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Battery, Motor, & Inverter Design Trade-offs

The Electrified Powertrain triplet (battery, motor, inverter) need to
be designed and sized together:
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Batfery, Motor, & Inverter Design Trade-offs

The Electrified Powerirain friplet (battery, moftor, inverter) need to
be designed and sized together:
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Battery, Motor, & Inverter Design Trade-offs

The Electrified Powertrain friplet (battery, motor, inverter) need o

be designed and sized together:
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Vnax: Limits of battery
* Battery Chemistry

* M’ier ies

L..: Limits of battery and motor

NParaHeE
* Motor thermal security

What if: Improved motor

cooling?
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Battery, Motor, & Inverter Design Trade-offs

The Electrified Powertrain triplet (battery, motor, inverter) need to

be designed and sized together:
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At what cost?
* More expensive
» Heavier (worse BEV efficiency)

How can we study all of these
tradeoffs together???
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Solution Infroduction
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GI-FEMAG

GT-FEMAG is a 2D Finite Element simulation of electromagnetics for motor design

Flexible Geometry Industry-leading mesh
Definition technology

7o) 2D Magnetic Flux
e |

Flexible Winding Layouts
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What is FEMAG?

2D Finite Element simulation of eleciromagnetics for motor design

Mature & Accurate: under Flexible: model all motor types Multi-physics: includes 2D
development since 1982 or general e-mag problems thermal & mechanical modeling

Dr.-Ing. Kenrad Reicherd
2006 [EEE Mikola Tesla Awarcoo

ETH Zarich
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GT-PowerForge

GT-PowerForge for converter design stage:

Power Converter
. How to properly explore
Design Parameters design space?
——T
Topologies 4444
B B R
Magnetics / Filter Switching
a frequency 1
Component §
Selection "
i Controls

R S e
. 50 100 150
% Cooling Cost [
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More Accurate Benchmark solutions
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E-Powertrain Design Analysis in GT-SUITE

DC Differential

Anode Separator Cathode

':i:i.
1
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Reference Powertrain

Vehicle Motor
(Sedan body) + 8-Pole IPM .
+ C4:0.29 « Number of stator slofs
* FA:1.95m? « Airgap

* Tires: 215/50R17
 Calculated mass

Width of Magnets

Legend
* Locked Parameter
* Parameter to Vary
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Cell:

Battery

NCM811

21700 cylindrical
4.8 Ah

3.5V

Variable Pack

# Series Cells
# Parallel Cells

Inverter

2 options:

SiC MOSFET
Si IGBT
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Vehicle

Parameters for vehicle model include:

Tires: 215/50R17
Cq:0.29 FA:1.95m? FDR: 7.05

A
A 4

2.875m

Mass of Vehicle: 1250 kg + Battery Mass
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Vehicle Model Tests & Metrics

Two tests setup to calculate vehicle-level metrics

Vehicle Range

SAE J1634 EV Range Test
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= BEV Range
= BEV Efficiency (kWh/100km)
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Acceleration test

Speed [km/h]

Time [s]

= Time to Distance (0-100 kph)
= s mile (400m, time, max speed)
= Top Speed
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Lithium-ion cell

=NCM811 Cathode, Graphite Anode

=21700 cylindrical f =
=4.8 Ah i
=3.5V

=~70 grams per cell
= We assume ~110 grams per cell for pack

= Integration Factor of about 60% fo account for busbars, cooling strategy,
BMS, efc.

18650 cell 2170 cell

=€1.25 per cell
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Battery Model

Using cell dimensions, AutolLion material database, and
experimental results*, AutoLion model was calibrated**

Power Capacity Voltage Profile - Power Capacity Temperature Profile

- g
i = Measured é = Measured
% === AutoLion g == AutoLion
= B
)
ria}
1 1 I I I 1 I 1 I I I 24 | 1 | | | | | | | I I
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000
Time [s] Time [s]

m== Neasured
=== AutoLion

* Experimental results provided by Southwest Research Institute’s battery testing consortium, Electrified Vehicle and
Energy Storage Evaluation (EVESE)
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Traction Motor

Baseline IPM Design

Motor Type IPM (infernal permanent magnet) L 9|
Magnet Shape V-style Dh%ﬁf F
Number of stator slots 48 e L
Number of pole pairs 4 - _
Number of phases 3 = L =
Outer Diameter 270 mm
Bore Diameter 162 mm
Length 84 mm

i

o

Wiewes| [l vepsict from s [l eynied g 8 [ standalone_reHAG gtm x
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Traction Motors

8 Total Designs to be compared at vehicle-level

Design Option Baseline Option Advanced Option Additional Cost

Number of Stator

24 Slofts 48 Slofs €200
Slots
Magnet Width 18 mm 25 mm €600
Airgap 1.5 mm 0.75 mm €200
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Traction Motor

Using 8 Different Traction Motor Designs

24 Stator Slots 48 Stator Slots

Small Magnets
(18mm width)

x 2 different air gaps
(0.75 mm, 1.5 mm)

