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ABSTRACT 

The electrification of transportation systems has significantly increased the 

demand for high-performance traction motors. Traditional permanent magnet 

synchronous motors (PMSMs) rely heavily on rare earth elements (REEs) such as 

neodymium and dysprosium, which pose challenges in terms of cost, environmental 

impact, and supply chain security. This paper provides a comprehensive review of 

rare earth free motor (REFM) designs, emphasizing their potential for sustainable 

traction applications. Various motor topologies including induction motors, 

switched reluctance motors, ferrite-based permanent magnet motors, and hybrid 

configurations are discussed. Key performance parameters such as efficiency, 

torque density, thermal management, and manufacturability are analyzed. The 

paper also highlights emerging material innovations, design optimization 

techniques, and control strategies that enhance the performance of RE-free motors. 

Finally, the environmental and economic implications of adopting RE-free motors 

in electric vehicles are explored. 
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INTRODUCTION 

The global transition toward sustainable transportation has accelerated the adoption of electric 

vehicles (EVs), requiring reliable and efficient traction motors. Permanent magnet synchronous 

motors (PMSMs) have dominated the EV market due to their high efficiency and power density. 

However, the reliance on rare earth elements (REEs) for high-performance magnets presents 

significant challenges: 

1. Supply Risk: REEs are concentrated in a few countries, making the supply chain vulnerable. 

2. Cost Fluctuations: Prices of neodymium and dysprosium can vary drastically. 

3. Environmental Concerns: REE extraction is resource-intensive and ecologically damaging. 

 

Rare earth free motors (REFMs) offer a promising alternative, reducing environmental impact and 

increasing supply chain resilience. These motors utilize materials such as ferrites, aluminum, 

copper, and iron-based composites, eliminating or minimizing REE content. This paper reviews 

the design principles, material choices, and performance characteristics of RE-free traction motors, 

emphasizing their relevance for sustainable EV applications. 

 

MOTIVATION FOR RARE EARTH FREE MOTORS 

The transition toward sustainable transportation has placed electric vehicles (EVs) at the forefront 

of the global effort to reduce greenhouse gas emissions and fossil fuel dependence. While 

permanent magnet-based motors have dominated traction applications due to their high efficiency 

and torque density, their reliance on rare earth elements (REEs) such as neodymium (Nd) and 

dysprosium (Dy) introduces significant environmental, economic, and design challenges. Rare 

earth free motors (REFMs) address these challenges, making them an attractive alternative for 

sustainable traction solutions. The primary motivations for pursuing RE-free motors are discussed 

below. 

 

1. Environmental Impact 

The extraction and processing of rare earth elements are highly resource-intensive and 

environmentally damaging. Mining REEs involves open-pit or underground operations, often 

resulting in large-scale land disturbance and deforestation. Additionally, the chemical processes 
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required to separate and refine rare earths produce significant quantities of toxic waste, including 

acids, heavy metals, and radioactive by-products. For example: 

 Mining 1 ton of neodymium can produce hundreds of cubic meters of acidic wastewater, 

containing metals such as thorium and uranium. 

 Processing REEs contributes to high carbon emissions, due to energy-intensive extraction, 

separation, and smelting processes. 

 Environmental contamination from REE mining has been linked to soil degradation, water 

pollution, and long-term ecological risks in mining regions, particularly in areas of high REE 

activity like China and Brazil. 

 

By adopting RE-free motor designs, manufacturers can substantially reduce the environmental 

footprint of EV production. RE-free motors eliminate the need for neodymium and dysprosium 

magnets, replacing them with ferrite-based magnets, aluminum-copper windings, or soft magnetic 

composites (SMCs), which are abundant, non-toxic, and recyclable. Consequently, switching to 

RE-free motors contributes directly to the sustainability goals of the transportation sector by 

lowering resource consumption, minimizing toxic waste, and decreasing lifecycle carbon 

emissions. 

 

2. Economic and Supply Chain Considerations 

The global supply of REEs is highly concentrated, with more than 80% of rare earth production 

historically controlled by a single country. This concentration creates geopolitical vulnerabilities, 

including: 

 Price volatility: The market price of neodymium and dysprosium can fluctuate sharply due to 

political restrictions, export quotas, or trade disputes. 

 Supply disruptions: Any geopolitical or logistical issue in rare earth-producing regions can 

cause global shortages, directly impacting EV production schedules and costs. 

