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Abstract :

In recent years, electric motors have advanced to meet the demands for improved efficiency,
reliability, and sustainability. These motors enhance the driving experience by boosting
torque, acceleration, and overall performance. As vehicle power output rises, there is
increasing focus on cost, efficiency, and driving dynamics. This paper examines the reliability
of motors used in EVs and their drives. It thoroughly reviews relevant research, incorporating
findings from various studies on dynamic reliability, fault tolerance, and thermal effects. The
engineering strategies and comparative insights provided here offer a practical guide for
future research and development in EV motor drive reliability. This article delivers a
comprehensive review of the comparative reliability of PMSMs compared to other EV motor
drives, highlighting their performance in dynamic conditions, design challenges, and fault-
tolerant features.
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1. Introduction

Demand for electric motors (e-motors) is
steadily rising as legislation worldwide
encourages the adoption of low- and zero-
emission vehicles that rely on electrified
powertrains [2]. Global light-duty vehicle
(LDV) and EV production, including
battery electric vehicles (BEVs), fuel cell
electric vehicles (FCEVs), and hybrid
vehicles, [3] is forecasted to exceed 70
million units by 2030 [5]. EVs have
become a crucial solution for reducing
carbon emissions and enhancing energy
efficiency in modern transportation [5].
The electric motor drive system is vital for
EV performance and reliability [6].
Among various motors used in EVs, the
permanent magnet synchronous motor
(PMSM) has gained notable attention due
to its high efficiency [7], smooth torque,
and excellent power density [8]. However,
the EV motor technology landscape also
includes brushless DC (BLDC) motors [9],
switched reluctance motors (SRMs) [10],
and induction motors (IMs) [11], each
with unique benefits and challenges [12].
Understanding these factors is essential for
engineers and designers seeking to
optimize EV powertrains for increased
durability and efficiency [13]. The
analysis references multiple studies
examining the effects of dynamic loads
[14], wear mechanisms, thermal effects,
and advanced control techniques on motor
reliability [15].

2. Overview of Electric Vehicle Motor
Technologies

Electric vehicle motor technologies have
developed over the years, aiming to meet
the challenges of operating conditions
[16], efficiency requirements, and cost
limitations. The primary types of motors
used in EV applications include:

. Permanent Magnet Synchronous
Motor (PMSM) [18]:

PMSMs use permanent magnets on the
rotor to generate a constant magnetic field
[18]. They deliver smooth torque, have
high efficiency, and are frequently chosen
for EV drivetrains due to their favorable
power-to-weight ratio [19].

. Brushless DC Motor
[20]:

BLDC motors operate using a rotor with
permanent magnets and stator windings

(BLDC)
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arranged in a trapezoidal layout [21],

which produces a trapezoidal back
electromotive force (EMF) [22]. They are
valued for high-speed operation and
simplified control mechanisms [23] but
may yield higher torque ripple compared

to PMSMs [24].

. Switched  Reluctance  Motor
(SRM) [25]:

SRMs are characterized by their simple
construction and robust design [26];
however, they tend to suffer from

significant torque ripple and acoustic noise
issues [27]. Recent advancements in
design optimization and control strategies
have aimed to mitigate these shortcomings
[28].

. Induction Motor (IM) [29]:
Induction motors have long been used in
industrial applications due to their
durability  and low  maintenance
requirements [30]. In the electric vehicle
(EV) sector, they are valued for their cost-
effectiveness and dependability across
various driving cycles [30], although
achieving high efficiency remains a
challenge compared to PMSMs [31].

3. Reliability Fundamentals for EV
Motor Drives

Reliability in EV motor drives depends on
various factors, including dynamic loads,
wear mechanisms, thermal stress, and
electrical faults [32]. Understanding these
reliability fundamentals is essential for
optimizing motor designs to ensure safe
and durable operation [33]. The following
key aspects are critical for evaluating EV
motor reliability:

3.1.  Dynamic Loads and Mechanical
Wear:

Under normal operation, EV motors
encounter different load conditions that
induce  dynamic stress on  motor
components [34]. For PMSMs, the
interaction between the permanent magnet
parts and the stator windings leads to wear
that can develop into failure modes over
time [35]. Statistical techniques like
climate forecasting and nonlinear damage
theory are essential for predicting fatigue
and failure caused by wear [36].

