creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

ok
%
&
>
—|—l
%
©
ri
o

Coupled—Mode ©]& #243

A ANHA] AFelle] 5%

An analysis of Coupled—Mode Theory and

application in Wireless Power Transfer System

20143 8¢



Coupled—Mode ©|& EA 3}
24 A Aol 34
An analysis of Coupled—Mode Theory and

application in Wireless Power Transfer System

/K] §£|__ A
HER Y I o=t e ATH
20143 8¢
A3 A% A (2D
FA A% [ - (o)

9 4 4 9 ¢ (a)




Hr

Coupled—Mode ©]

ANA| ds &

%!

s7hel = A el A ¢

1744 =

A
vl

7

ofet 2007 MIT =4

1§1l_

HH
How

s7hE =

L —
L

i, #H

ZHE Aet¥l Coupled—Mode ©]&& 9]

=
=

.......



o] &5}

St

°©

74l 23 of| A 9

o147k vln]

|

o

T

L

FA
3 AT

°©

hia

e,

o]g-= 1
A g AR AL

g

il

o

&,

-

Coupled—Mode ©]&2] H]w o] )
TC

i
w

Ao

Ao

} 2 (Inductive Coupling) ¥+ o1&

K

Ao

e

A, o] T T

1T},

(e}
A

(Magnetic Resonance Coupling) ©]

w2

E

0
z]T_

XTI

—

¢+

B

o

7} source°l A 9],

o
pul

St

L

L

= AA

==
i

ste] 5242 7]
SERR

S

o1&

[e)

=

Coupled—Mode ©]&
YA A% Al AFREEE source?] FH+ A Voltage source
Coupled—Mode ©]&% o] &

2} Power source

i, ©

—_
110

Coupled—Mode ©o]&& #A

T
-

o] =ioll A

Zolt}t, Coupled—Mode ©]

=

sk

ii

AFA AF o] &3} Hla A



o

A AF 8t ATt Steady—state ZFEN]

4

source 5o wWE &

tolsgol2 o T3 F& gtd) vlmete] Ao Adxet= AL A=s)
ST},
FR8o] : FA YA A%, Coupled—Mode o], S713=E0|E,

A7 92, A7)1FAE2] &4, Voltage source, Power

source

8 W ;2012 — 23220

iii



Al L A e 1
Al 2 ZF Coupled—Mode O] F T2 e 2
2.1 The LC CIrcUlt eeviiiiiiiiiii 2
2.2. Coupling of Two Resonant ModesS...oouuviveeeieiieeiieieiieeaaennn. 6
2.2.1 Solving the coupled system of equations...........ccc....... 6

2.2.2 ANalyzZing SOLULIONS cuuen i, 9

Al 3 A Transient G 7FEE OB 11
3.1. Coupling of Two Resonant ModesS....coveveeeveeieieieiiiaeaannnn, 11
3.1.1 Solving the coupled system of equations................... 11

3.1.2 AnalyzZing SOLULIONS cuuteniee e 15

3.2. Coupled—Mode O] ZT2] HII...oiiiviiiiieciieieeie e 17

Al 4 7 Coupled—Mode O] F ] G e, 21
4.1, FATARA Y TIFANA s 21

4.2, BB A e 26

Al D A B e 36

v
2



.. 38

)
sl

A

40

ABSTRACT L

!

A



® 53

3 1 Transient Coupled—Mode ©]&2] specification
3 2 Power source® o] 83 7} k190 FX719 Aztel] wE oz BE25

3 3 Voltage sourceZ o] &3 7} kip9 33719 Azte] W oA EFE25

¥ 4 Mid—coupling, Mid—Q 7-%-9] specification................ 32
3 5 Coupled—Mode ©]&3#} Steady-—state S7}3|20]& F& Hl........ 35
vi

