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Objectives and actions ﬁ; Motor
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Rotor cage induction machine

* Proven technology in industry with the
Tesla model S

e Data from teardown analysis and used
as a reference

* Copper preferred to aluminium for its
conductivity, thermal dissipation, —
rigidity and strength, recyclability...

—
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Induction machine (IM) vs PM-machine Blotor
esign

Despite lower performances as a whole, IMs still have attractive Limited
features for EV applications compared to their counterpart:

* Simplicity, robustness, fault tolerant capability

 Efficiency can be higher over a full drive cycle

e Rare-earth PM-free machine
' Property Copp_er Rotor |Permanent Magnet
* Can lead to cost savings Induction Motor Motor

93.00 Efficiency 88% 92%
< 92.00 ;“ > e o Stator Copper Loss 940 W 780 W
g 91.00 ; T~ o _,(_;e;::::::g;per Rotor Loss 230 W ow
S 90.00 ( Stray Load Loss 140 W oW
% 89.00 \, =Dl Iron Loss 180 W 100 W
2 88.00 PP Total Loss 1490 W 880 W
8 87.00 Coolant Temperature 105°C 105°C
86.00 Coolant Flow Rate 2.4 gallons/min 2.4 gallons/min
e et Maximum Winding Temp 156°C 156°C

www.motor-design.com 10




Die-casted vs fabricated copper rotor ﬁgéglot@r
esign
Limited

Die-casted rotor

® Mechanical rigidity for a cost effective noise
solution and a better strength at higher speeds g

® More flexibility for bar geometry and number

= Lower efficiency than their fabricated counterparts but
can be improved with a post heat treatment and/or
a lamination coating

® High melting temperature of copper: requires more
expensive dies and can cause inter-bar currents and
short-circuited laminations

Fabricated rotor

@ Higher efficiency than their die-casted counterparts

® End-ring assembly: can be expensive, involves
stress concentrations at braze joints and reduces
electrical conductivity
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Hairpin winding

Advantages
e Repeatable manufacturing
Well suited for distributed windings
Robust construction at ends connections
 Heat management can be improved

e Short end-windings overhangs

e High slot fill factor
Drawbacks

* Limited number of conductors

* AC losses at high speed
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High speed machine ﬁgﬁgotor
esign
Motivations lelted

e Power density can be increased: Power = Torgue» X Speed

e Advances in power electronics and power controls

|
|
t

* Development of high strength and low loss materials :
|
Limitations |
|

* Speed dependant losses (iron losses, AC copper losses,
friction losses, windage losses...)

e Gearbox and bearings (availability, cost, dimensions...)

Requirement

* Proper electromagnetic, mechanical and thermal
design of the machine through multi-physic analysis
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Stator Cooling Jacket

Advanced cooling system: oil spray N e
Stator-Case —“ﬁ 0il Flow
* Direct cooling (jet impingement) that improves heat Stctt
transfers at end-winding locations o
 Implemented in Motor-CAD software through e o
correlations established from tests and experiments Air Gap /
Rotor
* Independent nozzles can be placed on the endcaps, \aminations
the housing or the shaft End
Windin
* Flow can be supplied from external data or coupled g Shaft
with a shaft and/or a housing jacket cooling system = g

[ —- B B— o B — —~

- - '.‘-'
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Specifications

Boundary Conditions & Key Performance Indicators
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Boundary conditions

Machine topology
* Copper rotor IM
* Inner Rotor (IR) vs Outer Rotor (OR)

Power levels
* High power: 200kW (peak)
 Medium power: 80kW (peak)
Copper rotor manufacturing
e Die-casted
e Fabricated

