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Background and motivations



Synchronous reluctance (SyncRel) machine

Design of synchronous reluctance and permanent magnet
synchronous reluctance machines for electric vehicle application
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* SyncRel machines vs PM-based machines: Specd (krpm) Speed (krpm)

- lower torque/power density, cycle efficiency
- limited performance at high speed operation
- higher torque ripples across operating range
- design optimization can be more challenging

* Rare-earth free / reduced rare-earth based
PM used to boost performance
(PMaSyncRel)

- ferrite, dysprosium-free Neodymium magnets

SyncRel PMaSyncRel
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SyncRel desigh optimization

* Challenges: 3
- Discrete number of flux barriers / flux guides
- Variety of barriers’ shape (fluid, circular, ...)

- Many parameters due to complex rotor geometry
- Conflicting performance across the design space

* Methods:

- as of today: parametric optimization using CAE data

- avenue: shape optimization using CAE and CAD data
Flux guide

Tangential rib

Radial rib
Flux barrier
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Proposed workflow

* Workflow that combines Ansys Motor-CAD
(MCAD) Neural Concept Shape (NCS) tools:

- MCAD is an integrated multi-physics design
software mostly used for the concept design
stage of electric motors.

- NCS builds CAE and CAD-based predictive
models from deep learning technology that
can be used for design optimization.

* NEURAL

CONCEPT

* Input CAD and CAE data are generated by
MCAD and used by NCS to build accurate
deep learning models.
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NCS pipeline overview

* NCS does not work from a parameter
space but from the design shape directly.

* Potential benefits with respect to more
conventional parametric optimization :

- go beyond the initial parameter space and
get out-of-the-box design geometries,

- reduced computations times and increased
accuracy from predictive models.

* NCS pipelines split into tasks from the
dataset definition to design optimization.

©2024 ANSYS, Inc.

DATASET-DEFINITION
1

demo NEURAL
CONCEPT

CONVERSION
1
demo

PROCESSING
1

demo

VISUALISATION
check
demo

TRATING ‘ » Optimization

demo

Powering Innovation That Drives Human Advancement \nsys



\nsys

SyncRel motor use case



Specification

* Requirements:
- Peak performance across speed range
- Rotor mechanical stress at high speed
- Thermal and electrical limits

- Rotor and stator active space envelopes

* Goals:
- Minimum torque ripples @ 5krpm
- Maximum peak power @ 16krpm

Maximum speed
Operating temperature
DC bus voltage

Peak phase current
Active length

Stator diameter

Split ratio

Airgap

Peak torque

Peak power

Peak stress @ 18krpm

rorm

°C

Arms
mm
mm

-]
mm
Nm
kW
MPa

16000
80
720
460
200
220
0.67
0.7
> 300
> 200
<450
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Flux Density vs Magnetic Field for N27 0.27 strip
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Dataset definition
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json) and CAD (*dxf) data are created

from MCAD and imported into NCS.
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MCAD parameterization

* Rotor parameterization:

- ratio-based parameterization to
leverage a large initial design space,

- custom parameterization through
customized python scripting.
* Rotor parameters varied:

- flux barriers’ shape / dimensions,
- ribs’ dimensions (radial / tangential),
- lamination corner rounding.
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ﬁ Ansys Motor-CAD v2023.2.1 (MCAD_ref.mot)*

File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

OGeometry lDWinding ] Dﬂ Input Data ] 'HH' Calculation ] @ E-Magnetics ] =z Output Data ] EGI’ED"'IS ] E;Sensiti\r'rty ] °Scripting ]
@ Radal | Avial | b Viewer |3 |

Slot Type: Parallel Slot ~ | Rotor Type: | Interior U-Shape

Stator Ducts:| None ~ | Rotor Ducts: | None ~
Stator Parameters Value Rotor Parameters Value | ~
Slot Number 54 Pole Number 6
Tooth Tip Depth 0.6 Rotor Lam Comer Radiu:| 1.5
Tooth Tip Angle 10 Notch Depth 0
Barier Layers 4
L1 Bridge Thickness 0.8
L1 Outer Angle Offset -5
:L1 Outer Thickness 5
L1 Outer Post 0
L1 Outer Post Offset 0
L1 Inner Thickness 10
11 Inner Post n_lv
Ratios Scale Walue
Slot Width 053
F Slot Depth 05
Slot Opening 0.85
~  Sleeve Thickness 0
= Rotor Lam 6636
—  Banding Thickness 0

