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Background & Motivation

= Challenge: Permanent magnets (PMs) are expensive,

alternative

topologies (e.g., SRM, induction, or ferrite-based iInes) suffer from

lower continuous power density and efficienc

= Approach: Instead of abandoning PM tec
motors with cost as the primary objec

= Core Goal: Achieve the lowest possible to
— Continuous torque & peak torque
— Continuous power & peak power at 10,00
— Current density limits for EM, then verify in

r density

Y.
@e optimize PM

cost while satisfying:

requires careful thermal-

= Key Insight: High-continuetissp
electromagnetic co-desig @ full FEA thermal analysis is slow.

Q



Key Requirements

Peak Torque 310A
Peak Power

Continuous Torque

ding/Magnet Temperature

Coolant Temperature

12000 rpm
150 kw
650 V
230 mm
220 mm

Water Jacket

160C

50C



Overview of Proposed Workflow

* Define design space
— Slot/pole combinations, dimensions, current density and stress limits

ROM-based EM and structural analysis

— 2.x hours per slot- pole combination for ~3600 cases
— Fast screening of electromagnetic performance meeting the stres

Select top 4 slot-pole combinations
— Based on lowest cost + meeting EM requirements

= Detailed thermal analysis (for each of nd]

= Final selection Winner = lowest tota

Int

tes for each slot-pole combination)

ermal feasibility




Define Design Space

Number of Poles 8
. . Number of Slots 48
= 19 Design Variables Stack Length 700250

for 4 Slot-Pole
Combinations

00~220
45~158

Stator Outer Diameter 200~2

Rotor Outer Diameter

Slot Width 2~4.5
Back Iron 10~20
Small Magnet Length 6~20
Small Magnet Widt 3~5
Small Magnet Posit 3~18
Small Magne 1~5 1~5
80~160 100~165
18~27 20~35
4~6 4~6
40~65 40~65
: g 1.5~5 1.5~5
Large Magnet Angle 70~150 100~165
Number of turns/Half Slot 3,4,5 3,4,5

umber of parallel branches 2,3,4 2,3,4

8
72
200~250
200~220
145~158
2~4.5
10~20
6~15
3~4.5
3~18
1~5
80~130
20~27
4~6
40~65
1.5~5
70~110
3,4,5
2,3,4

72
200~250
200~220
145~158

2~4.5
10~20
6~20
3~5
3~18
1~5
110~165
20~35
4~6
40~65
1.5~5
110~165
3,4,5
2,3,4



ROM-based EM Analysis and Structural Analysis

= Why ROM (Reduced Order Model) for the EM effi

— Traditional FEA-based optimization is too slow for large slot/pole search s S.
— 7 points (no-load, 50% and 100% peak current, [0,45,90] degrees)

= Key benefit for this project:

— Only 2~3 hours per (slot, pole) combination — hours inste

— Allows us to explore a large design space before committing@to thermal analysis

= Metrics extracted from ROM:
— Torque capability (continuous & peak) at 10Arms
— Power at 10,000 rpm at 250Arms an
— Loss components (copper, iron, PIM

— Estimated active material co ts, copper, and laminations)



8-Pole 72-Slot

= 4176 out of 4320 cases have valid geometries.
= 2070 cases meet torque, power, and stress re

8-Pole 72-Slot. Variable Density Distribution. Cost-effective Case: 4148

Turns/2 Parallel Branches Stack Length Stator

2 1 2[0
410 410 200.0 20R.

|

Rotor OD Large Magnet Width rge Magnet Distance 1
145 158 T.-:—s 1
15b.7 abo
Large Magnet Distance 2 Large Magnet Angle Small Magnet Length

1.5

5]

70 15

2" 81.8 612

Small Magnet Distance 1 Small Magnet D Slot Width

(5
=3
[=:]
=3
N

4.5

Back Iron Thickness

10 20




8-Pole 72-Slot
Conductors Parallel Stack Large Large Large Large Large Small Small Sma Small Small BackIron
perSlot  Branches Length StatorOD RotorOD Magnet Magnet Magnet Magnet Magnet Magnet Magnet Ma@net  Magnet Magnet SlotWidth Thickness
Width Length Disl Dis2 Angle Width Length sl Angle

4 S 125 )

10

5.9

9.8

—-200
9.7

9.6
—400

8.5

9.4

~600

9.3

9.2
-800

9.1

S
~1000

8.9
&8 - -1200

8.7
86 —1400

8.5
8.4 ~1600

8.3
8.2 ~1800

8.1

8 3 200.003 202.1 146.766 4.0006 18.0001 46.509 1.5272 70.641 3.0026 6.0007 6.51 1.4139 80.752 2.0017 10.2725