 High production costs: Rare earth magnets require complex processing steps, contributing 

significantly to the cost of high-performance motors. 
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RE-free motor designs mitigate these economic and supply risks by using domestically available, 

low-cost materials such as ferrites, aluminum, and iron-based alloys. Eliminating dependence on 

imported rare earths stabilizes motor production costs, reduces the risk of supply chain 

disruption, and facilitates localized manufacturing, particularly in regions without REE mining 

infrastructure. For EV manufacturers and governments aiming to secure resilient, cost-effective, 

and sustainable transportation systems, RE-free motors represent a strategic advantage. 

 

3. Design Flexibility 

Rare earth free motors offer greater design freedom and robustness, making them particularly 

suitable for traction applications in electric vehicles. Some key design advantages include: 

 Simplified magnet arrangements: Motors such as switched reluctance motors (SRMs) or 

ferrite-PM motors do not require complex, high-energy-density magnets. This simplifies rotor 

construction and reduces mechanical complexity. 

 

 Enhanced thermal handling: RE-free designs can tolerate higher operating temperatures, 

as ferrite magnets and soft magnetic composites degrade less under thermal stress compared 

to NdFeB magnets. This improves motor reliability in high-load and high-temperature 

conditions. 

 

 Better tolerance to demagnetization: Rare earth magnets are prone to partial 

demagnetization under extreme operating conditions, such as overloads or high temperatures. 

RE-free motors, especially SRMs and induction motors, are inherently immune to this issue. 

 

 Scalability and adaptability: Designers can optimize RE-free motor geometries and winding 

configurations for specific torque-speed profiles, making them suitable for a wide range of 

EV categories, from two-wheelers to heavy-duty buses. 

 

These characteristics allow RE-free motors to maintain high reliability, extended service life, 

and operational safety, which are critical for traction applications where performance and 

durability cannot be compromised. 
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MOTOR TOPOLOGIES FOR RARE EARTH FREE TRACTION 

1. Induction Motors (IMs) 

Induction motors use electromagnetic induction for torque generation without permanent magnets. 

Advantages: 

 REE-free design. 

 Robust and reliable under harsh conditions. 

 Simple and cost-effective manufacturing. 

Disadvantages: 

 Lower torque density than PMSMs. 

 Higher copper losses, reducing efficiency at partial loads. 

Figure 1: Basic structure of a three-phase induction motor. 

 

2. Switched Reluctance Motors (SRMs) 

SRMs operate on the principle of variable reluctance. The rotor has salient poles and contains no 

magnets. 

Advantages: 

 Completely free of REEs. 

 High robustness and fault tolerance. 

 Wide operating temperature range. 

Disadvantages: 

 High torque ripple. 

 Acoustic noise during operation. 

 Complex control algorithms required. 

 

Table 1: Comparison of SRM and IM for Traction Applications 

Parameter SRM Induction Motor 

REE Content 0% 0% 

Torque Density Medium Medium-Low 

Efficiency Medium-High Medium 
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Parameter SRM Induction Motor 

Control Complexity High Medium 

Cost Medium Low 

 

3. Ferrite-Based Permanent Magnet Motors 

Ferrite magnets are an economical alternative to neodymium magnets, offering a cost-effective 

RE-free solution. Although their energy density is lower than NdFeB magnets, innovative motor 

designs can compensate through optimized magnet placement and motor geometry. 

Advantages: 

 Low material cost. 

 Thermal stability superior to rare-earth magnets. 

 Reduced environmental impact. 

Disadvantages: 

 Lower torque density. 

 Larger motor volume may be required for same power output. 

 

 

Figure 2: Schematic of a ferrite-based PM motor. 
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4. Hybrid Motor Designs 

Hybrid motors combine elements of different topologies to optimize performance. Examples 

include: 

 SRM-PM hybrids: Small ferrite magnets combined with SRM topology to reduce torque ripple. 

 Induction-PM motors: Uses rotor flux to assist torque production while reducing reliance on 

magnets. 

 

These designs aim to balance torque density, efficiency, and manufacturability without using high 

quantities of REEs. 

