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ABSTRACT: This paper proposes a frequency feedforward
control method based on simplified time-domain analysis of
LLC resonant converters to address the unsatisfactory dynamic
response of traditional linear controllers. By simplifying the
time-domain equations of LLC converters under three
operating conditions - under resonance, over resonance near the
resonance point, and over resonance far from the resonance
point - we develop three simplified time-domain iterative
algorithms that enable real-time calculation of the ideal
switching frequency in digital controllers. These calculated
frequencies are then fed forward to linear controllers,
significantly improving the dynamic response of LLC
converters. The proposed simplified time-domain algorithm
can also compute working waveforms including voltage gain,
resonant current, and resonant voltage in real time. Simulation
results demonstrate that the algorithm's calculated working
waveforms and voltage gain curves closely match those
obtained from detailed time-domain analysis, confirming the
algorithm's accuracy. An experimental prototype validates the
dynamic response improvement achieved by the proposed
feedforward control. Experimental results indicate that this
feedforward control effectively optimizes performance across
various LLC converter dynamic processes while imposing a

relatively low computational burden on digital controllers.

KEY WORDS: LLC
time-domain equation; Taylor expansion; feedforward control,

resonant converter; simplified

dynamic response

E: F1XT LLC W RAS #4318 HI A% G 2 M4 i 4 1) sl 2 i
IASFRARF ) B, fRHH —AhIE T LLC A& feds (L 357 i
IP R AT 2 o SR ROER L L ER HA T i IR A
IR HZ B IR A 3 R LRI LLC AR Heds i 807 R ik
ArfRife, R 3 LI USRS, AT LIS Tz 88
SEIFTHRL LLC A8 e s B B AR T S I 1 15 8 2 1k 2 1
&%, MTIEGE LLC AR Heds BB, $ A R AL I
0 T ASEIN T 5 R0 28 | VIR P SRR R LR ) AR U
o DI RAERRN], Prie b i f A SRS o h S5 21 0 T A
P AT HL 3 7 24 5 I R, R R T SR I HE A

. B — 2 S5 R L DL VAR 0 B s 0 2
Rio SEERZEREEM, B AT f ey BLSEEN T LLC
AR e S AN BN A AR I PRI, BT s i 2 1 i
FHELN
KEEIR): LLC IR Wi or e R¥REIF: i
TR BAS R
0 3l

T LLC ISR 28 A R M Y R %
U HL 76T (electromagnetic interference, EMI)55
i, LLC IR B rEH R 0y A ae i &
g5 thRe. BTSSR TR R,
SR, T LLC ¥R IEAR — MRS, L5
LA B A0 LLC AR e 2% 145 ) OR AN BEAR, 1R
A 5 A5 R A T R A Rk Y, Rk, i
ERBFFN BRI T i R s s A
#®1 . BE-FF (Bang-Bang) L7 2 ) 28 E 28 5 0]
7

SCHR[7,10-11123 T LLC FIRTIR7 /2, #iERS
AR RS E, BARESTFIMSTE, B
M ZIE H LLC AR a8 304 BB AR Ak S s LR
Az, %P LLC A2 #ds M 7 38 BUE 3. Bk
RIS AR A IS R R Bh A e S AT T et .
2 LLC Ao s i A a8 ik, Bl B R FR — IRk
JE IR AT B ARAS o SATZ T EAUE T 7E R A2
BT LLC 2B 2%, H ) 042 il 48 14 Be Y 2SR 4
R, e 2 SR T BREE . SCHR[12-17) 50 L
IR BEAT 0, B0 T FRAR S R e 4 i )
P A R 5 0 Tl VG L, (R PR S 0 T |
BRI T R

SCHR[8, 181K Ay 42 il W] T LLC e feds, ¥



3148 moORE OB B TR ¥ R

45 %

FF O L IR 1 5 R A 5 s o RS R AT LU, DA
IRARER, SR FE A 455 1) 7 ZEHG INARA M (1) FRL R A FL
B, (R RTEOE , WIEN T BA, [FR,
HL A B BT X LLC AR 1) S8 B B &
ma ST AR, FEAR R AR BB T B2
s SCHR[TOTHE tH 1 Fa Aar 4 ) 75 B 428 1 48 v 1 B2
FT5, U 7 R R AL F K, (EAT AR 75 B
PR LY LR SRR L, ELBG N T i 48 1 5 2
P SCER[ORH T —FHEH T LLC R H a1
TR~ F A 42 1) 7 9% 1) P T 9 F 25 11 FL R SRx LLC
AR B T A T OIRAS AT, X Fhd il 7
TEARRTF E A i gk — B IR T ShAsm ROE A, (H
JE T RE S BT SRS AN FR S 1) 8, HL R R
LLC AB 425 1) 5 8 R Bl 25 1 B AT o5