- Medium power motor scaled from
the high power motor

- Specified volume includes the motor
together with its cooling system

Specification Unit Medium power High power
Nominal voltage Vdc From scalability 720
Working voltage Vdc 250-450 500-840
Nominal power kW 45 120
Peak power kW 80 200
Nominal speed rpm From scalability > 6000
Maximum speed | rpm From scalability 10000..18000
Peak torque N.m From scalability > 280
Nominal current | Arms 500 500
Peak current Arms 550 550
Volume (max) mm | 200hX300LX300W | 350hx330LX550W
Cooling systems - Housing jacket, shaft cooling, oil spray
Coolant type . Water/glycol, ATF fluid
Insulation level - Class H
IP level - > [P55
Weight kg <20 <60

www.motor-design.com
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Design

Key Performance Indicators (KPI) ﬁ%&l"lotor
Limited

* Main performance indicators for an electric
motor

* Defined according to APEEM 2022? goals and /g-,;
from state of the art

e Adapted for each targeted power: medium __ -
and high power

KPI Unit APEEM 2022 Goal Medium power High power
Specific power kW/kg 1.6 >1.6 >2.0
Specific torque N.m/kg : >2.0 >3.0
Power density kW/L 5.7 >5.4 > 6.0
Torque density N.m/L . >3.0 >5.0
Peak efficiency % >94 >94 >94

IAPEEM: Advanced Power Electronics and Electric Motors (program, DOE)
DOE: US Department of Energy
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Work Package 3 (WP3)

Structure, partners & planning
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WP3 in ReFreeDrive project glotor
esign

Limited
WP structure Partners involved®

) f N\ 2

Desi : . .
esign WP2. Boundary Conditions MDL: WP3 leader, motor design and analysis

UAQ: electromagnetic 3D FEA

WP3. Induction Machine WP4. Synchronous

Design Reluctance Design CSM: electric steel definition

BREU: die-cast copper rotor technology

WP5. Power electronics and
e-Drive Integration Design

AUR: fabricated copper rotor technology

Exploitation
Communication

Manufacturingv

TCM: hairpin winding

WP1. Project Management
WPO9. Dissemination and

WPb. e-Drive Manuracturing

CID: NVH analysis, 3D manufacture drawings

Testing up to real vehicle demonst*ation

- WP7. e-Drive Testing, Vehicle integration and Validation 5 JI ) JLR, EC|, PRI: advise on manufacturability issues

*MDL: Motor Design Limited; UAQ: University of 'Aquila; CSM: Centro Sviluppo Materiali; BREU: Breuckmann; AUR: Aurubis;
*TCM: Tecnomatik; CID: Cidaut; JLR: Jaguar and Land Rover; ECI: European Copper Institute; PRI: Privé

WPS8. Techno-economic Evaluation and

www.motor-design.com 19




Planning WP3

ReFreeDrive Project Milestones

WP3 IM Design

4

M5 M6 M7 M3 M9 M10 M11 M12 M13 M4 M15 M16 M17

Interaction with WP4
(Elec. steel chdracterization)

Mi8 M19 M20 M21 mM22 m23

Interaction with WP4
(SyncRel Stator Design)

WP4 SynRel Motor Design

WP5 eDrive Design

(PE integration)

I Interaction with WP5

M31

M32

M33

M35

(PE cooling)
‘ Interaction with WP5

Task 3.1

Preliminary CR-IM motor design

Evaluation of different stator configurations

and

311 |Evaluation of inner and outer rotor topologies
Evaluation of cooling systems
Windings
31.2  |Electrical steels [ Tierations between EM
CopperAlloys | R | Mech Design
Task 3.2 CR-IM electro-magnetic design ‘
CR-IM Inner Rotor Track 1 Optimisaton | B oa
. RN Outer RotorTrackz Optimsation | T T T T .
CR-IM Inner RotorTrack 1 Evaluation
CR-IM Outer Rotor Track 2 Evaluation
Task 3.3 CR-IM thermal analysis
531 CR-IM Inner Rotor Track 1 Thermal Design | b &
CR-IM Outer Rotor Track 2 Thermal Design
Task 3.4 CR-IM Full Design
CR-IM Inner Rotor Track 1 Full Design
541 CR-IM Outer Rotor Track 2 Full Design

