
This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No GA
101096097. Views and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European Union. Neither the
European Union nor the granting authority can be held responsible for them.

Comprehensive EM Design and 
Analysis Framework: Multiphysics 
Challenges in AF Machines for 
Automotive Applications

Abderrahmane Rebhaoui, Emotors

Carles Oliet, Universitat Politècnica de Catalunya 

Claudiu Cotovanu, 4Multiphysics



01 Analysis 
framework



3

NEW LIFE CYCLE APPROACH

Extending the Requirements based on 
CE and sustainability principles

Improving next design based on product 
lifecycle data and EOL experience

Extending the product lifetime based on 
predictive maintenance implementation, 
supported by condition monitoring and 
DT technologies
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AFPMSM V-cycle design methodolgy

Multi-attribute network context:

Optimizing multi-attributes objectives

Finding the best trade-offs between all the objectives
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WORKFLOW AND CONCEPTS
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Electromagnetic Challenges : Design process
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Electromagnetic Challenges : electric machine design
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Electromagnetic Challenges : electric machine topologies

➢ Conventional structure
➢ Generally used in hybrid and electric vehicles for several years now 
➢ As well as small machines in cars ( alternator, starter...) 

➢ Innovative motor structure
➢ Used recently in several sports' vehicle (ex. Ferrari, Jaguar, Koenigsegg)
➢ Car manufacturers looking to exploit this new type in the near future
➢ Several studies have been carried out in recent years: Mercedes, Renault, etc.
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Electromagnetic Challenges : electric machine – rotor structure
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Electromagnetic Challenges : electric machine parts

Active parts

Inactive parts
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Electromagnetic Challenges : electric machine – axial flux
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Electromagnetic Challenges : electric machine – axial flux

Dual rotor structure : low WLTP losses
-> low stator material

Dual stator structure : high continuous density
-> simple stator cooling

Compromise : 
Increasing torque density -> degrades the efficiency

Relative impact on the electric machine losses
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Electromagnetic Challenges : electric machine – axial flux

Increasing N°
turns

Increasing 
Conductors 

section

Increasing 
Mag circuit 

weight

Non conv. 
Mag circuit 

material

Increasing P-
magnet weight

Increasing P-
magnet HRE

Increasing 
geometric 

dimensions

Increasing the 
airgap value

peak torque 
requested

improves degrades improves improves improves improves degrades

Max speed 
requested

degrades / / / / degrades /

Peak power 
requested

degrades / / / improves / improves degrades

Smooth operation degrades / / /
Degrades

(SC-current)
improves / improves

High torque 
density

improves degrades degrades improves improves / improves degrades

High WLTP 
efficiency

degrades improves improves improves improves / degrades improves

Low critical 
materials

degrades degrades degrades Degrades + Degrades + Degrades + degrades /

Cost / degrades degrades degrades Degrades + Degrades + degrades /
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Thermal Challenges: overview

Requirements on electric machines, in particular in automotive 

applications and for axial machines are pursuing an increase in 

power density. This summarizes our thermal challenge: 

1. Higher power -> higher losses

2. Less volume -> higher concentration of dissipation heat

Three actions to handle it:

1. Reduce the losses

a. In the magnets by applying segmentation

b. In the stator by changing conductor topology

2. Optimize the cooling design

a. Combine in the best way the cooling fluids available to cool stator, rotor and power electronics

b. Analyse local heat transfer interactions to maximize heat transfer coefficients and temperature differences

c. Adapt the vehicle interface to extend cooling fluid options, temperature or mass flow limits

3. Change material grades/composition

a. Increase heavy rare earth in magnets to extend their temperature range

b. Use highest conductor grade to withstand higher temperatures

[ROB23] Robinette, D. Electric Motor and Transmission Integration for Light-Duty Electric Vehicles: A 2023 
Benchmarking Perspective and Component Sizing for a Fleet Approach. Vehicles 2023, 5, 1167–1195
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Thermal Challenges: dual-stator

Main thermal problem related with the trapped rotor 
between the stators. Difficulties of access and reduced 
space.

Cooling by air creates issues with required density, as is 
typically a bulky solution. Dirt issues also to take into 
account

Cooling by high thermal conductivity inserts has strong 
constraints in terms of electromagnetic interaction, 
creating additional losses or disturbing the motor 
performance. Mechanical features of the disk also can be 
jeopardized by the inserts. 

Cooling internally by other fluids has problems related 
with management of centrifugal forces and leaks.

