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6.78 MHz, 100 W, 30 cm A2 B4 A ®& AIAH9]
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Loss and Efficiency Dependence of a 6.78 MHz, 100 W, 30 cm Distance Wireless
Power Transfer System on Cable Types

ol 5@ -0l W - F A
(Seung-Hwan Lee - Byung-Song Lee - Shin-Myung Jung - Chan-Bae Park)

Abstract - In MHz operating wireless power transfer systems, skin- and proximity-effect losses in the transmitter and the
receiver coils dominate the coil-to-coil efficiency of the system. A Litz-wire was regarded as a common solution for
minimizing such Ohmic losses in high frequencies. In this paper, equivalent series resistances of 12 different cables including
Litz-wire and copper tubing have been calculated and measured for a 6.78 MHz, 100W, 30 cm wireless power transfer system.
It has been shown that the copper tubing has lower resistances compared to the Litz-wire in that frequency and a wireless
power transfer system with the copper tubing was able to achieve much higher efficiency than a system using the Litz-wire.
Calculations of the resistances and efficiencies were accomplished with analytical equations and those calculations were
evaluated by experimental results.
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Table 1 Target wireless power transfer system

Transmitter | Receiver

Number of turns [turns] 1 5

Loop radius [cm] 15 15

Current rating [Arms] 20 3
Tuned frequency [MHz] 6.78
Coupling coefficient 0.028
Power transfer distance [cm] 30
Output voltage [Vrms] 38
Input power [W] 100

R AlA"EO] FE Fig 19 AlEHOE FUI ZT) 2
=R0jA=  Transmitter® 18 9 Receiver® 58 IAYLES
Litz-wire, QIEM 53, HII|R] 5T AlSsie 49E Hin
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Fig. 1 A simulation model of the designed WPT system

FC}h Hwol AFRE Litz-wire & S0 £2= ok Table 2
9} AT} 6.78 MHzOIA9] copper®| skin-depth += OFf 4] (1)
& 0]&dto] ALlsHH 25 um OJCh

B 1
0=\ Tt W

07|14 6= skin-depth, poe RIS permeability, p-=
copper®| permeability, 0 & conductivity, f & Ful50lth

W2tA] Litz-wire= skin-depth@} SAFSHH =UjollA AZEH 7}
5o @4 FFEQ 30um@ strand 17,500 7F=h(net  cross-
sectional area = 124 mm?)I skin-depth®] 20491 50 pm 7]
A9 strand 6250 THY (net cross-sectional area = 12.3 mm?
AOLA AASIALE. Transmitters 20 A 0l40 A7 FHZ
7YR0F 5t7] ol & 50 Amsll AR BAg AEE HA
W10, Receiver S 3 Al ARF FAES 7/MKIEE AL
ESH Litz-wiree AZAl 1 HHE JA tde A= S
(turns/m)Z pitch#tdl &MY O] pitchol Wt &g grol Yelx]
7] WRo] 2 strand2tE pitch7t CTFE 2E79 AXAS AIFH
Ch UEPg O pitch7t 248 Bo| AokA]7] 2ol Litz-wire
Z2A9 d&0] fFaittal A At SHAIEL pitch7t ARl=
o &9 Zolg strand9] ZolE HOIX7] whEol pitch7t &
Z10] HIEA] A50] f4=61A1= Lt wekk] pitchol] WE &g
@ "l BA40] "Qsitt.

F i AolE EF2 AL 53¢ (PDO) & AFFCE MHz
oAl WHsh= skin-effect o Qs AOJEQ WFol= AF 2
%7t A9 0 o] Ho] Aolg WEY Conductor= QR QIth w
Al SEE 0183 skin-effect O 25 ZR QoK UR
conductorZt @101 7PHA TE = i, £02 gA FREA
FUs s ¢ Ao |8t I BoAE A T2 AE
oA 71d EstA 78 + e sToZ dF/0ojE 59
dof B =8 SOF Bo] AMSELE Qe 53 il s
(Cu)ol 999 % FEolal, QI(P)O] 0.04 % OlatZE Soien A
71 EE7t &5 (68 MS/m) of HIsH ¢F 85 % FLOlth A&
oA EatA F& & e AE9 s&oE 2 TFE LTI
Transmitter coile €8l OD (outer diameter) 9.53 mm, wall
thicknesse 1 mm®l s#*E HAEJOH, receiver TLS <ol
M ODE 6.35 mmoO|l wall thickness = 1 mm¢l S#S A

