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AL CAPR (HAL)
Ae a7 OEMWEFE effective cross section of core (mm?)
B . WS FE magnetic flux density (T)
B : fl FN M K% BE saturation magnetic flux density (T)
Cy  ANJ1EVE S v 2N Z input smoothing capacitor (F)
Co C 1 ¥ v X2 # output smoothing capacitor (F)
Cp : TFEZR & stray capacitor (F)
C: s R ¢ /X X X resonance capacitor (F)
dt D WeE S v v O JE X thickness of magnetic cap (m)
dl WM v v DR X length of magnetic cap (m)
A . JE K frequency (Hz)
fo CRAVA U F 7 BRI T U o LR A K
resonant frequency of leakage inductance and resonance capacitor (Hz)
A DA HE xR IR T O R E K
resonant frequency of primary inductance and resonance capacitor (Hz)
fr N7 20 IR E M E self-resonant frequency of transformer (Hz)
I : B current (A)
Ii : ANJJ#E i input current (A)
I, . /I EE VR output current (A)
I, WM = A VD EPE current of primary coil (A)
I ;M= A v @O FEGE current of secondary coil (A)
last, las @ FET @ Y — A- K L A &t current between source - drain of FET (A)
Lav, Ia> : XA A — FONE S At forward current of diode (A)
I N2 > A @7 current of transformer (A)
J : UL current density (A/m?)
k : A& G 2% coupling coefficient
[ DM DR S length of conducting wire (m)
L A X7 % A inductance (H)
L cWALA X 7 Z 2 A leakage circuit inductance (H)
L D bl A X 7 B 2 A excitation inductance (H)
L, M= A VDA K 7 XA inductance of primary coil (H)
L D WMl A VDA K7 Z A inductance of secondary coil (H)
le a7 OEEK E effective magnetic path length of core (mm)
N : A L D& number of turns of coil ([A])
N ;WM = A VD& 4L number of turns of primary coil ([7])
Nz, Ns : WM = A VD& 4L number of turns of secondary coil ([a])
n N7 v A®EEI turn ratio of transformer
P; : NJ1% 7] input power (W)
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P,
Ploss

Ve
Vi
Vo
Vasi
Vasa
4
V>
Ver

[=)

LcCu

MrCu

D,

: 718 71 output power (W)
: A 1 loss power (W)

SRR E B A B — X 2D

ratio of equivalent load resistance and characteristic impedance

. HKHT resistance (Q)
c E R HT DC resistance (Q)
o BRI v o0 B il B #E O BT R (Q)

output resistance of equivalent circuit of first harmonic approximation method (V)

T2 BT K 9 % #K 5T resistance due to proximity effect (Q)

D R FATHE N S K PL resistance due to skin effect (Q)
: /7R HT output resistance (Q)

A& HXPL short circuit resistance (Q)

: BEM time (s), FEAMROE X thickness of rectangular wire (m)

kT v ADXF v v 7K gap length of transformer (m)

D fEME L — kN @ JE X thickness of magnetic plate (m)

Tt voltage (V)

s AR Bl ik O S Al A1 oo N )

input voltage of equivalent circuit of first harmonic approximation method (V)

XA A — RONRT M B T #EE forward drop voltage of diode (V)

: NJJEJE input voltage (V)

: )% E output voltage (V)

: FET ® Y — A- R LA &/t 1 voltage between source - drain of FET 1 (V)
: FET ® Y — A- K L A V#E 2 voltage between source - drain of FET 2 (V)

— WMl = A L DFEFE voltage of primary coil (V)
T WM = A LD EJE voltage of secondary coil (V)

R v XU X OFEJE voltage of resonance capacitor (V)

: SEAMOWE width of rectangular wire (m)

: FFMEA ¥ — & A characteristic impedance (Q)

: JEHL =R resistivity (Qm)

: #i DK HT R resistivity of copper (= 1.72X10°8) (Qm)

: ZhE efficiency (%)

. B RS permeability (H/m)

. HeifE B3 relative permeability

. ELZ2 D% 5 % space permeability (= 4n x 1077) (H/m)

R LBERE D FEER real part of complex relative permeability
 HBLLBREOEE imaginary part of complex relative permeability
8 D % = space permeability (= 1) (H/m)

: F LS skin depth (m)

: &AW magnetic flux (Wb)

: L RS R excitation magnetic flux (Wb)
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Dix C IWALME R leakage magnetic flux (Wb)
D, : R = A v O BE R magnetic flux of secondary coil (Wb)
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Fig. 1.3 Circuit structure of DC-DC converter.

Copper loss  \Circuit loss

4/130



F1E FANE

1.4 IR O/INEE R R ER B 2 m L7, @b D72 oI21ZXK13 TR L
KR, T ADOHHE, SR IKT 2 BENH D, BIBEKRZIRT 5 Fike L
TIERBRRAAL v F o 7R FOMEH, BIEEOBREN ;T KOLEE R ENEHTHD, £,
INRMEDFE & U CERENE B O i APl 58 1 o/ VUL, BRIEDR A TH 5,

—{ RO —F 1 ZDEBE |
[BoEL 7274955 7]

— Y I rRRAYF ]

T EEREa >/ —4 |

— ZEEROEA |

[hEfe +{ &I CTE) |

— FS U RQMEYE ]
XU BDABEIL]

1.4 FEIRO/N G D720 D ZFR BN
Fig. 1.4 Elemental technology for downsizing and high efficiency of the power supply.
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Fig. 1.5 Comparison of physical property values of power semiconductors.
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Fig. 1.7 Circuit structure and wave form of LLC resonant converter.
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Fig. 1.8 Usable frequency band and saturation magnetic flux density of magnetic material.
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Fig. 1.9 Usable frequency band and loss factor tano of magnetic material.
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Fig. 1.11 Characteristics of copper loss resistance vs. frequency.
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Fig. 1.13 Copper loss reduction of transformer by interleave winding.
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Fig. 1.14 Technology to reduce concentrated magnetic flux of core by matrix transformer.
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Fig. 2.20 Stray capacitance of conductive wire with rectangular cross section.

