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ABSTRACT This study investigates and compares Sliding Mode Observer (SMO) based rotor position
and speed estimation methods used in sensorless drive applications of permanent magnet synchronous
motors (PMSM). The estimation performance of these methods in different speed domains is evaluated.
Comparative analyses were performed in MATLAB/Simulink, and simulation results were obtained under
sensorless vector control of PMSM. The results show that improved and adaptive SMO methods provide better
low-speed performance compared to traditional approaches. Thus, a comprehensive performance evaluation
is presented, highlighting the advantages and limitations of different SMO-based methods for sensorless
control applications in PMSM drives.
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INTRODUCTION

Permanent Magnet Synchronous Motors (PMSM) have become an
indispensable component in electric vehicles, robotics, aerospace,
and industrial compressor applications due to their high efficiency,
high power density, and precise controllability (Liu et al. 2025; Ilten
2025; Li et al. 2025). Traditional vector control (FOC) algorithms
require mechanical sensors to accurately obtain rotor speed and
position. However, these sensors increase the cost of the system,
increase its size, and reduce its reliability in harsh environmental
conditions (Liu et al. 2025). To overcome these problems, observer-
based sensorless control strategies have been developed in the
literature.

In the Model Referenced Adaptive System (MRAS) based ap-
proach, two different reference models are used for back elec-
tromotive force (EMF) estimation: a state observer model and a
permanent magnet flux model. The developed control method has
been validated through both simulation and experimental studies.
In the algorithm, the rotor speed is calculated by processing the dif-
ference between the back EMF estimates obtained by both models
in the adaptation mechanism. The simulation and experimental re-
sults show that the proposed method exhibits successful dynamic
performance in both low and high speed regions over a wide speed
operating range. Furthermore, it demonstrates high robustness
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against changes in stator resistance and back EMF parameters,
providing stable speed control. Compared to conventional MRAS-
based methods, it offers higher estimation accuracy and superior
control performance, especially under parameter uncertainties and
variations (Kim et al. 2003).

In the Enhanced Slip Mode Observer (SMO) structure, the need
for a variable or fixed cutoff frequency of the low-pass filter used
in conventional methods is eliminated. The main reason for this
is that the combination of the enhanced SMO gain and the con-
trol effect of the sigmoid function, preferred over the Bang-Bang
(discontinuous) control function used in classical SMOs, allows for
the direct acquisition of equivalent back electromotive force (EMF)
components. Thus, estimations of rotor position and speed can be
calculated without the need for additional filtering. Eliminating
the low-pass filter simplifies the observer structure while also elim-
inating the need to determine and adjust the cutoff frequency. The
real-time implementation of the proposed sensorless control algo-
rithm was carried out on a digital control platform based on the
TMS320F2812 digital signal processor (DSP) developed by Texas
Instruments. Experimental validation results show that the devel-
oped control approach successfully meets the design objectives
by providing stable and reliable sensorless driving performance
under different operating conditions (Paponpen and Konghirun
2006).

The chattering problem observed in the classic slip-mode con-
trol structure has been significantly reduced by using a sigmoid-
based switching function with a variable boundary layer instead
of the traditional signum function. A stator resistance estimation
mechanism has been integrated into the system to minimize esti-
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mation errors caused by parameter variations. Furthermore, the
proposed control structure is designed to provide faster dynamic
response by reducing the integral calculations required for the low-
pass filter (LPF) in traditional adaptive Slip-Mode Observer (SMO)
algorithms. Simulation and experimental studies have confirmed
the effectiveness of the proposed algorithm and revealed that it
offers higher estimation accuracy and more successful dynamic
performance compared to traditional methods (Kim et al. 2010).

The fundamental characteristics of the fixed-point arithmetic-
based application of the Kalman Filter (EKF) in Permanent Magnet
Synchronous Motor (PMSM) drives are discussed in detail, and the
suitability of different square root decomposition algorithms for
this application is evaluated. In this context, Bierman–Thornton,
Carlson–Schmidt–Givens, and Carlson–Schmidt–Householder
square root algorithms were applied, and the results obtained
were compared with the conventional EKF structure using a full
covariance matrix. The performance of the proposed methods
was validated through simulation and experimental studies car-
ried out on a developed sensorless PMSM drive prototype with
a nominal power of 10.7 kW. The findings show that square root-
based algorithms improve sensorless control performance, espe-
cially in critical operating conditions such as low-speed opera-
tion and speed reversal. As a result of the comparisons, the Carl-
son–Schmidt–Givens algorithm was determined to be one of the
most suitable and successful methods for the PMSM drive system
under investigation (Smidl and Peroutka 2011).

