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Catalogue

* Wide Band Gap devices Is changing power electronics

* Impacts on EMC for WBG devices



Applications for power electronics
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Applications for power electronics
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Demands for power electronics

* High power

* High efficiency

* High power density
* High switching frequency
* Low switching loss

* High precision



Motive tfactors for iImprovements
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Wide band gap materials and devices

* Advantage for WBG materials * Advantage for WBG devices

* Much lower on-state resistance @ high voltage

* High breakdown voltage

8 1o m é-z 0 SkMOSFET *ROhm
. . ] % 100 > g 300
* High electron mobility velocity 2o g
§ 5% 10? % 150
g = ‘(L:: 100 Si-Super-Junction
- c - g . SIC-DMOSFET
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v
Jose Millan, Philippe Godignon, Xavier Perpin‘a, Amador Perez-Tomas, and Jose Rebollo. A Survey of Wide Bandgap Power Semiconductor Devices. IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO.
5 MAY 2014



Impacts on power electronics

Laptop PD charger

ThinkPad.
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Motion Control

Si eGaN

Eff. 88-90% 95-97%
fow 100- 300-

200kHz 500kHz

Size 100% 30-50%

Si SiC
Eff. 95-97% 99%
£, 9- 10-
11kHz ~ 20kHz
Size 100%  60-80%

Much higher eff.

, Much higher switching frequency,

Renewable power generation to
grid connection

Si SiC
Eff. 97-98% 99.5%
fow 5- 10-
15kHz 20kHz
Size 100% 60-80%

much smaller size.



Example 1: SIC device In power system application .

Power electronic transformer — a coming technology in utility grid

10kV(AC)
rdh.
~.__‘| iﬂh\!lﬂ“lllﬂlﬂ“ Conventional transformer Power electronic transformer
I Coil & Core Switching circuit & high frequency
transformer
oc/ac| [AC/AC v' Low cost v DC conversion available
v’ Reliable v Highly controllable
I X Not for DC v" Eliminate power quality issues
ﬁ . fﬁ - X Uncontrollable X Higher cost (now)
PV Windh EV  AC Load X Power quality issues X Poor over load



Example 1: SIC device In power system application .

4 I
Power (MVA) 1.2
T 15 Our Target: 1MW, 97%. 20kHz
Numbers of SM (N+1) 8+1 10°
IGBT (kV) 6.5/3.3 :
HV-side DC Voltage(kV) 3.6
LV-side DC Voltage(kV) 1.5 10

‘L ALsTOM ' >
- “eTransformer i -
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h.:

Switching Frequency of AFE(Hz)  357X8

Frequency of Transformer(kHz) 1.8

Frequency [Hz]

[y
Q
w
T T
;\

Efficiency 95% : ~

102 L 1 m 1
10 10 10

z Power [kW] i

SiC (kv) 10

Output 820V DC
HV-side DC Voltage(kV) 5
LV-side DC Voltage(kV) 465/V3 Power IMVA
Frequency of Transformer(kHz) 20 SW|tChmg Frequency 20kHz

Target Efficiency 97%
Efficiency 97% \_ /)

*In cooperative with TBEA China 10



W Example 1: SIC device In power system application .
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W Example 1: SIC device In power system application .

Power Voltage Peak Current Frequency Inductor Capacitor

I:)SM VL IL,peak 1cs I-k CL
30kW 820V 37A 20kHz 48uH 50nF

A--C2M0025120D B--C2M0040120D C--SCH2080KE(Paralleled)

Power Loss of LV-Side MOSFET Power Loss of HV-Side MOSFET
60
50
40
30
mA 20 mA
B
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Example 1: SIC device In power system application

a1 *In cooperative with TBEA

3 l/ Module Parameters

o | ecop. Bus Voltage 820V DC
- = = Povier Rating 30K

Switching frequency 20kHz

A
S I — Tested Efficiency 98%
& v € 002 J{ 5M 280V 2585 2019
Test waveforms in DAB CECRRRIE | J?llfg'"ﬂllil'l'l'm ,'r'",lll
. = ¢ | I iy
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B FHIE =B BErR{E FRiEE :
[4 3o 65.0 4 - - R -—-- ;
O R 3984 5 8H 2015
9%:’( 580V 580 580 580 0.00 20:15:51
[z B35 502y 502 502 502 0.00 = A M . ¢ s
Test waveforms in inverter Module under testlng
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Example 1: SIC device In power system application

Demonstration TBEA i3=BT
The PE transformer is installed to connect IMW PV roof to 10kV utility grid.