41/130



F2F LLCHEWIVA—ZITAVS FIVRITET IMERR

2.4.3 RERABREHIEE L1 T A 0 HHBIE AT

0221\ RE AR BRI 2 FH U - AR O MR e 2, SR 0 AR, HEHR S
B S 00 BB TR B T & T RIS T B RORORE A BE L,
PR AT A AT 5 = & AV ATHE T & 5219,

Eddy current

Rectanguler wire
/

\

field

Magnetic
material

221  HEAGRE I 2 I T AR O 4 BB S

Fig. 2.21 Physical phenomenon to occur in rectangular wire with magnetic flux path control.
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Fig. 2.22 Physical phenomenon to occur in air gap transformer.
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Fig. 2.23 Physical phenomenon to occur in air gap transformer with magnetic flux path control.
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Fig. 2.24 Physical phenomenon in planar transformer using low permeability core.

45/130



F2F LCHIEFIVN—FICAWNS FSURICET YRR

254 MERFZBHEZERLE-FEE S 2 ROHFEBIRF B

(X2 25\ 2R AR A A A& L 72 i b 7 v A OB S A R $7219,) — kil A L &
TRl A NV EBE OBy v S, Rl AV E R A L ORICEE T L — b
EEE L7z, BMES v v 72X, a7 b ORNUBRSERICHZ T 5058 <, F
7o, BET L— Mk, —kfllaA vl “RAIa A VORNZER T DR Z BT L
— FAICER S, BRICHZT IR EZWAD S5, T OBEAREE I X
0, SEAIERT D, 7L, BT L — R ERITAZEICLY RAIa A VTR L
TRWBERDHIINT S - DIRIA v &7 2 ANT 57, LLCHREERE) T S5 =
ETCIRNA L E I B ABRIRA X7 2 E L THWD,

Primary coil .

Magnetic cap
Magnetic plate

|
Secondary coil

A Eddy current B Eddy current

4225 EAGREEHIE 2 L7 FmE b T o A DY HES

Fig. 2.25 Physical phenomenon in planar transformer with magnetic flux path control.
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Fig. 3.1 Characteristics of litz magnetoplated wire and magnetocoated wire.
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Fig. 3.2 Circuit constitution of LLC resonant converter.
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Fig. 3.3 Circuit structure of LLC resonant converter.
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KAV LLC R a o "= L aT oz R Lz, ZOMaed LIZ2E2ED
NG A= ZER AT, BIEOERERH LT,

#3.1 LLCHIRI=a =2 L a7 ok
Table. 3.1 Specification of LLC resonant converter and core.

HH fiE
AT 380 V
HIBIE 250V
H %) kW
SR EN JE R A 1 MHz
bb g g 1250
a7 Wr i e 201 mm?
- e 97.8 mm
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F32ICLLCHIBE a L R—=F DONRT A= OHEFEREZ R LTz, ZOEL D L

(Zh T RERELT,

32 LLC IR o R—% L a7 Oftfk

Table. 3.2 Calculation result of parameter for LLC resonant converter.

HH fiE
—IRAHTH A 46.1 pH
A X752 12.8 uH
HIRF y N H 1.98 nF
B 1.78
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Fig. 3.4 Structure of litz wire (unit : mm).
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Fig. 3.5 Structure of transformer (unit : mm).
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Fig. 3.6 Transformer appearance.
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Fig. 3.7 Winding structure of transformer (unit : mm).
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Fig. 3.8 Method for measurement of Impedance characteristic.
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Fig. 3.9 Comparison with impedance of transformer vs. frequency characteristics.
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Fig. 3.10 Power loss vs. output current characteristics.
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Fig. 3.11 Efficiency vs. output current characteristics (f= 1MHz).
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Fig. 3.12 LLC resonant converter appearance.

64/130



E3F AMMESRZAV S D RADMBEESE DR

3.3 E ST kWD L ZDLLCHIEE 2 N—=2 D 8T o ZADREEZ R LT,
I TKWOIRAE T405Fam L, EFRIREIZR ST ED N7 U ADOREEHIE L
720 TEHFIRIEIZEBWT, LCW, LMWZ W2 b7 v ZAOBBOREL, TnEih10l C
, 90 CL7en, SLOREVL, TNEN97 C, 88 CLeoiz, T ADEBRIZEHB N
T, IMWE AW Z LI L > TRE EF 211 CIEBE L 72, ZAUTEBRICLMW Z vz
ZET, BROZTHBEI AR L, B2 KB L SICERT D,

Core

LCW

(a)LCW

Core
LMW

Temperture("C)
100

70

40

(b)LMW
X 3.13 b T ADIREE

(f=1MHz, Vi=380V, I,=4.01 A, room temperature : 27 C)
Fig. 3.13  Generate heat of transformer.
(f=1MHz, Vi=380V, I,=4.01 A, room temperature : 27 C)

65/130



$3E ARBESHRERE LS LR ORBERNEOR
33 RTL—HUZEHRREAVE IS ORERELN—TTY v DRLLCHIRTZ O
VN5

3.3.1 [EK#EE

[X]3.14|ZLLCHAR = v " — X ol k& /~r 9, £72, K3 1S5IZLLCH R = o/ X—F D
IS 2~ d, AEEEIT48 YV, HiEEIT24V, 18160 WA = 2 /3 —
X TCThbH, AA v F U ZRAEEIZAMHz TH 5, AA v F T FEFTHDHQ1, QalEGaN-

FETZ# /=, 7=, BFEADX A 4 — KDy, Dy, D3, Daldva v bF—F A4 A4 — K
Z AT,

(@]

Q,
I~
¥k
- =
Vi == L
48V

Q,

1
1TT

(o]

[43.14  LLCHAR 7 2 /N — & D[Rl gL
Fig. 3.14 Circuit constitution of LLC resonant converter.
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Fig. 3.15 Circuit structure of LLC resonant converter.
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F 33 LLC R a L "= a7 otEr R Lz, ZOEEZL EIZ2E2HO

NI A=FEREZTY, BEOAREZ R Lz,

#33 LLCHIEE o RR—F L a7 OfthE

Table. 3.3 Specification of LLC resonant converter and core.