¥ o o



E 2678 MHz B4 1 ©E flaf AFE Aolg 12 &
Table 2 Specifications of the selected 12 cables for the 6.78
MHz WPT system

Litz-Wires Transmitter coil & #OI&
Specifications Litz-1  Litz-2  Litz-3 Litz-4
Diameter of a strand [pm] 30 30 50 50
Number of strands 17600 17500 6250 6,250
Pitch [turns/m] 100 Al 100 27
Cross-sectional diameter [mm] 7 7 7 7
Net cross-sectional area [mm?] 124 124 123 123
Current rating [Ams] 50
Receiver coil € A0S
Litz-5 Litz-6 Litz-7 Litz-8
Diameter of a strand [um] 30 30 50 50
Number of strands 1,025 1025 375 375
Pitch [turns/m] 125 37 125 37
Cross-sectional diameter [mm] 2 2 2 2
Net cross-sectional area [mm? | 072 072 074 074
Current rating [Ams] 3
Copper tubes Transmitter coil € 7012
Specifications PDC-1 ML=l
Material OlEhtE SRS
Cross-sectional diameter [mm] 953 953
Wall thickness [mm] 1 1
Net cross-sectional area [mm?] 14.2 14.2
Receiver coil & 70|12
PDC-2 MeC=2
Material OlEhtE SRS
Cross-sectional diameter [mm] 6.35 6.35
Wall thickness [mm] 1 1
Net cross-sectional area [mm’] 92 92

ORE Aolg SF+ HEIR s (TPC) OJth EHZUR
% Ole}, o4 SREO] 0.04% Olato]

248 A7) Axg AEZ

SOt HELR] s3 et s3I 5

A

2.2. 474 A0IE=9 6.78 MHzOIA9] &4
2.2.1. Analytical calculation
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9] skin-effectoll 9Ot &4 Z5#0] FZHO| skin-depthH=TCH
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LFERE 4 QITh = proximity effectol] QJaiA] 2= =714
0l £4& Uehl= metmeoltt. stREE 8 7HA] 9] g A
Al (22 )2 TH9 AV BF ol FAo7 E0i9e
T loss & ALK Zlog BA A8 AL ALRYE loop E2
loop WRS A& QR A7IAS] BHYHOA 2= F7HE
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1
skin =GR~ where A,;; =2nrd 2
Rprox = Rskin (1 + Gp) = Rtotal (3)

o71N [ & B8H9 & 20|, 0 = F29 conductivity, r &
cross-sectional radius, §= skin-depth, & S0 R§ THHE
olth Al 5 olgd AdE BT 4579 6.78 MHzOIAQ] Al

e A4S ThHE Table 33+ ATk

B 3 539 O|EFQl A ghit FEAE 0]8% H
Table 3 Calculation of the ESR of the copper tubes

PDC-1 | PDC-2 | TPC-1 | TPC-2
Analytical results 0.023 0.24 0.021 0.22
FEA results 0.036 0.26 0.035 0.26

Finite element analysis (FEA) & O]&%t A9 Ago|

analytical results HCF QM O 22 & 4 9

AFSH loopERQ] T YOS A71E 2229 ExdolA 7]QIsitt
CH2OZ2 Litz-wire®] Aggte =% [3]oA U A @&

olgst] & 4= Utk

Rtotal: Rcond + Ri nternal induction + Rexternal induction (4)
1 £ n
3
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Ny [ Too i=1
2
2ér, @ n 2r°r D, &

0% ind > 07 ind .

