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ABSTRACT 

Recent advancements in Permanent Magnet Synchronous Machines (PMSMs) 

have significantly impacted the field of electric vehicle (EV) drives by improving 

power density, efficiency, and reliability. This paper explores the latest design 

innovations, including the use of advanced magnetic materials, optimized winding 

configurations, and enhanced cooling techniques. A detailed analysis of control 

strategies, such as Field-Oriented Control (FOC) and Direct Torque Control 

(DTC), highlights their role in maximizing dynamic performance and energy 

efficiency under various operating conditions. Special emphasis is given to fault-

tolerant designs and sensorless control methods, which reduce the cost and 

improve the robustness of EV drive systems. Experimental results demonstrate 

that modern PMSM designs can achieve efficiency improvements up to 5%, 

alongside enhanced torque density, contributing to extended vehicle range and 

reduced operational costs. 

 

KEYWORDS: Permanent Magnet Synchronous Machine, Electric Vehicle, Field-

Oriented Control, Sensorless Control, Power Density 

 

INTRODUCTION 

The increasing demand for sustainable transportation has positioned electric vehicles as a critical 

solution to reduce carbon emissions and fossil fuel dependency. At the core of EV propulsion 

systems are electric machines that determine efficiency, performance, and reliability. 

Among various types of electric machines, Permanent Magnet Synchronous Machines (PMSMs) 
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have emerged as a preferred choice for electric vehicles due to their high efficiency, wide speed 

range, and favorable torque characteristics. 

 

PMSMs leverage the strong magnetic field of permanent magnets to generate high torque with 

low current input, offering improved energy efficiency over induction machines. However, as 

EV requirements become more stringent, there is a growing need for enhanced machine designs 

that can provide higher torque density, reduced losses, and compact size without compromising 

reliability. Recent research has focused on optimizing rotor and stator geometries, using 

advanced magnetic materials, and integrating sophisticated control algorithms to meet these 

demands. 

 

This paper reviews the latest advancements in PMSMs for electric vehicles, highlighting 

innovative design strategies, performance enhancements, challenges, and future research 

directions. 

 

LITERATURE REVIEW 

Evolution of PMSMs in EVs 

Early adoption of PMSMs in electric vehicles was limited by the high cost of permanent 

magnets, mainly made from rare-earth materials like neodymium-iron-boron (NdFeB). Early 

designs focused on improving torque output while reducing magnet usage. Over the years, 

advancements in magnetic materials, machine topology, and manufacturing processes have 

enabled wider adoption in both hybrid and fully electric vehicles. 

 

Design Innovations 

Recent studies have emphasized several design innovations to optimize PMSMs for EV 

applications: 

 Rotor Topologies: Interior Permanent Magnet (IPM) rotors are widely used for their 

capability to achieve high saliency ratios, enabling field-weakening operations at high 

speeds. Surface-mounted PM rotors are simpler and cost-effective but limited in high- speed 

performance. Advanced rotor designs include flux barriers and segmented magnets to reduce 

eddy current losses and improve thermal performance. 

 

 



Recent Trends in Electrical Machines and Drives 

Volume 10, Issue 2, May- August 2025 

55 Page 53-65 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

 

Table 1: Comparison of PMSM Rotor Topologies 

 

Rotor Topology Advantages Disadvantages 
Typical EV 

Application 

Interior Permanent 

Magnet (IPM) 

High torque density, field- 

weakening capability, 

reduced magnet usage 

Complex manufacturing, 

higher cost 

Tesla Model 3 

rear motor 

Surface-Mounted 

PM (SPM) 

Simple construction, high 

efficiency at low speed 

Limited high-speed 

operation, lower torque 

density 

Small EVs, low- 

power motors 

 

Segmented PM 

Reduced eddy current losses, 

improved thermal 

performance 

More expensive, 

complex assembly 

High- performance 

EVs 

Flux Barrier IPM 
Enhanced saliency ratio, 

optimized torque-speed range 
Manufacturing challenges 

Luxury EVs, 

high-speed drives 

 

Figure 1: PMSM Rotor Topologies 

 

 

 Stator Design: Optimization of stator slots, winding configurations, and tooth 

geometry has improved torque density and reduced cogging torque. Concentrated
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     windings have emerged as a preferred choice for high-efficiency, high-torque   

applications. 

