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1. Introduction 
With the rapid development of the new energy vehicle industry, regenerative braking systems have been widely 

adopted in electric vehicles to improve energy utilization efficiency and extend driving range [1]. A typical regenerative 
braking system consists of multiple interconnected components, including the traction motor, power battery, brake 
controller, sensors, and a coordinated control unit [2]. Owing to its complex architecture and the strong coupling among its 
subsystems, the system is prone to various faults under complex operating conditions and prolonged service, such as 
motor faults, battery faults, regenerative braking coordination failures, and sensor abnormalities [12]. These faults not only 
reduce regenerative energy recovery efficiency but also compromise vehicle operational safety. 

In recent years, fault diagnosis has become a key research area for ensuring the safe and reliable operation of 
regenerative braking systems [3]. Existing studies mainly focus on model-based and data-driven fault diagnosis 
approaches, among which intelligent diagnosis techniques based on machine learning and deep learning have attracted 
increasing attention because of their superior capability in handling nonlinear and complex system characteristics [4]. 

This paper presents a comprehensive review of fault diagnosis technologies for electric vehicle regenerative braking 
systems. First, the typical faults associated with the traction motor, power battery, regenerative braking system, 
controllers, and sensors are analyzed. Subsequently, the research progress and application characteristics of different fault 
diagnosis methods are systematically summarized. Finally, the current challenges and limitations are discussed, and 
future research directions are outlined to provide references for the further development and practical application of fault 
diagnosis technologies for regenerative braking systems. 

2. Typical Fault Analysis of Regenerative Braking Systems 
The regenerative braking system of an electric vehicle is characterized by a high degree of system complexity, 

comprising the electric drive system, energy storage system, hydraulic braking system, and vehicle control system. 
Frequent information exchange and energy transfer occur among these interconnected subsystems. When an abnormality 
arises in any subsystem, the resulting fault may propagate throughout the system, thereby reducing regenerative energy 
recovery capability and compromising vehicle operational safety. To provide a clear illustration of the system 
configuration, energy transfer pathways, and interactions among the major components, the overall architecture of the 
electric vehicle regenerative braking system is presented in Fig. 1. 

Abstract: The regenerative braking system is a key technology for improving the energy efficiency and driving range of electric vehicles. 
Comprising multiple interconnected components, including the traction motor, power battery, braking actuator, and controller, the system exhibits 
considerable structural complexity and is therefore vulnerable to various faults during operation. These faults can significantly compromise driving 
safety and regenerative braking efficiency. This paper provides a comprehensive review of recent advances in fault diagnosis technologies for electric 
vehicle regenerative braking systems. First, the typical fault types and their underlying mechanisms are analyzed, including motor faults, battery 
faults, regenerative braking system faults, and controller and sensor faults. Subsequently, the current development and application characteristics 
of model based and data driven fault diagnosis methods are systematically reviewed. Finally, the major challenges faced by existing research are 
discussed, and future research directions are proposed to support the continued development and engineering application of fault diagnosis 
technologies for electric vehicle regenerative braking systems. 
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Fig. 1. Overall architecture of the electric vehicle regenerative braking system.  Reprinted with permission from Ref 

[12]. Copyright 2025 Lv Shijie. 

As shown in Fig. 1, the regenerative braking system can be divided into four core modules: the traction motor system, 
the power battery system, the regenerative braking actuator, and the controller and sensor subsystem.Owing to the 
significant differences in their operating principles and working conditions, these modules exhibit distinct fault 
characteristics and failure mechanisms. To facilitate a systematic review of fault diagnosis technologies, the following 
sections classify the discussion according to these four modules and analyze their typical fault types, fault mechanisms, 
and the associated challenges in fault diagnosis. 
Faults in the Traction Motor System 

