MERSEN SOLUTIONS FOR SIC

Mmers ELECTRONICS IN EV / HEV APPLICATIONS

Expertise, our source of energy
June 2021

R
»
~
- =
M Public e N BN e
O Internal g ~\ = S e~ ,
: : : . = T
O Confidential EEREEREE \‘»\\\‘\"‘71‘-"'{’ — . = =TT
) 3 y AN\ - = > :



MERSEN IN BRIEF
A FRANCE-HEADQUARTERED TRADED COMPANY WITH GLOBAL POSITIONS

e 33 % NORTH AMERICA

€850 6,500 e 34 % EUROPE

e 33 % ASIA AND ROTW
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SPM PRODUCT PORTFOLIO

HIGH-SPEED FUSE AND
HYBRID PYRO-FUSE

UL Round and Square Body
British Standard AC Protection
IEC Cylindrical and Square Body
(French / DIN)

AC Low and Medium Voltage

DC Rated For Traction

DC protection for EV and EES

B COOLING SOLUTIONS

Air and Liquid Cooled Heatsinks
Embedded Heat-Pipe Heatsinks
Heat-pipe Assemblies

. Bus BAR

Laminated / Multi-layer
Flexible / High T° / Low L
Battery cell connection
Powder Coated

A FICAP

| FISCHER & TAUSCHE

)/ CAPACITORS

=  Customized capacitors:
=  Film
=  Electrolytic
=  Sub-assembly

._ SIC SEMICONDUCTORS CALY

TECHNOLOGIES

= Protection devices
=  Custom designs
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MERSEN SOLUTIONS
FOR EV/HEV

One of 16 Trophée Andros 2021, 100% electric race car, equipped with Mersen Busbar and Fuses

merseN



MERSEN SOLUTIONS IN EV/HEV APPLICATIONS

BATTERY MODULE

DC FAST

CHARGING
‘ STATION
. Monitoring / 50kW-350kW+
& busbar ,
i Cooling Plate —

Cooling

i BDU - Battery Pack PDU — Junction-box
. =T ;
Main fuse Hybrid — Auxiliary b
(2§ = [~ pyro-use | =  luse
E¥pach-fure f ' =

BDU: Battery Disconnect Unit
PDU: Power Distribution Unit

*: Surge Protection Device MERSEN
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SPECIAL FOCUS ON
SIC ELECTRONICS
IN THE EV INDUSTRY




IMPACT OF SIC FOR POWER INVERTER MANUFACTURERS

Lower Resistance

ATE w

Higher Frequency Operation

IEI_ »

Smaller Size / Higher Efficiency

R

Smaller Passive Components

Higher Temp Operation

200°C = 250°C ‘ WQQ
/= o
ﬁ ﬁ i * {?M’:::: ‘ %m/

SimplerCooling System
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SIC DRAMATICALLY IMPROVES CONVERSION EFFICIENCY...
...BY REDUCING CONDUCTION AND SWITCHING LOSSES. THE HIGHER THE FREQUENCY, THE BETTER

- Expected improvement (%)
Power converter family: compared with Silicon

DC-DC (POL, boost...) +3% points

AC-DC (PFC, UPS...) +1.5% points o

DC-AC (Motor, PV...) +2 to +3% points
5kHz 30kHz

== Switching Loss
0.7 i~ == Conduction Loss

60%
B Reduction

_— [ |
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% 03 Reduction E——
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IGBT Module SiC Module

IGBT Module SiC Module

*Loss simulation results during PWM inverter drive.

Efficiency value
Improvements
90% - 93%w

88% = 90%
96% > 99%e
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INTRODUCTION: MERSEN IS ACTIVE ALL OVER THE SIC VALUE-CHAIN
CRYSTAL GROWTH, EPITAXY AND POWER CONVERSION

| Epitaxy >4
- \ % y
Sublimation PVT ) e 4

t 2 « o0\ S ' .
reactors SiC ingot “boule” SiC Wafer MEHEEN
merseN Wafer carriers

Graphite insulation
& components

SiC epi-wafer

Front-End

Lithography, deposition,
etching, implantation,
metallization...

Bare-die “chip”
Diode, MOSFET, J-FET

Y

a

J

Discrete
Packaging

Binning, pick-and-place
Packaging, Housing

— gt a

e > i]

Power i"“’
Converter

Busbar, Cooling, </ TR
Capacitors, Fuses.... Applications
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MERSEN HAS A COMPREHENSIVE RANGE OF GRAPHITE AND INSULATION

SOLUTIONS FOR SIC PRODUCTION

2xxx° C+/-2° C

——a@ Induction
coil

® Quartz tubing

® SiC

® GRAPHITE CRUCIBLE

Graphite crucible

=  contributes to the chemical
composition of the single crystal

= controlled CTE, controlled reactivity
with the gases, controlled thermal
conductivity

