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Abstract A novel design theory for wireless power transfer system using soft-switching technique is presented. A new multi-resonant
ZVS wireless power transfer system with electromagnetic field resonant coupling is proposed. By use of the finite element method, we
calculate the circuit parameters of the power transfer devices. Two new analytical techniques called "Harmonic resonance analysis" and
"F-parameter resonance analysis" are proposed. In the experiment, we have achieved high efficiency of 95.5% at 240W. The energy which
does not use for the electric power transfer is saved as the resonant energy both in the transmitting circuit and the in receiving circuit.
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Fig.1 Isolated switching power supply (AC-DC-DC converter).

Table. 1 Power electronics system and communication system.
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Fig.2 Principle of electrodeless lamp.
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Fig.9 Multi-resonant circuit.

578



B=Ar*[r* +1) (12)

ALY, AR KTy OB THhY, (A VER) /
(2 A VRIHEHE) } 2 KRELT5 &, /AR kITRE <D,
[GREHEHE d, 2 B T AT A VR r 2 RELTHIEN
B THDLZ EWIND.

PLED X9 ITEEM & ZEMDEIFE T X —Z PE LW
AU, WAL TV TE D, L, EEMEZE
MOEIFE T X — 2 NRIg DG EFEERZEZET H5G
X, FEFICEMER AT & 70 D . BHEREIHRER A v AT~
T ZIfRITT B FUEE RETIRET 5.

4.3, FRRANEMEHT (Harmonic Resonance Analysis)

IR O W B 2 T35, T Cik, 7 v KX
A DFTHSTITFEGEIR & LTS L, Fplb=D=0.5& L Tk
B Z BT 5. 2AOFET2KRAICA A7 LTHELND
T B v (OIXRAR L 72 5.

V, (0<t<T,/2)

V"S‘f(t):{o (T, 12<1<T,)

v (0% 7 — U mARIRP T 5 & v (0215 5.

Visgf )= —Z’ + —V[ E ! {,/2(1 —cos(r n)) sin(hagt + 0)} (14)
T n
n=1
0 ={1-cos(zn)}/2(1—cos(m)) , w,=2x/T, (15)

B L E AW TENZBET 2EEE AT, #Hik
IREIFITIRAT DB TGIIEREL & 72 5. Z O DIZER
BIERTE &2 7 — U =R BUR B L 72X (14) D FEAW D 248 5
TGN TE S, BT & oM, ’%K?EZ
B L (GQHR) RIS A REHRIT 5 FIE R IRE
R LS MEHT (HRA, Harmonic Resonance Analysis) ?{f& BT—
5. TR o (1) D B AN AT B E v ()IFTIRA & 72 5

Vige ) =2V, m)sin(w, 1) (16)

AR, A B ) S 3D AP LT Vo (f) & 2EA

Visq (¢ +T) = Visq ® (13

W AR TR (O, ZTRE () & DN, HEIRHE
JEV,, B IIERLE AW Tk TRENS.
Voae () =2V, | ) sin(wg t — @) 17)
lpge®) =(m1,/2) sin(w, t — @) (18)
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Rac:v trms) \/_ ﬂl = 4 Yo _izRo (19)
Ioac(rms) T 2[ 72' I s
e EE A IS A f7 T4 2 HRA L TE, BRI IC AT
T2 RIREE Z R(16)DEAWRE B v, ()& L, BRI

e o A HHT 2 X(19) D FHRBTAGR, & L TIRITT 5.

4.4. FINT A —Z HIBFRMT (F-parameter Resonance Analysis)

R T HDHRAFIE S WV TIIRRE S I 2 T 972 . B
D LCIARIEIE 2> 5 AR & A1 2 47 HAR 1 BK 0D ] 6 By 14 % fift
Wrd o, —7, BERRREIIERDO X v 020 2T 2

THRERR S, BHEZRERS & 72 5 eI ch 5. £ 2
THMEREIIRRI A2 S P VCREHET T A FEE LT F
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HIBARHT(FRA, F-parameter Resonance Analysis) 7% & L5,
BIOIZ R 0 7-1-1" & 2-2' D e A IL IR (B ., ik 7-2-2" &
3-3'MOZERALIRERE, S71-1'&3-3 MO 4k L 72 5 IR
EEEICIBNT, joost LIEHIRRBIEOF/NT X — 4 % F), F,,
Futd2&, TNTNRKERD. 220, AL X7 #
VALIE, EEAANEZEIAANTEHELISE LTINS,

1 1 1 0
|1 1 0 L s 1 (20)
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0
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Fall:Fst (22)
ZIT, FRIA—HOERERNTERT D.
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5. HISHESEIZK SENEERKROE RN
51. imikiERE B4R L-PEERAGET /N1 X TOKE