During regenerative braking, the traction motor operates in the generating mode and frequently switches between 
motoring and generating modes. Typical motor faults include stator winding faults, permanent magnet demagnetization, 
bearing faults, and rotor eccentricity faults. Among these, inter  turn short circuits in the stator windings can cause 
current distortion and excessive temperature rise. Permanent magnet demagnetization reduces the output torque and 
regenerative energy recovery capability. Bearing faults result in increased vibration and noise, whereas rotor eccentricity 
leads to an uneven air  gap magnetic field distribution, thereby degrading the operational stability of the system. 
Moreover, the motor speed continuously varies during regenerative braking, causing fault characteristic frequencies to 
shift with changing operating conditions. Consequently, fault diagnosis methods are required to possess strong 
adaptability to dynamic operating conditions. 
Faults in the Power Battery System 

During regenerative braking, recovered energy is stored in the power battery through intermittent high rate pulse 
charging. Consequently, the battery is subjected to repeated high  current charging pulses, resulting in rapid fluctuations 
in voltage and temperature, which increase the difficulty of fault diagnosis. Common faults in the power battery system 
include voltage abnormalities, capacity degradation, increased internal resistance, cell inconsistency, and thermal 
runaway. Among these, capacity degradation and increased internal resistance reduce the energy storage capability and 
charge–discharge efficiency. Cell inconsistency deteriorates the overall performance of the battery pack, while thermal 
runaway may lead to fire or even explosion, posing a serious threat to vehicle safety. 
Faults in the Regenerative Braking System 

The regenerative braking system relies on the coordinated operation of the traction motor, power battery, hydraulic 
braking system, and control units, making it a highly integrated and complex system. Typical faults include abnormal 
brake force distribution, braking coordination failures, actuator faults, and failures of the regenerative braking function. 
Among these, abnormal brake force distribution can degrade vehicle braking stability, while braking coordination 
failures reduce braking smoothness and overall braking performance. Actuator faults may result in delayed braking 
responses, whereas failures of the regenerative braking function reduce energy recovery efficiency, thereby decreasing 
vehicle energy utilization efficiency and driving range. Therefore, fault diagnosis of the regenerative braking system 
should not only focus on the operating condition of individual components but also evaluate the overall coordination 
performance of the system [25]. 
Faults in Controllers and Sensors 

During regenerative braking, the vehicle control unit (VCU) calculates the target regenerative braking force in real 
time and allocates it into motor torque commands and hydraulic braking force commands. Meanwhile, sensors 
continuously acquire key operating parameters, including brake pedal displacement, master cylinder pressure, and wheel 
speed. Common faults include controller hardware failures, software faults, sensor failures, sensor signal drift, and 
communication faults. Among these, sensor signal drift degrades the accuracy of system state estimation, controller faults 
may lead to abnormal execution of control strategies, and communication faults can result in data loss or delays in 
command transmission. With the increasing complexity of vehicle electrical and electronic  architectures, faults in 
controllers and sensors have become one of the major factors affecting the reliability of regenerative braking systems. 

3. Current Research Status of Fault Diagnosis Technologies for Electric Vehicle Regenerative Braking Systems 
Early research on fault diagnosis for electric vehicle regenerative braking systems mainly relied on model  based 
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approaches, such as analytical models and state observer techniques. With the rapid increase in the availability of 
onboard operational data, data  driven methods, particularly those based on machine learning and deep learning, have 
attracted considerable attention owing to their superior capability in extracting complex fault features and improving 
diagnostic accuracy. Recent studies have increasingly focused on multi-source information fusion, fault  tolerant control, 
and intelligent fault diagnosis to enhance the reliability and adaptability of regenerative braking systems. However, the 
highly coupled structure, nonlinear characteristics, and time  varying operating conditions of these systems continue to 
present significant challenges to the robustness, generalization capability, and real  time performance of existing fault 
diagnosis approaches. 

 
Current Research Status of Traction Motor Fault Diagnosis 

Extensive research has been conducted on the diagnosis of typical traction motor faults, including stator winding inter  
turn short circuits, permanent magnet demagnetization, and bearing faults. Early studies primarily relied on electrical 
current, vibration, and temperature signals, from which fault characteristics were extracted using signal processing 
techniques such as spectral analysis and envelope analysis. 