This study addresses the design and real-time implementation
of a sensorless Permanent Magnet Synchronous Motor (PMSM)
drive based on a Slip Mode Observer (SMO) on a Field Pro-
grammable Gate Array (FPGA) platform for applications requiring
high-accuracy speed tracking. The elimination of mechanical posi-
tion sensors reduces system cost and mitigates the negative effects
of harsh operating environments on sensors. In the observer struc-
ture, a hyperbolic tangent-based approach is used instead of the
classical switching function, significantly reducing chattering. The
algorithm is designed with low computational complexity to suit
FPGA hardware and optimized to provide high tracking accuracy
under dynamic operating conditions where speed changes occur.
The proposed rotor speed and position estimation method is imple-
mented in a deterministic real-time execution structure utilizing
the parallel processing capabilities of the FPGA and validated
through both simulation and experimental studies. The results
demonstrate that the developed approach can estimate rotor speed
and position with high accuracy and exhibits stable and robust
performance against parameter uncertainties and external distur-
bances. Furthermore, the proposed method has been subjected to
detailed performance evaluations under different speed profiles
and, when compared with existing approaches, has been shown to
offer a feasible, low-cost, and reliable sensorless control solution
for real-time PMSM drives (Quang and Ha 2026).

To address the low estimation accuracy and chattering prob-
lems encountered with the traditional Shift Mode Observer (SMO)
method, particularly in medium and high-speed regions, a sen-
sorless control approach based on a variable universe fuzzy Shift
Mode Observer (VUFSMO) has been developed. In the proposed
structure, the power access law (PRL) is preferred over the clas-
sical constant-rate access law (CVRL), and the chattering effect is
reduced by using a continuous switching function instead of the
traditional discontinuous signum function. However, since this
arrangement alone was deemed insufficient, the PRL parameters
were adapted online using the fuzzy control method to improve
observer performance and suppress remaining chattering more

effectively. Furthermore, considering the limited control accuracy
of the traditional fuzzy control structure due to fixed universe
boundaries, a variable universe fuzzy control algorithm capable of
dynamically adjusting the input and output universes according
to operating conditions has been integrated into the system. In this
context, the universe contraction-expansion factor (UCEF) was de-
fined, and the operating range of the fuzzy controller was updated
in real-time. A segmented intelligent tuning mechanism (SIAM)
was developed to enable online calculation of the UCEF. Tests con-
ducted in the experimental setup created to validate the proposed
VUFSMO algorithm revealed that the method can predict rotor
position and speed with high accuracy, while also significantly
reducing vibration effects and providing stable and reliable control
performance in sensorless PMSM drives (Zou and Yang 2026).

Among sensorless control methods, Sliding Mode Observers
(SMOs) are one of the most popular approaches due to their high ro-
bustness to changes in motor parameters and external disturbances
(Li et al. 2025; Zhang et al. 2025). However, the high-frequency
switching (sign) function used in the traditional SMO structure
leads to undesirable "chattering" effects in the system (Zou et al.
2026; Sohel et al. 2025). This article aims to present a theoreti-
cal and simulation-based comparison of Adaptive Feedback Gain
SMO and Saturation Function-Based Enhanced SMO methods, de-
veloped to solve the vibration problem and improve prediction
accuracy.

MATHEMATICAL MODEL OF PMSM

In real-time PMSM, the frequency of applied voltages/currents
and the load torque are constantly changing. Therefore, a dynamic
system is needed to evaluate the effects of these changes in the
motor and drive. The variables are first converted from the stator
reference plane (3-phase conversion) to a 2-phase fixed plane (α-β
conversion), and this conversion is then used to obtain the dynamic
model (d-q conversion). The 3-phase stator voltage and current
equations of the PMSM are expressed as follows.

V⃗abc = Rabc I⃗abc +
d⃗λabc

dt
(1)

ia + ib + ic = 0 (2)

The phase fluxes are given in Equation (3) and the permanent
magnet flux in Equation (4).

λ⃗abc = Labc I⃗abc + λ⃗abcm (3)

λ⃗abcm = λm


sin(θe)

sin(θe − 2π/3)

sin(θe + 2π/3)

 (4)

The relationships between electrical velocity, rotor speed, elec-
trical angle, and rotor angle are expressed as follows:

ω =
dθ

dt
(5)

ωe =
dθe

dt
(6)

ωe = Pω (7)
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θe = Pθ (8)

The electromotive force is expressed as follows, depending on
the rotor position.

ea =
dλam

dt
=

d
dt

λmsin(θe) = λmωe cos(θe) (9)

eb =
dλbm

dt
=

d
dt

λm sin(θe − 2π/3) = λmωe cos(θe − 2π/3) (10)

ec =
dλcm

dt
=

d
dt

λm sin(θe + 2π/3) = λmωe cos(θe + 2π/3) (11)

If Equation (1) is rearranged according to the above statements,
the 3-phase voltage equations can be written as follows.