The PE f el d TREA Park Demonstration project in Tangjiawan, Zhuhai,
e PE transformer installed in ar CREER R TE) 14



Example 2. GaN in high density DC/DC converters

Typical application

Power density — Watts/cubic inch

10KwW/in3
3.7Kw/in3 ‘
800V to 400V
N NBM
;T BCM
0.8Kw/in?
0 Competition:
BCM 0.8Kw/in?®
2012 2013 2014 2015 2016 2017 2018 2019
et VICOR
' T
Telecomm. Data center
15

*from manufacture’s website



Example 2. GaN in high density DC/DC converters

*Table 1: Characteristics of the Silicon and eGaN FETs

()
AlGaN PC
Protection Dielectric “’DS IDS RDS{ON} QG
Two Dimensional (V) (A) (mn) (I'IC)
Electron Gas (2DEG)
Silicon Control FET 517850 60 6.2 25 18 450 PowerSO-8( 31.7
Aluminum Nitride
Isolation Layer Silicon Sync FET RJK0652 60 35 6.5 29 189 LFPAK 29.8
eGaN Control FET EPC1007 100 6 24 2.7 65 Flip Chip 1.8
Figure 1: GaN on silicon devices have a very simple structure similar to a lateral
DMOS device and can be built in a standard CMOS foundry eGaN Sync FET EPC1001 (10‘0/ 5 5.6 10.5 59 Flip Chip 6.7

eGaN HEMT on Si substrate Erc) — .
Lower on-state Faster switching Smaller footprint

*Driving eGaN® FETs in High Performance Power Conversion Systems.

Alexander Lidow, Johan Strydom, and Michael de Rooij, Efficient Power Conversion Corporation,Andrew Ferencz, Consultant for Efficient Power Conversion Corporation, Robert V.
White, Embedded Power Labs

W eGaNFET

DSDSDsD SD

M MOSFET -

1.6 mm

Power Loss (W)

Top Bottom  Coss Losses Tuﬁ
Conduction  Conduction Switching Diode

Bottom Inductor Other Total

4.1 mm

Pinout for eGaN device

Loss Component

[ DC/DC w/t eGaN ] [ Much lower Iosses]
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Issues for Wide band gap devices

High voltage/current slew rate

High ringing voltage / current due to parasitic inductance

Parasitic
i nductance

o

EPC2001 }
* 100nH 247nF EpC2013
y n u1:1 €

[ ] [ )
EPC2001 3 3¢

zaun 3 31|
_E 134pld_1.204»
b3

T —<4
1841
EPC2015

Parasitic Ringing 403110 /-
56 mQ Gen 2 \ ”h Si MOSFET ‘ /
eGaNFET [\ /n| /)
T I AY

/
1.8mQGend / | |
eGaN FET
oo /
noononioni - /. / ! _
Ny 4  Parasitic
di/dt Voltage
Imcl.whn; o Bsuwn | |ﬂlq'_r I :,1'::'2' 100655 IT 5009505t
10 V/ div 5 ns/ div " o

Fig. 5: switching node waveforms of eGaN FET and MOSFET designs
(V=48 V. Iour=10 A, £,,=300 kHz. Gen 4 GaN transistors: EPC2021. Gen 2
GaN transistors: EPC2001, MOSFETs: BSZ123N08NS3G)
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Issues for Wide band gap devices

