R TM461 BAARES: 10335
=% 2 S 21210152
: »
TR A7
R EXRELCERTHEAR
WXWNEH - Research on High Efficiency LLC

Resonant Converter

HIE N4 £ 4,

ERSES IR 2 A

Er{fE G

Ll sFR: AT (FlF6)
WEFLITI: 48 A DC-DC 3 4 %
PITEES B Rl

WIIRAZHEA 2015. 3




BKE LLC WiR % # B 5%

WXEEZ4:

BSENEL:

A2 T

PEFON 3: MR

PRI 4,

WA 5:

BT L2 I f
K1 7K 7 W]
b2 AN
£ 3 ZHE
54 #BiE
Zh5

st H 1 2015.3.7




WL K ZE 0 SO AR A L8 SO B 7= ]

AN WP 28 B AR SR A NAE T TG 3N HEAT BRI FE AR RIS W Fe R B
T 3CHRRE RN ARRIE RO B35 A, 1R SO A Hp N 28 R R B S 1 AT TR
WAL S RGBT R sl A 25 A AL ) 2 o SE 5 i 5 P S b R 53R — ) A
FR3 [R) 56 AR TE BT il (A A DR ES) 2 AE R SO AR T B A D O R B

SR % # A H

AR SRR F AL

AW SAEH 5o 4 TR ML K BRI 1 B 5 A 0 T B S AR 18 3
(12 ENPERIRAE, SO VF SO B DRI B o A NS I R & W7 LUK S 0718 S0 10 4 3R
7 B G N RBE e AT R R AN 3, T DRI ED . 8 BN el il =5 B T BURAF . V%
AR

CORSE 1) 22 18 SCAE A e i AR LS
FALRSAFE R4 FIMZEA

2y H £ A H &7 H F A H



RN Tl w2 A Foig

Bt

TEHARKRELES, RINASE T B LE, ELERT —HAEFHA, AHAT
HL, REANTRERS,

R#tFHAFHEN, ETTRELZOFHFER, hHL2T RREBMAWEEMH
FWTE, YR BB FE- TR, A RITFTHANAIT, Mok ARXECHR
R&, RWEG—r#ty, HEeERETNHT. REFIARERLT LR, EEEUAR
M7rk, BEAY . TEZBRMBEABANE S, KR WL, EREMNEXFE !
Rt = 2 T AT R B 20t e 5 2

RUMEMFELIT, EXHRENFASR, —LTHWEFAE, PROAEN, #HE
BBRUWEMER. BB AFNEAEGKETE EAMAEN A OFRE, AAEAE. 5T
BIA, iEEELARBEEZREFIEHARE T,

RUMETLIFHET, EHNSE, BENXN, FAXR, shaed. RBELERAEK
Mile, e HEEE .

Rt E By T UM, RIS RF A L SRR B, AW R AT A A A
HREFNNE, ARBENEEM, tRZHEX. KAZAELEE, EHVEEAHE
iR, EmEH. FHETLFIILE, WARE, FAFM, BREAGEFINEF. EHRE
REXEZE PN —KL, ARAERE, BARINAFIERLZRAENTUMRL,
ARTEH ST RIFLZHALUSNET, &AEH, RZTR,

RutEEIFL, WRiaMhE. BRT. fith—. BELE. XD, BEE, BRIIWHS
M, LR B ERNIERE.

RUMERIA. BEEHE. KE#, LWERNELFWE, AUF—EGHEEH, EXLE?

R L HE R A1, RBHR AT — B LA B B £ Fr B

R R A2, RN EBRBR R, LRI S hard#t. REHHFE, 717
EREHK, FOWAERE, BETNMWILTEAIE. FHTELZRPRE, KRS, 7%
FHEH, ZHKERITH.

FEAEBELA—MIE: RE! RESFHNHE, RERFHNAE, REXSHRT, B
Bt By —ifn &,

XA
2015 4 3 A Tl AR Z &



RN Tl w2 A e

WE

LLC ¥4k & 4 % =] LA SZ 3 R 4 FF < & W9 & 8 JE 7F % (zero voltage switching-ZVS) #1 &| 4
BEREWNTRE, EEEMITE, IREREHNERERE, EMERFEE. LED KR
% %1 DC-DC Z#47 4% 2l 2 p il .