HH fiE
ANJJEE 48 V
)T 12V
H 8] 60 W
R E]) Ji5] B 4 MHz
thi e 10.5
=y W fa 110 mm?
s & 77.8 mm
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F34IZLLCHIBE L R—=F DT A= OHEMREEZ R LTz, ZOfEEL &

Wb TRz fELT,

#34 LLCH:IRE o N—% L a7 Ofttk

Table. 3.4 Calculation result of parameter for LLC resonant converter.

HH fiE
— WA HE T B R 727 nH
iAo 205 262 nH
YR v XU H K 7.9 nF
B 1.17
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&
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N\ Spray

X 3.16 A7 L—IZ X DM@ AR O RE S 1k
Fig. 3.16 Manufacturing method of MCW by spray method.
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Fig. 3.17 Structure of winding wire (unit: mm).
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Fig. 3.18 Production process of magnetic composite core.
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Fig. 3.19 Complex permeability vs. frequency characteristics
of magnetic composite material using amorphous powder.
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Coil
Core(Amorphous)

A

1o
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15378 |

Coil

4320 7 ADKEE
Fig. 3.20 Structure of transformer (unit : mm).
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BEIT4 3 TH S,

Bobbin
Spacer
o Primary o e o )
o 0
S,-‘ - I&condary
A

321 T U RAOEHAEERNL : mm)
Fig. 3.21 Winding structure of transformer (unit : mm).
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Impedance analyzer
(Agilent Technologies 4294A)
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Fig. 3.22 Method for measurement of Impedance characteristic.
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Fig. 3.23 Comparison with resistance of transformer vs. frequency characteristics.
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Output power P_(W)

3.24 EIHRK Puoss - HTIFE L F71%E(f = 4 MHz)
Fig. 3.24 Efficiency vs. output current characteristics (f= 4 MHz).
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3.25 hFn- 1B L FrE(f= 4 MHz)
Fig. 3.25 Efficiency vs. output current characteristics (= 4 MHz).
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X326\ LLCHARE 2 o N"—2 O Z R LT, HIIETI1R60 WORED kT 2 A D3
A HIE LT,

4326 LLC R = o3 — X2 DoME
Fig. 3.26 LLC resonant converter appearance.

81/130



¥£3F AMMEERZAL: SV RORBEREINREDEE

32702 H I 17360 WD & & DLLCHARE 2 v N—2 D~ T ADREE R LT,
TEFIRBEIZ BT, SRR, MEBARE W2 b7 v AOEBOREL, 2113 C
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GaN FET 42.7 °C
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x
// 75
30

(b) LMW
4327 T ADIEE
(f=4MHz, Vi=48V, P,=60W, room temperature : 25 “C)
Fig. 3.27 Generate heat of transformer.
(f=4MHz, Vi=48V, P,=60W, room temperature : 25 C)

82/130



E3F AMMESRZAV S D RADMBEESE DR

SEDFEYD

(1) WHED-ZTY vy IBRERWN=7ILTY vy OB LLC £igfza 2/ —4

AW SRR A T T A DOHHRIREEMN & L TED > & U v ifta Huvi-
k7o 2AZRIEL, BRENEREOMHZzO 7 V7 U » DRILLCHARE = o N — X (2T 5
Z & TR T U ADOHHBRIREEh R 2 MEt LT,

kT ADOEP-EE R ERE L8 25, BEERE CTH D1 MHZIZBWT, U
O IHR, B o x Y v VAW b T o A0—RABKHIE, FREN1.08Q, 0.88Q
L7 018.5 %R L7, ZAUTMNED o T HROITHERN R OIHNIT K 2 SRR R I
RNLTW5B, £V vV, BEd-ox Y v VliE AW T o A0REEREE, Eh
Z10.86, 0.85L 72D 11.7%IKF L7z, Ziudtttd > &V v VE Wz 7 v 2ADF
NA E 7B ZADOHEINTERT 5,

TNT Yy DRILLCHHRIE 2 o N — 2 103U, R ZIE LA, Uy
B, REMED S XU o B E AW N T2 RADRKIRIZFNFENIT0%, 97.1%E 721
0.1%[A E L7z, F7-, EHOEKEZHELZE Z A, HAOEN1KW L 725 H 118 H4.01
AlZBWT, Uy, BED-X U v YlE W a s A "—2OEJEKIIENEN
30.8W, 204WEZDAT%IEIK LTz, ZAUIHMED > U v VlERAWZZ LICL 5%
TP N K TH 5,

(2) RTL—HMZERBEZRAWN=N—2T) vy SR LLC iRz 2/ —4

ALTEWT AR A W2 b T 0 A OSRREEN & L CREBRARE W T R

ZRE L, BRENEEBAMHzO ~N—7 7 U » DRILLCIHRIE 2 o N — & 12T 52 & T
N7 > 2 OFRAKIEN R 2 fEt L7z,

AT —RICEA LT AR Yy M 2SRRI & T TR TE 2 B Rk 3 5 A&
7=k OB ARERIEL, N7 RICFEE L,

kT ZAOEP-EE B ZRIE Lz s 25, BREERETHD 4 MHZ ITBWT,
HifR, WMEBARE AW 87 AP, NN 1743 mQ, 1456 mQL 72 b
16.4 %I L7, ZAVIREMEBAARORIEITOMGENLR LT\ b, £, HE,
PEBAfRRE W2 T ADERA VX7 X AL, FNEI0.88, 0.86 L7 23%
WA Uz, Bt AR ORI IR = RV X —RNERE S, IRl = A VIC8HARR T
DU LT=T28TH B,

N—T Ty DRILLCHIRETE 2 o X —Z (2RI L, $hREMEARIE L2 & 2 A, Hifh
EREVESBARR A N N T U ADRERIT, FIE90.7%, 91.9%E 720 1.2 %[H E L7z,
Fie, HIIEII60WD & X, BRBREHEIEZEHA L CTW AW s T A EEHA L N T
ADNRIT, TNEINE6.9%, 89.2%&E 72023 %M E LT, Z iU EARRRO AR
PLOMHNTEK LTV 5D

