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e 2015-2016: Design engineer in power electronics converters, Mavel SRL, Pont-Saint-Martin, Italy
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Skills: Electrical Engineering; Power Electronics; Inverters, Stability, Control
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A major research and training player in the Industrial field :

fields of energy, transport and the environment. - Scientific concepts
- Fundamental research
7/ Established : 1944 - Technological solutions in the context of applied research.

. Main Areas :
Locations : . . .
_ . , - Climate, environment, and circular economy
‘ - Rueil-Malmaison (Paris), France

. - Renewable Energies
- Solaize (Lyon), France - Sustainable Mobility

- Responsible oil and gas
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» CRITT M2A

An Independent research center in testing and Industrial field :

R&D for electromobility. Provide advanced - Expertise

testing and R&D services to support the energy - Technological solutions in the context of applied research.
transition and optimize energy management. - Production, end of line

, Main Areas :
Established: 2000 - Battery Testing (cells, modules, packs)

- Abusive and Regulatory Testing (short-circuit, fire, vibration)
Location: - Inverter Testing
- Bruay-la-buissiere, France - Powertrain Testing

- Turbocharger Testing
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Context & objectives @’g"’%‘g =A-=-TT:;A S

» Some challenges

Better efficiency Battery optimization &

Better thermal management protection .
Less components/ materials Connected vehicles

More sustainable energy Automated driving
)) Some key figures Zero emission New materials
More safety Al
Less noise New power control strategy
More accurate control New power conversion

architectures

> A possible answer

Power electronics development for designing and
testing new products

CONFIDENTIAL




Context & objectives

: criTTMm=2A Center

it Energies P4 Innovation
(lanouvelles A Testing
I

» Power electronics is experiencing o
major change with the adoption of

WBG devices

 Excellent performance benefits

- Enhanced physical properties

» Scientific & technical locks are now

greatly addressed or going to be
overc~a=~~

eeeeeeee

Power SiC: long-term evolution

(Source: Power SiC 2019: Materials, Devices, and Applications, Yole Développement)
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» Power inverter applications
according to the semiconductor's

technology

Wide Bandgap (WBG)
Semiconductors

The BIG 3 for WBG

-Higher Voltages
-Higher Frequencies
-Higher Temperatures

1k 10k 100k 1M 10M 100M 1G 10G 100G
Frequency (Hz)

Source KEMET

» The BIG 3 for WBG

 Higher voltages
 Higher switching frequencies

 Higher temperatures
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ldeas +
knowledge +
expertise

Awareness of
the market, of
the test needs
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Research
project
collaboration /
iIntegration

Developing an
adaptative &
versatile inverter
for testbench

applications
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» A versatile 800V — 3Ph inverter for test

bench applications

- High-power and efficiency, up to 50 kHz
switching frequency

* Speed, torque, current & voltage control
for high performance applications

« Free-wheeling and active short circuit
protections for safe bench application

» Silicon Carbide Technology

» [Inverter commercialized by the
French SME Alphée

https://alphee.engineering/

CONFIDENTIAL

» Specifications

Peak power
Continuous power
Nominal input voltage
Maximum DC current

Maximum output current

Switching frequency
Technology

Peak efficiency
Weight

320 kW

250 kW

/50Vvdc

350 Adc

750 Apk (500Apk
continuous)

10 - 50 kHz
Mosfets Full-SiC
99% on wide area
15,7 kg

11
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| Power supply unit board ]
¥ The design s | T
based on a 2-level topology with LN S T I P AC Motor
mechanical integration gl ||| o | § .
f T T T T | prviZ DRV DRVIS Fo—
T A3 B 18 C 14
- Implementation of SiC power modules uilz iz R |
I I [ urrent
A A sensors
- Design and manufacturing of Gate PE e e
Drivers board (DRVA, DRVB, DRVC) and
associated power supplies o
CANBUS «——p .
- Design and manufacturing of DC-bus Fthemet <———» Control Board ~
laminated busbar Yo —

» Integration of an IFPEN control board
» Thermal calculations and validations

« Mechanical housing design

''''''

Electronic CAD 3D board

CONFIDENTIAL A. BATTISTON, L. Kefsi, M. Milosavljevic and A. Sabrie, "High-Power / High-Voltage (250 kW / 750V) SiC-Based Inverter for Electric
Vehicles Applications," 2021 23rd European Conference on Power Electronics and Applications (EPE'21 ECCE Europe), 2021, pp. 1-11. 12
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» . Laminated DC-link busbars nductive
° ° ogo ° O4d
for high performance and reliability operations \
+ Reducing parasitic inductance (Lstray) leads
directly to a reduction in the overvoltage at the DUT QE
turn-off of SiC devices oo rasitic
extraction