£t 2 380V/24V DC-DC # K i# 5 B R R S iy A R A R M EE K, RIRAA T LLC R
PR | 72 72 X, DC-DC # 3 o 2 3 A4 il 48 AL 1R 1T 77 %

BT LLCH A RR: ARBmitH. M. iAo, NET ERFHWLLC
Bt

AT B ERSHE LLC EARHEH XA, EmENNEET &k S 45 LLC HE
f T E T E M, #mRE T HE Tk 5480 LLC (h kit 7 & . ERNSH LLC 4
AWEa L, #57 LLC ZIAKE ZVS 4, 4 H T LLC hARITHRRE., 247X
EhEEN TR ENETENER, WRT U LLC R4, (hit7 PCB RALZ AT
WLE S HEREN, 2N TRERE, AT REENGAEM LA T E.

IMEF AR RARRIT R R ER T, A R#EABHEX LLC Ms F##, BF T LLC
/M S IRA 2, Mathcad 4 AT R 45t R F A ARiE. ETHE, H47TT LLC =4
B Me S, AR N SERBRTHN, R T —AEEFMEAERE,
BT RGN EHEHERSE, AEEGNHTEERSZRINRERYE,

WARRT T, BB T E TGS H L6599 B LI A 4L, %1t T LLC B s i 5 Hfn 5 4
e, ATt HET LLC WA aA, KRELHT LLC AKX K s E i &,

ETHRSHN LLC ATk, BRT 4B RSHS LLC FE ., HMEEZ B X<
%, BT LLC evikit B, *f LLC Mo #rikit A — iR & L.
X4 LLC 1Xit, HIEH, BHE, FELXES, L6599



iR NE 2l =X ATS'S Abstract

Abstract

LLC resonant converter can achieve ZVS of primary switches and soft recovery of secondary
rectifiers, is suitable for working at high frequency, and reaches high efficiency, thus is widely applied
in communication power supplies, LED drivers and other DC-DC converters.

Aiming at the requirements of high efficiency and tight adjustment of 380V/24V DC-DC brick
communication power modules, the project researches the efficiency and control optimization design
method of LLC topology used in brick type DC-DC modules.

LLC research results are reviewed: DC gain calculation, small signal characteristics, dynamic
analysis, and LLC design method based on first harmonic approximation (FHA).

The paper investigates the relationship between the resonant parameters and LLC DC gain,
interprets the impact of various resonant parameters on the efficiency and working frequency range
of LLC more intuitively, and then put forward the optimization design method of LLC based on
resonant parameters. Based on in-depth analysis in LLC mode, deduces the full range ZVS conditions
of LLC, and presents the LLC optimization design process. Combined with the brick power modules’
requirements of high efficiency and high power density, several LLC rectifier structures are compared,
PCB windings with a center tap synchronous rectifier is selected, and the winding structure of the
transformer and the through hole scheme are determined by analyzing the winding loss.

Small signal analysis is necessary to feedback design, LLC small signal state equation is
obtained by modeling LLC with extended describing function, frequency characteristic curve is
drawn with Mathcad and verified by simulation. Based on the simulation, the small signal of control
to output analysis is explained, the small signal model of the optocoupler is analyzed, one zero two
pole compensation network is designed, the transfer function of feedback network is built. The loop
gain of the simulation agrees well with that of the experiment.

A prototype is built based on L6599, and circuit parameters are given. Analyzes and calculates
loss breakdown, then gives dynamic waveform and efficiency curve.

LLC analysis design method based on resonant parameters reveals the relationship between the
resonant parameters and the efficiency, frequency regulation range, simplifies the design of LLC, it
has some significance on the analysis and design of LLC.

Keywords: Design of LLC, closed-loop control, high efficiency, planar transformers, L6599
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Density d(kg/m?®) 4,7x10°

Flux Density (mT)

K 4-1TPS B S HAA M & R ES
Ve, = Ae, -(Le-2F)

P., =3-10° W/m®

36



RN 2 e X RS LLC B 5 e R
Paore_tr = Fov - Ve,
Poe 1 = 0.406 W
ek
ey
oAl
AB, =012T
N, =16
S (27-5.66-10°)-8+(27-7.64-10°)-8 o ~175-10° 0om)

C

1.67-10°-1.05-10"

P

con_Lr

=0.945W

k1. k2 o A= R ML iE & AR m A, KEZRI:

TS
Pon 1 =2- T, -J?ip(t)z -(Rdc,, -k1-k2)dt
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