CR-IM Inner Rotor Track 1 Full Design Evaluation

CR-IM Outer Rotor Track 2 Full Design Evaluation

Deliverables
D3.1
D3.2
D3.3
D3.4

No Uk wNRE

Boundary Conditions

IM Design

SyncRel Design

PE Design

Integration Design
Prototypes Manufactured
Technology Validation

Due date !
M7 L = Preliminary CR-IM design
M13 1 EM CR-IM design
Mi18 ’ Therm CR-IM design
M21 T i Full CR-IM design
1

__-_.-_-._‘__ o
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Design procedure

From project definitions to integration & validation
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Electrical machine design software N O@LF Q)

Perfces
Saturation

Rotor stress
Losses Magnetic @ rrEEE RN RS RN ESEEEEEEEESEEEESESREEEEESREESEEEEEEEE > Rotor modes
x...

Harmonics I\ A 4 NVH
: 2
. IS : .
: S 5 Bearings
. L =
. L =Y .
: n . :
: < :
: Q : :
: O :
o ; "' ®, ti ;
Cooling system ||  _——~ .
# Inverter
Temperatures @ rrsEEsEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESE »
Insulation
Transient ~———— ———
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Motor-CAD software

* [M electromagnetic design analysis in Motor-CAD v,
based on a hybrid 2D Finite Element Analysis (FEA)
method and analytical magnetic equivalent circuit

* Operating point determined
through a MTPA strategy:

Maximum torque per amp

minimise I, = ’Iﬁ +17

subject to Tshafe — Tdemana = 0

2 2
and Viem = 2nf |Y + v,bq

* Thermal design analysis
based on a lumped
analytical thermal network

Steady-State
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Preliminary design
analysis

Choices, material selection & initial sizing
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Parameters Unit Value

Stator slots - 60
* Copper rotor IM Pole pairs ] 5
* Water cooled stator and rotor , Rotor bars i 74
* Potted end-windings Stator diameter | mm | 254
| ' Stator bore mm | 157
7 Airgap mm 0.5
gm : : Active length mm 152
ol _— Machine length mm | 280
) = — e } | Parallel paths - 2
S Turns/coil - 1or2
. Coils/phase - 12
DC voltage \ 366
RMS current A 900
Maximum speed | rpm | 14700

2000 4000 6000 8000 10000 12000 14000
Speed (rpm)
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Geometry
Best candidates for IR-IM and OR-IM

Motor
ﬁ; Design
Limited

Value
Parameters  Unit

IR-IM  OR-IM
Stator slots - 36 36
Pole pairs - 2 3
Rotor bars - 50 50
Stator OD mm 190 179
Rotor OD mm 110 254
Airgap mm 1 0.5
Active length | mm 150 90
Active weight | kg ~ 36 ~ 48

www.motor-design.com




Winding ggstgn
Limited

* Hairpin winding technology with rectangular wire size

* Four conductors/slot based on existing technology
* Double coil layer winding and parallel slot sided

Parameters Unit Value
IR-IM  OR-IM
Parallel paths - 1 1
Turns per coil - 2 2
Strand in hand - 1 1
Slot fill factor % ~73 ~ 73
Turns/phase (in serie) : 24 24 Fiow,
Coil pitch slot 9 5 . X N ‘ : 0
Winding factor (k,, 1) - 0.959 | 0.933 \‘fg:%‘;!if;{’
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Cooling systems (IR-IM only)

* Shaft cooling required to meet KPIs g

.‘

* Housing and shaft cooling systems are =%
parallel connected

\{
¥
¥

* Coolant is oil (ATF fluid) or water-glycol
mixture (EWG 50/50)

