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A Study on LLC Resonant Converter Employing
Coupled Inductor to Reduce Output Current Ripple

Yong-Chul Lee!, Min-Hyuck Kang!, Chan-Ho Kang', and Sung-Soo Hong™

Abstract

In this paper, an LLC resonant converter employing two coupled inductors on the secondary side of the
converter is proposed. The conventional LLC converter exhibits serious power loss during secondary winding of
the transformer because of generation of tremendous output current ripples. To overcome this problem, an LLC
resonant converter with a current doubler as a rectifying circuit was recently proposed. However, the
current—doubler rectifying circuit requires coupled inductors with a high coupling ratio to retain the designed
resonance characteristics. Therefore, an additional hardware filter is required at the output stage to address
large output current ripples. Additional design procedures are also necessary because the inductance component
of the added filter affects the designed resonant network. To solve this issue, an LLC resonant converter
employing two coupled inductors is proposed in this paper. Mathematical analysis shows that the proposed
secondary-side current-doubler circuit does not affect the designed resonance characteristics. The operating
principles and theoretical analyses are proven through a simulation and experiments with a 54 V/28 A

prototype.

Key words: LLC Resonant converter, Low output current ripple, Current doubler circuit, Coupled inductor, High

coupling ratio
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Fig. 1. The LLC resonant converter employing two coupled
inductors.

it
%

e = 9
_>|4_1{

o

oo

i

—

—

(@)

ol-;] Mﬂl

™

ol
Ayl

toly
fitl
il
i
o,
e
PR
o,
O,
i
ot
o
o,

ex
o i
>
>
ofo
ol
)
9
ot
™,
)
S
(3
)
@
oX,
M H
ox M T o
9
UG
i ["_?l_',

He Mo
o
M

-
To
e T
e
5
Ay
|o
fru
[ol
[
rr
py 2 orle
=i
B

15
)
il
o~
s}
o
2

N

N
>
i)
4

o,

N
g S
e

X
r
NoT X

=
=)
2
St
o%
1> rlo
-
op |
)

hu
Y

Orp
o do [o
gt
N
&2
rir
ul
.
i}
Iy
o
)

oH
™

= (g
> U
T 2

i
1o,
S oft ook

A=)
¥ -
>0 ~
> rN
=%
ME =
25
2 ol [\
£
e
=y

oo flo
i)
2
& %
2
N
DO
N
)\
2
Ir

& Azkeke LLC 118 ZAvE @3k A 209
AYHAE FX QHEAR o]&3}

2 A7 98 W] T 13

23] g TRl ARS Aadth 2n W

A g e # ARz AL
o

CFRER e g 30 vehiion, Y
vEbdth @ 719 F4E )¢

Mode 1(ty ~ tp): ©] FzrolA &3

B Ag go] x& 2= ¢YH T

W A% AR sz 48H 7

i

ol
of
|

R
2
ot
1o,

Ts9 li}.

4
(e
y
o
T

oy =
)
Ni
lo
>

|\
_\'-,_]‘
Do
_>|4_1{
Y
=

Ir
r
iV
2
12
)
O,
N
s
h:)

s N g

EL
fuop
[l
it
fr
r_u

L, (t) =1, (t,) cosw,, (t—t,) +

Vi,n*V(y(t())72V0(NH/N$) ) 1
7 sinw,, (t—t,)
rl
JwL,
ICH(t) = ICFQ( )= Isec(t) X m 2)
le
I, (t) :Ile(t())+m‘/o(t*t()) (©))
LsZ
Lo (t) = Iy (t,) — L,s+L, Volt=t) @
Vv Lm3
o ms
7 Lm3 +L51 (5)
L1 (1) = i3 (t—t,)
m3
Vv Lm3
Ng ° L,s+Lg )
Tim i (8) = N—HX 21,3 (t—t,)
1 L,
Where, w,, — =4



T5(Np3:Ns3)
s+ Vi - Iy

Lms

Ti(Np1:Ns1)

210

.
Vos1

(MRS

My |

| ©

The Transactions of the Korean Institute of Power Electronics, Vol. 23, No.

Vin
N
md e
¢, lm| -
—
= Ve +
T T
: it
. v -

lers |

(a) Mode 1(te~t1)

T3(NesiNs)

L 13 4 Vi - I

ler|

3, June 2018

T3(NpsiNss)
+Vi1- s
L =

[ e

Ta(Np2iNs)
T

lern |

(a) Current conduction path of coupled inductor Ts
Ts{NpsiNs3)
TalNpsiNer) e + Visa —
Lsy F
- 151 lo
+ Vis2 - *
Co Vo
T . Ro
~

M1 || Vot |
) I

les

Lieea

Cs
P
i

To{NpziNs2)
Vera
TV

Lo

lera|

Lerr

28
g

oy
A= |

(b) Current conduction path of coupled inductor T.

