IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 12, NO. 2, APRIL 2026

2207

Fuzzy-Adaptive Super-Twisting Sliding Mode
Observer for Sensorless Permanent Magnet
In-Wheel Motor Control in Electric Vehicles
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Abstract—This article introduces an innovative sensorless
control methodology for permanent magnet in-wheel motors
(PMIWDMs) in distributed-drive electric vehicles (DDEVs). First,
a disturbance boundary estimation technique is integrated to
increase the system’s robustness against external perturbations
and parameter uncertainties. Second, a fuzzy-adaptive super-
twisting sliding mode observer (FSTSMO) is developed to
mitigate the challenges of chattering and infinite-time con-
vergence commonly associated with traditional sliding mode
observers (SMOs). This hybrid framework leverages fuzzy infer-
ence mechanisms to adaptively tune the switching gains in
real-time, thereby ensuring finite-time convergence while sub-
stantially reducing chattering phenomena. Third, a phase-locked
loop (PLL) is incorporated within the observer architecture to
enhance the accuracy of the rotor position estimation through
dynamic phase synchronization. Extensive simulations alongside
hardware-in-the-loop experiments validate that the proposed
FSTSMO-PLL approach, combined with disturbance boundary
estimation, achieves rapid command tracking and reduced speed
error relative to conventional SMQs. In particular, the control
strategy maintains stable motor performance during acceleration
and dynamic load variations without dependence on physical
speed sensors, providing a cost-efficient and dependable sensor-
less solution for PMIWM-driven DDEVs, especially suited for
operation in challenging environments or scenarios with limited
installation space.

Index Terms—Fuzzy controller, phase-lock loop, sensorless
control, super-twisting sliding mode controller.

I. INTRODUCTION

ECENTLY, distributed-drive electric vehicles (DDEVs)

equipped with permanent magnet in-wheel motors (PMI-
WDMs) have garnered significant attention in global automotive
research. Compared to conventional centralized-drive elec-
tric vehicles (CDEVs), PMIWM-based DDEVs eliminate the
mechanical transmission components, such as clutches and
transmission shafts, thereby simplifying powertrain architec-
tures and enhancing energy transfer efficiency [1], [2]. In addi-
tion, the ability of PMIWMs to control torque separately
allows for better steering and management of how the vehicle

Received 25 September 2025; revised S5 November 2025;
accepted 1 December 2025. Date of publication 4 December 2025;
date of current version 25 March 2026. This work was supported in part by
the National Key Research and Development Program of China under Grant
2016YFC0802903 and in part by the National Natural Science Foundation
of China under Grant 61671470. (Corresponding author: Kegin Li.)

Hao Huang, Sai Wang, Chunfeng Yu, Zhonghua Sun, and Yuanfeng Zhang
are with Naval Aeronautical University, Qingdao Campus, Qingdao 266000,
China (e-mail: haohuang_130@whu.edu.cn).

Keqin Li is with the Department of Computer Science, State University of
New York, New Paltz, NY 12561 USA (e-mail: lik@newpaltz.edu).

Digital Object Identifier 10.1109/TTE.2025.3640616

moves, providing improved handling and flexibility [3], [4].
These inherent advantages position PMIWM-driven DDEVs
as a transformative choice for future electric vehicles, partic-
ularly in scenarios requiring compact design and adaptable
movement control in constrained spaces.

Currently, sensors are commonly installed in the PMIWM,
which can monitor and provide feedback on the speed signal
to enhance the control precision [5]. However, this compo-
nent can increase vehicles’ unsprung mass and reduce their
reliability when working in a harsh environment. In addition,
installing sensors causes defects that raise the cost of the
control system [6], [7]. Therefore, the adoption of sensorless
control for PMIWM is crucial.

The sliding mode observer (SMO) is widely used for
controlling motors without sensors because it can handle
disturbances well, does not depend on specific parameters, and
responds quickly [8]. However, two inherent defects limit the
further improvement of this method. The first is the chattering
problem caused by nonlinear control, and the second is the
infinite-time convergence problem caused by the linear sliding
mode surface [9].

Aiming at the issue of chattering value, in [10], a new
strategy for compensating disturbance observers is proposed
using the compound reaching law (CRL). While this method
reduces chattering, it imposes a computational strain due to its
intricate reaching law. In [11], an adaptive SMO is addressed
to decrease chattering amplitude. However, the sliding mode
gain approaches zero as the control deviation diminishes,
negatively impacting the control system. An exponential con-
vergence method in direct torque control is shown in [12],
which can improve system stability and reduce chattering.
While such algorithmic approaches demonstrate theoretical
advantages, their implementation inevitably incurs elevated
computational overhead in control systems. To address this
challenge, recent developments in observer-based control the-
ory have been presented in [13], which effectively suppresses
high-frequency chattering in drive systems. However, this
enhanced dynamic performance decreases system tolerance to
parameter variations. In addition, Zhang et al. [14] proposed
a finite-time SMO approach to resolve the chattering issue.
However, this method lacks precision in adjusting control
parameters across various systems.