Ll

Parameters Unit Value
EWG ATF
Flow rate L/min 2 3
Shaft Inlet temp. C 65 65
Inner diameter | mm - 5 | e
Flow rate L/min | 10 5
Housing | Inlet temp. C 65 65
Outer diameter | mm | 230 | 230

www.motor-design.com




Normal Magnetization Curve - 50 Hz 10 Core Losses - 50 Hz

Materials: electrical steel - / —
Magnetic characterization (RINA-CSM) / AN / L]
* Four Non-Grain Oriented materials: &
v"NO-020HS (fully finished, 0.20mm thick) w I
v'NO-030-15 (fully finished, 0.30mm thick) - coe o 00
v'HP290-50K (semi-finished, 0.50mm thick) .. / )
v M235-35A (fully finished, 0.35mm thick) ~ _” / 2,
- Frequencies: 50-400-800-1000Hz / il
e Measurements: BH curves and losses s |
Material selection ) m e
* 50Hz data give the best peak torque |
* Small impact on the motor efficiency ~ ¢

* M235-35A has the best performance V I /
to cost ratio for both IR-IM and OR-IM .. e

235-35A
290-50KHE

000000000

- Mechanical characterisations on-going ¥ co e e
www.motor-design.com 29




Mechanical characterizations (AUR)

Materials: COpper a”OyS B e o St oli e
Fabricated rotor: CuAg0.04 alloy .

* Commonly used material in IM

 Good mechanical strength (T < 200C)

* End-rings can be soldered or welded
— trade-off cost/rotor strength

Tensile strength [MPa]
|
|

Die-casted rotor: Cu-ETP alloy -

* Best electrical conductivity in the list = =
of materials proposed (BREU)

250 300 350 400 450 500 550

. . Material Resistivit
Die-casted vs Fabricated v

e Small differences observed in

efficiency maps due to low variation in — i — P
the referred rotor resistance UAgY. ars, end-rings ,

- 3D mechanical stress analysis required | FaPricated | SAC305 Filler 10.4
to select the best configuration BercoweldK5 Filler [5; 6.67]

www.motor-design.com 30
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Efficiency maps Motor

| | Design

* AC losses, windage A SO Limited
losses and friction ) ' | “RM L T ORIM
losses not considered - Torque-Speed| .. Torque-Speed|

map|

£ 250
£
@

* Peak efficiency of 96% ;-
for both IR-IM and OR- "~

map|

IM technologies . .

 Efficiency maps show . " smatom  r—— T e
the peak performance «/IR-IM - | .|OR-IM
for a given maximum " | =|poncrspeed

current !

* Peak torque is about
375N.m and 356N.m

for IR-IM and OR-1M,
respectively > AC losses, windage losses and friction losses not considered
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Thermal envelope (IR-IM only)

 Maximum thermally constrained operational envelope of the motor

 Maximum winding and rotor cage temperatures set to 180C

400

350
300

250

pd

— 200 |
150 -

100 1

50

Torque vs Speed

— — —|IR-IM: peak
v |/ IM-IR (EWG): continuous| |
v | IR-IM (ATF): continuous

_—em e = e = o = = =—

0 0.5 1 1.5
N [rpm]

%107
www.motor-design.com

350

300
250

EZDD -

Power vs Speed

— — —|IR-IM: peak

— IR-IM (ATF): continuous

—IM-IR (EWG): continuous| -

0.5

1 1.5
N [rpm]

2

% 10*
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Density  Elastic modulus  Poisson ratio  Yield strength CTE"

Material

44,519
24.924 Min

149,73
118.85 Min

" k 2 GP MP 105/C
Rotor stress analysis S I 4 LR
Copper 8933 110 0.34 280 1.8
° Speed and temperature are Steel 7650 190 0.3 460 1.19
S BB A N b oo oo e e oo e “Thermal expansion coefficient _
sources of stress in the rotor - v oo RV | OR-IM
* Thermal stress comes from | |/ . amm PR
different material expansion ! e — & g | t J
rates I T i
1180C | m 7™ 8krpm s
* Rotational stress is caused e g
by centrifugal forces i o H o
* IR-IM is strongly impacted by 32¢ TREE d0krem T —
thermal stress but shows 5 ' H oo Beps
good safety factors - iHE 1 B
* OR-IM is more affected by [jgoe im0 R S
centrifugal stress, resulting in : ok e
lower safety factors i e s
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1000

Modal analysis (IR-IM only)

