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1 MHz GaN LLC Resonant Converter with Matrix Transformer
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Abstract; Energy saving and cost reduction are becoming more and more important for today's industry,
causing efficiency and power density to become major driving forces in modern power delivery systems.
With the development of information technology, computing systems, electric vehicles and other fields,
the demand for isolated power supplies with high efficiency and high power density grows significantly.
In order to meet the requirements of high efficiency, high power density for data center server power
supplies, the switching frequency is increased to 1 MHz. The investigation of traditional LLLC converters
is carried out to explain the operation principle, as well as the advantages compared with other convert-
ers. The GaN MOSFETSs, matrix transformer and synchronous rectifier are applied to further optimize
the traditional LLC resonant converter. Finally, a 1 kW, 380 V input, 12 V output experimental proto-
type with power-density of 300 W/in® is built to verify the theoretical analysis.
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LLC #4728 4 v L H: ] 78 42 6 48050 [l oy 52 81
JR T 56 48 19 | R 58 (Zero voltage switch,
ZNV'S) FF 38 IR G Wt L 3 | I3 I A 0 & R T
% (Zero current switch, ZCS) FI A &M i iy % T
PR — BHCH i 2 58 %5 iR &% DC-DC
BERE %, GaN 43 416 LLC Z2 e g8 9 I
AT RLKE JF A A 4 5 3] MHz, JF HAE 400/12 V,
300 W Al 1 MHz 1% 8 & A1 XF Si i £+ nl Lh /)y
200650 . L AR E T KL 300 W SR
W m. R kW i th 376 Y0372 TR a8 1 M RE
Xof 7R A 25 O 1 BE AT AR RS2 e . A i AR s R
HLUE A IE O T o B SR 2 JF BN T k. iR

E[ ) 5, B A ( Printed circuit board, PCB) Zg4H ] L)
T3 6 K 908 D 4 U 9B P S 8 B R, A9/ )N T A
DR LR RES . (RN T 58 U AR RS 24
BT e TR 3 5 it )0 A 2 IR DU AN T 5k A
FEFEI P8 B i el i e Ak 2 2%, Lk
[i) 70T DA 3 2ok 5 300 e B )0 O K 1Y) 78 T e 4 A o
gl AH X Bl IR ) A 2% 2k L R 3L PCB S84t
B 235 M AR I 32 43 52 2% o T LK T B A1 1 e 7 L
R K H 3t ) 37 T REME LA 2SR HE ST
K i 1 S SR BN i v o D R R AR v TR RO
GELH H I B R AR RE AN R 4 S R, SE
W70 1 i 1 R R AT A8 F 45 oo B A b R (IR 22 40
H) 1% Bl 34 (Magnetic motive force, MMF) , b 1T 7
NI RN 58 2 14 22 i BELHT I ELDRE BRI 8 i — 2D 4
R TR RN RCR S H R SRR A TR
Bt L I B RN R 2 GaN g .

AR SCEE XS TS BH A0 19 N 5 5K WF 5T
FRCE M m )R R DC-DC A2 ds . 155600
B e LLC 3 PR A2 0 e T AR Dt B S AR X
fib 72 e 45 B DL 3 s B M AL GE i LLC #EAT 104k -
DG R GaN #4314, R F 0 e 22 s 5 0[] 20
W BARG B T B AN I 4 TR S B A
R T GRS AT B e E RS AR LA T
SEHS BRI

1 LLCiEIRTSHa2E

BOFR PWM AZ i ol LA SE BT R 48 19 %
FE T 5% s DT AT L REAR O S 45 6 | 32 i T MR L 48
A% ST 5 PWM A8 e 45 1 ) REAR SK A7 7E . —
& ZVS Al RETGIE AE 42 0 B0 B PR s R R
R A HL T R YR AR P R 2 RS2 AR Y T SR AR
HIEL R 7. 5 8OF 56 PWM A8 e 48 A1 F . LLC
IR AL e B AR KA P« (1) AT A7 4 0 45 v [
W SE B A TF R AE 19 ZV S TF 38 AR OC I i 35 (2)
Rl A AT LA SE B ZCS s A e IA RE T 4 b 1) i
RLRET 0. P LLC I PRAL 4 g 50 & v 2 R
JE . m3CR DC-DC i3 . B9 LLC i k2
Befm AN NIE 2 Fr 7R € T 5% R 2% i AR 19 2% A
RE DG 25K 1. TF O % e AN SR OT R A
BT R L SR o5 28 L Dl 50 0071 A BE X 1 B Ab
9% 3l 75 SR Bl 35 BT R A X AR 4 5 I
LLC W 4R P 2% by o 4R R JE% L J0mE P JRR L, RS
PR Co M. C [F) i o 6 35 B A A 28 A9 4 .
7 s i 0 R G R 2% AR Dy L Dy HH A R
Ui R 225 C BB g A e .