Va

Vb

Vc

 =


Ra 0 0

0 Rb 0

0 0 Rc




ia

ib

ic

+
d
dt




Laa Lab Lac

Lba Lbb Lbc

Lca Lcb Lcc




ia

ib

ic



+


ea

eb

ec


(12)

We can express velocity by using the electromechanical moment
expression.

dω

dt
=

1
J
(Tind − Bω − TL) (13)

To simplify the model, the Clarke transformation is used to
reduce the three-phase quantities in the fixed plane to two phases
in the fixed plane. These two phases are called α and β. In Figure
1, three phases are defined as a, b, c.

Figure 1 Clarke transformation (Akin et al. 2013)

In this model, the variables are plotted on a fixed reference
plane with a 90º phase difference. An example reduced form of
the three-phase quantities is shown in Equation 9 using current
equations.

iα

iβ

 =
2
3

1 − 1
2 − 1

2

0
√

3
2 −

√
3

2




ia

ib

ic

 (14)

The inverse Clarke equation, which describes the transition
from two-phase to three-phase quantities, can be implemented
using current equations as shown below.

ia

ib

ic

 =


1 0

− 1
2

√
3

2

− 1
2 −

√
3

2


iα

iβ

 (15)

The transition from a two-phase stationary coordinate system
to a rotor-referenced coordinate system rotating at synchronous
speed is achieved using a Park transformation. An example current
transformation is shown in Equation (16).id

iq

 =

 cos θ sin θ

− sin θ cos θ


iα

iβ

 (16)

Figure 2 Park transformation (Zambada and Deb 2010)

The transition from a two-phase moving plane rotating at veloc-
ity θ to a two-phase stationary plane is an inverse Park transform.
Example transformation current equations are shown in Equation
(17) with the aid of Figure 2.iα

iβ

 =

cos θ − sin θ

sin θ cos θ


id

iq

 (17)

The voltage equations are rearranged in the d-q plane.

Vd = Rsid +
dλd
dt

− ωeλq (18)

Vq = Rsiq +
dλq

dt
+ ωeλd (19)

λd = Ldid (20)

By substituting the flux expressions into the voltage equations, the
current equations are written as follows.
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did
dt

=
1
Ld

[
Vd − Rsid + Lqωeiq

]
(21)

diq
dt

=
1
Lq

[
Vq − Rsiq − Ldωeid − ωeλm

]
(22)

If the electromechanical power (Equation (23)) is divided by the
rotor speed, the electromechanical moment (Equation (24)) is cal-
culated as follows.

Pem =
3
2
(
−ωeλqid + ωeλdiq

)
(23)

Tind =
3P
2

(
λdiq − λqid

)
(24)

Here, by rearranging the velocity expression below, the necessary
equations for the d-q model are obtained.

dω

dt
=

3P
2J

(
λdiq − λqid

)
− Bω

J
− TL

J
(25)

SLIDING MODE OBSERVER (SMO)

In traditional SMO systems, a switching function (usually a sign
function) is used to force the error between the predicted currents
and the actual currents to converge to zero (Zhang et al. 2025).
However, this switching, which is expected to occur at infinite fre-
quency in an ideal system, causes high-frequency harmonics and
vibrations called "chattering" in real applications due to discrete-
time sampling limitations (Zou et al. 2026). Traditional systems
have to use a Low-Pass Filter (LPF) to filter out this high-frequency
noise and a Phase-Locked Loop (PLL) to obtain the rotor position
(Li et al. 2025). However, the use of an LPF leads to phase delays in
the system, significantly degrading observer accuracy, especially
at high speeds (Zou et al. 2026; Ding et al. 2025).

Method 1: Adaptive Gain SMO For Wide Speed Ranges And
Flux-Wakening
The first method was developed to enable the motor to operate
over a wide speed range. In conventional SMOs, the switching
gain is usually kept constant. However, the rotor flux weakens
due to the demagnetizing currents applied, especially when the
PMSM enters the flux-weakening region, and sudden drops in the
equivalent control voltage are observed. A constant-gain observer
cannot adapt to these dynamic changes. In an adaptive-gain SMO,
the feedback gain is dynamically adjusted depending on the rotor
speed or the amplitude of the predicted EMF. In simulation tests,
this structure managed to maintain the back-EMF balance during
the acceleration period of the motor and was able to compensate
for the change in rotor flux, especially during flux-weakening tran-
sitions. The biggest advantage of this method is that the electrical
machine can maintain its stability over very wide speed ranges
(Chi et al. 2007).The basic structure and working principle of the
SMO algorithm are shown in Figure 3.

