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RESEARCH ON DC-DC CONVERTER OF NEW
ENERGY VEHICLE BASED ON WIDE BANDGAP
POWER DEVICE

ABSTRACT

This paper studies new energy vehicle on-board DC-DC converter based on wide bandgap
power device GaN. On-board DC-DC converters are used to charge low-voltage batteries and
power on-board electronic loads. With the popularity of new energy vehicles, the power of
on-board electronic load is getting higher, which puts forward higher requirements for the
efficiency and power density of on-board DC-DC converter.

GaN has the characteristics of wide bandgap, high electron mobility, and excellent thermal
conductivity, which can improve both efficiency and power density of power electronic converter.
At present, GaN power devices have gradually entered the market, and it has become a new trend
to replace traditional silicon power devices with wide band-gap devices.

In this paper, an on-board isolated DC-DC converter is implemented by Buck + Full Bridge
LLC based on GaN HEMT. The principle and structure of GaN devices are firstly analyzed, and
different normally-off GaN devices are compared. After selecting Cascode GaN HEMT, the
driving circuit is designed according to its characteristics. Then, based on the in-depth analysis of
the characteristics of on-board DC-DC converter, a Buck + Full-Bridge LLC two-stage topology
is designed. The parameters of both LLC resonator and main circuit are designed according to the
characteristics of LLC topology. After that, the loss calculation and analysis of the designed main
circuit are carried out. At the same time, in order to achieve bidirectional operation of on-board
DC-DC converter, the reverse operation process of LLC circuit is further studied.

In this paper, a 3kW on-board water-cooled DC-DC converter prototype is built. The full
load efficiency reaches 94%, the LLC switching frequency is 320kHz, and the power density is
2.19kW /L, which met the requirements of efficiency, volume and other indicators.

Key words: wide bandgap power devices, electric vehicles, LLC converter, on-board DC-DC

converter, bidirectional LLC converter
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SRR EILE WA 8RR GaN HEMT. SCHR[29]38 i 76 Mt FAIGaN 3 £2 2 7] 1
In— ZEp-cap/Z KB % U I — 4E B 7S K. p-cap Y ) GaN HEMTIA AT LI d it At
2GRN KRB SIE P, 2 H AT DA R R A an A g4 . (E2, HMHR B E # R
B, Hig K2 a TAEME — BB, R 7 7E BRME Ao e P i 8. SCHR[30]58 i /EGaN
HEMTH#) T 77 1934 22 23 NF-25 1, ATIA BIFER N VA it — 4 i< B 19, A sk
PRGN HEMT . U5 TIE AR BARRE L SLILIM 5 R GaN HEMT, (H 24 RME RN
W, FEE, BTF-Er e e e 2, o ELIREEAE LA, 25 5 il vl SRR ) . S
BR[31]3E L 78 il A GaN HEMT b 2 H A Si MOSFET M1 JE . Cascode i GaN HEMT 3 51
ILGaN HEMT 2814 15 7 o 1X — 7 et A Mk i ML g, (B 75 B9 = 1 & Cascode B4 GaN
HEMT [ 884 FOAZ OV TH 2 % B U GaN HEMT, Bt LAASRE#E 51 i 55 R GaN HEMT . 1 H. i
THLESI MOSFETIAALE, 15 HASME AR, ATk REATaE AVt I HE S [v) AR R 1 &
Cascode’t!GaN HEMT N H . AlGaN# 22 )2 & BE 1) /s 2 BRAK — 4 o S8 7 ik
LD BG TG, 4TI, SCER[32) i i X P ARSI T G AL g A, X
Fh o7 =t U i 3 22 E R

BRI R GaN HEMT S 1 A R 9 5 1) 1 R, {H2 B T-GaN HEMT 738 HiFH
AN, MR AN, SR RS A S AR BRI R, bR AR, TR A RERY
55 2 5T JECascode Y [ 51 GaN HEMT @ % BRIME Fi TR, BE 28 5 7 A5 A% 3 )
SCHR[33)E! X p-cap GaN HEMT, FI FH#x I ER /4T T H FRIRG I IR IR A R 7= AR 264, X 35
A SHONRG BT 7 8T, FRIEE e IS IR B R R AT . SCHR[34]%)
p-cap GaN HEMT¥ [ FEHR3% 32 H 7 7EMIR 2 (8] FRERRC R X HR 7 HEAT Hki], (X P 7 R4
FINFE L (45 £ % CascodeiGaN HEMT, SCHR[35]40 4T 1 76 K HELIAL T 9 S8R 1a]
B, A TMOSFETHIGaN HEMT A A ULHEL 5 & (1R, 18T /EGaN HEMTAHE -
X HL 2 IMOSFETAMIGaN HEMT HL 25 DL FC R fif he o SCHR[361@ I SR, 40 #fr 7% T4
KRR HE B AR AL Cascode Y GaN HEMT % 38 ) /il SCHR[371HI A f e AR A, 7 T
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CascodeZ!GaN HEMT IR GRS, FF H Aot 7 3 A SECHRG I . — A g v
MR HL I R 7 B s AEA AR IRk S E AR S IR C IR s 386 AR FE LA g BRI 5%
P, JR/NPCB (Printed Circuit Board) 5] A M) 294 B2

b G5 A GaN HEMTEIR AL, & KT R EREHEE T B CGaNg £F = . H
1GaN Systems/e & [ p-capZ g 3 A GaN HEMT AR Al . HiGaNPxdsh 3 AE i 2t B = i
SIE, I HIEKEMI. EPCHE 2158 AIGaN HEMT AR E Az —, HA B ) firh o %
HEEE (Land Grid Array, LGA) AN FH 8 i dsf 28 M s Bt — B /N B4k . X FCascodeZi!
GaN HEMT, FREMZ S, SEE 1 Transphorm 22 M ) il i 7

mE (M
109 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,

108 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
107 *_ 7777777777777777777777777777

06f <
| & _|i IGBT

105 L
10 SN

10 MOSFET
-
1

10! WE (Hz)
0t 102 103 10% 05 10% 107 108
Bl 1-6 & Fp RS FENAHEE

GaN HEMT ) B4 o7 FH tH 2 0 G (A F 78 B2 A .- GaN 2R 1 32 2237 A 3 Bl I 1-6 o
BRI RE O, R I SR aT U & A iSi MOSFET .. SCHER[91RT L T
Sigs M AGaNgs - 7E e % P oG #2, H HLA%H 3& [ Transphorm A 7] 1600V GaN## 14
TPH2006l{f T 300W/[#]400V-12VLLCAF g8 TAEAMF NIMHz, RCRIAF]96%. SCHR[10]7E
Ji.34148 F Transphorm #)600V GaN #& {4 TPH3006PS, FlliZ1 {4 FHEPCFJ40V GaN#sfEPC20154i|
£ 1 300WH1400VEL 12V LLCAS e 2% TAESAR ALIMHz, 3EE897%. SCHR[38]F] HGaN2s
PESEIL T 1.2kWH) BB R PFC, S R IAF 799%, D)2 % A $220W/ind,

1.3 FET £

AR R o A SRR TR IR ZEDC-DCHLIE AR A& SRR, 4t it T 98
27 GaN #5411 250-500VEIT N, ELTii+14ViEi Hi (11 423 DC-DCAE 4 8% .

FETULENE, RS N B

BTN E T ARREE T SR B E A Ak E S T 3 DC-DCAR
75 GaNIIZR ZFHE 55 LA K B8t I 8 75 Tl RSE A

5 F R W) 3 DC-DCH AT T 4 T ML AL, IR ik #EBuck+ 2 LLC DCXP 4
FMERNA S R RN o Bl AR IR IE A28 T LLC LIS 1 R B AN S5 A0, B Je AR 32
%SRBSR AL Y38 ZHOEAT T .

=B AT RER AL H LI R A GaN HEMT MlCascode ! GaN HEMT 4k, 3f
o LK 5 A GaN HEMT #1Cascode i GaN HEMT#47T 1 tb4k, 2 J5ik#¢Cascode GaN
HEMT 0 L AR R 3R ) F B Vv o 6 il AT 0 b, 4 HE SR B LB VT 5 56

B DY 2 T ICATURE AL A A5 FE P A 7 TH X ZE 3D C-DCAZ #a i Buck H i LU K LLC L 1X
P 2 IR FE 73 AT 53T

#
~
b=
o
3
b=l
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5 L E AR DC-DCA A W HIBAT A IE DL o $RIT T XA LLCA a3 1 JR 2R, A
TiE o 7 K AT k.

SENEAEEIKWAEHL, R A S HEAT N, 2 R8I Se8e X Buck+ 2 LLC
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P GaN S ZHAEZEEH, DC-DC BIR A

&1 GaN B 7545 LL K. AlGaN/GaN i 45454, GaN 234 LB L 75 1 s i
e DS BEAR A B HFE . SRTT, BN GaN HEMT J& THER A28, PRalt i B 52—
Tl oA GaN HEMT. A< 2082 A GaN HEMT - PESEAT 204, 3% %28 GaN HEMT
W7 R AT L. R REVR AR DC-DC X — W 375 1k Cascode & GaN HEMT, X}
FURRPEREATA0HT,  [FINEE X 2248 DC-DC 3X — 8 FH 37 2 6] JLBK Bl L B R AT 1 T

2.1 GaN HEMT %54

2.1.1 #RM GaN HEMT
2.1.1.1 ¥R GaN HEMT 4514

FHE

& 2-1 #6327 GaN HEMT ISR E
Wk 2-1 RFER GaN HEMT Rz B, HS MM 2R AR -
(1) #WEZE (GaN-cap layer)

T AlGaN i Al TTRAE 5 5 AP RE SR ERBL, a3l g, Bth—k
£1E AlGaN #1222 FIN—ZSIEE . FF, @50 Z e AR S R, 32 oWk
AT AlGaN ZE ) 7 5 .

(2) AlGaN/GaN 7Jrigh (AlGaN/GaN heterojunction)

AlGaN/GaN 53 Jfi 2 /& GaN HEMT [J#%.Cr, FH TIERL 2DEG; HJE B2 FI5 A 22 500 G
WERIERE. @, Al 2. AL2Z8FN 4B TSMRENR, (H2X PR
PERTEENE . T AL F S KB 3 22 2 I TE VAT B R 08 1) 4k B K

(3) Z&phZ (Buffer)

e R F B AR SERER . RS20 GaN JZ A K R4k, Rt 520 25 118 F 5%

W PR R RE
(4) #FJ& (Substrate)

IR A SiCy Siv GaN, Xk 2-1. A AlOs, {HieSHPERZ, i H gk

BLIRK, Z56KE Si fdd & HIER K.

