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Permanent magnet synchronous motors (PMSMs) are widely used in high-performance 

drive systems because of their high efficiency, high torque density, and rapid dynamic 

response. Field-oriented control (FOC) is the dominant control strategy for such drives, but 

its performance depends critically on accurate rotor position and speed information. In 

sensorless PMSM drives, sliding mode observers (SMOs) are attractive because of their 

robustness and modest computational demand. However, conventional SMOs still exhibit 

an inherent trade-off between fast convergence and chattering suppression, while direct 

extraction of rotor position and speed from the estimated back-electromotive-force (back-

EMF) signals remains vulnerable to noise and filtering delay. This paper presents a 

sensorless PMSM drive based on closed-loop FOC and an improved SMO-based estimation 

scheme. The PMSM is modeled in the synchronous dq reference frame, whereas the 

observer is constructed in the stationary reference frame from stator current dynamics and 

back-EMF reconstruction. To improve estimation performance, an adaptive sliding-mode 

injection gain is introduced to regulate the observer correction level according to the current 

estimation error, and a smooth switching law is employed to reduce chattering. In addition, 

a phase-locked loop (PLL) is incorporated to reconstruct the rotor electrical angle and speed 

from the estimated back-EMF components, thereby improving estimation smoothness and 

noise immunity. Simulation results obtained in MATLAB/Simulink under start-up, 

acceleration, steady-state, and load disturbance conditions demonstrate stable drive 

operation, accurate speed tracking, and improved estimation behavior compared with the 

conventional SMO. The results confirm that the proposed observer enhances convergence 

and reduces steady-state oscillations while preserving the simplicity and practical 

applicability of SMO-based sensorless control for PMSM drives.  
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I. INTRODUCTION 

Permanent magnet synchronous motors (PMSMs) have become increasingly prevalent in high-performance motion control 

systems owing to their high efficiency, high torque density, compact structure, and excellent dynamic characteristics [1-3]. Unlike 

induction motors, PMSMs do not require rotor current excitation, which eliminates rotor copper losses and contributes to higher overall 

energy efficiency [4]. These characteristics make PMSMs particularly suitable for demanding applications such as robotics, machine 

tools, electric vehicles, and servo drives, where precise torque control and rapid dynamic response are required [5]. To fully exploit the 

advantages of PMSMs, advanced control strategies are necessary. Among them, field-oriented control (FOC) has become the dominant 

approach for high-performance PMSM drives [6] [7]. By transforming the stator currents into a rotor-oriented synchronous reference 

frame, FOC enables independent regulation of the torque-producing and flux-related current components [2], [8]. For surface-mounted 

PMSMs, where magnetic saliency is negligible, the electromagnetic torque becomes directly proportional to the q-axis current, while the 

d-axis current can be regulated to zero [9] [10].  
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This decoupled control structure simplifies torque control and enables fast dynamic response with high steady-state accuracy. 

Furthermore, the cascaded architecture of FOC, consisting of an outer speed control loop and inner current control loops, provides a 

systematic framework for controller design and facilitates integration with pulse-width modulation (PWM) techniques and coordinate 

transformations [11-13]. Despite the maturity and effectiveness of FOC, its practical implementation generally requires accurate rotor 

position or speed information [14]. In conventional drive systems, such information is obtained using mechanical sensors such as encoders 

or resolvers. However, the use of mechanical sensors increases system cost and hardware complexity, introduces additional wiring and 

installation requirements, and may reduce system reliability in harsh operating environments characterized by high temperature, vibration, 

or contamination [15-17]. These limitations have motivated extensive research on sensorless control strategies for PMSM drives, in which 

rotor position and speed are estimated from measured electrical signals together with mathematical models of the machine [18] [19]. 

Among the various sensorless estimation techniques proposed for PMSMs, sliding mode observers (SMOs) have attracted considerable 

attention due to their inherent robustness against parameter variations and external disturbances [20-22]. SMO-based estimators employ 

a discontinuous correction mechanism that forces the estimation error to converge toward a predefined sliding surface, thereby providing 

strong robustness properties and fast error convergence. In PMSM applications, SMOs are commonly formulated in the stationary 

reference frame to estimate the back electromotive force (back-EMF) components using measured stator voltages and currents [23-24].  

Because the back-EMF inherently carries rotor position information, the rotor electrical angle can subsequently be reconstructed 

using a phase-locked loop (PLL) or an arctangent-based computation [25]. Compared with other observer-based techniques, such as 

extended Kalman filters or model reference adaptive systems, SMOs provide an attractive compromise between estimation accuracy, 

computational complexity, and robustness [26]. In addition, their relatively simple structure facilitates real-time implementation in digital 

controllers and provides good immunity to parameter uncertainties, particularly variations in stator resistance [27]. Consequently, SMO-

based sensorless control has been widely adopted in industrial PMSM drives operating in the medium-to-high speed region, where the 

back-EMF magnitude is sufficiently large to ensure a reliable signal-to-noise ratio [28]. Despite the robustness and practical simplicity 

of conventional SMOs, their estimation performance is still limited by the trade-off between fast convergence and chattering suppression. 