* Thermal management issue for GaN

200V Silicon Device Si
il substrate
| 200V eGaN Device
1111111t
GaN
: substrate
= — BEE I]l [ ] ’II ||| [ lll |1
7 10ths 1 2
= . 111111111
i
GaN device has L _ . —
Heat flow density is much higher Junction temperature is high

much smaller footprint

18/38



Issues for Wide band gap devices

* Reliability 1ssue

cracks

- - - -
Distortion in substrate

Thermal expansion mismatch leads to Failure cracks after

GaN uses Chip Scale Package-CSP distortion and stresses temperature cycles

19/38
https://www.planetanalog.com/egan-technology-reliability-and-physics-of-failure-blog-4/




Issues for Wide band gap devices

Electric —mechanic
coupling
(only for high current)

Reliability issues

-

Crack failure due to CTE

mismatch

/
Electric issues | °

.

Overshoot voltage and ringing

dur to parasitic inductance

\

)

Thermal —electric coupling

"

Thermal —
mechanic \_

coupling

— Thermal issues

High heat flow density &
junction temperature due

to small size

~

20



Design for GaN devices

To minimize inductance Iin power loop:

L:ﬂ\ jdeS

i / \\

" Number of turns )  Loop area [ Magnetic field
] | - E

L / . .
VAN )\ Shielding Y.

Reduce No. of turns or Reduce loop area Reduce magnetic field
coupling strength

21



Design for GaN devices

To minimize inductance in power loop:

— ol A
Shielding +Minimized
Bench mark(1nH) Parallel loop 1(0.22nH) Double side(0.1nH)
15mm*15mm 15mm*15mm 9mm*9mm 15mm*15mm
++++++++ I e R
CE274 1 (4 WS AN SN AU DURUE AU SUNE NN S OO A e ey v Bl , ]
4\,/1,, f \\/\\ I L (GO g / s 175
5.7ns ;g; , / v 4 :2..0Vfdiv. -
3.0V/div | ] F 3.0V/div | .w/\/ ;';)X/jiv 2. 5nsfdiv ¥
Sns/div ] e 2.5ns/dijv 2

Overshoot 7.5V Overshoot 4V Overshoot 2.4V Overshoot 1V



Design for GaN devices

FR4 PCB

High density
Poor thermal

Low density| ¥
o Falr thermal
"3?4

Low density
Thick film Good therma

High density
Fair thermal

Thermal
conductivity
W/m/K

CTE

Hi k PCB Fare thermal gfgutrze??:fty {_/(()arycg_l:;eonosclalt)t,hermal
e e e e
150 50 490 400 0.3 3.3 25
2.6 3.2 6.6 17 200 4 §)

(10-5/K)

AIN
DBC

180
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Design for GaN devices

Trade off between density and thermal

GaN device mounted on PCB GaN mounted on AIN substrate
: IF\’/loor therrcr;al perlforma?ce * Much better thermal performance
1ore con uctor layers tor * Less conductor layers for layout
high density layout « Higher cost
* Low cost
GaN

AIN substrate

FR4 PCB
1411t i1rri1irriririi1il

* High density
* Improved thermal performance 24/38



Design for GaN devices

Inductance (nH)

e
oS

<
o)

<o
~

0.2

=)
SN

Traditional Layout  Proposed Layout

Parasitic inductance comparison

EPC2001

100nH

247nF 2:1:1
_mn_“ [ 1T |

EPC2015

" 49mm=23.36mm=8 2mm
LLC converter prototype

EPC2001 pau 3 z ¢
_E} 3 3[¢ 134pld_1.2§2:»
rl__€7 T
11l
EPC2015
LLC topology

Efficieny(%)
0o 00 WD W W WD WD WD WD
o W O = MNW =

95% peak eff.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Output Current(A)

efficiency
Input voltage 48V
Output voltage 12V
Output power 200W
Switching frequ. 1MHz

Device

EPC2001 (100V, 25A)
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EMC issues for wide band gap devices