Cooling externally by other fluids have issues of 
available space (direct impact on air gap), air gap 
clogging and increased friction losses. 
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Thermal Challenges: dual-rotor

Main thermal problem related with the trapped stator 
between the rotors. Difficulties of access and reduced space.

Three main issues: 

1. Difficulties in extracting the losses in the inner radius zone

2. Space between tooth very limited to allow cooling fluid 
access

3. Iron losses trapped by surrounding coil losses

Cooling by high thermal conductivity inserts has again strong 
constraints in terms of electromagnetic interaction, creating 
additional losses or disturbing the motor performance.

Cooling internally by fluids has problems related with electric 
contact, flow distribution, homogeneity and leaks.

Cooling externally by other fluids have issues of available 
space (direct impact on air gap), air gap clogging and 
increased friction losses. From housing cooling, big difficulties 
in reaching inner areas. 
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Mechanical Challenges: rotor

Rotor design for the dual-stator topology:

• We must use non-magnetic and non-conductive materials such 
as peek, peek + glass fibre, peek + carbon fibre, etc.

• These materials have low density (positive aspect), but also, low 
structural integrity. Issues with bending of the rotor due to axial 
forces and issue to retain the magnets radially due to centrifugal 
loads.

Rotor design for the dual-rotor topology:

• Rotor disk deflection is an issue:

o At low speed / high torque / high axial forces → the rotor is 
bending towards the stator.

o At high speed / low torque / low axial forces → the rotor disk is 
opening.

o Therefore, passing successively from low speed to high speed 
and vice-versa, it induces fatigue loading into the rotor disk; 
also, transient phenomena must be addressed.

Yokeless 
rotor
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Mechanical Challenges: rotor

Magnets:

• For the dual-rotor topology, magnets are subjected 
to high speed / centrifugal load, and to axial pulling 
force from rotor-stator electromagnetic forces at the 
same time. Therefore, another concern when 
assessing the SPM (surface-mounted permanent 
magnet) rotor is the peeling of the magnets and the 
additional stresses induced in the magnets.

• This effect is even worse when segmentation is 
applied; there is a higher risk of magnet debonding 
due to centrifugal loading and axial forces in the 
cases with segmentation than solutions without 
segmentation.
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Mechanical Challenges: stator

Stator design for the dual-stator topology:

• Several possible design identified: fully rolled-lamination stator, fully SMC (Soft 
Magnetic Composites) stator, or hybrid solution (lamination + SMC).

• A fully rolled lamination stator poses challenges related to delamination of the 
yoke.

• A fully SMC stator poses challenges when mounted inside the housing/flanges, 
due to the brittle behaviour of the material.

• A hybrid solution poses challenges when assembling rolled lamination yoke with 
SMC teeth, due to low structural stability of SMC and assembly 
process/tolerances.

Stator design for the dual-rotor topology:

• Challenging design because of the possible materials for holding the yokeless 
stator, which must be, again, non-magnetic, and non-conductive.

• Therefore, difficult fixation and low stiffness for the yokeless stator, especially in 
the axial direction.

• Consequently, poor dynamic behaviour is also an issue that must be addressed.

Yokeless 
stator
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Mechanical Challenges: airgap control & bearings design

Airgap control:

• Depends on the electromagnetic forces, bearings (size, axial preloading, axial stiffness, arrangement), parts tolerances, 
and assembly process (with chains of tolerances that might be long due to the axial stacking of components, which 
generate different airgap values).

• Bearings play a key role in maintaining equal air gaps.

• Asymmetrical airgap values = dynamic unbalance.

Bearings design:

• Uniform air gap = no external axial load on the bearings; however, due to manufacturing and assembly tolerances, it is 
more realistic to have an asymmetric air gap, significant axial forces would develop.

• Another critical aspect is the temperature (external load). As the temperature increases, the shaft undergoes thermal 
expansion, which reduces the bearing's internal clearance. This can lead to high internal pressure between the rolling 
elements and the raceway, increasing the frictional moment and damage the lubricant properties.

• The bearing size is determined by critical speed rather than the load magnitude.

• Proper management of the preload magnitude helps reduce noise levels, enhances running accuracy, and maintains 
precision of the axial air gaps in the machine. 
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CONCLUSIONS

These challenges must be addressed through:

• A multi-disciplinary approach, synchronising electrotechnical, thermal and mechanical design loops, but 
also with respect to materials, manufacturing processes and cost.

• Close collaboration between teams.

• Use of suitable tools (analytical methodologies, Multiphysics simulation tools, testing facilities for results 
validation).
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