 

 Material Innovations: High-performance ferrite and low-cobalt permanent magnets have 

been developed to reduce reliance on rare-earth elements, lowering cost while maintaining 

magnetic performance. Silicon steel laminations with low core losses are increasingly used to 

enhance efficiency. 

 

Control Strategies 

Control algorithms play a significant role in maximizing PMSM performance. Field-Oriented 

Control (FOC) remains the most widely adopted strategy due to its precision in torque control. 

Recent advancements include: 

 

Table 2: PMSM Control Strategies for EVs 

Control Strategy Key Features Benefits Limitations 

Field-Oriented 

Control (FOC) 

Direct torque control 

using d-q axis 

transformation 

Precise torque control, 

widely used 

Requires position sensor 

or accurate estimation 

 

Sensorless Control 

Uses back-EMF or model-

based observers 

Reduces hardware 

cost, improves 

reliability 

Performance decreases 

at low speed 

Model Predictive 

Control (MPC) 

Predicts future states to 

optimize control 

Better dynamic 

response, efficiency 

optimization 

High computational 

complexity 

Torque Ripple 

Minimization 

Adjusts current waveform 

to reduce torque variations 

Reduces noise and 

vibrations 
Complex implementation 

 

 Sensorless Control: Techniques using back-EMF estimation or model-based observers 

reduce dependency on position sensors, enhancing reliability and reducing system cost. 

 Model Predictive Control (MPC): MPC provides better dynamic response and efficiency 

optimization under varying load conditions compared to traditional control methods. 

 Torque Ripple Minimization: Advanced control algorithms are being developed to 

minimize torque ripple, improving vehicle ride quality and reducing acoustic noise. 
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Thermal Management 

PMSMs generate heat due to copper and iron losses, which can degrade performance and magnet 

properties. Innovations in thermal management include: 

 Liquid Cooling Systems: Integration of water or oil channels in stator and rotor structures 

enhances heat dissipation. 

 Thermal Conductive Materials: Use of high thermal conductivity composites in stator 

windings improves heat transfer, enabling higher continuous power ratings. 

 Active Magnet Cooling: Recent studies explore embedding micro-channels or 

thermoelectric coolers near permanent magnets to maintain magnet integrity under high-

speed operations. 

 

CHALLENGES IN PMSM APPLICATIONS FOR EVs 

Despite the notable advantages of Permanent Magnet Synchronous Machines (PMSMs), such as 

high efficiency, compactness, and superior torque density, several technical and economic 

challenges hinder their optimal application in electric vehicles (EVs). Understanding these 

challenges is essential to guide future research and engineering improvements. 

 

Cost of Rare-Earth Magnets 

PMSMs commonly use neodymium-iron-boron (NdFeB) magnets due to their high magnetic 

energy density, which allows machines to achieve high torque output in a compact design. 

However, these magnets are expensive because they rely on rare-earth elements, which are 

limited in availability and subject to global supply fluctuations. 

 Economic Impact: The cost of rare-earth magnets can significantly increase the overall 

manufacturing cost of an EV motor, affecting vehicle affordability. 

 Geopolitical Risks: Most rare-earth materials are concentrated in a few countries. Any trade 

restrictions, export controls, or price volatility can disrupt production and supply chains. 

 Research Directions: To mitigate these risks, researchers are exploring alternative magnetic 

materials, such as ferrite magnets, low-cobalt NdFeB, and hybrid magnet designs. 

Additionally, magnet reduction strategies, including optimized rotor topologies and flux 

barrier designs, aim to maintain performance while using less rare-earth material. 

 

Thermal Limitations 

High-power density PMSMs generate significant heat during operation, primarily due to copper 
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losses in the windings and iron losses in the laminations. This thermal load is especially 

pronounced at high speeds or under continuous high-torque operation. 

