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ABSTRACT

In this paper, we formulate three-coil and four-coil wireless power transfer systems mathematically using an
equivalent circuit model, and derive a power transfer efficiency for each system. We fabricate inductive and
resonant coils with spiral shape, and verify the accuracy of our analysis via efficiency measurements using a
vector network analyzer under a variety of environments. Through the comparison of the performance of the
two systems, we also confirm that there is a condition where each system shows better performance, which
provides the effective use for the additional resonant coil. For example, the four-coil system achieves higher
power transfer efficiency than the three-coil system if the distance between resonant coils is longer or the
distance between inductive and resonant coils is shorter. Otherwise, the three-coil system outperforms the

four-coil system.

¥ o] ATh= 2018 RIS NEAN] Alen fedTAftte] AUL wo} 585 e1F)(No. 2018RICIB6003297).
¢ First Author : Dongguk University, Department of Information and Communication Engineering, kisonglee@dongguk.edu, %31
°  Corresponding Author : Hankyong National University, School of ICT, Robotics & Mechanical Engineering, hhchoi@hknu.ac kr,
1134
o 1o fud

& 1 202007-166-A-RN, Received July 26, 2020; Revised August 25, 2020; Accepted August 31, 2020

1817

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences "20-11 Vol.45 No.11

tiuo] 0] FAE I8k AUAS FFAH R Gl
T ks Ao qls FA A AE (Wireless
Power Transfer, WPT) 7|52 21713, o|544],
L 7)7] 5 vieddt Folel 242 9lei'l 2007
MIT &d7%le] 2}7] E%](Magnetic resonance)< ©|
B3l 2me] 72]ellA 60 Watt2] A28 As]o]
ATE 2 7 A5S Hal o|FF, 2P| IR o
g WPT 7]szel] tigh A7} &is] o] Fo = oL glrt
BHOL B3] A1 FAl ZU Aol 1A
o wix|grewsn ¥ A 7
o8 A o5S Halvk
= 3-F (Three-Coil, 3C)
SIAEE T2 ZAE FA FZYUo|
o7 7PRHA afA| gl Aol &
et MITe] o 2
Hhol, 2ke- F7]9] = $Aal 2
=2 ! Al4%(Quality factor)E Z= 341
& mjx|8h= 4-2 (Four-Coil, 4C) Al2~wle]]
gk A= APl 8]0l = 4C Al2aHlolA] 9]
T ~Z2]¥ (Frequency splitting) A4S #4435}
3, o5 A = Sl WS Al [9]¢4]
= 4C Az=Fle] A5s A7) $18E A s
A, Fal A3, 4% A A5 (Coupling
coefficient) 55 =3¢tk F7Pdel 22l 799
AR WPT A= 3 A1 i sl 54l
et AAA w85 PAAZIeE 2=]BE ofd] o
gk B8l AN uistel igt AA7} F8sick
E =FoM= 309} 4C AzEle] AF RlaE §
3 F7HE 321 Zd o] mapHQl AR-E 907 A)A
S AAEA} gk WA 571 3|2 2d(Equivalent
circuit model)2- o]} Zhzke] A|4wlS- 48k o
2 mdgsla, o5 Mo g A=A A< S8 (Power
transfer efficiency)S =&3I3ich = T3} ¥+
AL Ak, chekrt gellA e UE= ¥
d7](Vector Network Analyzer, VNA)E ©]-8g A

> 7P W ool

st

L \

%rif%ntz

- o o Mo

O‘lglLJb\'oln

0. =

TR o o
ﬂ._!ﬁ‘m’nt%rq'
HE
f

iy

1

K

e,

oy
fllo r‘-?i‘ -

H

fr
c’0
o2t

goll v
lol A

Al =

rtz

1.

2
N

(o3
d
tlo

o
:

3

[o5

% 2 Ba ¥4 Ave] AEe A% ®
g A Aole] A wlmE Ea) 27ke] Al

@,

o] 6] S A5e molt 2Ae] EAFE B
shglonl, g 226l me} o A AgHow
AR Zlo] WPT A5-e B 4 Slee 3l
shaiek

X

(¢3

1818

II. 3-3Y A|AH

< % %4 FY (Inductive Transmitter,
Tx), 541 941 34 (Resonant Receiver, Rx), Tx <
=]ol] vix|gF Foke] 21 7Y (Intermediate Resonant

