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Highly Efficient kW Class Wireless Power Transfer Technology with High Positional Freedom for Small Underwater Mobile Units
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Abstract

Autonomous Underwater Vehicles (AUVs) that can move freely under water are used to explore marine resources, investigate
marine organisms, and monitor infrastructure facilities. Their range of use is expected to expand further as the marine industry
continues to develop. Therefore, a system that can supply power underwater without pulling them up from the sea is desired to utilize
AUVs efficiently. We have transferred 1kW of wireless power in the sea with high positional freedom and power transfer efficiency of

87.5 %.
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(b) Cross-sectional view of coils and AUV pressure resistant
container
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Table 1 Material property for calculation

Dielectric | Magnetic
Conductivityl Relative | Relative 22
S » loss loss
[S/m] |permittivity[permeability| L L
coefficient| coefficient
Air - 1.0 10
Copper | 5810 10 10
Aluminum | 38 X 10 10 10
Polyethylene - 225 10 0.001
Rubber | 10X 10" | 30 10
Ferrite 0.25 1.0 3400 - 0.015
Seawater 6.39 78 1.0

43



44

Panasonic Technical Journal Vol. 68 No. 1 May 2022

43 M IOFRMEE IS E

FERTIE T4 W ERBKICERISID 5720, PikiiEss
HETHL., PARNIFEL 234 VOSRTH Y, 32D
I A VA0 mmEECEINICIRWZSDTH S, #E
a4 IEHIAKR T A7 & B4 U CEBCHERSCER LT
W5, ZEIANETINVIEOPEMAERESHIC T T
A M= 2EDAT, 7294 PRIZafVE20E5XL
TW5.

Water proof connector

Ferrite Rx coil

I

Aluminum pillar

AR A I AV LIRS
Fig. 4 Experimental coils and pressure resistant container

(1) A IVEHEDBIE T %

Wz af VR EDIL NDL VT2 F VAL,

A FREKIZ, Vector Network Analyzer (VNA) % W CS/¥
SA=FEMWEL, 255 A—FIIEHRLTRDS. a4
VOIPUTE A mQ LNV EIEFITNS W=D, 7107
=27 A M R—= bDOF72VNAIZ X 1) Gain Phase Shunt
Thru (GPST)i: % BV THlSE$ A [17].

(2) BHBIES*
VNATIHZEBE MWL XL T/hE W, KWL NIV D E
WENAEND L AR T B0, Ty vay oY
A b—=% (FG), /87 —=7 7 (AMP), &M, ik
EE%, BIAMEERL, SEEICNT-TFI4 2
WCHllE L7z,

Ihs ot e hEzd LB LT 2EOHETH HkW
WOBEINARL, ERIE, A EHEOSWEEREIE%ED
247 .

I 5. ERBHIEEFM

51 I8

W TOIAL NOREEZFET 2720, HEL6mM, &S
18 MOAKIHIKE ANT, BEZEIA NV EZEIELDOT
W U7z, — B2 ik D3R5I 1343.5 %7275, EESR

44

BAKRICE DT L —ETIRARWV[18]. ERELDEL
WEEE L, IR EAT %, EERE39 SimE LT
BATo 7z FEEMEIZ, 0.1 kHz~10 kHzOHEPHCTRE I A )L
DA Y F 25 2 ALUIFI00 uH, ZE T A VLaid, #9400 uH
H DA, LOFHHEAMAITFEEBRMEI L2 %K< ofz. %
BRANCAEE L7232 4 WD THTEBICRY), V3
2= aVETNVEDENPELTWELDEEZLNS.
ZE A VITEBMEIC IR, FHEEDS %ENETH - 7.
SR T 4 NV DQMED FEERE & FF 54 o R W B T
H5H. 2KkHZIZBIT B EE IV OQMHEIX, FEERHEIIK L,
IR e 2 Y, ZFEIA VL ERMEITERMELD
B35 WNME L o 7z, BRI ORI R TEBRMHED T 4
WERPUEAMEL e o 7z/zd b 2 b s, FEE & G5l
TEANIKREE > TWBD, Gk, ETFVEFMERLET IV
LR RE IOV THULEBET NV R EEREAL S 5%
LREADPUETH D, B, ZEIANVSEEI A VR
WZH 5D L EDOIA NV ORERE KL, WERH BT
EF—mEE Ry, K024, FHHEMAETIING2L o7z