Natural frequency @ K =1.10"2 N.m™ Natural frequency @ K =1.10"% N.m™
P I Frrrrry
— Fregquency limit ’

VTSI rIry

e Frequency limit [

800

R
=

When spinning the rotor is subjected
to unbalance forces and moments

800

Brg-brg distance [mm)]
B
o

Resonance occurs when the excitation &> 1700
I

frequency equals the rotor natural S o 2108 B - N3
freq uen Cy i A Brg OD [mm] Brg OD [mm] é
| Real A\ 250 Natural frequency @ K =1.10" N.m 250 Natural frequency @ K = 1.10° N.m 5DUE

e Freguency limit

Simplified

model 400

300

Brg-brg distance [mm]
B
=

""""" 7

210 . 210 I
150mm 15 20 25 30 15 20 25 |

Brg OD [mm] Brg OD [mm)]

200

Parametric analysis

e Shaft length: 210...250mm
e Bearing OD: 15...30mm Bearing diameter #| First critical speed | Bearing cost? Max torque?

Bearing stiffness @A| First critical speed 9| Stiff bearing required

* Bearing stiffness: 1.108-12N/m | Shaft Length | First critical speed | End windings dimensions?
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Scalability

e Relies on the same radial dimensions

* The power supply is adapted based on -/ IR-IM
the available current and voltage levels -

. maps

Value (IR-IM)

Parameters Unit

200kW  80kW |

. Continuous
Peak power kW > 200 > 80 0 00 00 00 00 10000 12600 I . performance
Continuous power | kW | >120 | >60 200 Torque vs Speed 00 Power vs Speed
Peak torque N.m 375 192 o0l
150
Continuous torque | N.m | >130 | >125 - — e
: <
s 0 Z 100 1=
Peak efficiency % 96 9 |= > 0
DC voltage Vv 720 350 50 | |
— |R-IM scaled: peak 20 ¢ — |R-IM scaled: peak
RMS Line current A 500 275 —|R-IM scaled: continuous —|R-IM scaled: continuous
0 : : : ' ‘ ' 0 : : : ' : '
. 0 2000 4000 6000 8000 10000 12000
Maximum speed rom | 18000 | 13000 N [rpm] 0 2000 4000 zofr(;n.ﬁooo 10000 12000
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Design optimisation

Towards a better motor
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M O t O r = C‘ \ D & O t I S | al l — 2 Fython 2 Ld Variables = Responses
BarT-Openino Radius = 130057 " | use fte ~  Absolute path - :O!ECI'SIREFFEEDnve,’Dplu's:rlptszFnicaILMCADZApy =l ol a5 | Eff1 64.8399

Open
Eff_20 95.4408

142 ex, ModulationIndexLAB = mchpp.GetVariable ('ModulationIndex MotorLAB') - -# Modulation ind A
| Bar_Corner_Radius_T* 070051 143 ° | Eff.6 94,0905
) o 144 #-1AB module-calculations .
° . o par_Uepth o 0411762 145 mcApp. SetMotorLABContext () §#-Display-and th Eff_BS 95.2256
Bar_Depth T * 14 146 mcApp. BuildModel Lab () $ . 5| Eff MP 953838
o u I n VI a C u S O I I l I S e O n - - 147 model build = mcApp.GetModelBuilt Lab() H = -
BBLOPEHi"!LDEPthJ* 1 148 print 'Model -build-valid: -*,model_build $ - Irms_1 499.971
Bar Ton Width Ratio 03927 149 mcApp. CalculateMagnetic_Lab () $ . o
. . ° ar_Top_Width_Ratic . 150 mcApp.CalculateThermal Lab () § z P Rt e
SC rl tS a n d t e Actlvex CO n n e Ct I O n Copper Helght 336852 151 | - mehpp.SaveToFile (join(0SL DESIGN DIR,DesignName + '.mot')) & S Y 499974
Coppe 073 L ° | Irms.BS 500.005
Copper_Width * 5.10042 154 #.-- - - “ | Irms_MP 499,377
155 #--- 3
Motor_Length * 250 156 P_cont1 13.6448
- Ratar Lam Lannth 150 ¥] 157 $#-Path-to-mat-file -data (_ _)
;ﬂ Sensl B4 + ' Input slots 158 mat_files_path = join(OSL_DESIGN_DIR, DesignName, -'Lab’") Output slots
159
» » ¢ " - Standard slots -, LAY CALCUIATIONE Standard slots
< ' = | N v
PP_B4 « 4
4 @ v Name Type Value G
PYIe |
. e | ’ - } ’ é\ } 497 resp_Stator_Cur.. @ REAL 205.412
Ng - b 4
RFD_call_MCAD2 \/ 498 resp_Stator_Cur.. @ REAL 200.186
ol ol
MOP_B4 EA_B4 sc3a 499 resp_Stator_Cur.. @ REAL 198,651
500 resp_Stator_Cur.. @ REAL 499971