#
©
b=
o
3
b=l



ETREHINREMHRIFEERE DC-DC THREMR

# 2-1 SiC. Si. GaN fEkE:

n-type SiC SiC GaN Si
EiE RECE (%) 3.1 3.1 0 17
4 Fi~T R E R (8 5411 19325 46380 618.4
SH#HE (WiemK) 4 4 1.3 1.48

SEFR AR — M 2 TEMHE IR — 2% B4 lim B34 (Field Plate) A% 3 4 #8358 58 0
S, AT AR I TTRE, R RE SRR FB DI SIS . R 4h, 4 1E GaN-cap
7, I BN BEAYJZ (Passivation ) K 7 I AR (1) A K, DL 2 fif 3 1 e B ( Surface-trap,
REM PR AR R IR 7 AR R R I

2.1. 1.2 ¥} GaN HEMT JiH 2

GaN HEMT %00 f/E T AIGaN/GaN 5 R &5 a5 i T o) —4E <, Wl 2-2. 4k W
TR E ZAKEE GaN PR B R A AR .

HEMWATRIZ HT GaN ME H @ FIeh OX Rk, Fik Ga-N A=k s ff
WA, 443 GaN M kBLE A 1R 31 B R BN o

JEHRALZ T GaN MR G 3%A O FriE, I EA KB TEANIFET,
K4 GaN il AlGaN @& & B, 15 AlGaN/GaN 5 JF &5 N 77 A4 N A, 33k 7 A AR
FHAE A AR T = AR AR AL LT o

B 22 R TSaEE

H T AIGaN/GaN [HIZEHT 58 BEANR],  IX R LA s R Ak i RO TE B AIGaN/GaN 57 )it
gho [FR, PP s, AT AEAEANIE S, R A FIR R T — R ROR
=AM, BRI = MAB, R 2-2 Fis. HAES BN IS AT TR 1
Tl Re H BIE 3, 1 7E BT B AT 1 E B 52 A B PR, DR R ROy 4 TR
(two-dimensional electron gas, 2DEG). i i A8 Witk i, Fis 55t e 42 il — 4 ¥ 1SR B2 A
T SRR IR, P 2 ) T A ST

T 4l T SIAEAE, (L4810 GaN HEMT 78 ANt I A% S f B fige b T SR S,
DRI 8 T AE R AL A, BRI B AR, I8 3 A DH 3 R AR M S TS BrA re . (Rl
M EREAE GaN MPBE B SEIH AL Th e, RISE R Ay st

LIt FERS, GaN HEMT IMAEE A TR . MR A . W2 fish mT 5 4 DL K% W 3L i 356
. AR, BFFEN AR TR i ) f TR AR T &

2.1.2 FILIE5RA GaN HEMT 5

fE4511 GaN HEMT J& THER U281, RIw@ B, IR MR T sebrtEr=rh.
TSEIUE WA (BE5mAY) GaN HEMT, HRT#F i I EA: p-cap SCILMH WA GaN
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HEMT. %2 FiE AL Wi GaN HEMT. ZiBcseBl i+ Wi 2 Cascode GaN HEMT . i 34
L2 EHERSILHE WA GaN HEMT, DAl 2| v Se G 98 Y GaN HEMT 5. Hirr, 27k
SEHLHH WY Cascode GaN HEMT HSz ik IH & B GaN HEMT, Rl HAS e S/ 1
B GaN HEMT, 8% #% 5hFR A Cascode %Y GaN HEMT . A 5455%F He b B =9 1 7 &3k
1T TR A4

2.1.2. 1 p-cap ¥ GaN HEMT

U 2-3 i p-cap & GaN HEMT, F1# M AIGaN/GaN HEMT 21445 F4 AH EL 2E Mkl
&JEF AlGaN #2222 [WiiN T —2 p-cap 2. p BB4411 cap EA N7 2 Z KA PN
él“, PN 45 () Py 28 B 3575 M B R D5 1 AIGaN Al GaN LT IR AE A 46, MR R 5 v i #E
R, AT S B AR A ) SRR

p-cap HAE P E A A 7 AN 5] HL AT B SR, AR R IR IR shRe S, A2
H AT Tl R g A 254 2 — . GaN Systems Jy%E 7 p-cap A58 A GaN HEMT A & )
RFe . =5 IEE BE N 100V F1 650V Ffh, S HMERRT) GaNpx 35135, Haim & gt
BERSE, HA 2w A AR . (HE, p-cap HiAME BIE EEEML, HEKes TI/EME
— BN, AR AR BE AR E . Rk, FESERRM R EZ IR

-

FHE

& 2-3 p—cap &I GaN HEMT &Hr~= &
2.1.2.2 Cascode &Y GaN HEMT
B FER A GaN HEMT 5% /% Si MOSFET 221 % i (1] Cascode %! GaN HEMT 6
g S K GaN HEMT, W& 2-4 fr s
l_ GaN HEMT

[
— |
Sk Al
I Si MOSFET | H JI

S

& 2-4 Cascode &I GaN HEMT & BB A= E

H i $2ft Cascode GaN HEMT 7= it /A ] £ 45 Transphorm 23] LL & Nexperia, e
Hi 38 %l 600V A1 650V, 5 TO-220 A1 TO-247 Wb st G s, AR EL TG 4,
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o/ SANGHAL JIAO TONG UNIVERSITY HT s R g $seEZE DC-DC TR SE W5

AR SR, (HE G| S AT G 5] NP2 UG, 78— e REE LRI T IR AR
M3 E . HAUALE T T ANNRS F, 20V Wb 5, L4t Si getbiksh. A, [
JE Si MOSFET FAN 2 Rk KK 1) S [ Pk 53 17] 7L

2. 1.3 K[A GaN HEMT & Wr 7 & L i

A FR ST p-cap BUHE5EA GaN HEMT LA A% Cascode 4 GaN HEMT M%7 THiBEAT ELEK,
M i% HH 1& A 222k DC-DC A2 #2311 GaN D23 X1 p-cap ZU358 %! GaN HEMT LUK
Cascode ! GaN HEMT, Z34r%I1EH GaN Systems ] GSP66508HB =i Al Nexperia [
GaNO063-650WSA 7= i

B b 5ot PR B E HEAT XUBK b ek B . UK o DA R X, o 2-5
B R N Qu Bt Gt iUkl ki o ] o JCrp A Qu PROADE 1 Bl e 2 DA AR
RO, JMIEPEIFEE— N L T4 N MR HE vgs LIRS HLE vas 2051 E
R 28 250 R PR SRR 2 B s R SR AT I B, IR AR R 2 IR AT M= . #iFl GaN
HEMT XUkt s e~ 6 3l an &l 2-6 (a) At (b)Y fiw.

Qu

o

(a) (b)
& 2-6 XK IRELLFES (a) GaN Systems GSP66508HB (b) Nexperia GaN063-650WSA
SEIS SN B IR 2-2 i, & GaN HEMT H2643 5T 2A. 4A. 6A. 8A. 10A UL
Je 12A JFiE RIS .

& 2-2 Wk HAASLK S

BRIk 360V
HiE 1 T Vs
JHIE 2 T Vs
HiE 4 N g
TEIE ik A~ 4 7
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VY FELAAY

7/ SHANGHALJIA0 ToNG UNIVERSITY ETRETINERFRIFEERZE DC-DC THFMR
gk o—2
ok e 1) 2.25us
ok JEL 3 (B 10ps (100kHz)

K 2-7 FE 2-7 Frox, 43519 GSP66508HB 11 GaN063-650WSA 7 12A -3 F1 56
F & IMHE B vgss IR LR vas LA IRAR FLIR B0 3 FISBSLI0 45 5B 3 il an sk 2-3 il

i% 2'4 Fﬁ/j——\‘ [}
Tel i 4 [ . '.Ib. biikd .
!'\ ﬂ f A AN Vgs Vgs
» Vip s Vs q  ® ‘ “
j‘ (A I|‘ N AR AA :-'\,\‘Jn_(’A\‘,-,U.:\,..\fvﬁws...-_/-...«& _,..Y\qs LA Y N ]
=TTV ‘ T e i
L0 !
. i i I herrt
Bl Wy : - I 'u‘ WI [‘vl ‘,ﬁf'.‘"J';J“-’ﬁ"f1"‘4"-*-"‘%'”\"» A e
!
I - A . S e 3 7 . S
(a) (b)
2-7 GaN Systems GSP66508HB XUAky iRk @124 360V (a) FFil (b) KWt
Te. bk [ I | Tek fl 1 [ I 1
-/"\/V\/\/\MW
! Vgs Vgs
...‘.._...» NP— | 9 b JV;M" B s T T —
1 "l - - Vs Vs |
f i :“:“ \‘ "‘*.'\.,"\.'-\u-/ ‘xv-/\_/\‘.-"\-/‘\‘-‘*"”"“'"""““’""w P carromrnsa |
\ vv:V 1’
I iy g . A
| P———— ;r_('-\r’-vw"»’-—"u" - p— Dofrrranin L A e !k‘u‘MWHM%WMW
[T. 5.00 V Q j[mm f.f,l“.;f’“ !_Rm\v—] [C_l S0V e J[:rmn-. . iﬂsﬁi‘\xg ?FJ
(a) (b)

2-8 Nexperia GaN063-650WSA XXk #ll AP IE @124 360V (a) FFi@E (b) KW
& 2-3 GaN Systems GSP66508HB XX ikl ik Sl 45 5

THE R ia (A) JHESHFE (n))  digdt (A/ns) dvas/dt (V/ns) — HIRIE P (A)

2 18.8 0.317 10.118 11.4
4 25.5 0.488 11.637 14.9
6 325 0.556 10.13 16.5
8 35 0.655 9.25 17.3
10 38.5 0.709 8.812 19.3
12 41.3 0.786 9.5 16.1
KWL ia (A) KWHFE (n))  digdt (Ans)  dvgd/dt (V/ns)  HLEE (V)
2 14.8 0.019 3.127 24
4 15.6 0.082 6.316 40
6 20.2 0.146 9.032 64
8 27.4 0.205 13.333 48
10 34 0.282 28.571 88
12 37 0.412 34.667 96
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Y suancHAl JIAO TONG UNIVERSITY HET w2 EIEREZBHFIEEEZE DC-DC T

% 2-4 Nexperia GaN063—650WSA XX fik v Il ok Sz &5 5B

JHEHR e (A)  JFEHFE (uW)  digdt (A/ns)  dveddt (V/ns)  HEJTE (A

2 16 0.45 26.545 17.5
4 21 1.018 29.778 16.4
6 27 1.2 25.667 16.2
8 33 1.152 25.091 15.4
10 45 1.333 24.906 15.2
12 50 1.514 24.762 14.8
KWL ia (A) KWHFE (nd)  digdt (Alns)  dvg/dt (V/ns) — HLEEM (V)
2 5 0.118 2.452 10
4 4 0.224 45 14
6 6 0.433 6 22
8 9 0.58 8.848 22
10 10 0.629 11.84 30
12 10 0.818 15.784 38

