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Low Cost Requirement from EV

China / \
. Traditional |[HEV(Y)
20 Million France
Germany model ( Y )
m Japan Camry 180k 260k
oparn Civic | 140k 270k

@ Switzerland

10 Million B US BMW i3 | 370k 600k
Audi A8 | 660k 1100k
Cayenne | 920k 1430k

44 High price, impact development

2010 2015 2020 \__Improve power density /

n “Energy saving and new energy automobile industry development
planning(2012-2020)”

Cumulated sales 5 Million EV @2020

n “Made in China 2025”

Annual sales 3 Million EV@2025, 80% Chinese native EV
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Power device is important for cost

High power density
Low cost

6 I1_‘- . -

DOE DOE Thermal
2020 2025
Density | 13.4 100
L/kW L/kW
Cost 3.3 2.7
$/kW $/kW
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Advantages of WBG Devices

Next generation power device

Bandgap (ev) Break down E (Mv/cm)  Thermal Conductivity
_ (W/cm-K)
4 6 4 5
1.5 >
l -
0.5 1 @OZS
0 0 A a4
Si GaN 4H-SiC Si GaN 4H-SiC Si GaN 4H-SiC

Low resistance | | 1/3-1/5 of Si

High T operation || 1.5-2 times of Si

High switching 1 3-5 times of Si
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SiC Device: High Cost
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SiC MOSFET Si IGBT

25 {

2001~1

s

5-10X Si IGBT cost

Ref: Lei Li, WiPDA ASIA 2018

Price Per Ampere ( $/A)

1200 V/8O A 1200 V/400 A HP1 1200 V/400 A SiC
about 5000% about 7000% about 2500%
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SICEV
Tesla SiC EV

Model 3
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High Frequency Requirement
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EV moter drive More Electrical Aircraft

100 kW
30-50 kHz >50 kW, >30 kHz

Wireless Charger PE Transformer

DC-DCEH 2L

|+ —
D1 | T
V|G| emehs |

—H —
I
|
amans
=3 =1
kW DC-DCEHH16

>30 >20 kW

10 kV T4 MMCHR DC-DCHE

48-96 kHz | | 30 kHz

WKV
SEUL
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Hybrid Switch SIiC ( HyS )

Ve ZVS _ZVS

1200V/40A 1200V/12A —
. SiC IGBT 1
SiIGBT | MOSFET
Vs Vesz =
I 1GBT Tieam o AT Von Tus off 45
SiC MOSFET ‘
Example 1:4 current sharing
Turn -on loss Turn-off Ioss
Top-side SiC FWD i g ]
200 ] = M
I A 2000 {r=2sc ’ Jy y.
= Bottom-side §:Z§Z s ] e AT
AN Si IGBT (HyS) e - 1 s
o ;r;i":—-im = ]1\ -

; 3 = g /}/ : " 5 10 15 20 25 3005 .“40 s = _Y-/V' 0 35 4
i .‘ ! & Er" Bott -sid Drain Current (A) - = e ain Cuzvfr'ent (:0 -
- [l "N it
HyS close to pure SiC device
Ref: Jun Wang, PE 2018
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Busbar Solution

120mm —

DC side

Nolom
:ﬁt;ﬂ§  ;f
[o] o]

oghod: - yodao
152 mm
IGBT bridge MOSEETs Snubber

Diodes

IGBT module+MOSFET discrete IGBT module+MOSFET module

Ref: Kolar, COMPEL 2013 Ref: Fang Luo, APEC 2018

D) FERI R TS

INSTITUTE OF ELECTRICAL ENGIMEERING, CHINESE ACADEMY (



F mEh e

CINELE WO O ST

High Voltage HyS Module
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e T e
18iC ssn%" | Load
I Diode o Inductance
_‘_I_/m\_
I | Ve
| —
" I
1 sic
|
- l_g lMOSFET
11
Gate Voltage = -/ + 15V o
——= Ground
3.3 kV HyS module
- 2500
150 pem= 1504, 1800V, 400nH, 330, 150°C
139 2000 Vdsice
7 110 SIC-MOS, Volt = oy o T i ———
= %0 " ——}5_Voltage E - i '1"‘12—'0]3—{
i 25ml]
o 70 1\ s 5i-IGBT_Volt 8 b
3 Y x 1000 5 "  Ice IGBT
3 50 Vit - == SiC-MOS_Curr 2 P, W g
30 Ve b = = -X5_Current 500 Bkl - HH‘""‘"‘*-—-,_“ ,,,,,,,,,,,,,,
S, == =5i-IGBT Curr ' ff JFET
10 -~ - & s ,
-10 0 Gkl I i F AT
1 2 3 4 5 & 1 8 Pl =E i el e
Time (pus) Smenn o it

Ref: ABB, ISPSD 2016 Ref: A. Huang, COMPEL 2013
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1200 V/200 A HyS Module

IGBTg2

Gates2 \\.‘
MOSg2 —3% ..Pminus
Pneutral —"
Catost 7, ! ¥~ Pplus
MOSg?1
|GBTg1

1-phase module 3-phase module
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4X1200 V 100 A Si IGBT
IRG8CHI7K10F

4X1200 V 150 A Si IGBT
IRD3CH82DB6

2x1200 V 50 A SiC MOSFET
CREE CPM2-1200-00258B

7.3nH.

