INTERNATIONAL

ELECTRIC VEHICLE SYMPOSIUM & EXHIBITION

Gearing up for lower cost electric drives:
Accelerating the development of optimal

electrified powertrains

Dr Michael Bryant
Dr Thomas Holdstock

DRIVE
SYSTEM
DESIGN

michael.bryant@drivesystemdesign.com
Drive System Design, Leamington Spa, UK.




o

INTERNATIONAL L-":;
ELECTRIC VEHICLE SYMPOSIUM & EXHIBITION &

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

f.'a-

e Sa "J\
et g
FraE

R

Inverter

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,




e =
VS32

i of E MOTHOM

INTERNATIONAL

R

ELECTRIC VEHICLE SYMPOSIUM & EXHIBITION

« Time consuming
» Costs?
» Accuracy?

~« Limited scope
+ Non-flexible

Powertrain Data Sources

* Long lead time

* Expensive
software

* Expensive
engineers

* Limited design
space

* Very expensive
* Test bed time
* Long lead time

* One-off
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Reducing Motor Cost
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Increasing Magnet Weight -

Reducing Motor Cost

T

Increasing Current -
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4 . N
Reducing Motor Cost
Motor
3 ~>
%ﬂ
Increasing Current =
Reduced magnet V
mass
Reduced cost
]
\_ J
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Reducing Motor Cost

Increasing Current =
Reduced magnet V

Increased cost
mass

Inverter

reasing Magnet Weight =»

Reduced cost

m S

Reduced efficiency

R,
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Customer
Targets

Efficiency?
Cost?
Mass?

Trade-offs
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Customer
Targets

Efficiency?
Cost?
Mass?

Trade-offs

Vehicle / Powertrain
Requirements

What is the vehicle
performance?

What is the vehicle range?

How much does the
powertrain cost?
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Powertrain Data

ePOP.

electric Powertrain Optimisation Process

f ™
e N ! S e
Vehicle / Powertrain b :
Customer Requirements - Losses |
1
Targets Lo I
What is the vehicle ' | Mass '
Efficiency? |:> performance? |:> ! :
Cost? . _ P Inertia |
Mass? What is the vehicle range? ! : !
’ 1 Cost |
Trade-offs How much does the : 0S :
powertrain cost? i

. J
- y,
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Transmission Type

Parallel Shafts Planetary Arrangements Multi Speeds
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Transmission Type

Parallel Shafts Planetary Arrangements Multi Speeds

Sources of Power Loss (Single Load Case)

Bearing Losses Mesh Seal
Loaded _ Losses Losses
2-Stage Parallel Losses Efficie ncy Map

3-Stage Parallel Losses

_ I 1L

Power

Torque Speed
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Transmission Type Mass / Inertia

Parallel Shafts Planetary Arrangements Multi Speeds Shaft/ Gears
Differential + Housing

Internals Mass = Steel

Case Mass = Aluminium

Cost
Sources of Power Loss (Single Load Case) ; .
. ‘.lnlf._IIJ\.".J.)."\”.L"'- r'-lu\rlé‘l ,"*'
Bearing Losses Mesh ‘ Seal i N N N R
oaded Steel (£/kg) / Aluminium (£/kg) / Actuator
2-Stage Parallel Losses Efficiency Map

3-Stage Parallel Losses

_ I 1L

Power

Torque Speed
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Electric Motor Type

IPM (V) IPM (U) Induction

DR RN
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SPM

IPM (V)

Electric Motor Type

IPM (U)

Induction

Sources of Power Loss (Single Load Case)

SRM

™

Copper Losses

Iron Losses

Magnet Losses

IPM (V) Losses

Induction Motor Losses

Tamus [N
E 333 EeE3E

Efficiency Map

Speed |rprm]
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Electric Motor Type Mass / Inertia
SPM IPM (V) IPM (U) Induction SRM Copper Mass
Iron Mass
Magnet Mass
Cost

Sources of Power Loss (Single Load Case)

Copper =£/kg

Copper Losses | ‘ Iron Losses | ‘ Magnet Losses Iron = £/ kg

Magnet = £ / kg

IPM (V) Losses

Efficiency Map

Induction Motor Losses

Tamus [N
E 333 EeE3E

] s 1 L 2
\ Speed [pm| ot j
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Inverter Type

IGBT SiC
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Inverter Type

IGBT SiC

Sources of Power Loss (Single Load Case)

Gate Switching Gate Conduction Diode Switching Diode Conduction
Losses Losses Losses Losses
IGBT Losses
— Constant speed, varying torque test B kHz
[ .
H
SiC Losses %w
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IGBT

