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ABSTRACT 

High-speed electrical machines (HSEMs) are vital for aerospace propulsion, 

industrial compressors, and turbo-machinery applications where 

compactness, high power density, and dynamic performance are critical. 

Unlike conventional low-speed machines, HSEMs face challenges including 

rotor dynamics, bearing stresses, magnetic saturation, thermal management, 

and insulation degradation at high rotational speeds. This paper reviews the 

design principles, performance characteristics, and challenges of high-speed 

electrical machines, with a focus on permanent magnet synchronous machines 

(PMSMs) and induction-based HSEMs. Tables and 2D figures are included to 

illustrate comparative performance metrics, design trade-offs, and thermal 

distribution. Emerging trends such as wide-bandgap semiconductors, additive 

manufacturing, and active magnetic bearings are also discussed. 
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INTRODUCTION 

High-speed electrical machines (HSEMs) are defined as machines operating at rotational 

speeds above 20,000 rpm, extending to over 100,000 rpm for specialized applications. They 

are essential in aerospace propulsion, turbo-compressors, high-speed centrifuges, and high-

performance industrial drives. The advantages include: 

 High power-to-weight ratio 

 Compact footprint 

 High torque density at elevated speeds 

 

However, HSEMs pose design challenges such as: 

 Mechanical stress on rotors 

 Windage losses due to air friction 

 Magnetic saturation at high flux densities 

 Advanced cooling requirements 

 

This paper reviews current design methodologies, topologies, and emerging trends for high-

speed electrical machines in aerospace and industrial applications. 

 

HIGH-SPEED MACHINE TOPOLOGIES 

1. Permanent Magnet Synchronous Machines (PMSMs) 

 Most commonly used in aerospace HSEMs 

 Advantages: high efficiency, high torque density, low rotor losses 

 Rotor can be solid or laminated depending on speed 

 Halbach rotor arrays reduce leakage flux 

 

2. Induction Machines 

 Less common in extreme high-speed applications due to rotor losses 

 Can be used in industrial compressors and turbo-machinery 

 Cage rotor designs optimized for mechanical strength 
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Figure 1: Typical High-Speed PMSM Rotor Cross-Section 

+------------------+ 

|   Permanent Magnets 

|  +-------------+ | 

|  |             | | 

|  | Iron Rotor  | | 

|  +-------------+ | 

+------------------+ 

 

ROTOR DYNAMICS AND MECHANICAL CONSIDERATIONS 

At high rotational speeds, centrifugal forces induce significant stresses in rotor laminations. 

Rotor design must satisfy: 

 Critical speed avoidance 

 Maximum tensile stress < material yield strength 

 Vibration suppression through rotor balancing 

 

Table 1: Rotor Material Comparison for HSEMs 

Material Max Speed (rpm) Density (kg/m³) Tensile Strength (MPa) 

Solid Steel 60,000 7800 500 

Laminated Steel 80,000 7700 550 

Carbon Fiber Rotor 120,000 1600 800 

 

THERMAL MANAGEMENT 

High-speed operation increases iron and copper losses, leading to elevated rotor and stator 

temperatures. Cooling methods include: 

 Forced air cooling 

 Liquid cooling channels 

 Embedded heat pipes in stator cores 

 

Figure 2: 2D Thermal Distribution in High-Speed PMSM 

Temperature (°C) 

100 |**** Hotspot near rotor magnets 
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80 |*** Stator winding 

60 |** End-turn 

 

Table 2: Thermal Performance of HSEMs 

Cooling Method Max Temperature (°C) Efficiency (%) 

Air cooling 110 93 

Liquid cooling 85 95 

Heat pipes + liquid 78 96.2 

 

ELECTROMAGNETIC DESIGN CONSIDERATIONS 

 High-speed machines often operate at high frequency → increased core and eddy current 

losses 

 Permanent magnet selection critical: NdFeB or SmCo 

 Slot and winding design optimized to minimize leakage and cogging torque 

 

Table 3: Comparison of PMSM vs Induction HSEMs 

Parameter PMSM Induction 

Torque Density (Nm/kg) 8.5 5.2 

Efficiency (%) 95–97 90–92 

Max Speed (rpm) 120,000 60,000 

Power Density (kW/kg) 12 7 

 

EMERGING TRENDS 

 Wide-Bandgap Semiconductors: SiC and GaN inverters reduce switching losses at high 

frequency 

 Additive Manufacturing: Enables complex rotor cooling channels and lightweight rotors 

 Active Magnetic Bearings: Minimize frictional losses and enable rotor levitation 

 Hybrid High-Speed Machines: Combining PMSM and switched reluctance for fault 

tolerance 
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Figure 3: Additive Manufactured Rotor with Cooling Channels 

Rotor Core 

+-------------+ 

|  O   O   O  |   Cooling channels integrated 

+-------------+ 

 

APPLICATIONS 

 Aerospace: small jet propulsion, UAVs, electric aircraft actuators 

 Industrial: turbo compressors, high-speed pumps, centrifuges 

 EV and high-performance robotics requiring compact high-speed drives 

 

CHALLENGES 

 Rotor structural integrity at ultra-high speeds 

 Thermal management under extreme flux density 

 Insulation degradation due to centrifugal forces 

 Manufacturing precision and balancing 

 

CONCLUSION 

High-speed electrical machines provide a compact, high-efficiency solution for aerospace and 

industrial applications. PMSMs are preferred for high torque density, while advanced 

induction and hybrid machines offer reliability and cost advantages in industrial 

environments. Future developments in additive manufacturing, wide-bandgap power 

electronics, and active magnetic bearings will further enhance high-speed machine 

performance. 
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