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1. Introduction 
Driven by the global energy transition and carbon neutrality goals, the electric vehicle (EV) industry has experienced 

rapid growth and has become a key pathway toward sustainable transportation. As the core component of EV drive 
systems, Permanent Magnet Synchronous Motors (PMSM) have been widely adopted due to their high efficiency, high 
power density and excellent speed regulation performance. However, under complex operating conditions and prolonged 
service PMSM are susceptible to multiple stress factors, including electromagnetic, thermal and mechanical loads, which 
may lead to various faults such as stator winding short circuits, bearing defects, rotor eccentricity, and permanent magnet 
demagnetization. These faults can significantly degrade the operating performance, reliability, and safety of the drive 
system. Therefore, the development of efficient and reliable fault diagnosis techniques for PMSM is of great practical 
significance.At present, fault diagnosis methods for PMSM can be broadly classified into three categories: signal 
processing based methods, model based methods and artificial intelligence (AI) based methods. Signal processing based 
approaches extract fault features from electrical and mechanical signals, such as stator current and vibration, offering 
favorable real time performance and ease of implementation. Model based methods rely on mathematical models of the 
motor to perform state estimation and residual analysis for fault detection and identification. In recent years, AI based 
methods, particularly those based on machine learning and deep learning, have demonstrated superior adaptability and 
diagnostic accuracy under complex operating conditions. Although significant progress has been achieved, several 
challenges remain, including hybrid fault identification, limited availability of fault data, and real time online diagnosis. 

 

2. Common Faults In PMSMs Electric Vehicles 
Permanent Magnet Synchronous Motors (PMSMs) are the core actuating components of electric vehicle (EV) drive 

systems. Their internal components, including the stator windings, permanent magnet rotor, bearings, and inverter drive 
unit, are highly coupled. Under long term variable load operation, elevated temperatures, and vibration conditions, 
PMSMs are susceptible to various types of faults. To provide an intuitive illustration of the internal structure and drive 
topology of a PMSM, the overall configuration is shown in Fig. 1[31]. Based on the failure mechanisms of the key motor 
components, PMSM faults can generally be classified into three categories: electrical faults, mechanical faults, and 
permanent magnet demagnetization faults. The following sections discuss the underlying mechanisms and characteristic 
features of each fault category in detail. 

 

Abstract: With the rapid development of new energy vehicles, Permanent Magnet Synchronous Motors (PMSMs) have become 
the core driving components of electric vehicles. However, under complex operating conditions, PMSMs are susceptible to various 
faults, including electrical faults, mechanical faults, and permanent magnet demagnetization, which may significantly affect the 
safety and reliability of the drive system. This paper reviews the recent research progress in fault diagnosis technologies for PMSMs, 
with particular emphasis on signal processing based, model based, and artificial intelligence based diagnostic methods. The 
characteristics, advantages, limitations, and application scenarios of these approaches are systematically analyzed and compared. In 
addition, the development trends of multi sensor information fusion and intelligent fault diagnosis are summarized. Finally, the 
current challenges in hybrid fault identification, insufficient fault data, and real time diagnosis are discussed, and future research 
directions are presented. 
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Fig. 1. Schematic Diagram of the Structure of a PMSM for Electric Vehicles. Reprinted with permission from ref 31. 
Copyright 2025 Yunyi Li. 

Based on this background, this paper presents a systematic review of the current research on fault diagnosis 
technologies for Permanent Magnet Synchronous Motors (PMSMs) used in electric vehicles and provides an outlook on 
future research directions. First, the physical carriers of motor faults are illustrated based on the dual inverter drive 
topology. Subsequently, recent advances in conventional analytical model based methods, time–frequency signal analysis 
methods, and machine learning based intelligent diagnostic methods are comprehensively reviewed. The advantages, 
limitations, and engineering applicability of these approaches are comparatively evaluated. Finally, in light of the 
practical requirements of onboard applications, the existing challenges in PMSM fault diagnosis are discussed, and 
promising research directions for future investigation are identified. To facilitate a clearer comparison of the 
characteristics and applicability of different diagnostic approaches, Table 1 summarizes the three major categories of 
fault diagnosis methods. 