TFIRA AN TF IR AR S LLC iR A2 1 A Bt
LAY AR X AR OB A8 3 B R .



RIS LT RS 4519 1 MHz GaN LLC 1§ 4R 48 # 4% 697

%51
O
¢, L =n:l:l D,
P B
Qv \ 4* c
L, o
¥
O j D, = ?RL
L
> v

B 2 2 LLC i IR A8 e 58

Fig. 2 Half-bridge LLC resonant converter

Lt Lot ht Lt

B3 fE#F LLC TAEBIE K
Fig. 3 Working waveforms of half-bridge LL.C

2 LLCERZE#HReMALIZIT
2.1 gt
2.1.1 HEFHER

B — bz BT SRR R, A T8
5 25 F A 2 S AR B RER IR AE T A A E m Al
HEE O O A AR X AR . (H S AT AR T
AT HAR R L Si 2 SR B A 0151 23t Z4E K
Ji& . St g & ek LA FE AT B8 O 3 1 24 4 Ak 23 %)
T 5 H Y58 v A e R LA B e B R R AR
B N T e DR SO T T B WD
PR T GaN 25 Az B A /N I OGBS0l
PAFE/N s W GaN i 14 BE K 22 48 25 7Y JT O A R 4
E—AE B G B TR AR o DR . AR SO
M GaN 88 15 4F 32 2 A f OF R R 2
1MHz, i1 3% ] Gansystem 23 H] #Y GS66508B &
Hs GaN g4, 9K 8l Aok ] Si8273 b £ 4K gl Jts
hs Bl e EPC 23 \) i EPC2015C #8844, 3K 3l %
R TR 2P 8 38 e NCP4305 H 5K 3
2.1.2 HEHETEZHER

ST B g AR AL R AR AR AV 2R
RO B AR A AR A S B R B S Y
Fum ARG R T X 02 A S A A R B A s
PCB L il & 1 28 25 9KS B A1 — 0 8 45 1% 14 o
PR B B AT 45 R ] O M Y 2 A 28 PCB
LU Z ) 5 T OBk B8, H A0 Ao 2 He s 4 #10

LR o B A 12 Hs i A AR R K L 1 3 T
REXE L BETH . R O TR B L S8 4 PR WA R
BUAPEREAN 08 1 1 DL K @) i (7] 25 8 300 4 v 3L 1 )
IR S5 H0 J T f ) )

AR SO FH R A Hs s £ A (I 40 3% e b A1 e
R 55 & BEAT A0 . I B 30 A R R 2 5
IR 11 L ¥ 2 T 45 4 AN RE S A 2l 52 BRI D 1Y
Ui 338 2o 22 4> I KA a5 2 S B O AL D
R 1T SR A8 1) Sl A A L Ol o e 2 oo F By
Pic D) A FEOK B2 i BCIR PR RE . 50— T Tl R R A
Jis 25 45 Koy 3 BE AT 253t WA AR 5 2 109 e 3 3B » DT sk /)
I ORI ZE 2L 19 St LT . AN A b o 4 28 T 48 3
oy TS B R [R) A5 B A A 4R 8 DN 2% S 45 R
IR e L

P4 o AR T e 45 4 ]

Fig. 4 Structure of matrix transformer

2.1.3 RFEAHER

(S SN R R E RV S = S 2 )
W R AR ER . ML Z R P R4S Sl i A
JE H A S 508 L TR /NS 22 TR AR SO
(RS N AN BRSSP BN i i
TAEAJEIANE 5 Fr s Y Lo B s Jr
] BF, GaN g8 44 52 ] 323, Uy A2 24 1, NCP4305 5
it CS BRI 2 H /N F — 75 mV, JLEFE - DRV
2 4 R Bh M5 5 i — B Uy iR T 0V, 3R
IR
2.1.4 o xipit

