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Fabrication of Coupled Inductor for LL.C Resonant Converter with a
Current-Doubler Rectification Circuit
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In recent years, point-of-load DC-DC converters, which have a low voltage and large current output for DC
power delivery to CPUs and GPUs, are required to have a smaller and smaller footprint for power-saving management
using a power delivery scheme with a large number of small granular converters. A converter using a double-current
rectifier circuit has been proposed for use as a high to low voltage/large current step-down converter. The double-
current rectifier circuit rectifies the output voltage by half and the output current by twice and is advantageous for
low-voltage and high-current driving. However, the double-current rectifier circuit requires a coupled inductor. In this
study, for a beyond-10-MHz LLC resonant DC-DC converter with a double-current rectifier circuit, the influence of the
coupled inductor on LLC resonant operation was investigated, and a prototype coupled inductor was fabricated and
evaluated. The prototype inductor, which used PCB-based straight-line conductors and Fe-based metal composite
magnetic cores, exhibited a magnetizing inductance of 32.3 nH and a coupling coefficient of 0.98 at 15 MHz, and these
properties were considered to be sufficient for the converter under investigation.

Keywords: LLC resonant converter, current-doubler rectification method, coupled inductor, coupling coefficient, high
current, Fe-based metal composite magnetic core
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Fig. 1 LLC-LC resonant convertor with current-
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Fig. 2 Fundamental-frequency ideal equivalent circuit
of LLC-LC resonant convertor with current-doubler
rectification circuit.

Table 1 Parameter description of fundamental-
frequency ideal equivalent circuit.

Item Description
, Primary winding leakage inductance of
L leakage transformer
Magnetizing inductance of leakage trans-
Ls former
, Primary-side converted secondary winding
Lo leakage inductance of leakage transformer
, | Primary-side converted leakage
Ls inductance of coupled inductor
, | Primary-side  converted magnetizing
Ln inductance of coupled inductor
Capacitance of primary-side resonant
G capacitor
, Primary-side converted capacitance of
G secondary-side resonant capacitor
Rac | Primary-side converted load resistance

Table 2 Specifications of coupled inductor.

Item Value
Magnetizing inductance =30 nH
Leakage inductance =3 nH
Coupling coefficient 20.91
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Fig. 3 Simplified ideal equivalent circuit of LLC-LC
resonant converter with current-doubler rectification
circuit considering set parameters.

Mofgfla o =2 BB Cc& 5. £, AHRT 2 BB -
FUAERIATE, TR 2QRAE X —H o TS
KOBED 3BB T A ND MR, 2R—3 K
BREIRE AR OEBLZ PR TEHRA b H 5.

Fig. 2 12 fis B iilal#% 520 LLC-LC HHER = v X — &
DFERY (v F 7 Z TR F A R R, F v
A CITEMES IR TEA v X7 B R) BERLE
— YA R B A T PR AR S A R 3K 22 7R 7. S ATRRIEE 4%
RT A —2%% Table 1 12”7, fSEFIEGRHEIIZHE AT 2

FEAAVE T ZORNA LH T HZ AL N T AD 2 M
WIvA &0 B AL EINCHERR S, iAo X B
UL R Z R LCSNCHE R SN D . 16> T, faA
VHETEDRINA LH T ARKENEEICIEE ZTE
JERE T RAEL, A v F 7 2 U AN S WGEITITA
FFFETEICEERRIC b T R 2 WRAEIEE 2 5B 3~ D s B A o~
&7 X OIhEERAE AT 5. BANE, BEA v x 7
HORNA X I B A, A X7 X Ak
IZHRALE, LLC-LC HREME~OREA A & 0 2 D
BRI T 5 Z L HkD.

fEEpRAE Al 7 LLC-LC iR = o x— 2 &1~
Xy B EFFOBIZIE, LLC-LC HEEE~DEE L /&<
T LB TEIEA v &7 2 ABEONRNA &7 2 A
EREL, @y 2 SRS GIREE EBT DS & T
HVHEMNE D .

