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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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Electromagnetic
Structural

Thermal

Multiphysics & multilevel
‘V’-design cycle

Multi-attribute network context:

)\/ Optimizing multi-attributes objectives

)\/ Finding the best trade-offs between all the objectives
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Analytical
pre-design

Electromagnetic
calculation using finite
element software

Performant electric machine
FE mOEf__‘_f,. High efficiency, high density,
Low cost, Eco...

Multi
physics

Mechanical Thermal
calculations calculations
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) Electromagnetic Challenges : electric machine design

N\ \

Main performances : Parametric study : Confirme the main performances :
- Torque, Flux, voltage, Power... - Rmax, Rmin, Nturns, Imax... - Torque-speed curve
Main parameétres : - PM dimensions Final choice of structure :
- Rmax, Rmin, Nturns, Imax, PM... - yoke / tooth dimensions - Performances calculation
Choosing the best salience : - Choosing the best salience
- Best saliency ratio (Ld/Lg) Calculate the main performances :
- Better flux-weakening - Torque, Voltage, Power
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Rotor 2

Stator

Winding =
Copper coil =1
(({(edt
Permanent
Magnets
Copper coil
A § 7 ¥
Radial flux motor Axial flux motor
»  Conventional structure Innovative motor structure
»  Generally used in hybrid and electric vehicles for several years now
>

As well as small machines in cars ( alternator, starter...)

VVVY

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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Induction motors Wound rotor motor

not expensive without rare materials (magnet)

easy to make good efficiency

Ex. Tesla, Audi... Ex. BMW, Renault...
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PM motor
compact

high efficiency
Ex. Toyota, Stellantis...




) Electromagnetic Challenges : electric machine parts

Dual phase material

Nano<crystalline alloys

Soft magnetic composites
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Inactive parts
Frame L l ‘ Fan Carbon steel
Cast ron Aluminium  Steel Shaft Stainless steel
Plastic Aluminium

B ' Sulfurized steel

Heat treated glass

Insulation fabric (>180°C) #

Glass fabric vamished

Cotton laminates
(<120°C) »

" 192] (<1S5°C)»

Polyester |

Mica with resins (<180 °C) # with resins (<180 °C) #

> Aramid (<220 °C) #
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Stator
Concentric winding

Stator

Distributed winding
iServical stator for the ) propoesd roton

A

Epoxy/Peek

Double stator

IPM_i IPM_V

Double rotor structures (SPM, IPM-1 and IPM-V) - Double stator structure (coreless rotor)
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Dual rotor structure : low WLTP losses

—— 2 stators structure -> low stator material
=== 27 rotors structure

8 5 8

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

Compromise :

WLTP|osses (W)

200 Increasing torque density -> degrades the efficiency
oo Core material I
Winding material
ﬂﬂ 5L 1.1} 15 1] a5 Permanent magnet EEEEE
Continuous Torgue density (N.m/kg) Stator and rotor geometrics  I————
Air gap I
Manufacturing process IR
Temperature level I——
Fan efficiency I
Manufacturing tolerances |INEEEEGEG_G____————_—_
0 0.2 0.4 0.6 0.8 1

Relative impact on the electric machine losses
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Voltage (V)
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Requirements on electric machines, in particular in automotive o £ o o, SR 1 .
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.Sonata
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Three actions to handle it: [ e
W Current Gen LD EM only
L %  Current Gen complete ETOU | |
1. Reduce the losses ; S Ce —— ] M,
. . Volmetric Power Density (kW/L)
a. In the ma nets by applylng Segmentatlon [ROB23] Robinette, D. Electric Motor and Transmission Integration for Light-Duty Electric Vehicles: A 2023
b In the Stator by Cha nging COHdUCtOI’ tODOIOgV Benchmarking Perspective and Component Sizing for a Fleet Approach. Vehicles 2023, 5, 1167-1195

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
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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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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. lIron 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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Yokeless
Rotor design for the dual-stator topology: rotor

e 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:

e Rotor disk deflection is an issue:

o Atlow 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.

N4 Funded by )
MA>ZIMA - the European Union #MIDMAXIMA 4 March 2025. Santiago de Compostela



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.

e 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.

Magnet Segmented magnet Segmented magnet
No segmentation Horizontal Honeycomb
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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).

 Afully 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 Yokeless
SMC teeth, due to low structural stability of SMC and assembly -
stator

process/tolerances.

Stator design for the dual-rotor topology:

e 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.

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

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

* Asymmetrical airgap values = dynamic unbalance.

Bearings design:

e 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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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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