3.2.  Thermal Management [37]:
Temperature is a crucial factor influencing
the performance and reliability of all EV
motors [38]. Particularly for PMSMs, high



temperatures can damage  winding
insulation, demagnetize permanent
magnets [39], and even harm
semiconductor parts like IGBTs [40]. The
way temperature affects these components
has been widely studied, with test results
highlighting the essential role of thermal
regulation in prolonging motor lifespan.
3.3. Fault Correlation and Redundancy
[41]:

Motor systems benefit from fault-tolerant
designs, which include redundancy and
control strategies that ensure continuous
operation during faults [42]. Multi-phase
and dual-winding configurations are
increasingly used in PMSMs to enhance
fault tolerance [43]. By employing vector
space decomposition (VSD) and advanced
current control methods, researchers have
shown that PMSM drives can maintain
stable performance despite open-circuit
faults or other anomalies [44].

3.4.  Control Strategies and Digital
Signal Processing [45, 46]:

Advanced control systems are vital for
monitoring motor  performance and
proactively addressing reliability issues
[47]. Techniques such as finite element
simulations and digital signal processing
(DSP) help reduce torque ripple, improve
fault diagnosis, and facilitate real-time
adjustments in current profiles [48]. These
reliability fundamentals form the basis for
a more detailed comparison, enabling the
evaluation of different motor types based
on their dynamic performance, fault-

tolerance  features, and
durability of motor systems [49].
4. Comparative analysis of PMSM with
Other motors

Engineers and researchers have conducted
several comparative studies to assess the
performance and reliability of PMSM in
relation to BLDC, SRM, IM, and
induction motors [50]. These analyses
focus on multiple evaluation criteria,
including torque ripple, efficiency, design
complexity, cost, and fault tolerance [51].
The following subsections describe these
comparisons.

4.1 Performance Characteristics

As mentioned earlier, PMSMs are known
for their high efficiency and smooth torque
output [18], which are vital for
applications that require precision and
consistency. In contrast, BLDC motors
[20], although efficient and capable of
high-speed rotation, typically exhibit a
trapezoidal back EMF that can cause
noticeable torque ripples under load.
SRMs [25], on the other hand, face issues
such as increased torque pulsations and
acoustic noise, which can sometimes
affect overall system reliability.

Table 1 summarizes the strengths and
weaknesses of each motor type under
typical operating conditions. The PMSM
excels in efficiency and smooth operation,
which directly contributes to increased
reliability, while IM is the most robust in
fault tolerance and economical with good
performance, but it’s the lowest efficiency

long-term

Table (1) : Comparative Performance Analysis of EV Motors

Motor Torque Efficiency | Fault Reliability Factors

Type Ripple Tolerance

PMSM Low High Advanced High, with emphasis on thermal and
wear management

BLDC Moderate Moderate | Simple Efficient at high speeds but may
require careful control to reduce
ripple

SRM High Variable | High Prone to noise and vibration; needs
optimization to reduce pulsation
effects

Induction Moderate Moderate | Robust Economics with good performance

Motor over diverse cycles, but lower peak
efficiency

4.2 Design Complexity and reliability. PMSMs often have complex

Manufacturing Considerations
The complexity of motor design greatly
affects their cost, manufacturability, and

rotor designs with permanent magnets and
require precise positioning and balancing
to ensure consistent performance [19]. The
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complexity involved in control and
optimization strategies, such as those used
in six-phase designs or dual-winding
structures, emphasizes the need for
advanced manufacturing and quality
assurance processes.

In comparison, BLDC motors have a
simpler structure due to the lack of
brushes and the back EMF design [22],

which  simplifies control but may
introduce other challenges related to
dynamic  performance. SRMs [28],

although durable, typically need additional
control algorithms to minimize their
inherent torque pulsations.

4.3 Fault Tolerance and Operational
Reliability

Fault tolerance is a crucial property for EV
motors [32], as maintaining performance
during fault conditions significantly
impacts vehicle safety and reliability.

