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ABSTRACT

Optimal Design for the Efficiency Improvement of

Y System Superconducting Wireless Power Transfer

Hwang Jun-Won
Advisor : Prof. Choi Hyo-Sang, Ph.D.
Department of Electrical Engineering,

Graduate School of Chosun University

The use of portable electronic devices such as smart phones and tablet PCs
1s abruptly increasing these days. In addition, free information exchange became
possible via mobile communication networks, wireless LAN, etc. With the
development of electronic devices, communication systems have been developing
as well. Despite such development, the power supply for the electronic devices
still relies on wired systems. The wired power supply has many limitations in
terms of place and mobility. The limited and degraded battery capacity of
mobile devices is also requiring the need of the study on the wireless power
supply and chargeable wireless power transmission technology.

The wireless power ftransfer (WPT) uses antenna for wireless power
transmission. Although the technology was ignored in the time when it was
first suggested by Nikola Tesla in 1914, it is recently drawing attention again.
The commercialization of the magnetic induction WPT that uses

electromagnetic induction between transmitter and receiver coils has been tried.

viil
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However, its efficiency may abruptly reduce according to the distance and
arrangement between coils and coils. Another WPT type uses the microwave
to transmit large power, over tens of watts, using super—high frequency.
However, the microwave method is only used in space development because of
the problems including the rectenna size, harmfulness to human body due to
the use of high frequency, and reduced efficiency by the surrounding
environment.

To address these problems, Professor Marin Soljacic of MIT proposed the
magnetic resonance type WPT technology in 2007. Using the resonance
between transmitter and receiver coils, this method enables the WPT in a few
meters’ distance, and causes no harmful effect on human body because it uses
a low frequency range. Accordingly, it seems that this technology can be
applied to diverse sectors, and it is continuously being studied to improve its
efficiency.

In this study, a superconducting coil was fabricated and applied to the
magnetic resonance WPT. The superconductor has very low resistance at
very low temperature. So it can increase the quality factor (Q-factor), which is
the frequency quality characteristic, reducing the reflectivity (Sy1) in WPT. The
superconducting coil requires a cooling system to keep the critical temperature.
Therefore, receiver coil was combined with a copper coil with the same
resonance frequency considering the use of superconducting coils to real
application. A superconducting coil was applied to the transmitter side to
increase the Q-factor, and a copper coil was applied to the receiver side to
improve the applicability and mobility of the electronic devices. In this setting,
the WPT and the 1:n WPT characteristic were considered to derive the
performance and characteristic of the magnetic resonance WPT required in real

application.

X
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Table 2-1 Relation between Q and the Circuit

Value of Q Circuit
Q<1 The broadband filter circuit
Q>1 The narrow band filter circuit
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Zrolt}. S—parameters= Transmission, Reflection, Coupling, Isolation ©|Z A 47}

A ERstevEE BREE S Qom, 1 53e E 2-29 2k o] 3%

R

multi-portE A Lsta IHtd oz ey ET EXdct, I8 Y] wiEe] Sy &
Hol vt 54 Fap e vt Spo] yEtu=t Fubgrol A Y Had ko] vhAL
HA &a Hojgk o R E UEdveE s Yvgt Spol ZA YEebEFE SHE
o] HALEA o] Fohe ou|rF @k 2 Al A A e FAAEAE AlA

]_
o] S—parameter YHAFEAQ) Si1& 4 89T

¥ 2-2 S-parameter®

Table 2-2 Classification of S—-parameters

Classification Explanation

The ratio of the input to the output.
Transmission (Ratio of the input power to the output power

which is likely to transfer till the output port.)