HE 26 fIE 2-7 WKL KEE 2-3 FIFR 2-4 KEHE T LR B Nexperia )
GaN063-650WSA 7EF il 2 B K dig/dt LA dvas/dt, T =35 @ et v A 2, Hik
BB . M HIrE, Nexperia ) GaN063-650WSA 1] dvgs/dt 58 /N HL L i it 5
/No Cascode 4 GaN HEMT 7 e Wil R i) W 5 A0 #4532 SR O LA sy S L, 4L
EAR S AT 8IS R e 2.2.3 Fh BUAN . % IER|ZE 4 DC-DC A8 #a% A48 m] SE bk i 2
3R Nexperia £ 54 FIFF AR

60 40

50 35
~ ~ 30
340 3%
3 2
W30 3@;/20
S E s
i 20 =
KR

® 10
10 —e— Nexperia Do Weria

—&— GaN system —&—GaN system

0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
FE RN (A) KW AN (A
(a) (b)

& 2-9 GSP66508HB F1 GaN063-650WSA FFoci#Ext bt (a) FFiEFE (b) KWTHFE

100

80

¥ (uD)

60

o
il

40

TFR

20 —o— Nexperia

0 —&— GaN system

0

N

4 6 8 10 12 14
TFRHEFRAD (A

& 2-10 GSP66508HB FI GaN063-650WSA FFo& MR EE
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1 2-9 FE| 2-10 Jy%E3 5 ) GSP66508HB Hil GaN063-650WSA frIJT Il e, Wit
FELL P B 45kE. nTRUEH, ST FFiE ke GaN063-650WSA 7E K IR Tt N8/, Tk
W45 FE 5 T GaN063-650WSA 4 GE I AL T GSP66508HB, it /2 [A Jy HAHE i it 5 5 W L
il 7% DC-DC 2% = SCR IHF 21, Nexperia [1) GaN063-650WSA T & &

A SGIAT T ABHINR, BT GaN #R RS A N R, ”“#Wmﬁ CENES
At iR, SR AThE, RIS SUGAOCN S AR e, AR 210K 2-11 A FARR 2k .

100

S 60
~
o %&
I 40
20 —e—Nexperia

—e—GaN Systems

0 5 10 15 20 25 30 35

h#IW

& 2-11 GSP66508HB F1 GaN063-650WSA #BH*T kb

TO247 4] Nexperia 7= il B A /NFIFBE, 11 GaN Systems [ dhd 25 /N, B,
AES T UK IR VR B AR g

X T p-cap AR GaN HEMT, S AABI{A HEE i 7% O, (EUR A7 705 MR B U Il
H3 2-5 AfLLE F 5 Cascode %! GaN HEMT #HLL, p-cap ZU#5e7 GaN #3172 6V [ H &
AResE eI, KN EMA 7V, XS EE 2 emEIER RN S mEIEE
7N Vgs 22 A48 FEFR 1) 2 25 1 58 A i (1) kAR Ho 1 5 e KM s 2 T R BE RS o DRI 7R
BRI Vgs KRIEAT IR, A2 FH GaN g3 /F 453K . A, %}T Cascode %! GaN HEMT,
FOMAR B R AR IR 2] T 10V

% 2-5 BB LR
GS66508B GaN063-650WSA
Vgs E%j(ﬂﬁ}i 1AYs 20V
Vgs BIME (V) 1.7V a4
Vgs ;—Eéﬂ:ﬁ 6V 10V
Vgs ZRMBE 1V 10V

FR 4 XTI R GaN HEMT (1 Eb 4%, AT H i F Nexperia [#777 & 4 A & (] 5%
2.2 Cascode #! GaN HEMT 434

Cascode %Y GaN HEMT [3E 4 Jg@ 1 L J — S S L4 AE 2.1 A T AT Hopk e
O LK TARRAS AT VELH N 20 o A5 R TR Ui B, Il GaN HEMT f{3& Cascode
7 GaN HEMT M I#ER % GaN HEMT.

2.2.1 Z5K5HERE AT

& 2-12 FroR4 %A Cascode ! GaN HEMT M2 ik . SR B LA A seE .
MEBORER PR LA ], BT &M £, GaN HEMT I Si MOSFET Z [Alf)i& A7 /£
G2, XA A S8 WIIkZ T, GaN HEMT F1 Si MOSFET [)45
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BEW MR . P SIFEE = AAF AR, ohlkd: HREARAE. MR B AR
HLZ

=
K JESi MOSFET :

(a) (b) (¢)
&l 2-12 Cascode %Y GaN HEMT i) (a) A (b) #HIErwE (o) LYE
mEFTR, B 2-13 5 75 A AT L2 1) Cascode ! GaN HEMT (2540 . Lo
Ls A1 Lp AR B He i 1~ 51 227 AR AU Lina AT Line Iy GaN HEMT 1 Si MOSFET 2
[B) ) FLE 5] 2837 £ FEUEK . Cop si~ Cas si 1 Cps si 735124 Si MOSFET HIMHR 2 MHE B2
DL JRIRFEZ . Cop_cans Cos_can F1 Cps_can 77 7110 GaN HEMT MR 2%« MR FE 25 DL &
TR .

Cbs can
I-intl H D
Y Y Y\ Y YN\
Cep_si 4 Lo
—
e~ j— pu—
G Lo H T Teoss [Cos e | Cooom
T YYY\
Cessi Lin2
Lsg
S

& 2-13 XEHFESHN Cascode B GaN HEMT HIZE3% R E
N T #: Cascode %Y GaN HEMT 5 H A JF 8 B g, A SCLL Nexperia 1)
GANO063-650WSA A, Sifis He Al AR I Infineon [#) IPW65R065C7 SiCoolMOS.
ON Semiconductor ) FCH110N65F Si MOSFET F1 GaN Systems ] GS66508B 1 5:%! GaN
HEMT #4175t LE, Sk Cascode %! GaN HEMT (1)1 fE .
& 2-6 Cascode & GaN HEMT FH fh 224 B %Re 1k Hh g

HRES 4L GANO063-650WSA  IPW65R065C7 FCH110N65F GS66508B
T K HLE Vos/V 650 650 650 650
Tt i K HLIAR In/A 345 33 35 30
MR B E HE VsV 3.9 35 4 1.7
MR RG] Vg/V - 220 +20 +20 -10/+7
SEHE (@25°C) 50 58 96 50
Rs(on)/MQ
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By X EXELY

A4
%/ SHANGHAIJIAD TONG UNIVERSITY BT RERHIREMFHEEIRZE DC-DC THREHR
4R 2—6
S TA) 0 YR U R BE - 1.35° 0.9° 1.2¢ 2.47¢
(@25A) VsplV
B N HLZ¥ Ciss/pF 1000 3020 3680 260
M ik B AT Qa/nC 15 64 98 5.8
PR E AT QuinC - 125 10000 670 0

abe 23 531| g B[] FL I N 12.5A. 9.5A F1 17.5A I (U5 I 1 %
dBE T RS HAR S S, 2 MR U 12.5A B F s

H# 2-6 AfLLES], Lib4E Cascode ! GaN HEMT it 2 p-cap I8 % GaN HEMT )
TR AL R RE ) DL RERE ML SE Si #8435 T . [FIRF, T Cascode % GaN HEMT i#
1T 225k Si MOSFET SRScHI s R B4, R EA A Si e IR R, A 45 Hom 1B
HUMHARI G . 1 p-cap BLHE3R% GaN HEMT SZIRT S G5 PRI, MBI 45/

SHEIHFE T, 1525 T GaN 28f AlGaN/GaN 3 Jii 45 45 ¥ (1) — 4k H 7S LA & GaN Bidk
Wi REPE, Cascode % GaN HEMT F1 p-cap 3557 GaN HEMT 1) 538 HBH AR /N

W HLE A OV I, Cascode %Y GaN HEMT Jz [ S8 I (35 15 15K T16 48 Si #4411
JER#, XJEK A Cascode Y GaN HEMT [ 1 GaN HEMT B & e ] Sl JEfF, i8S FEK
J£ Si MOSFET )% A= AR 1) e B X BL T By R (1042 GaN HEMT SEWRIRAS R 1) S i
Y5 Si MOSFET ANJAl. 4 FiE Ve B S [ml AR B8 o R N, GaN #8746 3 Fa IR R 30
N LR . PR AT DA S A A LA I R IF TR R ELBEA S T PR R 1Y) R AR
B, BT p-cap HBEIEA GaN HEMT, HJEFEE KT F /b =Fhasff, Xn]fee kil T
S EL, S LT 52 3 I I R R VR, AR 7 R K R A R AR TS e R B
WRFEIF IR I8, DRt R Iy B K 114 s [ 3308 b LA I ) S RS R %

GaN HEMT i b ATETE & A M 45, H LA FR gy DL A 3 N B 2 8 AR /N o (R Bk p-cap
HUETEAY GaN HEMT 7 S HRE M A 1) P B2 AR 1 e L T S Ab = A48 44 - Tl Cascode % GaN
HEMT 2% 7 —/MIKE Si MOSFET, BRI FF RRFPERN = ) Pk SR AR X B 22 . (B Si
MOSFET #IH bt Si MOSFET 45 S 4 UK s e, IR e Ik 2 g2, (R Cascode
1 GaN HEMT 5 Si #8FAH LU0 B4 IR PERE, I 00 Bt B AR HL IR S HFE B /N o

445k, Cascode ! GaN HEMT A 5 Si 8 35 AR PRI AR R, 56 4710 T I8
PEUL K TF eMERE . (H R TE SRl H o B/ GaN #34 S [m) F e 1], AT PR & 17 5
TATFE IR

2.2.2 FFRRE M

K 2-14 #E T Cascode #! GaN HEMT [¥) Buck Hi%&
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</ SHANGHAI JIAO TONG UNIVI::RSIIV HET w2 EIEREZBHFIEEEZE DC-DC T

97 434t Cascode & GaN HEMT [5G 18, ASCRH 17— Buck FLEE/E AE]F 34T
ST, WK 2-14 FioR. A Do @8 AR, FURHIR 1B HIRIE . M FERH Re
S F AR S 3 i %Bﬂ*ﬂﬂﬂm%ﬁi%li_ﬁ’ﬂ[ﬁfﬁi MOSFET WRHZH R 2 T k¥ 53 7 o #r
Cascode 7! GaN HEMT HJH i@ Fflo Wit 72 .