 

MATERIAL INNOVATIONS 

The performance of rare earth free motors (REFMs) depends critically on the materials used for 

magnets, cores, and windings. Since these motors avoid high-energy rare earth magnets, material 

innovations play a central role in enhancing torque density, efficiency, thermal handling, and 

manufacturability. Advances in ferrite magnets, soft magnetic composites (SMCs), and 

copper/aluminum windings have made RE-free motors competitive for electric vehicle traction 

applications. 

 

1. Ferrite Magnets 

Ferrite magnets, primarily barium ferrite (BaFe₁₂O₁₉) and strontium ferrite (SrFe₁₂O₁₉), are the 

most common RE-free permanent magnet materials. They are inexpensive, thermally stable, and 

non-toxic, making them ideal for sustainable motor design. However, their energy density 

(BHmax) is significantly lower than neodymium magnets, which limits torque density. Research 

has focused on enhancing ferrite magnet performance through several methods: 

 

1. Grain Alignment Techniques: 

During the manufacturing process, aligning magnetic grains along the preferred direction of 

magnetization increases remanence and improves coercivity. This technique allows ferrite magnets 

to achieve higher flux density, improving torque output in RE-free PM motors. 
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2. Composite Magnet Structures: 

Combining ferrites with soft magnetic particles or bonding ferrites in multilayered composites 

enhances magnetic performance and mechanical strength. For example, ferrite-epoxy bonded 

magnets can be molded into complex shapes, allowing compact rotor designs with reduced 

cogging torque. 

 

3. Advanced Sintering Processes: 

Sintering techniques, such as hot-pressing and spark plasma sintering, improve the density and 

uniformity of ferrite magnets. Denser magnets reduce voids and enhance magnetic flux retention. 

Thermal treatment post-sintering can further increase coercivity, enabling motors to operate 

reliably under elevated temperatures encountered in EV traction applications. 

 

Performance Implications: 

 Ferrite magnets allow RE-free PM motors to operate safely at temperatures up to 200°C, 

compared to 120°C–150°C for NdFeB magnets without heavy dysprosium doping. 

 Although the torque density is lower, careful magnet and rotor design, such as flux 

concentration techniques, can compensate for the lower BHmax, making ferrite-based 

motors viable for passenger vehicles and light commercial EVs. 

 

2. Soft Magnetic Composites (SMCs) 

Soft magnetic composites are powdered iron alloys coated with insulating material, enabling 

them to be compacted into complex 3D shapes. SMCs are increasingly used in SRMs, high-speed 

induction motors, and stator cores for ferrite-PM motors. 

 

Key advantages include: 

1. Reduced Eddy Current Losses: 

The insulation between particles restricts eddy current loops, significantly reducing core losses at 

high switching frequencies. This is critical for traction motors operating under variable-speed 

drive conditions. 
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2. Enhanced Manufacturability: 

Unlike laminated steel sheets, SMCs can be molded into complex 3D geometries, allowing 

optimized rotor and stator designs. This flexibility enables designers to reduce cogging torque, 

improve flux distribution, and achieve higher torque per unit volume. 

 

3. Mechanical Robustness and Vibration Damping: 

SMC structures provide inherent damping, which can reduce acoustic noise in SRMs—a common 

challenge for RE-free traction motors. 

 

Recent Developments: 

 High-silicon iron powders are being incorporated into SMCs to further reduce hysteresis 

losses. 

 SMC cores with tailored particle sizes and coating thicknesses are enabling higher frequency 

operation up to 2–3 kHz, suitable for advanced EV motor control strategies. 

 

Performance Implications: 

 Motors using SMC cores can maintain efficiency >90% over a wide speed range. 

 SMCs also allow higher rotor pole counts in SRMs without excessive eddy current heating, 

improving torque smoothness. 

 

ADVANCED COPPER WINDINGS 

The stator windings are critical in RE-free motors because torque generation relies entirely on 

current-induced magnetic fields rather than high-energy magnets. Material innovations and 

winding techniques can significantly improve efficiency, thermal management, and reliability. 

 

1. Litz Wire for High-Frequency Operation: 

Litz wire consists of many individually insulated strands twisted together to reduce skin and 

proximity effects in high-frequency switching conditions. This is particularly useful in high-

speed SRMs and ferrite-PM motors, where switching frequencies often exceed 1 kHz. 

 



Recent Trends in Electrical Machines and Drives 

Volume 5, Issue 3, September- December 2020 

 
  
  

 

199 Page 190-202 © MANTECH PUBLICATIONS 2020. All Rights Reserved 

 

2. Optimized Copper and Aluminum Conductors: 

 High-conductivity copper reduces Joule losses, improving motor efficiency. 