In addition, direct extraction of rotor position and speed from the estimated back-EMF signals remains sensitive to noise and filter-induced 

phase delay, which may deteriorate estimation smoothness and dynamic performance. Therefore, this paper develops an adaptive sliding-

mode observer with a smooth switching law and PLL-based reconstruction for sensorless PMSM drives. The main contribution lies in 

integrating adaptive injection gain regulation, chattering-reduced switching action, and closed-loop angle/speed estimation into a unified 

SMO-based sensorless framework, aiming to improve convergence behavior, estimation smoothness, and robustness while preserving 

implementation simplicity. 

II. MATHEMATICAL MODEL OF THE PERMANENT MAGNET SYNCHRONOUS MOTOR 

The dynamic model of a three-phase PMSM can be conveniently formulated in the synchronously rotating dq reference frame. 

By transforming the stator variables into orthogonal direct and quadrature components that rotate synchronously with the rotor magnetic 

field, the resulting dq-axis quantities become constant under steady-state operating conditions. This representation provides a compact 

and physically intuitive description of PMSM dynamics and is particularly well suited for analysis and controller design within the 

framework of FOC. In the synchronous dq reference frame, the stator voltage equations of the PMSM are expressed as: 

𝑣𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 +
𝑑𝜓𝑠𝑑

𝑑𝑡
− 𝜔𝑒𝜓𝑠𝑞                                                                                (1) 

𝑣𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 +
𝑑𝜓𝑠𝑞

𝑑𝑡
+ 𝜔𝑒𝜓𝑠𝑑                                                                              (2) 

Where 𝑣𝑠𝑑 , 𝑣𝑠𝑞 are the stator voltage components, 𝑖𝑠𝑑 , 𝑖𝑠𝑞  are the stator current components, 𝑅𝑠 is the stator resistance, 𝜓𝑠𝑑 , 𝜓𝑠𝑞  

denote the stator flux linkages, and 𝜔𝑒 is the electrical angular speed of the synchronous reference frame. For a PMSM, the rotor magnetic 

field is produced by permanent magnets rather than rotor windings. As a result, no rotor voltage equations are involved, and the rotor flux 

is directly determined by the permanent magnet flux linkage. Accordingly, the stator flux linkages in the dq reference frame can be 

expressed as: 

𝜓𝑠𝑑 = 𝐿𝑑𝑖𝑠𝑑 + 𝜓𝑓            (3) 

𝜓𝑠𝑞 = 𝐿𝑞𝑖𝑠𝑞                    (4) 

Where 𝐿𝑑 and 𝐿𝑞 are the stator inductances along the d-axis and q-axis, respectively, and 𝜓𝑓 is the flux linkage produced by the 

permanent magnets. Substituting (3) and (4) into (1) and (2), the complete electrical model of the PMSM in the dq reference frame is 

obtained. The electromagnetic torque generated by the PMSM is given by 

𝑇𝑒 =
3

2
𝑝(𝜓𝑓𝑖𝑠𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑠𝑑𝑖𝑠𝑞)                                                                           (5) 

Where 𝑝 denotes the number of pole pairs. For surface-mounted PMSMs, where magnetic saliency is negligible and 𝐿𝑑 ≈ 𝐿𝑞 , 

the electromagnetic torque expression simplifies to 

𝑇𝑒 =
3

2
𝑝𝜓𝑓𝑖𝑠𝑞                                                                                            (6) 

Which indicates that the electromagnetic torque is directly proportional to the q-axis current, while the d-axis current does not 

contribute to torque production. The mechanical dynamics of the PMSM are described by the rotor motion equation 

𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 − 𝐵𝜔𝑚                                                                                  (7) 
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Where 𝐽 is the total moment of inertia, 𝜔𝑚 is the mechanical angular speed, 𝑇𝐿  is the load torque, and 𝐵 is the viscous friction 

coefficient. The relationship between electrical and mechanical speeds is given by 

𝜔𝑒 = 𝑝 𝜔𝑚                                                                                               (8) 

Equations [1-8] collectively represent the complete mathematical model of the PMSM in the synchronously rotating dq reference 

frame and provide the foundation for the design and analysis of field-oriented control and sensorless control strategies. The overall closed-

loop configuration of the considered PMSM drive is illustrated in Figure 1. In this study, the PMSM drive is operated under a conventional 

closed-loop field-oriented control (FOC) scheme, in which the measured three-phase stator quantities are transformed into a rotor-aligned 

synchronous reference frame to enable decoupled regulation of flux and torque components. The control structure adopts the standard 

cascaded configuration with an outer speed loop and inner current loops, allowing the torque-producing current to be generated from the 

speed error and the corresponding voltage references to be synthesized for application to the inverter through space-vector pulse-width 

modulation (SVPWM). Within this framework, a sliding mode observer (SMO) is incorporated for sensorless operation, using the 

measured stator voltage and current signals in the stationary reference frame to reconstruct the back-EMF components and, from them, 

estimate the rotor electrical angle and speed. The resulting FOC-based PMSM drive therefore provides the control platform on which the 

observer design is developed, as presented in the following section. 

 
Figure 1: Overall block diagram of the closed-loop FOC PMSM drive with the proposed sliding-mode observer (SMO)–based speed 

estimation. 

Source: Authors, (2026). 

