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A Proposal and Experimental Investigation
of Analysis model

for large-scale wireless power transfer system*

Kohei Kawabata

Abstract

Recently, technology of simultaneous wireless power transfer (WPT) for mul-
tiple receivers has reported. In WPT system which single transmitter feeds
multiple receivers, optimum load impedance in receivers for maximizing power
transmitting efficiency has analyzed, and power distribution method has also
proposed. Electromagnetic field simulation and equivalent circuit analysis are
employed in these researches. However, when the size of transmitter is enlarged
in order to widen feeding area, circuit model is required to be also converted
as distributed constant circuit because of uneven current density distribution in
transmission line. Therefore, this research newly proposes an equivalent circuit
for large-scale WPT system. We build circuit model for large parallel line feeder
coupled with multiple receivers as combination of concentrated and distributed
constant circuit. This thesis experimentally demonstrates proposed model. Fur-
thermore, we investigate received power imbalance according to a receiver position

in large transmitter using that model.

Keywords:

Wireless power transfer, Multiple receiver, Equivalent circuit, Distributed con-

stant circuit, Parallel line feeder

*Master’s Thesis, Graduate School of Science and Technology, Nara Institute of Science and
Technology, March 11, 2020.
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1Y L AMEBIZE T BRI Tl 3 A OV E L OGN 2 & & T R [0
FACTEE IR 5 2 L TESMEEE L U TOMT %2 ifgeic LT3 [21).
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Convert as concentrated circuit
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# 1 EEGET
Parameter Value
JE A f 20.0 MHz
“ . Ly 80.8nH
EEMAEESRBECT VR IR VA
L3 80.8nH
=, . Ly 75.8nH
ZEMEERECT VX7 RV
L, 75.3nH
N LZshort 700 nH
TEEROZEEA VX I R A
L4short 698 HH
v kq 0.2766
T AR
ko 0.2703
. My 21.6nH
MHEA VR I7R VA
M,y 21.1nH
7, . . Zi 2.3092
ZEIMRAA V=X VA
Lo 2.2012
TR V=&V A Z 1.0Q
PRI =K VA Z!, Z!" | 0 (Short)
ZEmDEFHMEX 50.0 mm
5 R 6.0 mm
KRR l 3.05m
IR AR E D [E e 30.0 mm
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4.2 A—7 - a—KrE

HERMEDE R IZBERNRNT A =X THIRNEAN V=X VA Z) B X OzE#kE
BylzonWtT, A= - va—prEzHWTEZRD S, =TV - Y a—|
HE, RGO E Y 3 — MIUEEEDA V=XV A Zgow BE A —
TV UIGBEDA V=RV A Zypen DIEIZ & > TIRER % KD B FIETH
5. Zy B IOy IFmK,

ZO =V Zshort : Zopen (23)
Zshort
tanh(vl) =
anh(v/) Zoren
(24)
1 Zshort
tanh
open
= v =

& o TEHE I NS, HIEME Zaors Zopen B £ T, R (23), R (24) 2oBHIETH
T2M8 Zy, v 2R 2ITRT.

*£ 2 “IREH

Parameter Value

ANA V=RV A (Y 2 — MR | Zgwors | (117.1 4 750.4i) ©
ANA Y E=R VA (J&5iA =T VW) | Zopen | (5.7 — 76.61) Q2
Btk v =&V A 7y (241.3 — 9.71) Q

(Rt E 2 v 0.0108 + 0.4146i
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4.3 EIRE &RIEED
4.3.1 B—ZEAEEES

FIFETRODEZHH RNIIRIBLIOER2ONRTA—RERALUEZATIA VE—
XU ADHBMHEL 2v VT —2 7 F T4 P2 Lk BEBROHIEMIZONWT, B—52
B AHROGAERIITRT. EIRE32TICE T BUARME 2, 2 0m A5 1A

mETLAMTOBMILALEDI VE-R U AZRE L. T THRENE
15,0m TH 5.