83/130



BB EREESREAVE RS ROMBERSDORE
FA4E BEAEERZAVE RS OROREBEBSIRD
FRE

3EECHAMTHEAR A T2 b5 v 2 OSBRI SO TREL TR 28, %
TR | 7 2 A O SRR T 5 720, AL Rl T 5. HURM S
BT H B TAMRITEREREEN T LT 5720, b7 AONIKCH M TH B, Ll
ML & B R TSI B I TP AR R VT | 7 o A SRR RT5 65E
Th s,

T 2 TR CIEAT BRI & 5 SRR & 8 L7 P R 7 o A DG
Lo T BT YA REE LI A—T T Yy VBILLCIHRI 2 v — 21T TR
SRR LA OV TR T B,

84/130



¥4F MPHEMESKRZAVE LS D ROMEBEESE DR

41 BREZREEWICLDIPFE LS RADEEKE
411 FABOTED®RE

X4 1\ -8 % V=0 - > A (Payton SIZE 50) & 7R L7=, i b7 > AL G R
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T 5 AT CITEEE R K0 PABNICEHR T AR 5729, a4 L OEHLR
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B SERNT D Z IR TH D720, AREREIC RN EIT- 72,
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| W | Neeeee s e
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. e e s . e

M4.1 PR E A2 b 7 2 A (Payton SIZE 50)
Fig. 4.1 Planar transformer using rectangular wire(Payton SIZE 50).
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420 ERREABRDOIRITE T V2R LT, S EIOMHAT TIZEARROE S, fEwk /]
TA=ZELTREBYVRISE ELT DD, yHTRICE S 1 mOEHBUR AR O Wi 4
fEtTE T v & L. IRGCHES S BOS BT 24T - T,

(4.2 EHREABROMITE T VEAL : mm)
Fig. 4.2 Analysis model of straight rectangular wire (unit: mm).
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Fig. 4.3 Analysis model of series straight rectangular wire (unit: mm).
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Fig. 4.4 Analysis model of 3 series rectangular wire coil (unit: mm).
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Table 4.1 Analysis condition of rectangular wire

HH N
fEH Y 7 K JMAG-Designer (x64) Ver.17
i S R TTE B B Rk ST (ELRRR AR

R TCHR E BBUS B WS ET (2 A V)

fRls FEM

Ay aB AT ANNT—4

Fa5E - AR
E@J/\%J D ZEAE

Ay v 2 BV A X JBIR

1) B 5um, —fAF
2) B HEIC LV R D, —AF
(ZE R 10 %)

EFLORE S(EAKER) [ 1m

T e K > MHz

I I=1 Apeax

PR 1) 8 peu=172X10%Om, prcu=1

2) ZEX: p= % OQm, u=4n-10"H/m
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4.5  EBRRCTEABROIRTHE RE R f= 5 MHz,
Fig. 4.5 Analysis result of straight rectangular wire

(frequency f=5 MHz, current /=1 Apeak)

%{ﬁ =1 Apeak)
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Fig. 4.6 Analysis result of 3 series straight rectangular wire
(frequency /=5 MHz, current /=1 Apeak)
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Fig. 4.7 Analysis result of 3 series rectangular wire coil
(frequency =5 MHz, current /=1 Apeax)
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(b)Rectangular wire with magnetic cap
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Fig. 4.8 Physical phenomenon to occur in rectangular wire with magnetic flux path control.
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Fig. 4.9 Analysis model of straight rectangular wire with magnetic cap (unit: mm).
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Fig. 4.10 Analysis model of series straight rectangular wire with magnetic cap (unit: mm).
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Fig. 4.11 Analysis model of 3 series rectangular wire coil with magnetic cap (unit: mm).
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K42 WHEF v v T EARROINT AT

Table 4.2 Analysis condition of rectangular wire with magnetic cap

HH N
Y 7 K JMAG-Designer (x64) Ver.17
fiAAT S TR TTE S B RE FEAT (BRI B
RoT R SR JE  ES B RE FEAT (2 A V)
FRI% FEM

Ay a4 T ANNT—4

FaE SRR, R v T

HEh &« 225 E

A v a BRI A X AR

1) BH : Sum, —AF

2) BtE¥ v v 7 Sum, —AKE

2) 2B pEIIC LV B D, AT
(ZE5UEIR 10 £%)

ETNVORS(EHAREALR) | 1m

JEB Sk > MHz

BRRE 1= 1 Apeak

Bk 1) & - pou=1.72X 10 Qm, trcu =1

2) ZE& : p= % Qm, w=4n-10"H/m
3) Wetkx v v 7 @ /=10, u"=0.1
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4 4.12 (ZERRRIEE S ¥ > T EABROMTRE R 2R Lic, BtEx v v 7 OIES dr 3
JEUNE EHRBUMEI L, Btk v v 7 OR & dl 2MEWIE EERBUIMRE L 7=, TP Rac
WIZBWT, XYy v 7ORS dl Z2/"\7A—2L LIzELE, BExy v 7OES dt )
JEWDNE EERBLOARBEI R &< 72D, UL, BES v v TOES dt BEWIEEX ¥ v
TOEETO T Y U TRERPMEI L, VARRIZER T DR Lied & 2
H5ib,

without

magnetic cap 103 uQ/m

68 | N

Resistance R (h/m)

(a)Resistance R (b)Resistance ratio R/ Rdc

ELHRRIRENE 2 v 7 AR OREHTHRE LI EL f= 5 MHz, BEIE 1= 1 Apcak)
Fig. 4.12 Analysis result of straight rectangular wire with magnetic cap
(frequency =5 MHz, current /=1 Apeax)

% 4.12
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4.13 1T 3 [EHNERLRBENE S v > TR OMATRE R 2 UTo, BEARREBME Y v » 7
SEABROFRNTRE R & [FRRICREME S ¥ v 7 OIREE df NEVIE EHPURRE L, Bk v
TOES d NMEWFEBRPUIMEE Lz, UL, Sy v 7ORES dl 237 A—4
ELT-L &, MO RITEES v~ TOES dt \IRIF L 72> 7=, 23U, %
Y TR CD T Y 2 TRERDBPIMA O AR D AL L, NERO AR LR
MoTelodThH D, ZDOREFITEE DO AR OEHN F O ENEF v »~ 713 LT
WRWZ EERLTWD,