III. SLIDING MODE OBSERVER DESIGN 

III.1 SLIDING-MODE OBSERVER FOR SENSORLESS SPEED ESTIMATION 

In order to establish a baseline for the proposed estimation method, a conventional sliding mode observer (SMO) is first 

introduced within the FOC-based PMSM drive. The SMO employs the measured stator voltage and stator current signals to estimate the 

back-electromotive force (back-EMF), rotor electrical angle, and rotor speed. The estimated quantities are analyzed under various 

operating conditions to characterize the dynamic behavior and estimation capability of the observer within the PMSM drive system. The 

overall structure of the SMO is illustrated in Figure 2. 

 
Figure 2: Overall block diagram of the sliding-mode observer –based speed estimation. 

Source: Authors, (2026). 

The stator phase voltages (𝑢𝑎, 𝑢𝑏, 𝑢𝑐) are measured at the inverter output terminals and transformed into the stationary reference 

frame using the Clarke transformation, yielding the stationary voltage components (𝑢𝛼, 𝑢𝛽). In a similar manner, the measured stator 

phase currents are converted into the corresponding stationary current components (𝑖𝛼, 𝑖𝛽). These stationary-frame voltage and current 

signals constitute the inputs to the sliding mode observer. The sliding mode observer is derived from the stator current dynamics of the 

PMSM expressed in the stationary αβ reference frame. Under the assumptions of balanced operation and negligible magnetic saturation, 

the stator current dynamics can be expressed as 
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𝑑𝑖𝛼

𝑑𝑡
= −

𝑅𝑠

𝐿𝑠
𝑖𝛼 +

1

𝐿𝑠
𝑢𝛼 −

1

𝐿𝑠
𝑒𝛼                                                                               (9) 

𝑑𝑖𝛽

𝑑𝑡
= −

𝑅𝑠

𝐿𝑠
𝑖𝛽 +

1

𝐿𝑠
𝑢𝛽 −

1

𝐿𝑠
𝑒𝛽                                                                             (10) 

Where 𝑅𝑠 and 𝐿𝑠 denote the stator resistance and stator inductance, respectively, and 𝑒𝛼 , 𝑒𝛽 are the back-EMF components in the 

stationary frame. Within the observer, an estimated current model is constructed using the estimated stator currents 𝑖̂𝛼, 𝑖𝛽̂ and the estimated 

back-electromotive-force components 𝑒̂𝛼, 𝑒̂𝛽. To enhance robustness against parameter uncertainties and external disturbances, the sliding 

mode observer incorporates a discontinuous correction term driven by the current estimation error. The resulting observer dynamics are 

expressed as 
𝑑𝑖̂𝛼

𝑑𝑡
= −

𝑅𝑠

𝐿𝑠
𝑖̂𝛼 +

1

𝐿𝑠
𝑢𝛼 −

1

𝐿𝑠
𝑣𝛼             (11) 

𝑑𝑖̂𝛽

𝑑𝑡
= −

𝑅𝑠

𝐿𝑠
𝑖𝛽̂ +

1

𝐿𝑠
𝑢𝛽 −

1

𝐿𝑠
𝑣𝛽            (12) 

Where the discontinuous injection terms 𝑣𝛼 and 𝑣𝛽 are defined as 

𝑣𝛼 = 𝐾𝑠𝑤  sat(𝑖𝛼 − 𝑖̂𝛼)           (13) 

𝑣𝛽 = 𝐾𝑠𝑤  sat(𝑖𝛽 − 𝑖𝛽̂)           (14) 

Here, 𝐾𝑠𝑤 is the sliding-mode gain, and sat(⋅)denotes a saturation function introduced to reduce chattering effects compared to 

an ideal sign function. Under sliding-mode operation, the current estimation errors converge to zero, and the equivalent values of the 

discontinuous injection terms correspond to the back-electromotive-force components. To mitigate the high-frequency chattering 

introduced by the sliding-mode action, the signals 𝑣𝛼 and 𝑣𝛽 are processed through low-pass filters, yielding the estimated back-EMF 

components as 

𝑒̂𝛼 = LPF(𝑣𝛼), 𝑒̂𝛽 = LPF(𝑣𝛽)                                                                            (15) 

The cutoff frequency of the low-pass filter is selected as a compromise between effective noise attenuation and acceptable 

dynamic response. At medium and high operating speeds, where the back-electromotive-force magnitude is sufficiently large, the filtered 

signals provide reliable information for position and speed estimation. The estimated back-EMF components are subsequently used to 

reconstruct the rotor electrical angle and rotor speed. The rotor electrical angle is obtained using an arctangent-based calculation given 

by 

𝜃̂𝑒 = atan2(𝑒̂𝛽 , 𝑒̂𝛼)      (16) 

The electrical angular speed can be obtained either by differentiating the estimated rotor electrical angle or by exploiting the 

proportional relationship between the back-electromotive-force magnitude and the electrical speed, 

𝜔̂𝑒 ∝ √𝑒̂𝛼
2 + 𝑒̂𝛽

2       (17) 

In practical implementations, appropriate scaling and filtering are applied to ensure a smooth and noise-robust speed estimate. 