100
90
80
70
60
50
40
30
20 |

Efficiency [%]

10

0.1 1 10
Frequency [kHz]

SB[ R A VQIEDIERTE, FHELEO L
Fig. 5 Comparison of experimental and calculated power
transfer / receiving coil Q values

52 BhizERE

FORE I A WV ORKIZERHRTH 5. AR ERHE
e (1) NEVFMET 5. MARBUILERE TI20.24,
FHEMETIZ022F WV 5. 2kHzD & X IZRIFRIdIRK E 2 1),
nmad TFEERAEICBVT89.8%, I 2L —3 3 Y Tlis8%
Lot

W28 I A VOB EI RS Y AT A ORELEAT).
{EENRDIAR & 7% 52 KHZIZ BT B % 2 A VOl EEIZ,
Li=954pH, Qu=83, Le=414uH, Qn=71, ki2=024Td
L. OIS, AMHA Y E—F U AR=R=10Q & L
T (3 X~ (6 XEHAVCTEHLL., ZoOME Ci1=40
uF, Cu"=35uF, C2=74puF, Cr" =113 uF, R1=144mQ,



SERNE | BRA/NEBEEE TKWR, BXE, LEBHEOSVERENEERI 45

Re=73mQ & %&s. INSOENLSa%RD, (7) X TIE
EREERDD L, 802%THY, kQHiD HRKDIAZER)
#808%& L —FH L7

95

90

85

80

75

70

Efficiency [%]

65

60

55

50 1
0.1 1 10
Frequency [kHz]

5O  HIMEERER O
Fig. 6 Comparison of power transfer efficiency

53 kW REHm & & B HE DOFHE

KWtk 2> A7 18 HBE D T N IR B IR R AT 2.5 2 &
RHERT 5720, ZEAA NV EEE I VHNTHTHL U
FERROWE & IT> 72, LKWDEN % X8 2 A VIZEINY
5. BIRNIZEIA VAEEZEE IE72 L X ORBER)E
THbH. EREBWEFII2kHzE L7z, B A Loz 5
Mo(xz2) =00 &L, ZBIANVEZRBESEL. X 2z
DO L HPHIZ03mM=x=<03m, 05m=z=<05m&
5. (x,2) = (03m,0m) D& XITHRAINHETE%, (X,2)
= (0m,05m) D& XITHFIFEEI%TH -7

95.0

90.0

85.0

80.0

Efficiency [%]

75.0

70.0 L L L L
0 0.1 0.2 0.3 0.4 0.5
Position [m]

FTE T A VAL ER R
Fig. 7 Efficiency when changing the position of the power
receiving coil

ZEILNNVONEZEEIAIVHATERELTDH, mER
BERRKEL DO BRVWEZANDS, KRV AT A EBEH
EORWEREBENEETRNTHLENZD.

| o

AT, WHICBWT, PR NRBEMR ORI
EROMEIERHAN 2R Lz, i CldiikoEE
W, R, KA BERO SRR CERE I ZRIE R EET
Holoh, RREVATLAEZAVLEZET, 1 KWORE
HULMTE 2> 530 em AN O IR T (5% > D e KB 15 3%
875 NWOMAEIIZREWREL L, ZhEhHEM%
EETE T

EEIA VOBEEILMTD - 7225, HPBERITKE L
b EafvbENPNRIEYLE NG, EREIE% Y
AT AOREUL, S 5% 5ENFEL, KEIMERHLERO
IR TEPSHROFETH Y, Wit L - HAl s BwEET
»5.

AFFED—HNL, BT 23K i3 % 2 PRBEHEAT
FeHEAERIEE (JPJ004596) DHFEZE ZF /b DTH 5.

ZEXH

[1] JEHEE b, REEEIEE Y 2 7 ANDRRFEEND
B BRI T A5G, vol. 2, no. 2, pp. 23-31, Sep. 2014,

[2] S. Yoshida et al., “A compact 35-watt high-efficiency wireless power
transmission  system under seawater environment,” European
Microwave Conference, pp. 904-907, 2013.

[3] J. Zhoul et al., “Design considerations for a self-latching coupling
structure of inductive power transfer for autonomous underwater
vehicle,” in IEEE Transactions on Industry Applications, vol. 57, no. 1,
pp. 580-587, Jan.-Feb. 2021.

[41 SEHHARHE b, KRBT A4 X L AREICE DB EO OB L
WHIG ) B IEHGEAS A SCEEB, vol. J96-B, no. 11, pp.
1284-1293, Nov. 2013.