—n, 5 ; + {az’<Ho2’Z>}
drpo =1 g

i=1
ber (fro )b?l/ (fro) - ber, (‘Sro )bﬁl (fl‘o )
ber? (&, ) +bei” (ér,)

where, ®,,4&,) =

ber,, (&, )ber’ (&) —bei, (&, Jbei’ (&)
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P4 &) =
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9] skin-effectol] QJajA]l EMot= =4, ZF ©HO strandstof] &
M5=  inductiono] QJsHA]  ERMEH= &A1 turn-to-turn®
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inductionoll QJsiA WlsH= EMe 9JHloHH, ne2 strand<
A4 ro= strand® T8, = V/(wow) OH, o= conductivity,
o= ZF0E, a = 799 4 "ol HH40IH, i=1.n 2 TY9
Hof thst indexOl™, r. & Litz-wire®] cross-sectional radius
OlM, ber, bei, ber’, bei, ber’, bei’, & Kelvin function, (H%;)
= Bt strando] TSt angular and radial &0 H-field9]
squared average O|Ch 9| Alg O]&3d10] Table 29] 87} 79
Litz-wire9] 6.78 MHzOIAQl Agt ke A4tstA Ofel Table 4
Q} AT} Table 31t Table 49 AiE H|WE] HH QS AM
g ¢ 4 Ut} Litz-13} PDC-1, TPC-1& H|WSIEH Litz-
wire@] THHZEO] copper tubeQ THHAI} & ZJo|7} LA Z&
ol Litz-wire9] O]28Ql Xggto] &3¢ Hrt 3u & Arh
Fig. 29] &4 BXEE HHE 480 717 82 ¢ + Atk
Ol= Litz-wireQ| strands 7+Q| internal induction of Qg A&
OF number of strandsol HIZESHA AXH, "7 Aol H
e AZRCE WA Litz-wire = individual strand AH&Q]
skin-effect loss= 2} strand diameterS Z83] &HA il F
43 & 4 YR JAF rating0d] AX number of strands 7}t
ARE AL, strand?t9 inductiono] 25t £Al0] F2 MG
STHT £40] d53] AT

# Reond
= Rinternal
Rextemal

4 2 Litz-1€ ol8st 1-8H Yo &4 gl X

Fig. 2 Loss distribution of a single-turn coil using Litz-1

2.2.2. Measured ESR of the coils
Z 127IK9 BAE0 gt 6.78 MHzOlAS A e
Impedance analyzer (Agilent 4294A) & O|&3l0o] &HEHC
Transmitter & 181 IO HS self-inductance’} &0} Ful
H g gtg 58€ & AU, 5-turn TL9 FS self-
inductance 7F 10 pH AZZ ACHEL 4 MHz OJAOlA]
Reactance THH| Resistance®] H]&0] % O} phaseZ} 90°0f
7V dekst £8o] B7Fsolltt metA 5-turn IO EF
© 4 MHzZZHR] &8E 3k =3 extrapolationg O]&310] 6.78
MHzOIA9 gte FEs5Itt. 548 dite Table 4 2 Fig. 3
1} Fig. 401 Z LERT QAT