2.2.2.1 Jrd@idfE

T 55 #r Cascode 2 GaN HEMT Rl 2. EHATH 207, AR L fud 2L
W Dy, HLJE Vin #1%] Cascode %Y GaN HEMT 7%

& 2-15 T Cascode &Y GaN HEMT i) Buck HEEFEE [ Bk
i@ Cascode GaN HEMT Mtk it i L Ve, P AEMMR IR i X Si MOSFET A 45
R Cos si AT 7R HL. T Cos_siiZi KT Cascode GaN HEMT FHAh L 7%, DAL A
R4 Cossi TEHL, 252K Eﬁﬁ%ﬁu 2-15 ffi7n. ERXANEFE Y% GaN HEMT F1 Si MOSFET #
&ﬁﬂi B, DRI B LI I JE e Dy ZR3L . IX— P Bt BA Ces_si Pt FELIE Ves si 12 %1 Si MOSFET
BB Vin si NS R

Liml

1 l—¢—i

CVGS GaN
Cos si | “Gs.GaN

L § LlntZ
Dy

B 2-16 #F Cascode I GaN HEMT ] Buck HBEITiE 5 I BB
FEX—Br B Ves_si ik F] Si MOSFET BIE Vin_si» Si MOSFET V4 I& 45 51l I H TARAE
PRI, [RIBE i si 52 % ves_si #55H1. Si MOSFET [JJsJR L %¥ Cps_si FIHHE L% Cop_si i@
1L ion_si HEAT TR HL - GaN HEMT HIMINRSE 2 FH % Cos_can 1B3d Si MOSFET 1 GaN HEMT [
125 2E BB Ling A1 Linee 5 Cos_si 778k T GaN HEMT F£35A JFi@, KA B GaN
HEMT (7418, SERCEME 2-16 Bz Ling 1 Line R 20431 Vos_can MIFANLZEIR o X —
B B LIX —B Bt LA Cas_can Pl L IE Vos_gan 1A 2] GaN HEMT BI{E Vin_can NZE W o

% 18 T 3k 66 T



YFELALY

SHANGHAI JIAO TONG UNIVERSITY %%ﬁ%%lﬂ@%{f{:ﬂ(}%ﬁﬁgiﬁi DC-DC ﬁﬁ%ﬁﬁﬁ;ﬂi

CDS_GaN Vbs GaN
[N

L: - .
it A Ieh gan| Id D
. N
Lo
+
_Si ] T-."Ves Gan
Cescan  Cop_can V., ——
. N —_—
Ic_caN
> M
L § I—intz
Do
N |
()L
—>
_/

& 2-17 ZTF Cascode %! GaN HEMT K Buck H 338 S IIIHY B

X BE IR, Ves_can I8 E] GaN HEMT BI{E Vin cans GAN HEMT 741 45 58, H
Vi ich_caN 2 Ves_can 521 . GaN HEMT IR L %¥ Cos_can M ¥ Cop_can MBI ich can
AT . Ry, A Do fKIHF:38, HPum L EMKIHA 0, {H2 Cos_can P L Vbs_can
N, XA R EZEEGT AR L, 15 i3 K. Bk, 1L A Dy B2
M 4hiE T Cascode GaN HEMT. [, K[k Re1R/IN, {845 vas si AWK, He2X vps_si ik
NEE, AILLACH Si MOSFET TAEFEZeMEIX 38, S5k f ik I Wil 2-17 iz o IX—FrBebh i
BB NG RbRE.

Cbs caNVps gan
N Es

Lintl A |chiGaN iLd D
Lp
+
. _Si ] —T="Ves_Gan
I Cescan  Cop can V. ——
- mn -t
Ic_GaN
> Y Y'Y\
L I—int2
Voo Cpp
+
11 |
D)L
—>
N

B 2-18 3T Cascode # GaN HEMT §J Buck HEER B IVEH B
AN SR I Do FIRIAIPKE R, 1T De WANEA HUR, Do JTAARAMTHLE . 7E
X—WrB i AMEFRAE 1SR ARG HRSR A Dy B2 S FLAS Cop 78HEL . FEE voo BT,
Vps_can BT FRAK, SRR WIE] 2-18 Fiorn. iX—Mr Bt LA vos_can I8N BN N E .

Linll

Rch_GaN leh gaN  ipg D
Y YN

Coo_si L l ETE;‘;
. i +

_Si ] T-"Ves Gan
Cescan  Cep_can Vo —
. in ——
Ic_GaN
> Y YN\
LintZ
L §

"

& 2-19 ETF Cascode &I GaN HEMT ] Buck HLEEFESE VT B
4 Vos_can I/ N BN F T 5 Vos_can 2IEWIHE K E 0, ves si th2x 3 K F| Ve, LI Cascode GaN
HEMT 58471, Wil 2-19 s,
2.2.2.2 KWt
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P ZEFD -

7/ SHANGHAL JIAO TONG UNIVI::RSIIV HET w2 EIEREZBHFIEEEZE DC-DC T

Linll Rc h_GaN

YN — AIM
Lo
Vin::
Lt
N

Bl 2-20 ZEF Cascode % GaN HEMT ffJ Buck FBRGHTEE T BB
AR DR Bl L B At — MR EL . (BL OV D, BEET Si MOSFET MR 3% Ces si
FFaE T, R ves_si KiK. 1X 530 Si MOSFET 7438 25 2% L FH v 1 IR H . Vs si
AN, XM B &, Kl 2-20 Fir. ARHBOELL Si MOSFET #E A A X
BN R bR &

Linu Rengan ioh can g

o Sé}’TS'iL l

-VGs_GaN
(oo TC_'C_T =
Y N
I—S § I—|n12
S
)L
S

& 2-21 #TF Cascode & GaN HEMT [¥] Buck EEEECHTES 1T M B
) Vos_si BT A%, Si MOSFET (74 WA HL g /N T FLBCEEIR 1L, IX— 3B 2RI
¥ gt Cos sis BRI 4S Cos si 78, 1415 vos si Y K. BT Cos can il Cos si 1T Ling F1 Line
FRER, AL ves_can R/, SERH I E Ui 2-21 Fios. Cos can B Cops si—#ZFTHL, 1
JE38 ik O 3 L % DG T ML 42 3% Cascode GaN HEMT G, 32k 17 B AR B 4 G T4 €
X Bes PA ves_can /N B GaN HEMT HE AN X380 1

Cos_caN Vps gan
RS

Lmtl

AR D
N TN
Lo
+
- ——C ; __ “VGs Gan -
SRS Coscan  Cop_can Vi
Y YN
L Lintz
53 Voo Cpy
+I I 1
S
| G}
N

& 2-22 HTF Cascode & GaN HEMT [J Buck H3E&CWTESTIIMT BR
M T Vos_can AN, GaN HEMT F7A T8 W AN B 3 /N T BRI 1. A B —Bi Be el
X35> 2 RIVERKEIEIL Cos gans FIHEHE S Cos can TBHL, 843 Vps can B K, ZERLHLEK
W 2-22 fior. [FRE, HF Si MOSFET A1 GaN HEMT (R 5 H 089 0, 823 — B 195
(YR 7] L. Vo K BRAS,  TBOE HL AR 2V N BB R 1L GBI S| MOSFET [IMIHIE HL . s si
=1E ZIKISﬁE&EPﬁZ/J\E Si [H1H Vin si LT, {75 Si MOSFET J4iE 5. XAy MOSFET
TERAAEL R, 1 Si MOSFET (3RS HLER UL TAER, B2 ves sk ®] 0V,
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*‘2 SHANGHAI JIAO TONG UNIVERSITY HT B2 EIREHIFREEZE DC-DC TH8E 5t

T EVER A, BER il W4 Cos cans Cos si 78 HL, F£45 Cas can L. A, Vas can
PRIE VIS, X P R TR IR B L 28/ GaN HEMT S< Wit [a], j2 3 5m % GaN HEMT %A .
X BBt PL ves_ can % GaN HEMT I Vin_can, H. GaN HEMT KB ASE bR .

CDSﬁGaN Vps GaN

Lo L LE . D
e
Vbs si 4 +
Cos sillCep_si - C:;Eé;i“ Conom vl
A

Lintz
LS 3 Vpb CDb
+ 1!
S ]

G)
\—/
& 2-23 2T Cascode &I GaN HEMT HJ Buck HEE&>< Wi S8 IV B

Ves_can %% GaN HEMT B BIME Vin_can S5, GaN HEMT HVATERE T . g 4kEEHN
Cascode GaN HEMT (&5 AR ML o[RS, SRV RS P i XD FB R 4k 2 S B, S 20 % P
2-23 e X —B B LABEIA AR R o LR PR AR B OV S AR A & .

2.2.3 TAEMZS

FRAE AN ] MR H T ves FNJVE HLE vos, Cascode %Y GaN HEMT — /A —Fh TAERR A
IE M) SRS L IR 1A R WS DA R 1) S, T I 1) S W s DA A e ) s AR s S mT DA
HE—25 0 AASFAMEN, NS Cascode Y GaN HEMT [f) 4% Fiis 58647 047 .

(1) IE[A S

D Vps>0

9_+F
ke
Ves>Vin si —

Y

S

& 2-24 Cascode & GaN HEMT IE A S @A LM B E
WKl 2-24 iR, BERT ves KT Vinsi, vos KT 0. BT ves KT Vin_si» Si MOSFET Jfii,
I+ H GaN HEMT MiHE B JE Ves can $HA7Z, GaN HEMT S,

(2) RIS R
"L o {

G L—_ G
Ves>Vin si — Ves<Vin_si

A

S S

(a) (b
& 2-25 Cascode & GaN HEMT [ RIEHESERHEEE (a) ves>Vinsi (b) Ves<Vin si
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ETREHINREMHRIFEERE DC-DC THREMR

Wil 2-25 i, vos/NT 0. AR#E Si MOSFET [ @R ASA PIAEDIL: Ves>Vin_si B,
Si MOSFET Jfifi, Hii£id Si MOSFET V418 fi £t GaN 41, Cascode ! GaN HEMT Jx
558, Ves<Vin siff, Si MOSFET Wi, HijiZtid Si MOSFET (274 W& it GaN
Vi1, Cascode %Y GaN HEMT J [f] 5 .

(3) ) R s o

-Vin_can>Vps>0 Vps>-Vin gan>0

D

—

Ves<Vin_si Ves<Vin_si

S S

(a) (b
&l 2-26 Cascode Z{ GaN HEMT 1E[RMIRAZSREEEE (a) ves>Vinsi (b) Ves<Vin si

IEF WIS : W& 2-26 Fiias, ves M T Vinsis vas KT 0. Cascode i GaN HEMT [
Ves N Vin_si» St MOSFET <87, b, AR 4 GaN HEMT @RS A PRSI : -Vin Gan>Vos
i, GaN HEMT MM i e KT HIT@E R, —4E <308, f#15 vos can N 0, 2HEH
JE 8 1 Si MOSFET 7k 4H . Vps>-Vi Gan I, GaN HEMT S, 435 i % 5 /3 i St MOSFET
A1 GaN HEMT 434 .

