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Abstract

In DC/DC converter applications, high frequency, high power density and high
efficiency is the development trend. Traditional hard-switched converters restrict the
development of DC/DC converter.Phase-shift Full Bridge PWM ZVS DC/DC converter
has been widely used owing to its ZVS condition of main switches. But it still has some
disadvantages, for example: lagging-arm switches is hard to achieve ZVS in light load
conditions; rectifier diode have unavoidable recovery problems and they not only cause
great secondary loss, but also increase the voltage stress of the rectifier diodes; converter
can achieve high efficiency in low input DC voltage conditions but low efficiency in high
input DC voltage conditions, this kind of efficiency characteristic restricts its applications
on high input DC voltage occasions and high-quality converters which have hold-up time
requirements.Fortunately, as one focus in DC/DC converters research fields nowadays,
LLC series resonant Full Bridge DC/DC converter can solve these problems successfully.
But owing to its complexity caused by multi-resonant process, it’s hard to analyze, design
and control. So LLC series resonant Full Bridge DC/DC converter has biggish research
value.

In this paper, LLC series resonant Full Bridge DC/DC converter is analyzed in detail.
Based on the fundermental element simplification method, the mathematics model of the
converter is obtained, the conditions to achieve ZVS are given. Steady working region of
LLC series resonant Full Bridge DC/DC is confirmed, the relations between input and
output voltage depending on switching frequency and load conditions are given.
Simulation results prove the correctness of the theory.

In order to design controller, small-signal model of the converter must be given. In
this paper, the small-signal model of LLC series resonant Full Bridge DC/DC converters is
deduced using Extended Desicribing Function Method. Also, stability of the converter is
analysed and controller is designed to meet the requirments of dynamic process.
Simulation results prove the correctness of theory.

Based on theory analysis, a 500w prototype circuit is designed, and the design steps is
given. The experimental results prove the efficiency of the converter.

Keywords: DC/DC converter  Soft-switching ~ Series-resonant ~ Small-signal model
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2.2 MOSFET #0 1GBT 458 Lb &k

JyIE N ) R A R, R IR B R O g4 IGBT. MOSFET ) V2
N H o XPFP SRR 2 T a8, TCHATAA RN, FFORH R, TAEMR S, A
FHHTEr, BXBhTZ N MOSFET % IGBT HFoGid FE s, HIE S @M LAES & . R
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T TF G ML IR — M AR FH MOSFET o A5 43 % b6 7 IGBT 1 MOSFET (¥ T G FE ™ 2E AL
B, 4 LLC PR Heds 1A DIk It e 34 T 4k is

MOSFET M1 IGBT MSEXCHERNEl 2.4 Fros, M4ty L3222 I6BT L
MOSFET H4jn T —AMiEAX P2, el pL " Xt =7 de T
MOSFET A1 IGBT 4514 Bt AN [m) o MOSFET I IGBT 252 i 25 v LA A 2 (2-2) o 72T
IR, SRR RN BEIN TR AR AY o S R P2 T2 B vl 2 2 5 | 1 )
HLZY, T N IR 3 59 5 Rt Y Cuos IO /NFIZR AR IR IBORAS ECA OC, FEIUR A 4k
AT, Co K, BHSUOVBREREY, i AR

C, =C_+C, C,=C_+C_
Co :Cds +ng Co :Cce +Cgc (2_2)
C r = C gd C r = C gc
D C
J_ L 4 J_ @
ng Cgc
G E — Cas G K T Cee
Cgs Cge
| E— J E—
S E

K 2.4 MOSFET FiI IGBT &%7%% Hi s
MOSFET [f) Js 15t Hi 2% C... A 55 MOSFET &5 45 S 11 MOS FEZ¥ Cyy ¥R5E, 1M IGBT 7
MOSFET Z5 K4 (WAL 3N T P72, PTJEFI N JZ2Z RS TE % PN 45 2% C (FH#A22 A F
Co FIH HLHLZS CoAL ) » IGBT BB T Co 55 Co BRGSO S5t
7% C... B MOSFET 1)/ 2 o TXYS 23 7] [¥) MOSFET #1 TGBT 252 25" e ¢ 2.1 (U]
WA N Vi=V.=25V, V,.=V,.=0V, FFRHi% £.=1MHz) :
% 2.1 MOSFET M1 IGBT 252 25t

%%[J E!—%L Vdss (Vccs) Ciss (PF) Coss (PF> Crss (PF)
MOSFET ITXFN44N60 600V 8900 1000 330
IGBT IXDP20N60B 600V 800 85 50