M 2-tf| &k



3 Weak—coupling, High—Q 7% Al7te] wh& o= #3x£(1).. 10
4 Strong—coupling, Low—Q 7% Al7te] @& oq# £x(2).10
5 FA oy A AFolA AbHE A FE 11
6 1% 5 SR R e, 11
7 Weak—coupling, High—Q 79 A7l o} o= F:2(3)...15
8 Strong—coupling, Low—Q 7§ Alte] wh& ouj#] #+32(4)..16
9 Weak—coupling, Low—Q CMT—%57}3] 2 o] v (R,R.=0 Q)...18
10 Weak—coupling, Low—Q CMT—57}+3 2 oA Bl (R,,R.=50R)19
1 1Strong—coupling, High—Q CMT-57}3] 2 =] B (R,R.=0R).19
12 Strong—coupling, High—Q CMT—57}3] 2 ou A1) 1 (R, R.=50Q).... 20
13 Power source® o]-¢3t 7} k;» 9 X719 A7te] mE oyx Bx..24
14 voltage source® o] 43+ 7} ky, o T Alzbe] W ouix Bx. 24

15 case 1 ¢ 7} source® F3}4of W& field—amplitude...33

Vil



A=

A=

16 case 2 9] Z source?]
17 case 3 ¢ 7} source]
18 case 1 ¢ Z source?
19 case 2 2] 7} source?]

20 case 3 9] Z} source9]

viii

Fohao] Be

Pl ol
o

ot

o

o

i
b

M
e

o
H

Fugo] ©E field—amplitude...33

T30 & field—amplitude....33



A1 A AE

JJJ
=

g

AL @A RFID, IMD #of 5ol @o] &%

U A

=4

b ol

°©

o1&

=

=

713 =

L=
o

T

-

near—field
=

T

.

F 2

[1]-1[3].

oy
T
3

B

o] 1 Coupled—Mode ©°]&%

MIT

’

W

al,

Coupled—Mode

T

Coupled—Mode ©¢]&2

T

Zrel =gt 2 AelA

o

=

it 4 gellA

e}

L —
L

)=
24

W Wl o] &5l v [6], [7].
ok Al 2 el A

1

=3

z
3 olA

1}
H] 1L,

©
=]
o

o}
A

=N

KR
-

3tal source ©f WE

S

BA135+31, Coupled—Mode ©]
o]

= AA]

|3

5=
Coupled—Mode ©]
source

H
7

LR

K

oy

)



A 2 & Coupled—Mode ©]& EA]

2.1. The LC circuit

Couple—Mode ©]&(CMT)<2 #5277 M2 328w, &5 wave

pattern ©] #T& QY FigE Jdie dEHE Y W, AE
Asts F3 3 TN YE IR AYUAE FI1 B RS
oujsttt, 79 1, 2 = lossless ¢ lossy 3 A-$9 LC ¥% 3 =29
SR Holt} [8]
i(t) i(t)
- b
- + - t
C=— L iv(t) — L ?v(t) R
+ _ + -
- <
1% 1.Lossless LC 33 32 1% 2.Lossy LC 3% 3 =2
98 19 A, LC 33 329 AFet A ofgiel &t
V:Lﬂ (1)
dt
j=— av (2)
dt
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o] 7}g& A (3)e] tHYshd eigenvalue & A=+jo; ©]iL, o=
T3k Aol wmE Akl A2 ofefjg} o] Y HG

pe wow A= 7w, A (5) 3 gk
i(t) = \/§|V|Sin(w0t + go)
A7) Ve Aol Aozt WEPdth Haus = complex 7t 4.

shibel 2 4 wEwgAow

(3)

Gerith A 39 2 A uE g e

A5 (v(t)=e” et AgshE 78 5 ot

X 3H

(4)
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dosted, ol udsel LC I3z duAE  YERfEH

ARGEH [8].

a, =\/§(v(t)ij\/%i(t)j (6)

2 4),B5)E A @) thdskd, HAFA o= ofel dot.