DL SHEREA Y Cascode % GaN HEMT Wi B & ] LR R N

ip " (Rey can t Rensi)  Vessi >Vinsi +lp >0
Vos =905 " (Rey ean + Rensi)  Vassi >Vinsi »ip <0

ip Ry can ~Rugsi Vs s =0V ,ip <0 (2-1D

2.3 %% DC-DC HY GaN IRZ)FE BRI TT

2.3.1 GaN Kz [a] &

GaN #fFERCE ik, FFHARZT MR NAHRE S, (Ha T H
58 v A K A IRV, LIRS MR T MK IR AFE G IR 2087 R 1) R, 451 e B804 A i)
L B RASEEMERUR . SIS R LK dvidt R A SR EORITOCEERIN .
BETEZEE DC-DC X —FAEg T, X o) i 2 B ATt I AR RS B ) ik
TR

2.3. 1.1 EEIRsOH

XTFAL G Si #sE, TS IGBT (Insulated Gate Bipolar Transistor) if/& MOSFET,
FIF AR A, B e RAJUE Tik2%, B OR300 i A S AR Sl s
R ESR, N 2-27 Fin B2 GaN S TAEFEIR AR 2& 2], FIF 50 F i =& Agh D
DA, BRI AR G IR0 i b E AR I BB R O T SR e AR e, HE RIS
FHEOZHAR
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ETREHINREMHRIFEERE DC-DC THREMR

EREEiZ oFud)

NG

= A

mihES

-V

0 tdelay

B 2-27 55 fEMmEnN ~EE
2.3. 1.2 FHrE N @
GaN #5fF5E & (W MR AE SR T 1 D265 BE R [ 3G 0 1 A FSoE [l @ ik m] Re B
LRGBS . WK 2-28 Fiox, AT IWREM Y, QuAT Qu il M
A BENRIES TAE, A 8 = SRR R ST 0T o

Ve

Copn| Qu Lo

Re_n Cosn
+ fe
+ =

— VesL
Re L DS.L

+ l

+ 4 |}

VbR L Ves L —|—CGS_L -

GND

& 2-28 # T Cascode &I GaN HEMT {47 o 2% B 2% ]

2 Qn KT, QuITIERT, Wi 2-29 (2), Qu HIIWIFRHE SR K Z Voc. WIS dv/dt
SAEKEEZE Cop Lo BRI, XN FZE Cos 7. [RIL, MR LK vos P RE 28I IR
HHEE, Qu FTRESIRITIE, WHEmNT IR, &5, HEE PP RFERY, BIE
ST EL

[FFE, 24 QuKWr, QuJF@m:, & 2-29 (b), & QuiwIEHIE vos UE T, &
o dv/dt . dvidt STEKETHEE Cop L= AHIL, FEXTHN A Cos RIMIFEHL, i R
M. BRI A S M R A 3, (E 0 SRR 1 47 R G B L Qu A B Bk io i
WK LR, AR ARIR I . SRR R AT KRG K8 TR = S
PE, AR IE SR EMI [, X622 0t 4R 7T HEL % T A2 2 5 DR T 22 1) Ml v o)
A %4 DC-DC GaN IRz B A — AN A BB 7 % .

b
)
w
=
o
3
p=it



ETREHINREMHRIFEERE DC-DC THREMR

= VesH
IL O
4—
R CGD - QL j— Ves L R CGD_L QL ::C Ves L
. G_L e DS.L . G L e DS.L
+ = (. + ___{ o
Vor L Ves L —|—Ces_|. - VbR L Ves L —|—CGS_L -
GﬁD GﬁD
(a) (b
& 2-29 ZETF Cascode % GaN HEMT KB E (a) Qukl, QIFE (b) QuRHT,

Q: FF&E

2.3.2 Z£#; DC-DC GaN Xzh ¥ it )5 %

A Nexperia [¥) GAN063-650WSA Cascode %! GaN HEMT 1 NTHE I 5. ARHE)
FEHE, BT Si MOSFET 1E AR EEIRS, [FIIL Vs i VG FE 9-20~20V, 1R 4 Hh it vk
T BRI R 1) DL 6 R T BRI A AR (1) )@, Cascode 2 GaN HEMIT (14K ) HE
BT R EEZELL TR E:

(1) ISR

O FRL I 7 AR B AT TR 25 TR s, T AR 28R C P SR b E it . i T Cascode !

GaN HEMT Hi{&J& Si MOSFET [Hj#: 58, Kb BA R/ (il sy, AN 75 22 5 RSl HL i

=)

Eo

(2) fEHaEiR

B2 BRI, GaN A EE TAETEIR R 2Z 000, FLoT 50 F I 2 LG Sy B Avr,
I A 7545 e SR 08 b AN RD IR B IR G DG (R AT SE e s e AR i, B2 I 4 S EUE iR
o FILELRS AT BEAL AR AEIR , H H B R B THE 5 AT B&(5 5 2 18] AL i 1B 381 5 54T
) — B

(3) AR

UKy FEL % 3 T B S BTy e eI D% s 1) F % 2 T 1 RSO 5 AT SR I 42 1] P B AN 2
TR BT, FF HAETh e e i e A W R i ORI 42 1) B 11 22 4 o

(4) BRASILBLNH]RE

e Ia A, M R R F R AR R O E AR A AR Ak o IX R 1) R A
e LR AR A A A 2 E e B (1) B AR B A T RSB FAL, L T BB 42 | [ 26 o AT b g
SRR 25 [ i (19 B A A4 R ) B SR B 5, AT SRETBE S oh TR FE R AR P AR T4

F s DA BT Cascode ! GaN HEMT ZXsh I ER, ASCKH Silicon Labs 17 S18271 7Y
B IRENE . HAMERE ST

#
N
p=|
o
3
p=|



VY FELAAY

T —— ETF B TESHOHEIEZE DC-DC THBHR

F 2-7 Si8271 BRI F RS H

PERESHL
UK B AAJAA
I AL A I 2.5kV
H R E R 60ns
kS LB 200kV/us

WA 2-7, ol BASIURLMEI e 0, ARSI, ST RIS, EEA S
Ho
Rtz Ab, 0T 2 BTSRRI R R IR R T A S BT BRI R SR R 9 18, W] LA
WU 5k AT it

(5) Az HLK

AR U S AE AT ORI SR L R DL R IR o Bl A IR B R BRI R T, &%
B S 175 A U BRI /N o DRI IX ) FL K 11 2 HL IO O 1 7 B AR (1 1 R A T
if PCB A RAARLR, W] AR Pk 2 L

(6) JXBhHIFH

Xl FL BEL A e AR 10 s 2 F BEL A R A X sty F e 10 FL BEL IR R, a6 205 B4 (X ST
JEULHS, VAMEORBT LS Peim @, DL NRIT 1Rl RETE .

BRubz 5h, A8 RT CLAEAIR i A REER B E MR IR RC Bl EORIM A R R 5 . B T
TN S B = WP KB B R SEEL R IR 5 A A0 o AR _EIREOR, AR Cascode

VDDH_Buck

BUCK PWwM H RS
200R

C7 | 336-3530-5-ND C503 %305
330pF
= VDDH_Buck ofS 47u
100L ; 8
V3 A e VEEA_ Buck
T __DGND 5 7 R12 b
_I_ Ci6] G5 = VDDI VO+ |— oy
0865—0.1ul cyi [ voe |- R14 GH Buck
47y Ir : VEEH_Busk
EN GND [
DGND
sig271
+12V PS3 VDDH_Buck
21 N wo |
c28 c29 C30
03 0805 F1212XT_1WR2 (0805
0.fu 47u 47u
GND 2 oV
T VEER_Buck
DGND P

Bl 2-30 ACCRHIRENAE (a) REAE (b) PCB K
2.4 RN

AN GaN #4317 T LR ST RN . o e E G FER T GaN HEMT 4544 DL K i
HEAT T ot BEJS, SHPRNE LK) GaN HEMT i 7 2. p-cap U458 %Y GaN HEMT LL %
Cascode %Y GaN HEMT #EAT 1 I IA4, I =& TEReET T 20 4r. SRJ5%H%T Cascode

% 25 T 3k 66 I



) X X ARE

< SHANGHAI JIAO TONG UNIVERSITY %%ﬁ%%l}]%%ﬁ{#ﬂ'\]?ﬁﬁgiﬁi DC-DC Q'}ﬁ%ﬁﬁﬂ:gﬂi

B GaN HEMT 45y SYEREAUT B REIEAT 1700, JF B el 7 H BB =R TAERES.
e, A% GaN HEMT [SKEN LB BT IR IR UREAT 1 0B, JF HARHE 128 i RN ZER 2
TR A B T %

&
N
(o2}
b=
H
3
=



N Y FELAAY

< suancaal JIAO TONG UNIVERSITY HET w2 EIEREZBHFIEEEZE DC-DC T

SE=F ET GaN BYZH DC-DC #h#h B3z

%22}, DC-DC T 23 LA MK EMI. % mTh R % B DL R PuUid (1) Zh A R SR K
O RG TR R Z BRI APk . A F 1 S8 UL 222 DC-DC A 284 b AT L%,
FEIEFELL Buck+4#r LLC DCX N EHEEITNG, FXF LLC P RIREEAT 04T Hdid
PR TSR, & 58K Buck+4:#F LLC DCX K& %ikit.

3.1 %# DC-DC HFhFMER!

23 DC-DC A RIER i l, FIRAERE T ok, RIEh RTsb M
By o LEVEVHI T A e I A R, R 4 TR T T 0
G3HT . AR DC-DC A 1 AL AR SR BRI 3-1.

# 3-1 %4 DC-DC BB HREIT

S8

HINHETEHE (FEE)  Vin 250V-500V (360V)

B E (BUEMED  Vou 126V-224V (196V)

B RETH DI Powt 3kW

B KB R lout 215A

KHIBAT R >95% @30%Load
>96% @50%Load
>93% @100%Load

3. 1.1 BN 2s
] Q )
Sy

Qzf Qa
% %

Wek

& 3-1 SRS HEE

WES-1R, BAHERARS R R B IR E RN TR —. BRI EFE
B, B — AR DL AR AR L. R —HFE I N RS E 5 o8 G 2 e
0.5 HAMNKIRKME T o K QuIIQFR AR HIME , QaMQaM NI G, PIIME ZIAIfELE
AR 22 5 a4 I ARASE 22 (R A A 4 i) 7 s p i o F R A0 U Y o FEAE DX IS TR) Py, T I A P 2%
AR B LR SR T R E I ZVS.