The Self reflection value of input/output port
Reflection respectively. (The reflective value that input and

output itself. )
The leakage power to the port, besides the port that

Coupling is likely to transfer. (Meaning of interference of

unlinked line or naturally leaking power.)
The leakage power to the port

Isolation

(which terminate the power.)
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HARE A (RL) S WA E A E 9] log scale® WEHEE gholvl. WHAMAIFE o] &
ato] WAl S Tk Al A (212)9F Aok
R, =—10log| I'|? (2.12)

S—parametero] A= @ Ao v)E] wiAlE dHo] ZF | uf o] dBghol A
A - B2 A A vy 28] wjEo] ¥kAEAS S-parameter?] S o®
S8l x; ShobH gkAbEAle] - B E Bl Ay puh wmAMASE F8 S ®

H(VSWR: Voltage Standing Wave Ratio)&}al 3t}
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3l WA Aihe] BAHA P 28 F¢ At 44 9l depA
A7) ol FElFY HSE A Ao HEse] AFEE At 2HE Y
53¢ vwster)
¥ 2-3 VSWR} whx}=29] 3H4F Table
Table 2-3 Conversion table of VSWR and return loss
Return Transmitter Return Transmitter
VSWR N VSWR -
loss(dB) efficiency (%) loss(dB) efficiency (%)
1.1 -26.4 99.8 3 -6.0 75.0
1.2 -20.8 99.2 3.5 -5.1 69.1
1.3 -17.7 98.3 4 —44 64.0
14 ~156 97.2 45 —3.9 59.5
15 -14.0 96.0 0 735 556
. -32 2.1
16 -12.7 94.7 o9 3 0
6 -29 49.0
1.7 -11.7 93.3
6.5 -2.7 46.2
1.8 -10.9 91.8
7 -25 43.8
19 -10.2 90.4
75 -23 415
2 -9.5 889 3 99 95
22 85 89 85 -2.1 377
2.4 =77 83.0 9 -19 36.0
2.6 =7.0 80.2 95 -18 345
2.8 -6.5 776 10 -1.7 33.1

Collection @ chosun
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Fig. 2-3 The critical temperature of superconductivity
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# 31 24=A EA

Table 3-1 Specifications of a superconductor
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SCS )
Spec Unit Comment
12050
. measured by continuous
Minimum Ic 240 amp )
direct current
Widths 12 mm
Total Wire Thickness 0.1 mm
Standard Copper swrround stabilizer with
» . 0.04 mm
Stabilizer Thickness rounded corners
Critical Tensile Stress >550 MPa at 77K
Critical Axial
) ) 0.45% at 77K
Tensile srain
Critical Bend Diameter
) ) 11 mm at room temperature
in Tension
Critical Bend Diameter
) ) 11 mm at room temperature
in Compression




B @?Oﬂ*ﬂ FAAEAS AaE A 2 B8 QA WA AlEolAE 9
simulation(HFSS, AnsysAhHo & #3844 AE A2 we= g dojlHg= 4
A

& YAE S&EoF AlEd ol A

A AAHE A BASA 2 FARES VY Z=Fska sdE JE odth
% 3-2% HFSSE o] &3l FAA=dS Alxds& AAS a9t} Source,
Resonance(Tx, Rx), Load coil® G435 2™, source coild] 5022] Lumped port
& AT IWe] d8s QI7bekSth o|wf, S—parameter®] Sye 433U

Source coil Load call

Resonance coil (Tx) Resonance coil (Rx)

19 3-2 HFSSE o] g% Fddds Alx=e 27

Fig. 3-2 Design of WPT system using HFSS
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Fig. 3-3 Resonance condition check

b) 3= ¥417]

¥ 3-4 = =2 B4 7] (Network analyzer)o|th. 327 H47)= vhe] 7]
A eto] F314 source® spectrum analyzer’F 9] 9lojA], 9
NE BY A3E S-parameter® T AT B AFo|A] FHI FAAHAL A
288 npetwork analyzerE %3 S-parameter Sns AR oW, ALEH

network analyzer?] A} 3% 3-29} 2uh
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18 3-4 3= B2