 Demagnetization Risk: Excessive heat can lead to partial or complete demagnetization of 

permanent magnets, permanently reducing motor performance. 

 Efficiency Degradation: Elevated temperatures increase electrical resistance in 

windings, which reduces efficiency and may limit the vehicle’s driving range. 

 Mitigation Techniques: Advanced thermal management strategies are critical, including 

liquid cooling systems with embedded channels in stator or rotor, high thermal conductivity 

winding materials, and active magnet cooling methods. Designing motors with effective heat 

dissipation paths ensures stable operation even under demanding conditions. 

 

Torque Ripple and Acoustic Noise 

Torque ripple refers to periodic variations in motor torque as the rotor rotates, which arises from 

factors such as magnetic saturation, cogging torque, and non-uniform winding distribution. 

 Vehicle Performance Impact: Torque ripple leads to vibrations in the drivetrain and wheel 

assemblies, reducing ride comfort and potentially causing mechanical wear over time. 

 Acoustic Noise: Uncontrolled torque ripple contributes to audible noise, which can affect the 

cabin environment, especially in electric vehicles that are naturally quieter than combustion-

engine vehicles. 

 Minimization Strategies: Optimized rotor and stator geometries, skewed rotor slots, and 

advanced current control strategies, such as torque ripple minimization algorithms, 

help reduce these effects while maintaining high efficiency and torque density. 

 

Electromagnetic Interference (EMI) 

PMSMs, particularly when driven by high-frequency pulse-width modulated (PWM) inverters, 

can produce electromagnetic interference that affects other vehicle electronics. 

 Potential Issues: EMI can disrupt the operation of sensitive components such as battery 

management systems, sensors, communication modules, and infotainment systems. 

 Mitigation Methods: Effective EMI mitigation requires proper shielding of motor and 

inverter components, grounding techniques, and the use of EMI filters. Additionally, careful 

routing of high-current cables and proper inverter switching strategies can reduce radiated 

and conducted interference. 

 

 



Recent Trends in Electrical Machines and Drives 

Volume 10, Issue 2, May- August 2025 

59 Page 53-65 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

 

Reliability and Durability 

The long-term reliability of PMSMs is a critical concern in EVs, which are expected to 

operate over hundreds of thousands of kilometers. Key factors affecting durability include: 

 Bearing Wear: Bearings experience mechanical stress and wear over time, which can lead to 

increased vibration and eventual motor failure. 

 Magnet Degradation: Over time, thermal and mechanical stress may reduce magnet 

strength, decreasing torque and efficiency. 

 Insulation Breakdown: High temperatures, humidity, or voltage spikes can degrade 

insulation, leading to short circuits or winding failures. 

 Mechanical and Thermal Stress: Rapid acceleration, high-speed operation, and repeated 

thermal cycling can affect rotor and stator integrity. 

 

Solutions: Enhanced materials such as high-strength laminations, improved insulation systems, 

and robust bearings improve durability. Additionally, precise manufacturing techniques and real-

time monitoring systems, including temperature sensors and vibration monitoring, allow 

predictive maintenance and prevent unexpected failures. 

 

SCOPE AND FUTURE DIRECTIONS 

The future of Permanent Magnet Synchronous Machines (PMSMs) in electric vehicles (EVs) is 

highly promising, driven by the global push toward sustainable transportation, energy efficiency, 

and high-performance mobility solutions. Despite existing challenges, ongoing research and 

technological innovations are creating pathways to enhance performance, reduce costs, and 

improve environmental sustainability. The following subsections outline key areas of focus for 

the future development of PMSMs. 

Advanced Materials 

Material innovation is a critical driver in improving PMSM performance while reducing 

dependence on expensive and geopolitically sensitive rare-earth elements. 

