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Introduction

ReFreeDrive Project Overview

« Growing interest for EVs to support
the transition to a climate-resilient,
energy-efficient economy.

« Main expectations from car
manufacturers to be addressed by
electric motor designers are:

1. Industrial feasibility

Mass production

2
3. High performance @
4
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Copper rotor IM

Introduction

High speed capability

ReFreeDrive Project Overview

Low cost manufacturing

« Development of the next-gen of
electric powertrains, focusing on
rare-earth free traction motors

* Induction Motor (IM) technology
considered a potential candidate.

ReFreeDOrive

Die-casted / Fabricated rotor * .

MM
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Specifications

Boundary Conditions

« Target vehicle: Jaguar XJMY21
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Requirement

Peak torque @ Low speed
Peak power @ Base speed
Cont. torque @ Low speed
Cont. power @ Max. speed
Efficiency over WLTP3 cycle
Operating speed

Stator cooling system

Rotor cooling system
Coolant flow rate

Cooling fluid type

Coolant temperature
Pressure drop (jacket only)
Stator winding temperature
Rotor cage temperature
Inverter current

DC Link Voltage

- Package size envelope

Value

370
200
152
70
>94.5
< 20000
Water Jacket
Spiral
<10
EGW 50/50
<90
<20
<180
<180
<500
720

< P250 x L310

Unit
Nm
kKW
Nm
kW

%
rpm

l/min

°C
kPa

°C

°C
Arms
Vdc
mm
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Specifications inlet

Boundary Conditions — Cooling System

 Reference: Audi e-tron
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Specifications

Key Performance Indicators (KPIs)

* Reference: Tesla 60S copper rotor
iInduction motor.

Parameter Tesla 60S Target Unit
Specific power 3.3 >24.3 kKW/kg
Power density - > 8.0 KWI/I
Specific torque 6.3 = 8.2 Nm/kg
Torque density : =>15.4 Nm/I
Peak efficiency 93 = 96 %
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Analysis Workflow

) ">
) ) » Q @ Meta-model of
— I Optimal Prognosis (MOP)

Post Processing
~
call MCADW - MC;\;JL
Y
—
@ Sensitivity Validation
Analysis & Results

’\V’J L
Mutor CAD validation

MOP-based > ) ) N
Optimisation | _
ll\‘/,/‘— '\w'f___;' - | a_f .
Optlmlzer MOP vs Mntor CAD results Results
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Analysis Workflow

Objectives & Principles

* Motor-CAD & optiSLang coupled = s :
for a complete analysis: | BarT_Opening Radius " 1.324

Parameters

| ActWeight 36,6833
© | EFfNTT37_TIT  90.7604

: Bar_Corner Radius_ T* 0.7 Eff_M1993_T93 29,382

« Fast and effective optimisation
over the full machine’s operating
speed range with good accuracy. " Conper Height- s,

« Comprehensive multi-physics Sch

analysis can be carried out.
. dynardo

« Rigorous and traceable decisions N . >
for the design parameters. b‘)) optiSLang
« A meta-model based approach is

set up in optiSLang software to
optimize the machine.
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| Bar_Depth_T 14 | Eff_N3345.T57  93.0251

oo | : o
| Bar_Opening_Depth T* 1 | Eff_N5446 T17  95.0708

| Eff_NOBO7_T2Z  95.643

Understand the most important input variables




IM Analytical Magnetic Circuit

Analysis Workflow o~ e -

Ij 12
Performance Evaluation V, :
Rm JXm Rz (1 —S)/ S

« A two-stage optimization process is
adopted to split the design space in o
an effective way:

1. Electromagnetic design
2. Thermal design

Lumped Parameter Thermal Network

 The machine’s performance are
calculated within its electrical and
thermal limits.