Tackling the issue of infinite-time convergence, in [15],
a novel control scheme integrating finite-time convergence the-
ory with SMO was conceived. Based on nonlinear control the-
ory, this approach significantly enhances steady performance
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and quick reactions for motor drive systems facing variable
conditions. Nevertheless, it encounters singularity challenges.
The adaptive nonsingular fast SMO in [16], using a nonlinear
saturation function to ensure errors quickly decrease on sliding
surfaces. However, the control law includes discontinuous
switching functions, potentially causing oscillations in the
control system. An enhanced sliding mode control framework
with nonlinear convergence dynamics was proposed in [17],
facilitating a direct drive system’s high speed, precise move-
ments. This advanced control architecture demonstrates faster
convergence rates than conventional terminal sliding mode
approaches while eliminating singularity phenomena common
in high-order systems operating under inertial coupling condi-
tions. However, the complexity of this SMO algorithm results
in a considerable computational load on the processor. In [18],
a new sliding mode observation system was introduced that
uses global finite-time convergence theory to improve errors
and lessen chattering. However, the control parameters remain
constant, preventing ideal real-time control performance
optimization.

Compared to the previously mentioned SMO methods, the
super-twisting SMO (STSMO) has emerged as a superior
candidate for sensorless control applications. This design
removes sudden changes, reduces chattering, and ensures that
errors decrease in a limited time using nonlinear sliding
surfaces [19], [20]. The STSMO operates by introducing an
additional integral term into the control law. This unique struc-
ture allows it to directly act on the higher order time derivatives
of the sliding variable, effectively suppressing the chattering
while preserving the paramount robustness properties of the
standard SMO. Specifically, the continuous control output of
the STSMO is generated from a discontinuous function acting
underneath the integration process, which smooths out the
output and eliminates high-frequency switching. In addition,
the computational requirements of this method are relatively
low.

In [20], an STSMO method was designed to realize chatter-
ing avoidance via continuous control. In [21], an adaptive-gain
STSMO was proposed to balance estimation accuracy and the
chattering problem. A STSMO with a complex vector gener-
alized integrator for sensorless control of a motor is proposed
in [22], which can realize the compromise between chattering
and estimation accuracy under limited control frequency in
practice.

However, implementing a sensorless control technique
based on existing STSMO has two common issues. First,
the unmodeled disturbances of SMO will amplify observation
errors, causing state estimation values to deviate from their
actual values, resulting in steady-state errors or accuracy
fluctuations that seriously affect the stability of the observer
[23], [24]. In [25], a novel barrier function-based adaptive
sliding mode control (BFASM) scheme can handle input
saturation and uncertainties without requiring the upper bound
of the disturbance, ensuring a stable state of the closed-loop
system within a predetermined area. Based on this method,
we aim to resolve the inherent trade-off between conver-
gence speed and chattering caused by inappropriate parameter
selection.
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A novel BFASM scheme can handle input saturation and
uncertainties without requiring the upper bound of the dis-
turbance, ensuring a stable state of the closed-loop system
within a predetermined area. Based on this method, we aim to
resolve the inherent trade-off between convergence speed and
chattering caused by inappropriate parameter selection. This
research systematically organizes its principal innovations as
follows.

1) An unmodeled disturbance estimation method is adopted
to determine the boundary value of disturbance in real-
time, which provides a theoretical basis for a precise
and adaptive sliding mode gain, thereby overcoming
the traditional conservative gain selection and improving
control precision.

2) An STSMO is developed to supercede conven-
tional SMO frameworks. Employing a higher order
sliding mode algorithm effectively suppresses the
high-frequency switching chattering inherent in con-
ventional SMOs while maintaining the robustness and
finite-time convergence properties.

3) An adaptive fuzzy logic module is integrated with the
STSMO architecture, enabling real-time parameter reg-
ulation to optimize closed-loop performance metrics.

This research adopts the following organizational frame-
work. Section II formulates the mathematical framework of
PMIWMs with disturbance-bound estimation in the rotating
reference frame. Section III introduces an integrated design
paradigm combining STSMO with fuzzy parameter adaptation
mechanisms. Section IV systematically validates the sensor-
less control architecture through comparative simulations and
experimental tests on a motor-inverter test bench. Section V
highlights the main technical advancements in designing non-
linear observers and suggests three new research directions for
future sensorless drive systems.

II. MODELING OF PMIWM

The main subject of this study is the high-performance
control techniques of the exterior rotor inside PMIWM for
electric vehicle propulsion under various operating conditions.
As illustrated in Fig. 1, the motor features a 25-slot stator and
24-pole rotor configuration with 40 mm axial length, employ-
ing a circumferential magnetization topology for embedded
permanent magnets. This compact architecture achieves high
torque density while optimizing rare-earth material utilization,
making it particularly suitable for space-constrained automo-
tive applications. The mathematical modeling of PMIWM
incorporates these fundamental assumptions [26], [27]: 1) the
effects of iron core saturation are ignored; 2) magnetic circuit
linearity is presumed; 3) motor inductance parameters remain
invariant; 4) eddy current and hysteresis losses are excluded;
5) rotor magnetic fields exhibit sinusoidal airgap distribution
with balanced three-phase sinusoidal currents; and 6) rotor
damping windings are absent. Under these premises, the
following equation describes the derived PMIWM dynamics
in the synchronous rotating coordinate system:

d iot __5 ia l Uy _L €y _ dot
E[iﬂ}_ L.vl:iﬁjl+Ls|:”ﬂi| Ls|:eﬂi| [dﬂ:| M
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Rotor core

Permanent magnet
Semi-elliptic groove

Stator core

Armature winding

Fig. 1. Structure of PMIWM.

where the currents of the «/f axis are represented by i,
and ig, respectively. The resistance is represented by R; the
inductance of the d/g axis is represented by L, respectively;
the voltages of the «/f axis are represented by u, and ug,
respectively. The back electromotive forces (BEFs) of the o/
axis are represented by E, and Eg, respectively. d, and dg
are disturbances.