The corresponding mechanical rotor speed is then calculated as 

𝜔̂𝑟 =
1

𝑝
𝜔̂𝑒        (18) 

Where 𝑝 denotes the number of pole pairs. Despite its simplicity and satisfactory robustness, the conventional SMO still suffers 

from two inherent drawbacks in practical implementation. First, the use of a fixed switching gain leads to an unavoidable compromise 

between fast error convergence and chattering attenuation. Second, the direct extraction of rotor position and speed from the estimated 

back-EMF signals is susceptible to noise contamination and filter-induced phase delay, which may deteriorate estimation smoothness and 

dynamic performance. To overcome these shortcomings, an improved observer structure is developed in the following subsection by 

combining an adaptive sliding-mode injection mechanism with a PLL-based position and speed estimation stage. 

III.2 PROPOSED ADAPTIVE SMO WITH PLL-BASED ESTIMATION 

To address the drawbacks of the conventional sliding-mode observer, an adaptive SMO with PLL-based rotor position and speed 

reconstruction is developed. The proposed scheme consists of two main improvements. First, an online gain adaptation mechanism is 

introduced to adjust the observer injection gain according to the magnitude of the current estimation error, thereby improving the trade-

off between fast transient convergence and chattering reduction. Second, instead of directly extracting rotor position and speed from the 

estimated back-EMF components, a phase-locked loop is employed to provide smoother and more noise-resilient estimation. As a result, 

the proposed observer achieves enhanced convergence behavior and improved robustness for sensorless PMSM drives. The current 

estimation errors are defined as 

𝑒𝛼 = 𝑖̇𝛼 − 𝑖̇̂𝛼                             (19) 

𝑒𝛽 = 𝑖𝛽̇ − 𝑖̇̂𝛽                            (20) 

The adaptive switching gain is defined as 
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𝐾𝑠𝑤(𝑡) = 𝐾0 + 𝑘𝑎√𝑒𝛼
2 + 𝑒𝛽

2                                                                           (21) 

Where 𝐾0 denotes the minimum switching gain required to guarantee sliding motion and 𝑘𝑎 is a positive adaptive coefficient 

that determines the sensitivity of the gain adjustment. Using the adaptive gain, the discontinuous injection terms in the observer are 

reformulated as 

𝑣𝛼 = 𝐾𝑠𝑤(𝑡)sat(𝑒𝛼)                                                                                                 (22) 

𝑣𝛽 = 𝐾𝑠𝑤(𝑡)sat(𝑒𝛽)        (23) 

This adaptive mechanism increases the injection strength when the estimation error becomes large and gradually reduces the 

gain when the error approaches zero. Consequently, the observer preserves strong robustness during transient conditions while 

significantly reducing steady-state chattering. In addition to the adaptive gain mechanism, the discontinuous switching function is replaced 

by a smooth hyperbolic tangent function to further mitigate chattering effects. The modified switching function is defined as 

sat(𝑒) = 𝑡𝑎𝑛ℎ( 𝜆𝑒)      (24) 

Where 𝜆 > 0 determines the slope of the switching function. Compared with the classical sign function, the hyperbolic tangent 

function provides a continuous transition around the sliding surface, which suppresses high-frequency oscillations without sacrificing 

convergence speed. Substituting [21-24] into the observer equations yields the improved current estimation dynamics 

𝑑𝑖̂̇𝛼

𝑑𝑡
= −

𝑅𝑠

𝐿𝑠
𝑖̇̂𝛼 +

1

𝐿𝑠
𝑢𝛼 −

1

𝐿𝑠
𝐾𝑠𝑤(𝑡) 𝑡𝑎𝑛ℎ( 𝜆𝑒𝛼)                                                              (25) 

𝑑𝑖̂̇𝛽

𝑑𝑡
= −

𝑅𝑠

𝐿𝑠
𝑖̇̂𝛽 +

1

𝐿𝑠
𝑢𝛽 −

1

𝐿𝑠
𝐾𝑠𝑤(𝑡) 𝑡𝑎𝑛ℎ( 𝜆𝑒𝛽)         (26) 

Under sliding-mode operation, the estimation errors 𝑒𝛼 and 𝑒𝛽 converge toward zero and the equivalent values of the injection 

signals correspond to the back-EMF components. The estimated back-EMF signals are obtained by applying low-pass filtering to the 

adaptive injection signals 

𝑒̂𝛼 = LPF(𝑣𝛼)                  (27) 

𝑒̂𝛽 = LPF(𝑣𝛽)                  (28) 

The estimated back-EMF signals are then processed by the PLL-based reconstruction stage to obtain the rotor electrical angle 

and electrical speed. To analyze the convergence property of the observer, consider the Lyapunov candidate function 

𝑉 =
1

2
(𝑒𝛼

2 + 𝑒𝛽
2)                       (29) 

The time derivative of the Lyapunov function is given by 

𝑉̇ = 𝑒𝛼𝑒̇𝛼 + 𝑒𝛽𝑒̇𝛽                       (30) 

Substituting the observer error dynamics into (30) yields 

𝑉̇ = −
𝐾𝑠𝑤(𝑡)