a, = \E[[M cos(myt +9) | ij\/% N%H sin (et + go)D = \/gVe"‘"O’ (7)

o]Z5 o|&stH, At wel A4ZA S Z W= mode amplitude &

kel

EdT 5 Y3, o2 AFSE LC FRIZY RS oulsich

C
of <SP = ®

29 29 20| Lossy # 499 a. & 4 (9)9 2ol AFA HolAr},

a, = —Ve (9)
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A7l L= g2 g e
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A3 7+ 422 (decay rate) ©] o},

da_ Jo L a (10)
dt ° g,
2 (108 &3 Fx 28 o]83td, Lossy & A9 €S 7+ &

ATH A AZkel tigh oy X wskaeldl o= 4 (A1) #Zo

- _Zw=-p (11)
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2.2. Coupling of Two Resonant Modes

2.2.1 Solving the coupled system of equations

Coupled—Mode ©]&°llA], Zt mode =2 X I}(forward wave) 2}t
F3 9 (backward wave)® TdEo] Utk o] REEo] A5 AT S
Hd, wave & XFo]l Z} AAFO FXFukgolA  FXEHA €d
ojggk dd F &7 Alelel] AUAE Fi = vl a8 %ot

T owave o F a0 ARdT Kk, 2 AFEH A= AF, 23

1,2 Afole] e #]:= Coupled—Mode = ofej o} #o] %¥ 7hsatrt

da, 1

—=| jo,———-—|a, +k,,a

dt 7’-] exty

(12)

da, 1

—== ), ————— |a, + K,,a

dt T2 ext,

AZIM K.k i A2EY AR AFE, 0,0, = 7

SRAF4E5 YERATE \al,z\ = 7 F3719 YA E 2u]stt)
1 1
oluf, #aAT — v X7 AARE A% loss & oH|sHaL, T—%
T1,2 ety

] external loss & QIgF &Aoot} 2.1 Fo A el o] F+ 2S5 2 =



MR %
2V —(a+B)i+(af-x,)=0
. 1 1
where, a=jo———-—
Tl exty
p=jo, -
2 ext,
2] 9] characteristic & &2 olje} 7t}
2
(a+,b’) a_IB 2
A‘I,z = * + K, (14)
2 2
o] T+ =& vgo g FH7] 1,2 9 Al7te] wE field—amplitude 21
F 5 ot
j((o|+(uz){i+i+L+L]
Knaz(o)ml(o)( 92_,(52) | - |
a,(t)=|a (0)cos Qs+ o sin Q) |-e 2
i LRI .
K4 (0)_a2(0)( QZ_K122) . e [T' 2 fen T”’Z]z
a,(t)=| a,(0)cos Qs+ o sinQ |-e 2
> (15)
1 1 1 1
-
z.1 z-2 Textl ext, 2
where, Q= + K,
2
7
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2.2.2 Analyzing solutions

%A % Coupled—Mode ©l25 AAl 4 oux] dF A gl
A gate] 217] Abele] olU|7} Akl el oj@A] AgE A gl
Hokeh 7 Fx17] ARl coupling ©] FEs] AL, AdiA o ® High—Q

Q1 A9}, coupling ¢ =3, Low—Q ¢ A$ F 7FA Aol o3l

sl B okth ARERE Z42b9] parameter & 3% 1o Atk [9].
217] Weak—coupling Strong—coupling
Specification High—Q Low—Q
Inductance [ # H] 96.2 0.962
Series resistance [Q] 0.76 1.08
Resonant Capacitance [pF] 0.812 80.2
Coupling coefficient [k;2] 0.153-107° 0.4
Quality factor 1.4-10" 100.74
Coupling rate [x;2] 8652 22.6-10°
Source, Load resistance [Q] 0, 10
Resonance frequency [MHz] 18

¥ 1. Transient Coupled—Mode ©]&9] specification

a9 3, 4 = AN ot

rlu

7F F21719] normalized 3+ oYX = JERH

iy

T1¥o|th coupling ©] #HS wi= Ml A 1 AREe] AR s A2

-':rx I 'kl:l- 1_-“
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3 & Transient =7}3=Z o|&

3.1. Coupling of Two Resonant Modes

3.1.1 Solving the coupled system of equations

a9 5 74 oyA dAFolA AE-E= spiral FHG Zd FERE
e, 19 62 19 55 UM EE 1dd Zlojt)
resonator 1
Z