 
Table 1. Classification of Common Faults in PMSM for Electric Vehicles 

Fault 
Types 

Conventional Fault Diagnosis Methods Intelligent Fault Diagnosis 
Methods 

Electric
al Faults 

Analyzes stator current and voltage signals 
using FFT and Wavelet Transform (WT) to 
extract characteristic harmonic features for 
fault identification. It is easy to implement and 
provides good real time performance, but 
suffers from poor noise immunity and reduced 
diagnostic accuracy under complex operating 
conditions. 

Employs CNNs and LSTM 
networks to automatically 
extract and identify fault 
features from current signals 
while enabling multi source 
data fusion. It provides high 
diagnostic accuracy and 
strong adaptability to 
complex operating conditions 
but requires large scale 
datasets and substantial 
computational resources. 

Mechan
ical Faults 

Extracts vibration and current features using 
vibration analysis and envelope analysis. The 
method is well established and easy to 
implement but is sensitive to operating 
conditions and exhibits limited capability in 
detecting incipient faults. 

Employs deep learning to 
extract fault features from 
vibration signals and 
incorporates multi feature 
fusion. It enables accurate 
detection of incipient faults 
and demonstrates strong 
robustness but requires large 
scale training data. 

Perman
ent 
Magnet 
Demagneti
zation 
Faults 

Detects permanent magnet demagnetization 
using back EMF, stator current, and magnetic 
flux linkage analysis. The method has a clear 
physical basis and is easy to implement but is 
sensitive to load variations due to indistinct 
fault features. 

Employs deep learning and 
multi parameter fusion for 
permanent magnet 
demagnetization detection. It 
enables early stage 
demagnetization detection 
with high diagnostic accuracy 
but requires large, high 
quality datasets and complex 
model training. 

 
 

3. Analysis of Common Faults in PMSMs 
During long term operation, Permanent Magnet Synchronous Motors (PMSMs) are susceptible to overheating, 

overload, and insulation aging, which may lead to stator winding inter turn short circuit faults. In severe cases, these 
faults can further evolve into phase to phase short circuit faults [1]. The common faults of PMSMs mainly include 
electrical faults, mechanical faults, and permanent magnet demagnetization faults, among which stator inter turn short 
circuit is one of the most frequent and critical electrical faults [2]. In addition, under high temperature conditions and the 
influence of armature reaction magnetic fields, PMSMs are prone to demagnetization faults, which can degrade motor 
performance and operational reliability [3]. 
 
Electrical Faults 
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Electrical faults are among the most common fault categories in Permanent Magnet Synchronous Motors (PMSMs) 
and mainly include stator winding inter turn short circuits, phase to phase short circuits, and sensor faults. Among these, 
stator winding inter turn short circuits are typically associated with insulation degradation and thermal stress and can 
significantly affect motor performance [4]. Once an inter turn short circuit occurs, the resulting short circuit loop generates 
a large circulating current and localized overheating, which further accelerates insulation deterioration. In severe cases, 
the fault may develop into a phase to phase short circuit, thereby compromising the safe operation of the motor [5]. In 
addition, failures of current sensors and rotor position sensors may cause abnormal feedback signals, leading to current 
deviations and degraded control performance in the PMSM drive system, which consequently reduces the stability and 
reliability of the electric vehicle propulsion system [6]. 
 
Mechanical Faults 

During the operation of PMSMs, the primary mechanical faults include bearing faults and rotor eccentricity. These 
faults are generally caused by mechanical wear, installation errors, and operational vibrations. Among them, bearing 
faults are one of the most common mechanical failures and can lead to increased vibration, elevated noise levels, and 
reduced operational stability, thereby degrading the overall performance of the motor [7]. In addition, rotor eccentricity 
results in a non uniform air gap magnetic field distribution, which gives rise to unbalanced electromagnetic forces and 
intensified vibration, ultimately impairing the operating performance and stability of the motor [8]. 
 