- Parasitic inductance is assessed using finite

UL s
elements analysis (FEA) PWM (AFG) S

STVDS

Power module

Pyl
~_~

Stray inductance extraction from
3D DC-link busbar design

13.95
Parameters 13.9

extraction

1989 Lstray = 13,5 nH
' Objective < 20 nH

13.6

§Z 13.55
Y

13.5"° ' ' ' '
DC-link busbars 3D mechanical design Meshing and calculations ° > 1 190 200

Frequency (MHz)

-
— W -
Loy @
~ &) co

AC inductance (nH)
o
o))
(&)}

CONFIDENTIAL
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» Laminated DC-Ilink busbars for high

performance and reliability operations

- Overvoltage evaluation at turn-off by two
methodologies

160%

140%

120%

100%

80%

60%

40%

VOLTAGE OVERSHOOT (%)

20%

0%

CONFIDENTIAL

without busbar

50

- Double pulse test (DPT)
» Power cycling test (PCT) on AC sinus load

a7

with busbar

Tension (V)

8OO [

700

600

500

400 [

300 |

200

100

T

-100 -

100 150 200 250
LOAD CURRENT (A)

[
| | i

||| _—

600V/300A/32kHz

Turn-Off time
evaluated at 70 ns

— Turn-Off overvoltage
of 825V @ 600VDC

384 3845 385 3855 386 3865 387 3.875

Echantillons (1 échantillon = 2ns)

x10*

vvvvvvvvvvvvvvvvvvvvvvvvvvv e e e B [ e L | S s I
: PWM .
(S : L
7-47 et —~7i7>v»d»«s—o(—70\—/76—|¢v.)4 At — ¢}._;’ii
R O v | (o T I | L L'A | | |
@ °-oVidi Q By:5001 - 00 s -117ps  133p: .0ps/
@ 70-0v/div Q By:500 @ - S 7us 133p review Single Seq 1
@ 200V/div 500 By:250M @iy 200 s s acgs R
@ 3.0v/di Q By:5001 @30 s s
Mean Min St D nt  Infe
& va [ [356.4 3 0.0 [

vvvvvv

\\\\\\\\\\\\\\\\\\

Fast acquisitions of Vds

vvvvvvvvvvvvvvvvvvvvv

200V/div)

Overvoltage
evaluation (DPT)
@ 300V, 400A

Overvoltage
evaluation (PCT)
@ 700V, 400A
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» IFPEN developed a Full Control
Toolchain for e-Drives

- To reduce development lead time
- To help IFPEN support partners activities

FE simulation data

5 PR
Ay V<.

J

3
Ny -
=
X S =)
o f 3 \" "\4 180
J - -
“~ 160
F NN
4 i )}
/ \\ 7 140
E s 120
Automated
f .E. 80
oo i workflow -
\ 40
7/ 20
,
:
P 150

o 7
VY

Experimental data

)

Motor paraméters

Source data
management

Targeted
system

Practical
application

mapping

Power P (W) Restrictions:
=] «o‘%‘,pgse
] g0 //,/ -
340 .
: B | o7 |-Worst case derating _ | | pomind:
I ' £ | o[ Nominal derating. _ N\ -
O‘ 200 17 r.\\“
[=4 £ 150 5 S 3 /,&/_
i N M % Recommended range | N, N\,
10 825 A - . N
“ 70 120140 175
f ! | Hot-spot temp (°C)
s 0.5 1 15 2

Optimal sef;‘:oinf“s

Monitored
params &
variables

Semi-
automated

System limitations

Motor/Inverter models

]

Software
asis

B Simulation
tools

CONFIDENTIAL

controls tuning

selection

Optimisation /
Target setting

Model Based
Control

Control
strategies

stimation / : :
ViErt:mI stensing H
i U
IFPEN software

Automated

code
generation

IFPEN CPU board
with embedded firmware
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Applications
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» 800V - 3Ph inverter for test bench applications

- A hardware and software versatile solution completed with a full control
toolchain for e-drive

- Able to drive several motor topologies such as
 Permanent-magnet synchronous motor (PMSM)
. Permogwent—magnet assisted Synchronous Reluctance Motor (PMA-
SynRM

+ A versatile solution for testing and characterizing electrical motor up to
their performance and thermal limits with an advanced control

CONFIDENTIAL
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The RedHat project Qﬁ/’%’i&éﬁé L o

» RedHat? » Consortium

REliability and High Torgue and power density motor
y and High Torque and p Y 2 LSEED
& e gt et
anr agence nationale CRITTM=ZA