Fig. 3-4 Network analyzer

i 3-2 Network analyzer A}

Table 3-2 Specifications of network analyzer

Measurement of
30kHz ~ 6GHz
frequency range

Measurement method of

Frequency and power sweep

frequency
Available resistance 50 ~ 7hQ
Method of calibration Electrical calibration(Ecal)
Maximum dB 110dB
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0.00
| Name | X ¥
1| 59600 | -7.9227
il 2| 7.1200 |-10.9668
7 3| 8.1400 | -16.4002

m4 | 85600 |-19.7475
-5.00 m5 | 104000 -19.6789
m6 | 104800 -27.4311

33|z

m7 | 10.8200| -19.6467
m8 | 11.0200| 11,0167
m9 | 11.6200|-11.1336

-10.00 3 ~

1500

By

-20.00 —

-25.00

-30.00

T T T T T T T T T T T T
400 sbo sbo 10.00 12.00
Freq MHz2]

a9 3-6 ZY JdYElx W mE I B4 ¥g
Fig. 3-6 Alteration of resonance characteristics according to

the inductance of a coil

¥ 3-3 1¥¥l A Wisle] wE S-parameter

Table 3-3 S—parameter according to inductance of a coil

Inductance (uH) | Resonance frequency (MHz) Sy (dB)
17 5.96 -7.92
18 712 -10.96
19 3.14 -16.4
20 3.56 -19.74
21 10.4 -19.87
22 11 -27.43
23 10.82 -19.64
24 11.02 -11.01
25 11.62 -11.13

— 95 —
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(a) Copper coil
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Fig. 3-8 Resonance coil
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AAE mde] vy do] aelal ' 47 325.7mm, 260mm, Sturn o2 A
Atk & Zdol A8H AFAEx g2 9.37pFelH, 2(217) o] &3] T3
Fa54E =&Y & A Ay dyE s Q-factor 2 TR FHFE i 3-49)
2}

¥ 34 T3 2L R, L, Q-factor
Table 3-4 R, L, Q-factors of resonance coils
Normal Normal conductor coil | Superconducting
conductor coil at liquid nitrogen coil
Resistance (Q) 0.8 0.2 0.01
Inductance (uH) 22 22 22
Q-factor 1.9x10" 7.6x10" 15.3x10°
Resonance
11.1 11.1 11.1
frequency (MHz)

a8 3-9v AA AFS dE FAREAS A2"E A4S "ol AEY
ol Ax} T A3}A source, resonance(Tx, Rx), load coil® T-A3}5aL, network
analyzerE %3] S-parameterE A3t Al EH oA FLEA network
analyzer® &3 1W7} A7F= ™, ow, WkAREAQl S8 F4 5t dhvf ® 3-5
= A3 2 Bolth AAE 4&E& e 2AEIYH 7Y A
wE7h et gy wiitel] 2dE sy e A9 o 5AE BEAstaA @

.
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Fig. 3-9 Configurations of experimental setup

Table 3-5 Conditions of experimental setup

¥ 3-5 49 =

¥l

Resonance coil

Resonance coil

{“/Collection @ chosun

Source coil Load coil
(Tx) (Rx)
Copper Copper Copper Copper
Superconductor | Superconductor Copper Copper
Materials
of coils Copper Copper Superconductor | Superconductor
Superconductor | Superconductor | Superconductor | Superconductor
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Fig. 3-10 Configurations of cooling system using simulation
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Fig. 3-11 S-parameters according to the material of the cooling system
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Fig. 3-11 S-parameters according to the material of the cooling system

(continued from the previous page)
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Fig. 3-12 E-fields according to the material of the cooling system
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Aluminum shielding materials_S-parameter
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Fig. 3-13 Aluminum applied S—parameters according to the thickness of the

cooling system

¥ 3-6 Aluminum 282 Wz2-&7] FA & Sy

Table 3-6 Aluminum applied S11 according to the thickness of the cooling

Collection @ chosun

system
Thickness (cm) Su (dB)