 Each candidate solution takes
approx. 10minutes to be computed |5 B it @
INn Motor-CAD software. -
o—((W—n .

www.motor-design.com 10




& EA_v3b - Evoluticnary Algorithm O >

Parameter Start designs Criteria Initialization Selection Crossover Mutation Other Result designs

E-Mag Optimization

Mame Value " Name Value ™
A 1 Eff_M1737_T17 41.4186
irgap
Objectives & Constraints Bar_Bottom_Width Ratio  0.528633 EFFNT993.155 03332
Bar_Corner_Radius_T 0.7 Eff_N3343.T57 H.2224
) i , Eff_N5446_T17 95.2792
° ObjeCtlveS: Bar_Depth_Ratio 0.38356
Bar_Depth.T 14 . Eff_M9607_T22 46,045 .
v'Max Efficiency (WLTP3) —
Criteria
v Min ACt|Ve Length Name Type Expression Criterion  Limit  valuated expressiol *
I o_Efficiency Objective  (102*Eff_N1993_T93... MAX -0.941372
° ConStralntS ! o_Length Objective  Stator_Lam_Length MIM 150
‘/ACtlve Welght (kg) @ 44 6 & ¢ _Weight Constraint  ActWeight = 44.62 37.3767 = 44.62
“ c P_BS Constraint P_N5156_Tpeak > 200 209.306 = 200
‘/ Power (kW) @ Base Speed Z 200 W ¢_BarDepth Constraint  Bar_Depth_T = a8 14 =8
/Bar Depth (mm) > 8 Wl ¢_BarOpeningRadius Constraint BarT_Opening_Radius = 0.7 1.32417 = 0.7 v

= Create new

v'Bar Opening Radius (mm) = 0.7
‘/ Bar Corner RadIUS (mm) 2 07 ﬁx Variable ! Objective Hﬂlﬂﬂ Constraint ;I_" t Limit state
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BH curves Specific Losses
E-Mag Optimization
. MaChIne top()logy | _ | __ ,#/”/
— 4_p0|e, 36'S|Ot, 50_bar % s 1000 15IDDH2[£?11125IDD 3000 3500 4000 %2 04 o6 D'IEB[lel 12 14 16
* Geometry: Winding pattern Radial Geometry

— Stator outer diameter (mm) = 190

« Materials
— M235-35A steel (rotor & stator)
— CuAg0.04 (fabricated rotor cage)
— CUu-ETP (die-casted rotor cage)

 Stator winding:
— Turns / Phase = 12
— Packing factor (%) = 73
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E-Mag Optimization
Stator _

Parameter Range Unit DSe lgtt r/ v “\Airg ap
Active length [100; 175] mm Bar NS
Mechanical airgap 0.8;1.5] mm Depth |

Split ratio 0.5; 0.7] -

Slot depth ratio 0.3; 0.6] -

Slot width ratio 0.4:0.7 -  Bottom 4'X

Bar opening depth 0.5;1.2] mm sar Widt? y

Bar depth ratio 0.5; 2.0] 3 Top Bar/ >

Bottom bar width ratio  [0.2; 0.9] - Width

Top bar width ratio 0.3; 0.6 -
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. . . # Sensitivity O X
E-Mag OptimIZatioN | me e o oo o s

Id Feasible Duplicates Status Airgap BarT_Opening_Radius ™
- . e e i
i il = e
3 0.3 true Succeeded 0.816625 1.46039
« Multi-core processing used in 4 04 true Succeeded 146563 202572
Motor-CAD calculations to build 503 true Succeeded 0806125 1.56316
the saturation and loss models. 6 |8 true weeeded | 1eore
. 7 0.7 true Succeeded 0.844625 1.89333
* One instance of Motor-CAD used . - . .
- although para”ellsatlon pOSSIble g 0.5 true Succeeded 1.16137 (0.956536
N OptISLang 10 010 true Succeeded 145012 0.922350

« Analysis completed in three days: moen frue Succeeded RS 2048
. 12 0.2 true Succeeded 1.03187 1.39334
B Generated deSIgnS 400 13 013 true Succeeded 1.36962 2.06213
_ Succeeded deSIQnS 357 14 0.4 true Succeeded 1.05987 1.15695
— Failed designs: 43 15 01 Succeeded 105462 174885
— Feasible designs: 0 < >
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Linear Regression approximation of P_N5156_Tpeak
Coefficient of Prognosis = 98 %