Alz=gle] A7) By

p

Q
e,
=
a
fu
o
u
2
2
W
E O

Oy
-, p BAECE 7|4 ol HAL
ie{t,1,r}olm, t= Tx, 12 i-RC, 1& RxE 2Jv]glc).
8 2= 3C A2l Srls|2 mdld BojEc) Tx
=AY FFE A A vk d4=Y] 9lem, Rx

o
AL A o, 7

w, =2rf, = I , ae{t,1,r} (1)
T 9} 7] 2] frE AlZlE s ERs

M2 x¥FE 4 9)rh. Kirchhoff’s voltage law
ES

be WA Alg S sl

Resonant Coil Resonant

Inductive P1 Rx Coil

Tx Coil

v
S R,
32 1. 3-3Y AxEe] FA] 2E
Fig. 1. Resonator model of a three-coil system
_klr_ .
G G G
Ry o\ L L/ 1 L/ & R,
Vy It i8] Iy
Tx Coil ™~—" Resonant ™~ Rx Coil
M Coil Ir

O3 2. 3-37 Az 571 H2 md
Fig. 2. Equivalent circuit model of a three-coil system

www.dbpia.co.kr



Vo= Zi, + joM,i, + job,, i,
0= jwlyi, + Ziy + jwM, 1., @
0= jwh i, + jwhd i, + Z i .

2] <] Z = Rg+r, + jul, +1/juC,
Z =r, +jul +1/juC, Z =R, +r, +jwl +1/jwC &
zh 3mde] iy e aE vhepdich 2AEA] e
3 Atele] Az lHRlAE FEs] Afrial 7Hst
9] f= Ao 271 v

Ml |, 3)

Al 3)F ol&sle] S7HHQl S21 FEblEE ok
3} zro] & 7psshill

ViV R,
2 M, M, R,
444+ P MG EM

1714 v, = |i,| » B,& Rx®] HapA3el 2

A
Z OHL
A

°Lo]r:} S$21 FE}rE]E TxoA] Rx 2 HdE=
o5& YERER, S219] Al 32 duEo=
= X*DL &S HoFE AEE AN ?‘f&l‘%ﬁ’“. A
==z

FIgell = 4 o] sl
zro] 0] E| B2, ju L +1/jw,C =0, 3C
2 o3} 7o] T 4 &’l‘?}

(o3

. 4-3

ne

INES

ne

18 37 4% §% Tx9} §% Rx Aleldl] 2709
iRC7} EAI8= 4C A|2=Hle] 337] 2 S7Is|2 =
95 BolEr) 7]l Fetrle]= 3C Al=Hl 7
o ol =} 1, 2 22 Tx¢} Rx &49] i-RCE
oJmlgh},

Resonant Coil Resonant Coil
1 P2 Inductive

Rx Coil

Inductive

38 3. 4-3Y A=He] 3R] 2El
Fig. 3. Resonator model of a four-coil system

e

Tx Coil ™“~—* Resonam'\i/ Resonant \/ Rx Coil
il Coil 12 Coil ky

T2 4. 4-3Y Az SolE|E 2l
Fig. 4. Equivalent circuit model of a four-coil system

3C AlzHo ]3] KVLE o] gshd o}ea) 2o
WAL AE 5 glek

V= Zi, + joM,i, + joM,yi, + jol, i,
0= jwM, i, + Zi, + joM, 51y + jwb i, 6
0 = joMyi, + joM i) + Zyiy + jwbd, i, ©)

= jwM, i, + jwM, i, + jwM, i, + Z .

A ()X Z, =r, +jwL, +1/jwC,E= Rx T3 i-RC
o] o JHE ek AAEA] 2 F AL
ole] A% AHRIAE FAIBI M, ~ M, ~ M, ~0,
7t 3ele] fm AR 2r)E et o] BEY 5
ch

i‘l

_ Vs

= PR AT
" 442 +0M, 7 +F My 2

wM, (27, + M, )
Z 47+ My 7+ M, Z
M, M, Z,

ZZQZ +W’ M Z + M 7,
W' N My, My,

24,2 +0M Z

|i

|21|:

° |it|7

Q)

|iy|= * il

li. |=

A (MHE o] 83}, IR Falol|A] 4C A|2=Ele]
FE2 A (®)9} Ro] AT S glrk

4 M M, R,

e = |521 |2 = [

(Rt r ) (B, +r e, + M (Rt )+ A (B, )

()