45 f GaN, 20 FEAS F 4% AR F ] 20 B i HoR
A DA B F2 e B b . T GaN RO AR 2% 11
F R BN E 6 Pros, RN A GaN B Al 4
PR BASAE AR A3 L T A4 A 530 B B &I 5 Bk Y
JINAR TR 25 5 B 120 [5) 25 8 g 38 ik F O IC S [R) 25 i
U R A PR R A N 1 7 AR B BN A S
2.2 XESHuRIT

LLC #5928 e 25 76 18 Ik 2000 8508 B & T LA
Fie BUBUE AR RUTE I R TR AL A7 8T B A F
JE Vi oom =380 V. B L R Vo BB, A8 0 25 11 L



698 Moo =

PNV NI S 5% 50 %

[ ] NCP4305

B 5 [R5 i A B

Fig. 5 Basic principle of synchronous rectification

Co
EH%_U :
lSR
" H”ﬁ_u =

HH o

A)Vin - L4k ] 2
ﬁBuLu

(08
1 SR

c ”WLH

Bl 6 HET GaN FOHEMEAS R4 #Y 2 A LLC 3 HL B0 b
Fig. 6

HHO

v

Main circuit topology half-bridge LLC based on

GaN and matrix transformer

TSN M R 1, H b A] 5 AR R AR 1Y T B n. B
n=16,
7MV\n nom
n= 2V =15. 833 @)
il BN B KA E Vi, = 360V,
Vi e =400 ViR /N LR Vi = 12,2V,
Vowin =11.8 V, AT 15N 19 e/ e K R 3 25 - A
20V
Mmin - ‘/”Lm“x *O. 944 (2)
2nV o,
M ) — omax — .
max 7‘/]“ . 1. 944 3

A R IRE LR L, SR A L, B (R HE
/N S BRATH AR ) P e 9 i 14 00 3 A Al Y TR /)
R S A8 33 458 FE RO SC A0 AR B/ R &
7 R ) 2 B L DRSO A T D R R R P
RCAEL AT R Pl SR BT 3 A5G S Pl SR
A RCAE R I/ 5 SO O S A T S A I 5 SR

FHURE » TH 5K IT FiL O J DR RL JR ) L R M R BT L R
G PR TGRS O T R I S L SRR T SR A

BN, GEE IR v=4, Tl il IR
FE PR 1 MHz, 30 (40 O B A 4 45 . o

H— s £,
MQ. f..Q) =

=f/ QN R
1

“/(1 - % a %) 2*(111 - %) Y

4)

R e K B /N LU HL R 45 L BEH Q=10. 6

%) a2 A h i 2 A il £ AR X (5, 6) m) L

Rt Lo=2.8 yH, C,=8.9 nF, AR M L, =
11.4 ,H,

1

,=————=1X10° Hz (5)
2n/L.C,
s /Q
C.
= =0.6 6
Q= $°R.. (6)

2.3 FTHEHEETESRMIZIT

%Ef@”’rf%ﬁmfﬂ?ﬁ SR A JE A DA

HE B — A8 A8 AR 5 Sl 22 A H R R P RE RN B
A #,L#?JETuﬁxﬁlﬂﬂhthﬁﬁﬁiF T3 H T
INGEAABAE . B TS EAR I Ly 16 = 1,0 430
AR B B IR 4+ 1 AR TR, g
A RAE L (7D L B3 A B R A S R
WA (S .

'V, 2n'RY .-
I “8R.n L% f? +8x* =6.506 A (7)
7i LVG (DT[ *48)71 Rl _
I"""*4><4RL\/ 127" L% f* =
16.461 A (&)
HTE A RE R, ZESE DS L]
i, Jf: B JE 107 588 BE e KAH B, =0. 05 T, i 42 i
KA AB= 2B,,,
HR 4R 2 (9) A] 75748 F 4% 1 G 0 T AR
__ Vv )
A. =27 ABN. =60 mm 9

PEWU AR W ECW23A RIS R M 1) A R
61 mem? . 4 PCB S8 95 22 5 mm . B
BEmEE N J,=15 A/mm®,J, =15 A/mm*,PCB
GV Sy 2 g nl, DOIAE I A i R i B o IR

~ Iprms .
Co=garsesy, = 1 239 (10)
. Lme
Co=gorsgy =3 135 (1D

WC,=1.C.=3, HTRlAE2WEER.HM
ANGEYL T LA B 1 7 AR TR A — R 2 4C, +
2C, =10 M HEILA X 10 Z M 2 4> 6 2R
PR BN AL 5 HZR4 . 74 5 [ LB LE4
T3, 5 3l LA A 5 AR . T TR R AR 1 8
HHEAT 7 o8 PPSPPS(S AU AN PACEIR D .