1 -12
1.5 -12
2 -12
2.5 -13
3 -10
35 -12
4 -10
4.5 -12
5 -12
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’ Iron shielding materials_S-parameter !
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18 3-14 Tron A&A] Y28 7] 574 W3] wE S-parameters
Fig. 3-14 Tron applied S—parameters according to the thickness of the cooling

system

3 3-7 Tron A&A] FA Y787 e Sy

Table 3-7 Iron applied S11 according to the thickness of the cooling system

Thickness (cm) Su (dB)
1 -4
1.5 -3
2 -5
2.5 -5
3 -5
3.5 -4
4 -4
4.5 -3
5 -4
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Fig. 3-15 Polystyrene applied S—parameters according to the thickness of the

cooling system

i 3-8 Polystyrene 2§A] 7 Wzt&7] w& Sy

Table 3-8 Polystyrene applied Si1 according to the thickness of the cooling

system
Thickness (cm) Su (dB)

1 -8
1.5 -11
2 -21
2.5 -22
3 =17
3.5 -15
4 -12
4.5 -12
5 -12
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Plastic shielding materials_S-parameter
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Fig. 3-16 PVC Plastic applied S—parameters according to the thickness of the

cooling system

# 3-9 PVC Plastic A8A] FA el ¥7r87] w2 Sy
Table 3-9 PVC Plastic applied Si1 according to the thickness of the cooling

system
Thickness (cm) Su (dB)

1 -10
1.5 -11
2 -16
2.5 -14
3 -15
3.5 -12
4 -14
4.5 -11
5 -10
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29 3-17 Aluminum &-&A] Ag o w2 S-parameters

Fig. 3-17 Aluminum applied S—parameters according to the distance

¥ 3-10 Aluminum 484 A W3l & Sy
Table 3-10 Aluminum applied S according to the distance

distance(mm) S11(dB) distance(mm) S11(dB)

300 -5.12 1500 =791
900 -6.86 1600 =7.72
1000 -7.62 1700 -7.89
1100 -7.69 1800 -7.84
1200 -7.68 1900 -7.86
1300 -7.81 2000 =771
1400 -7.88
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29 3-18 Tron &-&A] Ag o w2 S-parameters

Fig. 3-18 Tron applied S—parameters according to the distance

3% 3-11 Iron 884 Ag W3l W& Sy
Table 3-11 Tron applied Si1 according to the distance
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distance(mm) S11(dB) distance(mm) S1(dB)
300 -2.81 1500 -4.33
900 -4.20 1600 -4.36
1000 -4.26 1700 -4.39
1100 -4.31 1800 -4.40
1200 -4.41 1900 -4.40
1300 -4.35 2000 -4.26
1400 -4.35
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13 3-19 Polystyrene A& A Agld W& S-parameters

Fig. 3-19 Polystyrene applied S—parameters according to the distance

i 3-12 Polystyrene &84 Al W)l wE Sy
Table 3-12 Polystyrene applied Si1 according to the distance
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distance(mm) S11(dB) distance(mm) S11(dB)
300 -6.22 1500 -22.30
900 -6.97 1600 -14.19
1000 -7.37 1700 -13.59
1100 =7.79 1800 -15.74
1200 -13.66 1900 -15.56
1300 -15.03 2000 -15.88
1400 -19.64
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2% 3-20 PVC plastic &%+ Agld] wtE S-parameters

Fig. 3-20 PVC plastic applied S—parameters according to the distance

¥ 3-13 PVC plastic 484 A7 W3] & Sy
Table 3-13 PVC plastic applied Si11 according to the distance

distance(mm) S11(dB) distance(mm) S1(dB)
300 -6.01 1500 -17.17
900 -6.47 1600 -16.95
1000 -7.09 1700 -13.40
1100 -7.86 1800 -13.41
1200 -11.24 1900 -14.79
1300 -18.17 2000 -12.72
1400 -21.67
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Fig. 3-21 Manufactured cooling system
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1
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0= L(Ry+j(wL,— W))_ L o« jwMy,—1, « jwMp (4.3)
2
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Fig. 4-1 Equivalent circuit of WPT
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Zsiz ARz, 72 Fapdayisoltt 4 4D ~UE esA A

V.=17Z —1I, « jwMg (4.5)
0=15LZ,— I « juMg—1I  jwM,, (4.6)
0=1LZy— 1, » joMy—1I; « juM 4.7)
0=017Z,—IL « joM, (4.8)