Method 2: Boundary Layer-Based SMO For Vibration Reduction
A second approach, aiming to solve the chattering problem directly
at its source, is to use a continuous Saturation Function instead of
a sharp-transition sign function. This structure defines a boundary
layer around the slip surface. In this improved SMO design con-
taining a saturation function, the sliding mode control works fully
when the current estimation error is outside the defined bound-
ary layer; the control function linearizes as the error enters the

Figure 3 Block Diagram of Adaptive Gain SMO (Chi et al. 2007)

boundary layer. In this way, the infinite switching shocks created
by the conventional sign function are smoothed and the equivalent
control (Back-EMF) signal can be obtained quite smoothly (Jianbo
et al. 2009).The general flowchart of SMO algorithm is given in
Figure 4.

Figure 4 Block Diagram of Boundary Layer-Based SMO (Jianbo
et al. 2009)

COMPARATIVE SIMULATION ANALYSIS AND PERFOR-
MANCE EVALUATION

Figure 5 shows the control block diagram of a sensorless PMSM
(Permanent Magnet Synchronous Motor) drive system based on
SMO (Sliding Mode Observer) designed for use in simulation
studies. This control structure consists of a speed PI controller,
two current PI controllers, a unit that calculates the speed using
a Phase Locked Loop (PLL), and a mechanism that estimates the
rotor position using a sliding mode observer. In addition, the
basic building blocks of vector control, namely Clark, Park, and
inverse Park conversion modules, a space vector PWM (SVPWM)
generation unit, a three-phase power inverter, and the PMSM itself,
are also included in the system architecture.

When the dynamic and steady-state simulation analyses of the
two basic methods (Adaptive Gain (Chi et al. 2007) and Saturation
Function (Jianbo et al. 2009)) are combined, the following results
are obtained:

Dynamic Response and Wide Speed Range

In Figure 6, the adaptive gain system (Chi et al. 2007) shortens the
system’s response time, especially since it updates its gain when
the system accelerates or during instantaneous load changes. This
is the only method that can tolerate the decrease in rotor flux when
the motor enters the flux-weakening regime. In the saturation
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Figure 5 Block diagram of the PMSM control system (Chi et al. 2007)

Figure 6 Adaptive Gain System Speed Response

function system, the gain is constant, therefore the stability mar-
gin may narrow at extremely high speeds if there is no adaptive
intervention.

Chattering and Harmonic Distortion
In Figure 7, the saturation function-based SMO (Jianbo et al. 2009)
has a definite advantage in chattering elimination. Replacing the
Sign function with the saturation layer even allows the Back-EMC
signal to be used directly without filtering. In this way, angu-
lar deviations that may occur in the phase-locked loop (PLL) are
prevented.

CONCLUSION

This study presented a comparative evaluation of Sliding Mode
Observer (SMO)-based rotor position and speed estimation meth-
ods for sensorless Permanent Magnet Synchronous Motor (PMSM)
drives. Different SMO structures were investigated in terms of their
estimation performance under varying operating conditions using
MATLAB/Simulink simulations. The comparative results demon-
strated that improved and adaptive SMO approaches achieve su-
perior estimation accuracy and enhanced low-speed performance
compared with the conventional SMO method while preserving
the robustness required for sensorless vector control. As illustrated

Figure 7 Saturation Function-Based SMO Rate Response

in Figures 6 and 7, both the Adaptive Gain and Saturation Function
approaches reached the reference speed with nearly identical rise
times and exhibited an overshoot of approximately 6%. However,
the adaptive observer achieved better dynamic performance by
automatically adjusting the observer gain in response to variations
in motor speed and flux conditions. In contrast, the Saturation
Function (Boundary Layer) effectively reduced the chattering phe-
nomenon caused by the discontinuous switching action inherent
in conventional sliding mode observers, resulting in smoother esti-
mated signals and improved system stability (Chi et al. 2007; Jianbo
et al. 2009).

The simulation results confirm that SMO-based estimation re-
mains a reliable and robust solution for sensorless PMSM con-
trol. Adaptive and chattering-reduction strategies provide clear
advantages, particularly in low-speed operating regions where
rotor position estimation is inherently more challenging. These
approaches improve estimation accuracy, suppress oscillatory be-
havior, and enhance the overall dynamic performance of the drive
system without requiring additional hardware sensors.

Future work will focus on experimental validation of the pro-
posed methods on a real-time PMSM drive platform under various
operating conditions. In addition, further studies may investigate
the robustness of these observers against parameter uncertainties,
external disturbances, and measurement noise. The integration of
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intelligent adaptive techniques and data-driven approaches may
also provide further improvements in estimation accuracy and
robustness for next-generation sensorless PMSM drive systems.
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