Permanent Magnet Faults 

During the operation of PMSMs, permanent magnet faults are primarily manifested as demagnetization, which is 
generally associated with high temperature operation and the influence of armature reaction magnetic fields. Under 
adverse operating conditions, the magnetic properties of permanent magnets may undergo irreversible degradation, 
resulting in reduced output torque and decreased motor efficiency [9]. Furthermore, demagnetization faults lead to a 
reduction in the air gap magnetic flux density and a non uniform magnetic field distribution, thereby degrading the 
electromagnetic performance of the motor and adversely affecting its operational stability [10]. 

 

4. Research Status of Traditional Fault Diagnosis Techniques for PMSMs in Electric Vehicles 
Conventional fault diagnosis techniques constitute an important foundation for fault analysis in  PMSMs used in 

electric vehicles and are primarily based on signal processing methods. These approaches identify faults by acquiring 
motor operating signals, such as current, voltage, and vibration, and analyzing them using frequency domain analysis, 
time–frequency analysis, and feature extraction techniques. Representative methods include the Fast Fourier Transform 
(FFT), Wavelet Transform (WT), and Empirical Mode Decomposition (EMD), which are characterized by simple 
implementation and favorable real time performance. However, these conventional methods are relatively sensitive to 
noise, and their diagnostic accuracy is often limited under complex operating conditions and in the presence of multiple 
coupled faults. 
 
Electrical Faults 

Among the aforementioned conventional fault diagnosis methods, electrical faults have been the most extensively 
studied because of their high occurrence frequency and distinctive fault signatures. Among them, stator winding inter 
turn short circuits represent one of the most typical electrical fault types. Their occurrence introduces characteristic 
harmonic components into the stator current signal; consequently, the Fast Fourier Transform (FFT) and Wavelet 
Transform (WT) are widely employed to analyze current signals for fault feature extraction and identification [11]. 
Furthermore, under complex operating conditions, conventional frequency domain analysis methods often fail to 
accurately capture the characteristics of non stationary signals. Therefore, time–frequency analysis techniques have been 
introduced to jointly analyze current and vibration signals, thereby improving the detection accuracy of stator winding 
inter turn short circuit faults [12].In addition to winding faults, sensor faults also constitute an important research topic in 
PMSM electrical fault diagnosis. Failures of current sensors or rotor position sensors may distort feedback signals, 
thereby degrading the stability of the motor control system and resulting in torque fluctuations and reduced control 
accuracy [13]. Moreover, inverter faults are another critical category of electrical faults in electric vehicle drive systems. 
Open circuit or short circuit failures of power switching devices can cause output voltage imbalance and current 
distortion, thereby degrading motor performance and compromising the stability of the drive system [14]. 
 
Mechanical Faults 

In research on conventional fault diagnosis techniques, mechanical faults have become one of the most challenging 
topics because of their complex dynamic characteristics and strong dependence on operating conditions. Existing studies 
have mainly focused on bearing faults and rotor eccentricity faults. For bearing fault diagnosis, previous research has 
shown that incipient faults are typically characterized by subtle vibration variations. Therefore, vibration and current 
signals are commonly analyzed in combination to improve the sensitivity of fault detection [15]. With regard to rotor 
eccentricity, studies have demonstrated that a non uniform air gap alters the distribution of electromagnetic forces, 
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thereby introducing characteristic frequency components into the stator current signal. Consequently, current signal 
analysis has been widely employed for the detection and identification of rotor eccentricity faults, while reducing the 
reliance on additional sensors to a certain extent [16].Furthermore, to improve the accuracy and adaptability of mechanical 
fault diagnosis, recent studies have increasingly incorporated multi source information fusion techniques. By integrating 
multiple types of operating data, including vibration, temperature, and current signals, these approaches enable a 
comprehensive assessment of mechanical fault conditions. Such methods significantly enhance the robustness of fault 
diagnosis systems and demonstrate superior performance under complex operating conditions [17]. 
 