8-Pole 72-Slot

IMAG Builtin Drive. e
Cycle Points

Torque, Nm

Efficiency
= Continuous map
r m
— 250Arms, 650Vdc o —— &
- ! '.-'é!.r.:féilm, »»»»» Rl
— Max temperature for coil and magnets 160C - L
— Coolant 50C :
(I) lZOIOOl I40IOO' se'e%)lf)(:-/lmin ISOlOO' 'IO(I)OOI l12CID00
Continuous Operation Map
Efficiency
i —100
300-—_ L
200——
1 —95
i m
100 — 5 ; m §
Wl I} a g o1 i 90 2091 s o
o O T e B B 5 w2 B BB N me (R
-100—: = 'g °\°
) -85
-200-—:
-300—: [ -—80 10
s Salac e s ! T I D o e 0 2000 4000 6000 8000 10000 12000
(o} 2000 4000 6000 8000 10000 12000 Speed, r/min

Speed, r/min



8-Pole 48-Slot

= 4094 out of 4320 cases have valid geometries.

= 2246 cases meet torque, power, and stress requifements.

8-Pole 48-Slot. Variable Density Distribution. Cost-effective Case: 4146

Turns/2

(2]
(=] "i
o

Rotor OD

145 58

Y

|

15k.6
Large Magnet Distance 2
1T]:—5
1l

Small Magnet Distance 1

18

(5]

g

18.1

Back Iron Thickness

Parallel Branches

]
(=] i
-9

Large Magnet Width

ala

Large Magnet Angle
70 150

94.2

Small Magnet Distance 2

211

Stack Length
200 250
20h.4
Large Magnét Length
18 27

19.2

Small Magnet Width

3 4.5
3l
Small Magnet Angle
80 160
15b.6

Stator QD

20 220

;

20

Large Magnet Distance 1

40 65

Small Magnet Length

6 15
7l5
Slot Width
2 4.5
4l3

DANA

¢

1"



8-Pole 48-Slot

Conductors Parallel Stack
perSlot  Branches Length
iv S— 236
5.8 2.95
5.6 2.9
5.4 2.85
9.2 2.8
9 2.75
8.8 2.7
8.6 2.65
o
8.4 2.6 !
8.2 2.55 ‘ 2,'",.
I
8 2.5 224/
7.8 2.45 ?/22
20
7.6 2.4 i
7.4 2.35
7.2 2.3
7 2.25
6.8 2.2
6.6 2.15
6.4 2.1
6.2 2.05
6

202.148

200.007

145.321

Large
Stator OD RotorOD Magnet
Width

Large
Magnet
Length

Large
Magnet

Large
Magnet
Dis2

1.5016

Small
Magnet
Width

Small
Magnet
Length

Sm
Magnet
Dis

Small
Magnet

Small
Magnet
Angle

Back Iron
Slot Width
ot Thickness

Case

-500

—1000

—1500

—2000

12



Torque, Nm

8

-Pole 48-Slot

300

200

100

-100

-200

-300

Continuous map

— 250Arms, 650Vdc
— Max temperature for coil and magnets 160C

— Coolant 50C

Continuous Operation Map

Efficiency

% ‘fouapuz

o} 2000 4000 6000 8000 10000 12000
Speed, r/min

Torque, Nm

JMAG Built-in Drive

Cycle Points

Efficiency
400

200

Torque, Nm

—
6000
Speed, r/min

YT
4000

Eivi Map 310Arms

Efficiency

—100
—95
|
LS LS R l _gF JK
— 85
—80
2000 4000 6000 8000 10000 12000

Speed, r/min

—T
8000

% ‘AOuspwi3

T
10000

13

— 100
95
90

-85

—80

L)
12000

% ‘fdousapyy



6-Pole 54-Slot

= 4227 out of 4320 cases have valid geometries.
= 805 cases meet torque, power, and stress requir ts.