KSR IR O RS = A L2 VT, K3()IRT
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HEFEAT Y 7 NSCAT (Switching Converter Analysis Tool)% F >
THEIEEEEZ S 2 2L — 95, HHESR I A VOMHTHER X
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FIEM,, M, M\l OV THRHT L2/ R A K10 7. A
jw/t B AL T IR, fr1, [l TV THIE & 72
BIEFEMTIIRE RIS, follB TR L7225,
it, AA T o T EB RS A A SARE IS, £, fall
FSET, EEAANVL, HEA X B AL, %E2 4’
VLD ZFNEISTEI D HARE TR, i 1 DI Z AT L7
:ﬁ%%%n%“hm(b), (©), (MITRT . [EAf HH=JEBR ST

TIF & A CHIREIITIRAT, HIRE RS, fo T
%, j(%@;?ﬁ% BTG, EELEZEOENENO A
VAT B IR E T OALAHIE, 47F— RF(odd mode) & 72 5 3R

JEREES S CIXIAR & 72 0, {BE— R(even mode) & 72 5 JLARJH
WS, TIXREAM & 22 5. (BT — FOMLIRE L, T, LR

Bl iy 1, DT ONANLFEIFE & 72 5. 2 ARTEERS,, f1,
f,zf@mjja? IXENZEINL6V, 48.6V, 82.0VERY, frik
IXZFNZEN0.072W, 236W, 612WE 725, Zh kR
JEANEER S, [T TIE, RERILIBFEA DR S, BBk
WAREL D Z LR EnND. £, RS, fub
HiEAL7220MHz & 50MHz T, 8B/, 0.0lmWAREELLT &
R E .
52. BAMEEERLE: ﬁﬁEr‘ﬁﬁFﬁh:J_T/\’fZ’CO)E g
HEFE AR T, o %2 A LEgE, %
M@ﬁﬁ@@%_kmf,@ﬁmh_@ﬁbﬁwixw#~
i, ERZRAF—L LTRSS, —F, EEOREKT
R R Tiff L, HMIREMIEERE L 70 5. BHhEL
ERT2561F, BEREIEIREVEPFE L.

Z T, B AEER L BB AT S
TP LT BB IB BT T NV E 7 = 7 A ML E W T
et 5. 7R TIEERERE MR T N A A2 W,
{RZEHEE0225mmIZ TREFT 5. A A v F 7 AW ELIE
SOKHzFREE 2 ARET 5. WEHMLERIZ, AJIHELEV= 380V (380
~420V), MEEV,=48V, H&ERL=10A (0~10A) &
T 5. BERROBEROBITIZ L VGOSN &R IEET

W, ZE

10000

% 1000} _e”” N\
—% 100
3 Vast : 100V/div.
& Lpy Iy Lrs = 20A/diV.
T time  :4.5ns/div.
2
; Vds1
_% e ir: im; ir‘s
28 29 30 31 32 33 34
Frequency [MHz]
(a) Impedance Z,, gain M,;  (b) fs=f.= 30.8MHz
Vs Vds1
/ irs / ir) im . . .
\/\ u o
L
(©) £.=f1=29.5MHz (d) f,=f2=32.2MHz

Fig.10 Impedance and gain characteristics and current waveforms.
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A(4) &V EEMIZI T 5 EAA REK L, £=29.8kHz &
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Ll . RQSHEV AL v = RZ, 7, Zy% fRHTT %
A =X ADEE R DTS R A RS R T
R=0.1IQDGE, A LV E—H U AZylE, AV E—F A7, &
Z DA AT < O80kHzHEIZ THR & 70 D —F, R=4.8QT
%, A =X RZEZOR RITEREEANCBE L, 1 v
E— U A Z 0K, B IR I =29 8kHZ AU THl/ N & 72
5. A V=B AL BN & e D IR JER SRSt E, RASK
LR DITPE, RN EL T > & AR E RS AT~ &
BEHLTWVWD

Wiz, K(26)% IV THEIIR AN O FBIEFIFM DV TR
¥ 5. BEMSEM,O BB Z X121 77T, R=0.1QD
Bt BIEFBEMTA B — & 2 A Z /N & 72 % 80kHz
TRk &0 %. —J5, R=48QTIx, BIEFBM, LA
Y — A Z 3N & T D A LR JE 8 ,=29. 8k Hz 3 T
K & 72 2 IRBIR, D ¥ENNAEWVEEFIFFM, B R & 72 5 4
WREEBIIR T T 5. BET 2B EHET D ITIIANDE
JEHATIS CTe BIEREM %2 152 K OISR A v F o 7 JEEES,
ZHIET 5. K12(b) XY, R=48QDGAE, AA v F LI HE
WSk D BEREM,, DAL, 80kHzA T C ELFkIs
THY, PEMHEEICET 5.