AL
T
B (Coupled-Inductor) 7}

Fig. 4. Operation of coupled inductors on the secondary side.
=
EECEEECE

4, AAE

(b) Mode 2(t;~t»)

M

M,

M,

Fig. 2. Operation characteristic of proposed LLC converter.
M
7]

g]z:s;l- 2= olo
RS ER

lima*(Ns1/Np1)/)
hst
Ak o] &2
T AR

lis2

Il]/2

les

2\

2Vo

Vsec

2V

Vspz

v
"

2\
3

Vsa1

t t

to
Fig. 3. Operational key waveforms of the LLC resonant

converter employing two coupled inductors.
Mode 2(t; ~ to): t1 A& F 29X Mo ©-
Sz wu RE 27} AlAEH o] ke HE B

TR ) Al ¥ 12 & AR L) T 2=9A

M3 Mpol 714 &8 ARAEHE 524 H1 sA

& W7do] o] Fo XA .

RERE
| =1

e M
by e

R

oY
My & T of
© o 73

®

dl gy
Ver = Lo 7

471 22 =
Ver, AZHAIH
1 (10)7} 2t

A
o

Ll

)
[
ol
fo
[&l
Lo,
2 17
o
0
(==A

:'OH]— VSEC! 71%

A
Cs®l A3t Vsl



N
iy
|
o
in}
a
il
iic]
o
_0|L
2

I
4 )
2L
Hu
)

~ Vot Ve +V, =0 ©

sec

Vsec = VCFZ + Vs (10)

sholl A 3k 2] (8)2 4 (10 i
i opgfel 4 (1D 2

SIstel A

dI('FZ dl CF1

Vi = Lem—g— M——+V, (11
o7l A, 4] (7) 24 (12)Z thA] Agd 4 k.
Ton_ e M Ter (12)
At Lepy Loy dt
(2% 4 (Dol qedshd 4 13)3 2k,
Veee =L M) dlers M Ve + V. (13)

I Atk
M Al opy M
Vie=Lep(l——=)————— Ve +V, (14
Ly dt Lo
T3 Ao ddexe] AdATse 4 (15)9F ol A
og = glon 71235k HYPHS o]&ste] A
Z= Y Ty 14 = AY Vepd AFAAEH Cs2
At Vool i3 AAx g Tdsd 2 (1607 2t}
k M MM (15)
VLeriLep \/ Loy’ Ler
Ve = — Vs (16)
o5 4 (14)°] "gdstd HeAo=z Wty 23 o
oI7tE = A 4 (173 o] Yehd 4=
dI
Voe=Lop(1-1)—2 4V (1+k) 17

28 olgsiel AEE QY
U4 5 e Vst 39 0% Vo A Ol 1
Q A8t Vol oist

Vig TV, =V, = Vep =0 (18)

V=V tV,— Ve 19)

Aol 3 A 211

Vin/ 2 2nV°
Lp Rac

Fig. 5. AC equivalent circuit of the proposed circuit.

o

ojf, AZE IYH T3¢ 24 F Lev ="HY4Y
HEs A4y glermz 12 F Lgd Hdt Hdt
<Vig>2 8 H][(NpsiNsg)7F 1:10]al 5= 22914 My, M9
Al H] o] 50:500] 22 Volt-Second balancedll 2J3] &
gAY Vort 7kt B3 ASE JI9H T |
H7F Lo B2 12} F3 23F e Q7tE = Ay Ven

W Vepe o 22 #1749t
Ve = —Vern (20)

91 4 (16), A (19), 4 2002 AHstd AHAE Cs

o B ALS T3 oelst 2.

<V,>=7, @1
AZHoz, 4 QDE 4 (7l Wlshd Mg Ty
o 27 % AgHe bt ol vhehd % gtk
dICF2
Viee = Lep(1=#) o T Vo (1+k) (22)

7104 AZE Qg
S A
el gL A gl =, A 2
AGE 4 )34 2ol ekl F ek

aE AAIS A A QEEss Ede

dlopy -
k7b 1meh =) ek ol Lo (1-#)— 2 @l &

obiAl Heol AAlE X Fukgrel]l JIFE wAA Ak
upebs 3 ‘%ﬂ A ofel &S ZestH, ol2fd o
Pgol me A¥S a9y 44