) . de la recherche
» Objectives (P
Efficiency of electromechanical conversion chains, o N—

Improve the torque and power density of powertrains, erem
12 kW/kg and 12 Nm/kg

» The electrical machine

Axial flux PMSM, compact

Surface-mounted permanent magnets (SmCo)
Dual rotor

Pole pair: 4 [ Number of teeth: 12

Max mechanical power: 188 kW

Max torque: 183 Nm

Max speed: 10,000 rpm

Specific power: 12 kW/kg

Liquid cooling in the rotor and stator

Innovative in the shape of the laminations FPEN SIiC inverter RedHat PMSM axf
Innovative in the choice of materials
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Experimental results
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High frequency operation

S

o o o o Gat istors t t ding t itchi
¥ Highswitching frequency operations mo o eney
- Gate drivers design to operate @ Fsw = 50 kHz Y
O 9
- Gate resistors accordingly chosen to allow R /
» High slew rate (dv/dt) & reduced switching losses c ~“Natural air convection
o ngh SWitChing g. dissipator added
|G_J 60
 Evaluation of inverter’s losses according to Fsw and 50
thermal assessment 40

0 10 20 30 40 50 60
Switching frequency (kHz)

Inverter Losses = f(Fsw) Power module temp evaluation
5000
4500 L >0
.-'..'. -

4000 o G 45 ° Gate resistors IR
_ 3500 e —~ o | thermal measure
= 3000 s L 40 ? Fsw = 50 kH
= 5500 e % J @ Fsw = z
A 2000 . O 35 °
(%] Pl o
9 1500 = .

1000 2 30

500

0 25
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Switching frequency (Hz) Switching frequency (Hz)

CONFIDENTIAL
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E: Steady-5tate Thermal v2

» Thermal analysis
« 3D FEA simulations s
 'Evaluation of performances of the cold plate at the =

maximum power module losses

- Dedicated Power Cycling Test (PCT) bench for
evaluation of the thermal behavior of power modules
(open module)

Good thermal distribution around the modules

E: Steady-State Thermal v2 Q ?I
MICROCOOLING

Type: Temperature

Unit: °C ' ' ' ' . ' ' '
Tirme: 15 3 3 :
10/08/2023 14:50 : :

68.109 Max
63.332
= 58,555
H 53.778
| 49,001
i 44,225

39448
O 34.671
20.8%4
25.117 Min

Validation of water/glycol cooling system
performance at 10l/min

3D power module
thermal modeling
according to
datasheet &
experimental data

Open module on cold plate for
thermal assessment

CONFIDENTIAL
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». Continuous power validations -
thermal validations

- Inverter fully instrumented with thermocouples

- Evaluation on inductive load (AC performances
validations)

- Example of operating point: Vdc = 600V, Iph =
500Apk, Fsw = 30 kHz, T°C cooling = 25°C

DC-bus thermal results AC-busbars results Cold plate thermocouples results
80 - 50 —
100
A_TEMP17_1
A_TEMP18_1
A_TEMP10_1 o A_TEMP1S 1 /\"---_\\_‘

. AT o A A Tewee s/ —
— A_TEMP13_1 e ™Y = - e e
(@) A_TEMP14_1 —_ AT o \ TR T
o A_TEMP15_1 (@) - i \h / / \‘1?-1-.:-_._?: - ,_]
— A_TEMPS_1 ) 7 1Y — / e i
Q o A_TEMP7_1 ~ s Y O { 1/
v A_TEMPS8_1 Q ARR! o il
5 A_TEMPI_1 o R \ ~u ‘ll # |
c |\ v  — + (WY —
E il o \ ‘\,\ \ 2 ¥ ‘|/ ‘\
Q Q © |\
E g_ ":”5 \ \ E | |_:.\
@ o AN Q o | N

a0 b ~ 5 \\\\\\

----- AN e T e AN
N o S~
20 | | 20 i | ) e 0 | - e
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
: i Time (s
Time (s) Time (s) (s)

CONFIDENTIAL
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» . Continuous power validations — thermal validations on
inductive load (L)

Example of continuous operating point results (more than 5h
operation) :