#* 3 B-ZBAEEHED Z

x1[m] | xo[m] Zin (Theory) [Q] Zin (Experiment) [(]
2 0 125.3 + 805.1 135.2 + 808.3i
A EA 123.8 + 799.3i 130.8 + 806.3i
ZX | A 120.1 4 785.2i 123.8 4 798.3i
=X | A 115.3 4 765.9i 119.1 4 773.74
=X | EX 110.3 4 744.9i 111.2 4 762.14
+A | A 106.3 4 725.6i 102.0 4 741.04

0 2 103.7 4 710.9 98.1 + 727.6i

KIDHEIZOWT, Btk =RV ALk > TEHMLLAI AF v — b EIZ
Ty FLEEOEKM20IIZRT. M&b, HRcerTay b INLEHRES O
TRARDBEAMEIZ DWW Tl H DOMEIFMA—H L TH 0, REFIENFEFREREIZE WV
THLHEAMETH S Z LD SN, 72, HEnE, e I A1 v
V=XV ADMEMPAEIZE > TEHLTWD I eh s, KFEY 1 ¥ L 2HBEIC
BWTIZEMADME LD EREOS VE—X V A{EHE LT Y E—X VA
RYF VI EITIOBBENNDZLEZONS.
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—  Theory
— Experiment

-1

(a) Overall chart (b) Detail chart

20 B—ZEMFEHED Z;,

4.3.2 BHEZEARESH

R, EEZEMR LS UGB EDOAN A v E— X 2A0MRHE & OHIE
lE%RK3ITRT. EIFE33EICBITEIZEmRA2 % 23 = 0m O ETEE L,
ZEWMALZ 20 = 0m~IAm OB T EIAmTOLI L EDI VXY
A% WJE L 7=,

#* 4 BERZEMEEED Zy,

x1[m] | xo[m] | x3[m)] Zin (Theory) [Q] Zin (Experiment) [€]
I 0 134.8 + 867.6i 141.5 + 845.7i
A A 132.6 + 858.8i 138.2 + 832.5¢
X | &= 128.1 + 841.2i 132.3 + 821.5¢
=X | A 0 122.4 + 818.4i 120.5 + 803.6:
x| 2 116.9 + 794.6i 111.6 + 782.7i
A A 112.5 + 773.5i 104.2 + 762.8i
0 2 110.1 + 759.3q 101.4 + 748.2i
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FADMHEERMEA V=RV A& > TEBLL, AIAFy—bEIZTaY
U2 DZM21IZRY. BED, biROBEEBUITILER U 72 & BER{E & H1
EMEIFBEREWMEZ & > TH D, BECHARIC BT 2 M0 KA H O FIE A TR 5%
WBWCEHEHTHD ZEDHEND SN, 77, 22 0m T I EMEDGEAE
MRELIZO>TVWDBI h S, ZEMARLVEEE L ZBRICIZRE L2 IELE -
THEY, TOREZZERLAETNERSRWEEZI LGNS,

—  Theory 1
— Experiment X=% Am

a verall chart etall chart
O 11 ch b) Detail ch

21 BEEZEHREEED Zin

4.4 /NF
AETIE, KRBT A4V L ZABEY AT LIBT3 RIZ DO W TERIZ X
HMGEZR T o7z, FEEWREBIZBITDAIANA V=XV ZAOMEIZESZ YT, 53

HECITo 7R IC Ko TEB U2 HERE L, EEROREIZEWTARZ MLy
NI =207 F AP EMHLTHEL - MHZ iR URET 2 D 72, ERFER LD,
HIEMEPRHEGRE S — B L TWE 2 e O REFEVNFEREICBWTCEHEHEHT
H5IEDHENPD SN, FTz, HEEIRKRDERIZE W TS HIEMIZHEGRE I8
Wiz &> THED, RETHHGEmRIERIRRICHRELZBICEEHTEZ 22 L %
~UTz.
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5. [mEMRDOAERE

KETIE, KEET A YL AREY AT LB BEEROAERMEIZ DWW
THET 21T 5. REAFEABOBBENFRE YL THaIcEWES, BIE -8
MBEDPHENT—RRTR L 205720, ZET 2BV MEANDOMEIZ L > TE
B}IreERAONS. £IT, HI3IETRELUZEMEBET VEHNT, K
DRLEIT & DARIELREL | Soy | DHEGERMENT 2175, F7z, FEHEEBIC L 0 FEBRIRICS
JAHEROAERAMEZENPD S,

5.1 IBERARNT
5.1.1 F/INSXA—4EH

5 3 TR A J- SIS HR D FNEZ FFEE, 221019, M 22(c) IZBWT*
IR E DD DB Vo B X TEBHE L 1, Vi, [ ZHWT,

1
It 0 1 ]WMl 1 0 1 Iout

. . , (25)
Zyo + jwly  ZyoLo + jw(LyLs — MY) Viut
_ JwMy M,
B 1 L,
jle M ]out
ERTIENTES., I TZ,IE,
7! + Zytanh
Zm2 _ ZO . t + 0 an (7:52) (26)

Zy + Zj tanh(yx,)