2 (45)~(4.8)F Crammer's ruleg ©o]&3H FH2 FdS 4= ¢l=d, L3

2rh[24].
Z, —jwM, 0 0 I v,
—JwM,  Z, = jwM, 0 I _ |0 (4.9)
0 —JwM,, Zy —jwMy||lL 0 )
0 o —jwM, z ||| lo
Vs _jst 0 0
0 Zy —jwMi, 0
A= . .
| S| 0 —jwMyy, Zy —jwM, (4.10)
0 0 —JoM,  Z,
Zl —ju)MS 0 VS
— jwM, Z. — jJwM, 0
|AL|: J s 2 J 12 (4.11)

0 —JwMy Zy —jwM
0 0 — jwM; 0

A 49 Tl AsSt Ave 72 9la, o] AEE s Aestd v
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23 vt 24].
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1424344 s L
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|AL|: jw3M5M12ML Vi,

o] AES B3 IR s2E AFE S o]

, |4, ]
ST A
| AL
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At VsoF A9 s ZsE
[24]
Vg—IsZ,
7z = 5§~ 152,

reMS B T3 Zns Fd S-parameter? Spg A 84

2] (4.18)3 2241,

in ZS
Zin + ZS

‘ Z
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T SeH24].
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)

2

]

8 < 253
)

6<0.999991 x (In|

0.253 %< 1.256637061 X< 10

L:

1.272784022 < 10 ©
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KeN
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= Z,+ R+ j2rfL
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HA =i 4 (4.21)3% 2o

S
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tel 73 1 A7)
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2. A% A% A :de A5 Agd~
Firady 2AE T 2o AT JUHAE Fke A 2 (4.22)9 2
[24]
M = 0.0027%acpNQ, (4.22)
21 (4.20)01 4 avw FEZ AP WEXFoln, N& IZY9 B o|rf. FIZ Y9
Uk S FZHde] H4 e Z2h2E 253mmet Stk a9 p= ZH2E 2] (4.23)9F (4.24)
o2 yERE & uH24]
a:% (4.23)
A2
2 — 4.24
P A+ ( )
ay FIFY ¥ix|Eola, A T Yo wix|Eoly x¥= FAYL] ol
Z veith a, A, x S8 EE 27 253mm, 325.7mm, 260mme]tl. 4 (4.23)9}
4.24)e] Z}7ve] ey g st ohEa 2ol 73 ¢ Sl
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=357 0.7767 (4.25)
) 325.7°
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o
3
=
i)

[24]. 4] (422)F o]&3to] FEad T3 AL HF dYel= #
A

w3 Zu o, 2dE TR A (Z)S 0.01Q 0]t

Mg = 0.0027° X 253 X 0.7767 X 0.99874921 X 5 < 1.4978 x 10~ ? = 14.506nH  (4.27)

i 4-1 Qo Table
Table 4-1 Table of Qg

Collection @ chosun

E ¢ 0.50 0.95 0.60 0.65 0.70 0.75
0 1 1 1 1 1 1

0.05 1.0002 1.0002 1.0003 1.0004 10005 10006
0.10 1.0009 1.0011 1.0013 1.0016 10018 1.0020
0.15 1.0020 1.0024 1.0029 1.0034 1.0040 1.0046
0.20 1.0036 1.0044 1.0062 1.0061 1.0070 1.0080
0.25 1.0067 1.0068 1.0081 1.004 1.0108 1.0124
0.30 1.0032 1.0098 10116 10136 10156 10178
0.35 10111 10134 1.0158 10186 10213 1.0242
0.40 1.0146 10176 1.0208 10242 10279 1.0817
0.45 10186 1.0224 1.0264 1.0308 10356 1.044
0.50 1.0231 10278 1.0330 1.0334 10444 1.0606
0.95 10232 1.0340 1.0404 10471 10644 1.0622
0.60 1.0338 1.0410 1.0487 10670 1.0660 1076
0.65 1.0402 1.0438 10632 1.0633 10792 1.0910
0.70 10479 10675 1.0638 10812 1094 11089
0.75 1.0062 1.06/4 10310 1.0960 1.1124 1.1301
0.80 1.0640 1.07% 1.0047 11126 11324 11546
0.85 1.0739 1.0011 11106 11324 1.1568 11843
0.90 1.0550 1104 11289 1.1568 1.1866 1.2220
0.95 10976 11216 11502 11842 12245 -