« 600 Vdc

- 500 Apk

« 30 kHz

« Tcooling = 25°C

DC-bus thermal results

AC-busbars results

Cold plate thermocouples results

100
A TEMP10_1 100 60
A TEMP11_1 S TEMPL T
A_TEMP12 1 90 - A_TEMPZ_1
A TEMP13 1 55 - A TEMPA
A_TEMP14 1 A TEMP4_1
A_TEMP15_1 a0 - _ 5
A TEMPS 1 ol A_TEMP5_1
5 A_TEMP7_1 . — !
. A_TEMPS 1 O 79 H 2 I
© A _TEMPE 1 ~— — L
= @ © 45 ff] |
= = E 4 1
X W 60 = |
da |- i I| i S P ———
= 3 E.J_ A & e e e e e e e ey e el e i
= E_ I o 40 F b ,l'.:-——“‘“——-‘—"d‘:——"—-——'—:':——-—'__ st e
IE & ED E , S S - i o r— i e e e
= @ .-
a0 b A TEMP17 1| - 35
A_TEMP18_1 ,
A TEMP19 1 |
30 | A TEMP20 1| - 30 |
A TEMP21_1
25 20 25
Time (s) 4 . .9 1 1.3 2 e 0 0.5 1 1.5 2 25
=10 i 4 .
Time (s) %10 Time (s) 104
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AVL inverter testbed:

i

-

DC bus emulation

~

-~

E-STORAGE

Emulation of DC sources

.

~

CONFIDENTIAL

-

Temperature & humidity

T:-40°C a +90°C
HR:5% & 95%

Climate chamber

~

-

Electrical machine emulation

~

-~

EME

-

Liquid cooling system

T°:-50°C & 220°C 0
Flowrate : 120 L/min

3 phases
P ax = 320 kVA (ac orDc)
Iph—max - 400 Arms

Electrical machine emulation
speed/position sensor emulation

\

~

)

CAN
Ethercat
TCP/IP

— R =
s L ~ B
- j
Pl -
/
r II
Il
feea|
1

AVL PUMA I
(PUMA INVERTER )
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Automated test sequences® ( |f

» References ranges : inputs 1 VO AP
Inner cooling temperature °C 25;65
DC Bus voltage (V) 550,750
Speed (rpm) [0:1000:10000]
Phase peak current [0:50:500]
Switching frequency (kHz) 26;30; 40; 42

AP_BDC P_may [kW]

T T T T T T T T T T
680 700 720 740 760 780 800 820 g40 860
BE_MPT [-]

» Measurements : outputs

Internal temperatures (°C) [24,3 : 106,5] )) Additionql dqtq
Efficiency max (%) 08,6 (@226,7Arms; _
550Vdc; 93,4 kW; 30kHz) Nbr of points 1265
Pdc max (kW) 294 Blocs (script, sub sequence) 87
Time per points (electrical) (s) 1m15s
Data (Gb) 58

CONFIDENTIAL | *this test campaign is applied on the RedHat project for the RedHat electrical machine
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Initial results
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» At this point

Highlighting the current derating

Reach the actual max power : 224 kW DC

Reach the the maximum Fsw, without thermal risks
Any T° <120 °C

_ @Vrms(

SVM Vdc 0,57
For example : Efficiency map :
« 750 Vdc S
« 531 Apk F e re=— e
30 kHz : / (ff/< - —K\ ()
« Tcooling = 25°C ! — \ eH/ ) J
ffffffffffffffff = .
e
‘) ;j il
» Need more data! » Testare in standby
a full Fsw scan Sw limitation, > Will be unlocked

Testbed availability

CONFIDENTIAL
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Conclusion

CONFIDENTIAL
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» Results synthesis

Inverter laboratory Characterization :
Characterization of Losses [ Fsw
Characterization of Power Module T+/ Fsw

Characterization of Gate resistor T° [ Fsw » Current limitations
Thermal analysis

Software limitation
Power HIL testbench characterization: Max phase current
Efficiency
Continus power (thermal)
Inverter maximal rating (Fsw, Irms, ...)
Functional Control tests

» Future perspectives » Impact on Power Electronics
Terminate de 4D mapping and identify the MTPA a better Fsw /[ P
Advanced control validation Communication to the EP community

EMC tests (impedance emulation)
Developing partnership and testing new ideas..