𝐿𝑠
(𝑒𝛼 𝑡𝑎𝑛ℎ( 𝜆𝑒𝛼) + 𝑒𝛽 𝑡𝑎𝑛ℎ( 𝜆𝑒𝛽))    (31) 

Since 𝐾𝑠𝑤(𝑡) > 0 and 𝑒 𝑡𝑎𝑛ℎ( 𝜆𝑒) ≥ 0 for all 𝑒 ≠ 0, it follows that 

𝑉̇ ≤ 0             (32) 

Which indicates that the estimation errors are bounded and driven toward the sliding surface. Therefore, the proposed adaptive 

sliding mode observer preserves the inherent robustness of the classical SMO while reducing chattering and improving estimation 

smoothness. Rotor Position and Speed Reconstruction Using a Phase-Locked Loop Although the rotor electrical angle can be directly 

obtained from the estimated back-EMF components using an arctangent function, this approach is known to be sensitive to measurement 

noise and numerical differentiation. In particular, the direct differentiation of the estimated electrical angle may amplify high-frequency 

disturbances introduced by switching harmonics and inverter nonlinearities. These effects can degrade the stability of the speed estimation 

and lead to undesirable oscillations in the outer speed control loop. To improve the robustness of the sensorless estimation process, a 

phase-locked loop (PLL) is employed to reconstruct the rotor electrical angle and electrical speed from the estimated back-EMF signals. 

The PLL structure provides a closed-loop tracking mechanism that filters measurement noise while maintaining fast dynamic response. 

Let the estimated back-EMF vector be defined in the stationary reference frame as 

𝑒̂𝛼,𝛽 = [
𝑒̂𝛼

𝑒̂𝛽
]              (33) 

For a surface-mounted PMSM operating under steady-state conditions, the back-EMF components can be expressed as 

𝑒𝛼 = −𝜔𝑒𝜓𝑓 𝑠𝑖𝑛( 𝜃𝑒)                      (34) 

𝑒𝛽 = 𝜔𝑒𝜓𝑓 𝑐𝑜𝑠( 𝜃𝑒)       (35) 

Which indicates that the back-EMF vector is orthogonal to the rotor flux vector and rotates synchronously with the electrical 

angular speed. Based on this property, the rotor position can be estimated by aligning the estimated back-EMF vector with the reference 

Page 1517



 
 
 

 

ITEGAM-JETIA, Manaus, v.12 n.60, p.1513-1522 July-August, 2026. 

 

 

frame generated by the PLL. Let the estimated rotor electrical angle generated by the PLL be denoted by 𝜃̂𝑒. The corresponding unit 

vectors are defined as 

𝒖̂𝑑 = [
𝑐𝑜𝑠( 𝜃̂𝑒)

𝑠𝑖𝑛( 𝜃̂𝑒)
]         (36) 

𝒖̂𝑞 = [
− 𝑠𝑖𝑛( 𝜃𝑒)

𝑐𝑜𝑠( 𝜃̂𝑒)
]          (37) 

The PLL is designed to track the phase of the estimated back-EMF vector. To this end, the projection of the estimated back-EMF 

vector onto the estimated q-axis is used as a phase-related signal, which can be expressed as 

𝑒𝑞
𝑃𝐿𝐿 = −𝑒̂𝛼 𝑠𝑖𝑛( 𝜃̂𝑒) + 𝑒̂𝛽 𝑐𝑜𝑠( 𝜃̂𝑒)      (38) 

This signal is then processed by a PI loop filter to generate the estimated electrical speed. The PLL control law for the electrical 

speed estimation is defined as 

𝜔̂𝑒 = 𝐾𝑝,𝑃𝐿𝐿𝑒𝑞
𝑃𝐿𝐿 + 𝐾𝑖,𝑃𝐿𝐿 ∫ 𝑒𝑞

𝑃𝐿𝐿 𝑑𝑡      (39) 

Where 𝐾𝑝,𝑃𝐿𝐿 and 𝐾𝑖,𝑃𝐿𝐿 denote the proportional and integral gains of the PLL regulator. The estimated electrical angle is obtained 

by integrating the estimated electrical speed 

𝜃̂𝑒 = ∫ 𝜔̂𝑒 𝑑𝑡                (40) 

The corresponding mechanical rotor speed is then calculated using the relationship 

𝜔̂𝑟 =
𝜔̂𝑒

𝑝
                  (41) 

Where 𝑝 is the number of pole pairs. Compared with the direct arctangent-based estimation approach, the PLL-based 

reconstruction offers several advantages. First, the closed-loop filtering effect of the PLL significantly attenuates measurement noise and 

switching harmonics present in the estimated back-EMF signals. Second, the integral action of the PLL improves steady-state accuracy 

and eliminates bias errors in the speed estimation. Finally, the PLL structure provides smooth and continuous rotor angle tracking, which 

enhances the stability of the field-oriented control system during dynamic operating conditions. The proposed sensorless estimation 

scheme integrates three complementary mechanisms: an adaptive sliding mode observer for back-EMF reconstruction, a smooth switching 

law for chattering suppression, and a PLL-based stage for rotor position and speed extraction. This combination addresses the main 

shortcomings of the conventional fixed-gain SMO. The adaptive observer modifies the injection gain according to the current estimation 

