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Introduction 

Motivation:  
• Transport electrification is seen as main solution to reduce CO2 emissions 
• Increased demand of mechanical energy can be provided by electrical energy 
• Best energy conversion systems: electrical machines + power electronics + batteries 

 
 Solutions: 
• Aerospace, automotive and marine propulsion to become hybrid and full electric 
• Automotive industry most advanced, all larger OEMs and Tier 1 companies involved 
• Aerospace industry less details on advances, players such GE, Boeing, Airbus, Rolls-

Royce, Siemens, NASA are involved 
• Main problems:  

o Battery capacity – how much electrical energy can we store? 
o Weight (aerospace only) 
o Market demand/cost 
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Aerospace Electrical Solutions 
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Aerospace Electrical Solutions 
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Aerospace Electrical Solutions 
Electrification of aircraft systems brings benefits 
across market segments 

Source: Glen Llewllyn, 
Airbus, 2017, Koln  
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Aerospace Electrical Solutions 
 

Airbus-Siemens Collaboration Hybrid- electric 
propulsion roadmap  
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Aerospace Electrical Solutions 

Source: Dr. Frank 
Anton, Siemens AG 
eAircraft, 2017, Koln  

 

Airbus-Siemens Collaboration Hybrid- electric 
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Aerospace Electrical Solutions 

Mechanical power transmission: 
Two gearboxes, supercritical shaft 

Electrical power transmission:  
Direct drive electrical machine and cable 

Fault-tolerant aircraft propulsion motor 

Source: ELETAD, 
Cleansky 2012-2014 
program 
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Aerospace Electrical Solutions 

• Axial separation with 4 electro-magnetically 
independent stages 

• Limited axial thermal interaction between stages  
• Four separate rotors on a common shaft 

Dual stator 
Axial-flux 

• Circumferential separation with minimal 
winding mutual coupling 

• Thermal interactions via back iron and casing 
• Design uses a single shared rotor  

Internal rotor 
Radial-flux 

Fault-tolerant aircraft propulsion motor 

Source: ELETAD, 
Cleansky 2012-2014 
program 
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Aerospace Electrical Solutions 

• Axial- and radial-flux  prototypes realisations have near 
identical active mass 
 
 
 
 
 
 
 
 

• Radial flux has configuration benefits: lower outer diameter 
and a large central void to accommodate pitch mechanisms 

Active component Axial-flux Radial-flux 
Stator core 40 % 34 % 
Winding copper 36 % 32 % 
Permanent magnet 24 % 25 % 
Rotor back iron N/A   9 % 

Fault-tolerant aircraft propulsion motor 

Source: ELETAD, 
Cleansky 2012-2014 
program 
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Aerospace Electrical Solutions 
 
Honeywell Turbine Engines and Electric Power Products 

Source: C. Anghel, 
Honeywell, 2017, 
Koln 
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Aerospace Electrical Solutions 
 
Honeywell 1MW Aerospace Generator 

Source: C. Anghel, 
Honeywell, 2017, 
Koln 
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Automotive Electrical Solutions 

Global light vehicle production [m vehicles]  
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Automotive Electrical Traction 
 Range of configurations under development  
 Mild, Series, Parallel and Plugin Hybrid 
 Battery Electric and Range Extender 

 

 Main design drivers: 
 Efficiency 
 Power Density 
 Cost 

 To make optimum designs we need to quickly calculate the 
efficiency map and then allow fast complex drive cycle transient 
thermal analysis  
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Automotive Electrical Traction E. Grunditz and T. Thiringer – IEEE Transactions on 
Transportation Electrification, VOL. 2, NO. 3, SEPTEMBER 
2016, p. 270 - 289  
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Automotive Electrical Traction 
E. Grunditz and T. Thiringer – IEEE Transactions on Transportation Electrification, VOL. 2, NO. 3, SEPTEMBER 
2016, p. 270 - 289  
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Automotive Electrical Traction 
 Many choices to be made when designing a motor: 
BPM, Induction, Synchronous Reluctance, SRM …. 
Design Variables 
 Slots/poles, Magnet Type, IPM design, Dimensions …… 

Winding Type 
 Distributed, Tooth Wound, Bar/Hairpin, Litz, Cu/Al  ….. 