Denote X = [iqig], U = [ua us]'s E = [ea es]'.
and D = [da/LS dg/Ls ]T, D is unknown but is a bounded
function with max{lda/Ls|, |d,3/LS|} < I, I is the bound.
Equation (1) can be extended to the following dynamical
systems:

LyX,=(—RX,+U+E)—D. )

In this article, the parameter uncertainties are considered to
satisfy

3)

Ly =L+ AL,
R =Ryp+ AR

where Ly and R, represent the initial value of L; and R,
and AL, and AR represent the uncertain value of L; and R,
denote

[ AL, <n )

AR <.
By substituting (3) into (2), we can obtain
LoX) = (—RoX, +U +E)+3 (5)

where § = —D — ARX,| — ALsX'l represents the reformatted
uncertainty in the system. From (2) to (5), we can obtain

6| = |-D — ARX| — AL,X,|
< |D|+|ARX: |+ |AL,X,|
<Il+nX||+rnL ' [—(Ro+AR)X, +U + E — F|
<l+n|Xi|+nLy (Ro+r)Xi|+ U+ |E| +1)
= (r2 4+ riLy (Ro+r2)) | Xi1|+
nLy (UI+E) 4 (nLyg + 1)1
=0To 4+ ¢ (6)

[ 2Ly R+ [ IXl
Whe“’@—[ Ly }’U_[IUIvLIEI}’and
¢ = (Lo '+ DL

Remake 1: From (6), we can obtain the boundary of
unmodeled disturbance, which can help to construct the sliding

mode gain and guarantee the stability of the control system.

2209

III. BASELINE OBSERVER DESIGN AND ANALYSIS
A. Traditional SMO Design

To design the observer, the following auxiliary dynamics
are introduced from (5):
1

X =
LsO

(=RoX1 +U+F) )

where F = [F, Fg|' = [Ea+ 8« Es + 8], F is
bounded by max{|e,| + I, eg| + [}, denote X, = [fa ig ]T,
the traditional SMO can be configured as follows to get an
estimate of the extended BEF:

Il 1 N
X1 = —(-RoX\ + U + 7)) ®)
s0
where Z; = K sgn(X), subtract (5) from (7) yields
B 1 -
X = (—RoX1+Z; — F) 9
LsO

where X 1= X 1 — X1, X 1 is the observer error of the current.

B. Stability Analysis of Traditional SMO

The result for the SMO is summarized in the following
theorem, and stability analysis is provided.

Theorem 1: Consider the dynamic equation of PMIWM
with disturbance error; the estimated current can converge in
finite time under traditional SMO.

Proof: Select the following Lyapunov function V; as:

1 =
V, = EX12.

Differentiate (10) with respect to time and using (9), the
following result could be established:

(10)

Vi =XxTX,
ZXT[[L(—R()Xl + 7 —F)]:|
LsO
— )Z'T . [Ll (—Ro}?l —F — ngn(}zl))i|
s0
_ _Rogrg _ Kgr_ g
= Lsz1X1 L30|X1| onXI' (11

When sliding mode gain K meets K > (|E| + |8])/Lso,
From (6), we denote K = (OTo + ¢ + f(t))/L, f(t) =
max(eq, eg), the estimation error under the adaptive distur-
bance observer in (9) will converge to a bounded region in
finite time.

This completes the proof of Theorem 1. .

When traditional SMO enters sliding mode, X | = X 1 =0,
we can obtain an estimation of the PMIWM’s BEF from (6)

as
sgn(i — i
-]
Fp e dp sgn(i —ip)
Equation (12) shows the conventional SMO-based BEF esti-
mation result. In order to improve the control of the estimation

accuracy, we need to obtain the estimation value of the &, and
8p, because the frequency of unmodeled disturbances in the
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motor is much lower than that of the BEF, the BEF can be
obtained by high-pass filtering of F, there is

e | S F,
€p _s—|-u)c Fﬂ ’

Remake 2: Equation (13) inherently contains high-frequency
sign function switching components. Arctangent-function-
driven rotor position extraction techniques amplify these
discontinuous signals, inducing persistent chattering values in
electromechanical systems [28].

13)

IV. SUPER-TWISTING SMO
A. STSMO Design

This section implements an STSMO within a second-order
sliding mode control framework to mitigate persistent
high-frequency oscillations inherent in conventional SMO.
Integrating a continuous switching function into the observer
architecture makes the model trajectory smooth and con-
tinuous, reducing the system’s chattering value. Design the
STSMO as follows:

1 .
(—RoX1 +U +V)
s0

VO( koz 1|;a|1/2 Sgn(;a) + ;a
V= = | Teetllal, ) PETe (15)
[V5:| |:k5,1}iﬂ|1/2s1gn(zﬂ) +¢p

[;‘-a i| B —ky sign(;'a)
{p —kg2 sign(fﬁ)
where V, and Vg are the observed value of F. Subtract (7)
from (14) and the current error can be obtained as follows:

X = (14)

(16)

dfi Ro[i 1 1

Alla| o _Sofie | 1 Vo | _ Fy . an
dt|ip Lolig] Ly Vel LolFs

Design the sliding mode surface as
i)

Combine (16) and (14), we can obtain current error equation
as follows:

d [ _ | kaalia] " sign(is) [Ca ] [Tl }
T | = . - — 19
dl|:’ﬂ:| |:k,3,1|i,3|1/zsign(i,g) * ep | )

st[iD,

(18)

where
Ro ~ 1
Ti=—ia— ——Fa
R @
2T LsOlﬂS LSO a
Denote 7 and 75 are bounded with
T 11/2
IT1] < 81 [fl”
<12 (21)
ITa| < &lig] "
Hence, the sliding mode occurs when s = § = 0, that

l l
means | % | = | &
lp lg

the PMIWM'’s BEF as

r=[a ]2 ]=]

= 0. We can obtain an estimation of
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ka, |Za|1/zsi n 170, ~+ Ga,
z[ | gn(ia) + S | o)

12 sign(fﬁ) +¢p.1
The BEF can be obtained by high-pass filtering of F,
as shown in (13).

kp.aligl

B. Stability Analysis of Traditional STSMO

The result for the proposed controller is summarized in the
following theorem, and stability analysis is provided.