Turns/2

(]
o © i
4, ]

Rotor OD

145 158

140.9

Large Magnet Distance 2

4]

1.5

210

Small Magnet Distance 1

(%)
-
oo

Back Iron Thickness

10 20

Parallel Branches

‘ 4 220
210 B B

rge Magnet Distance 1
4#0
53.0
Small Magnet Length

6 ‘ 22
815

Slot Width

2 | 4.5
413

Large Magnet Width

100

mall Magnet Angle

14



6-Pole 54-Slot

Conductors
per Slot

8-
7.9
7.8
7.7
7.6
7.5
7.4
7.3
7.2
7.1
7
6.9
6.8
6.7
6.6
6.5
6.4
6.3
6.2

6.1

Large Large Large Large Large Small Small Smg Small Small
Parallel Stack ) Back lron
8 h L h StatorOD RotorOD Magnet Magnet Magnet Magnet Magnet Magnet Magnet gnet  Magnet Magnet SlotWidth Thick
ranches en ickness
8t Width Length Disl Dis2 Angle Width Length Dis1 52 Angle
3 A
154.5 . f Case
2.95 ‘;:: “ ik ﬁ
2.9 \
A53/5
2.85 -100
2.8
2.75 ]
-200
2.7
2.65
2.6 .‘ l.l‘. N . 1 7 B /kf\z : A .' ; ':iyl N % W/ e
\ \ ) % % vaf ‘A;,MX o/ gX; ,é%%’alf ' A?ﬁ? ‘
= IO BN
lt ".,’_ .'. A ' (A ‘-‘I‘." L, ';' p2 \-b' E -a“!/ vé /"‘ -'f ’.“' ‘ h
2.5 A ‘..‘ f \\(~ | u LIl (s A w / / )\' o1\ ol Y. -400
g 2D, \\.;‘ ‘: ’;' ‘ \ (R " 5 % “’ . = , 8 v‘.\ \ ¥ Al [
2.45 ,. ) / . & # \ JAREZ y

2.4
2.35
2.3
2.25
2.2
2.15
214 f 4

2.05

2 200.007 200.054 145.4838 4.0001 20.6872 47.693 1.633 101.657 3.0002 7.802 4.193 1.5802 105.261 2.0253 11.608

-500

—-600

-700

-800
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6-Pole 54-Slot IMAG Built-in Drive B

Cycle Points

Efficiency

— 100

= Continuous map

— 250Arms, 650Vdc
— Max temperature for coil and magnets 160C
— Coolant 50C

200 —95

—90

Torque, Nm
% ‘AouspW3

-200 85

-400 L 80

il
12000

Iy o —T T
6000 8000 10000

Speed, r/min

T
4000

Continuous Operation Map

Efficiency
—100

300

200 T
— 95

100 ] m
£ ] 3
z q -
g o - g0 8
: —
5 2
= ] °
4 [+)
-100
b — 85
-200 5 -
-300 . i 16
SN -l T T T T T T T . T T T T T T T T | T T T T T T T ] — 80
U ) ' I U T U aEa e 0 2000 4000 6000 8000 10000 12000

0 2000 4000 6000 8000 10000 12000
Speed, r/min Speed, r/min



6-Pole 72-Slot

= 4097 out of 4320 cases have valid geometries.

= 1377 cases meet torque, power, and stress requikements.

6-Pole 72-Slot. Variable Density Distribution. Cost-effective Case: 4218

Turns/2

]
4%
|

Rotor OD

145 158

Large Magnet Distance 2

1.5

(4]

|

118

Small Magnet Distance 1

(7]

:

18

11.3

Back Iron Thickness

Parallel Branches

310

Large Magnet Width

|

0

Large Magnet Angle

110 165

1203

Small Magnet Distance 2

213

Stack Length
200 250
200.7
Large Magnet Length
20 35

24.8

Small Magnet Width

Small Magnet Angle

110 165

14R.5

Stator OD
20 220

20

Large Magnet Distance 1
40 70

53.6

Small Magnet Length

(=2}

20

8l3

Slot Width

o+

4.5

313

$432.72

N

DANA

¢
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6-Pole 72-Slot

Conduct Parallel Stack Large Large Large Large Large Small Small Small Small Back]
onductors Paralle ac acklron
Stator OD RotorOD Magnet Magnet Magnet Magnet Magnet Magnet  Magnet gnet Magnet  Magnet SlotWidth

perSlot  Branches Length

Thick
Width  Length  Disl Dis2  Angle  Width  Length i . Angle fcKness

10 4
26.8 | 4
60.5 ) 1 / Case
3.8
5.6
9.4
-200
3.2
E
8.8
-400
2.6
8.4
8.2 -600
8
7.8
—800
7.6
7.4
7.2
—1000
7
6.8
6.6
—-1200
6.4

6.2

18

6

6 3 204.59 200.008 145.603 4.005 22.2276 51.7142 1.6928 110.793 3.0006 7.0365 5.834 1.6086 110.28 2.4752 10.8315



6-Pole 72-Slot JMAG Built-in Drive

Cycle Points

Efficiency

= Continuous map =/
— 250Arms, 650Vdc e B EolE
— Max temperature for coil and magnets 160C g >