1819

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences "20-11 Vol.45 No.11

v. Al

ook

21

45 f= FYLE o =100m, 7,=1, L, =0.71uH,
C = T6pF, r,=0209 F2ve] 3L zkon, F
21 FIEe a; =15¢em, T, =3, p; =0.5¢m,
L =135uH, C =T5pF, r,=1802 J=pe 3t
& Zerh o=3h V=10V, R=R =501,

f, = 618 MHz o]t} olz|gt ¥ oA VNAE
ol-g3te] 821 Ietvle e SAske] 4 gt v
astolrt a4l Z Afele] 77l 3C AlaEe] A
% i-RC2} Rx Ao} 7Az]o]w, 4C A|2gle] 75
i-RC Afo]e] 7zjolrt. wbil fXe It 341 2
Afole] Azl 3C Al=Ele] 7 Tx} i-RC Aol
712]ol, 4C Al=gle] 7 Txeh 3 WA i-RC Aol
o] Azl g F WA i-RCe Rx Afe]e] Az]olrt

a5 6 Al 2 Aol A4, )0l HiEE A
A 58-S BolFrh & AdelA 4, = 3C Az
o] 7% d,01H, 4C A=FL] AS- d,olek o714
e 3 T3l 29 Apel9] ARl Sem® A}
et 3¢9} 4C A" 242t 4 =20em, d,,,
o o Hee] EE&S Halrk olHr} Wl AzlelMe
7] o] A7|7F oFellA Fde] Akaghe) wbd
A9 d,,, Brb g 7Rl s fgo] WolAl= s
gelad o ik o]2Hom 3 Alole] 727t 7t
A w2 o] Aol ALHARE A lA
qF R} EofRl Aol AdEs A uc) vk
A= AHe] v wobd 2313 F&2 HeiAAl H
= @] sk, ol Tk ~Eed olef 3t
o}l =, 3Cs} 4C Ayl B Ful aFR|HoR
sl 272lelM 25]3 Fdo] "WoiAA =t w3,
d,., <30 emQl F7relA= 3C Al2~gle] Ffo] o &
3, d,, =30emQl P 4C Al 2mgle] Fgo]
H =52 A1 S Shrk

a8 7 A= 29 33 3 ARele] ARl(,,)
of g A3 A T8-S woiFErh £ Atelr q,
= 3C A28 A 4,019, 4C A=) A$- 4,
F d,, olck o714 TRl 2 Afele] A2)= 30emE

=35em

ol

a3 5. 3-3Y Alxgle] Ay AA oA
Fig. 5. Example of experiment setup for a three-coil

system
10 T T T T
’ 0 nye (Exp.)
— N (Ana.)
‘;T 08l A mye (Expl)
8 /3\5\ - =M (Ana.)
o
© AN
& 06 =
k5 / N
[ ’ N
2 . ™
S 04f I Mo .
k= ’ 1§
— 3 7
5 N
% 0.2 j A A
a , ~a
L /,Li ]
X
00+ 1 H H =
1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 60
Distance between resonant coils (cm)
a2l 6. Y AF JE vs. 2R 2 Ap]e] AE

Fig. 6. Power transfer efficiency vs. distance between
resonant coils

T T T T
or O ny (Exp.)
¢ (Ana.)
Sos} Ay (Exp.)
>
8 'Af’A‘__A‘\ == -1, (Ana.)
K] RN
(&) ~
e 06 ~ L e
[}
9]
Y i
S 041 < .
£ o
[ ~
E RANY
S o2 ~ &
0.0} -
1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9
Distance between inductive and resonant coils (cm)
I3 7. A AF EE v S5 Z09 4 29 Al
e
Fig. 7. Power transfer efficiency vs. distance between

inductive and resonant coils

7740=|5’21|2

Aufy D)

]‘@27' RSRL

®

1820

www.dbpia.co.kr

[(RS+Tt)(RL +73)7"17“2 +w3]%2r (R5+Tt)T1 +w§Mﬁ (RL +7”r)”'2 J”Uz”[fz (E?+rt)(RL +Tr)+w§M21 ]l/ézr ]2



A} 4-32d 7]ake] Al AH HE Abele] A Wl

ACh
=2
)
al
(98]
@!
>
>
)
o
)
:10
\
=
o,
olf'
tlo
f
o
r
Y,

< Feld & girk

I3 63} 7 ] Alsde] o 943 A5S
Hol= F7lo] &A3HS HolFEr) a3 E F714)
whe} 3C A|2=®lF 4C A awlE A5 07 AN
22 WPTE] &85 73 5= 9)8-S o
3k 5 a3 mF A¥ghExp)T 47K Ana)e] &
Axeh= AFE Ho|BRE o|2 El HAe] A

=
= A5 5 ik

v.d B

References

[11 S. Y. R. Hui, W. X. Zhong, and C. K. Lee,
“A critical review of recent progress in
mid-range wireless power transfer,” IEEE
Trans. Power Electron., vol. 29, no. 9, pp.
4500-4511, Sep. 2014.