'LQ resonator 2
)4 f .

a9 5. FA4 ouyA AfoA AlLHE Zd +F

Rl Cl ku C2 RZ

AA I Nand [ A

Al Il
R

Ty st G e

a¥ 6. 19 59 5713=

11

F o 1 =L —
M=t 8w



transient AEH 9 5713 22 KVL o]&& 0] &35}

e}

%jgll (t)de+(R +R)1,(t)+ L, dr () , 4 ()

=V

;’[f() ;’If() (17)
| ,( 1)
Eolz )t +(R,+R,) 1, (1)+ L, o tM——=0

BhZels wWae

o] &3] S—domain® A 9] characteristic equation

[e)

R R R

(18)
(Sz +(Q22+Q£Js+a)2]12 (£)+ k5’1, (1) =0

2 (18)9 7 AE e Ao §AW, sol e

o} 43 AL #JARs] Yl F 2 4 2] F

1l Q) H =] &) identical 34
V=0 o= 7}gst} o33 22 F 4719 &2 72 5 Utk
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—[1+ 1 ji\/4(1+klz)[l+ ! j
0 0. 0 Q.

2(1+k,)

(19)

2o 2% AF9 o] AFE A 7to w} A ES= A O 2 capacitorel

Ags Heke 78 F ok ©, 27 AF @S [ = F s

T

2 2(1-ky) ! _éSin 2(1-ky) !
2 2 (20)
foa) %J4(l+m—[l+lj %Jzt(lmz)—[lﬂj
s 2(1+kiy) iOOS Q Qn P —isin Q Qert P
2 2(1+ky) 40 2(1+ky)
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o 0*{54{%}1 %J“(l ) [Q+QJ I {ﬁﬁl %J“(M"“) [Q@] 1)
12(t)——e 08 t+2Le 008 ¢

2 2(1—](12) 2 2(1+lq2)

G NGO RS AT T

A AR L A S o] &std 7 331719 inductor®} capacitorel

AZE = dUAE 72 = Utk

E(0) =3 Ll (O +5G (1)
1 2 1 2 (23)
E,(¢) 5L2\i2(t)\ +5C2‘v2(t)‘
14

2 8- 1_'_” &l =
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3.1.2 Analyzing solutions

¥ 19 parameterE ©]8£3}9], transient S7F3Zo|E BA o7 3

ZF FZ1719) AlZbe] wE oy A B = 19 7, 83 k. © Source

Load resistance™= 0 Q oz A3t}

0.8f T

E 1 Ciruit0 5]

2 Cirenit
waaa. 04— —

- 18
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0 t 500-10°%
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0 1107 21077 31077 =107 U
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1% 8. Strong—coupling, Low—Q A% A|zte] WE oux] X (4)

a2 7, 82 Ao wrE Z} FR7]9 normalizeddt oUA S e

a3olt}. Coupled—Mode ©]&0 & T3+ Algke]] wE o x| HEE9}

022317 coupling®] &S ASo= ulwd 71 Al7be] A s 2o
qUA 7} AdE = v, coupling®] & Aol #FHe FUIE F F37)
7F AR vy ZeuAE Fa e SlE 2]l sl
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3.2. Coupled—Mode ©]&3}9] nv|w
1% 9, 102 coupling®] #i1 Q7F & A, external A&o] 72} 0,
50 @4 w¢ Coupled—Mode ©]&° & 3 oyx ®3E9 transient

SAFERAA T Aol WE olux B e 7 xol,

N

PA R, 1™

ol

F ol2o 2R E FEd FX7Y oyA FE7F AT
11, 1214444 coupling®] I3 Q7} &L 9o, transient =7}3 &
B A F-8k A 37} Coupled—Mode ©]&O0 ZHFE -8k oL X]
X 2E B 25 wE TR T 337 AleloA Ay A 7t ey
t 2S A8 5 9t} ol external A vwixtriA|®2 ZHzE 0, 50