Gate Switching
Losses

Inverter Type

Sources of Power Loss (Single Load Case)

Losses

Gate Conduction

‘ Diode Switching

Losses |

Diode Conduction
Losses

IGBT Losses

SiC Losses

Mass

kW & kVA

Cost

Power Module

Control and Gate Driver

Cooling

Inverier loes {wall)

R

- 2 & B

Canstant speed, virying torgue tost B kHz

* gean resull

moadel predicion, N |
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. - )
Drive Cycle Energy Prediction
What's the vehicles range?
- Drive Cycle
—_— m‘
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-

Vehicle Performance Prediction

What's the top speed?
Acceleration times?
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Material Mass Manufacturing

':"J ddll Illln

Cost Function = Z Costyar. + CoStyass. + CoStygnu + CoStpack + CoStryor + COStyyy

Packaging Cooling NVH
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Vehicle Spec / ePOP: electric Powertrain Optimisation Process
Targets
[ \ Iterative loop, simulating thousands
[ \ Powertrain of powertrain variants
Powertrain Library
Model Library r .
Generation k Vehicle
| Inverter s®s, | ,_____I\{I_O_d_?l_ _____ ﬁb/kl)stt?
| ian Qroa) ¢ - : l efficient”
 Design =s | /! ' Performance |
. Matrix &> | RE : : | Cost
\ ’ > \ » | Simulation
''''''''''''''''''''''''''''''''' ! Model Cheapest?
| Motor | ST : :
| Design : . Drive Cycle Lightest?
E Matrix ’ . Simulation
' Transmission i
 Design ! . Vehicle
| Matrix | Spec / Targets
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Case Study Vehicle Specification

Premium SUV
Pure EV

Performance Targets

Range
Top Speed
Acceleration

~

Transmission Variants

Single speed 2-speeds

Motor Variants

160 kW Fixed

(V shape, U shape)

350, 400, 450 A

Inverter Variants

IGBT SiC MOSFET
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Cost [£]

Energy Consumption: WLTP [kWh]
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Cost [£]

Energy Consumption: WLTP [kWh]
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® GBT
@ siC MOSFET

Cost [£]

Energy Consumption: WLTP [kWh]



|

B 'EVS32 |INTERNATIONAL @
B P oow ELECTRIC VEHICLE SYMPOSIUM & EXHIBITION  ‘%5®

\ Rwzz-

[ IGBT
Costs to reduce with time? @ siC MOSFET

Cost [£]

Energy Consumption: WLTP [kWh]
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Cost [£]

Energy Consumption: WLTP [kWh]
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@ 2-Stage Parallel
3-Stage Parallel
2-Speed 2-Stage

Cost [£]

Energy Consumption: WLTP [kWh]
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@ 2-Stage Parallel
3-Stage Parallel
2-Speed 2-Stage

Cost [£]

§ More gears, more bearings, more losses B

Energy Consumption: WLTP [kWh]
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3-Stage Parallel

T I
@ 2-Stage Parallel
2-Speed 2-Stage

More efficient operating conditions — at a cost!

Cost [£]

§ More gears, more bearings, more losses B

Energy Consumption: WLTP [kWh]
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Cost [£]

Energy Consumption: WLTP [kWh]
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Cost [£]

" Wider peak efficiency region B

Energy Consumption: WLTP [kWh]
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I
z 450A

Cost [£]

Energy Consumption: WLTP [kWh]
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I
z 450A

Increased current pushes cost into the inverter

Cost [£]

Energy Consumption: WLTP [kWh]
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® GBT
@ siC MOSFET

Cost [£]

Energy Consumption: WLTP [kWh]
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| T T
B ® GBT
@ siC MOSFET

Cost [£]

Energy Consumption: WLTP [kWh]
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| | T
I ® GBT
@ siC MOSFET

Cost [£]

SiC MOSFET

2-Speed Transmission
U Shape Rotor

400 Arms

Energy Consumption: WLTP [kWh]
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SUMMARY

&
* Rapid data creation and design space mapping 3
(&)
* Evaluation of complex trade-offs
* Weighted cost function to account for different markets and
applications Energy Consumption: WLTP [kWh]
SiC MOSFET
DRIVE 2-Speed Transmission
SYSTEM U Shape Rotor
DESIGN 400 Arms .
Exhibitor Booth F13

Dr Michael Bryant
michael.bryant@drivesystemdesign.com
Drive System Design, Leamington Spa, UK.