K& EE
ﬁ
)

Shaft
Shaft Hole
@ L1 U Magnet Web Thickness

Selected Ratio:

Constraints: Dimension:

Check

Length (-20.63.111.60) m 20 June 2023

Redraw
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MCAD simulation

* A python script automatically runs a sequence of analysis within Motor-CAD modules.
START =

Coupled -

END

Geometry EMag FEA Rotor stress
*dxf Geometry
creation checking
Welights Saturation Peak Operating _ Torque
model performance point calc. ripples
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Conversion, Processing & Stats

* Conversion: converts the dataset into a
format that can be consumed by the
predictive models.

* Processing & Stats: prepare the data for
the training task and allow to remove
outliers, if any:

- physics outliers: inconsistent and or out-of-
distribution CAE data.

- geometric outliers: broken or invalid design
geometry.

15 ©2024 ANSYS, Inc.

DATASET-DEFINITION
1

demo

CONVERSION
1
demo

PROCESSING
1

demo

VISUALISATION
check
demo

TRAINING
1

demo

Powering Innovation That Drives Human Advancement \nsys



Physics outliers

* Qutliers can be detected to get consistent distributions of data

* In this workflow, only few sample were removed from the dataset.

~ (@ scalars.Torque_Ripple_MsVw_percent_16000rpm v (@ scalars.peak_Shaft_Torque_MaxValue ~ (@ scalars.peak_Shaft_Power MaxValue
Thresholds: Thresholds: Thresholds:
-115.461 - 231.029 I 141,410 - 381,553 B 102164734 - 268774.22;
Apply Reset Apply Resat Apply Reset

~ scalars.peak_Shaft_Torque_MaxValue  scalars.peak_Shaft Power MaxValue

* scalars.Torque_Ripple_MsVw_percent_16000rpm

Threshalds: Threshalds:
Thresholds: _ 250k
Jo0k . —— 100,309 - 361.093 I 152930.066 — 2526502711
I | 6,086 - 126.811 300
150k ApplY Reset 200Kk Apply Reset
Apply Reset
150k
200 .
100k
. 100k
100
50k 50k
350
. . . 0 . 0 . 240k
100 300 220k
80 200k
o 250
180k
. 40
L]
outliers . 160k
20
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Visualization

17

* Shows the data processed for the training.

L AL L L BEe o m ok

Visualization of 10 samples in NCS
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Training

* Predictive models are produced using
machine learning algorithms:

- one deep learning model is trained to
predict performance from an input shape,

- another one learn the geometric features to
create new shapes.

* Confidence indicators can be used as
forecast quality measures.
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Performance predictions

Prediction

Max stress
rz=0.929
6000
4000
2000
i)
u] 2000 4000 6000

Ground Truth
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300
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200
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240k

220k

200k
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180k

160k
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Optimization

20

* The predictive models for the motor rotor
geometry and performance are combined
to perform a multi-objective optimization:

- optimization algorithm: genetic
- population size: 500

- evolution steps: 50
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Solution space
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{"Rotor_ Lanlﬁatlod Stress_max 18 OOOIEH L pred”: 429.161804193213753,

"Stress Av Max pred" 3el.
"Stress_Av_Max var_pred” 6 6E 375,
"Torgue_| Rlpple Mst perce1t S000rpm pxed". 16.973330337524414
"Torque Ripple MsVw percent_ SOOOIpn vVar |
"peak Shaft_Power_ l&000rpm pred” 3
"peak Shaft Power 1&000rpm var pred'
"peak Shaft Power MaxWValue pred": 22
"peak Shaft_FPower MaxValue var_ pred"
"peak Shaft Torgue HaxValae _pred”:

"peak Shaft Torgue MaxValue var pred":

Example of result files from NCS

©2024 ANSYS, Inc.
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50

40

30

20
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—120k

Pairwise Pareto fronts per iteration

—110k
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Iteration 47
Iteration 48
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Validation

* Shapes from the deep learning-based optimization are sent to MCAD for validation.