* High switching frequency

* Switching frequency moves into standard range

* Resulting in high peak in low band

Mkr1 15.08 MHz
Ref 107 dBpY #Atten 10 dB 39.6 dBp
Peak 100dBuv
Log 94dBuV 94dBuV
10 p— LY / \
dB/ X y
77dBuy N\
- 67dBuV X - N\
1M -z . N\ /
— :
h-ﬁ-ﬁ-h“"-.__‘_-__'_
|
[ — |
"-\.._-.-_-
w1 s2 l I )
S3 FC : -
A AA
17dBuV

Start 150 kHz Stop 30 MHz
Res BW 9 kHz VBW 30 kHz Sweep 881.3 ms (1515 pts)

CM noise spectrum for IMHz GaN converter

* High slew rate during switching
* 10 times fast than Si devices

* Resulting in peaks at high band

Vds waveform in time domain

1.5x10°

. Turn-on
= 110 . -
e ringing

[:+]
> soof—
= Tl.ll‘n -1)/f
ringing
0
0 2x1072 4x1073 <1072 Bx1077

Time /s

Switching waveform for GaN device shows high slew rate

Spectrum of typical switching voltage wavetorm (Vds)

o7 ‘

i of e i

st T TTTT]
[134 a8 T p—
H i 120 dBuy
Saa” 7 i

150|

Speetrum Amplitude (dB/wV)

1x10° ix1ef . 1107 1x10°
fi=IMHz f,,=6.88MHz
f/Hz

26
Noise peak shown in high band in spectrum



EMC I1ssues for wide band gap devices

* CM equivalent circuits for switching circuit
* Both primary & secondary side switches are noise source

* Their noise feature can be modeled independently

. Noise LISN

iE} S(I)\Imse / source 2 S0uH
urce 1

+
Nl:“ ﬁ' n::1 Va
i I 1 Noise T

CM current path
noise source 2

. J- S‘ﬂ source3
iE} L 3 3 o J- L+ .h591'11'{ u!
i CG== RV, 1w % B 1ur AuF 5 =
T 4 T 1 Tsog 50Q :
1T 1 ! (Cs B
]
Switches in converter circuit Noise model for source 2
_LISN _ h
[ S| CM current pat _usy
| /7 Noise source 1 [ Seud Crlw\(/liggrsrsgicza;h
£ | o | &)
e = vy -i—
| Vin | N '
2 m v :
lf! | llsvﬂllf- h r LrL E D2 ll!
M 1uF, L ul:‘ll JuF [ o = 1 ' *
f: | Eog s0Q , P (CsF=3Cs1 E

: 27
Noise model for source 1 Noise model for source 3



EMC issues for wide band gap devices

* Simplified CM noise model

* Switch is modeled as noise voltage source

* Equivalent circuit is simplified winag .
T T T N A R ! Differen - 2-5dB
Lot 152 NENEEI SR R I erence : 2-5d
TI1 LmIE C
r psl 1
Udg | ,Yb'“__“_l_f Mkr1 15.08 MHz
- L ] Eo | P g:;:ﬂ? dBpy #Atten 10 dB L00dB 39.5 dBpv
P D E 3 $ %ﬁn i A A Log 94dBuV 94dBuV 0
- ﬂ;’é—“— ::y X 7 A7 \ i
= 160 u
= Jrz 67dBuV Wfir](3 ( - \\
JL : : oo r kb a \ } ‘
: : : IR R IR . ™ .
Noise model with Switches * rR— T .
. . . T — I
(Massive calculation needed) Noise spectrum calculated el T
S3 FC I 1111
) ¢ o . . . ﬁﬂ.’.!ﬂw?ﬁ: . 100dBuV A AR
Qg A B . i = otk TS 17111\! | Ll
L | | 3 E | Start 150 kHz Stop 30 MHz
o > S2 ] Res BW 9 kHz VBW 30 kHz Sweep 881.3 ms (1515 pts)
il N j Noise spectrum tested
L . Difference : 5-8dB
10t s w

Simplified Noise model

(much faster calculation) Noise spectrum calculated 28



EMC I1ssues for wide band gap devices

* Modelling the parasitic capacitance for WGP devices
* Parasitic capacitance between device & heat sink is calculated

