarged view of speed tracking at the sudden decrease from 1200 r/min to 1000 r/min
(label c in (a)); (d) Enlarged view of steady-state speed tracking at 1000 r/min (label d in (a)).
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5.2.4. Disturbance Rejection Performance

To evaluate the system’s robustness against load variations, a step load disturbance of
0.2 N-m was applied. Figures 16 and 17 present the comparative transient current responses
of the conventional NFTSMC and the proposed IMNFTSMC, including magnified views
for detailed inspection.

A comparative analysis reveals the superior disturbance rejection capability of the
proposed IMNFTSMC. As shown in Figure 16, the traditional NFTSMC exhibits a significant
three-phase current fluctuation, with a peak amplitude deviation of approximately 0.8 A.
In contrast, as depicted in Figure 17, the IMNFTSMC effectively suppresses this deviation
to within 0.5 A and achieves a notably faster recovery time. Furthermore, the IMNFTSMC
maintains nearly undistorted 120° symmetrical current waveforms, confirming its rapid
regulation and stable operation in the presence of external disturbances.

It is worth noting that while the control design is based on a linear viscous damping
model (T; o wy,), the experimental results demonstrating strong rejection of step load
disturbances also imply robustness against unmodeled nonlinear dynamics. In practical
applications where the load torque may exhibit nonlinear characteristics (e.g., quadratic
damping T; « w?), the proposed IMNFTSMO treats the model discrepancy as a lumped
disturbance. The observer estimates and compensates for this “unmodeled” portion in
real time, ensuring that the system performance remains robust even under model mis-
match conditions.
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Figure 16. Three-phase current response curve and magnified view under NFTSMC with
load disturbance.
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Figure 17. Three-phase current response curve and magnified view under IMNFTSMC with
load disturbance.
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6. Conclusions

This paper presents a novel composite sensorless control strategy for PMSM drive
systems, which is based on the integration of an IMNFTSMC and an IMNFTSMO.
The technical superiority of the proposed control strategy is attributed to two key factors:

e First, the IMNFTSMC incorporates a novel EROEC and a continuous piecewise square
root switching function. The EROEC dynamically adjusts the convergence rate based
on the system state error, ensuring rapid finite-time convergence. Meanwhile, the con-
tinuous switching function effectively eliminates the high-frequency chattering inher-
ent in traditional sign-function-based sliding mode control.

* Second, the proposed hybrid observer IMNFTSMO) integrates linear and non-
singular terminal sliding modes. This structure inherently mitigates the phase lag
and signal attenuation associated with the low-pass filters used in conventional SMO,
thereby significantly improving the accuracy of rotor position and speed estimation.

The stability of the entire closed-loop system is theoretically guaranteed through
Lyapunov analysis.

Comprehensive validation through simulations and hardware experiments confirms
the effectiveness of the method within the mid-to-low-speed operating range. The results
show that the proposed composite strategy delivers improved transient dynamics, high
steady-state control precision, and robust anti-disturbance capability when compared to
established conventional techniques.

Future work will focus on two key areas to enhance the practical application value of
this strategy:

e High-Speed/Full-Speed Range Validation: Further research is required to investigate and
verify the algorithm'’s performance under high-speed and full-speed operating conditions.

®  Scalability Verification: Subsequent studies will involve constructing a larger-power
electrical machine platform to validate the scalability and robustness of the proposed
strategy on industrial-scale equipment.
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The following abbreviations are used in this manuscript:

PMSMs Permanent Magnet Synchronous Motors
IMNFTSMC  Improved Non-Singular Fast Terminal Sliding Mode Controller
IMNFTSMO  Improved Non-Singular Fast Terminal Sliding Mode Observer
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PI Proportional-Integral

SMC Sliding Mode Controller

SMO Sliding Mode Observer

EROEC Enhanced Exponential Reaching Law
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