Thd. iz, H22(d) IZBWTHREMREE DR TREATH S (9) 2 WD &,

Vi cosh(yxy)  Zysinh(yzy) V
= 1 (27)

I — sinh(yz;)  cosh(yzy) Vi

in ZO t
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y#EpESED, R (25), R Q7 &V,

Vin cosh(yxy)  Zpsinh(yzy) Vi
1.
I, A sinh(yzy)  cosh(vyzy) I,

0

p . Y
cosh(yxy)  Zpsinh(yz;) Z$2‘+ Wl Znls + jw(lnLy — M) Vout

— Jwbh M,

- 1 Ly

1
— sinh(yzx cosh(vyx _
Zo (’Y 1) ( 1) ol M, Lout (28)

A B ‘/out
C D 1 out
‘/aut
i ( )
I out

( Lyo + jwl Zy .
A = % cosh(yxy) + jw](\)41 sinh(yz1)
LyoL jw(LyLy — M? ZoL
B = Zr2 +jw]\(/[11 2 ) cosh(vyz1) + ](\)412 sinh(vyz1)
(29)
Ly jwlhy .
C cosh(yzy) + =2 Wi sinh(yz1)

T jwlMy jwM, Z

L Lol jw(Ly Ly — M?
D :icosh(vxl)—i- 2Ly + jo(ln Ly 1)

inh
\ 7 Vi Ze sinh(yz1)

ED, FEAREBIZBIIAMEBOF T A—XERDEIENTES.
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! X1 X3 :
T' ®
Z

zZ;
Receiver
® L ®
(a) SEfi[] K254 (1)
Z;
X1 ; It Ll - M1 Lz - M1
. > 17 LYY Y
. ‘[()ut

: X1 :
]in r: 6
1 Z;
@ V;n Vr Z </\> Zy
— —
(d) S filli[m] 2822 #1 (4) (e) SEAilli[a] B8 2 # (5)

22 i [ B 2 L T IE
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5.1.2 SINTA—IDEH:

| =

I
—_

a; a

o o) [

r
Z

® [

O———0
N

CSTV(S

X 23 2 —hRxwy hT—2
M23D L5 2R— b2 Y NI —=2IZBIFBFNTA—XIFILUTDXSIZE
IN5.
Vi Vo A B Vo
= [F] = (30)
7, A a1, as ERETK b, by ZEFEZADHE SNTA=RIFUTORTE
IN5.
by St Sie aq
_ 1)
by So1 S2 as
D& E, SINTA—=K Sy, S, So1, S EFNITA—XDS A, B, C,
DB XU, ASlE iz EREINTWE S V=XV A Z,, Z, #AWT,

AZ,+ B —CZ,7Z, — DZ,

&IZA@+B+044+D@

o N7

2 T AZ+B+CZ, 7, + DZ,

(32)

. _ 2(AD — BC)Z,Z,

T AZ,+B+CZ, 7, + DZ,

g _ -AZy+B-CZ,Z,+ DZ,
\"® T AZ,+B+CZ,7,+ DZ,

ERTIENTES.
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5.2 HEFR{E &AEMEDLER

X (29), R (32) BRI THEREE SIS 5. KRARICBI S Z,, 2,13 Z, = 21,
Zy =721 CHY, 11 =10 =5 AmDGEEHNTE 5 TEL, K2DNTA—X
ERAT S L,

(

A =281—-35.0¢

B =334+ 2680t

(33)
C =0.0937+ 0.383¢
\D = —3.64 + 0.893¢
b fi%f:&b, Sgl Ciﬁ"“//\)b{[ﬁ :%@b(,
101og | S| = —29.38[dB] (34)

tkdbons.

SARNE 22 2 0m 225 IAm EFTEA m FTOBMIEZLED 5 12OV,
FIRRIZ U TR UZBREE 2y N7 =2 7 F 54 P2 & - THEEUHIE L 728
EHRBITRT. P, VATARBBRIZOWTIREL1IEZLRUTHY, EBF#ET
BIUOmmERIR1, R20MEE2HNS.

