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A Study on the Optimal Design of LL.C Resonant Half-bridge dc-dc
Converter Using a Steady-state Model with Internal Loss Resistors

Jeong Sang Yoo " and Tae Young Ahn’

“"Department of Electronic Engineering, Cheongju University

ABSTRACT

In this paper, the optimal design and circuit simulation verification results of an LLC resonant half-bridge dc-dc
converter using a steady-state model with internal loss resistance are reported. Above all, the input/output voltage
gain and frequency characteristic equations in the steady-state were derived by reflecting the internal loss resistance
in the equivalent circuit. Based on the results, an LLC resonant half-bridge dc-dc converter with an input voltage of
360-420V, an output voltage of 54V, and a maximum power of 3kW was designed, and to verify the design, the PSIM
circuit simulation was executed to compare and analyze the result. In particular, the operating range of the converter
could be drawn from the frequency characteristic graph of the voltage gain, and when the converter was operated
under light and maximum load conditions, it was confirmed that similar results were obtained by comparing
simulation results and calculation results in the switching frequency characteristic graph. In addition, the change of
the switching frequency with respect to the load current at each input voltage was compared with the calculated value
and the simulation result. As a result, it was possible to confirm the usefulness of the analysis result reflecting the

internal loss resistance proposed in this paper and the process of the optimal design.

Key Words : LLC half bridge converter, Resonant switching, Internal loss resistors, Steady-state analysis, PSIM
simulation
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Fig. 1. Basic structure of LLC resonant dc-dc converter.
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Fig. 3. Main operating waveforms in steady state.

3. HAME SN 2N

Fig 4ol W3 &4 Agfo] 9t LIC 349 5=
82X dedeit{El ] R 57181RE hehd Aoltk
RN MFAG Rye> FHAZI YY) dAlv]
£ AT groln), 31 4ol AE PAE AP
=< Fig. 29 WF &4 Ae vEge Aol S7F
QE«I dHALLE s 3] s7] fisiA FHA
(fundamental harmonic approximation)< ©]-83}o] A&

sh2 At

Ay 2o 27 &8 AYHES

P2 5 otk o) ) &Y ALelS ME 4 09
Atk Agels M W] Agelsow A ()1

Journal of KSDT Vol. 21, No. 3, 2022



,LR 8N?2
—,Z, = Ryc =—R, ©O|Tt
Ll e’ AC 2 L ]E]’

7E o] oozl
2ot 7]
A] de-deAH
ok A 9=
o Futy LAE

l°ﬁ

_Iz,.\
IELL
‘Em

12 o of > flo
o (X T
ol
ol

)

A 2 ot
=
offt HZI
ne
_o|L

<

Fig. 4. AC equivalent circuit with internal resistors.

Ry =0 (10)
vuc(t) _ 1
O o 1 1\, (1 2 (1)
— _— - 2
(-2 + @G -en) @
(;—20)2 + w2K?
"l P W e ARe TefE as SrERdA 9 o
(g + 1) @ L@ 92 zy ek 109 2, A5tk Fak o, 0
(—TZR’Ir Z41)+ (—T1R+ 24 1)K, it Aokl 5ol 7t B HaghS A (13)3 2ol o
AC
o 1 L (2t +ry 1) 29| 5457} 00]d wfo]n, 1 Axk= A[(14)2} k.
(Un Ryc
7 =R Ry + w}(RxQ + 1DQK}
_ 2% ; VT T (14 20R0)? + wFQ2K?
= Vi ® 12
+i 1 wnKL
O — —
g =11y + 113 + 131 + 1Ry + Ry @ J{n (1 +2QRk)? + Wi Q2 K}
g ~ (11 + 2Ry Q) Zin
% Zy= - o
TR, RT3 RT ©) 0
Aty 41T n+r,  2r 1
=~ ~ ~— = ZQR W N
Rac Rac Ryc Rac K @ " Wnmax
r (13)
Ry = 7 ® WnmaxKL -0
0 (1 + 2QRy)? + w?,, ., Q2K?
Qo] AR EE Wi &4 o] Q= AAYH B 1
AL 0]gh LLC FF SHL 82)7] dederiMlEle] Hgt Onmax = (VAT +B) — A) (14)
o]5 WA 2 (99} Zol =gk
Ry K,+B 1
1+(wnKL) =3 A=W—§' B = (1+ 2RgQmax)* oItk
M = max L

2R+ 12 |1+ -1 _wi%)]z )

Hrd-o)

4% QeI A (498 WSS At AgolSe
ofe) 4} (15)2} 23, oju) ek 4 (163} 2k Fig
15)8 olgsto] vt &4 Aol W2 Qo

wn
rr
>

WA AE T o)7|E3te]A] A1 ABE, 2022



W7 A Aol de ASE 2l o]83 LLC 3% St Bl de-de FAHE Q] 27 Ao U3 A 83
Qol5 Mo| BAS e Aotk oA YAl  ololu], U5 &4lo] gl Z7olA Fxtaelo] yolit
Sl A9 Q7F SR W WHAZe] gl AEct A & A o 4 glow] ose R &4 uhe] 291
Aol5e) Fagol FrhUHE RS & 4 9lon, ol Fugvh vl Aow gk
3 B4 Aol e x4 HAY B JFE v1A
Ao o AETHI7-18]. Table 1. Electrical Specifications of dc-dc Converter