j\, Suggestion has been loaded from 2 previous detection/dry-run. It may not be valid anymore.

W kfl [] pistinct working directory Detect assignments v se as parameter ¥

oK Cancel

Sensitivity analysis Metamodel of prognosis Optimisation

Objective History

# Sensi_B4 - Sensitivity A e
" - Coefficients of Prognosis (uswng MOP) Best design (calcul...
i_B4 - Sensitivi . = o 3
] Sensi_84 - Sensitivity Paramator | Startdesigns | Gritaria By g full model: CoP = 100 9 . : g : (C:onsi:am:s mlr‘m(eud
Parometer  Startdesigns  Crena  Dynamic sampling = 50 1 INPUT - Spl\t Ratio T 7 BariOnenlng Lol F:IT; aints violate
Name Parameter type  Reference Id Feasible Duplicates Status = 1 % 5 T{eAE S0

11 Copper_Width Dependent 507256 Ewn } INPUT : Slot Depth_Ratio i

1 0.1 true Succeeded o Yo
12 Stator_Bore Dependent 159 ‘rﬁ"’ _ INPUT : blut width_Ratio 7

7 %

13 Rotorfam length | Dependent |137.5 2 02 tue Succeeded fm 3 INPUT : Bar ODeDth Ratio i
14 Slot_Width_Ratio Optimization 058 2 21 %

3 03 true Succeeded Sy INPUT : Bar Top Width_Ratio ]
15 Stator_Lam_Dia Optimization 190 = 30 %
16 Bar_Opening Depth.T  Optimization 1 4 04 true Succeeded — - WD 2 Stjiur'{,o Lam_Length 1
17 Stator_Lam_Length Optimization 1375 05 S ded 20 40 60 80 100

. true ucceede .
i T e 3 CoP [%] of OUTPUT : P_peak20
Bar_Top_w nm 6 0.65 57 148350 1 1 L £\ |

19 Tooth_Tip_Depth Optimization 1 %] H
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Setup

Fixed parameters: max. dimensions, cooling system,
slot/pole/bar combination, winding, materials, drive

settings, max. temperatures

VEHELIES Bounds .
Goal(s) and constraint(s

Slot width/Slot pitch [0.45; 0.75]
Active length [100; 150] mm
Bar opening depth [0.5; 2] mm
Stator ID/Stator OD [0.5; 0.75]
Slot depth/(Slot depth + Stator yoke) [0.25; 0.7]
Bar depth/(Bar depth + Rotor Yoke) [0.3; 0.6]
Slot opening width/Slot width [0.2; 0.8]
Bottom bar width/Bar pitch [0.2; 0.6]
Top bar width/Bar pitch [0.3; 0.65]

www.motor-design.com

rmax(Tpeak@LS)
T.ont@6krpm > 130N.m
Ppeak @MP > 200kW

\ Peont @MP > 120kW

(min(L)