TX s ) VA AR AR IE PO RS, eV I
AEEBUAE R AIEEIR A, FR, X
Rt — B BEOR, W RE ERAMEfF S . R
T PERe il a5

SCHR[20]8& H 7 — i J FIRES ST 43 BT v B i
T, I X PR A OZE AT T ) E R TR L AR
b, TN LLC AZ 438 I M3 3, Wit 5545 2
(R ARFF A N sz ], 327+ 1 LLC 484
A1 F R 2 2 S AS A B o X P 3 R K O AT R
BRI B A 75 EAA R 1 s i, L S 42 )
B ER AR . SR, %45 87 VR LLC 25 e
AN R R AR 1) B AS I BEEAT T AR
ToAEN SR e 87, PRI 245 ) 7 VAR AN [
TSR T BN R AL BOR A RORZE 5

RSB ABNAS I AL, 7 BN LLC AR s it
AT RE O BRI AT T A . AT (56 LA T 2
IS E IR EENA T LLC gt
DAFE T LLC A4 35 P42 ) 35U o AR T 4% G Aids 4y
B, B Mg R A RS B, (R Sy
TR ) SR figf it s 75 EAE BB A AT v . 9 1T
PSR T5 FE ISR, B AT — L SCRR XS LLC A8 H gt
AT RIS SR 23 07, B SCRIR[26-30]% LLC 284 28 11 e,
JEHG R TARBIE AT M AR AT s SCER[271%
RAEIRIX I AR B AT WAk, 1930 T RERIX H
JE I 28 MAERAT A, S I0AIE T L E A e e IR R A 12k
SCHR[281%F LLC 284 2% (1) TAE B AT ik, 5 5E
T VR s RN A BT LRI AR R, BRHE TB IS
{14 B 38 5 1 28 ANAH B S 8050 78 SC BR[29]
HRE T HAESHRISEIX B X LLC AR de st %

i J& Ffif (zero voltage switching, ZVS)HJ5M, 7E
XTI AR R R A S, SR T S EOR T STER[30]
X LLC 72 i PR 3807 FE AT 3= i 4, (H2 i1k
JE TR R B AR eI, B E 4. LLC
A W2 R TR AG IS S8 o0 AT 75 SR E 5 B FH T LLC AR 4
ZRITEETH AR, T 2B AL BT 7E LLC A8 3 43 1
R RIER

R AN A BRG] LLC SRR Heds
FATH [T ), A SCERGT LLC 1 PRAS 3 2% IO I Jak
AT, HEF RO R XA IR X T RO A2 IR
PEAS R AR B4 s AT W4k, WS i U
TR ) A8 AT SERP R AT, HoXT He i ) 4
PELSRAN G ARSCE RO HR . I R H R 184k
AR A VIR Hz BB IR 42 3 A LLC AR ¥ s
I Ik A RS, AT DASEI T LLC A8 4 #4311
TAESHL, W ARSI R AR # & A
WIS, FRRE BRI HERTE . AR SOR] A a4 35
IEAREEAS B LLC 22 Hrds 11 TAESIEE, Htg 8
LLC ZF ¥y (A A inds ], SeInal R, 7%
FhENAS A LN, 236 7 15 35 B KR B s
LLC 254 2% 1) 3] 45 Wl . o
1 LLC iz aIRtig ot

iy LLC RS E 1 s, H
e VORI Vo N L s Ry AR
SRR n RIS AL L o ATEIRAE; G
FVEIRELS ;s L NGRS Qv Q 73l AL
FEMTE; Di—Dy NEIAEER ZARE: C, N
R A i vor VA i 200 R IR FRLJER VAL
TR FL2 FLU DL il PR S LA

1 #4f LLC IEfREHRABFHEH

Fig.1 Structure of half-bridge LLC resonant converter
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