Regarding signal  based diagnosis methods, Jiang et al. systematically reviewed fault diagnosis approaches for stator 
inter  turn short circuits in permanent magnet synchronous motors (PMSMs) and pointed out that current signal feature 
analysis offers advantages such as implementation simplicity and mature engineering applicability [6].Reachers 
investigated permanent magnet demagnetization diagnosis using current spectrum analysis and demonstrated that the 
degree of demagnetization could be effectively identified by extracting the amplitude variations of specific sideband 
frequency components[15]. For bearing fault diagnosis, time frequency analysis techniques, including envelope analysis, 
wavelet transform, and empirical mode decomposition (EMD), have been widely adopted to extract fault characteristic 
frequencies, thereby improving the detection capability for incipient faults [7]. 

With the increasing complexity of operating conditions and the rapid growth of available monitoring data, 
conventional signal analysis methods have gradually become limited in terms of feature extraction capability and 
adaptability to changing environments. In recent years, Tao et al. presented a comprehensive review of fault diagnosis 
technologies for in  wheel motors in electric vehicles and highlighted that deep learning methods can automatically learn 
complex fault features and exhibit significant advantages in multi-fault identification [17]. Zachariades et al. also reported 
that artificial intelligence (AI)  based approaches achieve high diagnostic accuracy and robustness by automatically 
extracting representative fault features from large  scale datasets [5]. M.S. Mahmoud et al. proposed a hybrid framework 
that combines transfer learning  based pre-trained residual neural networks with supervised machine learning, 
significantly improving the performance of deep learning models for industrial motor fault diagnosis[18]. Furthermore, 
Haque et al. developed an electric drive motor fault classification framework by integrating feature selection, ensemble 
learning, and explainable artificial intelligence (XAI)[19]. By employing SHapley Additive exPlanations (SHAP) to 
provide visual interpretations of model decisions, their approach not only improved classification accuracy but also 
enhanced the interpretability and reliability of the diagnostic model. 

In addition to data driven approaches, model  based fault diagnosis methods remain an important research direction. 
These methods establish mathematical models of the system and generate residual signals by comparing the measured 
outputs with the corresponding model predictions, thereby enabling fault detection and isolation. Representative model  
based techniques include state observers, Kalman filtering, parameter estimation, and residual analysis[8]. Among them, 
state observers estimate system states in real time based on input–output measurements and identify faults through 
residual evaluation. Kalman filtering and its variants have been widely applied to battery state estimation and sensor fault 
diagnosis, whereas parameter estimation methods detect faults by monitoring variations in model parameters[20]. 
Current Research Status of Power Battery Fault Diagnosis 

The power battery is the primary energy storage unit of the regenerative braking system. Its faults not only reduce 
energy utilization efficiency but also pose significant safety risks[4]. To address these typical faults, extensive research 
has been conducted on battery fault diagnosis. 

Early studies mainly employed equivalent circuit models (ECMs), state observers, and Kalman filtering techniques for 
battery fault diagnosis. Xu et al. developed a multi-objective nonlinear observer capable of simultaneously detecting 
multiple faults in battery voltage, current, and temperature sensors, achieving a detection accuracy of 94.6% under 
dynamic stress test (DST) conditions[16]. In terms of signal processing, Liao et al. applied wavelet packet decomposition 
to perform multi-scale analysis of lithium  ion battery voltage signals and combined it with the Manhattan average 
distance metric to detect incipient micro  short  circuit faults[21]. Their method was able to issue an early warning when 
the battery capacity loss was less than 3%. Tan et al. proposed a fault diagnosis framework based on Kernel Principal 
Component Analysis Multi-scale Temporal Convolutional Networks (KPCA–MTCN)[22]. By employing kernel principal 
component analysis for feature dimensionality reduction and temporal convolutional networks to capture abnormal 
evolution patterns in voltage sequences, the proposed approach significantly improved fault identification accuracy. 