Permanent Magnet Faults 

In studies on conventional fault diagnosis, permanent magnet demagnetization faults have gradually become a major 
research focus because of their slow degradation process and inconspicuous external fault characteristics. Permanent 
magnet demagnetization is typically caused by high temperature environments and adverse operating conditions, 
resulting in a reduction of the air gap magnetic flux and consequently degrading the output torque and operating 
performance of the motor. Existing studies have primarily investigated demagnetization faults from the perspective of 
variations in the motor's electromagnetic characteristics [18].Furthermore, previous research has demonstrated that 
permanent magnet demagnetization leads to changes in back electromotive force (back EMF) and stator current 
characteristics. Consequently, demagnetization faults can be identified by analyzing variations in these electrical 
parameters. Although this approach is simple to implement, its diagnostic performance is susceptible to load fluctuations 
under complex operating conditions [19]. In addition, to improve diagnostic accuracy, recent studies have increasingly 
incorporated multi feature information by comprehensively analyzing variations in current, magnetic flux linkage, and 
electromagnetic torque to evaluate the degree of demagnetization, thereby enhancing the accuracy and robustness of fault 
diagnosis [20]. 

 

5. Research Status of Intelligent Fault Diagnosis Techniques for PMSMs in Electric Vehicles 
With the rapid advancement of artificial intelligence (AI) technologies, fault diagnosis for  PMSMs used in electric 

vehicles has gradually evolved from conventional signal processing methods toward intelligent diagnostic approaches. 
Intelligent fault diagnosis methods are primarily based on machine learning and deep learning techniques, which 
automatically extract and identify fault features by learning from large volumes of operational data. Compared with 
conventional methods, intelligent approaches do not rely heavily on complex physical or mathematical models and 
exhibit stronger adaptability and higher diagnostic accuracy under complex operating conditions.At present, widely 
adopted intelligent diagnostic methods include Support Vector Machines (SVMs), Artificial Neural Networks (ANNs), 
and Convolutional Neural Networks (CNNs), all of which have demonstrated excellent capability in identifying multiple 
types of motor faults. Furthermore, with the continuous development of data fusion and online learning technologies, 
intelligent fault diagnosis is gradually evolving toward real time, highly reliable diagnostic systems. Nevertheless, several 
challenges remain, including a strong dependence on high quality training data and insufficient model generalization 
capability. 
 
Electrical Faults 

In the field of intelligent fault diagnosis, electrical faults have become one of the primary application areas of deep 
learning because of their distinctive fault signatures. For faults such as stator winding inter turn short circuits, researchers 
have employed Convolutional Neural Networks (CNNs) to automatically extract fault features from stator current 
signals, thereby achieving highly accurate fault identification and significantly improving diagnostic performance under 
complex operating conditions [21]. Furthermore, to enhance model adaptability under non stationary operating conditions, 
some studies have introduced Recurrent Neural Networks (RNNs) and their advanced variants to model current time 
series data, thereby improving the capability of capturing dynamic fault characteristics. These approaches maintain 
satisfactory diagnostic performance even under load fluctuations and speed variations [22].In addition, for the diagnosis of 
multiple electrical faults, including sensor faults and inverter faults, recent studies have increasingly adopted data driven 
deep learning approaches. By integrating multidimensional operational data, these methods automatically extract and 
classify fault features, thereby improving diagnostic accuracy and enhancing the robustness of fault diagnosis systems 
under complex operating conditions [23]. 
 
Mechanical Faults 

In intelligent fault diagnosis, mechanical faults have gradually become an important research focus for deep learning 
methods because of their complex signal characteristics and strong dependence on operating conditions. For bearing fault 
diagnosis, Convolutional Neural Networks (CNNs) have been widely employed to extract representative features from 
vibration signals, thereby enabling the automatic identification of incipient fault characteristics and significantly 
improving diagnostic accuracy [24]. Furthermore, to enhance the capability of processing non stationary signals, some 
studies have introduced Recurrent Neural Networks (RNNs) and Long Short Term Memory (LSTM) networks to model 
vibration time series data, thereby improving the ability to capture the dynamic characteristics of mechanical faults. 
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These approaches have demonstrated excellent diagnostic performance under variable speed operating conditions [25].In 
addition, for complex mechanical faults such as rotor eccentricity, recent studies have increasingly adopted multi source 
information fusion combined with deep learning techniques. By integrating multiple sources of operational data, 
including vibration and current signals, these methods enable the classification and identification of different types of 
mechanical faults, thereby improving the robustness and generalization capability of intelligent fault diagnosis systems 
[26]. 
 