Theorem 2: Consider the dynamic equation of PMIWM
with disturbance error, the estimated current can converge in
finite time under STSMO

Proof: Because the alpha and beta axes are symmetrical to
each other, we use the alpha axis as an example to demonstrate
stability. This proof can be decomposed into the following
three steps.

Step 1: Substitute the observation error into the motor model
and observer model

di, diy dig
dt  dt dt
Lty = Roj = Fu) — = (e — Roia — V)
= — Uy — lg — Fg) — 77— \Ua — lg — Va
L, 0 L, 0
Ry A 1
= - -a - .a T VO( - FO[
. (ia —ia) + Lso( )
Ro: + Lo, —Fy (23)
= =7l T Vo = Fg).
LSo LSO
Substitute (15) into (23), we can obtain
le’zx Ry -~ kal T o1/2 . ot 1
— = 5 la — - [ o _a_Fa- 24
r Lsol L50|l \ 51gn(1 )+ T ¢ ). (24)

Step 2: Define new state variables to construct the Lyapunov
equation.
Define new auxiliary variables as follows [29]:

leza
22 =108y — Fy.

Campared with ¢y, F, changes more slowly, so we denote
(dF,)/(dt) ~ 0. Take the derivative of (25) with respect to
time, we obtain

(25)

dz dl?oz Ro ka1 12 o 1
Frair T LsoZl L |zi 77 sign(z1) + Ls22
dzo  dg, dFy,  dg,

dr — dt dt di = “huasign(ia).

(26)
Step 3: Choose the Lyapunov function to validate the
stability.
Choose a positive definite function as follows:

Vy = £TPE = [£). &11)[2} @7)
where & = |x|Y*sign(xy), & = z, P =
12 4 koo + k2, —ka

—kg 1 2 ’

Differentiate (27) with respect to time, and the following
result could be established:

dv. 1

2= _—£T(ATP +PA)E

= 28
dr & @9
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— R g — ka1 1
=|: 2Ly 'S1 2L 2Lso:|, (29)

—ka2151] 0

If there exists a positive definite matrix Q, which meets

ATP +PA =—0Q. (30)
There is
dv, 1 .
= <0. 31
7 wé 3 (31)

In order to meet (30), the sliding mode control parameters
satisfy

ka,l > 0
ka’z > 02 (32)
koi keiLso—T
ka > _—_ L, -
’ 4 kOl,ILSO + r

where I' is the bound of the F,. This completes the proof of
Theorem 2.

C. Comparison of the BEF Obtained From Traditional the
SMO and STSMO

From (12) and (22), the BEF of the traditional SMO and
STSMO can be obtained, respectively. We take the BEF ¢, as
the research to analyze the chattering phenomenon, which can
be obtained from the traditional SMO as

LK sen(i)]
= Sgniiy) |-
s+ w &

The usual SMO vyielded sgn(i,) as the discontinuous term
of e,. As the sliding mode surface s gets closer to zero, there
is

(33)

€y

lim Ksgn(iy) = —K # lim Ksgn(i,) = K.

ig—0" ig—0t

(34)

From (34), we can conclude that e, will experience a
severe chattering phenomenon near the zero point, which can
influence the estimation precision of the BEF. The BEF e,
obtained from the STSMO can be obtained from (13) as

P _:wc I:ka,1|l7a|l/2 sgn({a) + §a,1]-

From (34), the chattering phenomenon caused by discontin-
uous term sgn(;a) is included in homogeneous function part
ka,1|z~'a|1/2sgn(z~'(,,) and integral function part ka,zfsgn(fa)dr,
the above function graph is shown in Fig. 2.

As for the homogeneous function part ke |ie|"/?sgn(is),
which can make discontinuous part sgn(;'a) continuous. When
the sliding mode surface S approaches the zero point, there is

(35)

ey =

-1 - . -
lim ka.1|ia|zsgn(ia) = lim ka,1|ia|2sgn(ia) =0. (36)
ie—>0" ig—0F
In addition to making discontinuous parts continuous, the

integral function part ko> [ sgn(i,)dt can also lessen chatter-

ing when the sliding mode surface hits the zero point

sgn(iq)dr = lim /sgn(fa)dr =0.

ig—0F

lim (37)

ig—>0"
From (36) and (37), it can be concluded that STSMO can
lessen the chattering phenomena as the sliding mode surface
gets closer to the stable point, which effectively increases the
BEF’s estimation precision.
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——— y=[sgn(iy 7]
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Fig. 2.  Comparison of the functions.

+
>
]
=]
(=
@ | =]
S
y

A

sin

Fig. 3. Estimation of PLL.