* Impact for slew rate & Vds on noise spectrum is analyzed

s

3D model to extract parasitic

R L I
—AW— N

I,

St g

Equivalent circuit for parasitic
between device & heat sink

Vs Voltage ! V

1.5%10°

™ i

Spectrum Amplitude (dB/uV)

Impact of slew rate

Vds waveform in time domain

e
1y

| om0

= tr=100ns
— tr=1ps
— tr=10ps

Spectrum of typical switching voltage waveform (Vds)

21077

41077 6x107°

Time /s

8x107°

150

100

30—
1107

1=10%

1=10° 1=10°

f/Hz

I
— tr=100ns
— tr=1ps

—  t=10us

1=107

150

100

Vs Voltage ! V

Spectrum Amplitude (dB/uV)

Impact of Vds

Vds waveform in time domain

= W dc=500V
2e10? e W de=1000V
{ e Vde=2000V
1x10° \
0
0 21077 4x1077 61077 81077

Time / s

Spectrum of typical switching voltage waveform (Vds)

—— Vde=2000V
— Vde=1000V
— Vde=500V

150 130

g

100

1%10° 1x10° =107 1x10

f/Hz



EMC I1ssues for wide band gap devices

Modelling the lagging edge and duty cycle on WGP devices

* Lagging edge with different time are analyzed

* Duty cycle with different value are analyzed

Vds Voltage ! ¥V

1.5x10°

1107 }

Spectrum Amplitude (dB/uV)

Vds waveform in time domain

5001

[— t=100ns
j— tf=500ns
O |— t=10ps

130]

100]

21077 4x10 810"

Lagging edge

Spectrum of typical switching voltage waveform (Vds)

I
—— t=100ns
— 1£=500ns
- t=10us

30

1=10° 1x10* 1x10° 1x10° 1x10" 1x10%

Vs Voltage ! V

Spectrum Amplitude (dB/uV)

Vds waveform m time domain

15107
= D=0.5
1x10° }
500
0
0 21077 107’ 6x107° 8107
Time /s

Varying duty cycle

Spectrum of typical switching voltage waveform (Vds)

— D=5
— D=03
— 0T

150 130

100 100

30

<

1=10

1x108 1x10" 110

S 30 /38
Impact on spectrum



EMC I1ssues for wide band gap devices

* Modelling the parasitic ringing on WGP devices

* Ringing with different magnitude & damping are analyzed

» Spectrums are compared Ringing with different damping
/_ids waveform in time domain
Ringing with different magnitude =
110 - — a1=4%10"6 |
5 — a1=8*10"6
e K 1=400 P
e [ 1=200 %ﬂ
> el e E1=100 E sty
Eﬁl =
=
j? 300 0
0 210" 4x107° 6x107°
Time / s
61075 Spectrum of typical switching voltage waveform (Vds)
# ' - —— a1=2*10"6
! T - — al=4*1076
[ | al=8*10"6

V

Spectrum Amplitude (dB/uV)

Spectrum Amplitude (dBuV)

R e e TR T et e e A ]

1x107

—
X
o

¢ EEEERERERE e R
1
S SR o e
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EMC I1ssues for wide band gap devices

* Modelling the Switching frequency on WGP devices

* Devices with different switching frequency are analyzed

* Spectrums are compared

Devices with different switching frequency

Vds waveform in time domain

1.3x10°

e f5=10kHz
e f5=20kHz

. 1107 } —— fs=40kHz

£

=]

= ol

=

=

0
0 2x10 4x10 6x107° 8x1072

Time /s

Spectrum of typical switching voltage waveform (Vds)

Vs Voltage / V

1.5x10°

Impact on spectrum

Spectrum of typical switching voltage waveform (Vds)

—— fs=40kHz ‘g - i
. — f5—20KkHz = a§ o
= 150 — f5=10kHz |5, E i Hi
3 Eln
= 5
=9 [=9
2 L, §
E E
H =
i
50 % -
1x10° 1x10% 1x10° 1=10° 1x10° 1x10°

[— fs=40KHz H
146dBu V| [ racl
140 dB 1V :