6. ERHER

6.1. ZEERER
AT 2 FAC BB ERIBE A 35 L CHER AT 5. AU

Table. 2 Parameters of the close coils.

L,[uH] | Ls[pH]| & C,[pF1| C i [pF]| C,[nF] | C \s[uF]
analysis | 303.3 4.8 0.912 75.0 5.0 94.0 50.0
measure | 304.6 4.5 0.904 74.0 6.0

1000 1000
S 100 g 100
8 8
] 4
2 10 g2 10
E £
E 1 A
- — -
1 5 10 50 100 5001000 1 5 10 50 100 5001000
Frequency [kHz] Frequency [kHz]
(a) R,=10.1Q (b) R,=4.8Q2
Fig.11 Input impedance characteristics.

50 50

=
& A

1 510 50 100 5001000 1 510 50 100 5001000

w3

=3
[y

Voltage gain M
Voltage gain M

=}

Frequency [kHz Frequency [kHZ
(a) R,=0.10 (b) R,= 4.8Q

Fig.12 Voltage gain characteristics.
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&, EREATTEBL V=380V (380~420V), T H FIEILV,=48V,
TERE ) EHLL= 10A (0~10A) & 9~ 5. [EIEEREICIX, LR
¥RV HIIHAEEFF RO 7 I vy ar T o E RN
T/, —RMICIE, IRFERE & DCRA 7 A PRI
N7=630VIlHIEY4nF, —KMICI, 100VIiFHESOUEE Fv 5

[BIEEAEAT ) 7 N SCAT % FI\ CEMER G 2 fitr 5. th 18
Wil= SACOMMTIEIE & ERIE 2 KBIR T, By D
JELVFET QDEBIEA ML A I ANBIELFASETHEA ML X
Thbd. £z, BV DBOVIZR > TOBFET Q34 — 4
LTERY, ZVSEMENfRTE 5. MHTERE & HER L X
< —FLTHEY, Femtet®1Z X O ENT LI-FIFE /T A —% % M
W RIS 24 D THEO G INEDNHEGR TE 5.

6.2. HRAFZEDIREE
ﬁamt;@%%ﬂt%&ﬂ%Mw%m“T%ﬁ1&i%
Mz T 2. FEBRTIE, EREHI48V, 10AICCTATEE
%380V H420VE TELZ S THEEME Mw&x4/%/
TR, EET D, ERERI4RT. FEITE & SRR EIX
B —FHLTWS. Femtet*Z W CEIMRET /A A % fijht
L, HRATFE EFRATEIZ L 0 BRI 2 i35 & 9

e —H 72 LR DIEAT FEN AN TH D Z L DR TE 5.

6.3. HIENEME & I

HABED ORI SOHIEHZRET D, AL v F v IJH
WS, % IR 5 PEMTGIIAE & 87 L < 324252 A o 1) il 4
(ORM, On-period Ratio Modulation) T WU [EHED 2 A
v F 2 TR EANC T2 OFET O E@ R o LR D, % i fH9-
5. FERAIVEIEV=380VIC CHTEEv,=48VIZHIE LT, H
TIEIRAZO0AD B 10AE TEAL SH TG O FFFEZ X151
AR I RAM T, ORMIEE & PEMIi £ & WAk o [B] B8 E
Elo THRIIAE LD, —F, BAMOHHII26WTIE

ORMMHNEI D J5 23 %hZR1E 11 % V. ORMEIENZ IBWC, H 7
240WIZ TEIERI5.5%, EKKA0W TILzh=R94.4% % =k L7-.
0 Ves1 | 0 | Vest | | | -
Opm T | 0 SR [

0 I.. ir ! I"' E 0 I \

\ A | \

0 Vds1 \1} 0 Vdi1

(a) Measurement (b) Simulation

Fig.13  Switching waveforms.
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80 85 90 95 100 0 100 200 300 400 500

Frequency [kHz] Output Power [W]

Fig.14 Gain characteristics. Fig.15 Efficiency characteristics.
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DM I5F DOLCHARAEE & Henfy S TS A R 2 AT 5.
(3) HFREFHIEMHT > 2 T LFemtet® & T BEFEAT & B
FRETIC L0, PEEEER &OREEEER 02> DEIRET NA A%
fRbr L, Wi, RO, ROEREERZ R
(4) ENSREA BRI OFE— R MEAT FIE & LT, IR IR MsT
(HRA) K OF/RT 2 —2 SLIsfiEtt (FRA) ZEE L7
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