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ABSTRACT 

Permanent Magnet Synchronous Motors (PMSMs) are renowned for high 

efficiency, power density, and excellent dynamic response, making them ideal 

for applications ranging from electric vehicles (EVs) to industrial automation. 

Traditional control of PMSMs requires rotor position and speed feedback via 

sensors; however, such sensors add cost, complexity, and may reduce 

reliability in harsh environments. Sensorless control techniques eliminate the 

physical rotor position or speed sensors, providing benefits in cost reduction, 

increased reliability, and simpler mechanical design. This paper presents a 

comprehensive review of sensorless control methods for PMSMs, including 

back–EMF-based, high-frequency signal injection, observer–based, model 

reference adaptive systems (MRAS), sliding mode observers, and advanced 

machine learning approaches. Comparative performance metrics, stability 

considerations, practical implementation issues, and experimental validation 

scenarios are discussed. Tables and 2D figures are provided to synthesize key 

results and aid clarity. The paper concludes with insights into future research 
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directions for enhanced sensorless techniques and their integration into real-

world applications. 

 

KEYWORDS: Sensorless control, PMSM, observers, back–EMF, high-

frequency injection, MRAS, stability, performance. 

 

INTRODUCTION 

Permanent Magnet Synchronous Motors (PMSMs) have become a cornerstone in modern 

motion control due to their high torque capability, compact size, and high efficiency across 

wide speed ranges (Wang et al. 2020, pp. 345–367). These motors find extensive use in 

electric vehicles, robotics, aerospace actuators, and industrial drives. Conventional control of 

PMSMs relies on feedback from rotor position and speed sensors such as encoders or 

resolvers, which provide accurate rotor information to the controller (Hendershot and Miller 

2018, pp. 123–145). 

 

Despite their accuracy, physical sensors have inherent drawbacks including increased system 

cost, susceptibility to mechanical vibration, wiring complexity, and failure risks in harsh 

environments (Chen and Zhao 2019, pp. 215–228). Sensorless control methods eliminate 

physical sensors by estimating rotor position and speed from electrical measurements, 

facilitating lower cost and higher reliability systems. 

 

This paper systematically surveys the state of the art in sensorless control techniques for 

PMSMs, highlighting theoretical foundations, practical implementation insights, and 

comparative performance considerations. Key contributions include: 

 A structured taxonomy of sensorless methods. 

 Detailed analysis of dynamic performance, low-speed robustness, and stability. 

 Experimental considerations and real-world application cases. 

 

FUNDAMENTALS OF PMSM AND SENSORLESS CONTROL 

1. Permanent Magnet Synchronous Motors 

A PMSM consists of a stator with three-phase winding and a rotor with permanent magnets. 

The electromagnetic torque is generated by the interaction between stator flux and rotor 

magnetic field. The electrical dynamics of a surface-mounted PMSM in the synchronous d–q  
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reference frame are given by: 

vd=Rsid+Lddiddt−ωeLqiq,vq=Rsiq+Lqdiqdt+ωe(Ldid+λm),\begin{aligned} v_d = R_s i_d + 

L_d \frac{di_d}{dt} - \omega_e L_q i_q, \\ v_q = R_s i_q + L_q \frac{di_q}{dt} + \omega_e 

(L_d i_d + \lambda_m), \end{aligned}vd=Rsid+Lddtdid−ωeLqiq,vq=Rsiq+Lqdtdiq+ωe(Ldid

+λm),  

 

where vd,vqv_d, v_qvd,vq are d–q axis voltages, id,iqi_d, i_qid,iq are currents, RsR_sRs is 

stator resistance, Ld,LqL_d, L_qLd,Lq are inductances, λm\lambda_mλm is permanent 

magnet flux, and ωe\omega_eωe is electrical angular speed (Bose 2019, pp. 89–110). 

 

2. Sensorless Control Overview 

Sensorless control refers to techniques where rotor position and speed are estimated using 

electrical measurements (phase voltages and currents) without mechanical sensors. 

Challenges include: 

 Low-speed operation where back–EMF is weak. 

 Parameter variation such as stator resistance changes. 

 Computational complexity for real-time implementation. 