Fig. 3% Transmitter coil® 67HK] &F &AL Fuled &
ke UERMICE 1 MHz Olste] W2 FukrolM= 671K A=
o] Hi=el Ag gES 7K Ag B4 AL oA 4 Q)0
MEH 532 Fukeol Aol HigEsiAl Ago] E71sitt. o
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Fig. 83 Measured ESR of the transmitter coils
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Fig. 4 Measured ESR of the receiver coils
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depth HCF 3™ A o wWZ2A E7kehe Zig & 4 Utk
Fig 40= Receiver® T 6ZE9] AEZS LFERICE Transmitter
o] 229} NEVIKIE Strand ZZ0] 50 pm Q1 Litz-7, 89 &
2 Fupeeof met Aol F456] ARCH Fuk9] 3/2 Sofl H
Hoke 2gFS Bk 30 um QI Litz-5, 6= Fikeo] Algol
Higlsl=s Ao® HQrh Pitch?t & Litz-57} Litz-60 Hlgl 2
A5 B Aggte JHRECh o] IEiZolA ZQT ARIS
Litz-wireQ] Agol 71& & ¥ges F= AUAE Strand9] ZE
Olgh= Zoltt. Egh o] IZE Litz-wire 52 MHz HEIOA]
Copper tubeRT} =A0] A HglsiA] FTh= Ag HOETH
Table 401A Q8 A2 IA A7IA17L Atk AW, A& &3
H Litz-wire 9] X|ggto] o]zt Hrt 2~4df H% It} ole
Litz-wire= O|2FORE= HE strand 7} BHAOZ #st &
EE JRREE AE 7|E0] Qe strand?} EoF A4E
Slo] ofzfe] olEFQl AEfhiE Be Rolp dth EM,
strand ZZ0] 30 um Q1 AOJEO] 50 um®! HOJE HU} &g
Zrol Awt OJ5lE ZEth ol O|F FoMLE HJE SFoT
6.78 MHzoll Z&517] QaiAE AZA 30 um strandsE O] &38| oF
o= A2 HOECEH AW, Litz-1 I} Litz-2, &% Litz-31}
Litz-42 HW3EH Pitch7} 242 = g¢zog ¢ 2o| &
255 Ag Fol IRt & RO URe Zal, 10 ~ 20 %



B 4 OF"E AOEEY 6.78 MHIA &89 A 3t
Table 4 Calculation of the ESR of the copper tubes
Transmitter coil & F0]&
Litz-wires Litz-1 | Litz-2 | Litz-3 | Litz-4
Analytical results 0.075 | 0.075 | 0.188 | 0.188
Experimental results 0.13 0.16 0.43 0.51
Copper tubes PDC-1 TPC-1
Analytical results 0.023 0.021
Experimental results 0.065 0.045
Receiver coil € #A0|&
Litz-wires Litz-5 | Litz-6 | Litz-7 | Litz-8
Analytical results 0.344 0.344 0.736 0.736
Experimental results 0.43 0.64 2.14 2.09
Copper tubes IPIDC=2 TPC-2
Analytical results 0.24 0.22
Experimental results 0.32 0.30

Fr AMEE S Y ZASE Bt nxjgez /1%
QF He HE 539 ARl Litz-wire HCF 1.5 ~ 26 O]
O, conductivity 7} £Ch 28R TPC 7} 71&t 948t &
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Litz-wire HC} copper tube 7} $£2410] &1, 7FA0] Y535 &
7] mi2oll B Fgtgt Z0E HOICh
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Fig. 5 Equivalent circuit of the WPT system
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Fig. 6 Efficiency dependence of the WPT system on the cables
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Fig. 7 A block diagram of the test-bed
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Fig. 8 Photos of the test-bed
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Performance InputPower OutputPower Efficiency
value 869W 69.9W 80.42 %

mo ::ga :gm :gﬁ;: C2: Input current (1 A/div)
sdev = iud C C3: Output voltage (50 V/div)
1 1 1

C4: Output current (1 A/div)

num
status

50,0 V/ci
00V offsa

e

PLms(C1) P2ms(C2)  P3phase(C1.C2) PA.ms(C3) PSms(C4) PG phase(C3.CA)
%5V 3393A 5780242191368 * a2V 1075A 4069172046248 *
54056 * a2V 10754 41778°

265V 3393A 2829233910206 * a2V 1075A  39.975244346004 *
%65V 3393A 7072629030190 * a21v 1075A  44.888171889501 *

1 1 68 1 1 69
status A v v v
Performance InputPower OutputPower Efficiency
value 89W 295W 33.06%

mean 40
min 8IW 295W 33.06%
max BIW 295W 3306%

C2: Input current (2 A/div)
e 3 Output voltage (20 \’//.dw)
7 C4: Output current (2 A/div)
Time: 1ps/div

(b) Litz-49} Litz-8& 01&%t 49 &8
O8] 9 TPC-1,28 ARSSH E29 Litz-4,88 olg88t 329 &
€ Hlx
Fig. 9 Measured efficiency dependence of the WPT system
on the cables
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