1.00 11117 1.1403 11752 1.2157 12733 1.3630




E 4-1 Qo Table (Al<)

Table 4-1 Table of Qo (continued from the previous page)

) ) 0.80 0.85 0.90 0.95 1.00
0 1 1 1 1 1
0.05 1.0006 1.0007 1.0008 1.0008 1.0009
0.10 1.0023 1.0026 1.0029 1.0032 1003
0.15 1.0061 1.0067 1.0063 1.0070 1.0077
0.20 1.0090 1.0101 10112 10123 10136
0.25 1.0140 1.01%6 10172 1.0190 1.0208
0.30 1.0200 1.0224 1.0248 1.0273 1.0299
0.35 10272 1.0504 1.0337 10372 1.0406
0.40 1.038 1.0400 1.0443 10438 10634
0.45 1.04%6 10010 1.0666 1.0623 1.0633
0.50 10671 1.0640 10710 10734 1.068
0.50 1074 10790 1.0878 1.0970 1.1064
0.60 1.0857 1.0064 11076 11189 1.1306
0.65 11036 11168 11304 11446 1.1593
0.70 11242 11406 11579 1174 11941
0.75 1.1491 1.1653 1.1908 12134 12372
0.80 11786 12044 12320 12612 12022
0.85 1.2130 1.2490 1.2864 - -
0.90 1.2623 1.3030 1.3639 14150 14763
1.00 1497 - 17430 - o
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V¥Z2Z3Z4

I, = T2 (4.28)
2,2y 232 — w MM

0.012 < 102.078199

(0.01% X 102.078199%) — (27 < 11.1 < 10° X 14.506 < 10~ *)*

= —1.816328837 A

VS Zo e EFT ULk

Ve—IsZ, 1—(—1.816328837 < 50)
Zp=— = — 16308837 = —50.5505611 (4.29)

2 Z,47 Z3e olfdel v e EEew ve 2

in ZS
Zin + ZS

— 50.5505611— 50
= 505505611450 520328833 (4.30)

‘ Z

BIAMAI S 2] (2.12)0] thddte] S-parameterd] whAFEA ZHS A e
A=

R, (S,,) =—10l0g(182.63) =—22.62dB (4.31)
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Fig. 5-1 WPT S-parameters using simulation
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CHOSUN UNIVERSITY

(c) Copper coil at liquid nitrogen

1Y 52 AlgEelAE o8 FAdH S E-fields

Fig. 5-2 WPT E-fields using simulation
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Fig. 5-3 WPT S-parameters using network analyzer
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Rx-Copper
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(c) Copper coil at liquid nitrogen
1% 5-3 Network analyzerE o]83% ¥ d#H A% S-parameters (A 5)
Fig. 5-3 WPT S-parameters using network analyzer

(continued from the previous page)

¥ 5-1 S-parameters "]

Table 5-1 Comparison of S-parameters

Si1 of Si1 of
simulation(dB) experimental(dB)
Normal conductor
) -6.84 -6.48
coil
Normal conductor
coil under liquid -14.12 -13.78
nitrogen
Superconducting
) -21.06 -20.35
coil
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Fig. 54
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Table 5-2 E-field Comparison
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E-field of transmitter | E-field of receiver
coil [V/ml] coil [V/ml
Source, Tx-Copper coil
) 8H7TE 25119E
Load, Rx-Copper coil
Source, Tx-Copper coil
) ) 8H7TE 3.2863E
Load, Rx-Superconducting coil
Source, Tx-Superconducting coil )
) 2.9286E 5.6416E
Load, Rx-Copper coil
Source, Tx-Superconducting coil )
) ) 2.9286E 7.7623E
Load, Rx-Superconducting coil
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