With the continuous accumulation of battery operation data, data  driven fault diagnosis methods have attracted 
increasing attention. Machlev et al. systematically reviewed the application of deep learning in power battery fault 
diagnosis and concluded that deep learning techniques are capable of effectively extracting nonlinear fault features under 
complex operating conditions[4]. Sadler et al. proposed a contrastive learning based framework for battery degradation 
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forecasting, which improved feature representation capability under limited degradation samples and provided a new 
solution for battery health assessment and early fault warning[10] .Ouyang et al. proposed a battery voltage fault diagnosis 
method based on an optimized Graph Neural Network (GNN), in which individual battery cells were modeled as graph 
nodes and voltage consistency was represented by edge weights[24]. This graph representation effectively captured the 
propagation characteristics of voltage discrepancies between faulty and healthy cells. Furthermore, Fan et al. introduced a 
Feature  Enhanced Attention Autoencoder (FEAAE) that employs an attention mechanism to emphasize critical temporal 
features in voltage sequences, enabling early warning approximately five charge–discharge cycles before fault 
occurrence[9]. 
Current Research Status of Regenerative Braking System Fault Diagnosis 

Owing to the complex fault propagation mechanisms within regenerative braking systems, research on fault diagnosis 
has gradually evolved from component  level fault detection toward system  level analysis. 

From the perspective of model  based diagnosis, Liu et al. developed an electro  hydraulic braking system model 
incorporating regenerative braking coordination and employed residual analysis to achieve fault detection and 
isolation[26]. Their results demonstrated that regenerative braking function failures and actuator faults could be effectively 
identified by comparing the discrepancy between the measured braking force and the model  predicted output. This 
approach provides good real  time performance and strong interpretability; however, its diagnostic accuracy is highly 
dependent on the fidelity of the system model. 

To address fault  tolerant operation in regenerative braking systems, Xing et al. investigated regenerative braking 
control strategies for in  wheel motor  driven electric vehicles under power converter fault conditions[11]. By 
reconstructing the brake force distribution strategy, stable braking performance and effective energy recovery were 
achieved even in the presence of faults. Their study demonstrated that the coordinated integration of fault diagnosis and 
control reconfiguration can significantly improve system robustness and operational safety. 

With the increasing complexity of regenerative braking systems, abnormalities in coordinated control have become an 
important research focus. He et al. proposed a synchronized regenerative braking control strategy for distributed  drive 
electric vehicles[27]. By continuously monitoring wheel operating conditions and variations in braking force, the proposed 
method dynamically adjusted the electromechanical coordination process, thereby improving braking stability and 
control performance. 

In recent years, the integration of fault diagnosis and intelligent control has emerged as a prominent research trend. 
Fang et al. proposed a fault  compensation control strategy for regenerative braking systems under random wheel fault 
scenarios[8].By dynamically adjusting the allocation ratio between motor braking torque and hydraulic braking force 
according to fault severity, the proposed method significantly enhanced the fault  tolerant capability of the system. 
Meanwhile, artificial intelligence techniques have increasingly been applied to the operating condition analysis of 
regenerative braking systems. By mining abnormal patterns from multi-source operational data, these methods improve 
fault identification capability under complex operating conditions. With the rapid development of deep learning 
techniques, researchers have begun to establish state  mapping models for regenerative braking systems using neural 
networks. Ergun et al. proposed a hybrid control strategy integrating deep neural networks with decision trees[28]. By 
learning from vehicle operational data, the proposed approach optimized brake force distribution while simultaneously 
ensuring braking performance and improving regenerative energy recovery efficiency. Zuo et al. developed a hierarchical 
fuzzy control strategy based on an improved particle swarm optimization algorithm, providing an efficient and robust 
solution for the design and optimization of electric vehicle regenerative braking systems[29]. 
Current Research Status of Controller and Sensor Fault Diagnosis 

With the increasing complexity of vehicle electrical and electronic architectures, the number of onboard controllers has 
continued to grow, while the volume of sensor data has increased substantially. Abnormal controller computation, sensor 
signal drift, and communication link failures may all compromise vehicle operational safety. Consequently, research on 
controller and sensor fault diagnosis has gradually evolved from conventional residual  based methods toward intelligent 
diagnostic approaches. 