T T T 1
6000 8000 10000 12000

Speed, r/min

— T T
4000

— Coolant 50C

Continuous Operation Map

Efficiency Efficiency

— 100

— 95

5

m phn Do EE EEmE o0 B 04 %%ﬁ] EE g B
, g B BNy DICEEIEME E e o418 o0 B o0 [l o0
ac 95 = \ 96 20 I 90 .

e

Torque, Nm
|
O
(]
% ‘Aouapuyiz

— 85

19

— 80

T T T T T T £ 4000 6000 8000 10000 12000

T T T T T T T T T T l T
(o} 2000 4000 6000 8000 10000 12000
Speed, r/min Speed, r/min

% ‘fauanpu3



Selection of Top 4 Slot-Pole Designs

= Choose 4 best designs per slot-pole combinations

meet the requirements of torque, power, and m

800

750

7007

um

e

west cost that

ress.

lot (blue)
48-Slot (green)
72-Slot (red)

-

1000

1500

2000 2500
Case Number

3000

3500

4000

4500

20



6-Pole

54 Slot:

8-Pole

48 Slot:

8-Pole

72 Slot:

6-Pole

72 Slot:

20 Best Designs

Conduc Parall
tors per Branch

Slot/2

L N ik [ TV I L R L 6 L L W W

L L W W oW

(R T OB O O T G B K S R (S

P .