%5

PRI, 45 e TR RS E 2509 1 MHz GaN LLC 34 75 4t 25 699

il TR A J2 LA (o A 2 [ A5 A i R
5 ) 320 58 LA B8 Dok e LA R B B RE

H1 1 1 R P AR TR AR ok PCB ARS8 S84, —
HAR P70 TR0 T8 1 A o B LA 1 A 2 i A e
F1 47 BRIT5 ELo3 it W0 A0 3R AT A B T I R Y
EL AT 20 #r i 5 o w] DA 21 28 21 AL il %
fii .

15 Maxwell {5 BCHCPF v ## 57 7% T A 7 1A
Bl (7 B SR AT AR OREIR L, = 2. 7 pHL T I
L, =200 nH, {1 S8 H S HL B Roc i =70 mQ. &l
NGEHAZ WAL R oo =5 mQ, 4 i 3 %5 4y
A 1T RO AR He i 8 R AT O AR - i ke i 5 e D) )
58 4 1 B ey i 2o B ) AL
2.4 HRRGELEN

AR SCR PR P B SR A o 18T 7 e T AR
Body Mo W T ZAER, R ST & A
STM32F407 Ffilith Ao 18 2 R A b L [ . 225
PT 895 4% . DPWM M4 PT 5 il 19 45 2 2R s
AL ) PWM {55, Driver 3K 8l 2§ A i 9K 2h 7 5
YRl GaN g 42 6l i i i AR .

Ve Hr
K7 BeEsigr %
Fig. 7 Block diagram of digital control

3 XWERKNSH

AT RAEFHIE T EME.BE T 1A
1 MHz, 380 V/12 V fil 1 kW LLC 28 #4552
BAEPL LA SRR 1 TR IS
s 2 pros.
x1 XBHENSH
Tab.1 Parameters of prototype

B AHLIE/V  360~400 |#PRAE L,/ pH 2.8
i s R/ V 12 IR A C,/nF 8.9
A5 R 7 75 L 161 | @# R L, /pH 114

F2 FTETHEBIIR

Tab.2 List of main components

S g JEATE R Rl i J?iﬂ E‘Jiﬂlﬁl?
HQ1Q, BSRI~SR, WKz IR )
SILICON ON Semico-

PR Gansystem EPC LABS nductor

= GS66508B EPC2015C  Si8273 NCP4305
Ve 630 V 40 V - -
Riccom 50 mQ 4 mQ - -
Q: 5.8 nC 8.7 nC — —

Ji s By A A8 M 34 [ A5 A 1 GaN 7 il
w235 JE Gansystem Hl EPC A "I, 584
g ZR g 1) e AR SO BB DMIRS T A8 T i 840 JR%
A S 3 AR TSRO AF . AR B I R A B
300 W/in® AL G IR 3 15, SCHRAEHLANIEL 8
JIrR

B8 SRR LI

Fig. 8 Experimental prototype

R 2P T A O U R T L 9K S i R A
PRH MRS BIE E 9 iR 8aE 1 AR f iR
B L lIE 2 WS O L Tl R2 Oy T TR
HERIE ., fJ LAY Vo B ERLV A E
Th RS2 B T BT SR ZVS,

Time[400 ns/div]

L[2 A/div] V, o,[100 V/div] ¥, [2 V/div]