 Aluminum windings, while slightly less conductive, reduce weight and cost, which is 

advantageous for automotive traction motors. 

 

3. Improved Cooling Channels: 

Advanced stator designs incorporate embedded liquid or air cooling channels, enhancing 

thermal management. Efficient heat dissipation allows RE-free motors to operate at higher 

currents without overheating, which is crucial to compensate for the lower torque density 

compared to rare-earth motors. 

 

Performance Implications: 

 Optimized windings reduce copper losses by 10–15% under typical EV load cycles. 

 Better thermal management increases motor lifespan and allows higher continuous torque 

output. 

 Litz wire enables precise control of high-frequency PWM drives, improving efficiency 

and reducing torque ripple. 

 

DESIGN OPTIMIZATION TECHNIQUES 

1. Finite Element Analysis (FEA) 

FEA is widely used to model electromagnetic, thermal, and mechanical performance in RE-free 

motors. It helps optimize: 

 Rotor and stator geometry. 

 Slot and winding configuration. 

 Magnetic flux distribution. 

2. Topology Optimization 

Numerical methods allow designers to minimize mass while maximizing torque and efficiency. 

For example, rotor pole shaping in SRMs reduces torque ripple and vibration. 

3. Control Strategies 

Advanced control algorithms enhance RE-free motor performance: 
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 Vector control for induction motors. 

 Predictive torque control for SRMs. 

 Field-oriented control for ferrite-PM motors. 

 

PERFORMANCE COMPARISON OF RE-FREE MOTORS 

Table 2: Key Performance Metrics of RE-Free Motors for EV Traction 

Motor Type 
Efficiency 

(%) 

Torque Density 

(Nm/kg) 
Volume (L) Reliability Cost 

Induction Motor (IM) 90-94 0.6-0.9 Medium High Low 

Switched Reluctance 

Motor (SRM) 
88-92 0.8-1.1 

Medium-

Large 
High Medium 

Ferrite PM Motor 91-95 0.9-1.2 
Medium-

Large 
High Low 

Hybrid SRM-PM 92-96 1.0-1.3 Medium High Medium 

 

APPLICATIONS IN ELECTRIC VEHICLES 

RE-free motors are increasingly adopted in: 

 Light-duty EVs for city commuting. 

 Heavy-duty buses where torque robustness is critical. 

 Two-wheelers with cost-sensitive markets. 

Studies indicate that modern SRMs and ferrite-PM motors can achieve comparable efficiency and 

performance to NdFeB-based PMSMs for most urban EV scenarios, with minimal increase in size 

and weight. 

 

CHALLENGES AND FUTURE DIRECTIONS 

1. Torque Ripple and Acoustic Noise 

SRMs and ferrite-based motors exhibit higher torque ripple, requiring improved rotor shaping, 

damping techniques, and advanced control algorithms. 

2. Efficiency at Partial Loads 
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Induction motors and SRMs may suffer lower efficiency under variable loads. Adaptive control 

strategies and hybrid designs can mitigate these issues. 

 

3. Material Development 

Continuous research on high-performance ferrites, SMCs, and composite materials is essential to 

close the performance gap with rare earth magnets. 

 

4. Standardization and Adoption 

Industry-wide standards for RE-free traction motors can accelerate market adoption and facilitate 

integration with existing EV architectures. 

 

ENVIRONMENTAL AND ECONOMIC IMPACT 

Adoption of RE-free motors can: 

 Reduce carbon emissions associated with RE mining. 

 Lower EV production costs by 10–20%. 

 Enhance domestic manufacturing capabilities in regions lacking REE resources. 

Figure 3: Lifecycle comparison of RE-based vs RE-free motors in EVs. 

 

CONCLUSION 

Rare earth free motor designs present a promising pathway toward sustainable traction in electric 

vehicles. Induction motors, switched reluctance motors, ferrite-PM motors, and hybrid 

configurations offer viable alternatives to conventional REE-dependent PMSMs. While challenges 

related to torque density, efficiency, and noise remain, advancements in materials, design 

optimization, and control strategies are bridging these gaps. RE-free motors not only mitigate 

environmental and geopolitical risks but also provide economic advantages, contributing to the 

long-term sustainability of electrified transportation. 
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