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I N T R O D U C T I O N

Status E-Motor Market Market & Research Responses

EEAFM
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Technology trends and future scopes [1]
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Magnet price development [2]

• Increasing BEV demand worldwide

• High price volatility 

• 6% lower GWP of EESM vs PMSM [2]

• Strategic dependency from China [3]
•98% of rare earth material
•85% of magnets

Scenarios for global EESM market 2030 [2]
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Highest growth
in E-machine 
patent share [3] 

ASM: ASynchronous Machine, PMSM: Permanent Magnet Synchronous Machine , EESM: Externally Excited Synchronous Machine, AFM: Axial Flux Machine, EEAFM: Externally Excited Axial Flux Machine

Geopolitical situation
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I N T R O D U C T I O N

EEAFM: Externally Excited Axial Flux Machine, PMAFM: Permanent Magnet Axial Flux Machine

BenefitsExternally Excited Axial Flux Machine (EEAFM)

• Rare earth free topology 
Sustainability increased (CO2 potential)
Supply chain risks decreased
Cost risk reduced

• Wide constant power region

• No functional safety issues

Challenges

• Temperature and load dependent rotor copper losses 
thermal behaviour

• Additional weight due to rotor coils
Bending 
Mechanical failure

• Simulation time 

• Scalability

Stuttgart 01/10/2025
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EMAG DESIGN

• 2D FEM calculation –
30x Speed up compared to 3D

• AC and PWM losses included
• Gear ratio based

optimization workflow
• Target: WLTC efficiency

Multiphysics in the design procedure
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I N T R O D U C T I O N

THERM

EMAG

MECH

MECHANICAL DESIGN

• Innovative 2D approach to include in Multiphysics 
optimization

THERMAL DESIGN

• Direct oil cooling for stator winding
• Self ventilated rotor (air) cooling 
• Thermal network adaptable all parameter variations 

validated with CFD
• Drag losses based on CFD 
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Mechanical FEM models [6]

EMAG FEM models [4,6]

Schematic fluid flow [5]Powersys



System optimum
Time efficient analysis in 

JMAG Analysis Group

Structural limitation
Deformation at overspeed

Performance
Peak Requirements

Powertrain setup
Gear ratio variation

Efficiency
WLTC, Windage losses

Multiphysics design optimization - Setup
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I N T R O D U C T I O N
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Influence on machine design
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Map comparison 

2D vs 3D FEM comparison
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E L E C T R O M A G N E T I C S

• Discrepancy in maximum torque prediction 
(2D>3D)

• Efficiency differences rather small 
(wide area −0.1% < ∆𝜂𝜂 < 0.1%)

• WLTC points in partial load area majority 
of points within low difference area

• Accumulated losses in duty cycle

2D FEM suitable for fast 
EMAG optimization
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Efficiency difference EEAFM - 2D FEM vs 3D[6]2D FEM [6]Powersys



WLTC loss distribution

Typical WLTC loss distribution
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E L E C T R O M A G N E T I C S

Both machine types 

• With self ventilated rotor 

• In RSR config

• Same performance target

• Loss shares normalized to individual total 
loss amount

EEAFM 

• Increased windage losses 
 ventilating surfaces

• Iron losses reduced 
 rotor field control)

• Copper losses major parts 
 reduction leads potentially to increased 
mass 

• PWM losses show only little significance

• AC losses also of high importance 
Especially Stator

1) Rotor Stator Rotor

Optimization should focus on copper (AC+DC) and drag losses
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Cycle efficiency – Loss distribution EEAFM vs PMAFM[6]Powersys
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Windage loss estimation
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F L U I D  D Y N A M I C S

CFD DoE Data Analysis & Fit Function (Parameters in [6])
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Empirical expression for windage losses for JMAG

Very good fit to 3D CFD results

Air outflow

Air inflow  

Airflow 
between 
Housing and 
Rotor carrier Slot 

airflow

Airgap airflow

Rotor air flow [5]
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“Classic” 3D model 
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S T R U C T U R A L  A N A L Y S I S

Evaluated 

• Deformation at overspeed (1.2 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚,𝐸𝐸𝐸𝐸)