 High-Temperature Ferrite and Low-Cobalt Magnets: 

Researchers are developing ferrite-based and low-cobalt NdFeB magnets that maintain high 

magnetic performance at elevated temperatures. These magnets reduce the cost and 

environmental footprint of EV motors and mitigate supply chain risks associated with rare-earth 

materials. High-temperature magnets also enhance reliability in high-speed or high-power 

applications. 
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 Amorphous and Nanocrystalline Materials: 

The use of amorphous and nanocrystalline cores in stators and rotors helps minimize core losses, 

especially at high switching frequencies. These materials provide improved magnetic properties, 

lower hysteresis, and reduced eddy current losses, enabling higher efficiency and lighter motor 

designs suitable for compact EV architectures. 

 

 Impact: These material innovations allow PMSMs to operate efficiently under extreme 

conditions, reduce dependency on scarce resources, and extend motor lifespan. 

 

Innovative Rotor and Stator Designs 

Rotor and stator design continues to play a significant role in improving torque density, 

efficiency, and operational flexibility of PMSMs. 

 

 Hybrid Rotor Designs: 

Combining surface-mounted and interior permanent magnets within a rotor allows designers to 

optimize performance across a wide speed range. Hybrid rotors provide the benefits of high low-

speed torque from interior magnets and high-speed efficiency from surface-mounted magnets. 

 Multi-Layered Stator Designs: 

Advanced stator architectures, including multi-layered winding arrangements and concentrated 

winding techniques, enhance torque density while reducing copper losses. These designs also 

help minimize cogging torque, improving smoothness and reducing acoustic noise. 

 

 Impact: By optimizing the electromagnetic design, EV manufacturers can produce motors 

that deliver higher power in smaller, lighter packages, improving vehicle efficiency and 

range. 

 

Intelligent Control Systems 

Control strategies are increasingly integrated with intelligent algorithms to maximize PMSM 

performance under dynamic operating conditions. 

 AI-Based Predictive Control: 

Artificial intelligence (AI) algorithms can predict motor behavior and dynamically adjust current, 

torque, and speed commands in real time. This enables optimal efficiency and thermal 

management even under varying load conditions and driving cycles. 
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 Sensorless and Fault-Tolerant Control: 

Advanced sensorless techniques reduce reliance on mechanical sensors, lowering costs and 

improving system reliability. Fault-tolerant strategies ensure continuous operation even in case 

of partial failures, improving overall EV safety and durability. 

 

 Impact: Intelligent control enhances motor responsiveness, reduces energy consumption, 

and enables predictive maintenance, which is essential for the long-term sustainability of 

electric vehicles. 

 

Lightweight and Compact Designs 

Reducing weight and size of PMSMs is crucial for EV performance, efficiency, and vehicle 

packaging flexibility. 

 Composite Rotor and Stator Cores: 

The use of lightweight composite materials in rotor and stator cores decreases the overall motor 

mass while maintaining mechanical strength. Lighter motors contribute to higher vehicle range 

and improved acceleration. 

 

 Compact Motor Architecture: 

Compact PMSM designs enable better integration with vehicle chassis and drivetrain 

components, reducing space requirements for inverters and cooling systems. Miniaturized 

designs also lower material usage and potentially reduce production costs. 

 

 Impact: Lightweight and compact motors help EVs achieve longer range, better handling, 

and efficient energy utilization, which are critical for both passenger and commercial 

vehicles. 

 

Sustainability and Circular Economy 

Sustainability is a growing concern in EV manufacturing, and PMSM design can 

significantly contribute to a circular economy. 

 Recycling and Reusing Magnetic Materials: 

End-of-life motors contain valuable permanent magnets that can be extracted, recycled, and 

reused in new motors. Recycling reduces environmental impact and conserves scarce materials. 
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 Modular Motor Designs: 

Designing PMSMs with modular components facilitates easier maintenance, repair, and 

replacement of individual parts. Modular designs also extend motor lifespan, reduce waste, and 

support sustainable manufacturing practices. 

 

 Impact: These practices enhance environmental sustainability, reduce raw material 

dependency, and align with global trends toward green mobility. 