0.6nH  0.6nH DC+

0.9nH

h

SH o—

GMO

2.3nH 1.6nH 31.6nH 31.8nH
EII
Neutral ZAnHrron

0.8nH 0.6nH | 0.7nH
Giesr.  o—
Ghos: 2.3nH 1.7nH 3 1.7nH 31.8nH
Ev

DC-
7.3nH

Www.Cas.Cn
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HyS Module Performance

Output Characteristics

350,

300

250
g 200
£ 150
o

5
3100 :
—0—SCMOS —@—S IGBT === Hybrid

0 0.5 1 1.5 2 2.5 3 35

Voltage(V)

Conduction loss

md

IGET Hybrid MOSFET

Switching loss
D) FER S THRAR
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400 $

0%
SiC MOSFET Hybrid SiIGBT

Cost

Performance close to SiC module
Cost close to Si IGBT module

Ref: P Nlng, CES EMS 2017
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1200V 400 A Module
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1200 V/400 A
3-ph module

4X1200 V 100 A Si IGBT FIETI e -
IRGBCH137K10F N | ———

4X1200 V 150 A Si Diod
)\ /
XT3 T —@ms = XT3 T @ =
] =
= Raa %07 R0 ORTYOUST |mew e @7 v = R T EME OBTE OURE

4x1200 V 50 A SiC MOSFET
CREE CPM2-1200-0025B

Y EP@H%IEE@IW%FE
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1200V 600 A Module

6X1200 V 100 A Si IGBT

IRG8BCH137K10F
6X1200 V 150 A Si Diode
IRD3CH82DB6
o 6x1200 V 50 A SiC MOSFET
1200 V/600 A CREE CPM2-1200-0025B
1-ph module Modules Power Dimension | Density
rating (mm3)
Infineon 1200 V/600 | 62.5%x152 4.46
FF600R12ME4E_ | A, Si x17
B11
Infineon 1200 V/ 250%x89%26 | 3.73

FF1800R12IESP | 1800 A, Si
MitsubishiFMF800 | 1200 V/800 | 121.7 x 6.57

DX-24A A, SiC 92.3x 13
Presented 600 A | 1200 V/600 | 133%68 8.4
HyS A,hybrid x9.5

Switching at 600 V/600 A
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Gate Drive Pattern

A
_ Si IGBT A
SIIGBT|—| — ; : b
A &
SIiCMOSFET|| | i | SiCMOSFET T
L-.; E..._ L,% E_._ I_:‘ur'r : E

Pattern | Pattern ||

Si-IGBT
A ! gate_signal

SiC-MOSFET
$i IGBT SiC MOSFET|——! e gate_signal J_ | I—
H i H

- o i — L
: : H H ﬂltZ ﬁtz
SIC MOSFET| | e SIIGBTL | i
bl Long i Al 3t b Ref: S. Ueno, EPE 2017

Pattern Ill Pattern IV
Ref: Jun Wang, PE 2018
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Miller Effect
b;_!_'l_‘_- L SN |
VG MOS | ¢
_ |
Mﬂ - Vg esr \“""\.k 58 .
—— | T ! |
& ——
> | -
— vV ny Vi
\ GS_MOSFET H
VGE_IGBT . Ty . H : i i;url:‘:;‘ F i s : Tll:,lﬁlnun':;“ .‘E.il‘:-i' A4 08T
| el | e | il g & l‘.,".,-;’-#,f'_
HCNW3120 I = - - — —
el R gy Without Miller clamp
|E2405 ol Vo——1—to MOSgx
12V By+ = VEE fr e = T e —
12V- GND — J VG MOS
IE2415 H—C  Vclamp :|Tlo g VG_|GBT 2
12V+ 15V+ = VEE to Gatesx !. P =
12V- GND
Schmitt INV
+5V from control board il % VH
Schmitt INV |
pulset from control board H
GND from control board | || R2 |
Il — 4
. . . i A B 10 EIm .ot i T i
Gate drive with Miller clamp o B oy lpcresees g e [riiHa
. U i i 1
Ref: P. Ning, CES EMS 2017 ' T Miller clamp
; " e —
D) FERF B THRA becrs