(a)Resistance R (b)Resistance ratio R/ Rqc

4 4.13 3 EHEBRIRBENE S v o 7P MR O AT R
(B S f=5 MHz, B T=1 Apea)
Fig. 4.13 Analysis result of 3 series straight rectangular wire with magnetic cap
(frequency /=5 MHz, current /=1 Apeak)
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£45 SEHEEESEERLE RSO ROMBERNEDRE
%] 4.14 12 3 BRGNS ¥ v TR A IV ONTRE R 2R Uz, EARREE S v v 7
SEA R D FRATHE S & FIRRICHEME S v v T OJRE dt DNEWIE ERBUIMERE L, Bt S v >
TOES dl DEWEERIUIMKE L7z, By v 7OES dl X7 XA —2 L LTz

X, X v v T OREE dt BIEWVIE EERIIOKEN R Em < 220, 3 EAEARENE S
Y v SR OMRNRER E R DR TH D, ZUL, Bty v 7OEX dt BEWIE

Ez &3S ATHPLT 2B b OFZHRZ KB LD THDL LEALND,

without magnetic cap 31 mq
25 !

86|

g =3

P B

g :

2o :

& Z
&

Mag ™~ 03

» N 0.2
% ., .
(1?1172 ) g@‘é\
(a)Resistance R

(b)Resistance ratio R/ Rdc

X 4.14 3 BB ¥~ TS A L OFFTRE R
(JEHE f=5MHz, Bt 1= 1 Apeak)
Fig. 4.14 Analysis result of rectangular wire coil with magnetic cap
(frequency f=5 MHz, current /=1 Apeak)
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413 WHELEHHZEALE-TE S Y RADEEDKRET

X415\ ZHEHR RIS HIE 2 86 U721 b7 o ADERRIE 2R L7z, —&kill= A L
ETRMaANETED O Y v T EELE L, I A VOAEHEHERT DR A
a5, £e, —kKMAlaAVE KRB A VORIZHME L — FE2EEL, WA 1o
MICHAT DR EET ST D 2 L TEAROERBR AT 5, 4R ORG T
P v v 7, BT L — hOHEN b7 v AP E 2 5 AR D,

Primary coil .

Magnetic cap |
Magnetic plate Secondary coil

B4.15 HER R EEHIE 288 U720 b 7 v A DOREHRIRES

Fig. 4.15 Magnetic flux path of planar transformer with magnetic flux path control.
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45 EREEESHREAVE MU ROBEBRNEORE
4. 16\ RE AR B H A 2 F L 72 Pl b 7 v ADFRNTE T VAR Uiz, ZIRocET L
TIFRITRESE R & 72 D728, b T 2 2O W O R Tl S 8 5 5s B fRT %
Tolce ET DRIV ATIEIaANDEEILT 7 VVEMERT L0 as L aro
WICT 27 VLR RETED, BRI 2N BN T, i CidaA v
DFEHEZZER E LT, BT L — FOEX4,%2100 pm, 300 um& L, BEMEXv v 7 OE
Sdtb kX vy v 7OREAIN N7 U ADOIEBUC G 2 228 % Gt L, WA §lE o
HRMEZERGT LT,

(a)Full model

Core

Magnetic cap,
7z (Metal composite core, ¢' =10, ¢/ =0.1) |

(=10, 4 =0.1)
Primary coil
N=3

!

Magnetic plate
(=10, 4"=0.1)

Secondary coil

! 7.26 L il | e N=1, 2 parallel
1.2 5 r Center tap

(b)Analysis model \

B4.16 MR ISHIE 258 U772 Fm b7 o A O£ TV (BAAZ: mm)

Fig. 4.16 Analysis model of planar transformer with magnetic flux path control (unit: mm).
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X 4.17 \ R AR A 23 F U 7= b 7 o A DTS 2 s L=, Bt L— b g
DEIH 100 pm D & =, BEARRKHIE 28 H L TR b7 o X & g U TR
A2 AT 5 S|P L7z, 2, BETL— b 6 OEINEWZD, — kAl
aA e ZRAaA VORICER T AR E HoICFE T, B ﬂ@#éwﬁﬁ
WLz Thod, BE7TL— b, DIEEN 300 pm D & &, BtES v v 7 dr ODJEX
Z 0.1 mm (292 2 & CRAVREEGIE 2 H L TR0 7 2 A & bl U CREHRRR B il
AT D2 TERDNED Lz, 2oL, Sy vy 7OES AIZELITHZ L
TR LTz, ZHUTREMES v » T OENICAET D7 U 2 TR DR 85
R DHHMENBVT 572D TH D, £, BEX v v 7 OEE d 133 IE EHBTOKE
WEBEL 720, WXy v P28 LI FAROMITHRER & 2o s, ZHUImeEF v
P LI EARE R aT EETHEOTH D, BlEx ¥ v 7 OREE df D3E
L, aTrTnbOMEY ¥ v FICFHFE SN DA L, SRS D B AN D
Lz EEZBN5,

280

260 ‘ —

220 | oo ap thickness dr = 0.3 mm

200 O’O’O’O’( \Cap thickness df = 0.1 mm
180 / ‘
\Kithout cap and plate 178.7 mQ
i i

0.0 05 1.0 1.5 2.0
Cap length d/ (mm)
(a)Magnetic plate thickness #, = 100 um

p

Cap thickness df = 0.5 mm /

Primary coil resistance R (mQ)

160

260

240 +

Without cap and plate 178.7 mQ /
/ Cap th

p

ickness df = 0.5 mm /

/ //

160 ~ Cap thickness df = 0.1 mm

Cap thickness df = 0.3 mm

164.5 mQ

Primary coil resistance R (mQ)