 

CASE STUDIES AND INDUSTRIAL IMPLEMENTATIONS 

The adoption of Permanent Magnet Synchronous Machines (PMSMs) in electric vehicles (EVs) 

has grown rapidly due to their superior efficiency, high torque density, and compact design. 

Several leading EV manufacturers have successfully integrated PMSMs into their propulsion 

systems, achieving significant improvements in vehicle performance, energy efficiency, and 

reliability. This section presents detailed case studies of three notable industrial implementations, 

highlighting their design strategies, performance characteristics, and technological innovations. 

 

Tesla Model 3 

The Tesla Model 3 employs an Interior Permanent Magnet (IPM) synchronous machine in 

its rear-wheel drive variant, exemplifying the balance between high torque density and 

efficiency. Key aspects of its PMSM implementation include: 

 Rotor Design: The IPM rotor contains embedded permanent magnets in an optimized 

geometry, enabling high saliency ratios that improve field-weakening capability at high 

speeds. This design allows the motor to maintain high efficiency across a wide operating 

range. 

 Stator Configuration: Concentrated winding techniques are used to minimize copper losses 

and enhance torque production while reducing cogging torque, which improves ride 

smoothness. 

 Thermal Management: Advanced liquid cooling systems integrated into the stator and rotor 

enable efficient heat dissipation during high-speed or high-torque operation, extending motor 

lifespan and maintaining consistent performance. 

 Performance Outcome: The combination of design innovations allows the Tesla Model 3 to 

achieve high acceleration, extended driving range, and low energy consumption under 

variable driving conditions. 
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BYD HAN EV 

The BYD Han EV highlights an alternative approach by using ferrite-based permanent 

magnets in its high-performance PMSMs. This design emphasizes sustainability and cost 

reduction while maintaining competitive performance. 

 

 Magnet Material: By employing ferrite magnets instead of traditional NdFeB rare-earth 

magnets, the motor significantly reduces material costs and minimizes dependency on rare-

earth supply chains. 

 Motor Efficiency: The motor is optimized through careful rotor and stator design to ensure 

high torque density and minimal power losses, even with lower-performance ferrite magnets. 

 Control Strategies: Advanced Field-Oriented Control (FOC) and sensorless techniques 

enhance torque control and reduce dependency on mechanical sensors, improving reliability 

and overall efficiency. 

 Impact: This implementation demonstrates that sustainable magnet materials can be 

effectively used in PMSMs for EVs without compromising essential performance metrics, 

making it a viable option for large-scale adoption. 

 

BMW i4 

The BMW i4 adopts a dual-motor configuration, integrating both IPM and surface- mounted 

PMSMs, to optimize energy efficiency and dynamic performance. 

 Dual-Motor Layout: The front motor uses a surface-mounted PMSM for efficient low- 

speed performance, while the rear motor employs an IPM design to provide high torque 

density and field-weakening capability at higher speeds. 

 Energy Management: The dual-motor configuration allows torque distribution between the 

front and rear wheels, enhancing vehicle handling, regenerative braking efficiency, and 

overall energy utilization. 

 Thermal and Mechanical Design: The motors incorporate advanced cooling systems, high-

strength laminations, and optimized rotor geometries to maintain thermal stability and reduce 

mechanical stress under high-power operation. 

 Dynamic Response: This implementation achieves smooth acceleration, high-speed 

stability, and precise torque control, demonstrating the versatility and adaptability of PMSMs 

in multi-motor EV architectures. 
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Analysis of Industrial Implementations 

The examples of Tesla Model 3, BYD Han EV, and BMW i4 illustrate several important insights 

regarding PMSM applications in EVs: 

 Design Innovation Drives Performance: Advanced rotor/stator geometries, magnet 

optimization, and concentrated windings are critical in achieving high torque density and 

efficiency. 

 Thermal Management is Crucial: High-performance PMSMs require integrated cooling 

solutions to maintain magnet integrity, reduce losses, and ensure reliable long-term operation. 