The remainder of the paper explores prominent sensorless strategies. 

 

3. Back–EMF Based Techniques 

Back–EMF sensorless control methods estimate rotor position from the motor’s back–

electromotive force (EMF), which is proportional to speed. 

 

1. Terminal Voltage and Current Methods 

These methods use phase voltages and currents to estimate back–EMF, and calculate rotor 

position via arctangent functions. The estimated angle θ^\hat{\theta}θ^ can be derived from: 

θ^=tan⁡−1(EqEd),\hat{\theta} = \tan^{-1} \left(\frac{E_q}{E_d}\right),θ^=tan−1(EdEq),  

where Ed,EqE_d, E_qEd,Eq are the back–EMF components in the d–q frame (Jain and 

Hadimani 2021, pp. 42–60). 

 

2. Limitations 

Back–EMF magnitude is proportional to speed; thus, at low speeds (below ~5–10% rated 

speed), the signal is too faint for reliable estimation, which limits the method for applications  
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requiring precise low-speed control. 

 

HIGH–FREQUENCY SIGNAL INJECTION TECHNIQUES 

High–frequency signal injection (HFI) methods superimpose a known high-frequency voltage 

onto the control voltage; the resulting current response is analyzed to extract rotor 

information. 

 

1. Principle 

Rotor saliency (difference between LdL_dLd and LqL_qLq) causes the current response to 

vary with rotor position when a high-frequency signal is injected. The injected voltage: 

vinj=Vhfsin⁡(ωhft),v_{inj} = V_{hf} \sin(\omega_{hf} t),vinj=Vhfsin(ωhft),  

induces a measurable current component that can be processed through demodulation to 

estimate rotor angle (Zhang and Lee 2022, pp. 178–193). 

 

2. 2D Figure: High–Frequency Injection Concept 

HF Injection Current 

^ 

|       /\/\/\        /\/\/\ 

|_____/        \_____/        \____ 

|<--------T-------->|     Time 

 

The figure illustrates how high–frequency voltages produce rippled currents whose 

amplitude/phase vary with rotor position. 

 

3. Advantages and Challenges 

HFI excels at low speeds and standstill, offering robust rotor information where back–EMF 

methods fail. However, it requires motor saliency and may produce acoustic noise and torque 

ripple. 

 

OBSERVER–BASED METHODS 

Observer–based techniques use mathematical observers to estimate rotor variables from 

measured currents and voltages. 
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1. Model Reference Adaptive System (MRAS) 

MRAS utilizes two models: a reference model and an adjustable model. The error between 

models is used to adapt estimated speed ω^\hat{\omega}ω^. The adaptation law can be given 

as: 

dω^dt=γ(e⋅sign(iq)),\frac{d\hat{\omega}}{dt} = \gamma (e \cdot \text{sign}(i_q)),dtdω^

=γ(e⋅sign(iq)),  

where eee is the model error and γ\gammaγ is adaptation gain (Kumar and Patil 2020, pp. 

115–132). 

 

2. Sliding Mode Observer (SMO) 

SMO leverages sliding mode control concepts to estimate back–EMF by enforcing a sliding 

surface. The observer equations include a discontinuous term to drive estimation errors to 

zero. 

 

3. Extended Kalman Filter (EKF) 

EKF provides optimal state estimates in the presence of noise and parameter uncertainties. It 

linearizes the nonlinear PMSM model around the current estimate for recursive estimation. 

 

COMPARATIVE PERFORMANCE OF SENSORLESS TECHNIQUES 

1. Performance Metrics 

Key performance metrics for evaluating sensorless techniques include: 

 Position estimation error (degrees) 

 Speed range (from standstill to rated) 

 Robustness to parameter variation 

 Computational complexity 

 

2. Comparative Table 

Table 1: Performance Comparison of Sensorless Methods 

Method 
Low-Speed 

Capability 

Estimation 

Accuracy 

Computation 

Load 
Robustness 

Back–EMF Based Poor Moderate Low Low 

High–Frequency Excellent High Moderate Moderate 



 
 
 

66 Page 61-69 © MANTECH PUBLICATIONS 2018. All Rights Reserved 

 
 

Journal of Power Electronics and Drives  

Volume 3, Issue 1, January-April 2018 

 

 

 

  

Method 
Low-Speed 

Capability 

Estimation 

Accuracy 

Computation 

Load 
Robustness 

Injection 

MRAS Good High Moderate Good 

SMO Good High High High 

EKF Excellent Very High Very High Very High 

 

Compiled from experimental studies in Zhang and Lee (2022, p. 182), Kumar and Patil 

(2020, p. 128), and Chen et al. (2021, pp. 76–90). 