3. HWEA VY DR EEE, BiEMH

31 HEEA VAV ADHRE, BE

ETd o8O A v & 7 2 & FEAET L 5B R IEE 5
LLC-LC R = v \—F Oflfkix, = \—&o/Nlbw
F 2 Beyond 10 MHz TOfEH Z48E L CAJJEE 48V
(A1ZE®) 36 V~60 V), H1/71.8V /3 A (IHHZH) 0.3
A~3 A), LLC-LC #4R[F# o> LC BAIFEIR A i ¥4 15 MHz
WCRTEL, I NN—HDENRT A= ERH LT,
— AR A E 2 7 ECHRGE FOFFRRES 210 % & L
THHEENTZY =7 —Y 7 A0 BIEERRGHEIE, E5it
7, NZ A 1WA X H A 615nHE10%, b
F AL RMEINA X7 H A 154 nHE10 %, hT v
22 WMRINA o F 7 Z A 3.14nHT10 % TH 5.
AIFEOFEEA & 7 ZITRIR O 7 3 — Z RO
T, AVF 7 XD 2EBRE OSSR EELS LT GEAA
VHEYBZDREA HE R A REL, WA U E T
Y AZ/PEL LT) LLC-LC HEEE~DREEZ /NS LT
%2 & &2auEIT, Table 2 DX HICRE L. BAAMICIZ
LLC-LC J:HERI > LC EA|HARE K TH 5 16 MHz
TaMERNERE L, A H 7 ZOlA 27 2
A% 30nH L L, A v 27 %A% 3nHU T E LT,
Fig. 31X, F 7 v AB IO A v ¥ 7 Z ORRGENM % Fig.
2 OB ICHE L7 TH 5. Fig. 3 LV, feA ¥
7 B ORMGEA v H T B A G AR 5 5 & 5880
nH D EThY, WIS T —r—Y F T
ADMEA X7 B A 615 nH L0 k&<, [
BB PEH T EZ2ONS. £, HEEEKIC
B LR EA v X0 ZORNA v &7 X A1X 147 nH
IFTHY, EINHER SN TNDY —Fr—T hT U AD
TRARIA v F o B AL REEO R B R
VADW SR LT L0 399nH LV /hEL, U—4—
VT UAD ZRMRNA VF 7 B2 A KOO R
MwHFEA B 7 B2 AT X DEIERE T ORI TS

N

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023 81



A UE T ZOPRINA U F T B AT L D EIERET ORI
INEWbLDEEZHND. —HT, :0),1’*/\4’/5'9&0)
WA 27 B AP N— 2RISR LT/ &
LEZDMEIDITONTIEHAS R LRFT L TS BERD
L. INDOREA L E T BZ U ALTRINA ST T B A
LAtE SN AMARENL 091 LA &%,

Fig. 4 \ZfEBA v X7 Z OfEE RS, BIKT A 130
BT v N ERE R, fEREOm EER LTSI v
Z—U—THEKEES L, —JBELZEE, “EHLUE
HOERT A v & E A5 L C— %Al > &7 %
BIXOZWMlA %7 235, Fig. db)OFEEA v X
A DEZFHENTENT, —KABER & ZRAEERR A &
— ) —THEINTWDHDOT, Eit— NERICKD %
ELfsE ) & TR OB DS AT, AR
OB AT DI E /NS THZENRHKRDL D EH X
HZDH VY Fim, EIKT A ORI B TES = &
Ik - TR 2R L, AR X525 B HiE
7.

3.2 REtEME

fEG A & 2T MM EHET Beyond MHz
TIKEHETH D Fe A X NIRRTy MO E T
L7z. Fe o A XL Ry MTERBSIER R & FEREME R
IS S T MREC, @R T o 9 R R I T
x5.

ABFFETIE, 8.5um YA X Fe RT / ffhERIER AR & IF
REMER IR RIBE IR G A 7 ) Z W CTERLS D % v A7 ¢
VT EARBEREEE NV 7 BB (CL T, BB R 2 Ry ),
72 HNC Fe-Si A ERIEII AR,/ =R ¥ VBRI E R =
VRYy hv— |k (LLF, BEMER— ) HEALTE

14.4mm

51mm

(a) Top view

Spherical powder composites Flake powder sheet

®
Insulator
®
Insulator

Primary conductor

Secondary conductor
(b) Cross-section view
Fig. 4 Structure of coupled inductor.
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(a) Complex permeability vs. frequency of Fe-based
nano-crystalline spherical powder composite bulk
core and Fe-Si polycrystalline spherical powder
composite sheet core for closed magnetic circuit in
coupled inductor
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(b) Complex permeability vs. frequency of Fe-based
nano-crystalline flake composite sheet core for
magnetic shield layer in coupled inductor

Fig. 5 Complex permeability of three kinds of
magnetic core material used for coupled inductor.
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Fig. 7 Prototype coupled inductor.

Table 3 Size of prototype coupled inductor and analysis
model (unit: mm).

Item W L T
Prototype coupled
inductor 5.65 15.1 1.84
Analysis model 5.10 14.4 1.49
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Fig. 8 Inductance vs. frequency.
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