Fo AR AW AR He 25 0 R AR AR 42 17 o . VAR Y L 5 B[R D B SR T 5, (RN i ad e A
SCIRZVS. (HR A AR E AR T DI, HK T E B Sl ke Rk
I SR I T A ZVSHELL ST, RN 237724 A BRI AR

%27 T 3k 66 T



- x> A
m}t@
SHANGHAI JIAO TONG UNIVI::RSIIV HET w2 EIEREZBHFIEEEZE DC-DC T

3.1.2 LLC & R4 # 3%

JJ}jJ} St .

C Sice 1 R +
Vin C) = ol o Lm% ;"n_:l o _ Vout
_RF_R% |

5

& 3-2 LLC I RAT 2% F ik A

WNE3-2F 7R, LLCIEHRAZ Heaf 2 Tl Fi F I —Fh iR 2 EDC-DCHLE% . S5HAH AR
B L, HIEL e, Bl —HFD RS ULCR Rk, HFR—WE LT H
EIIKBNE 5 B 5 23 LL3 0.5 EAMU KPS 5 o BT LLCIEHRIE , LLCISHRASHuds iT A
W S I D 2R i B B3 o 38 U A ER T DL LLC I TARARE S, 5 fim S Bons it
JE I

TAEAE I DX IS, ) il L R L 1T CASE R R IR FF DR ZVS, T FL R S S T i
ANFITEN I )5 B B 5B ZCS, DR AT LR Kb PR T S B ke -

SR, PRIALLCHY L 1 i R G 1t B4R i, X T LLC ) I il AR AE AR T 1 1) f. [R]
i, RNLLCHY I JE T'PEM (Pulse Frequency Modulation) 4],  Hi T4 25 () A8 1kt 2 %ok
OX By L% DA K R0 B B s B oR . B, X T 2R 8D C-DCAR #2532 1 19 R 2K,
LLCIHER s S 8 UL SR,  HARSIIS ] LLC USRS e 28 75 2 FHIB IR i J5 SR 2 PR, 75
L CEIR A5 i 2% AN A % 7] IR 2 253D C-DCAR e 23 1 5 FHL T Y Bl L % i R R B SR

3.1.3 Buck+4:#r LLC DCX

Ly

_I

Y
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R T e EF R BIEBLNAAIRE DC-DC TRBEH5

SFPE EHT GaN BYZE#F; DC-DC TRBIRFES

BT T DC-DC AR g Bt IS Mk % iR, RORMAC AL A M Be it Rkt
EE EREEER . AFR AT BFERBENT 14 1 A7 X 2238 DC-DC AR #2311 P
HUER SRR 0 AIREAT 0T, R TR e S A RE I AL

4.1 Buck FBEIRFET AT

4. 1.1 Buck HLESFFIHHE

Buck FHLE%H 1) FEBR TAETEE S AR, R 0 TARTEREH JIRAS . Buck FELES
FEBFE AR OCHIANAE . @ BFE L SRR, AR RS FIE URE DL R R SRR A
Feo AR L 544 A F Y GAN063-650WSA.

4.1. 1.1 FFRHFE

FEORARFE T LU IR Buck HLEK 1 FE IR BHE AR N UK b S 56 R Bcdl , AT A3 31 45 2R

Buck HLE&AT & ¥ A 15.31A@196V, Buck JEI L Ly o 180uH, #il5E f 545t N

D, =% _g54 (4-1)
360
HLR IR SURE A Al
. D
Vi =Vi)* (360-196)*0.54% 1
Al = bk 100000 _ 4 914 (4-2)
L, 180*10
W)= A 3@ AN DG S FRT IR 3 90 Do BAZ otin 53 7014
Lo =1 e — Al _1531-491 1586 (4-3)
- 2 2
Lo = Do o + Alz =15.31+ 4791_17 77A (4-4)
BRLtE,  HBR AR — AN SR AN
+ in 1 t
_ Lo ( L ) 0<t<T,
i) = (4-5)
u, T, <t<T,
Iot‘fH __(t_Ton)
L,
A T puck N Buck BB 5% & 3
Ts buck — L = L = (4-6)
: f, me 100000
Ton N IE N [A]
T = Dy, _ 054 =5.4us (4-7)

" f e 100000
H A T IR G T IS B FRR A0 i N B AS i s v, RIRTAS 2 R T IE AR

P

onH

=E_ . f _ =50*10"°*100*10° = 5W (4-8)

onH 's_buck
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EER KW
Pot‘fH = EoffH f'.:,_buck :10*10_6*100*103 =1wW (4'9)
H1tE Buck HLES TS BT R4 FE
Pswfbuck = I:’onH +P0ffH :5+1:6W <4'10>

4.1. 1.2 FIEBIFE

X B @ RFE, A SCH M E 7 Datasheet #1459 3111538 HLBH Rason)puck), B f5 Bt
Z AT R EA S, B E 855 R . i Datasheet 75 3] GAN063-650WSA (1) 58 [H T
A Ras(on)buck) ¥ 50mQ, 5z [\ 538 1 % Vspoueky NV 1.9V

W5 1) S AR AE N

TOH -
I:)on_H = fs_buck .[0 Rds(on)(buck)ILl2 (t)dt = 6391W (4_11>

T E R, R IR T AORMB R . HEE RN, TEEIRITIE,
SEHTRWT, A2 S RUA S A SEIL . st Buck HLERAEIX T buck Y 100ns.
R AR TR, AR 1 Sl AR

Pont_Laiose = T buck J.TT e Veppuiu (t)dt = 0.3376W (4-12)
TR SN, B S R E N
I:33n7L = fsﬁbuck _[TS_bUCk e RdS(OH)(buck)ile (t)dt =5.408W (4'13)

Ton +Td7buck

TR A R AT RTINS, AR B Sl AR

T buck .
Ponszdiode = fsﬁbuck -[Ts _buck T VSD(buck)ILl (t)dt = 0.2443W (4-14)
HH it Buck HE BT DG 1) S 10 FE

Pon buck = Pon_tt TPont_Laiode o1 HPonz. Laioge =6-391+0.3376+5.408+0.2443=12.3806W (4-15)

4. 1.2 Buck HiLEREAEIIRE

JER LR B R B L1=180uH, REFFIEH 35.8mm X 22.4mm X 10.5mm (1351 58324 TiFh
24N, XK Buck LS AR R ORI B W L, IR A SO R LI R e 1)
HighFlux £}, JFHRH 1 B AWG11 T4k ksetil.

4.1.2.1Buck H % H B4 #E

HIHE 7 B FE LA R AC IR FE, R Se i 5 B E .

& IE R Rk N

AL 55%4.17

AT e =063 (4-16)

Fert Avine A FLBRERTIAR, n NIEEL,  Aw JREIAHIE TR
HEGENIR, MREE SRR N

Lo = (%+ h*2j*2+4*d = (Mﬂo.s*z}zw*zm: 64.6mm  (4-17)

Her, RANHIFIME, r NRFANAE, h NEEARERE, d ASEBEIRER.
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M54 B HLBH Rac A
R, =R, N =4.24%10"°*64.6*22 = 0.015Q (4-18)

Hrp, RSP

M EIR AR N
Py 12 = 1o o Ry =15.31°*0.015 = 3.516W (4-19)
AWG S:£67F 100kHz@100<C I IR
7.6
A=——— =0.024cm (4-20)
\100*10°

2525 TR Q A
d. 231
. -0.83*d,, |- -083*2.31%,[°
o 2088 d R _ Qo _ 244 775 (4-21)

A 0.024
71 % Dowell HiZE, TH%@JX}“F” FR=30, WM& &g TTN
R, =30*R, =30*0.015=0.450Q (4-22)
DA Ay LS FRL FH LR AN = A o BN, = MBS o BN RUE N
Al, 491
I, == ="""-1420 (4-23)
ac \/ﬁ \/]E
M AZ A AE Y
P, 1. = IR, =1.422%0.45=0.91W (4-24)

W Buck HLEK AL (HAE N

Pey oo = P 13 + P 11 = 3516+ 0.91 = 4.426W (4-25)

4. 1. 2.2 Buck HH % H AL FE

NI Buck HLES ELUR AR, HLBOBIEIE A

Vo Vi _ (360 -196)*5.4%10°°
A 55*67.8%2*10°°

Horb Ae N RAAR, FOVA AN, BT CLag 2 f5 50 Ae .
HEE N

AB = =0.119T (4-26)

nlo buck:ucore 55*15 31*1 57**104

B, - _ SoMIs 315 —1.472T (4-27)
d I 89.8*10
/E\:':F' HUcore %EZQE%'TEJ“% ’ |e y\j%ﬁ%'&}g °
W) i 308 e RABL N
B, =B, +AB=1472+ 2119 -1 5357 (4-28)
ZER AN bS]
_ 2apx (2B oy Ve o oy (4-29)

Fe 2 1000 1
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4.2 LLC BB EEIFE D Hh

4.2.1 LLC HLEEFFHHE

LLC HE& RO RE LS ZVS, UL @8FE N 0. LLC HEEK 1 IR O ik
FLFERBARAE . A SHARE DL S SRR, FII R D B R B S AR DA &
WA SRMFE . IR et SR A F [ GAN041-650WSB, #liZKH NVMFS5C410N
Y] MOSFET.