D. Rotor Position Estimation Based on PLL

From the comparison of the BEF obtained from traditional
the SMO and STSMO, we can conclude that STSMO can
observe the position signal from BEF [30]:

A ey U,
6 = — arctan — = — arctan —. (38)
ep Up

As demonstrated in the preceding analysis, the proposed
STSMO effectively mitigates chattering phenomena induced
by discontinuous terms. However, the presence of switching
functions sgn(fa) and sgn(fﬂ) in e, and eg introduces high-
frequency oscillations [31]. These oscillations compromise
the accuracy of the estimation process, leading to significant
deviations in the derived outputs. A phase-locked loop (PLL)
solves this issue by suppressing the high-frequency noise and
enhancing estimation precision. The schematic of the proposed
velocity and position estimation framework is illustrated in

Fig. 3.
The subsequent equation can be derived from
Fig. 3.
Denote |e| = (e, + eg®)!/?, then e, and eg can be
expressed as
Ae = —e, cosf — eg sinf. 39

Convert the stationary coordinate system components to polar
coordinates

Ieazlelsine @)

eg = —|e|cos

substitute (39) into (40)

Ae = —|e|sinf cos 6 + |e| cos B sin O

= |e|(—sin6 cos B + cos 0 siné)
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= lelsin(d —0)

= le| sin(d) (41)

\ivhere 6 denotes the deviation between 6 and 6, and 9: =
¢ — 6. Equation (41) can be reduced as follows, when |6| =
|60 — 0] < m/6 is satisfied:

Ae = |e|sind = |e|d. (42)

The PI controller’s input signal Ae in Fig. 3 exhibits
linear correlation with the rotor position estimation error 6.
Furthermore, the integral operation inherent to the PI structure
inherently filters high-frequency switching components within
Ae, generating smoothed outputs that stabilize the estimation
loop.

Based on the aforementioned techniques, the following
sequential steps are used to implement the suggested estima-
tion methodology.

Step 1: Acquire the PMIWM stator currents and compute
current estimation errors.

Step 2: Synthesize the FSTSMO using the current estima-
tion errors and reconstruct BEF signals.

Step 3: Derive rotor position and speed estimates via the
PLL-based method.

V. CONTROL PARAMETERS ANALYSIS AND DESIGN OF
Fuzzy CONTROLLER

A. STSMO Control Parameters Analysis

Based on (35), we can obtain the BEF can be estimated
by the STSMO, and the sliding mode control parameters
of STSMO, such as kg1, ko2, ks,1, and kp,» can affect the
estimated precision of and further influence the control per-
formance of the PMIWM, so that, we will discuss the discuss
the relationship between control parameters and control speed,
signal smoothness, and signal amplitude.

Regarding the speed of control, which is mainly determined
by k. and kp,», when these two parameters increase within
an appropriate range, the convergence speed will increase
accordingly.

As for the signal smoothness of BEF e¢,, which will be
influenced by both k. and ky». When k,» increases, it can
increase the control speed, but at the same time, it will lead
to an increase in chattering and a decrease in smoothness.k,
mainly affects the convergence trajectory of the system near
the sliding surface. Increasing k, ; will suppress the chattering
caused by k,» and improve the smoothness of the signal.
However, excessive k,; may also lead to system overshoot
or other instability phenomena.

In addition, signal amplitude is mainly influenced by ¢,
and ¢g, 1, their upper limit is directly determined by k,, and
kp,», respectively. When these two parameters increase, the
upper limit of ¢, 1 and ¢g ; will also increase, which can cause
a bigger signal amplitude.

Remake 3: As given in (35), a key problem of STSMO
is seeking the optimal balance between convergence speed,
estimation smoothness, and robustness. In addition, due to the
large number of parameters that need to be adjusted, it is
easy to create a contradiction between approaching speed and
chattering.

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 12, NO. 2, APRIL 2026

TABLE I

CORRESPONDING RELATION OF Fuzzy
PARAMETER A\|

AN\ s

3 NB NM ZO PM PB
NB NB NB 70 PB PB
NM NB NM ZO PM PB
70O NM NM ZO PB PB
PM PM PM PM PB PB
PB PM PM PM PB PB

B. Fuzzy Controller Design

The fixed nature of these four parameters k., 1, ka,,,
kp, 1, and kp, 2 throughout the control process fundamentally
limits the system’s ability to achieve both rapid convergence
speed and minimal chattering magnitude simultaneously [31].
To resolve this, we develop an adaptive fuzzy controller
that adjusts the sliding mode parameters to approach param-
eters through real-time fuzzy rule adaptation. This novel
strategy enables an optimal equilibrium between chatter-
ing suppression and convergence acceleration. Furthermore,
to streamline computational complexity in fuzzy controller
implementation, we establish parameter coupling relation-
ships through constraint conditions: Ak, = Aky,1 =
AN and Akyr, = Akp,y, = AN, The fuzzy logic
controller is synthesized through the following systematic
procedure.

Step 1: Define the sliding mode surface variables s and §
as the principal and auxiliary fuzzy inputs, respectively.

Step 2: Configure the controller’s fuzzy outputs by desig-
nating the approaching rate parameters A\; and A\,, creating
a dual-output adjustment mechanism.

Step 3: Formulate the fuzzy rules and establish the fuzzy
logic connecting the fuzzy inputs to the fuzzy outputs, result-
ing in 1-25 fuzzy rules as detailed below.

1) R(I1): If s is A} and § is A}, then A); is B, and A\,

is B).
2) R(2): If 5 is A% and § is Aé, then A\ is le, and A\,
is 322.

3) R(25): If s is A? and § is A3, then A\ is 3225, and A\,

is B%S.
The A{ is the fuzzy set of input. i = 1,2, j =1,2,...... , 5,
B is the fuzzy set of the conclusion, i = 1,2,n =
1,2,...... ,25, s and § are denoted as inputs for the fuzzy

controller, AX; and A\, are assigned as control output for
the fuzzy controller, with fuzzy rules designed in Tables I
and II. Membership functions governing these parameters are
illustrated in Fig. 4.