140 I I
0.0 0.5 1.0 1.5 2.0
Cap length dl (mm)

(b)Magnetic plate thickness #, = 300 um

B 4.17  BEARESHIE 2@ U7 b 7 o A O R
(WA, JEEE f= 5 MHz, B 1= 1 Apeak)
Fig. 4.17 Analysis result of planar transformer with magnetic flux path control
(secondary shorted, frequency f=35 MHz, current /=1 Apeak)
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418 (TR B HIAN A2 8 U7t b 7 o A OREHRBR T & B E A &2 R L
7o WEAGREEEHIE 20 95 2 & THORDME T v » 7 LT L — MZEP L, iR
(CEHAE T DR DN LT, RS HIE BT 132 b T o X OSBRI % L TH%)
Th D,

= Current
density

' J(A/mm?)
I 70

35

\

\

\

\

\

\

\

\

\

\

\

\
with magnetic flux ~ without magnetic flux
path control path control |

] 4.18  RECRLESHIE 208 L7 b 7 > R OREIRER I & EEE B o A

Fig. 4.18 Flux line and current density distribution of planar transformer
with magnetic flux path control
(secondary shorted, frequency /=35 MHz, current /=1 Apeak)
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$4E ERMEESEAVE S U AORBERDEORE
42 A FSVREARAW=N—T Ty ORI LCHIERROV/N—4
421 [EFEEE
4. 191 LLCIHR =2 o " — X ORI 2~ T, £72, K42001ZLLCHIE=a o "—F D
FlHEE L~ , ANEFEITR YV, MAEEFI2Y, HIIEISOWDREER = —
B THDH, A T TEBEEIISMHz TH H, A4 v TF 7 5HE 1 ThHHQi, QalLGaN-
FETZ# MW=, £72, BIEHDO XA 4 — KDy, Doldv a v b —X A 4 — & HW iz,

(@]

48V

Y

T
12V

(o]

44.19  LLCIEHR =1 23— & D[Rl AL
Fig. 4.19 Circuit constitution of LLC resonant converter.
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—RARIN ] #6
()

420 LLCH:AR= v /\—% OlaliR s
Fig. 4.20 Circuit structure of LLC resonant converter.
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KA LLCHIREa o "= L aT otz R Lz, ZOMEe b LIZ2E2ED
NG A= ZER AT, BIEOERERH LT,

#43 LLCHIRa o —2 L a7 ok
Table. 4.3 Specification of LLC resonant converter and core.

HH i
AJEIE 48V
71+ 12V
157 50 W
ke &) s 5 MHz
Lo mER 10
a7 e 1 85.7 mm?
T s = 30 mm
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F44IZLLCHIBE o L R—=F DR T XA =2 OHEFE R EZ R LTz, ZOEEZD L

(Zh T RERELT,

# 44 LLC IR o —F L a7 Otk
Table. 4.4 Calculation result of parameter for LLC resonant converter.

HH fiE
—WRA T B R 541 nH
WA 205 212 nH
IS T o SRR VS 4.78 nF
B 2.4

108/130



¥4F MPHEMESKRZAVE LS D ROMEBEESE DR

422 WERZERGEHETZEALLZTE NS CADOEE

B 4.21 |2 AR R IR 2 @ U722t B 7 o AoiE L R~ LTz, h T AD=
7 1% JFE #£® EERS-25] DR EH L WH D TH D, £72, 2 7HEHT 2.6 um DERIR
TENT 7 AERWEEa Ry ha T Th o M, SEARRITE S 105 um O
ez F 7ML LIEbDTH D, BARREEHEIZ AWM v > 7, BT
— NIV a—rITALEERTELT 7y AMERHWEBEa AR Y Yy F— FTRE
U7ze WMES v o 137 7 VAR — R Z2RED DU, oA Vgt 5 K51z
Bl L7c, BetEX v v 7, WME7 L — N OSHEXRTH 3 THOMTHEREZ S Ll L,

EERS-25J(JFE)

e
e
e
e
e
e
e
e —
e —~ - _

s — —
Ay o T T T T T T T T T \7777777777777777777777777777\‘
| Acrylic plate  Rectangular wire coil | |
‘ e ‘ 1" Magnetic cap |
| - ~ Primary coil |
| | , N=3 |
\ \ ‘
| | |
\ \ |
| | |
\ \ ‘
| | Magnetic plate |
| | PET seat |
| | —| Secondary coil ||
| | :?J N=1,2 parallel |
| | Center tap |
| | 0.1 |
[ ‘ [
[ - - - ______ 4
[ \

[ \
| Metal composite core
[
[ \
[ \
[ \
[ \
]

Acrylic plate
P Magnetic cap

Metal composite core
EERS-25](JFE)

421 WEAREEEHIE 2@ H L7 Fm b T o A OREEHAL: mm)

Fig. 4.21 Structure of planar transformer with magnetic flux path control (unit: mm).
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48 EREEEKREAVE RS U ROMBERNEDR
X 422 \CSEPRIFE 2.6 um DT ELT 7 ARy H W NE 2 R Y Y MM OB FE S
=R R R 2 s LTz, EIZIEA B —F U AT F T A Y(Agilent : 4294A) & HEME
BT A N7 4 7 AF % (Agilent : 16454A)% FV =, BEMERY O FEEZRIL 57 vol% T H
Do TENT 7 A AWM 2 VAR Yy M OBERBEREEE O IZITH 10 TH -
Too Flo, BHIZI0MHz £ TOIUFTholz, ZOALRYy MIEFH KT A
DaATE, XYy, BT L— MTHWEZ,

10 <

A 04

2

‘LI "
'M '\;ﬁ 0.02 e
MMW*MM

5 MHz

Complex permeability

0.01 L
0.1 2 4 6 8 10
Frequemcy f(MHz)

X| 422 TENT 7 AERHWZEYEa ATy MO
(eSS TR - Chl i
Fig. 4.22 Complex permeability vs. frequency characteristics
of magnetic composite material using amorphous powder.
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423 +FIUADAE—F U R%H

X 4.23 (24 B —F U ARHEORIE T EEZ R LTz, ERIZIEA VE—F AT F 7
A % (Agilent Technologies 4294A) %\ 7=, —k=a AL, “IRaAVIZELE V=500
mV ZHIINL CTHIE LT,