Peag s B oR, 0T [ HE R 2P 21, MOSFET (1% Hi & IGBT ¥ 10 £
£ XF IGBT K, WML N ERS X (K HL FAEHEN PTIX I, 2 S80I Bar i 1 (5570
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B PIXVEA N X o X SB35 7R MRS DX 30t ) & SRR 1) P I, B8l MOS
VETE S N DR RN RS o DRIHAE N VRS X P, ) FEL it (B AR FRLRD) 1R 380
THIEINS . 5 MOSFET AN, TGBT [ N X FFAE A5 HLf, DA gs A 5 Wil 2
HOASBE R UL IR 5 2R B A N X IR i i 7, X s BRI E AR B A, AR
PR 1 APAE— MG R AR . WL LT, TS g5 MOSFET [% i sz
WK, IGBT AFArt R I

TG JT 51K 45 2F  MOSFET 1 IGBT JF IS 4L 504 «

D). JREAFET T : B MOSFET [ B K, ds AL T WA Isy, e\ fa H
Y b, Y AR R R . (EAH 4R TR I X e AT REAE AR
TEEFIFER o B 0 T8 FFE A RS b b, R A 1 bR N H R PR ~T- 7 A
L™ 1o IGBT ff)% i L7 b MOSFET /M3 22, Wi Hizs Bk AA IR, HMOT
THFEED 6

2) . KIUFEJ T : MOSFET & AR 2 28k, mT LU ik 7 e o A A 5 Al FL P 1) 7
e, A E R A FR AT, D OCHT, 4 MOSFET S fo it 250l 2 2,
AAEAEH R FIR, SO Wb URE /N 10 TGBT T4 8 W S A AT 3l 4, L4z ik ) 4 (]
EBUSED) , MOCKIRER

2545 UL A3 BT s BEFF O 45T T MOSFET (1)1 S #E 32 B2 t FF @ 450FE 5 [, 1M TGBT
W) 32 B GRS D o DRI A FH MOSFET 4 A 6 FF e 88 LR I v, A% TAET- ZVS
FAET, IXFEESS @R, WARRIEAR 2 ) (0 f R S B 2, S i 2 At Ar e
AR/, AT RAK K B MOSFET (W@ #6148 F TGBT VB R = FF a4 (1 i, W%
TAET ZCS AT R, XAEAEZSAFOCIIAT, Sl s mse o &, af UK R A
i 2 L I ) O T FE

2.3 LLC REXIERT MBI IEREE 9N TEXER 4

LLC HRICIEHR 42 4F DC/DC AR 4% T2 HLE 4N €] 2. 5.MOS & T,—T, K4 B A A 105 A8 FiL i
Tiv ToRAFE =55, Tow ToRAF—KEMES, H25 4 50%. T, (T,) Al T,(T,)
IXEE S 2 AAEAE—EFEX . D-D, 2k MOS 12528 — M4, U L. LA C 20
PR YR 48, DoDo A R AR FL R, C oM BB B ™ XFERP 2.1 Wl 4, LLC
ISR A DC/DC A5 # g8 58 A4 HF PWM ZVS DC/DC A5 28 (1) 3= BE X M4 = /.

D). 7EEPRMG TR T —/MNMEREZE C, BT C BRI E0L, SKbs
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ARSI EAEH], AR A AN S A

T, J I, j > "
D1 "1 Ds *
Vin == . Crt — RID Vo
T2 Ty
R !

* »% _
2.5 LLC HRIBCIEHR A4 DC/DC A8 e o5 1= L 15

2). BHAs T s T HE L, iX0E LLC HR IR RAD e 28 5 AL 40 5 B PR AR 4
a3 DX

3) . BITTIER SR A IER IR Lo TR IRTT AR LK, TR 2198
BAEH, WOnTLAAE R L, DA /N as AR R e

2.3.1 LLC SREEIRT RIS RN FHEBE T

LLC FRIBCTR Jli 199 2% 252550 L s A A\ F S BT AR B 2.6 Firos (T A T2 JA 3, w O
RIABR, wo AIEIRAIA) o

L C.
——
+ Z
C) Vs 2y La R Ve A
N Vin
U .
i L C. © T./2 T. ¢
Y
RORR L

K] 2.6 LLC HEHCIE PR X 2% 25205 F i
b Loy ROAEEROE R HL AN 47 28 H B -
Rw_L
L =L +—sm (2-3)
¢ ' R2+W52Lm2
T (9-1)
¢ R2+w52Lm2
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YA ENE iYL YA DS WAE