• Stress at burst speed (1.2² 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚,𝐸𝐸𝐸𝐸) 

Contacts

• Carrier-yoke bonded contact

• Remaining contacts pairs friction

Linearized and isotropic material models

Normalized (individual material limit) von-Mises stress distribution

Maximum stress 
𝝈𝝈𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹,𝒎𝒎𝒎𝒎𝒎𝒎

Maximum airgap 
axial displacement

 ∆𝝐𝝐𝑨𝑨𝑨𝑨,𝒎𝒎𝒎𝒎𝒎𝒎
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3D structural model [6]

Maximum stress in rotor carrier

• Mainly radial and tangential components 

Rotor deformation

• Mainly axial and radial

Axial displacement in airgap 

• worsening EM performance

• main deformation part 

Structural FEA model constraints

Findings

+ Accuracy FEM 
benchmark

- Long simulation 
durationPowersys



2D Simulation proposal
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S T R U C T U R A L  A N A L Y S I S

Contact and material identical to 3D

Discretized load constraints

• Face centred nodes (1-6)

• Load as equation-based node forces [6]

• Shell thickness based on tangential expansion [6]

2D FEM model setup in r-z plane
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2D structural model [6]

Shortened simulation duration

• 30 min 3D to seconds in 2D

• fitting large scale DoE or optimization

Decreased accuracy

• Mathematical improvement needed 

Setup

Findings

𝑡𝑡𝜑𝜑,𝑖𝑖

𝐹𝐹𝑐𝑐 ,𝑖𝑖

Shell 
thickness

Centrifugal 
force 

constraintsPowersys



Statistical analysis of 2D 3D difference

Lukas Kirzinger, Schaeffler / Public 15

S T R U C T U R A L  A N A L Y S I S

2D vs 3D DoE
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Maximum Axial (Airgap) Displacement vs main parameter

Transfer function improves accuracy
Easy implementation into JMAG 

2D 3D Transfer function for implementation in JMAG [6]Powersys



Multiphysical optimization
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JMAG Analysis group setup – combining all phenomena in one co-simulation [6]
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M U L T I P H Y S I C A L  O P T I M I Z A T I O N

Parameter setup:

• Geometrical variation

• Definition of gear ratio

Operation point calculation:

• Full load point  Peak 
constraints

• Partial load points  Efficiency

Analytical Equations:

• DC resistance  copper losses

• Equations for friction and 
windage losses

Constraints:

• Gear ratio and requirement 
dependent

AC loss calculation:

• Partial load efficiency

Mechanical simulation:

• Focus bending rotor

• Improved by transfer function

Optimization targets:

• Geometry suitability

• Feedback loop for new 
geometries

• Collection of results

Stuttgart 01/10/2025
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Results
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M U L T I P H Y S I C A L  O P T I M I Z A T I O N

Tendency for “mid” – “low” gear ratio

Valid Design Space – Axle Requirements
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Design Space Analysis – voltage vs peak torque requirement [6]

Structural limitation
Deformation at overspeed

Performance
Peak Requirements

Powertrain setup
Gear ratio variation

Efficiency
WLTC, Windage lossesPowersys



Results
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M U L T I P H Y S I C A L  O P T I M I Z A T I O N

GO: Grain Oriented Electrical Steel, NGO: Non-Grain Oriented Electrical Steel

Pareto Front – Optimum Efficiency

Ensuring mechanical feasibility with optimum 
powertrain setting 

Stuttgart 01/10/2025

Pareto front – benchmark efficiency vs airgap enlargement [6]

Structural limitation
Deformation at overspeed

Performance
Peak Requirements

Powertrain setup
Gear ratio variation

Efficiency
WLTC, Windage lossesPowersys
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Summary
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Simulation time effective 

optimization for EEAFM

Targeting major issues of 

machine topology

New 2D calculation methods

Cycle analysis shows relevant 

losses  included and 

minimized in optimization

Workflow enables investigation 

on optimum gear ratio

Increased feasibility of future 

design by ensuring structural 

integrity

Stuttgart 01/10/2025
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LET’S START
THE CONVERSATION
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