Impedance analyzer
(Agilent Technologies 4294A)

oo- (%) oooe

ooom
000 oo oo0m
U000 gg ooom

EBEOoo oom
BESE oo ooo

o[o o] ==

Test fixture
(16047E)

Transformer

/
ooo ooo¢

O

O

O

423 A2 E—FARHEORETIE
Fig. 4.23 Method for measurement of Impedance characteristic.
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B 424 1C N T ADA U E—F U AJERBERRE A R LT,

5 4.24(a)l T — WM = A v OIPL-E R BEFETH 5, BIERHIL &M = AL S1, S2
ENENER L THE L-, BRENE S CTH D SMHZ 128\ T, &kl /181 %
B LT & OIREHIEAZEA L WA b7 R @A L b7 v 2A0\PUT
, TN 189.7mQ, 177.1mQE 72V 6.6 %K L7z, F72, —kMl=A v S2 &4
L7z s & OMEBRKHEZET L CWRWnW s T2 LML b7 v 2obux, +
NZEN 2189 mQ, 189.4mQE 720 13.4 %K L7z, T AVIIRBEARREEHIENC L 2 22tk
PLOIMHNTHEREX L TW\WD, £z, BARESEEZEHE L TR s Z A &ALz
kT ZD—M = A VO H CIREBEE £ 1EENE 4 50.1 MHz, 45MHz Th -7,

B 424N N T U ADA L H 7 B A JEREERE A R LT, ERTTR LTEDIE R
laA N HE T2 ATHD, BREEREE TH S 5 MHz 1230 TREARE I Hl 18 2
WHLTWRWRT R LA LI N T ADA X7 2 AE, FHFEN 4743 nH,
5124nH & 720 8 %I L=, BEFR TR LIZDIT—Ma A VOERA L X7 B AT
5D, M ANVEEKLIRET—RMaAVOA o Z 720 2% H[E LT, B
BE KL TH D 5 MHZ (2B WT, IRMI=A L ST, S2 Z5EHE U 7= B AR il 1 % 6
LTCWRWRNT U ADEKEA B 7 2 A, £NF133.4nH, 145.6nH & 7277,
F7o, BWAREHEZERA L T v ADERKA X7 X AT 220nH L7 Y AR
BEHEAZ A L TR b7 R LR L TENEIN 64.9 %, 51.1 %EM L7z, Ziuk
Wtk v v 7, 7L — e aA VORMEICEE L2 1280, kMl A iz
AT DN L2720 TH 5,

3E2HDONXGB)LY LCW, LMW &2 AWz b7 v ZADRERE C, 1%, ThEh
213 pF, 244 pF ThH o7,

B 4. 24T RE BRI B B2 R Ui, — WA & 7 2R, FfkA v 27 4
CAOFEAE XY 3FE2H OG22 EHWTEE L4, BEEEETH D 5 MHz IZ
BT, ZWRMEI=A VST, S2 A& LB EEHIE 2 EH L Ty b v AD5fE
BRI, FNEN0.85, 083 LiroTe, Fo, BORBREGIEAZEHA L N7 o AD
FEAFRENT 0.76 & 70 0 BEARIEHIIZEH L T2 W R 7 R L g L TENER
10.5%, 83 %K T L7z, ZAUImtExy v 7, WETL— FEaA LoEHICEE L
72 licky, ZIMlaA VAR T AN L7cTzdTh 5,
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a 300 ‘R (S2 short, without cap and plate) P /,
=) R, (82 short, with cap and plate) d - -
= 250 —=l
g %
Q
£ 200 | _
2 R, (S1 short, without clap and plate)
.@ ol /A | < (ST short, with cap and plate)
7 7/ .
o / |
> 100 V/ | .without cap and plate / = 50[1 MHz
g : with cap and plate f = 45 MHz
B=) I H
& 501 !
1 SMHz . —9.64m0
100k 2M 4M 6M 8M 10M
Frequency f (Hz)
(a) Primary resistance
600
~ LN_r (with cap and plate)
T 5124
S 500 P T
> TN L i
8 474.3 | \iwnhout cap and plate)
§ 400 :
Q |
=] |
5 1 i
£ 300 tLy,cp (S short, with cap and platle)
% L 220 : L, (82 short, wi:th cap and plate)
[5) —— o — L S —
g‘ 200 . . 14561 L, (S2 short, without cap and plate)
g SN ==gx=~t======
a 100 133.4 : Ly, (81 short, without cap and plate)
Sz
0 1 J 1
100k 2M 4M 6M 8M 10M
Frequency f (Hz)
(a)Inductance
1.0
= 0.9 k., p (81 short, with cap and plate)
§ 0.85
o o o o — — ————
% 08 {' ——— 50_83 \ k e (S2 short, with cap and plate)
1>) L
rm— |
ED 0.7 :076 \ k 41cp (81 short, with cap and plate)
§~ ’ : \ k,pcp (S2 short, with calp and plate)
o |
0.6 !
i 5MHz
0.5 ¥
100k 2M 4M 6M 8M 10M
Frequency f'(Hz)
(b) Coupling coefficient
W = o N N 1
424 KT U ADA U E—H 2 A SRR O g

Fig. 4.24 Comparison with impedance of transformer vs. frequency characteristics.
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424 FHEEMHE

X 4.25 (2B SR Ploss - 1B LEEO I 2R LTz, AJIEBIE Vi=48V —E L
LC/RU— A —%— (B, WT1800) TENIMEZEZIT-T=, HIIEII30W D L X,
GRS HIE 2 A L W W R T A LA L T U AOENERIE, FERS
W, 49W &720 2%IKJ L7=, F7=, HIIETIS50W DL X, WEAGRRE il 2w H L
TWRWRTZ U RAEEH LI 7 v A58 Ltz/ﬂ~&@ CEWALi-FN e %m%m

112W, 1L1IW &£720 0.9 %(EI L7z, ZAUIREARRBS I X 2 A2 ist ol
LTW5b,
12 : : ‘ ~11.2—
< 10 without magnetic flux }f% 11.1
% ~ path control /
o8 T~
2 i 49
° 6 ;7?\ with magnetic flux
o) path control
E 4 N/ :
o :
2 |
|
|
0 |