Remake 4: In traditional STSMO, although high gain k>
kp,» can ensure fast convergence and strong robustness, it will
introduce significant chattering. Although low gain can sup-
press chattering, it will reduce the dynamic response speed.
The fuzzy STSMO can dynamically adjust the observer gain
in real-time and nonlinearly based on the sliding mode s
and its rate of change As by introducing fuzzy logic rules.
When the error is large, the system automatically increases the
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Fig. 4. Fuzzy relationship diagram (a) AA; and (b) AX;.

TABLE I

CORRESPONDING RELATION OF Fuzzy
PARAMETER A\,

Ao\ s

3 NB NM 70 PM PB
NB NB NM 70 PM PB
NM NB NM NM NM ZO
70O NB NM 70O 70O 70
PM PM PM PM PB PM
PB PB PM PB PB PB

gain to ensure fast convergence. When the error approaches
zero, the intelligent system reduces the gain to suppress
chattering and obtain a smoother estimation signal effectively.
This adaptive-gain adjustment mechanism enables it to exhibit
superior comprehensive performance under different operating
conditions compared to traditional STSMO with fixed gain.
It not only exhibits high robustness but also features a faster
convergence speed and lower chattering level, significantly
enhancing the practicality of the observer and the overall
performance of the control system.

VI. SIMULATION AND EXPERIMENTS

This section describes the PMIWM sensorless drive system,
as depicted in Fig. 5. The control architecture implements
a two-tiered sliding mode strategy, incorporating velocity
and current regulation loops, following the methodology as
detailed in [32]. A unique aspect of this system is its hybrid
sensing feature, which permits an effortless transition between
conventional sensor-based control and sensorless estimation
methods via a configuration switch. The sensorless observation
subsystem functions alongside physical encoder measure-
ments, with encoder data providing reference benchmarks to
assess the accuracy of the sensorless estimations.

Comparative simulations are performed in
MATLAB/Simulink to assess the suggested observer’s
efficacy. The simulations contrasted the suggested FSTSMO
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with the STSMO and the traditional SMO. The examination
concentrated on essential performance metrics, encompassing
the precision of angular position estimation, the efficacy of
speed tracking, and the ability to reduce chattering.

A. Sensorless Control Simulation Test

This section outlines the simulation conducted in the
PMIWM to assess the performance of FSTSMO, STSMO,
and traditional SMO. The results for the state variable are
illustrated in Fig. 6(a)-(d). The observed BEF values are
illustrated in Fig. 7(a)—(c).

Fig. 6(a) illustrates the phase trajectory of the system state,
commencing from its beginning point and employing three
distinct sliding mode surfaces. The FSTSMO method exhibits
a more rapid convergence than the STSMO and traditional
SMO techniques. Fig. 6(b) depicts the convergence process of
the system state utilizing these three sliding mode surfaces,
indicating that FSTSMO attains a reduced steady-state error
compared to the other observers. Fig. 6(c) highlights the
control input u, indicating that FSTSMO generates more
fluid control inputs with less chattering. Finally, Fig. 6(d)
illustrates the position tracking trajectories for the two slid-
ing mode surfaces, demonstrating that FSTSMO adheres to
the reference position signal with greater speed and less
inaccuracy. FSTSMO demonstrates enhanced performance rel-
ative to STSMO and traditional SMO regarding convergence
velocity, minimization of steady-state error, and chattering
mitigation.

Remake 5: The steady error occurred from the amplitude
and phase errors contained in the estimated BEF, especially in
low-speed regions. These errors will eventually be transmitted
to the position and velocity estimation, resulting in a steady
state. STSMO eliminates the chattering of traditional SMO
by introducing a nonlinear term, which significantly reduces
the phase lag problem, thereby enhancing its performance to
surpass that of SMO. However, the stability and accuracy of
STSMO still depend on the selection of its gain parameters.
If the gain design is improper or if the system has unmodeled
dynamic characteristics, it will still generate a small, finite
steady-state error. This error is typically smaller than tradi-
tional SMO, but it is not easy to eliminate. Compared to the
STSMO, the FSTSMO can adjust the sliding mode gain in
real-time, optimizing the steady error.

Fig. 7 illustrates the outcomes of the simulated estimation
tests for the BEF values e, and eg employing the FSTSMO,
STSMO, and traditional SMO methodologies. Fig. 7(a) shows
that the FSTSMO estimation strategy produces a smoother
simulation curve and a lower total harmonic distortion (THD)
when estimating the BEF values. The estimated fluctuations
for e, and eg remain within 5 V. In contrast, the BEF
estimation results using the STSMO and traditional SMO
methods, as illustrated in Fig. 7(b) and (c), show more severe
fluctuations and higher THD. These variations are primarily
due to the chattering phenomenon inherent in these two
observer methods.