From the perspective of model  based diagnosis, observer  based methods remain one of the most active research 
directions. Huang et al. proposed an adaptive sliding  mode observer for the online reconstruction and diagnosis of 
current sensor faults[14]. The proposed method can rapidly recover the true sensor signal under faulty conditions, thereby 
improving the operational reliability of the system. To address current measurement abnormalities in electric drive 
systems, Kolano et al. established a current measurement channel model for detecting current sensor faults in permanent 
magnet synchronous motor (PMSM) drive systems without requiring additional hardware[31]. Existing studies have 
demonstrated that model  based approaches offer excellent real  time performance and strong interpretability; however, 
their diagnostic performance is highly dependent on the accuracy of the system model and its parameters. 

As the complexity of electric drive systems continues to increase, multi-sensor fusion  based diagnosis has become an 
important research topic. Zhao et al. systematically reviewed fault diagnosis technologies for voltage, current, and 
temperature sensors in battery management systems (BMSs) for electric vehicles and concluded that observer  based 
methods, Kalman filtering, and data  driven approaches exhibit considerable potential for sensor fault diagnosis[32]. 
Furthermore, to address the coexistence of sensor faults and actuator faults in electric drive systems, Zhang et al. 
proposed a fault  tolerant control strategy for sensorless permanent magnet synchronous motor drive systems, enabling 
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the coordinated management of electrical faults and sensor faults[33]. 
In recent years, the rapid development of the Internet of Vehicles (IoV), domain controllers, and automotive Ethernet 

has stimulated growing interest in communication fault diagnosis. The Controller Area Network (CAN) bus remains one 
of the most important communication protocols among electronic control units (ECUs) in electric vehicles. Rai et al. 
investigated CAN bus anomaly detection using deep learning techniques. By learning the temporal characteristics of 
CAN messages, their method effectively identified communication anomalies and demonstrated enhanced robustness 
against interference under complex operating conditions. Building on this work, Zhao et al. proposed a CAN bus 
anomaly detection method that combines data dimensionality reduction with Gradient Boosting Decision Trees (GBDT), 
further improving abnormal network traffic identification and providing a promising solution for communication fault 
diagnosis in onboard vehicle networks [35]. 

With the rapid advancement of artificial intelligence technologies, controller and sensor fault diagnosis is evolving 
toward increasingly intelligent paradigms. Kumar et al., in their comprehensive review of fault diagnosis technologies for 
electric vehicles, highlighted that machine learning, deep learning, and digital twin technologies have emerged as key 
directions for future research[3]. By integrating multi-source operational data with intelligent algorithms, these approaches 
enable early warning and accurate diagnosis of controller, sensor, and communication link faults, thereby enhancing the 
safety, reliability, and overall operational performance of electric vehicle systems. 

4. Analysis of Fault Diagnosis Technologies for Electric Vehicle Regenerative Braking Systems 
As discussed in the preceding sections, different fault types exhibit distinct failure mechanisms and characteristic 

features, leading to differences in the corresponding fault diagnosis approaches. Traction motor faults are primarily 
diagnosed using signal processing techniques and intelligent diagnostic methods. Power battery faults are mainly 
addressed through state estimation, model  based observers, and deep learning approaches. Fault diagnosis of 
regenerative braking systems predominantly relies on residual analysis and state observer methods, whereas controller 
and sensor faults mainly focus on fault detection and isolation (FDI). 

To further evaluate the characteristics of these fault diagnosis approaches, a comparative analysis of their performance 
is conducted. The comparison results are summarized in Table 1. 

 
Table 1.   Performance Comparison of  Different Fault Diagnosis Methods 

Methods Advantages Limitations Typical 
  

Model  Based 
Methods 

High Interpretability and 
Real Time Performance 

Strong Dependence on 
Model Accuracy 

Power Battery Systems, 
Regenerative Braking 

Systems 

Signal  Based 
Methods 

High Real  Time 
Capability Poor Noise Immunity Traction Motor Systems 

 
Machine Learning 

Methods 

High Diagnostic 
Accuracy 

Dependence on 
Handcrafted Feature 

Extraction 

Power Battery Systems, 
Traction Motor Systems 

 
Deep Learning 

Methods 

Automatic Feature 
Extraction 

Limited Interpretability 
(Black Box 

Characteristics) 