* Samples are loaded and simulated using the adaptive template functionality (2024 R1).

File Edit Model MotorType Options

O Radal | B adal 1o Edeor |0 30 |

ﬁ Ansys Motor-CAD v2024.1.1 (Design213.0.mot)*

Defaults  Editors  View Results Tools Licence Print Help

&) Geometry
v B standard

v @ Armature
# Stator
O ArmatureSlotF1
O ArmatureSlotAl
O ArmatureSlotB 1
@+ ArmatureSlotC1
£ ArmatureSlotD1
£ ArmatureSlotE1
& Statorwedge
£+ StatorAir
@ Field
& Rotor
Flux_barrier_1
lux _barrier_2
Flux_barrier_3
Flux_barrier_4

OGeometry Io.&dapﬁve Templates I m Adaptive Parameters I °Seﬂings ]

OGeomam' lDWinding ] Dﬂlnpm Data 1 NH Caleulation 1 @ E Magnetics I 2| Output Data I gﬁraphs I EGSensitmity ] OScnpting 1

# Ansys Motor-CAD v2024.1.1 (Design0001.mot)*

File Edit Model MotorType Options Defaults Editors View Results Tools Licence Print Help

ECSensm\r'rty ] °Su1'pting ]

OGecmetry lDWinding ]Dﬁ Input Data ] HH Calculation I @ E-Magretics 1 =] Output Data ]gGraphs
O Radid | E Adal | b Edtor | w030 |

Slot Type: | Parallel Slot ~ | Rotor Type: | Inset Radial v
Stator Ducts: | None ~ | Rotor Ducts: | Mone ~
Stator Parameters Walue Rotor Parameters Value

Slot Number 54 Pole Number 6
Tooth Tip Depth 0.6 Motch Depth 1]
Tocth Tip Angle 10 Banier Thickness 1]
duf_file_number 0 Banier Segments 1

Airgap 07
Ratios

= Stator Lam Dia (dimension)

Flux_barrier_5 Stator Bore
Flux_barrier_& Slot Width
-] O Barrier Slot Depth
@ other
Slot Opening
Sleeve Thickness
Rotor Lam
Banding Thickness
Shaft
Property Value Unit Index | Entity Type Point 1 Point 2 Unit Shaft Hole
Magnet Arc 0.827
Selected Ratio:
Stator Lam Dia:
Constraints: Dimension:
l:l Geometry Parameterisation: Draw plate Draw base
(O Dimensions (®) Ratios Check Redraw Draw Cooling [] Draw DQ
Length (23.17,62.32) mm 6 March 2024 WWW.3NSYs.Com Length (-118.5,107.6) mm 15 January 2024 WWW.3N5Ys.com
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|\/| CAD p red iCtiO NS Performance across the Torque ripples @ 5krpm vs Peak power @ 16krpm*
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Conclusion

* The rotor of a SyncRel motor was optimized for minimum torque ripples and
maximum power within strong electromechanical requirements.

* The design optimization workflow combines the deep learning technology of
Neural Concept with the multi-physics simulations of Ansys Motor-CAD.

* The predictive models trained on Motor-CAD CAE and CAD data were used by
a genetic algorithm to find optimal shapes for the desired requirements.

* Pareto design solutions were sent to Motor-CAD for validation and results
showed a good agreement with Neural Concept Shape predictions.

<

NEURAL
CONCEPT
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Next steps

* Import the MCAD validated CAE and CAD data into NCS for improving
deep learning models along with optimization results.

* Automate the workflow as much as possible, especially the MCAD-
NCS coupling at the data definition and validation stages.

* Apply this innovative motor design optimization workflow to:
- other machines types, e.g PM-based motor topologies,

- the detailed design stage, e.g fine-tune air pocket for reduced NVH.

EURAL
ONCEPT
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