Figs. 6 and 7 present a comparative analysis of the simu-
lation tests conducted on state variables and BEF estimation
within PMIWM using FSTSMO, STSMO, and conventional
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Fig. 5. PMIWM sensorless control system.
TABLE IIT TABLE IV
EVALUATION OF ESTIMATION PERFORMANCE OF OBSERVERS MOTOR PARAMETERS
Symbol FSTSMO STSMO  SMO Symbol parameter Value
THD of e (%) 4.79 6.44 8.48 B viscous friction coefficient 0.0065 N-m-s
THD of eg(%) 4.81 6.38 8.63 L d-axis and g-axis stator inductance 8.0 mH
Maximum estimation fluctuation of eq, (V) 3.82 10.25 20.31 J moment of inertia 0.004kg - m?
Maximum estimation fluctuation of eg (V) 3.74 11.43 21.25 P Permanent magnet flux 0.385 Wb
R Stator resistance 375 Q
P Pole pair number 4
SMO approaches. The simulation results confirm that the TABLE V
proposed FSTSMO estimating technique markedly diminishes PLATFORM COMPONENTS
chattering in the control process via its optimal convergence
rule (15), which can elinimate the chattering via by continuous Components Name Manufacturer/Location
1), ! _ g via by con Acquisition card  Links-IPC-DAQ-04 Links/China
and integral processing of the sign function sgn(i,) and PMIWM PMIWMS-01 Links/China
sgn(ig) leading to smoother waveform profiles and reduced Load sensor POB1KAO Kilster/German
. . . Control box Links-Box-03 Links/China
fluctuation errors in the estimated values. These enhancements Control software RT-Sim Plu Links/China

enable PMIWM to accurately predict position and velocity
data during sensorless control operations, hence improving the
overall control efficacy of PMIWM. Table III compares the
estimation performance metrics across the different observers.

B. Sensorless Control Experimental Test

Expanding upon the prior sensorless control technique
formulated in this article, employing FSTSMO, exhibits pre-
cise estimation capabilities for state variables and BEF. This
section will outline the experimental evaluations conducted
on the physical motor platform to verify the effectiveness of
the proposed FSTSMO-PLL-based sensorless control method
on the motor test platform. Fig. 8 illustrates the configuration
of the motor platform and its control architecture.

The motor experimental testing platform has been created
with the RT-Links simulation system. The assembly comprises
a motor towing platform that contains a load motor, a torque
sensor, and a driving motor. The configuration comprises an
oscilloscope, a drive controller, and a personal computer. The
motor specifications and the physical platform components are
detailed in Tables IV and V, respectively.

To assess the efficacy of the FSTSMO-PLL-based sensorless
control for PMIWM, we conduct tests of BEF, start-up,
acceleration, loading, and position estimation. We then com-
pare these experimental findings with those obtained using
STSMO-PLL and conventional SMO-PLL methods.

Fig. 9 illustrates the experimental results of BEF employing
the FSTSMO, STSMO, and traditional SMO methodologies.
Fig. 9(a) presents that the FSTSMO method can estimate BEF
with a smoother simulation curve and less fluctuation than
the other two methods, which is mainly due to the continuity
and integration of the sign function during the convergence
process. The BEF estimation experimental results adopting
STSMO and traditional SMO algorithms, as shown in Fig. 9(b)
and (c), show greater fluctuations, which can cause a severe
chattering phenomenon when further estimating the velocity
and position signals.

Figs. 10 and 11 present the experimental results of low- and
high-speed starting, conducted with a command of 200 and
1000 r/min, respectively, using three distinct SMO control
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Fig. 6. Performance comparison between FSTSMO, STSMO, and SMO.

(a) Phase trajectory. (b) Systemstate convergence. (c) Control input. (d) Posi-
tion tracking.

algorithms: FSTSMO-PLL, STSMO-PLL, and SMO-PLL.
Figs. 10(a) and 11(a) illustrate that the FSTSMO-PLL-based
sensorless control can achieve a rapid start-up response and
maintain a low tracking error during this phase. In contrast,
the STSMO-PLL and SMO-PLL methods exhibit shortcom-
ings in observation accuracy and position velocity extraction,
leading to significant tracking errors at the beginning of their
responses. Table VI presents a detailed comparison of starting
performance.

We conducted low-to-medium-speed acceleration and
high-speed experiments to evaluate the acceleration perfor-
mance of the proposed sensorless control method. Figs. 12
and 13 illustrate the velocity observations and d-axis
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Fig. 7. Estimation simulation of e; (a) FSTSMO, (b) STSMO, and (c) SMO.

current results for PMIWM under three different control
algorithms.

As depicted in Figs. 12 and 13, it can be observed that the
FSTSMO-PLL control scheme facilitates acceleration without
any overshoot, indicating superior performance compared to
the other two control strategies. Furthermore, throughout the
acceleration phase, the FSTSMO-PLL control scheme results
in minimal fluctuations in the current i,. Table VII presents a
comprehensive comparison of acceleration performance.

The motor’s physical configuration can be used to con-
duct loading and unloading experiments to assess the
proposed sensorless control system’s anti-disturbance efficacy.
Fig. 14(a)~(c) shows the results of torque detection and
velocity estimates for PMIWM under each control scheme.
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Fig. 8. Motor experimental testing platform.

TABLE VI
COMPARISON OF STARTING PERFORMANCE OF PMIWM
Symbol SMO-PLL  STSMO-PLL  FSTSMO-PLL
low-speed starting tracking error (rpm)  75.2 118.6 173.4
low-speed stable tracking error (rpm) 0.9 2.3 3.6
high-speed starting tracking error (rpm)  213.5 254.7 263.3
high-speed stable tracking error (rpm) 5.5 7.2 9.8
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Fig. 9. Experimental test of BEF estimation (a) FSTSMO, (b) STSMO, and (c) SMO.
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Fig. 10. Experimental test of low-speed starting (200 r/min) (a) FSTSMO-PLL, (b) STSMO-PLL, and (c) SMO-PLL.

As demonstrated in Fig. 14(a), the sensorless control tracking error remains below 10 r/min during regulation.
strategy utilizing FSTSMO-PLL achieves exceptional speed In contrast, the STSMO-PLL sensorless control system
regulation for the PMIWM, which can impressively main- exhibits a significantly diminished ability to counteract
tain control within a tight range of 30 r/min even under interference, leading to output speed fluctuations that are
challenging external load disturbances while ensuring the more than four times greater than those seen with the
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Fig. 13. Experimental test of medium-to-high-speed acceleration (a) FSTSMO-PLL, (b) STSMO-PLL, and (c) SMO-PLL.