Qo= MAAstt. = couplinge] & 3,

2

Fol A& £ (Q 3ol

=5%) Coupled—Mode ©]&%} transient &7} Zo]&Eo] 2 UXA| 5=

A
o

et 4= Qlt}. o], Coupled—Mode ©]&%} transient S7}3| 22
g ol|x FA9 Q #e s ForA o4 4 Stk o] F complex
T3 coupling®] #E 5, Q, Qe #°l EFF, 5 A%l &A= F
= & dAst= A & 5 ok Coupled—Mode ©]&lA Q #h2 &3
T e u1AdE oz Fo|H AT, transient T7FS|E o] ol A 9]

Q w2 W Ty WSl Fuparel met gro] 2EkA 7] witel 2
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transient =7}3|2 o]&o] Coupled—mode ©]& Rt} AZ3 o

Al &
=

ke

st QAW F FRV| 7} external A F7FA] ETFSHY]

M
b

identical aoFst2 &, ¥ #2717} symmetric 3F4 &= A, Voltage

sourceql Ag-eli= A&o] E7Fs3stth. Coupled—Mode ©]&3 o] &
715 Ao R Fol7] Erbsekal, SR A o R Aol yUF i st
AZF ot 2y ERE B =Fo = Coupled—Mode ¢o]|&& nlgo =z 2

Al A AU A Aol S8kt S
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A 4 A Coupled—Mode ©]&9] £&

4.1. FAZFAA 9] 7|FA A

~

HT AHEEHE FATARAcRZ = IA F 7HA WHol Sl w7}
7he AN FA3= A7 =W (Inductive Coupling) 3 F I 9]
4o Aol AW 55 Fakgrol Wl Sy 9] resonant peak”b ZEA]
© A71&E 24 (Magnetic Resonance Coupling) ©]th [10]. 3k, ©]
TR WA Ags A ALY glo] s 2xela Qv
Coupled—Mode ©]&S ©]&3}9  Kuiiea (.e. critical coupling
coefficient) & 23t} o|& 7|+ 9% Power source, Voltage source
T 7 Aol B AL vhss 7 AN e Vlee AAetaA gk

7= AR AUAE AKHOR Fawen 7 A 7

—r

2 resonator 1914 A5 Hl YA} resonator 12 g+ F7](1T)

M

o oy e nlgR Ak oju g FV(1IT)+= 4 (13 =

ol

sk = QIth. couplingell Wt & 7719 2 ZEbA Al Hrk

2
j(a) - )— l—l+ L1
] ’ Tl TZ Text, Textz 2 (2 4 )

) tK,

17 (1 period ) =
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ok, gk F7] $9] resonator 12] olUXA|[7F t=0d w Z7]gkel H]s]
e Pu] o]Ato]d (ie. ‘al(lT)|2>‘al(0)|2.e‘3 ), ©]= Magnetic Resonance
Coupling (MRC) 2taL g2l dtt}. ojul, e 2 5%E 27&tH Keiiew & T
st FQ3 7lERo] ek ek, b F7] $9] resonator 19] oA
7F 27179 e Pl wmwlo]w  (fe. ‘al(lT)|2<|a](0)‘2~e‘3) °]= Inductive
Coupling (IC) 211 A 2)3tt}. =, resonator 1+ 3+ F7] %o 5% n|7t9]
AUAE b FHVIZFEH AY B RAE udth ks 3 F7
T X719 AUA g 1 TRV 2715k e Cwle] w22 A
ol Ge. fo (1T =|, (0 -¢). o1F Fal T3, ke = THEF O]
internal Q% external Q= 7 2] ¥t}
( 1111 ]
T tt St (25)

al Q2 Qextl Q ext,

critical = 3

o

MANOE 7 Parameter® thdtel, 919 ol£ & AZsAh 1

)

62 T7F3 2ol R1=R,=0.296 Q, Qi=Q2=298.7, Vsouee=1 V &

JstRar, o] W ¥2 F34+= 10.03 MHz ©]t}. Power source?]