L=
-+

Research on fault-tolerant strategies
indicates that PMSMs benefit from
techniques like phase angle adjustments
and redundant winding configurations. For
example, six-phase = PMSMs  have
demonstrated notable reductions in torque
ripple and improved fault tolerance by
dynamically adjusting current profiles and
employing Full Range Minimum Loss
(FRML) strategies.

Dual-winding PMSMs are shown in
Figure 1. They have several advantages,
especially in maintaining a consistent
magnetic motive force even under open-
circuit conditions, by employing both
hysteresis current control and normal
decoupling transformations [40]. These
strategies ensure that the remaining phases
can compensate for a failed circuit,
thereby  sustaining  operation  until

corrective actions are taken.

FyE 5y
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Figure (1) : The structure of dual three-phase PMSM drive.

In contrast, while BLDC and SRM drives
may also include fault-tolerant features,
their simpler design, especially in BLDC
motors, often results in fewer built-in
redundancies, which could cause more
noticeable performance issues during
faults. Induction motors are generally
durable under fault conditions due to their
sturdy construction, but they may not
reach the same efficiency levels in
dynamic scenarios as PMSMs.

4.4 Evaluate reliability parameters for
PMSM in EVs

After evaluating the sources, we found
that selecting reliable, comprehensive, and
current information about the reliability of
PMSMs in electric vehicles is essential for
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this research. The chosen fonts offer
insightful analyses and technical details
relevant to my study on comparing the
reliability of PMSMs with other motor
types. The webpages selected were chosen
because they provide detailed, pertinent
information on PMSMs and their
reliability in electric vehicles, making
them valuable for comparison. They come
from reputable and up-to-date sources,
ensuring high quality for this research. But
other fonts did not focus specifically on
reliability =~ comparison  or  lacked
comprehensive analyses. Some fonts were
too broad or focused on technical details
that did not directly contribute to



understanding reliability parameters in the
context of PMSMSs and other motor drives.

5. Fault Tolerance and Design
Considerations

The ongoing development of fault-tolerant
techniques is essential for improving the
reliability of EV motor drives. This
section examines specific design methods
and control strategies developed to
enhance fault tolerance in PMSMs and
compares these with solutions used in
other motor drives.

5.1 Fault-Tolerant Control Strategies in
PMSMs

Several studies have demonstrated the
practical implementation of fault-tolerant
control strategies in PMSMs. These
strategies include:

. Vector Space Decomposition
(VSD):

VSD coordinate  transformation s

employed to separate the motor windings
into multiple subspaces, facilitating easier
analysis and fault detection. This method
supports a dual closed-loop control system
that ensures motor performance even
during faults.

. Dual-Winding Configurations:
Dual-winding PMSMs are specially
designed to maintain performance even if
one phase fails. Hysteresis current control
and standard decoupling techniques have
been experimentally validated to either
decrease stator copper loss or boost torque
output under fault conditions.

. Full  Range Minimum
(FRML) Strategy:

This strategy combines maximum torque
with minimum loss techniques to optimize
current distribution. It ensures a balanced
trade-off between torque output and
reducing power loss during fault or
degraded operating conditions.

Loss
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5.2 Fault Tolerance in Other Motor
Technologies

. BLDC Motors:

BLDC motors typically use simpler
control methods. While they perform well
during normal operation, their lower
redundancy can lead to sudden
performance drops in faulty conditions.
However, their straightforward control
often makes it easier to add external fault-
tolerant systems when combined with
additional electronic monitoring.
. Switched  Reluctance
(SRMs):

SRMs inherently provide a high level of
fault tolerance because of their simple
structure and sturdy mechanical design.
However, their vulnerability to excessive
torque ripples and vibration can reduce
overall reliability. Researchers are actively
exploring adaptive control methods to
solve these problems.

. Induction Motors:

Induction motors (IMs) are known for
their sturdy construction and affordability.
Their relatively simple design allows them
to operate effectively under different
conditions. However, in applications
where high efficiency and dynamic
performance are essential, such as in EV
drivetrains, induction motors may be less
reliable than PMSMs in extreme operating
conditions.

5.3  Visualization:
Process Flow in PMSMs
Figure 2 is a flowchart diagram that
outlines the fault-tolerance process flow
used in PMSM systems. This diagram
shows how PMSM systems respond to
faults by employing advanced control
strategies to maintain operational stability
and protect critical components. Figure 3
presents the outline of the fault process in
PMSM Systems.