error. As a result, strong corrective action is retained during transients, whereas excessive switching activity is avoided as the estimation 

error decreases. This feature improves convergence behavior without imposing unnecessarily large observer gains in steady-state 

operation. The use of the hyperbolic tangent function in place of the discontinuous sign function further improves the observer behavior 

near the sliding surface. In particular, it reduces high-frequency oscillations in the estimated signals while maintaining the robustness 

properties associated with sliding-mode-based estimation. The back-EMF components reconstructed by the observer are then supplied to 

a phase-locked loop to obtain the rotor electrical angle and speed. Unlike direct angle differentiation, the PLL provides a closed-loop 

estimation process with improved noise rejection and smoother speed reconstruction, which is particularly beneficial under dynamic 

operating conditions. Taken together, these modifications yield a sensorless estimation structure with improved robustness, lower 

sensitivity to switching noise, and smoother steady-state behavior, while preserving a relatively simple implementation. 

IV. RESULTS AND DISCUSSION 

The system is implemented in MATLAB/Simulink and consists of a PMSM drive operating under a conventional closed-loop 

FOC scheme, augmented with a SMO for rotor speed and position estimation. The FOC controller governs the stator currents and rotor 

speed based on measured electrical quantities, providing stable and well-regulated drive operation over a wide range of operating 

conditions. Within the implemented framework, the SMO utilizes the stator voltage and current components expressed in the stationary 

αβ reference frame to estimate the back-electromotive-force components. These estimated signals are subsequently used to reconstruct 

the rotor electrical angle and rotor speed. The behavior of the estimated quantities is examined during start-up, acceleration, steady-state 

operation, and load disturbance scenarios in order to characterize the dynamic response and estimation capability of the observer in the 

PMSM drive system. The complete MATLAB/Simulink implementation of the closed-loop FOC-based PMSM drive and the associated 

SMO-based estimation structure are illustrated in Figures 3 and 4, respectively. The presented simulation results provide insight into the 

interaction between the control system and the observer dynamics, as well as the overall performance of the PMSM drive under various 

operating conditions. 
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Figure 3: Power stage and PMSM model of the FOC drive. 

Source: Authors, (2026). 

 
Figure 4: Block diagram of the FOC-controlled PMSM drive with the sliding mode observer. 

Source: Authors, (2026). 

The FOC-controlled PMSM drive incorporating a SMO is examined under four representative operating scenarios in order to 

characterize its dynamic behavior and robustness. The considered scenarios include: (i) operation with a varying load at a constant 

reference speed, which reflects the disturbance rejection capability and speed regulation performance; (ii) operation with a varying load 

combined with a time-varying reference speed, aimed at assessing robustness and tracking performance under simultaneous disturbances; 

(iii) operation with a constant load and constant reference speed, representing steady-state conditions; and (iv) operation with a constant 

load and a varying reference speed, which highlights the transient response and speed tracking characteristics of the drive system. 

Together, these scenarios provide a comprehensive view of the system behavior under both steady-state and dynamic operating conditions. 

 
Figure 5: Dynamic responses of the FOC-controlled PMSM drive under varying load conditions at a constant reference speed. (a) 

Three-phase stator currents; (b) Rotor speed response; (c) Speed tracking error; (d) Electromagnetic torque. 

Source: Authors, (2026). 
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Figure 6: Dynamic responses of the PMSM drive under varying load and time-varying reference speed. (a) Three-phase stator currents; 

(b) Rotor speed response; (c) Speed tracking error; (d) Electromagnetic torque. 

Source: Authors, (2026). 

The dynamic responses of the FOC-controlled PMSM drive incorporating sliding mode observer-based estimation under four 

representative operating scenarios are presented in Figures 5–8. In all cases, the stator currents remain well balanced and nearly sinusoidal, 

confirming effective current regulation by the inner control loops. The rotor speed follows the reference trajectory smoothly during both 

steady-state operation and transient conditions, while the electromagnetic torque responds promptly to load variations with limited 

oscillations, indicating robust torque control and stable system behavior. During start-up and dynamic operating conditions, brief transient 

oscillations are observed in the stator currents and electromagnetic torque, after which the system rapidly converges to steady-state 

operation. The speed response exhibits negligible steady-state deviation and maintains consistent behavior under load disturbances and 

reference speed changes, demonstrating the effectiveness of the FOC structure in regulating the PMSM drive. 

 
Figure 7: FOC-controlled PMSM drive under constant load and constant reference speed. (a) Three-phase stator currents; (b) Rotor 

speed response; (c) Speed tracking error; (d) Electromagnetic torque. 

Source: Authors, (2026). 

 
Figure 8: Dynamic responses of the FOC-controlled PMSM drive under constant load and varying reference speed. (a) Three-phase 

stator currents; (b) Rotor speed response; (c) Speed tracking error; (d) Electromagnetic torque. 

Source: Authors, (2026). 
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The estimated speed and electrical angle display smooth waveforms with low ripple across all operating scenarios. Minor 

deviations may appear during the initial transient interval; however, the estimated quantities quickly settle as the system reaches steady 

operation and remain consistent with the drive dynamics thereafter. This behavior indicates effective suppression of chattering and noise 

effects and reflects the ability of the sliding mode observer to provide stable and reliable speed and position information under both 

steady-state and transient operating conditions. 