4.2.1.1 JFRIFE

LLC iy NAE FiLE Vi ol 196V, I3 i 28k H L RE N

Ry = nz*% R, = o =142*%*£=10.339 (4-30)
b low n- 215
JUPINESUR SN E VGt W]
Zy =Ry /X, =Ry /ljm,L,, =10.21+ j1187Q (4-31)
Horr X 1B IR FBE (1 BT
UV s i N L (1 5 2R 0 A 28
Vg, =, = 22,106 _1765v (4-32)
J2n n
IR FL I S Ay
I, = \% _17.06- [1.99A (4-33)
eq
W IR R U
i pesc =[V/21,,| = 24.28A (4-34)
Hi s THE
Q= arctan(ﬁ) =6.65° (4-35)
17.06
) JER 320 AR L g AT B A
i, (t) = 24.28sin(2nf t — 6.65°) (4-36)
H1 Buck FLESTHEIFOCHRFESRL, AT LAFS 3 JF 0 BN TF O IR G T A A E Ay
Pic = B f.=9.323%10°° *320*10° = 2.98W (4-37)
W LLC HLEEIT R I K ARFE N
Py L = 4P o =4*2.98=11.92W (4-38)

4.2.1.2 SaBFE

[FIFEHE, PTLLCKR B 75 Datasheet HH 753 21 (1) 538 HLFH Rasonycanys B JE 8 2 RT3 21 HL
&2 I RS9 245 3 i Datasheet 7] LATS 2 GANO041-650WSA )58 FHHT N RasonyLLe)
N 31mQ, Hx A SR KR Vs N 1.8V. NVMFS5C4A10N () S @BHIT N Rasonysr) N
0.82mQ, L [n) ‘T8 £ F% Vspsry N 0.73V6

KA JEOA T A A7AE ZVS FHil, DR AEBE XIS 8] N A7 (E 2 AR IR Siminee . R R
H 2 it Sk Datasheet H 1) S 38 I . T 54N IL AR SRR RAE, W LTS
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Ta .
Pon_pridiode = fs _[0 VSD(LLC) ||Lr (t)ldt =0.1013W (4-39)

FEHH Datasheet /(13 FEFH, AT LATHFRAG R, SN FUAIF R 1) I RAE N

TS
P = [ 7 Ruomoy [ic” ()] dt = 5.1583W (4-40)

on_pri

Xt B RD B ) IR, ASCHR A R A7 sORMS BIZE R H e TSR
il F

. T .
I (?s) -l (O) Ts
L2t Osts=
i (1) = 2 T (4-41)
o LO-i) g
'Lr(?)+T2*(t 2) %StsTS
2
UFEIB RSN |
iSR )= |iLr (t)'iLm (t)|*n (4-42)

TEILA+ R IFBR) PCB AT, DR B[R] B 1) 4R
i (ty= = (® -
oo () == (4-43)
TR, R BIRE BRI, 1A, ek SRk I ISR .
s [F) D B R A IR FFIBAE X Tg on N 100ns, $EHTIKWIFEX Ty off A 150ns
MR BB TR, AR B IREEN

Ponl_secdiode = fs J.(;rd—m VSD(SR) iSRO (t)dt 2002368W (4_44>
TR SN, H S RE AN
*S‘Td,off .
Py = T, Lz Rasonysylso” (1)t = 0.1658W (4-45)
= E PR :*&mE’J?LTT FEN
PonZ _secdiode =f j SD(SR) Isro (t)dt =0.0965W (4-46)

U LLC HBRIF R ) I AR N

P&:on LLC — 4 ( on_pridiode OHJJI'I)+20*( onl_secdiode +Ponfsec+P0n275ecdiode):26'758w (4-47>

4.2.2 LLC H ARk 2 ikt

4.2.2.1 4%t

N T R B A T ST T AR R B8 AR, AN SCEE S 0 SRR IR T 5 — SR LA FE AT 4y
BT o 2435 e aSH Ny 360V i HY B A 215A@14V I, R Fif rl UL 25018 A 15.36A
I IE 5% -

JF 3 B R A

R = Palam _ 175%10°*1141

o = = - —=0014Q (4-48)
P hey ey Neeg,  0.068%10°*2.1%10°° *10

Cu_p*~'Cu_p
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EF' pcdﬂfﬂﬁ’]%ﬁﬂiy |Cupr|jj}$ %Qfﬁfh hCupjjJ—%T %ﬂrr dCupijﬁl’éﬂJu
B, nPCB-pngEle PCB Z%4.
5% Dowell HiZk, wJLAE RN FR=2, WIZZHHST N

R. i =2R,. ,, =0.028Q (4-49)

ac_pri dc_pri

YU 320 B AR
P Pe i =1 =15.36” *0.028 = 6.6W (4-50)

Cu_pri = ac_pri pri ac > pri

A% HR 1o 216A, T2 e, WERLOYIESZ R, RREE A

L pene = “—;0— 215m _ 337,700 (4-51)
HAMEN
|
I, =k = 331712 _ 168,86 (4-52)
2 2
HERTEN
i sec :I—°:§:107.5A (4-53)
- 2 2
n, ZmaosEAN
Iac_sec = Isecz - Idc_sec2 =130.22A (4'54)
B RE RN E S
*10 8 *
R .= pCu|Cu e _ 1.75 %30 0.08]_.35 —0.23mO (4-55)
hepsdeusNpcss  0.068*107° *9.1*107° *10
Hrr, lcu-sec ﬁ%ﬂlﬂ@éﬁkﬁﬁf, heu-s ﬁ%ﬂﬁ%ﬁ@gy deu-s ?ﬂ%ﬂﬁ%ﬁ]ﬁ“ﬁfh nPCstjBﬂJ PCB
5
71 Dowell fiZk, nfLAELRIXSR FR=2, NIZZHFHPTA
Racisec = 2Rdcﬁsec = O46mQ <4'56>
] 1) 320 ) EL O A R
Pisec = |SEC esec =107 52*(0.23*10°° = 2.66W (4-57)
R [)AS AR FE A
Pisec = |SEC esec =130. 222*0.46*107° = 7.80W (4-58)
T LLC H 2% ) B S#E
PCuiLLC = Pachri + PdLSec + Pagsec =6.6+(2.66+7.80)*2=27.52W (4-59)
4.2.2.2 B
TEXFRE RS IS, BN 5 FE TR AE
V. 150

B = _ - —=0.083T (4-60)
4EnA, . 4*320%10° *7*201*10

HR¥E Steinmetz equation (HiEMEZE A A LG B EHFE R
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P =Kf“B” (4-61)

Hrb, Ko oan pRIRPRIRSE, (EAEGE RO 22 0 00E A T I il . X107,
AT DA et R PR S SR A 2 24 2K

P =F, Kf“B’ (4-62)

HA Fwe AR, £ER LSS FwcK 4 3.83%10°, a N 1.63, BN 2.62. Nk

PFe_LLC = I:W, ch B/jVe LLC =5.45W (4-63)

4.3 KREBINGE

AR 43 DC-DC A MHFEEAT T oM S iH 5. BURERT LA T R R A
TFRE FIEBRE. BATHHIRE LSRR AT
2t b, ARG TAEDUE IR R, SHAER RN 4-1 s,

40 ¢

_ —

FRETFREFE FFREREHRFE WG e
W Buck EENBuck FEEILLCELTT L& LILLCRIATT 4 [ Buckif+E LLCH 1+

& 4-1 ZE3R DC-DC A HAED 1
IR — DA 70, Buck HUER AT SR T RAFFEAT L8 SR Wit AE L& BB T I Bi4E s
TFRAE Sl B e, T8 FIEBRE LU N E RS SR I RS
IR EAFE . BT IRURE L HUBIRE . LLC HLES T G T IR E A T DG 1) K
Wi e, JTRE SIEBHEA FULTT RS FIEBUE . AT R S SEiiaie . Bl FP
TE I BIAE LA R [0 B AR SRR AE s RECT AR BL A 1 A2 I 4% I 3 L A4
FERUFE . SRR AL P AR 4Bk FE . R TARERUE DY S, REHLEHFEN

PLoss = Pconfbuck +Psw7buck +PCu7buck + I:’Fele-}-P&:onfLLC +PSW7LLC +PCu7LLC + PFefLLC :9654W (4-64>
BB RN
P-P,
77=°TL°55=96.5% (4-65)

[o]
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EHE WEFH DC-DC TkFAITHZ

FESEBRR A IR 78 FL 5 00 A2 XA DA% 3, WD DRAIEAE v L 00 e 3 2B L
WeomtEOL R, BRI &S bl g e T, ORI v e e 1) r AL i a5 AN AT 1k e, A DR 4
e A iEaE . AERN 44 DC-DC A Hedd (MW A IS AT HEAT 70 M X LLC HLER ) I A1 I8 AT 5%
ORI 7 I F s it BEAT IR T, B MR EL 04T 1 LLC HLBE SEBILE = X0 1ea A i ) T 4T 42K

5.1 LLC R [a)iZ1TRISF LR 2%

HIFASC ) 23 DC-DC Ae e i A8 I 12 1 A R 2D B UE 1Y) Buck LS, [RIIEIH
SR N R B FUVE K Boost HLES, PRUEAFIBEIE . AFTR L E M LLC AR ds ) A
BATH R

* Qpl Qp3 i“_n,l;:,‘ [+
T
Cl o ° CZ
. L
0 o1 ST A
sz QpJ4 n.1

B 5-1 XUJA) LLC 24 r ik &

N 5-1 fizs, XA LLC A HeaS i) s . HEb i 5E 80 5 LLC B gs i, A
[ S5 E T XU ) LLC A8 2% 5150 B A — MR ol 5 9 DU T A8 () AW LG

MAEGE LLC IS I [ i D 2R i FF A AR5 A 45 1 R AR S R i 28480, @I 26
H Qa5 QuA—4, Qw5 Qu N —4l, WA REKIINES /5N E 2N 05 I EH
MK E S . B LLC 3R, LLC PR3 n] LUK R M S R ik B, JRA T
K Qpiv Qpzv Qpa LAK QuuIMENFIS R . Hi2, KINIIRE R L B FICAE AR R 88
SR, 1 LLC @il RAA — AN, BB RE L 9 R GG 4Bt R Vo
L, ToiEETR, LLC MR IR LC IR o« BEA HE i 1) Lk TR 3 5 1E B o %
i A R A [, RN Mr o AEDWA) LLC 28 He 2 S 17132 47 B AR5 00 70 20 2 30
— BRI, AR LLC R AIE AT ) HE 3 2 R IA X 5 IE g AT — s X A,
Bl 5-2 i, NRIANEATIN FIAS T S8 L i

C I | L, .
Req I-]I:| </\%V'Asl

B 5-2 XA LLC X [A1EATHT HIAe s R i
5.2 LLC R [alizf{THIEE [E 1% %s

55T IEFE P LLC 2328 b R 22K, LA 350 6 A T LA B4 801
LLC R Z I 95 L BB S AR . (R AKLIEL LLC A3 R AT 0253 B,
FEAE T8 LLC R HA o) I (510 L 2
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nW:

1

1+Qb2(fn -

M, =

(5-1)

1.
?n)
Forb, Qo o S A% A Sh SR N (1 it o A1 £

1 |L
e

AR 5-1, W LAMS BN LLC AR 28 7E N [F) I R AL Qo T S FIE AT e 4 2 i 28,
i 5-3 Fis o

1

Q=0.1
—Q=02
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—0Q=1
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—Q=5
—0Q=10

S e R 38 2 B M
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JH—40E fn

&l 5-3 XXJa] LLC [z []iz 4T B H) F R 28
Wi 5-3, A LLRILAA LLC AR ¥eds R AISATIE, BT LLC RSB LC AR B
PR, AHAF I I 25 LUAR 2N T 1o T LB S i) ok, st R Qo /)y, R Im13 2k b
Bl 2R 2% . XS XA LLC AR R AR AR b 1: 1 B, TCVEAE R Ais AT i se Bt . {5
5&, HT %3 DC-DC A28 [ [Fig 1T I BT 2% Boost HLI& FIAFTE, FFH Boost 2% 1)1 1 T G
ERT DLSCELT e, I B4 f R AR 2 ORIFTE S S8 (1, %231 DC-DC K IH B IE #1817 -

5.3 {HELIE

ASCARYE 2.3 AT IS B L S A X R LLC 2R e 28 14041, 7F PLECS #5417 %
T Buck/Boost + LLC DCX #2410 ] 4% DC-DC s i 5P 5, il 5-4 Fix.
Hordr, Sag Al f M 3R E , LLC AR g i @ 1 O S W n 25 A6 s 25 DAL 8% ZVS 1500 o

g R s |
oS NS et N 4

= B
e >
- ]H‘L_ Galnl
o _.-D—--D;L -_‘ .
Sec_1 Sec_l . Probe .
LLc_n,f_"{E%FhJ -1 - [Free] %
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[/ 5-4 FlF PLECS #3221 %= 8 DC-DC Iﬁ%ﬁﬂﬁﬁﬁ?é
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A 55 DA R oA 25 TAE 5 Wﬁ;&&ﬁ/u&r@ DFFRE ZVS W, 43l 5-5 FE 5-6 Frs.