Motors

Fault-Tolerance
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Figure (2): flowchart diagram of the fault-tolerance in PMSM systems:
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Figure (3): the outline of the Fault Process in PMSM Systems
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6. Thermal and Dynamic Reliability
Influences

Thermal and dynamic factors are essential
in determining the reliability of EV motor

drives. This section explores how
temperature, dynamic loads, and system
wear impact motor reliability and

discusses design measures to counter these
effects.

6.1 Thermal
Components
Temperature management is arguably the
most vital factor for ensuring long-term
reliability in EV motors, especially for
PMSMs. Elevated operating temperatures

Effects on Motor

can negatively impact several key
components:
. Winding Insulation Degradation:

Higher operating temperatures accelerate
the deterioration of insulation materials
used in the stator windings, which can
eventually lead to electrical faults or short
circuits.

. Permanent
Demagnetization:
High temperatures are known to weaken
the magnetic strength of permanent
magnets, resulting in decreased torque
output and reduced overall efficiency. This
demagnetization effect not only affects
performance but also leads to early system
failure.

. Semiconductor
Failures:

Power electronics shown in Figures 1 and
2, such as insulated gate bipolar transistors
such as (IGBTSs), are highly sensitive to
temperature changes. Overheating can

Magnet

and IGBT

reduce their lifespan and affect their

performance even under normal load
conditions.
6.2 Dynamic
Mechanisms
Beyond thermal influences, dynamic loads
from acceleration, deceleration, and
changing road conditions generate cyclic
stress in the motor structure. Researchers
have applied advanced statistical methods
to analyze fatigue loads on gears and
motor components. Furthermore,
nonlinear damage theories are used to
understand how cyclic stress gradually
causes material degradation. Incorporating
wear characteristics into reliability models
for PMSMs involves capturing the
complex interactions between mechanical
wear, dynamic load fluctuations, and
strength degradation over time. This
comprehensive approach ensures that
reliability assessments are not only based
on static design parameters but also

Loading and Wear

consider the operational realities of
dynamic loading.

6.3 Visualization: Comparative
Thermal Effects on EV  Motor
Components

Table 2 summarizes the primary thermal
and dynamic factors affecting various EV
motor components and their impact on
overall reliability. The clear summary of
Table 2 shows how key components are
affected by temperature and dynamic
loads, emphasizing the need for effective
thermal management and flexible design
strategies.

Table (2) : Thermal and Dynamic Effects on EV Motor Components.

Component Temperature Effect Dynamic Load Influence Reliability Impact

Winding Accelerated aging and | Fatigue under cyclic loading | Reduced lifespan,

Insulation breakdown at high electrical faults
temperatures

Permanent Demagnetization and | Vibrational forces affecting | Lower torque output and

Magnets reduced flux intensity alignment efficiency

Bearings Increased wear due to | Torque-induced stress Increased maintenance
friction and heat buildup and replacement needs

Power Thermal overload leading | Current fluctuations Potential for

Electronics to reduced performance catastrophic failure

(IGBTS)
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7. Engineering Strategies for Enhancing
PMSM Reliability

To address the challenges identified in
previous sections, various engineering
strategies have been developed to enhance
the reliability of PMSMs in EV
applications. These strategies include
advanced design techniques, optimized
control methodologies, and innovative
material selections.

7.1 Advanced Cooling Techniques

Given the sensitivity of PMSMs to thermal
effects, advanced cooling and thermal
management solutions are essential.
Engineers employ methods such as:

. Liquid Cooling Systems:

Using liquid coolants to absorb and
dissipate heat from both the stator
windings and the power electronic
components, such as transistors and
IGBTs, helps maintain a consistent
temperature across the motor parts and
reduces hotspots that can lead to failure.

. Enhanced Airflow Designs:
Optimized fan layouts and heat sinks
ensure effective airflow over critical
components, helping to  manage
temperatures even under heavy loads.

7.2 Material and Structural
Optimizations

Improving the inherent reliability of
PMSMs also requires selecting materials
and structural designs that can withstand
high temperatures and dynamic stress:

. High-Temperature Insulation
Materials:

Using advanced polymers and insulation
materials that can withstand higher
thermal loads without degrading is
essential for extending motor lifespan.