Cooling Type 
 Air, Water Jacket, Rotor Fluid, Slot Oil, Oil Spray ……  
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50kW Ferrite and 100kW Nd-Fe-B IPM motors 
Hairpin windings 
EV range over 50 miles but no fast charge 

 
 
 
 

Chevrolet Volt (Generation 2) 
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125kW NdFe-B- IPM Motor 
18.8 kWh lithium iron battery (range extender 

option) 
Around 80 mile range  
New model has 1.5 range with larger battery 
 

BMW i3 
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Twin 60kW electric motor 4WD with 2.0-liter gasoline engine 
Around  30 mile range on electric - published value (less in practice)  
Can work in pure EV, series hybrid and parallel hybrid modes 

 

Mitsubishi Outlander PHEV 



21 

Small low cost all electric EV 
Battery hire rather than purchase 
Around 100 mile range  
65kW wound field synchronous motor  

 
 

Renault Zoe 
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All electric BEV 
118 mile range 
85 kW 12,000rpm PM motor 
0 to 60 km/h within 4.2 seconds 
up to 100 km/h 10.4 seconds 
top speed electronically limited to 140 km/h (87 mph) 
single-speed gearbox 

 
 

VW e-Golf 
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31 mile electric mile range PHEV 
75-kW three-phase, permanent magnetic electric motor 
1.4-litre petrol engine 

 
 

VW GTE 
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31 mile EV range PHEV 
multi-speed transmission 
102-hp electric motor 

 
 

Audi A3 e-tron 
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Radial Flux PM Motor 

Source: ORNL, US DE report 2012 

Hyundai / Sonata 
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 Joint venture Bosch – Daimler 
Dimensions and weight  
 Stator diameter 138 mm  
 Length of active parts 80 mm  
Casing diameter 162 mm  
Housing length 185 mm  
Weight 14 kg  

Performance  
Operating voltage max. 300 V  
Mechanical Power max. 20 kW  
Torque max. 55 Nm  
 Speed ​​max. 18,000 1/min  

 

EM-Motive (information in public domain) 
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 Direct drive solution 
 Outer-rotor BPM motor 
 75kW Peak, 54kW Cont. 
 420mm OD, 115mm long  
 Each motor is controlled independently 
 Retrofit possible 
 Mahle PHEV shown 

 

Protean Electric – In Wheel Motor 
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Toyota PRIUS 

Measured Efficiency Map Motor-LAB Calculation 

 Validation based on Toyota 2004 Prius 
test data from ORNL published at 
between 2004 -2012 
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High Performance Motorsport Motor 
High torque density motor for motorsport 

On-Load Open Circuit Iron Loss (On-Load) 

Magnet Loss 
(Over One Cycle) 
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High Performance Motorsport Motor 
High torque density motor for Motorsport 
Used in Ariel Hipercar 

On-Load Open Circuit 
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All electric BEV 
124 mile range 
80kW IPM Motor 

 

Nissan LEAF 
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TESLA Model S  
 Data from teardown analysis of the Tesla Model S electric motor 
 Copper rotor induction motor with potted end windings and water 

cooled stator and rotor  
 

 
 

http://auto.naver.com/car/image.nhn?yearsId=29834
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Summary 
 Electrification is driving forward the development of innovative designs for 

electrical machines 

 Automotive HEV more dynamic and easier to implement – mass production in 
most OEMs by 2020-2030 

 Aerospace more restrictive due to technology risks (battery limitation) and 
market demands. 

 Traction, power generation and auxiliaries in aerospace, automotive are 
possible applications 

 Mainly permanent magnet technology is currently developed, but significant 
interest in induction and reluctance machines 

 Copper, as best solution cost and electrical conductivity is part of design process 
in windings with high fill factor (all) and cage rotors (induction machines only) 
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Joint Motor Actions ECI – proposals from MDL 

• Tutorials on electrical motors and copper element at various expos and conferences 
• Series of white papers on copper role in energy conversion systems 
• How can we link industrial knowledge with academia curriculum? Open 

sessions/seminars at Universities?  
• Edit a book on electrical machines with focus on copper element: windings, rotor 

cage, superconducting, banding; multiple authors/experts 



Thank You. Questions? 

Motor Design Ltd 
5 Edison Court | Wrexham | LL13 7YT |  UK 

Tel. +44 (0)1691 623305 
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