=  extreme purity (7N) of the graphite
CALCARB® insulation

=  spatial consistency,

® THERMAL INSULATION

—® Reservoir of SiC powder

= Jow thermal conductivity at 2,400 C
= ability to be precision machined

= high purity

Running temperature Cycle duration Ingot weight

2,400° C

3-5 days 5-10 kg
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INFLUENCE OF SILICON CARBIDE ON SELECTED POWER COMPONENT SPECIFICATIONS

| High power density | Standard cooling Refenence: Full
| specific cooling : Cables or busbars B Silicon: Si IGBT +
1.0 BEaEEEEEt { Ultra-low induct. Busbar - | standard caps Sidiode @ 16kHz

High T° busbar & film ; !
(n T T | 1
O Q9p=sE¥RLUA T R EnEEEt Qe R Po-mmmmm---
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(Vp] 1 1 1 1
o | | : :
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% | | : :
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2 Advanced small ! Hybrid !
@ dimension cooling | / SIIGBT+SiC
= Low induct. Busbar éo diode @ 16kHz !
= Full SiC: pr induct. Fuses . i i
§ 0.6 "@_48k_l-_l_z:" .- 1 Film caps A -1: ---------- T: ---------- :r ----------
. i Small dimension cooling
g 0.5pmsmemmmes ro==- W Laminated busbars -
m : ' o Advanced fuses

. Full SiC
\4 24kHz ! '
0.4 @ i @ 16kHz Advanced Icaps (film olr elect.)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Credit: ABB < Better

Normalized System Size
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EMBEDDED HEAT-PIPE. PUSHING THE LIMITS OF AIR COOLED HEAT-SINK
~30% REDUCTION IN T° RISE COMPARED TO STANDARD AL HEAT-SINK

B A HEATER BLOCK, SIMULATING A POWER MODULE, HAS BEEN PLACED AT THE SAME LOCATION ON 3 DIFFERENT HEAT SINKS (AL+MEHP, AL
AND CU) WITH SAME GEOMETRY. T° RISE IS MEASURED AT THE HEATER LOCATION AS A FUNCTION OF AIR VELOCITY

-- Al blank -- Cu blank -- Al + MeHP
120
110
~
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50 ..____.

40

0 1 2 3 4 5 6

Approach Velocity (m/s)

| Alblank | Cublank Al +MeHP

Average T° rise Ref=1 -23% | -30%
HEATER BLOCK Cost comparison Ref=1 X4 | x 1.25
"POWER MODULE” Weight Ref=1 x35 | 1
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IMPACT OF eHP ON SIC MODULE THERMAL SPREADING
NO HOT-SPOT ANYMORE!

13

Mersen

BLANK HEATSINK
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EMBEDDED HEAT PIPE MeHP

(INSERTED INSIDE THE BASEPLATE)




ISOMAXX ™: THE ULTIMATE LIQUID COOLING SOLUTION FOR MODULES
NoO AT MODULE-TO-MODULE, NO AT CHIP-TO-CHIP

3kW loss 3kW loss 3kW loss
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Homogeneity: no AT module-to-module Homogeneity: <2° C AT chip-to-chip

Pressure drop: 565 mbar

B AN INNOVATING COUNTER-FLOW “WAVY SPIRAL” DESIGN, HAS BEEN DEVELOPED FOR IMPROVING
THERMAL MANAGEMENT OF LATEST GENERATION OF SI & SIC POWER MODULES. IT OFFERS:

m Better thermal performances: Rth ~ 6 °C/kW

(EG 50%, 250 mm modules, 3kW power losses and 5 liter/min per component.)

m | ower pressure drop than all existing designs (~600mbar)

= Thermal homogeneity chip-to-chip (all chips at the same T°) and module-to-module on a multi-module
cooling plate

®m Compact design: distance between modules can be optimized - Inverter size reduction

® Modular solution : covers all PrimePACK™ types, whatever the number of modules on the plate
m Cost competitive compared to others efficient designs
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RECENT TRENDS IN WBG POWER CONVERSION
How TO REDUCE STRAY INDUCTANCE WHILE INCREASING OVERALL POWER DENSITY AND JUNCTION T°?

New module

design

Power module makers are
working on new designs
for their power modules in
order to stay competitive
against press-packs for
high-voltage devices.

The most popular solution
Is reducing the distance
between internal
connections

Reduce stray inductance
together with higher Tj

Use of external
laminated busbar
with low
inductance
connection

Outside the module, using
laminated busbar offers
strong reduction of
parasitic inductance

Use of internal

laminated busbar

Along with the emergence
of SiC, the switching
frequency reaches several
ten’s of kHz. Internal
laminated bus bar can
offer a real added-value to
decrease the inductance
while connecting the chips
together

Mersen Solutions - EV/HEV SiC — June 2021




LAMINATED BUSs BAR: HOwW TO MATCH WBG MODULE HIGH T° REQUIREMENTS ?
SELECTION OF INSULATION AND RESIN MATERIAL AS A FUNCTION OF OPERATING T °

B A PERFECT MATCHING [INSULATION — RESIN/GLUE] Now up to

® |n order to perfectly match customer’ specifications, Mersen aims at selecting the right material & 180° C
(Insulation and Resin / Glue) with the highest Temperature, Voltage and Mechanical resistance,
keeping insulation as thin as possible (to meet low inductance value requirements)

