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Fig.2 Schematic of Tesla’ s experiment
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Fig.3 Prototype of high-speed train wireless charging system
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in different fields
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Fig.4 Schematic of insulator power transmission experiment

3.1.2 X#&sk

TE R 1 BV i L R e v, HRL S S 2 T L v A AR
FEBRCT TR, 1 0 He o R AL B0 9 B
KT HRBRA, BUACH T B THORI A R E Zn] A
ERERIE AT AR R IR B 261 T (ER LS



54 MO RE BT B R

B2t 2

0 BR 3 BT F AT A )

Bt ABB A EI R —FlCR H#E A 0L
TRREE AR 77 58, oL U5 2 & 5 48 Bl x4 2% i 3 A
IR B L L | SR 5 12 2 VB i i 2 1L 45 0K )
FHL AR IR Bl A N 1) 2 SR 2 TR, DT S 28K
S SMERET , HRIZ LR TR
K, HHEBE—X—pph it M2, K H A
SH PN — A R TR 2 I B Y
IR B L e R T — A g /N oLk A% g
RGRIRTR, 56 EA 5 5 58 1 43 0K & 5 5 34k
Rl ATE PCB AN &8, I X A R G0 i 17 20 50
B ARERG LR BN, B E
$& SR FH R 75 L RB AL i R I 4 % 1T IR Sl S B e
PRV R ) S AL N ) T R R R K A R A
R AR = e B v (i 25 ) R AR R R 2,
N A 75— 2B s A4

Wit v R S 1 AL L T TR ) A 8, X A g A
P R A A T SR B OR B , TC AT RE R W] LA
B M figp e 11 IR IS H AR H, PRI X 7 ) R, B T v R R
PEELIE R G AT s M A e ek i — 25 I ek
T B AR T N
3.1.3 &%

MEAESR , T [ A RS H 25975k, A T A e
REKNHTIER BT, MO A T KB
i NRITE AN 1A 5% 5 e ff 2

T BT CAG L AN TE AL TAE B AT 584
AR S AT REE | B N AMIF ST LA $E ST A
BLEs NFITE ML TC LR T8 L, BLAS AR TC A BL AT
HEBshE e, il Tk e pe, e
FHL5E R AR 2 . 2020 45 Jb 53S0l K2Rk &)
ET X AR LA LA N T —E s A L 7 R
g7 RARGA AR T REM YT
REWITY , FBEAR e T R G0 o0 AR L A LA A
BT B A FACE ST, ST R 5 N R R AL
A AT R R BRI M 0] SE 0 LU, A
KPR T HLAR A O LR DU T S A e v 2
(Y, D T H A S A B T AR gl
JI30RS TAE ) 45 SE R Rl B SR U 1) R R

2021 4, HARKRZARIBET T —Fif gLy A
MINNREI G T AR RS, I )i
THRIMNAEZ R G ST P s i RS g B
PR AEEAE AR T T2k v e A% i 1 R A R B 3K
RS i B R

3.1.4 ZEFEKragkd s

H AT, B 25 AR TR R & | R 28 ()i
o TR AS SR B RE L M SRR H 25 e, 26 L H B
R IR E FANYETT & T & F 25 0] K BH BE L sl BF %
2, TR AE IR H A 5 B BR S5 2 T s R R Y
X IR 5, I S PN fE R & R A A
FEBUIRTE , 1848 #1525 1] K PH RE Ha 3 £ e B Y A3 7
[ [ A D) S AT AT IR AR

2015 4F  INARMT R T H AR B g i 7 —F
BEHAL oA 20 O TC 2R AL g 23 18] K BH BE HL 36 &
G, 2019 4F EEBEA 112 $ FF A KHEETE R
g, T msh R e . 73 41,2018 4E 3K [ 1E 2
FEIR 2 (A R FHAB L 25 300 H |, 11> 55 50 56 Hh Ak v 76 5
PREEL, 2021 4F 0 H O & —E &5 LL i
TR A -5, AR 12 5 B0 b 3 25 A7 R ALY
KREAREE
3.2 RBIEH

