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LLC Resonant Converter with Auxiliary Switches
Operating Over A Wide Output Voltage Range

Ji-Cheol Lee!, Min-Ji Kim', Jae-Sung Oh!, Eun-Soo KimT, and Yoon-Sang Kook’

Abstract

This paper proposes a three-bridge LLC resonant converter with auxiliary switches for a wide output voltage

control range. This converter can be controlled in two ways to achieve a wide controllable output voltage
control range of V, to 3V, The first control mechanism is achieved through the pulse width modulation (PM)
of the auxiliary switches and primary switching devices, while the second control mechanism is achieved
through the frequency modulation (FM) of the primary switching devices that are configured to operate in the
full-bridge switching mode when the auxiliary switches are turned off. The feasibility of using the proposed
converter is verified by the results of an experiment with a 2kW prototype.
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(c) Operating waveforms of Mode-2(FM Control)
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(d) 3-bridge LLC resonant converter’ s gain

characteristics

Fig. 1. (a) Proposed LLC resonant converter and (b), (c)
operating waveforms of Mode-1/Mode-2, (d) its gain
characteristics.
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(a) Current flow in the interval(to~t;) of mode-1

(b) Current flow in the interval(t;~t,) of mode-1

t~t;

(c) Current flow in the interval(to~ts) of mode-1
Fig. 2. Operating mode-1 (PM Control).
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(d) Current flow in the interval(tz~ts) of mode-1

(e) Current flow in the interval(ts~ts) of mode-1
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(f) Current flow in the interval(ts~ts) of mode-1

325 2[Res, Tank 2= TS 3 HIV(T), Tv),
FAJNEH ALy, Lyp), ASHRIHE 2Ly, L) 2 &
AARAE(Ch, C)ZE 7350 At 225 FHFo=
ZF H7N(Ty, To) A S0 me) 245 w-1) 2
o]5ol gk xHsto] QI7bH A, 7t AHY AFrholo=
(Dn, D& &3l A7E FIAF[F7E Fat= 2o A9
o] AgdL} ty~t; FIHESH 1AE BREAYA LA Sy
© ©-2 Ho i, Sy H-0x 5101 A
2299 H a2 Syl 718 AHAE <
(Vi) el 128k 5o Qo

~t T2 0 ARl 135 29344 Qel H-0
2 A9 Qel JARAEF 308 45k, Y
HVoz FAH Ae Q2] 717NN A

s TR BE?&, 132 Bz 29322 Sy
71 ARAH SHE AM(Vi/2)L FHIRE 1

(Res, Tank 1)} 33325 2Res, Tank 2)& %3l 14}
I 297 Q B Qi Bl 0 dsrom .



i)
rlo

R CRD:

2922 Qo 71AANAE ] Adetel A A}V
o] 1/2vh= %{Eb_, 2922 Qiel 7148 ATHAE
o] Hstol JHAR(Vi el 12%kF FdwH, 1245 &
2 29424 Sael 717 E ] Hete] 00 Al
2 AEY, o] 3 2 Ul "k 1S Bx
292 Syl ZIA7IsAE e Aol (0 dem
PHd ¥ od-2 HJd, JAGEAAEVS 0 Zero

Voltage Switching) ®-&¢] ¥E2 ~9HEHS A7t
e otk

to~ts T ¢ oty TRIE REAYALA Sy 2
Sa7b BF "2 o JFAG (V)2 1/20] 3=
F 1(Res, Tank D3 FF3Z2F 2(Res, Tank 2)° Z
7 WER Q7Y 12 293 A4 Q B Q A4S
S8 FHAFT, 7t AEIA 5224 ") 235
AREE JEARVLY 120 Al X329 A2 &
A7FE 7] wiiEel zb WAINT, T 12745
El-n] 9 1/2 o]50] o3k Heto] QrkE L, 7b AlE
ARTho] =Dy, D& B3l ARHE FHF7E F-3)