Peak Power @ Base Speed

260/

] ] ] Coefficit?&tls"c])ggerﬁggggis:(ggirgg MOP) 2401
— ag p tl I I I I Zatl O n w‘ ' INPUT:Bér_Bottom_\}Vidth_Ratiol _ 220
0 % pJ
) INPUT : Bar_lour}fning_Depth_T E 200
() . . ¥
go INPUT : Barngop_Wldth_Ratlo . g 180+
. . . ) . )
Metamodel of Optimal Prognosis (MOP) 5 NPUT S5 th-Ratio 150,
(= INPUT : Split_Ratio i
2 8 % 140 ,
= THELT) £ Baf, Depth. Ratlo s
 The calculated MOPs show the e i
. INPUT : Stggog/_Larh_Length 035 1010
optimal subspace for every output R, e
CoP [%] of OUTPUT : P_N5156_Tpeak Slog_ Dgivt: o ST 132«\ Lend®
160 &

parameter of interest.

Linear Regression approximation of Eff_N5446_T17

* The Coefficients of Prognosis, or Efficiency @ 17Nm, 5446rpm
CoPs, assess the quality of each |

Coefficients of Prognosis (using MOP)

M O P full model: CoP = 98 % 95.5 |
. " INPUT : Stator_Lam_Length | '
1%

+ Additional sampling data canbe  §  Cwracgese | g
generated to Improve the quallty EO. INPUI:‘-)L;To;tggrl::\"znagtioRat'o | lg g94..55
Of eaCh MOP- . gv INPUT : B%ng)epthf;atio i 94.25

INPUT : Slot_Depth_Ratio 94
16 %

INPUT : Airga | e — o
S I T £ Mg - e
IiJHPUT : Slot_Width_Ratio s o
_ = . 32% L | 0.9 T~ e .—"‘0.45

20 40 60 80 100 1 e . —0s
CoP [%] of OUTPUT : Eff N5446_T17 il _—— 0.55 o x0
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. . = = ' ”“‘ ",, O B 5 G %, : L ).._ [}
E-Mag Optimization N e A e
J e e oy e
E_ o 18t B, X G8 ; - ‘.:.':.’O.f - Ve
Pareto Frontier PEATZEAD
B o oqr
. . ) S
 Solution in which one can trade-off ¢ | P
between Efficiency and Volume. E gl AL Acoaneal, Ll Ry e
_E a '\':\ é"..,..:‘..‘.t."" H : 1 ".. SHe o‘~ ® % .. ..) o.o
- Important features: = AR R PR Ly R
) . Q ‘\ » ‘oW, o3P .o ¥ | Wae ~...'o {:.00 ...:.0 @ sf'
— Algorithm used: evolutionary o & T T e
. -4: . \.\. ,. * g € ..f( S ;. ..". [ ] [ ] .. [ ]
— Generated designs: 10900 g \ o R T TN E
— Feasible designs: 7616 ] AN S B Y SR EY LA o
) : \. e e Y0, b o’ ® e & o ®
— Front designs: 15 o Py ~ «® |e . .
. - . i “ e ®
— Simulation time: 10 minutes St S A
- The same optimisation directly | e . ¢
applled to MOtor-CAD WOUId have § -O.|95 -0.|948 -0.|946 -O.|944 -O.E|942 -0.|9<;. ‘ -0‘|938
taken more than 100 days! - Efficiency over WLTP3 [%]
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Bar_Opening..  Slot_width_Ratic | Slot_Depth Ratic | Bar_Top Width_Ratic |  Bar_Depth_Ratic |

| Stator_Lam_Length | Split_Ratic | Slot_Cpening_Ratic  |Bar_Bottom_Width_R...| Airgap
2 175 0.7 0.7 0.6 0.8 0.6 0.9 0.6 1.5
L. [l

Parallel Coordinate Plot

165
T
|

0.5 100 C.4 0.5 0.3 0.2 0.3 0.2 0.2 0.8

Farameter

o

gL_/' SeleCted for 1 E_Wieight | E_PI_E!.S | c_BaererilingRadius | D_Leng!ih
= ' o_Efficiency c_BarCepth c_BarCornerBadius
S further an aIyS|S 18.2280 0.502066 103.847 12,0532 1.81426 1.35074 175
£ . - - - 0 () )
= N
5 @r e -
c = °
Q
()
> *
2 o
(@] n _
< —