[5] W. X. Zhong et al., “Wireless power domino-resonator systems with
noncoaxial axes and circular structures,” IEEE Trans. Power Electron.,
vol. 27, no. 11, pp. 4750-4762, Nov. 2012.

[6] C. K. Lee et al., “Effects of magnetic coupling of nonadjacent
resonators on wireless power domino-resonator systems,” IEEE Trans.
Power Electron., vol. 27, no. 4, pp. 1905-1916, Apr. 2012.

[71 R. Hasaba et al., “Experimental study on over 10 meters magnetic
resonance wireless power transfer under sea with coils,” Proc. IEEE
Wireless Power Transf. Conf. (WPTC2018) , pp. 1-4, Jun. 2018.

[8] VLIOFNBA i, “BEFAEEIC LB KT Y a v 7)) —ipho (¥
L ABIEE Y AT L OFEEGHES B HHBE W GE
B, vol. J101-B, no. 11, pp. 958-967, Nov. 2018.

45



46

Panasonic Technical Journal Vol. 68 No. 1 May 2022

[

[10]

(11

[12]

[13]
[14]

[15]

[16]

[

R. Hasaba, et al., “Magnetic resonance wireless power transfer over 10
m with multiple coils immersed in seawater,” IEEE Trans. on MTT,
vol. 67, no. 11, pp. 4505-4513, Nov. 2019.

st A, /NAUVIAN T E B FHEE & ARERERO BV il
KN IR (R % & il PN O —BET” H ARAEMAEREE,
vol. 28, no. 4, Dec. 2020.

R .Hasaba, et al., “A highly efficient and high degree of freedom of
position kKW-class wireless power transfer system in seawater for small
AUVs” 2021 IEEE Wireless Power Transfer Conference
(WPTC2021) , Jun. 2021.

BRIFEE A, i LEE 7 > T SRRE TVICE T
DL A5 5P, pp. 23-28, AP2018-5, Apr. 2018.

MR Ath, “FERERE W T4, JE37 AR, 1970.

GHEZER, BRI LA EFERGBEYS (W) 2 a4,
1983.

T. Ohira, “Angular expression of maximum power transfer efficiency
in reciprocal two-port systems,” IEEE Wireless Power Transfer
Conference (WPTC2014), pp. 228-230, May. 2014.

G. Matthaei et al., “Microwave filters impedance-matching networks
and coupling structures,” Norwood, MA, USA Artech house, 1980.
“E5061B network analyzer PDF help,” https:/Aww.keysight.com/jp
[jallib/resources/help-files/help-file--user-manual-for-e5061b-network-
analyzer-operation-and-programming-1814709.html, Z: & May 10,
2022.

[18] WIEEH, “TBAR R R B 258, MERRAITETH e

46

ik, vol. 9, no. 1, pp. 135-153, Mar. 2014,

HEERNT
s otk Ryosuke Hasaba
NFEV= 7 L VA M) — ()
FeAiAER

Engineering Div., Panasonic Industry Co., Ltd.

NK EH Tatsuo Yagi

Bk NFv=vy YAFLty bT—2 AH
FERFFERT
Panasonic System Networks R&D Lab. Co., Ltd.

o E—as Shuichiro Yamaguchi

Bk "Fv=vr YAFARy NT—2 AH
FERFTERT
Panasonic System Networks R&D Lab. Co., Ltd.

A Fnsh Kazuhiro Eguchi
NFEVZy 7 ary b+ ()
HAr e B S AR

R&D Div., Panasonic Connect Co., Ltd.
it (T5)

A B Yoshio Koyanagi

) RFv=vy YAFLEy  T—2 AH
FERFTERT
Panasonic System Networks R&D Lab. Co., Ltd.
et ()



	1．はじめに
	2．海中電力伝送の課題と目標値
	2.1　課題
	2.2　目標値

	3．伝送コイルの設計手法
	3.1　コイル間の最大効率
	3.2　2段コイルの設計手法

	4．伝送システムと評価方法
	4.1　3連送電コイルおよびフェライト装荷受電コイル
	4.2　シミュレーション方法
	4.3　コイルの試作と評価方法

	5．無線電力伝送特性
	5.1　コイル特性
	5.2　電力伝送効率
	5.3　kW級電力伝送と位置自由度の評価

	6．まとめ