Parameters Value Unit
(ZQRK + 1)2 [1 + _( _ _2>] Input voltage VN 360-420 \'%
“n Output voltage Vo 54 \Y
2
IR 1 2 1 +( RI;’{ ) 15 Maximum power Pomax 3.0 kW
K w
+ ( 0, QK, o wn) Q* - M'ﬁ L—=0 Resonant frequency fo 120 kHz
n n
[ Zom? To
Q= N7V, I (16) Hpon 0i=
Mmax /\ E
14 A '\
\\ K, =7
13 \\ M § Ry =0
AN
12 \\ M RN
M1 Ry = 0.03 W?
\ Ry =0 3 max
1.0 Wn max fsﬂ fsmax
2 o i
09 Ry =003 Fig. 6. Frequency characteristics of operating range and
voltage gain
08 . .
02 04 06 08 10 12 14
. y Q o i &4 Aol W AHE 9] K2 HA Bye
Fig. 5. f}haract.ei;nstlc graph of Q and M according to internal tho st Aok WA QzE Ao mHy Mol YAuE
o TR 4 (73} ol Foka, Hrjrat 270l BT S/
2 4 (18)3 ol 3 4 ik YA WENE 2
% 4
4. 2[H 47 2+8 QFOIEL 4] (19), QO)T} Zo] Fa)A|m 4] (149} 4] (15)2
=] 2 1o 2] pay 3] 5 Ex] o]
oF Aol A olaal AAAY a4 AT A=l 9 FE 2 Qe 4 @I Zo] etk olF 5
EHH Tabl lJ—]' 1.0 7]Z4 /\]_01:_,] LLC 223 ‘].:T. Hﬂ IL]T‘lj_‘/;SPJ— ‘?‘-8— 'To’_;ﬂ —/J\—X]'% q (22)'(25)§ :116}— = A l:]—
o =2 BFx H
X - o L AR AWE Y 8 ket S Table 20 A2Iske] Lt
A de-de A E & }\473"0}0:]‘:} 2o &2 kW= dAst EF Q1TH19-20]
Qom, FrFo4l 120kHzolth Yukdog 2o T3 ~ '

LA 2R S Fie 64 2o e ) Aol
Bo| Fup 54 agEst wgol Hul, adzayy

Aves] 9ol shelet = gk kol Q=
091 39 AWelE L83} 27o|u, H B CE ALp
Hh Qe o 29 AdESr 2floln] AgolSe

Wn max N4 H7F "k E3] Ry = 03} o] F&A 9

A9 £l 9 Ry =003 A% urk Bage o &
& Aol Yolrtel, ¥ M ASkDE AL 8
o % g ABCDE Adsht W] el Fa

Table 2. Converter components and values

Parameters Unit  Value
Turns ratio 3.6:1:1
Magnetizing inductance pH 34
Resonant inductance pH 4.8
Resonant capacitance nF 364
Internal resistance 2 0.025
Inductance ratio 7.0

Journal of KSDT Vol. 21, No. 3, 2022



# R4 -

VIN(nom)
N=—7—=3.
T 3.6 a7
Ryc = BNV = 8.8
ac T[ZPa(max) o (18)
M 2NV =0.93
n = = 19
mn VIN(max) ( )
M 2NV =1.08
max VI N(min) (20)
Qumax X 0.9 = 0.42 @1
Z, = QRyc = 3.602 @)
Cr = = 364 nF
R ZT[foZo n (23)
L =48 uH
R 27rf0 # @9
Ly =K,Lg = 34 uH 5)

a2

4A AnE AF] A PSM B2 AEold T
2L ol §algich Fig 7S HrjRste 2dolA ¢
QA W2 4 54 AEdoH S e 2

o|th Fig 7 (@)= A Aol 3600VE T, Fig 7 (b= AHAY
o] 3900V, Fig 7 (c)= A eto] 20vAufe] H2+ 1t
Folt}. Fig 725E Z+ At 2A0NA AWE ] 3=
T oA ARE o2 gaHon SeEn glrks
7 & 4 gk

Fig 82 oHA A8 PH &G Aol tigh Algdold 2
T Axgt vlmetel Yehjgick ARt 27190 Q =
0.0259} Ftf st 22191 Q = 0.35004] F "4 K H]
WA AR 718 7)9F FAIE Holal Itk Fig 9ol= F
stof] T AHAGT A9 Fabo] BAE AlEe]
A At ALRgES warsto] Hofg=an Qlek. Fig 9ofl 4=
Zatotel Zojtel wE e gte] el 2914 Tk
7t 57}5}@ AlEdloldd AL BF AR WIS
EO:]TJ— M

Fig. 109+ 74 Aol s Fopd ol theh 29
A Fuked] WskE AlEdoldat AL AE Bt
Zolt} Fig 7 (@)= Uexo] 360V, Fig 7 (b)y= U

RHE AT A o] 7] 5HE7) ARI A A3E, 2022

200 —\L/—\ vs(t) _H
\ I I
vp(t)

a0

ocorse ocorses acorss ocors9s ocos

Time (s)
(@
o w » Viy=390V P, =3.0kW
o
ir(t)

° ip(t im(t)

0

2

“

v

P
w0 /] A vs(t)

o
o vp(t)

ocorss o0orsss ocarss 00ors9s oos

Time (s)

Viy = 420V P, = 3.0kW

woonR P
0

ir(t)

® ip(t im(t)

:k N\
]

vp(t)

-400
000798 0007985 000799
Time (5)

©
Fig. 7. (a) Operating waveform at the lowest input voltage.
(b) Operating waveform at normal input voltage.
(c) Operating waveforms at maximum input voltage.
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