W W W

Stack Stator

2001
200.1
200.1
200.6
200.1

204.4
204.1
208.3
204
203.1

200
200.3
200
200.3
200

2077
206.4
207.6
206.8
206.5

Length OD

200.1
200.1
200.2
200.1
200.1

200.7

200.9

200.9
201
201

2024
203.1
203.1
203.1
203.1

200.6
200.1
200
200.2
200.1

Large
Magnet
Width

Rotor
oD

148.9
148.9
148.9
148.9
148.7

4.0065
4.0035
4.0152
4.0156
4.1671

157.6
157.6
157.7
157.6
157.6

44225
4.5362
4.4212
4.501
4.5117

150.7
150.7
150.7
150.7
150.2

4.0146
4.0118
4.0144
4.012
4.0173

147.5
148.7

4.0244
4.1067
148.7 4.1356
148.2 4.0475
148.3  4.04

Large
Magnet
Length

25722
24.677
25.711
25.162
25.172

19.198
19.284
19.225
18.27
19.982

20.5
20.514
20.38
20.495
20.387

24.82
24.233
25.317
24,797
24,763

Large
Magnet
Dis1

54.99238
55.05415
54.99238
54.48818
54.58703

58.20463
58.09031
58.20832
59.11188
59.10948

53.61476
53.26755
53.6134
53.8581
53.85465

55.58893
55.57542
55.95238
55.58772
55.58467

Large
Magnet
Dis 2

1.87706
2.107085
1.8976762
2.103778
2.160781

1.588086
1.611414
1.524797
1.823042
1.788415

2.095504
2.091666
2.129841
2.144613
2129341

1.835584

Large
Magnet
Angle

124.82
122.45
124.82
124.16
118.5

97.207
97.878
97.711
97.795
97.72

8l.84
89.778
81.972
89.612
89.643

Small
Magnet
Width

3.0945
3.0471
3.0241
3.0479
3.0725

3.0968
3.1208
3.0953
3.268
3.0832

3.0725
3.0708

Small
Magnet
Length

Small
Magnet
Dis1

Small
Magnet
Dis 2

Small
Magnet
Angle

Slot
Width

13.6066
14,2522
13.8149
14,3313
13.822

2.44284
242308
2.41264

2.3666

8.5158 152.51
9.5887
8.6205
8.6726

8.6892

7.4693 15.1136
B6.5776
6.4345
6.6156

6.6529

2.25382
1.74182
1.76289
1.74674
1.74412

3.2717
3.2728
3.4658
3.2631
3.2628

4898
11.4953
11.2241
11.7755

Back
Thickness

15.43353

12.18128
12.13435
12.1804
12.20698

17.25265
17.66484
17.51503
17.66423
17.6655

15.58113
15.10986
15.54833
14.88088
14.75581

381.475
380.145
382.72
382.821
387.461

386.398
381.38
385.645
387.429
385.461

392.549

392.203

393.402
392.61
391.99

Tmax310

Arms

480.103
489.279
489.653
487.933
480.955

450.153
458.163
450.287
451.692
454.112

457.716
450.018
454.452
457418
455582

451.639
452.371
451.581
451.865
450.73

188411
187077
189567
188233
188337

193467
192791
193537
194130
186867

194031
194663
194485
193298
193853

1889175
184053
185174
184723
183596

P10krpm P10krpm
250Arms 310Arms

204081
200530
201983
200660
200887

215202
218801
210034
203109
221930

210719
205680
205824
214792
215847

224892
230503
229680
230183
230540

TotalLloss Totalloss Current

10krpm

1krpm

Density

250Arms 310Arms 250Arms

9957.15
9636.8
9870.7

9457.81

9990.01

7013.43
7018.07
6991.08
6813.55
65840.1

6840.13
6575.04
6738.53
6623.18
6438.54

5711.15
5752.04
5852.61
5768.21
5718.26

13162.9
12751
12854.2
12360
12844.4

113398.1
11343.7
11286.9
10987.8
11281.8

10845.2
10849
10731.7
10860.6
10520.6

8770.57
9094.04
9132.05
9083.67
9070.88

28.52066
28.57032
28.03317
27.66316
28.02354

28.88208
28.8412
28.53871
28.98418
25.88548

28.8506
28.84517
28.25746
28.87406
28.69233

28.78432
28.95332
28.9715
28.89113
28.84562

Mises Cost

3E+08 428.684462
3E+08 429.4455

3E+08 428.726075
3E+08 431.198861
3E+08 431.58396%9

3E+08 440.357776
3E+08 440.855807
3E+08 441.188923
3E+08 442.070785
3E+08 442.164846

3E+08 416.200017
3E+08 417.802335
3E+08 417.820163
3E+08 418.303993
3E+08 418.30754%8

3E+08 432.722852
3E+08 433.61761
3E+08 433.8586638
3E+08 434.11427
3E+08 434.214748

21

Best
Case

4248
4103
4161
3807
4284

4146
3962
4170
4300
4065

4148
4320
4024
4159
4125

4218
3941
4124
4200
4131



Best design for each Slot-Pole Combination

= The Worldwide Harmonized Light vehicles Test Procedure (W IS aglobal driving
cycle standard for determining the levels of pollutants, C sion standards, and fuel
consumption of conventional internal combustion engi CE) hybrid automobiles,
as well as the all-electric range of plug-in electric vehigle

= The built-in drive cycle WLTC Class3b in JMAG | d f

= 8-pole 48-slot design has the lowest energy

e total energy calculation.

ption, but the cost is the highest.

ol $416.20 15.41486

6-Pole 54 Slot $428.68 14.74378
5-Pole 72Slot ~ $432.72 14.60329

8-Pole 48 Slot $440.36 15.38888

22



Thermal Analysis & Final Selection

= Why thermal matters:

— ROM EM assumes ideal cooling. Real continuous power is limjted mperature rise.

— High power density — high losses in a small volume — th ure ¥ not validated.
= Thermal analysis on each of the 4 ca ;
— Steady-state temperature maps (windings, magnets, stator<eore)
achi
e I

— Check if continuous torque/power limits are th vable
— Derate if necessary — recalculate effective co e power

= Final selection criteria:

— Lowest total system cost (materi
requirements thermally

= Winner: The slot-po
validation.

omplexity) that meets all continuous/peak

lon with the lowest cost AFTER thermal

23



Simulation Time

= Hardware: AMD CPU 4.8GHz
= JMAG 25.0.01zzp

= 30 cases run in parallel

= ~ 1 hour/1200 cases (EM ROM effici
= ~15 min /case (EM + 2 thermal e

QO

S
2

+ structural analysis)

C

Cy sMap analysis)

24



Conclusion

= During the design exploration phase, JMAG-Express is u its fast
computation speed and 10x higher license availability, enablin icient parallel
design studies.

%—pole combinations is
Si tions and a rapid screening

mand thermal analyses within half

e

This study shows that comparative evaluation of
feasible on a standard workstation, with over
workflow that integrates electromagnetic, st
a day.

For confidentiality reasons, detailed r
in future work.

etry is not included but can be added

The workflow can be further ¢
methods, or database-drive
approaches have not yet,bé

The optimal design ¢ @o on the design requirements. Adding new requirements,
such as NVH consideratigns or harmonic reduction targets, may change the
preferred design, while the evaluation methodology remains valid.

ed by using surrogate models, Al-based

25






Workflow

8-Pole 72-Slot

8-Pole 48-Slot 6-Polec 54-Slot

20 Designs with the Lowest Cost

Continuous and Peak Operation Thermal Analysis

Oha

6-Pole 72-Slot

27
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