F5D8ERE T 7LD EX241TRT. K&, HEREE REMED TS
ZIFHERFEAN TR L TE D, ML ZEMEEE T IUNEL - B O
M B WTHEAEMTH DL Z L ENrD SNTZ. 77, (GRS MLE o,
IS TEBLTHE Y, KBEER ETIIZETIBENMEICKEFET S L
DHER X 7=,
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F 5 Sy OALERME

x1[m] | xo[m)] 101og |S21| (Theory) [dB] 101og|S91| (Experiment) [dB]
) —27.44 —27.33
IX ] & —28.45 —28.34
ZX | £ —29.06 —29.07
A | A —29.38 —29.34
LA | A —29.47 —29.58
S —29.37 —29.57
0 A —29.08 —29.28
-26.0
-26.5 ++Theory
227.0 -“Experiment
% -27.5
a3 -28.0
72
oh
S 285
=
-29.0
-29.5
-30.0
L, L L A L L
307 15 10 15 6 5

x2 [m]

24 ARIEFREN S DALERFE
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5.3 /IME

RETIE, KRB ZLEAT A 2 Xk AR A8 & U CTHWOW R ERORR R Sy
DA ERMEIZ DO WT IR AR -, HEREITIZB\WTIE, BRI 3%MEBE T LS
FRIA—REBHL, IhE SN A—XANEWT 5 Z & TEERIK Sy OH
HATELZ 2Lz, FERFERIIRET MMM EREICEWTAHTDH
5ZLamRLTED, ZIET BN RBRBIXENAR LOMEIZ E> TLHT S
ZEDHEND ST
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6. Eim
6.1 HAiE

RESLTIE, KB T A YL ZREY AT LB T BEMEEOMEEE B &
UC, BT 217 WERERIC X > THROE 2D O 2. /DS AW
5 NT WD 2R T RS KA O FIEIT R B EGH/OT A AW FEELIVE+
FZREVHBEITITEHATE W20, LdERREIEE & 20 E B OMAE D
W& U CHAMiREE % S 5 FEE2 i 7 TR L 7-.

BATETRUIZE DI, ERERIZED AN VE—X Y ZOWEMEHE 3=
TEEBUZHRE L AT 52205, BET2EMEEKE TV BEEEICBE W
THHEHHATESZ LDMERI N2, £/2, ZEWMADMNEIZ K - THES L 72088
DANAVE—RZ U ADREHTHLVHERMBONZI 06, RROEHET
DNRFTA—=RBLOURMERHS P TH D L E, A1V E—X 2 ADHEIH
ETEAVE—R VAR Y F U T RITIDTIENTEHLERINS.

F/B5 T, REBXEEMK LICBWTZEBNINZEIRKOMBEIZEL -
TEHT 2L 2, HRMEITICBEWTIX, BET 2%MEKE T2
WCHEE - BRICETIHRRAZEEL, SATA—K2EH L. ZLT, &£
Bz X 2 MEECEERD A AMEZRL, KBB4 Y LV AREBEY AT LB 515
EAREL Sy DMEMFENEZIFS T U7z, 7z, BHULEERBOMHRA LD,
EEMOKIG S V=XV AR B ESEE I TEAY—ZMEDIY ba—)L
MTELDTRBVILEEZSNS.

6.2 SEROEE

AWZETIE, RET 2 EMEEKE TV OWTERIC L SMEEET o720,
MU IR L 2N EENT VAR EEZS5ND. £ 2 THBITIERMR
EMEZ1F5 7280, BIRIEEFO/HOREN DR VR TOREE®, ¥Iab—
vavy 7 MR SHERETORGZT S BENH 5.

FEAMEICBE VTR, EEASAHRORFAMNES 2 I m ICREL 2720,
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EEMENIBEZHBAIAL SR — AW THmMPAEHATH AR TE
TWRW., TZT5%IF, BEEIIZHULTIY) REREEmHEEZHWSED, &
DEWEEEE AW BEE 2T O BERDH B EEZ 6NS.
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AFGFUZH D MMEITH 72D, FREVZRGEPESPHEIR 2 ZT 0, HE
BIFFRDRER % 5 2 T\ 72 \W2 AR R E R e Rl % ZU%iTnh & D
B ORZERLET.

BHEEHAE Y LT, ¥3IF—IVEIZBWTHEZEB S PEEE NV
PR AR SR B — BURICESHEIRLR L B E T

HUEDOMZEIEEI D S XEIZ R L £ T, 2RBRIHEZH D T LA
BlEEEARTFseR BB s AR IR O EZ R L £ 7.

B R SRk 2 RN S, R R W 2 720 T AR S R BN A ST R
Duong Quang Thang BIAUZZE S EH W2 U £,

BARIZ, RAETRIZBWTEHR 2 OB, #IBhE, XkEz W EE £ Ly
NT =T VAT LB DO SR, FEEDOEEDOLZ Lm0 £ UEREP KA
DEVESEHOEZRL, E<HILZHL EIFET.
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