. Optimized Rotor and Stator
Designs:

By using high-quality permanent magnets
and durable structural materials, designers
can ensure that both the rotor and stator
undergo less wear and maintain their
performance over time.

. Finite Element Analysis (FEA):
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FEA programs, like ANSYS, are used
during the design phase to simulate
thermal and mechanical stresses, helping
identify potential failure points before
manufacturing. This method assists in
refining design details and ensures the

motor can withstand real
conditions.

7.3 Control Strategy Enhancements
Innovative control strategies improve fault
tolerance and decrease dynamic effects
that can impact reliability:

. Digital Signal Processing (DSP)
and Finite Element Simulations:
Integrating DSP-based control systems
with finite element simulations allows for
real-time monitoring and adjustment of
current profiles. This dynamic adaptation

protects the motor from sudden load

operating

changes and extreme temperature
fluctuations.

. Multi-Criteria  Decision-Making
Models:

Techniques such as the Analytic Hierarchy
Process (AHP) are used to evaluate
different design parameters. These models
assess the importance of torque density,
efficiency, cost, and thermal performance
to select the optimal design configuration
for maximum reliability.

. Fault Detection and Diagnosis
(FDD):

Advanced FDD systems utilize sensor
arrays and real-time analytics to detect
abnormal operating conditions before they
lead to significant wear or failure. These
systems are vital for initiating corrective
actions and maintaining continuous safe

operation.
7.4 Visualization: Engineering
Strategies for Enhanced PMSM
Reliability

Figure 4 presents a diagram summarizing
the main engineering strategies used to
enhance reliability of: Advanced Cooling
Techniques, Material Optimization,
Control Strategy Enhancements, Fault
Detection and Diagnosis.



Inverter Loo (f
T Current
—_ Measurement
Current
Speed Command | Current
P . .
controller controller
A ,
5pee(f measurement

Speed command

Figure (4) : Summary of Engineering Strategies for Enhanced PMSM Reliability.

This diagram highlights the
comprehensive  approach needed to
improve the reliability of PMSMs,
emphasizing the significance of thermal
management, material choice, control
improvements, and real-time fault
detection.

8. Discussion

The comparative analysis above reveals a
nuanced landscape for EV  motor
reliability. While PMSMs demonstrate
clear advantages in efficiency, torque
smoothness, and advanced fault-tolerant
control methodologies, their overall
system reliability heavily depends on
effective thermal management and precise
engineering designs. The main discussion
points include:

. Interdependence of Design and
Operation:

The reliability of a PMSM depends not
only on its motor design but also on the
interaction between operational conditions
such as (dynamic load fluctuations and
temperature variations) and the control
strategies used. As supported by studies on
dynamic reliability, achieving long-term
reliability requires an integrated approach
that addresses wear, thermal degradation,
and electrical faults together.

. Comparative Trade-Offs:
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Although BLDC motors offer a simpler
mechanical design and easier control, their
performance can be limited by torque
ripple and reduced efficiency, especially
under fluctuating loads. SRMs, despite
their natural fault tolerance, need
significant improvements in control
methods to address issues like torque
pulsation and noise. Induction motors,
while durable and affordable, might
sacrifice peak dynamic performance
compared to PMSMs.

. System-Level Integration:

The integration of  fault-tolerant
strategies—such as dual-winding
configurations and vector-based control
algorithms—shows that PMSMs can attain
exceptional reliability even in adverse
conditions. However, system-level
integration remains difficult due to diverse
operating conditions, which require
adaptive and individually optimized
control schemes.

. Strategic Future Directions:
Research on reliability enhancement
continues to develop, with future efforts
likely to focus on synergistic approaches

that combine improved materials,
advanced cooling solutions, and real-time
diagnostics. Multi-criteria  decision-

making models, which balance efficiency,
cost, dynamic performance, and reliability,



will become increasingly important in
optimizing EV motor drives.

Taken together, the discussion highlights
that while no single EV motor technology
can claim complete superiority in all
operating parameters, the PMSM stands
out for offering high efficiency and strong

fault tolerance—assuming its inherent
design  challenges  are  addressed
effectively.