Complex Nonlinear 
Systems 

 
Physics  Informed Data  

Driven Methods 

Combines Model 
Interpretability with 

High Diagnostic 
Accuracy 

High Computational 
Complexity and 

Implementation Cost 

Promising Direction for 
Future Research 

 
As shown in Table 1, model  based methods provide high real  time performance and strong interpretability but rely 

heavily on the accuracy of the system model. Data  driven approaches can effectively extract fault characteristics and 
generally achieve high diagnostic accuracy; however, they require large volumes of high  quality data for model training. 
Physics  informed data  driven methods integrate the interpretability of physical models with the high diagnostic 
capability of data  driven techniques and have therefore emerged as one of the most promising research directions in the 
field of fault diagnosis. 

To further clarify the relationship between typical faults and their corresponding diagnosis methods, the common faults 
in each subsystem and the mainstream diagnostic techniques are summarized in Table 2. 

 
Table 2.   Correspondence Between Typical Faults and Mainstream Diagnosis Methods 

Subsystem Typical Fault Primary Characteristics Mainstream Diagnosis Methods 
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Traction Motor System Stator Winding Inter  
Turn Short Circuit 

Current Distortion, Abnormal 
Temperature Rise 

FFT, Motor Current Signature Analysis, 
Convolutional Neural Network 

Traction Motor System Permanent Magnet 
Demagnetization 

Reduced Magnetic Flux 
Linkage;Torque Degradation 

State Observer,Spectrum Analysis 

Traction Motor System Bearing Fault Vibration and Impact Signals Wavelet Packet Decomposition, Deep 
Learning 

Power Battery System Thermal Runaway Abnormal Temperature Increase Extended Kalman Filter , Long Short  
Term Memory 

Power Battery System Abnormal State of 
Charge  Estimation 

Increased Estimation Error Unscented Kalman Filter , Graph 
Neural Network 

Regenerative Braking 
System 

Abnormal Brake force 
Distribution 

Uneven Braking Force Residual Analysis, State Observer 

Regenerative Braking 
System 

Coordinated Braking 
Control Failure 

Torque Fluctuation State Observer, Fault  Tolerant Control 

Controllers and Sensors Sensor Signal Drift Signal Deviation Analytical Redundancy 
Relations ,Sliding  Mode Observer 

Controllers and Sensors Communication Fault Packet Loss;Communication 
Latency 

Anomaly Detection, Deep Learning 

5. Conclusions 
In summary, fault diagnosis technologies for electric vehicle regenerative braking systems have evolved into three 

major methodological paradigms, namely model  based approaches, data  driven approaches, and physics  informed data  
driven approaches. Among these, fault diagnosis techniques for traction motors and power batteries have reached a 
relatively mature stage, whereas considerable research opportunities remain in the diagnosis of regenerative braking 
systems as well as controllers and sensors. With the rapid advancement of intelligent technologies, current research has 
gradually shifted from component  level diagnosis to system  level diagnosis and is increasingly extending toward fault 
prognosis and health management. 

6. Challenges and Future Perspectives 
Current Challenges 

1．Existing studies primarily focus on fault diagnosis for individual components, while system  level collaborative 
diagnosis methods integrating traction motors, power batteries, regenerative braking systems, and controllers are still lacking.  

2．Most diagnostic models have been validated using laboratory datasets or standardized operating conditions, with 
insufficient verification under complex real  world driving conditions and field operational data.  

3．Current research mainly emphasizes fault detection and fault identification, whereas relatively limited attention has 
been paid to fault evolution mechanisms, remaining useful life (RUL) prediction, and battery or system health assessment. 

Future Perspectives 
1．Establishing a unified system  level collaborative fault diagnosis framework to enable comprehensive fault perception, 

information fusion, and system  level fault analysis.  
2．Integrating emerging technologies, such as digital twins and multi-source data fusion, to improve the generalization 

capability and robustness of diagnostic models under complex operating conditions.  
3．Promoting the evolution of fault diagnosis toward fault prognosis and prognostics and health management (PHM) by 

combining physics  based models with artificial intelligence techniques, thereby enabling the transition from fault detection to 
early fault warning and predictive maintenance. 
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