22



A$o= Sourcest LoadAd 25 50 Qolgtr 1183t a1, Voltage
source®] -9l Source A& 0] 7ML, Load AT 50 QO
2 aEenh 1% 13, 14+ 7ZF source resonator 12 AJZbe] u}
£ YA E vERdTE T3, Power source® 7% resonator 19 4

AT ko 7F ki < Keitea, K12 = Keritical, K12 > Kepitiear @1 7%, t=0,

“
K

t=1T o412 YA = E 1], Voltage source? A= I 20 A

shelth. flollA AlRbet 7 24 MRCSF IC9] 7|Fel & W=t
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= I~
7 Qg 4 gt

N

e
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Energy
kiz > L Type of coupling
|aI (1T)| |aI (O)| e’
0.05 417 - 1079 IC
0.128 4.55-107" 458 -107% Critical
0.5 4.26 - 1071 MRC

¥ 2. Power source &

o] &% Z k158 FX71 A

el & A EX

Energy
ki 2 ) Type of coupling
|aI (1T)| |aI (O)| e’
0.05 1.24 -107% IC
0.068 53-107" 458 -107% Critical
0.5 6.12 1071 MRC

¥ 3. Voltage source & ©]| &% k5,8 FA7]9 A7t wE

A (22)E
0.068°]u}, HAl= o

il ¥= ky, 2 0.0645 & 5.15 %9 xfol7p Ay st}

. .
g FAEC

23 -3 Voltage sourceZ

F7] 9] resonator 19 oJA7} %
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4.2. 284 &

Coupled—Mode ©]&& o] &3td], A AqUx] AFAIY a& AL 4
S FEstaab stk kA W7HEE Coupled—Mode ©l&-2 2] (15)3 1
Y 3, 4 A= & & Ql5%9], transient state® Al 7kl whE} oy x| 7}
Wsetth, 7 ¥31719] B =% Fourier Transformdte] 3} domain ©
. FAFIF A9 amplitude®t ZF FAT) oA Q] At
= o] g3t &8-S T3ttt Power Source$} Voltage Source & 7}A]

2% tist &8 AL F53+9 1, steady—stateo] A2 3|E o]Eo 7

oAw et FA ouA A AlAFO]l g ()= 4e™™ = steady—stateSl
A%, =, sourceol A9 field amplitude”’} AAEA A== 4%, 2+t

Foll i &4 5= Powerd ZFAAFSF amplituded] #A52 Ho®

10,
2
o

T 4 Stk Power RE9 WAE o|l&sittd, & &4 Powers, ZH7};

o] Agelr EAH= A9 a3 dAsHA A [7].

P

total

=B+P+P

Load

1 (26)

1 1
=—+if+—¢%F+ L@F
7 [P

z-Load
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WA Voltage source® %o, source Aoz sl &£2o] glo
B2 Source AT 1FA L9k, Load AL 50 Qo7 HAsS

o 2™ 69 X9 SUHEERA Bd 4

o], EdHe F

32

power:, 33171 19 AAAG RiolA &A= power, &317] 29 A}
A A& Ry oA £24 5= power, Load #&olA &A% = powerd O
= goE

Voltage source? 7%, 2 (15)2 Coupled—Mode ©]&& o] &3}
T3t AlZkel & field—amplitude 2] a,(¢),a,(¢) & Fourier Transform

shel vhe st ol AL

Fl‘ivoltage(a))z al(O) 2 '{l"'L"'J'(a)_a)o)]

Q\%oltage + 2GXt] o + ] ( w— a)O)
E ( ) _ q, (0) K,
2_voltage 1 1 1 1 2 ( 2 7 )
et
Tl TZ Tex | Tex & .
Q\zzoltage_'_ 2 t t +](a)_%)
11,1 1Y
—— -
T T T T
Wher e, Qvoltage = - - 2extl — + KfZ
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Voltage source® &8 Power source? 79|, available power
Z LoadA &2 HEH:= powerd HZE &S AAF dt}. Available
power#@ Source® FE FH3te] power’} ¥37|E AGHTGE o7,
optimum Load#ts ©]&3t} optimum Load: 3%17] A0l coupling

7 7 FR7)el Q #eE AFoHnt [11].