2 e 7ol

ta~ty 77 olH Tt RIFIAR 1A B
Z 29 S B Sa)7h B -2 Hof §jE At
(Vi) 1/20] ¥R 3] 2% 1(Res, Tank 1)3} T3 =5
2(Res, Tank 2)011 17k o] MF7E mEARE o] 7k
(tst)& 125 WY7NTy, To) A7 gt d4dx
Lomt, Lomp) & &3 ApspddfFnbe] a2 #7108 73}

de= sA-FF 52A G

ta~ts T2 tts HI=EF(Dead Time) 77t ty
AFAA 12 2938202 Q 2 Q¥ BE 293 A
A SpZt B2 "rh web JEA (VLS 122
SHAE 9 1A4F 2932 Qe 7IRBAHAIY Y
Akt 01317(10L( V) o8 = = % 15]01 94 1x].z /\HZ]
272 Q2 Q] 71 AT EY] A S A
O}F— 1A B2 02 St 1A 293827 Q,

2 Qo 7IRAMAEHE TS AlAE -t HI=E
°‘ 1 (Dead Time) 7-7F B¢ 132 29 A2 @ BEA
a2 o] 7AW EH =

'rT(IPml, Ipp)oll ©
Q, ¥ Qe ¢

Ax2 Qy Qa‘%Q 7H0 Age
tole=s F3l AF
QG ¥ Q= 9H¢ Zero  Voltage
Switching) ®1-2 #tr} EE?'& térta | =&}l (Dead
Time) T-{H&St 125 HE 2~ AL Sl 71487 3
AEE GEAS (Vi 122 =3

°‘1N' j_.
o>"
LN

ts~te T 1 AIFAA 125 2L QL Q5 R
Q= FAGAA ©-2 Ha, dHAG(Vi)ol 3=

)

HelolA Ao} 7Med B2 A4 LLC FXAHE 259

A
tt ~ tz Ny

(b) Current flow in the interval(t1~t2) of mode 2

Ve

= =
C.T RY

t~t;

(c) Current flow in the interval(t2~t3) mode 2

Vo

S
o.T Rr3

(d) Current flow in the interval(t3~t4) of mode 2
Fig. 3. Operating mode-2 (FM Control).
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Fig. 4. Equivalent circuit of LLC resonant converter.
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MAJOR RATINGS IN THE PROPOSED CONVERTER
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THE PARAMETERS OF THE RESONANT CIRCUIT
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Switching frequency(f,) 98Ktz / Ktz
Primary inductance(Lp;) 600.7uH
Secondary inductance(Ls;) 537H
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Fig. 6. Experimental waveforms of the voltage (V. Vsip)
/current(Ip;, Is;;) across the primary and secondary terminals
of the converter.[Mode-1[PM(Pulse-width Modulation)].
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Fig. 7. Experimental waveforms of the voltage (Vab, Vsi1)
Jcurrent(Ip;, Is;1) across the primary and secondary terminals
of the converter.[Mode-1[PM(Pulse-width Modulation)].
[Chl: 10A/Div, Ch2: 500V/Div, Ch3: 500V/div, Ch4: 10A/Div]
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Fig. 8 Experimental waveforms of the voltage (V. Vsi1)
/current(Ipy, Is;y) across the primary and secondary terminals
of the converter.[Mode-1[PM(Pulse-width Modulation)].
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Fig. 10. Experimental waveforms of the terminal voltages
(Vab, Vi) / rectified currents(Isy, Isn) of the converter operating
in PM mode (48Vg, 1kW/2kW)].
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Fig. 11. Experimental waveforms of the terminal voltages
(V.b, Vsi1) / rectified currents(Isy, Isyy) of the converter
operating in FM mode (80Vy, 1kW/2kW)].
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Fig. 12. The converter's operating characteristics as the
load changes. [500W(10.5A) = 2kW(42A) = 500W(10.5A)]
[Chl : 500V/Div., Ch2 : 5A/Div., Ch3 : 5V/Div., Ch4 :
20A/Div., Time Div. : 200ms/Div.]

100.00%
97.00%
am———
94.00% 93.47%
93,78
91.00%
28V
88.00% 48V
a5 8)
85.00%

300W 500W 750W  1kW 1.36kW 1.5kW  2kw

Fig. 13. Efficiency characteristics in the PM mode.
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