Theax @LS > 280N.m
Ppeak @MP > 200kW
| Peont@MP > 120kW

T = Torque; L = Length,; LS = Low Speed; MP = Max Power

Scenario 1 Y

Scenario 2 <

38




g

&
=

8 # g

Results: scenario 1

]
=]

|
[i=]
=4

* Better peak and continuous

[xe]
(%3]
=

performance over the full speed range % _ 5
* 96% peak efficiency in a larger area
* Length maximised to its max bounds )
* Higher split ratio
e Bar cross sectional area increased 100 _ Torque vs Speed Speez::n) Power vs Speed
e e 350-_ _________ B 300 |
Reference Optimised
design 3007 250 1
e | g0}
— I — — —Ref: peak | =
200 — — —Ref: continuous | 74 s B N
150 100} — Opti: peak
100! 0| “|——0Opti: continuous
|— — —Ref: peak
— — —Ref: continuous
50 ; : t 0 i i L
0 0.5 1 1.5 2 0 0.5 1 1.5 2
N [rpm] %10 N [rpm] %104
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Results: scenario 2

Length reduced by 23% compared to the .=
reference design 3.
96% peak efficiency in a large area o
Larger bar area and higher split ratio .

300

260

Continuous performance at low speed

sufficient? = Pareto front

400

Reference

300

z

— 200}

Optimised

| opumeed
==

100

50

250

150 |

10000

15000

Efficiency (%)

20000

Speed (rpm)
Torque vs Speed 250 Power vs Speed

__________ o - |——Opti: peak T o

* ——Opti: continuous | {300
N = — —Ref: peak
\\ — — ~Ref: continuous | | 25 RN T
\_\ B
\ — oo
\\ 1E 200
R Z |
'\ e
N 1on 150 ¢
N ot L S St it
A
S 100}
™ 7 —Opti: peak
— Opti: continuous
S0 v/ — — —Ref: peak
— — —Ref: continuous
i i i 0 I i i
0 0.5 1 1.5 2 0 0.5 1 1.5 2
N [rpm] x 10 N [rpm] x10%
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Pareto front (1) |_i.d

Scenario 2

A

(min(L)
Theak @LS > 280N.m
Ppeax @MP > 200kW

| Peont@MP > 120kW

o {
w0

OBJ: o T cont6

-100

-120

-140
T

Objective Pareto Plot

Mo constraints violated }

Constraints violated
Pareto front d
L
L 1 1 1 5 Jd
100 110 120 130 140 150
OBJ: o_Length
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—L =113.98mm & Tcont@6krpm = 104.22N.m

P ar et O f r O n t (2) ——L =148.60mm & Tcont@6krpm = 146.92N.m

L = 139.90mm & Tcont@6krpm = 139.23N.m

* The longer the machine the better the thermal envelope

— L =123.00mm & Tcont@6krpm = 116.16N.m

* Different tendency for the peak operation L = 133.58mm & Teoni@6krpm = 132.30N.m

Shaft power vs Speed Shaft torque vs Speed

T

350 300

300 ¢
250
250
— — 200
= 200 =
= =
o 150 150 L

Continuous

100 Continuous

I I i 50 I i I
0 0.5 1 1.5 2 0 0.5 1 1.5 2
N [rpm] %107 N [rpm] %107
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Conclusion ﬁ;%&&
Main results (Task 3.1) Limited

* |R-IM and OR-IM solutions are potential structures to be used for ReFreeDrive application
and eMobility overall

* Mechanical stress calculations showed poor safety factors for OR-IM solution that needs
for refinements

* Materials for the rotor bars and the rotor and stator cores were selected according to the
best performance to cost ratio

* |R-IM was optimised to reduce the cost while meeting the power and torque
requirements based on ReFreeDrive boundary conditions

Outlooks (Task 3.2)

e Sensitivity analysis, optimisation and thermal analysis on the OR-IM design
* 3D mechanical stress FEA to be performed on the fabricated copper rotor IM

* Parameters from the cooling system to be included in the optimisation for better
efficiency and continuous performance

e Solution with spray cooling to be investigated
 Scalability principles to be applied to the optimal designs
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Thank you for your
attention!

Any questions @
J
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