Rg;d =R, 1+ k122Q1Q2 (28)

v X7} 2 Power Sourceo 42l AlZbe] wWE  field—amplitude &

Fourier Transform?3t 412 t}33 7t}

F1_power(a))= al(O) 2'£L+ 1 +j(a)_a)o)J

1.1 1 1 T T,
2 7'-l TZ 7’-exl‘l T:fttz .
power+ 2 +J(a)_a)0)
a,(0)-x
Féipvwer(w)z 1 1 1(1) 121 2 (29)
o opt
Qi e + z-1 7’-2 ;ext] Textz + J ( »— (()0 )

28



Where’ onwer = b + Ki,

il

oy 1 e optimum Load 2] ZFA&A42 vepdith
T

Fourier Transforms ©]&3to A7t wE  FX7]9  field—
amplitudeE F 3 domainCZ WP TE o= wigow 13
Voltage source®} Power sourced #%17]¢ a&& tp&x o] 2

F3tol M9 Amplitude kst AaBTE ol g3t TT F Ak

1 2
r ’Féivaltage (0))’
— PLoad _ exty
77votlage37CMT - P - 1 1 5 | 5
in 2
T ’F; voltage (a))’ +— ‘F;ivoltage (a))’ + ’ 2 voltage (C())’
Tl - TZ Textz
1 2
pt opt ‘Féfpower (w)’ (SO)
77 _ I)L(Zmd exty
power CMT — P
1 1 2 1 2
avs
N ’Fllpawer( )‘ + ’F;ipawer (C())‘ + opt ‘ 2_ power (a))’
TI Z-2 Textz
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2

P Load __ ‘]27voltage ) RLoad . 1 O 0
nvotlage circuit - J; (3 1 )
in ‘ 1_voltage ¥ Source
X
Where’ I2_voltage = l ] 21 )
(Rl +‘]a)()l‘| + . )(RZ +RLoad +Ja)ol‘2 + J_(‘]XZI)
TG &2
(R +R,, ., +Jjo, L+ e ]
[ - [ _ volltage
1_voltage szl ’ 2 voltag

Power source® 7%, SourceZHFE] Hs2] power’} AEHA sf

7] Y&l ofefe} o] 2—port network® simultaneous conjugate

matching conditionS & 3FA T [

zZ =7 (32)
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o]Z T3l F3F Power sourceo|X 9 &&22 ol o] To tfsh

Aoz A oly T+ HU power AFEaE S-S resonators AFo]9

Aelel qtelve] B o= gojdn [5].

77power7circmt - 2
2— Re \/4 1- Re Im[T ]

(33)

¥ 19 weak—coupling, High—-Q ¢ “d%(case 1)¢%}, strong—

coupling, Low—Q ¢ d%(case 2)9 19 59 FX7]|E o|l&RS HF

9] mid—coupling, mid—Q ¢] - (case 3), & 37FA <] 5ol w&
&5 v wstRTh case 3 9 A% simulatione] AFE3 parameter<

4l g2ttt
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7]

Mid—coupling

Specification Mid—Q
Finner [M] 0.2
Fouter [M] 0.3
d[m] 0.33
Quality factor 298.7
Coupling coefficient [ki2] 0.047
Resonance frequency [MHz] 18

¥ 4. Mid—coupling, Mid—Q 3-%-¢] specification

case 1, 2, 3 o Ao disted, 2 (27), (29)2 ZF source °A <

Coupled—Mode ©¢]&° % 3+

field—amplitude= 1% 15, 16, 173 2t} o]Z o]&3sle] 2

F 3ol

W& (0~40 MHz)

2472

(30),

(31), (33)9 Fuol W(0~40 MHz) &8 IdZe 9 18, 19,

203 Zoh ¥R 18 MHzoAl A 2] ZF source®] Coupled—Mode ©]

i
|o
il
-1

Hli = 3 50 Adeetdt.
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11078
L M |
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0 f 2
1Y 15.casel & Z+