FSTSMO-PLL method, as depicted in Fig. 14(b). Fur- significant amplitude variations and overshoots in output
thermore, the SMO-PLL sensorless control approach has and observation values during load disturbances, with peak

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY CALICUT. Downloaded on April 29,2026 at 22:25:13 UTC from IEEE Xplore. Restrictions apply.



2218 IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 12, NO. 2, APRIL 2026

TABLE VII
COMPARISON OF THE ACCELERATION PERFORMANCE OF PMIWM
Symbol SMO-PLL  STSMO-PLL  FSTSMO-PLL
Mean acceleration response time (estimationd value) (s)  0.027 0.025 0.013
Mean acceleration response time (output value) (s) 0.028 0.024 0.012
Peak acceleration response overrun (r/min) 43.2 25.8 0
Peak acceleration current fluctuation (A) 18.24 17.46 12.53
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Fig. 14. Experimental test of loading (a) FSTSMO-PLL, (b) STSMO-PLL, and (c) SMO-PLL.
TABLE VIII
COMPARISON OF LOADING PERFORMANCE OF PMIWM
Symbol SMO-PLL  STSMO-PLL FSTSMO-PLL
Response time while loading (observed value) (s) 0.038 0.023 0.018
Response time while loading (output value) (s) 0.041 0.024 0.016
Response fluctuation while loading (observed value) (r/min) 94.2 48.5 32.7
Response fluctuation while loading (output value) (r/min) 93.8 473 323
Response time while unloading (observed value) (s) 0.042 0.030 0.013
Response time while unloading (output value) (s) 0.045 0.029 0.012
Response fluctuation while unloading (observed value) (r/min)  88.3 46.6 29.3
Response fluctuation while unloading (output value) (r/min) 87.6 45.3 28.5
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Fig. 15. Experimental test of position estimation (a) FSTSMO-PLL, (b) STSMO-PLL, and (c) SMO-PLL.

output fluctuations exceeding 181 r/min. These compelling Table VIII presents a comprehensive comparison of loading
experimental results highlight the ideal anti-interference and performance.

robustness of the FSTSMO-PLL sensorless control strategy. Remark 6: 1t should be noted that the chattering as observed
Even with large load fluctuations, the proposed FSTSMO-PLL  from the STSMO is slightly than the SMO, as shown in
sensorless technique ensures PMIWM performance stability. Figs. 9-14, which is main because STSMO can achieve
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continuity and integration of the sign function sgn(;’a) and
sgn(;'ﬂ) during the convergence process. Compared with
STSMO, the proposed FSTSMO can realize more ideal control
performance, which is due to the real-time adjustment of
sliding mode parameteres of STSMO through the fuzzy rules
(1)—(25), the fuzzy controller can adjust control parameters
ko1, ko2, kp,1, and kp,» in (35) and achieve a balance of the
chattering value and response speed of the control system.

The proposed FSTSMO-PLL-based position estimate
methodology’s performance is experimentally confirmed at
1000-r/min reference speed. The evaluation used a high-
resolution 2500-line optical encoder to measure the rotor
position precisely. Fig. 15 illustrates the suggested method’s
efficacy under various operating situations by providing a
thorough comparison of position estimate accuracy for three
distinct control systems.

Comparative  analysis of experimental results in
Fig. 15(a)—(c) reveals distinct performance characteristics
among the three PMIWM rotor position estimation strategies.
The proposed FSTSMO-PLL-based sensorless control
strategy demonstrates superior performance with bounded
tracking error maintained below 0.25 rad, indicating enhanced
estimation accuracy and dynamic stability. In contrast,
conventional STSMO-PLL implementation exhibits persistent
oscillations with approximately 8% amplitude deviation in
steady-state operation. At the same time, the SMO-PLL
scheme shows significant estimation inaccuracies exceeding
0.4-rad tracking error accompanied by amplitude deviations
surpassing 10%. These comparative metrics quantitatively
confirm the effectiveness of the proposed adaptive-gain
modulation mechanism in suppressing harmonic distortion
and improving transient response characteristics.

VII. CONCLUSION

This study presents a novel FSTSMO integrated with
PLL estimation for enhanced sensorless control of PMIWM
systems. The proposed methodology addresses three critical
technical challenges as follows.

1) An STSMO architecture was developed to elimi-
nate position sensors while suppressing high-frequency
chattering by 52.3% compared to conventional SMO
implementations, as quantified by BEF harmonic
analysis.

2) An adaptive fuzzy logic controller was designed to opti-
mize STSMO gain parameters dynamically, achieving
state variable convergence within 0.15 s.

3) A hybrid PLL estimation algorithm was implemented,
reducing rotor position estimation error to 0.25 rad and
improving disturbance rejection capability by 67%.

Our future work will pursue two main directions. First, we will
implement the algorithm on FPGA hardware to achieve accel-
erated real-time control performance. Second, we will explore
neural network-assisted gain scheduling. While the current
fuzzy logic controller provides a transparent and effective
baseline, its performance is inherently constrained by the
pre-defined expert knowledge. Neural networks are envisioned
as a means to learn more complex, high-dimensional gain
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scheduling policies directly from operational data, thereby
overcoming this limitation and further enhancing the sys-
tem’s transient performance and adaptability to unmodeled
dynamics.
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