&, 2 1.
Vi t)=—" > =sin(nw.t) _
® T n=135,.N ® (2-5)
n OB FHPT ] AR 7R A -
) . 1
Zin(JnWs):Re +J(nWsLe _nWsCr) (2-6)
. nQw. > w,’
Z (jnw)|=R. 1+ s (1-—2-)? (2-7)
| |n(J s)| e\/ WOZ ( nQ\NsZ
1
/\EFI: W0= (278)
L.C,
Z, w,L
=T — e (2_9)
Q Re Re
Rt AN NN IESE S 3SR N NPl = AR S VAR TR R 5P
i, |= r; || _ ZQN%Ni" : : (2-10)
i n w
"' nzR, [1+ s (1-—20 )2
2 2
| J“szf a-Ye,y
%: Wo W (2-11)
iy nQw.’ w2
n 1+ s (1-—2)2
\/ w,’ ( n7vv52)

/1S QB w/wo ORI 2.7 . & 2.7 R 4w (wo/we=0. 5) i, 3
VA e FLAL RS B LA BE Q MBS TR R, 5. 7 YR R R R A
MIFE Q BT/ 24 wo3T (wo/we=0. 8) « 25T (w./wo=1) BURK T wo (w./wo=1. 2) B, %
YOI HL IR S Rk R OB IR Q B9 KTk e 4 Q fH—78, wlwo i, [1.]/]14]
HBE w./wo BE TR o w/we=0.8, Q=2.5 I, 3, 5, 7 JIEW HLI A1) A e i
ff) 10%, 3.2%, 1.8%. w./we=1, Q=2.5F, 3, 5, 7 Ui FLIL 2 99k L0 L A 5%,
1.8%, 0.9%. RV Q fHACK, JFRMMA w ZAIE IR ANE woibF, 7RI 45
AR TR E MR N R, R S AT LU N o FE BT AR S B KA S B, R DA AR
AR VR I 255 1) AN F i N AR 5 (R i g S o MR, IR LR — e 2
(190 LEUTALMAfG 2 AR e % ARAS AR, IX A 22 2T LLZBE 1 . (HAEF T RS/ IMA
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SRR, RFEE AN AT 20 . LU AT R R A A, RS AR R
REIOE S Gb Pl V2 i

ws/w0=0.5 ws/w0=0.8
0.7 T T T T T T T T T T T T

0.6

P I S SRR SRS ISR SO SO

linyji1|
linyji1|

a) Wg/wp=0.5 b) ws/we=0.8

ws/w0=1 ws/w0=1.2
T T T T T T T

[in}/i1]
[in}/]i1]

C) We/wp=1 d) ws/we=1.2

BI2.7 [ial/]i] 5 Q Al w/wo e FR 2k

1. WA
B IR M &8 Ik, OO IESZ 5 S, HAE R &, MRS & Mo W)
WIAR AR SRR R AT I L R A 2. 8 Pz Bl R HRIE I 70 500 -

i, t)=1,sinw.t—¢) (2-12)
M), N ERCAME, RREERCR E  SZ 3 R/ A
2 (Tsi2. 2 (Ts/2 . 2|Irl B
|m=T—5j0 |r(t)dt~T—SJ'0 | ysingw £ - )it = = cosg (2-13)

5 P R Ve, PR o BRI

Y
vsl(t)zfsmwst (2_14)
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D Vs A&
. IKZNT1. T4 _
1r + IKANT: g

=

| ¥
| . T
Ds *{L— i UWSt
| [ |
o : Tiv T4 g ! T2, T3Sl !
. D1 Da'F il : Dz, D:%Eéim/:(‘i i
1r1 1in : I : :
5 | |
+ -
Vsl / l/ wst
_ (6]
Bl 2.8 AR o 4 2 PRI
0 R A N T 38 T R R R A D DR G 0l A
I:)in :Vinlin = 2\/in|r1 COS¢ (2_15)
T
& | YN
Pou — in rl CoS¢ = in"rl cos (2_16)
t \/E/Z’g\/_a ¢ ju ¢
AR Pin=Pout, 55 FLIH D 2P A
2). LLC ¥R M %%
YR M 2 SR s ] 2.9, AR kgl H(s) A (2-17) .
ir Lr CI‘ iout ir iout
_»_KWY\_| » » +

+

(D e D e | E e

B 2.9 TR W0 4 2 L

SRL,,
2
|_|(S):V0(s) _ R +sL, _ 2s RC,L, (2-17)
Vi(s) o +i+ SRL,  s*C,L L, +s°CR(L,+L_ )+sL_+R
" sC, R+sL,
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