N ¥

B9 BEEHTE V.MV, KOk B R EE

Fig.9 Vg and V,, and resonant current waveforms of the

low-side transistor at light load

Fl 20 [R) A R A AR ) T DR R s V7o R ARE DR R
HUE VRIS & 10 rs. B H s 2
LR AP B R A SR, JGE 1 OB IR B IR BOE L



700 Moa i =

NPV

E

5% 50 %

I8 2 0 [F) 20 B i K Sl i e T Ll T 3 O T PR
PP o TRl B 00 0 38 ek G 0 ) A o O A B T
PSR T 1 TE OR 7 AR IR BN A5 5 . mT LA M AT TR
W B O /B[] B R B T s b T, Z T A5 4%
A I HE AR I ] 53X () A0 B AL R A Y A
B AT LR ZE A s T PR A T — ELR T 0. 3K 3
HL R A7 BT e BEAS B A SEIR o R IARAT UR H ) 28
W AR IEH

L[5 A/div]
s

Ve 5ol 10 V/div]
\

Vi su[2 V/div] Time[400 ns/div]

E 10 Wk R A IRE VM V5 e
Fig. 10 V4 and V,, waveforms of the synchronous rectifier

at full load

B 11 52 1 MHz, 1 kW F1380 V/12 V £
HLER ML 76 1 MHz &8 F L FENLECRK IH &
iK 94 % TR A F] 300 W/in®

400 600 800
fa HH TR /W

FEPLCR I £

Efficiency curve of the prototype

1000 1200

E 11
Fig. 11

4 ZERIF

AR B RS 0HE F 0 AR 55 45 X i 280 s D) R
B 25 DC-DC 72 6 g (19 b 755K 20 B 17 LLC 38
A e A% 8 X RN 3 G B g A s ol i v
GaN i B85 1145 TF G002 4 v 21 IMHZ, 1 $2
fR 1 AR 5 AR TR DR F A Y N 37 A
P R 722 s s AR [ 20 3 o ik — 2B At 48 L1LC
VS C VAN eV E | TR ZE R (S A e (o5 =
T 16 1MHz, 380V/12V?Fﬂ1kWII(I SR AR
o 52 BEHLL RO Rk 9400, TR BE G5 B
300 W/in?,

S & k-

(1]

(2]

[3]

(4]

(5]

(6]

7]

(8]

[9]

(10]

OKUMURA H. Present status and future prospect
of wide-gap semiconductor high-power devices []].
Japanese Journal of Applied Physics, 2006,45(10A) ;
7565-7586.

OZPINECI B, TOLBERT L, ISLAM S. Comparison
of wide bandgap semiconductors for power applica-
tions [ C]//Recent Advances in Microwave Theory
International

and Applications, Microwave 2008,

Conference on. [ S. I. ]:IEEE, 2003:878-881.

MY RALER D 5 R B B R DF R [D]. B At
AU ZE LR K2, 2015,

SUN Tong. Research on application technology of
GaN power transistor[ D]. Nanjing: Nanjing Univer-
sity of Aeronautics and Astronautics, 2015.

MU M., LEE F C. Design and optimization of a 380-
12 V high-frequency, high-current LLC converter
with GaN devices and planar matrix transformers[ ] ].
IEEE Journal of Emerging and Selected Topics in
Power Electronics, 2016,4(3) :854-862.

ZHANG W, WANG F, COSTINETT D J, et al. In-
vestigation of Gallium nitride devices in high-frequen-
cy LLC resonant converters [ J]. IEEE Transactions
on Power Electronics, 2017,32(1):571-583.

YAN C, LI F, ZENG ], et al. A novel transformer
structure for high power, high frequency converter
[C]//2007 IEEE Power Electronics Specialists Con-
ference. Orlando, F L:[s.n. ], 2007:214-218.

FU D, LEE F C, WANG S. Investigation on trans-
former design of high frequency high efficiency DC-
DC converters [ C]//2010 Twenty-Fifth Annual
IEEE Applied Power Electronics Conference and Ex-
position (APEC). Palm Springs, CA:[s.n. ], 2010;
940-947.

HUANG D, JI S, LEE F C. LLC resonant converter
with matrix transformer [ J]. IEEE Transactions on
Power Electronics, 2014, 29(8):4339-4347.

FEI C. LEE F C. L1 Q. High-efficiency high-power-
density LLC converter with an integrated planar ma-
trix transformer for high-output current applications
[J]. IEEE Transactions on Industrial Electronics,
2017, 64(11):9072-9082.

HURLEY W. OUYANG Z. High frequency planar
magnetics for power conversion [ C]//IEEE Applied
Power Electronics Conference and Exposition (semi-
Florida:[s. n. ], 2017:1-14.

nar). Tampa,

(3. F R)