CONFIDENTIAL
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For your attention

+33 (0)147525274 +33 (0)391 800 202

Alexandre.BATTISTON@ifpen.fr iarslane@crittm2a.com

http:/ /www.ifpen.com www.crittm2a.com
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virtual tour virtual tour

(L
D

teXt

o
o

[
&

Rue Christophe Colomb, Parc de la Porte Nord,
62700 BRUAY LA BUISSIERE - FRANCE

1-4, avenue de bois-préau,
92852 RUEIL MALMAISON - FRANCE

(o
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800
| Tesla Model S Plaid
2021

700

600

500
=
= Marelli Platform 2022 Equipmake HPI-800 2022
5 400 ° °
2 :
o : : : * Danfoss 2023 e Borg\/\ﬁrcner SICGen 52022
& _ Hitachi EV Drive Invertas 3055

200 ROHM SiC-4G 2023 _ Systemn 2022 _ Vitesco TehifISEie

Siemens BMW iX3 2025
Delphi Technologies « o 2021
500 Viper 2022 Valeo 5th Gen 2025
Toyota Mirai 2021
Renault Zoe 2022 °
100
IFPEN’s inverter
0 o o o o ) o ° o o
0 10 20 30 40 50 60

Switching frequency ( kHz)

CONFIDENTIAL




===

BibliOgrqphy criTTm=2A Center

-f €nergies P4 Innovation
\ I nouvelles A Testing

e A. Battiston, L. Kefsi, M. Milosavljevic and A. Sabrie, "High-Power / High-Voltage (250 kW / 750V) SiC-Based Inverter for Electric
Vehicles Applications," 2021 23rd European Conference on Power Electronics and Applications (EPE'21 ECCE Europe), 2021, pp. 1-
eUnited Nations (2021), Climate Change: https://www.un.org/en/climatechange

e|ntergovernmental Panel on Climate Change (IPCC, 2021), Climate Change 2021: The Physical Science Basis:
https://www.ipcc.ch/report/ar6/wgl/

eWorld Wildlife Fund (WWF, 2018), Living Planet Report: https://www.worldwildlife.org/publications/living-planet-report-2018
eDiamond, Jared (1997), "Guns, Germs, and Steel: The Fates of Human Societies."

e McCloskey, Deirdre (2010), "Bourgeois Dignity: Why Economics Can't Explain the Modern World."

eCastells, Manuel (2010), "The Rise of the Network Society: The Information Age: Economy, Society, and Culture."

ePage not found | UN DESA | United Nations Department of Economic and Social Affairs

e\World Energy Outlook 2022 — Analysis — IEA

eCarbon Pricing Dashboard | Up-to-date overview of carbon pricing initiatives (worldbank.org)

e|nternational Energy Agency (IEA), "Global EV Outlook 2023" IEA, 2023

eBloombergNEF, "Electric Vehicle Outlook 2022" BloombergNEF, 2022

e|nternational Council on Clean Transportation (ICCT), "EV Emission Reductions" ICCT, 2021
ehttps://www.grandviewresearch.com/industry-analysis/electric-mobility-market
ehttps://origin.iea.org/reports/global-ev-outlook-2024/outlook-for-electric-mobility
ehttps://www.iea.org/data-and-statistics/charts/electric-vehicle-sales-by-region-and-scenario-2030-and-2035
ehttps://www.grandviewresearch.com/industry-analysis/electric-mobility-market

CONFIDENTIAL JJ/MM/AAAA



https://www.un.org/en/climatechange
https://www.un.org/development/desa/en/news/population/world-population-prospects-2022.html
https://www.iea.org/reports/world-energy-outlook-2022
https://carbonpricingdashboard.worldbank.org/
https://www.grandviewresearch.com/industry-analysis/electric-mobility-market
https://origin.iea.org/reports/global-ev-outlook-2024/outlook-for-electric-mobility
https://www.iea.org/data-and-statistics/charts/electric-vehicle-sales-by-region-and-scenario-2030-and-2035
https://www.grandviewresearch.com/industry-analysis/electric-mobility-market

lfPEnepgies P4 Innovation
nouvelles A Testing
\\\_f/

Power HIL bench architecture (Q il o

S

Low Voltage Distribution Board Heat

Hl Exchanger

i P

ITS
320kW

STDC

'.lll A

h------

Puma?2
Inverter

FIM
400A

EME 1
] 1000-400 SR P
; : i
: l
o | g o e e e o UUT conditioning

PHU-6P + climatic chamber
Power analyzer JJ/MM/AAAA




Power HIL bench Loops

(ifP

€nergies
nouvelles

P4 Innovation
Testing

criTTMm=2A Center

-

-

DC bus emulation

~

E-STORAGE

~

CONFIDENTIAL

-

Temperature & humidity

Current : approximative 1ms (
exécution time up to Fsw = 30

kHz)

speed : 100ms (execution time
=1ms)

- J

/ Electrical machine emulation

~

/ EME

3 phases
P ax = 320 kVA (ac orDc)
Iph—max - 400 Arms

Current320ns?

\

~

CAN
Ethercat
TCP/IP

— R =
s L ~ B
- j
Pl -
/
r II
Il
feea|
1

AVL PUMA I
(PUMA INVERTER )

36



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36