9. Conclusion

In conclusion, the comparative reliability
study of PMSM versus other EV motor
drives reveals several key insights.:

. High Efficiency and Smooth
Operation:

PMSMs are characterized by their high
efficiency and smooth torque output,
which are essential for providing both
performance and long-term reliability in
EV applications.
. Critical
Management:
Temperature management remains critical,
as high operating temperatures can
significantly damage winding insulation,

Role of  Thermal

permanent  magnets, and power
electronics, ultimately affecting motor
reliability.

. Advanced Fault Tolerant Control:

The use of innovative control strategies—
including vector space decomposition,
dual-winding designs, and Full Range
Minimum Loss techniques—improves the
fault tolerance and operational stability of
PMSM systems, allowing them to operate
under adverse conditions.

. Balancing Trade-Offs:

While BLDC, SRM, and induction motors
provide alternative advantages in terms of
design simplicity or cost, they often
encounter challenges such as higher torque
ripples and lower dynamic efficiency. As
indicated in multi-criteria analyses, the
reliability strengths of PMSMs are closely
tied to meticulous engineering design and
effective control.

. Reliability of PMSM

PMSM reliability is mainly affected by
thermal management, wear, and dynamic
loading. This is addressed by advanced
fault-tolerant strategies, such as multi-
phase and dual-winding designs, which
significantly improve operational
reliability.
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The main findings can be summarized as
follows: The differences in operating
principles and design features result in
varied reliability profiles among these
motors. While PMSMs are known for
smooth operation and high efficiency,
issues like thermal management and
failure mode interdependence require
careful attention. Conversely, BLDC, IM,
and SRM drives offer alternative
advantages in cost or fault tolerance but
often  experience increased torque
pulsations or vibrations.

10 Future works

Through a comprehensive analysis that
combines dynamic reliability models,
thermal assessments, and fault-tolerant
control strategies, this article highlights
that the choice of motor type must align
with the specific design requirements and
operating conditions of the electric vehicle
application.  Future research  should
continue refining these methods to ensure
EV motor drive systems not only meet
immediate performance goals but also

maintain reliable operation throughout
their lifecycle..
. Comparative studies indicate that

while alternative motor types have their
merits, PMSMs are preferred for high-
performance EV applications, provided
their design complexities are effectively
managed. Currently, neodymium-based
magnet (permanent magnet) technology
dominates the market. However, in the
future, there will be innovations in
alternative materials to reduce reliance on
the rare earth supply chain. Materials such
as iron ferrite and iron nitride appear
promising. Developing new grades of
electrical Steel Magnet Composites
(SMCs) that balance cost and performance
is essential for making electric vehicles
more affordable. These materials aim to
provide higher magnetic permeability and
lower losses.

. The manufacturers are researching
lighter materials to reduce motor weight.
Lighter electric vehicle motors enhance
efficiency, range, and handling.
Incorporating the motor into the body
saves space and offers more flexible
design options. Notably, there is a growing
trend toward integrating non-magnetic
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motors as auxiliary drive units in all-wheel
drive (AWD) vehicles.

. In advanced winding technologies
such as hairpin winding, improvements in
the charge factor and reductions in
resistance enhance motor efficiency.
Additive manufacturing of windings
allows for more complex designs and
optimized winding layouts, which improve
thermal management and reduce material
waste. Using materials like graphene or
high-temperature superconductors (HTS)
in windings can significantly boost
conductivity and efficiency, although
these technologies are still in the research
phase.

. Additional integration with other
subsystems, such as power electronics and
software control systems, creates new
opportunities to enhance safety, vehicle
lifespan, and performance. Additionally,
this system could showcase
crashworthiness and high-performance
capabilities if integrated with the noise,
vibration, and harshness (NVH) system.
Considering NVH during design aims to
ensure a comfortable driving experience
by personalizing the drive system.

. Digital technologies are crucial in
the electric vehicle roadmap, covering
design, manufacturing, and control.
Acrtificial intelligence (Al) and data will
play  significant  roles.  Enhancing
sustainability is challenging because
varying levels of design and integration
make disassembly and recycling difficult.
New methods for extracting materials are
necessary, especially as capacity increases
and the value of the contained materials

rises.
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