LAl
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.case 2 9 Z+

510 |
4077
a3

‘F.l_\'oltag:[f)| 30
‘F.J_\'oltag:[f)| 21078
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610
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-13
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1 _pc\\\'n“)| 3

2 _pc\\\'n“)| 2

i

source®] Fyof o}E

field—amplitude

source®] Fyo w}E

field—amplitude

.case 3 9 Z sourced] F o] ©E
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IDG' T T T T T
100

s0r 7

|_veltage(£)| 60" 7

er(f
In_power(£)| i ; i
M
20 " .
0 0 L | _..f’#k\__ | ]
176 178 18 182 134
175 £ 185
1% 18.case 1 9 ZF sourced FH5o ©E & EX
100
100

|_woltage(f)| 60 :

er (£
o] | ]
20 T
0
E' 1 1 1
0 10 2 30 )
0 f 40
1% 19. case 2 9 Z} sourced FHF W}E & EX

100 T

100
80)

|m_valtage ()| 60F

et (f
‘|1]:p0\\e:[ )| 4

3 20.case 3 9 ZF sourced] Fo ©E F& X
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Coupled—Mode steady—state
Source -

o] U
High—ky, Voltage 95.12 % 95.12 %
Low—Q Power 95.16 % 95.16 %
Mid—k,s, Voltage 59.39 % 59.39 %
Mid-Q Power 86.73 % 86.73 %
Low—Kkys, Voltage 6.60 % 6.60 %
High—-Q Power 41.31 % 41.31 %

¥ 5. Coupled—Mode ©]&3} Steady—state 5713 Z0|& E& v

¥ 594 &al

ne

F 9%ol, ¥XFu 18 MHz 149 7t source?]
field—amplitudeE ©]&3t%] Coupled—Mode ©¢]2°% 3 FT&}
steady—state s7}3| Zo]&< o] &3t & &8 gho] HastA LAt
= As ¢ F Uuh Al W= Coupled—Mode ©]&< Fourier
Transformdle] FXAF5o)| 9 field—amplituded &9, T2}
o] 5o % power AF &S 7 F vk &, Power source? 7§
ol = simultaneous conjugate matching condition®|4] €] optimum Load

3= nsfoR .
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Hl3l] 5% w|nkolw A7]fFEma 0% o]ifolH 2|y wka o w oSt
Gk X3, transient  AE]C]  Coupled—Mode ©]&2S Fourier
Transformdle], F2AF3o] 4 2] Power source £ Voltage source]
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ABSTRACT

An analysis of Coupled-Mode Theory and

application in Wireless Power Transfer System

Hyunjin SHIM
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

In this paper, Coupled—Mode theory is analyzed and compared
with transient circuit analysis. When the quality factor of resonator is
low and coupling between two resonators are strong, the energy
transferred between resonators over time analyzed by transient
circuit analysis has shorter period than that of Coupled—Mode theory.
This is because in Coupled—mode theory, Q—factors of the resonator
are fixed at resonant frequency, however in transient circuit analysis,
Q—factors are changed over broad frequency band.

Even though Coupled—Mode theory based analytic formulas have

40



become quite inaccurate in predicting the energy exchanges
between resonators, they are relatively simple and can be applied to
two different asymmetric resonators.

An analytic criterion of inductive coupling and magnetic coupling is
proposed. If the received energy after one period is less than e ®
times of the initially transmitted energy, the system is considered to
be Inductive coupling. If it is greater than e ® times, it is under the
condition of Magnetic resonance coupling.

By Fourier Transform of transient Coupled—Mode theory, each
efficiency equation of power and voltage source at resonance

frequency can be derived. It matches well with efficiency based on

steady —state equivalent circuit theory.

Keywords : Wireless Power Transfer, Coupled—Mode Theory (CMT),
Transient circuit theory, Inductive coupling, Magnetic
resonance coupling, efficiency, Voltage source, Power

source
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