0 10 20 30 40 50 60
Output power P_(W)

425 FEIHAK Pioss - 1R L F#E(F= 5 MHz)
Fig. 4.25 Efficiency vs. output current characteristics (= 5 MHz).
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X 4.26 (280 n - HITEG L FFHEOtE A2~ Lz, /BT 30 W O & &, BRI
FEAZEH L CWVeW R AL L T v RAERE L a sy =2 OFRIL, £
VEIL 83 %, 833%E 720 03%A E L7z, £z, HIJEIIS0W D & x| WEHRE R il
ZEALTHWRNWR T REEHA LI N T o2 2RE L -a s =2 DRRIL, L
817 %, 81.8 %& 720 0.1 %A L7z, ZAVIIBORBREHIEIC K 2 st oMz
ERLTWS,

86

with cap and blatc
84 ) 83.3

| 83 81.8
82 -
\wnhoul cap and plate

wit 317
80
o /

76

Efficiency 7 (%)

0 10 20 30 40 50 60
Output power P (W)

4 426 %h=En- HIJEIFE(F= 5 MHz)
Fig. 4.26 Efficiency vs. output power characteristics (f= 5 MHz).

115/130



¥4F MEMESRZAV: S D RAORBERESREDEE

425 FESEE
X427V LLCHARTE = o X=X DAV Z#r LT=, HIIFEIIN50 WORFD kT o AD 3
AaHIE LT,

4427 LLC HRIE = >3 —Z DIME]
Fig. 4.27 LLC resonant converter appearance.
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4282 H I S1D350 WD & EDLLCHARE 2 v R"—=2 D N T U ZADREEZ R LT,
EFIREBICEBWT, MHERERIELZEH L w7 A EHA L N7 v ADEHR
DIET, ZNENT0.6 C, 673 CL20, RLOREL, ZhEhs59.1 C, 59 C&
Role, N7 UADEBRITEBWNT, BARRKGIEAZEH L2 &Ik > TRE EH%
33 CEH L7-, Z ARG BN X » TEB ORI H AR L, A%
L=z SRS 5,

Temperture

7(C)

75
Core 59 C
inding wire 67.3 °C

X 428 kT ADIEE

(f=5MHz, Vi=48V, P,=50W, room temperature : 25 C)
Fig. 4.28 Generate heat of transformer.
(f=5MHz, Vi=48V, P,=50W, room temperature : 25 C)
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ABDFEED

(1) BEREZREZEFICLSFE b5V RADHKET

Wi b7 U ADRRETEAT O 12w, AIRERIEMNT 2 AV COEARR, Btk v » 7S
i U772 At BAREEHIES 2 L2 b7 A0S ERE LZ, A
MERWE A L TIRFAROE S, EAKEWVIE ERPIMEIRT 203, RiHprossg
42 TH -7, ZD7=0, JEE105um, IES mmOFEABRIZHONT, ks v v 7
L 23 L7 & & OSBRI RIS OV TR Lz, BalES v » 7 25 i L 7=
AREH WA MZONT, vy TOREINENE EHBIEEIENRRKE <D,
THIIEER v T OEEINEL 725 2 & THAEIAME T L, FABROmMBICH
HEEHDPE D LTeTedTh D, 72, v v 7 ORIDEOIE EFHBREBEIR N K E <
2%, ZAUXFEABDIE ST MO MV G H FFOMR BB L7z Th D, Zhb
DFERZE G L AR 2@ L7z 7 v A &24T7 572, R 7 A TIE
WA =2 A A AT DB STV DARBE TRl 2 A MICERZ T &, K31 1Dl
e, MaA NVORICHERNERT L7720, MiEsy vy 7EBET L — 2 L7 b
TV AZOWTIT BT o T2, BET L — FOEE %03 mm, F ¥ v 7E 0.1 mm, ¥
¥y 7 RI0S5mme L7z & &, BOARREEHIEZEH L TWRW KT R gL T7.9%
BEHIAEE L2, FROfREEZ L LI T2 2REL, LLCHIER o v — & (2328
L7z,

(2) FE S RERW=N—DTY)yDRLLC &iRfza 2/ —4

W SRR A2 2 BT o 2 ORI & U CRERRR I Hil4E 28 H L 72 Y
NF o 2 &ML, BRENE R ESMHZzO N—7 7 U » DHILLCHRE = o R — & (23233
% Z & T T AR 2 Gt LT,

k7 o AP BB ZRIE L 24, BREEKRETH D 5 MHz I2B W T,
M= A ST 2R LT & X OB HIEAEHA L Wi T R EwEH LT
F 7o Z208PUE, FNEN189.7mQ, 177.1mQL 720 6.6 %I L=, F7=, kil
A S2 B LT E X OMHERKEGEIAZEH L CWnWenw kTRl LIE N T v
ZOEPUE, TNFN2189mQ, 1894mQL 720 13.4 %IKHE L7-, Z IR I
N XD AP OMHENER L TWbd, £z, M= A L ST, S2 &S LB
RS HIAE 2 L CuZeuny b7 > ADRSERENE, FEI0.85, 0.83 LieoTz, F
7o, BEARRRMEHIEZEA L7e b7 v AOREELRENE 0.76 & 70V REARR K HIAE 25 H L
TWARWR T VAL L TEILEIL10.5%, 83 %K FL7Z, Ziudkitts v v 7,
Wtk 7L — b2 aA VORBEICEE L2 212X, oA VIR T DR A
WYL= Th 5,

=T 7Yy DRILLCHIRE 2 > N —ZIZEE L, 2 E L2 A, )
EIBOWD & &, BRI ZEHN L TN b T R EBEM L. BT 20%3RIT
, TNENE3%, 833%L72V03%M ELz, £7=, HIIEIISOWD & X, BEAR B H
WEEHAL T W R TR LA L N7 U ADRHEIL, FNEN8LT %, 81.8 %k
72001 %[0 E U7z, ZAVEBERREEHIENC X D AR HESTOMENIER LT\ D,
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