V. CONCLUSION 

A sensorless PMSM drive based on closed-loop field-oriented control and sliding-mode observation has been presented in this 

study. The PMSM model was established in the synchronous dq reference frame, while the observer was formulated in the stationary 

reference frame from stator current dynamics and back-electromotive-force reconstruction. To improve the estimation performance, an 

adaptive sliding-mode injection gain was introduced to regulate the observer correction strength according to the current estimation error, 

thereby alleviating the trade-off between fast convergence and chattering attenuation. A smooth switching law was further employed to 

suppress high-frequency oscillations in the observer signals, and a phase-locked loop was incorporated to reconstruct the rotor electrical 

angle and speed from the estimated back-EMF components. Together, these modifications improve the smoothness and robustness of the 

estimation process while preserving the structural simplicity of the conventional SMO framework. Simulation results obtained in 

MATLAB/Simulink under start-up, acceleration, steady-state, and load disturbance conditions confirmed stable drive operation and 

accurate speed tracking. Compared with the conventional SMO scheme, the proposed observer provided smoother estimation behavior, 

reduced steady-state oscillations, and more reliable rotor position and speed information. The proposed sensorless estimation scheme 

therefore constitutes a practical and computationally efficient solution for PMSM drives requiring robust rotor position and speed 

estimation. 

VI. AUTHOR’S CONTRIBUTION 
Conceptualization: Thanh Lam. Le. 

Methodology: Thanh Lam. Le. 

Investigation: Thanh Lam. Le. 

Discussion of results: Thanh Lam. Le. 

Writing – Original Draft: Thanh Lam. Le. 

Writing – Review and Editing: Thanh Lam. Le. 

Resources: Thanh Lam. Le. 

Supervision: Thanh Lam. Le. 

Approval of the final text: Thanh Lam. Le. 

VII. REFERENCES 

[1] L Y. Yu, Y. Pei, F. Chai, and M. Doppelbauer, “Performance comparison between permanent magnet synchronous motor and vernier motor for in-wheel direct drive,” 

IEEE Transactions on Industrial Electronics, vol. 70, no. 8, pp. 7761–7772, Aug. 2023. https://doi.org/10.1109/TIE.2022.3212430 

 
[2] Y. Song, G. Liu, S. Yu, H. Wang, and F. Zhang, “Investigation of a low-speed high-torque-density direct-drive external-rotor PMSM for belt conveyor application,” 

IEEE Access, vol. 11, pp. 110479–110489, Sep. 2023. https://doi.org/10.1109/ACCESS.2023.3318724 
 

[3] T.-L. Le, “A robust control strategy for effective field-oriented control of PMSMs,” Eng. Technol. Appl. Sci. Res., vol. 14, no. 6, pp. 18469–18475, Dec. 2024. 

https://doi.org/10.48084/etasr.8893 
 

[4] J. Zhao, X. Liu, S. Wang, et al., “Review of design and control optimization of axial flux PMSM in renewable-energy applications,” Chinese Journal of Mechanical 

Engineering, vol. 36, Art. no. 45, 2023. https://doi.org/10.1186/s10033-023-00868-8 
 

[5] H. Ding, X. Zou, and J. Li, “Sensorless control strategy of permanent magnet synchronous motor based on fuzzy sliding mode observer,” IEEE Access, vol. 10, pp. 

36743–36752, Apr. 2022. https://doi.org/10.1109/ACCESS.2022.3164519 
 

[6] P. Ramesh, M. Umavathi, C. Bharatiraja, G. Ramanathan, and S. Athikkal, “Development of a PMSM motor field-oriented control algorithm for electrical vehicles,” 

Materials Today: Proceedings, vol. 65, pt. 1, pp. 176–187, 2022. https://doi.org/10.1016/j.matpr.2022.06.080 
 

[7] M. Nicola, C.-I. Nicola, D. Selișteanu, and C. Ionete, “Control of PMSM based on switched systems and field-oriented control strategy,” Automation, vol. 3, no. 4, pp. 

646–673, Dec. 2022. 
 

[8] S. R. Eftekhari, A. Mosallanejad, H. Pairo, and J. Rodriguez, “Efficiency enhancement in synchronous reluctance motors by active flux adjustment based on robust 

model-based approaches,” IEEE Access, vol. 12, pp. 127731–127748, Aug. 2024. 
 

[9] D. Chen, K. Lu, D. Wang, and M. Hinkkanen, “I–F control with zero d-axis current operation for surface-mounted permanent magnet synchronous machine drives,” 

IEEE Transactions on Power Electronics, vol. 38, no. 6, pp. 7504–7513, Jun. 2023. 
 

[10] X. Wang, M. Reitz, and E. E. Yaz, “Field oriented sliding mode control of surface-mounted permanent magnet AC motors: Theory and applications to electrified 

vehicles,” IEEE Transactions on Vehicular Technology, vol. 67, no. 11, pp. 10343–10356, Nov. 2018. 
 

[11] H. Ghanayem, M. Alathamneh, and R. M. Nelms, “Decoupled speed and flux control of three-phase PMSM based on the proportional–resonant control method,” 

Energies, vol. 16, no. 3, Art. no. 1053, Jan. 2023. 
 