[21 A. Kurs, A. Karalis, R. Moffatt, J. D.
Joannopoulos, P. Fisher, and M. Soljacic,
“Wireless power transfer via strongly coupled
magnetic resonances,” Sci. Express, vol. 317,
no. 5834, pp. 83-86, Jul. 2007.

[3] J. Lee, K. Lee, and D.-H. Cho, “Stability
improvement of transmission efficiency based

on a relay resonator in a wireless power

(4]

(5]

(6]

(7]

(8]

(91

[10]

transfer  system,” [EEE Trans. Power
Electron., vol. 32, no. 5, pp. 3297-3300, May
2017.

J. W. Kim, H. C. Son, K. H. Kim, and Y. J.
Park,

resonance

“Efficiency analysis of magnetic

wireless power transfer with
intermediate resonant coil,” IEEE Antennas
Wireless Propag. Lett., vol. 10, pp. 389-392,
2011.

J. Lee and K. Lee, “Optimal number of relays
for maximizing the efficiency of wireless
power transfer system,” J. KICS, vol. 44, no.
1, pp. 61-64, Jan. 2019.

D. Ahn and S. Hong, “A study on magnetic
field repeater in wireless power transfer,”
IEEE Trans. Ind. Electron., vol. 60, no. 1, pp.
360-371, Jan. 2013.

W. X. Zhong, C. Zhang, X. Liu, and S. Y. R.
Hui, “A methodology for making a three-coil
wireless power transfer system more energy
efficient than a two-coil counterpart for
transfer distance,” I[EEE Trans.
Power Electron., vol. 30, no. 2, pp. 933-942,
Feb. 2015.

A. P. Sample, D. A. Meyer, and J. R. Smith,

“Analysis, experimental results, and range

extended

adaptation of magnetically coupled resonators
for wireless power transfer,” IEEE Trans. Ind.
Electron., vol. 58, no. 2, pp. 544-554, Feb.
2011.

Y. Zhang, Z. Zhao, and T. Lu, “Quantitative
analysis of system efficiency and output
power of four-coil resonant wireless power
transfer,” [EEE J. Emerg. Sel. Topics Power
Electron., vol. 3, no. 1, pp. 184-190, Mar.
2015.

R. Mongia, RF and Microwave Coupled-Line
Circuits, Norwood, MA, USA: Artech House,
2007.

1821

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences "20-11 Vol.45 No.11

0] 7| & (Kisong Lee)
20131 8% :KAIST #7] ¥
HAlgst) At
-~ 20131 9%~2015d 2% : ETRI
TleEdTa A7

2015 39~20174 8Y: 1A
Z\ ;Hzﬂ—;r_ HuEA T 2

2017 94~2020+ 2%. thetnl A wEAlgst
i Faeg

202013 3Y~3x) - £{,|11:Harl—j7_ A ) EA sy} Ry
<A ol o5, P, A 354
[ORCID:OOOO-OOO1-8206-4558]

1822

%z 81 & (Hyun-Ho Choi)
2001 249 :KAIST #7] %
ARy} 24
s 20034 29 :KAIST #17] ¥
' ARyt AA}
\ ) 2007 249 :KAIST #7] %
a0
20074 3¥~20114 29 : A4
Eled AEdTyd
2011 39~3A) : I dlstn ICT=%7|A15-3t
I ICT R F ok

<HAEol ol FEAIALE, ARG Al, EAE vl
Efl=m, AdY B4l FAAEAE, A o
aElE

[ORCID:0000-0002-6785-2596]

www.dbpia.co.kr



	3-코일과 4-코일 기반의 무선 전력 전송 사이의 성능 비교
	요약
	ABSTRACT
	Ⅰ. 서론
	Ⅱ. 3-코일 시스템
	Ⅲ. 4-코일 시스템
	Ⅳ. 실험 결과
	Ⅴ. 결론
	References