Permanent Magnet Faults 

In intelligent fault diagnosis, permanent magnet demagnetization faults have gradually become an important research 
focus for deep learning methods because of their weak fault signatures at the incipient stage. To address this type of fault, 
researchers have employed Convolutional Neural Networks (CNNs) to extract discriminative features from motor current 
signals, thereby enabling the automatic identification of demagnetization faults and improving diagnostic accuracy [27]. 
Furthermore, to enhance model adaptability under complex operating conditions, some studies have combined CNNs 
with time–frequency feature mapping techniques to extract demagnetization related features, thereby further improving 
diagnostic accuracy under complex operating conditions [28]. 

In recent years, research on PMSM permanent magnet demagnetization has gradually evolved from conventional 
single current feature analysis toward data driven and model fusion approaches. By jointly modeling current signals and 
electromagnetic parameters to construct health indicators, these methods enable online identification of different 
demagnetization levels and comprehensive condition assessment, thereby providing more accurate and reliable health 
monitoring of PMSMs [29]. 

6. Dicussion 
Existing Problems 
1.Current intelligent fault diagnosis methods rely heavily on high quality data. In practical electric vehicle operating 

environments, fault samples are difficult to obtain and their distribution is often highly imbalanced, which limits the 
effectiveness of model training. 

2.The generalization capability of existing models remains limited. Most studies develop and validate their models under 
specific operating conditions or experimental platforms. When operating conditions change, diagnostic accuracy often 
deteriorates significantly, making it difficult to satisfy the requirements of fault diagnosis under complex operating 
conditions. 

3.The computational complexity of deep learning based fault diagnosis methods remains high, and their real time 
performance requires further improvement. Owing to the large number of model parameters, both the training and 
inference processes are computationally expensive and time consuming, posing significant challenges to their 
deployment on embedded systems. 

Future Prospects 
1.Develop multi source information fusion based fault diagnosis methods. By integrating multidimensional data, including 

current, vibration, and temperature signals, these methods can enhance the representation of fault characteristics, thereby 
improving the robustness and diagnostic accuracy of fault diagnosis systems. 

2.Develop lightweight and efficient diagnostic models. By employing techniques such as model compression and knowledge 
distillation, the computational complexity of intelligent fault diagnosis models can be reduced, thereby enabling their 
real time deployment in onboard vehicle systems. 

3.Enhance the generalization and adaptability of diagnostic models.By incorporating techniques such as transfer learning and 
online learning, diagnostic models can be adapted to different operating conditions and equipment, thereby improving 
their applicability in practical engineering applications. 

7. Conclusion 
Signal processing based fault diagnosis methods identify and classify faults by analyzing motor operating signals, 

including current, vibration, and temperature, and extracting time domain and frequency domain features using 
techniques such as the Fast Fourier Transform (FFT) and Wavelet Transform (WT). These methods offer the advantages 
of high diagnostic accuracy, relatively simple implementation, and excellent real time performance. However, they 
exhibit limited noise immunity and rely heavily on expert knowledge for feature extraction and interpretation.In contrast, 
intelligent fault diagnosis techniques are built upon machine learning and deep learning algorithms. By training models 
with large volumes of historical operational data, these approaches automatically extract and classify fault features [30]. 
Compared with conventional signal processing methods, intelligent approaches possess self learning and adaptive 
capabilities, enabling them to effectively handle complex fault patterns and integrate multi source data, while 
significantly reducing dependence on expert experience. Nevertheless, their performance relies heavily on the quality and 
quantity of training data, and the model training process is generally computationally intensive and time 
consuming.Overall, both categories of methods possess distinct advantages and limitations. Therefore, the selection of an 
appropriate fault diagnosis strategy should be based on the specific application requirements to improve the accuracy, 
reliability, and efficiency of PMSM fault diagnosis. 
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