34 dBE V| 132dB UV ]

Ji8aBay
1120dB 1V 7

11
S SERSES e S LS RS R R S

® I I
i

1x10"

f/Hz

Spectrum Amplitude (dBfuV)

Vds waveform in time domain

fs=200kHz
f5=20kHz
— fs=2kHz

1x107*

2x107

4 3x107* 4x10°

Time /s

Spectrum of typical switching voltage waveform (Vds)

150)

100)

50~
1x10°

1x10*

Il

I
— fs=200kHz
— fs=20kHz
| |— fs=2kHz

130

3 6 T
1=107 1=10 1=10

f/Hz

100

30
1x10°
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EMC I1ssues for wide band gap devices

CM tested results with Si, SIC, Cascade GaN
and Emode GaN

Yy

1uF4= 1= IuFO0.1uF
50 !)%

50uH

Double pulse test circuit

Yy ]. ...... .

B

bl mmmmm e m e

e e e e e e e 4

- iy

_— e ————

. L +
b G Cur T 6]
50 @ ! I ! !
: : :
r ) b : :

&

6dB

1Pk
Clrw
2Pk
Clrw

&

6dB

1Pk
Clrw
2Pk
Clrw

RBW 1 kHz
Att 10 dB MT 100ms PREAMP OFF
AV 6.42 dBuVv
[ I
-15 0 10 20 30 40 50 60 70 80 90 105
‘ 1 MHz 10 MHz 100 MHz
%0 dB‘pv @==Cascade GaN|
80 dBpV - E Galv
| SiC
70 dByv R R
dBpV: i l
‘ I j
By §) ¥iin Ii"
] “‘V I
.‘ ‘ W‘L . ' ’ H\m
dh (IR ] Wi
i il ¥ | f
10 dB‘p\, ’ ! s ?‘1
Start 100.0 kHz Stop 500.0 MHZ|
()
RBW 1 kHz
Att 10 dB MT 100ms PREAMP OFF
AV 6.42 dBuVv
-15 0 10 20 30 40 50 60 70 80 90 105
\ 1 MHz 10 MHz 100 MHz
90 dBuV-
80 dB‘ . m=mCascade GaN
Y §iC
70 dB‘p\, 4
60 dBuV ol l
50 dBuV ‘ | &
40 dBpv “ H 1 1’\
30 | | i .
L W
" IN;
10 dB‘pV ‘ : —
V
Start 100.0 kHz Stop 500.0 MHz

(c)

®

RBW 1 kHz
Att 10 dB MT 100ms PREAMP OFF
AV 6.42 dBpVv
[ I
-15 0 10 20 30 40 50 60 70 80 90 105
[ 1 MHz 10 MHz 100 MHz
90 dB‘uV == 4 GaN
80 dBuV- |l | - mode GaN
\
70 dBpv |
6dB | l
60 dBuV .
1Pk r
CIrw | 50 dBpv Il i
2Pk \ l
Clrw | 40 dBpv
\
30 dBpV l — +
| \ A 1A
N | f w
10 dBuVv

®

6dB

1Pk
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(b)

Stop 500.0 MHz|
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Att 10 dB MT  100ms PREAMP OFF
AV 20.31 dBuVv
-15 0 10 20 30 40 50 60 70 80 90 105
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100 dprV T —dic
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D
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I
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33



EMC I1ssues for wide band gap devices

DM tested results with Si, SiC, Cascade GaN

and Emode GaN
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EMC I1ssues for wide band gap devices

* Passive filter designed

* Second and third order filters are compared
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EMC I1ssues for wide band gap devices

* Active filter is designed
* High bandwidth Op-Amp is used

* Low band insertion loss is greatly improved
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summary

Wide band gap devices are coming into application and greatly improves the performance for power

electronic converters in both power system and customer applications

High speed switching feature for WBG devices result in many issues in EMC performance in power

electronic converters

Passive and active filters can be designed to overcome the EMS issues and pushing the application for

WBG device for wider applications.
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Thank you for your attention!
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