[Ta]

q-_ -]

~—

[ ]
L ]
g | | | | | | o | | i
~  -0.95 -0.948 -0.946 -0.944 -0.942 -0.94 -0.938 -0.936 _
. J O -
Efficiency over WLTP3 [%] 3.49073 0.351215 -105.702 2.20932 0.0003207 -0.500405 100.2632

Criteria
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E-Mag Optimization

Validation in Motor-CAD

« Peak performance are met and the
efficiency over the WLTP3 drive
cycle is about 95.05% (motoring).

Vo ITT.T73
Z: 90.68

250

¥ 5201.00
Y 205.73
| z: 9068

Shaft Torgue (Nm)
Shaft Power (KW)
B
Efficiency (%)

0 5000 10000 15000 20000 0 5000 10000 15000 20000
Speed (rpm) Speed (rpm)
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Thermal Design

Housing WJ + Shaft Cooling Systems

e Same optimization approach used
to design the cooling system.

 Variables include flow rates and
the cooling channels’ dimensions.

 Continuous performance are met 1]

with respect to the specification.

T 100

50 ¢

Shaft Torque vs Speed

o
X 1000
Y 160.8529 ~

™

.
\

0.5 1

N [rpm]
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Shaft Power vs Speed

e

Ty
X 20000
Y 118.28
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Conclusion

* The design of a 200kW, 20000rpm copper rotor induction motor for a traction application
has been presented.

* The machine was optimized electromagnetically and thermally using Motor-CAD and
optiSLang software.

« This combination is an incredibly powerful approach to optimise an electric machine for
an automotive HEV/EV application.

« The optimized motor is currently being prototyped and will be tested next year. A scaled
version will be then integrated on a vehicle powertrain for real performance testing.

www.motor-design.com
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ReFreeDrive
Rare-Earth Free e-Drives feat. low cost manufacturing

This document contains proprietary information of Motor Design Ltd.
Such proprietary information may not be used, reproduced, or disclosed to any other parties for any other purpose without the expressed written permission of Motor Design Ltd. © Motor Design Ltd 2016 All Rights Reservred.
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A p p e n d I X Drive Cycle Operating Points (Motoring)

140

+
Efficiency over WLTP3 Drive Cycle e at
120, %4

» The efficiency over the WLTP3
drive cycle is evaluated using five
characteristic operating points.

 This clustering method allows to
reduce significantly the simulation
time in Motor-CAD.

* Cluster n®1, weight: 164, N = 3345 rpm, T =57 N.m
+ Cluster n°2, weight: 174, N = 1737 rpm, T =17 N.m

Cluster n°3, weight: 324, N = 5445 rpm, T =17 N.m
* Cluster n°4, weight: 249, N = 9607 rpm, T =22 N.m
* Cluster n°5, weight: 102, N = 1993 rpm, T =93 N.m * - ; ;
© (Centroids 0 2000 4000 6000 8000 10000 12000

Speed [rpm]
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P_N20000_Tpeak

CoPs Matrix
Eff_N9607_T22

« Matrix that shows the CoPs of all
output parameters with respect to
Input parameters:

| — ] [
A - P_N5156_Tpeak [[M0.5 % .6 %) |M5.4 % 19. 2.7 % D
ppendix
2 0
Bl = = =
3-8ge8 &
3 20
===
.0 %M 3.3 %M 26.4 %
S

Models

* The last column contains the full
model CoPs of each response.

Eff_N1993_T93

T

ww%ﬁIIIIJ

Eff_N1737_T17

ActWeight

! 1 1 1 | 1 1
E=) ° ° o o ° ° °
‘6', =) =] =] =) =) ] pr]
c (1] (1] [1°] [©] © T [i]
9 &, £ W & 5 % 5
= £ £ £ 2 £ £ £
£ b = a = b i} a
SI BI ) g Bl BI )

4

S e S S ] € i
© 0 n 3 = 2 o
4 - | L3
0 n 5 3

0 |
—
©
[s0]
Parameter
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