INSTITUTE OF ELECTRICAL ENGIMEERING, CHINESE ACADEMY OF SCIEMNCES

S



F NS

CEINEAE AN O SN www.Cas.cn

Time Delay and Trade-off

3.0 f
I MOSFET Econ M IGBT Econ 12.0 7
= 2.5 B MOSFET Eon M IGBT Eon I MOSFET Econ M IGBT Econ
) ’é 10.04 B MOSFET Eoff M IGBT Eoff
2 2.0 1 =
5 23 8.0 -
S
£ Q
O 15 A =
v O 60 1
w2 n "
= z
5 10 = 40 -
3 o
£ 05 - 2
' A 2.0
0.0
all ol -1.0P .'O‘St 0.0 O.'5d o L5 20 00 05 10 15 20 25 30 35 40 45 50
rior turn-on period (us) Prior turn-off period (us)
200 A 10 7 ~0.7 . —— T
180 - A 65 MOSFET 2128
: 5 g 0.6 — ) 0 -4 Temperature limit, /95
— 160 4 8 - + \Temperature limit 150°C C B i == 80
O — “\ b L0.5 4 ) =
o Moy T : MASFET Sl 2 ‘ 5%
5 1204 E ' BTemf)erature Lo4 8 %’ 3
s 1 % : £ 047
g 0 54 : : HySloss | 3 E 8 2
S8 1 : P ol 3 03 &
60 {1 — 27 : ——i—GBT__ | . & 3 2
= : : i Temperature |~ Q. 02 %
40 1 0 Feeeeeenn L T 01 T
20 A f i E ’ 0.1
0 =2 ' s 0.0
0 1.0 20 3.0 4.0 5.0 0 05 1.0 15 20 25 30 35 40 45 50
Prior turn-off period (us) Prior turn-off period (us)
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1 Livas B
i " "
: : Cicer, c.a1 Dy | Csic. p-n2
: T Cﬂ'ﬁ, B Cnr.'; ——
V.',.,C}é ;J,zz":ﬁ' Gyi; \i}c('f T Cost | l.qu-(- =T Cowr E: R ¥ou
: : TCerl __L_TCos:
: Sys HyS
_|_JYY'Y‘-—|_
Chig Crz
Heatsink (H1 ]rm_"l Jif—l'l'l'l'mn'l Heatsink (H2)

Boost converter , 20 kHz
Ref: Fang Luo, PE 2018

Gate drivers IGBT gate

connections MOSEET gate
ivers

DC link
capacitors

TN T8
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Buck converter ,
20 kHz
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i i
L 3

Clampinglog __a¥
switch #1 T i
Multilayer Bushar

SIC MOSFET Power Module
51 1GBT Power Module

Gate Driverfor the SIC module. 7

Codd plate, Heatsink Clamping leg
switch #2

T type 3-level module , 28 kHz ,
17.5 kVA , for 100 kVA converter

Ref: Fang Luo, APEC 2018
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HyS Converter System Design

System reqirement |—— System parameters

/11N

System || Power || Gate || Control & Power
Layout || module || drive || Protection stage

% LISN

High power density

D) PERIS bR THHFAT
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Converter Parameter Optimization

Topology =3 Chip

> ower
Frequency Power loss = Thermal (rensﬁy == Parameters

design
\ Passive Mechanical /
components design
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HyS Converter: Wireless Charger

T T =~ Ii ;
| S ﬁ %I‘ I %l\ L L
o Loere B e e e g
pEI BRI S E N
5 8 |
_______ Bl e |

38095 v
8.851 A
3.3693 kw

378.34 v
9.602 A
3.6314 kw
107.778 «

50 kHz@3.37 KW
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HyS Converter: Motor drive

with 1200 V/200 A HyS module

10.0 10.0V 10 & 7 [20. ms 500k
B Ff“ﬂé Eﬁl 1E H:JUE fT(EE gttt i 100
[ 15 98.0 A 98
B ‘
@ H5E

Motor drive 30 kHz , 30 kW

Target: 200 A module, 50 kW@30 kHz, or 70 kW@10 kHz
400 A module, 90 kW@30 kHz, or 120 kW@10 kHz
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Summary and Conclusion

« HyS's performance is close to SiC MOSFET , cost
Is close to Si IGBT

« Module packaging and gate drive is important
for HyS

« HyS converter is promising , waiting for higher

power test

) rErmE TR
., INSTITUTE OF ELECTRICAL ENGINEERING, CHIN

JESE ACADEMY OF SCIEMCES