B EXAMPLES OF MATERIAL SELECTION AND RELATED THICKNESS RANGE AS A FUNCTION
OF MAX. OPERATING T°:

B PBI
Pl (Kapton Thick. 25 to 125 um))

Polyaramid (Nomex Thick. 50 to 250 pm )

Silicone
BMI

PAEK (Aptiv),PPS (Fortron),PTFE (Teflon) Epoxy Thick. 12 t0 20 um

Polyester (Mylar Thick 38 to 330 um )
Polyurethane

A

PC (Lexan)

PVDF (Kynar)
PA6 (Nylon) Acrylic thick. 38 pm

65°C MHI-TXX™ |aminated
PMMA .
PP Bus bar series:
PE Ready for 105, 130%and
now 180° C )

Insulation dielectric layer
Y
Resin / Glue

—
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INDUCTANCE FUNDAMENTALS IN POWER CONVERTER DESIGN
HIGH INDUCTANCE CREATES VOLTAGE OVERSHOOT AND SURGE AT COMMUTATION

C ON
=» Short-circuit
= Vce=0V

G | > lce#0A
Vce

FF

F => Open circuit
= Vce#0V

Transistor 2 lce=0A

Collector-emifter
voltage wavj,

2\
Collector curren [ —

waveform
Vee
v

v
Rate of change in collector current: -di./dt

Turn-off waveform

5 neol 1B
@ ".‘ilunmosFET Easy. €0
coolS! credit Infin

o=/t + Ve ‘

Surge voltage = L * @

—

L, =inductance of CCL"
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HOW TO DECREASE CLEARANCE DISTANCE IN POWER MODULE DESIGN ?

CONFORMAL BUS BAR IS AN ENABLER...
-
E Copper
1]
-g Insulating layers
,.g Gopper Laminated
> Bus bar
® Bushing Bushing gap Bushing
.g Clearance distance
£
» <
t? Power
-8 _ _ Module
= Grooves for creepage distance compliance D

STEP 2

Bushing gap

(e

Copper

Insulating layers
| Top view of the bushings gap
Bushing with tall insulating barrier and
conformal bus bar design

Copper Bushing

Bushing Bushing

Gap between bushings can be
significantly reduced - More

mersen

compact module design

Power Module

Removal of intermediate grooves

Additional tall insulating barrier on power module housing
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L OW-INDUCTANCE [BUS BAR-CAP] CONNECTION FOR SIC DC-LINK

FISHERLINK ™

Conventional design

B SHORTER CONNECTION OF THE CAP WINDING TO THE BUSBAR BY DIRECT CONNECTION OF THE
WINDING TABS TO THE BUSBAR BY LASER WELDING

Up to +20 % capacitance in a given volume (e.g. from 400uF to 480uF @ 1100 Vdc | 4-cap assembly)
Extremely low inductance <9nH

Capacitors and busbars packaged together as sub-assembly and single part #
Pre-assembled and 100% tested before delivery = ready for final assembly
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INTERNAL LAMINATED BUSBAR FOR WBG POWER MODULES
SOLUTIONS TO HANDLE 180° Td @ 100 KHz Fsw... AND BEYOND !

B THE AIM:

m Get very low internal inductance by
® |aminated/symmetrical bus bar structure
® Maximizing metallic conductor overlap
® 50% reduction in switching loss for higher
switching frequency (> 20KHz)

m Safe turn-off possible at large current
without snubber capacitor

B THE ACHIEVEMENT

® Our bus bars can now handle up to 200°C
Tj with inductance as low as 35nH and a
lifetime operation of 25 years

Customer A
GaN module, 160° C Tj

Customer B

SiC 1,700 V module =
150° CTj

Customer C
SiC 1,200 V module
180° C Tj

20 Mersen Solutions - EV/HEV SiC — June 2021




SYNTHESIS AND CONCLUSION

B NOW THAT SIC HAS REACHED THE EXPECTED MATURITY, AT SEMICONDUCTOR
LEVEL, IT IS COMMONLY ADMITTED THAT REMAINING ISSUES RELATE TO PASSIVE
SURROUNDING COMPONENTS (CAPS, MAGNETICS, CONNECTIONS, THERMAL
MANAGEMENT, FUSE...)

B MERSEN POSITIONS HIMSELF NOT ONLY AS A STAND-ALONE COMPONENT
SUPPLIER BUT ALSO AS SOLUTION PROVIDER MADE OF 2 OR MORE COMPONENTS,
CO-DESIGNED AND PERFECTLY OPTIMIZED TOGETHER

B[ ET’S DISCUSS CIRCUIT TOPOLOGY ALONG WITH PHYSICAL, ELECTRICAL,
MECHATRONIC, THERMAL, EMI| CONSTRAINTS: WE CAN DEFINITELY EASE
CUSTOMER JOURNEY IN MODULE AND/OR INVERTER DESIGN
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