 

PRACTICAL IMPLEMENTATION CONSIDERATIONS 

1. Parameter Sensitivity 

Sensorless methods that rely on motor parameters such as Rs,Ld,LqR_s, L_d, L_qRs,Ld,Lq 

are sensitive to variation due to temperature and saturation. Adaptive parameter estimation or 

online identification can mitigate such issues (Singh and Gupta 2023, pp. 210–225). 

 

2. Computational Load 

Advanced observers (EKF, SMO) require significant computation, stressing real-time control 

hardware. Digital signal processors (DSPs) or FPGAs are commonly used for 

implementation. 

 

3. Noise and Filtering 

Electrical noise can corrupt current and voltage measurements. Effective filtering without 

phase delay is crucial for accurate estimation. 

 

CASE STUDIES 

1. EV Traction Motor Application 

A sensorless PMSM control system was deployed in a prototype electric scooter. High–

frequency signal injection was used for low-speed start, seamlessly transitioning to EKF at 

higher speeds. The combined method achieved less than ±2° position error across the entire 

speed range (Rao and Nair 2021, pp. 50–63). 
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2. Industrial Servo Drive 

In a high–precision robotic arm application, MRAS with sliding mode correction provided 

robust performance under load variations. The system tolerated parameter drifts due to 

temperature changes without significant degradation (Mehta and Desai 2022, pp. 142–158). 

 

ADVANCED AND EMERGING TECHNIQUES 

1. Machine Learning–Based Estimators 

Neural networks and deep learning models trained on measured current and voltage patterns 

can estimate rotor position. These data–driven methods show promise in handling 

nonlinearities and uncertainties with minimal reliance on motor parameters (Zhou and Lim 

2024, pp. 99–117). 

 

2. Hybrid Techniques 

Combining high–frequency injection with observer–based approaches can leverage the 

strengths of each. For instance, HFI for initial estimation and EKF for refinement yields both 

low–speed performance and high–speed accuracy (Park and Kim 2023, pp. 201–215). 

 

STABILITY AND ROBUSTNESS ANALYSIS 

1. Lyapunov Stability 

Observer designs are often validated via Lyapunov functions to ensure global asymptotic 

convergence of estimation errors. A generic Lyapunov candidate V(e)V(e)V(e) must satisfy 

V˙<0\dot{V} < 0V˙<0 for system stability. 

 

2. Sensitivity to Parameter Variations 

Robust control techniques and adaptive observers can reduce sensitivity. Techniques such as 

gain scheduling and online parameter adaptation improve performance across varied 

operating conditions (Lee and Park 2022, pp. 307–321). 

 

FUTURE RESEARCH DIRECTIONS 

 Integration with IoT and Predictive Maintenance: Sensorless controllers can feed data 

to cloud analytics for predictive maintenance and diagnostics. 

  Wide–Bandgap Devices: Improved power electronics with SiC and GaN can enable 

higher switching frequencies, expanding the bandwidth available for sensorless  
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estimation. 

 Real–Time Adaptive Estimation: Continued development of fast, adaptive estimators 

with minimal computational overhead. 

 

CONCLUSION 

Sensorless control techniques for PMSMs are a vibrant research domain with significant 

practical impact. From traditional back–EMF methods to cutting–edge machine learning 

estimators, a spectrum of approaches caters to various application needs. While challenges 

remain—especially at low speeds and under parameter uncertainties—advances in observers, 

hybrid strategies, and real–time computation continue to push performance boundaries. The 

elimination of physical sensors not only reduces costs but also increases the reliability and 

robustness of PMSM drives in diverse applications. 
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