[12] X. Wang and C. A. Steve Suh, “A nonlinear time–frequency control based FOC for permanent magnet synchronous motors,” International Journal of Dynamics and 

Control, vol. 9, pp. 179–189, 2021. 
 

[13] M. F. Elnaggar, A. Flah, C. Z. El-Bayeh, and M. M. Alrashed, “Optimized FOC control strategy for dual stators permanent magnet machine,” Scientific Reports, vol. 

15, Art. no. 34010, Sep. 2025. 
 

Page 1521



 
 
 

 

ITEGAM-JETIA, Manaus, v.12 n.60, p.1513-1522 July-August, 2026. 

 

 

[14] M. Hinkkanen and J. Luomi, “Sensorless field-oriented control of permanent-magnet synchronous motors,” IEEE Transactions on Industrial Electronics, vol. 64, no. 

2, pp. 1029–1039, Feb. 2017. 

 
[15] H. Heidari, A. Rassõlkin, A. Kallaste, T. Vaimann, E. Andriushchenko, A. Belahcen, and D. V. Lukichev, “A review of synchronous reluctance motor-drive 

advancements,” Sustainability, vol. 13, no. 2, Art. no. 729, Jan. 2021. 

 
[16] Z. Novak, “Confidence weighted learning entropy for fault-tolerant control of a PMSM with a high-resolution Hall encoder,” IEEE Transactions on Industrial 

Electronics, vol. 71, no. 5, pp. 5176–5186, May 2024. 

 
[17] W. Hua, C. Zhang, and Y. Wang, “Embedded magnetic encoder-based rotor-position detection technology for permanent magnet synchronous machines: A review,” 

Chinese Journal of Electrical Engineering, vol. 11, no. 2, pp. 136–149, Jun. 2025. 

 
[18] Q. Ni, M. Yang, S. A. Odhano, M. Tang, P. Zanchetta, and X. Liu, “A new position and speed estimation scheme for position control of PMSM drives using low-

resolution position sensors,” IEEE Transactions on Industry Applications, vol. 55, no. 4, pp. 3747–3758, Jul.–Aug. 2019. 

 
[19] A. G. Abo-Khalil, “Sensorless rotor position estimation of PMSM for low and high rotor speed,” Journal of Engineering Research, vol. 9, no. 2, pp. 161–170, Jun. 

2021. 

 
[20] S. Ye, “Fuzzy sliding mode observer with dual SOGI-FLL in sensorless control of PMSM drives,” ISA Transactions, vol. 85, pp. 161–176, Feb. 2019. 

 

[21] H. Yang, A. Xu, Y. Zhang, and X. Chai, “Error analysis and design of sliding-mode-observer-based sensorless PMSM drives under a low sampling ratio,” IEEE 
Transactions on Power Electronics, vol. 39, no. 7, pp. 7783–7792, Jul. 2024. 

[22] N. Q. Vinh and T. L. Le, “Self-learning model-based control for sensorless induction motor drives,” Electrical Engineering, vol. 107, pp. 12169–12182, 2025. 

https://doi.org/10.1007/s00202-025-03146-z 
 

[23] Y. Zuo, C. Lai, and K. L. V. Iyer, “A review of sliding mode observer based sensorless control methods for PMSM drive,” IEEE Transactions on Power Electronics, 

vol. 38, no. 9, pp. 11352–11367, Sep. 2023. 
 

[24] H. Sun, X. Zhang, X. Liu, et al., “Adaptive robust sensorless control for PMSM based on super-twisting algorithm back EMF observer and extended state observer,” 

Electrical Engineering, vol. 107, pp. 9295–9307, 2025. 
 

[25] Z. Zhao, C. Hu, Z. Wang, S. Wu, Z. Liu, and Y. Zhu, “Back EMF-based dynamic position estimation in the whole speed range for precision sensorless control of 

PMLSM,” IEEE Transactions on Industrial Informatics, vol. 19, no. 5, pp. 6525–6536, May 2023. https://doi.org/10.1109/TII.2022.3205941 
 

[26] L. Yuan, K. Han, C. Zhang, X. Zhu, and Y. Ding, “Comparative analysis of full-order SMO and STM-MRAS in SPMSM sensorless drive system,” IEEE Journal of 

Emerging and Selected Topics in Power Electronics, vol. 12, no. 3, pp. 2592–2603, Jun. 2024. https://doi.org/10.1109/JESTPE.2024.3378806 
 

[27] C. Gong, Y. Hu, J. Gao, Y. Wang, and L. Yan, “An improved delay-suppressed sliding-mode observer for sensorless vector-controlled PMSM,” IEEE Transactions 

on Industrial Electronics, vol. 67, no. 7, pp. 5913–5923, Jul. 2020. https://doi.org/10.1109/TIE.2019.2952824 
 

[28] R. Sreejith and B. Singh, “Sensorless predictive current control of PMSM EV drive using DSOGI-FLL based sliding mode observer,” IEEE Transactions on Industrial 

Electronics, vol. 68, no. 7, pp. 5537–5547, Jul. 2021. https://doi.org/10.1109/TIE.2020.2996159 

 

Page 1522