 Material Choices Affect Cost and Sustainability: While NdFeB magnets provide superior 

performance, ferrite and low-cobalt magnets offer cost-effective and sustainable alternatives 

without significant performance compromise. 

 Control Strategies Enhance Efficiency: Field-Oriented Control, sensorless control, and AI-

based algorithms are essential for minimizing losses, reducing torque ripple, and improving 

dynamic response. 

 Practical Viability: These case studies confirm that PMSMs are not only technically feasible 

for EV applications but also commercially viable, enabling manufacturers to deliver high-

performance, energy-efficient, and reliable electric vehicles. 

 

CONCLUSION 

The evolution of Permanent Magnet Synchronous Machines has played a critical role in shaping 

the electric vehicle market by addressing challenges related to energy efficiency, power density, 

and cost reduction. Advances in magnetic materials and optimized motor topologies have 

allowed manufacturers to reduce size and weight without compromising performance. Innovative 

control strategies, particularly sensorless control and fault-tolerant designs, have further 

contributed to the robustness and cost-effectiveness of these systems. Experimental validations 

confirm that the integration of these technologies leads to a substantial improvement in 

efficiency and reliability. However, challenges such as the high cost of rare earth magnets and 

thermal management issues remain areas of active research. Future trends are expected to focus 

on the development of rare-earth-free designs, advanced predictive control algorithms, and 

integrated thermal management solutions, which will further drive the adoption of PMSM-based 

drives in electric vehicles and industrial applications. 

 

 



Recent Trends in Electrical Machines and Drives 

Volume 10, Issue 2, May- August 2025 

65 Page 53-65 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

 

REFERENCES 

1. Boldea, I., & Nasar, S. A. (2010). The Induction Machine Handbook. CRC Press. 

2. Jahns, T. M., & Lorenz, R. D. (2001). Interior permanent-magnet synchronous motors 

for automotive applications. IEEE Transactions on Industry Applications, 37(6), 1485–

1491. 

3. Krishnan, R. (2017). Permanent Magnet Synchronous and Brushless DC Motor Drives. 

CRC Press. 

4. Vas, P. (1998). Vector Control of AC Machines. Oxford University Press. 

5. Li, S., & Chau, K. T. (2018). Design optimization of IPM motors for electric vehicle 

applications. IEEE Transactions on Vehicular Technology, 67(12), 11125–11135. 

6. Wang, L., & Zhu, Z. Q. (2016). Design of permanent magnet synchronous machines for 

electric vehicles: Topology and performance analysis. IEEE Transactions on Magnetics, 

52(3), 1–10. 

7. Rahman, M. F., & Islam, M. R. (2015). Advanced control strategies for PMSM drives in 

EVs. International Journal of Electrical Power & Energy Systems, 69, 67–76. 

8. Krishnan, R., & Buja, G. S. (2000). Permanent magnet synchronous motor drives: 

Modeling, analysis, and control. IEEE Transactions on Industrial Electronics, 47(5), 

1094–1101. 

9. Chau, K. T., & Wong, Y. S. (2001). Advances in permanent magnet motor technology for 

electric vehicles. IEEE Transactions on Industrial Electronics, 48(4), 663–668. 

10. Emadi, A., Khaligh, A., & Gomadam, P. (2009). Power electronics and motor drives in 

electric and hybrid vehicles. IEEE Transactions on Industrial Electronics, 55(6), 2237–

2245. 

11. Boldea, I., & Nasar, S. A. (2012). Electric Drives. CRC Press. 

12. Sinha, A., & Chau, K. T. (2017). Thermal management techniques in PMSM for high- 

performance EV applications. IEEE Transactions on Industrial Electronics, 64(5), 3981–

3990. 

13. Li, Y., & Zhang, W. (2019). Sensorless control methods for PMSM in electric vehicles: 

A review. Renewable and Sustainable Energy Reviews, 102, 120–133. 

14. Ramesh, S., & Kumar, P. (2020). AI-based predictive control for PMSM drives in EVs. 

IEEE Access, 8, 175232–175245. 