Large Magnets
(25mm width)
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Traction Inverter Design

Designed & Analyzed over 3,016 designs in an afternoon

u 28 SW“-CheS Benchmark results w
= 9 SiIGBTs
= 16 SiC MOSFETs 7 Name
n 3 GO Ns | MOSDET SiC 2-level 5V {640 designs)
= 10 switching frequencies e
= # Parallel Switches: 1, 2, 3, 4 [) MOSFET Si 3-level (160 designs)
u Sp(jce Vector & Sine PWM () MOSFET SiC 3-level (400 designs)
= 2-level & 3-level topologies ———

[
[] MOSFET SiC 2-level - SPWM (540 designs)
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Traction Inverter(s)

Exported maps for 2 Designs to be compared at vehicle-level

Switch Technology Q SiC MOSFET Si IGBT
Inverter Topology W: 2-level 2-level
# of directly Lﬁi‘"m 4 3
parallelized switches }H

Switching Frequency /\/\/\ 10 kHz 10 kHz
Modulation Strategy . A - Sine PWM Sine PWM
Estimated cost €800 €500
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GT Design of Experiments

With GT Design of Experiments, setup a full factorial of electric
powertrains, resulting in 400 powertrain designs compared

# Parallel Cells 5 44, 45, 46, 47, 48
# Series Cells 5 94, 95,96, 97,98
Inverter Technology 2 SiCS?/I\(G)gE .

# Stator Slots 2 24, 48
Magnet Width 2 18mm, 25mm
Airgap 2 0.75 mm, 1.5 mm
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GT Design of Experiments

Post-processed results with GT's built-in DOE Post-Processor

datasets that have

‘Apply trairing, validation, and test abels to data,

‘@ (@ Sortand review data by cliding factor and response headings. Exclude data
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DOE Post-Processing: Sensitivity Analysis

e = scatter
EV Range
, B Factor vs. Factor 30 g
= Response vs. Factor 1L

E Response vs. Response

=) " Main Effects Magnitudes i e
[Fw I
b km_per_kWh
] u Top_Speed Number_of_Paraliel_Celis Magnet_Width humber_of_Slots e k:v:mbetﬂfﬁeries,cffﬂs Airgap Inverter_Technology
il Time_to_100
u Time_to_Quarter_Mile -
; u Speed_to_Quarter_Mile oL
~Jil Cost_of Battery I N T
il Cost_of Motor M
'- u Cost_of_Inverter -
“ Cost_of_Powertrain -8

Magnet_Width Number_of_Slots Airgap Inverter_Technology Number_of_Parallel_Cells | Number_of_Series_Cells
Factors

0 - base line; x - advanced option; + - increase, - - decrease
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DOE Post-Processing: Sensitivity Analysis

B2 Scatter o specs
@-p= Factor vs. Factor e
E Response vs. Factor i L
& E Response vs. Response
@& Main Effects ey
= " Main Effects Magnitudes B - [ —
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: u km_per_kWh s Magnet_\Width Nurmber_of_Slots Airgap Nurmber_of Series_Cells Number_of_Parallel_Cells  Inverter_Technology
; Top_Speed Tmiai:)rioo
il Time to_100 " "
i) Time_to_Quarter_Mile B
: u Speed_to_Quarter_Mile 00 |- _ L (I
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0 - base line; x - advanced option; + - increase, - - decrease
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Response vs. Response Plots
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Response vs. Response Plots

Cost of Powertrain
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Response vs. Response Plots

Powertrain Cost vs. km/kWh
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Expanding What's Possible

With GT-SUITE, GT-Autolion, GT-FEMAG, and GT-PowerForge,
explore system-level impact of component-level design space

= 2
LMO % ‘-“ iy Parameters:
Ao P8\ ° Transistor technology
Parameters: fLhis =« Switching controller
Z, &/

Switching frequency

Filter Sizing R
Parameters: Nparattel Range
NSe‘ries ° COS‘I'
NParallel . POCkOging

M_ognef Shape/Size

Stator Winding + Powertrain weight

Design
Optimizer
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Multi-physics Powertrain Optimization

i Losses Thermal Analysis
Inverter DeSIgn Are the switches and magnets within
acceptable temperature window?

|
) T TR &k
j Stator ron losses {

| /By il
. . . V4
Electrical Analysis Detailed E-mag
Inverter +Motor Analysis, Modulation Magnetomotive Force
i} ‘ prediction, HF Motor Losses

N I_@ l_@ . System-level
4 i s SR g Range Prediction .
22 » o : ‘ , & * | A | s : Investigate
"","//// \ ) : % i o
Qé \ - HF@ j{@ FE‘ | | //) I;;-; Loss = Trade-offs!
T @
\ f 1 Mechanical Analysis
i \ Is the motor emitting an acceptable amount of
.: W B
3 ! AFy s
@ LT : I |
Motor Spatial "
otor spatia Phase Currents b Fx
Harmonics

Forces on Stator
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