4 4% Mode 1 7t A
AF 7§§-§— Uebdth 3% 7&34
Hlol ute} 527 ¥

.]stl

}-m_EL

AR I Lox
7 Lo see ijs‘1+ij(‘F2

kA LepZt 091 B9 331 AfFe Thg &8 52+
A& & F Ak Zﬂ e ILszt 747} el 7o

gho] sEW AAG V&R A 2 shdeHA €
o7 T | 7 st AR gAY

M

o



212 The Transactions of the Korean Institute of Power Electronics, Vol. 23, No. 3, June 2018

¢ Lslit Ls2e M2 27] wEed 28 AF 3]
Mz el FHde AHE tast AE e
Fe] itk
3. AAH oA
31 HEZE HE T3 MA oAl
L L,s+L,)n? N,
LP _ ml ( m3 51)112 . n= P (24>
Lm1+(Lm3+L )TL NS

8 5 A AR i FAALE e
A9 SIS A9 Tie B3E w4 2a] o
| 35 29 B4 Wl Tol Ag A
2 F 29 M, Moo 9 Agh 2913e] o]Foizl
e A e e 4 el
Fogd 2 AR 9E gl 9%

0]1:}. X]-i} o]c%Eiz\ Zko
2]

o] 2

Nt

2
*i

o

r

>

lo,

2

b= i
iy
ful

K rg

2 g
m>«

_I
O
<
A
~
£
e
2

wo, M
2 Ay nﬁo

k1
g
o
o
o
=
—r
m)v
o 2
)
r
>
g 1o

2 g ol
pas
N

% o

32
ar
(T
f= A
=2
>
tot,
ro,
)

A = 1= I e & R e s )
il
)
ko
[

A

N

o o
>

r

o

N,

s

[
o
oNy d
BN

N

tlo

:

IR

>,

y

s
=
e
X
>
P
2
Hn)
r
[
s

2
9
o2
[
O BN oX o > o mx O ko of r

2 VIN X Cass

m 1 n {ILm&pri, (tl )7 | ILm&pri, (td) | }

tde ad =

H7le) HelE S8l AF APus AFE RS )
12 3 AgAeR FrkEY A
gk webd o3 ARl 1 o B
AR A5 A (26)3 2o dehl 4 g,

o
N

¢

m3
VXL +L, (%)

m3

DTNy,
2N, 21

m3

min {ILm 3.pri (t ) |ILm 3.pri (t ) | }_

(25)9} 2]

E
e Lot v e

O

AYst kg3 ol At ol
> L _4 471]; Z%ﬂzﬂ— 2= ohq_

YL < tdead X VDT (27>
m3 sl — 8n, X VIN>< C

0SS

2V, XD
le > W*Lnﬁ (28)

Sw min

lim3 l

— <4+
lis1 lLs2
-4——p Flux Path of magnetizing inductance L3

-4—— Flux Path of leakage inductance Lg;, Lo

Fig. 6. The leakage and magnetizing inductance magnetic
flux path of the coupled inductor Ts.

o] =R AF gZ&& 4()/§ Aekgl o,
@D A (28)9 F 7HA 23S wEse AkE § H?ﬂ
29 FA Y- 27 ARSE AT ‘EZ& 71%5 19
© 1% 63 2ol ztst AY' A Lygell ot A&
A QIEE A Ly, Looll o3k Aol B 9 AFsf7t o]
ofxlck. webA Agt Yz 2 A Lt
of Wikl wf A QY™ Lol 9% A5 BnA
Ha A QIYEHA Lol o8 A& A7 k.
24 B4 4 Np= Voltage Independent #AAS &
3 o ol ALt &

£ 2 02 u
e Og}.';
o

L mSILm&, max +L slIle

Np= < (A/2)

(29)

32 FEE olofe] T, A oA
AEE Q8 T, A A 1, 27 20 B 2
3

g &2 s e FA AdYEa %M H=E A S
ojof 3t} w3 HS HEWEE wkEslojof o} 2 3
o] Planar Core PEI 3210S& A}& slglen, HAe

4 AEAE Fol7] 9
gtk A4 Np

Bifilar A4 WHS # )43}
2hsl g ~o] #AE F3 v 2ol A
AT
7”4]13)(
NP BmaXAe (30>
B3k sl Fo oy HHE ALt A, AH G

HE Atolo] BAHE= 7|8 AFHAEL ofs AzE
Hetr|e] EA dud s o] vhe Fulg g ool A
AR = AL BAEy] fste] skl Fol sl df
HnkS AREERT) oot & AAY Csl 25 A
ZE AYH Tyoke AgE Hastoz Fol7] 3 3
o] ZFoll AdjAERre] wixE PCB7} A-&=HAct 1
7% o]l AMAE Csot AZE AYE ] 14 3
52 Via Holeg &3l shv= d4dd 13 72
T ALHE AZE AYEHE Yepdoh

o =

NI
*gﬁ



(c) Top side
Fig. 7. Manufactured coupled inductor Tb.
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Fig. 8 Waveforms of the conventional LLC converter.
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