Vum
200 Vo pri
| ] T ] |
100
ol || | | || |
1.0 e
0.5
0.0
400T——— — i*’f”‘ —— -
NAAAEAAAA AR AR AAAARA AR RAA AN A
e AT
RARILANRARLAEARARARANAA ALY
1184 1.185 1. 186 1. 187 X le-2 25 30 35 10 7.515 X le-3
(a) AN 250V I} 44 DC-DC E?ﬁ%%&lﬂ'ﬁ "#E’Hﬁﬁﬁﬁ?
200 Vds—pfi
wod N
(0 D SR
Vgs_pri
1. 0 = e
N RS SRR W OO N
SN S B T
1. 185312 X le-2
(b ﬁf‘)\ﬁ 250V I} 424 DC-DC AL 1E (a8 47 I JRIATF 5% ZVS %
20 e et .
‘ | T 17 14.0 ‘;““
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200 — — Vas g — — 216
o0 { { 215
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Lo Vs pri
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(c) im)\jj 360V i F-%k DC-DC Z&4u 2% IE A1 47 I 3
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RESEARCH ON DC-DC CONVERTER OF NEW
ENERGY VEHICLE BASED ON WIDE BANDGAP
POWER DEVICE

Electric Vehicle (EV) has gained great popularity in recent years, mainly because EV has
higher efficiency compared with traditional internal combustion engine vehicle. The source of
electricity has also become more environmentally friendly, with the increasing proportion of
electricity generated by renewable resources such as wind energy, hydropower and solar energy.
According to Bloomberg New Energy Finance (BloombergNEF), the global EV population will
reach 10 million by 2020, of which China will have 1.2 million EV. In addition, by 2040, EV are
expected to account for 58% of global passenger vehicle sales and 31% of passenger vehicle
ownership, according to BloombergNEF's “2020 Long Term Outlook for the New Energy Vehicle
Market”. However, with the popularization of EV, its problems, such as idle energy, battery
management system, converter efficiency and power density limited by silicon (Si) material, are
gradually exposed.

On-board DC-DC converter is part of automotive electrical system that convert the
high-voltage DC current of the high-voltage power battery to the low-voltage DC current. Its role
is to take power from the high-voltage power battery, and provide electricity to both the
low-voltage battery and on-board electronic equipment. On-board DC-DC converter also features
wide voltage range, low voltage, large current, high power density and other characteristics. Now
the on-board DC-DC converters mainly use Si devices as power switches. Although Si device
manufacturing technology has been very mature, traditional Si power devices have reached the
intrinsic limit of Si materials, making it difficult to further improve the power density and
efficiency of the converter. Therefore, researchers are eager to find a new material to achieve
breakthrough of power device performance. Wide band gap devices can solve this problem well,
among which gallium nitride (GaN) and silicon carbide (SiC) are the representatives.

GaN is a kind of third-generation semiconductor material. Compared with Si, GaN has wide
band gap, high electric breakdown field, high electron saturation velocity, high thermal conducti-
vity and other characteristics. GaN power devices have the advantages of high breakdown voltage,
small on-resistance, fast switching speed and higher junction temperature.

For on-board DC-DC converters, smaller on-resistance means higher efficiency, fast
switching speed means smaller passive components and higher power density, and high
breakdown voltage, means that it can adapt to higher voltage levels. These characteristics of GaN
devices enable it to further improve the performance of on-board DC-DC converters. But the
mainstream GaN device on the market, GaN High Electron Mobility Transistor (GaN HEMT) has
a completely different structure than Si Metal Oxidate-Semiconductor field-effect Transistor (Si
MOSFET). Therefore, there are some problems, such as gate reliability, current collapse and far
lower breakdown voltage than the theoretical value. At the same time, the high switching

T



ETREHINREMHRIFEERE DC-DC THREMR

frequency of GaN device will also lead to problems of greater switching loss, greater transformer
eddy current loss and EMC. Thus, it is urgent to solve the above problems, so as to maximize the
effect of GaN. Specific research contents are as follows:

The first chapter introduces the research background and significance of this topic. By
referring to domestic and foreign literature, the characteristics of on-board DC-DC converter and
GaN power device, as well as the latest research and application are summarized. At the same time,
it is claimed that the main work objective of this paper is to design an on-board DC-DC converter
based on the GaN power device. The specific performance requirements of the converter are as
follows:

1) The input voltage range is 250V-500V

2) The output voltage range is 9V-16V

3) Rated working point: input 360V, output 14V@3000W

4) The efficiency of 30%, 50% and 100% load is 95%, 96% and 93% respectively

In the second chapter the characteristics of GaN devices are studied. The structure of
normally on GaN HEMT is analyzed, and its principle is introduced. The generation of internal
polarization and the formation of two-dimensional electron gas are explained. Commonly used
GaN HEMT normally off schemes are introduced, and their parameters and switch performance
are then compared. Cascode GaN HEMT is chosen as the switch used in this paper.

Then the structure, switching process and working mode of Cascode GaN HEMT are
analyzed. Cascode GaN HEMT has been found to have comparable limit and gate characteristics
with Si power devices, better conductivity and switch performance than Si power devices.
However, in practical use, the reverse conducting period of GaN devices should be reduced, so as
to reduce the reverse conduction loss and optimize the efficiency. At the same time, Cascode GaN
HEMT has an intrinsic shutdown mechanism during shutdown, which can greatly reduce its
interruption loss. Finally, a suitable drive design scheme for on-board DC-DC converter is
presented to solve the problems encountered in driving the Cascode GaN HEMT..

The third chapter introduces the topology and control of on-board DC-DC based on GaN. In
view of commonly used on-board DC - DC converter topology, phase shifted full bridge converter,
LLC converter and Buck + LLC dual-stage converter are compared. For Buck + LLC dual-stage
converter, it is found that by operating the Buck converter in closed loop and operating the LLC
converter in open loop as a DC transformer at the resonant point, it is possible to achieve wide
voltage range and electrical isolation while ensuring the high efficiency.

The working principle of LLC is analyzed and its equivalent AC model is also given. The
fundamental harmonic analysis is used to carry out the voltage gain characteristics of LLC, and
the characteristics of LLC in capacitive operation region, below resonant operation region,
resonant point and above resonant operation region are all analyzed. It is found that LLC can
realize zero voltage switching (ZVS) in primary side and zero current switching (ZCS) in
secondary side when it works in below resonant region. By further analyzing the ZVS condition of
LLC in the case of large output current, the parameters of LLC resonator are designed, and the
parameters of Buck converter are designed.

In the fourth chapter, the loss of the on-board DC-DC converter is analyzed and calculated.
The loss can be divided into switching loss, conduction loss, magnetic copper loss and magnetic
ferrite loss. According to the source, the loss can be further divided into different parts. The
switching loss of Buck converter consists of upper GaN HEMT’s switching on loss and upper
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GaN HEMT’s switching off loss, and the conduction loss consists of upper GaN HEMT’s
conduction loss, lower GaN HEMT’s forward and reverse conduction loss. The loss of magnetic
component includes DC copper loss, AC copper loss and ferrite loss of the inductor. The switching
loss of LLC circuit includes primary side GaN HEMT’s switching off loss, and the conduction
loss consists of primary side GaN HEMT’s forward and reverse conduction loss, and secondary
side Si MOSFET’s and its body diode’s conduction loss. The loss of magnetic component includes
DC copper loss, AC copper loss and ferrite loss of planar transformer. When the system is working
at the nominal point, the total loss of the system is 96.54W and the efficiency of the whole system
is about 96.5%.

In the fifth chapter, the feasibility of bi-directional on-board DC-DC converter is studied.
Both the equivalent circuit and voltage gain of bidirectional LLC circuit in the reverse operation
mode are given. It is found that the reverse voltage gain is always less than 1. The feasibility of
the bi-directional on-board DC-DC converter is then verified by simulation.

In the sixth chapter, a 3-kW prototype is built. The parameters and overall structure of the
prototype are analyzed. The characteristics of the prototype are analyzed through the steady-state
operation waveform at several working points and the dynamic characteristics when the load
changes. It is found that LLC can always work in the under resonant region, and the primary ZVS
can always be achieved. When the output current increases from 20A to 190A at the rate of
100A/ms, the output voltage drops from 14.2v to 12.72v and then returns to the given value. When
the output current increases from 190A to 20A at the rate of 100A/ms, the output voltage rises
from 14.16v to 15.88v and then returns to the given value. Finally, the efficiency of the prototype
is compared. The full load efficiency of the prototype reaches 94% at rated operation point, which
is higher than the design requirement of 93%. However, it is different from the calculated
efficiency of 96.5%. In addition, the efficiency at 30% load and 50% load is 97.4% and 96.7%
respectively. The switching frequency is 320kHz and the power density is 2.19kW/L. It shows that
the designed on-board DC-DC converter basically meets the design requirements.

In summary, this paper implements an on-board isolated DC-DC converter with Buck+
Full-Bridge LLC two-stage topology based on GaN HEMT. Both the driver circuit and the main
circuit parameters are designed. The paper calculates and analyzes the loss of the designed
converter. At the same time, in order to realize the bidirectional operation of on-board DC-DC
converter, this paper further analyzes the reverse operation process of LLC circuit, and verifies its
feasibility through simulation. Finally, a 3-KW prototype was built in order to verify the feasibility
of theoretical analysis and design.
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