TG W RE A% il AR 76 28 38 32 B 5T ) 18 FH 40y
L BhVR A B S | W I A2 e A 3 32 Y A
118
3.2.1 &34 E

Bl L SR BRI Bk, B NSNS RET
DL BRI MG S5 L ZUVERTE BN T R L iR A T
HLH R BB 5T, R BURS T 3 B R, 2018 4R 8
A E BB E AR I 181 m KT
T KB, WA RS SR AR T Y L Bl VR A AL 20
kW ek sir, 2018 4 EZEH WA wl X oh & A T
ARG &KAG Th AL Te N2 3 L)L S 1
TR K L = IR AR 1« =& — B T2 (an &
5FR) . ZAHAK 500 m, SIS TL T RS
R KA R R A IR

5 HEEAESSTL TR S =8 —" 8T A8

Fig.5 Dynamic wireless charging project and

“Three in one” electronic road

2020 4F, PRSI T R E IR KN R LL TTH
S DAV = e == 5] R VA NI = W5 Nl WES A 11 I AV
AN, NI XN AE Gty A2 B 11 255 v, 2 2 e %



XOR,HET BN BRI AR R R S R IERIR )], T HRERTEOR , 2023,42(2) :48-67. 55

158 B T JR T 1 P e e ) S FE L Y, 36
[l f) Momentum Dynamics 2\ 5] 5 I 7] 13X S0 F 37 5%
TR T Z2ATL ARG, I EHRAMAL
3.2.2 HER@E

2015 4, 5 R BRAE W92 Be I T A B 3E 51 4 T
LI ARG, A R HEK 128 m, ZRGREB L
82. T RHAL i 1 MW TR H ARk s B AR B
GEFTWRR T —FhEuE AR Ut i R e, HE
FEI 2540 R ] 8 AU B, A AR 2B W8 T AR, Ay
Froad AR A AR AR E M AL R T Y 2021 4R
LA 7 H P4 RE 5838 R 2 1] 1E A 45 AT B S B
RFETWEHRA G = 18 TC 4 AL v ) X 2 44
AP B L) ) N 2R N RS
TG A% B L LR SR T T
JE IR G WU A TO A L R R 2B W IR
FAL T RGAE R PR IAF] 500 kW, 7E 15 cm
] B T S R AL AR I 90% , A&l 6 FIs .

)

e

K6 [ENHE G ICL A REL SR 4=

Fig.6 China’s first wireless power system urban rail vehicle

3.2.3 WHARiEH

MEAER Pl g AT 32 B 4003 AN T )5 7 S M
TEFNRE R AZ B F R, AEEREET
BREDITR VL AN L TR RE™ LR H R
MG LR R A FEW R AL A T
VERRER T Il & G R B BLIE |, I EPLES A
BTk R B, TR UEAL A AL, B A
SEH MR T AN —Fh R e s o &,
M50 NHLTEAS Figad A2 b e B (IR Sl AT GPS A
AR CE R AT AR TR R e
L5 H AR R T4 i3 s, RE A R m e A
BURIHLES AR TAEZET, 0 N J1 W 1 ke, A
PR A B e A e Ak Ak
3.2.4 By

A LG T HAth Iz B = 45 1 A i w2 R b
T EAEX B[ NART LSS R ) 4 S % i L

TAEFF A AR A B MR 4, s,
R T i SR W AR A T IR L DA R B R
REFFHAGTT K T VFZE BELAF AR 4% R 44
Y HETAFENSAFE AL RS
ARG HADTE o AT 14, ARG TCLk TAERC (1
JEHLER NFEZA R T Rrgl TAE M B 1A R, H A 25
L A T A o A A AR [ 3k A v ik R AR
RFHETCPAR W, T AL REH AR AT A R3S s E b
A N TAERS (8] 5 AT AR 38 2o 76 45 18 A MU i 2t
ST ICER FEHL I, I o4 B RE RO T T L
NPFR, L N AN, 2 A s 7o i X s
HNFTHL IR TR S RSP S , Ah iR T
DLA T HLAS AIEIOBL ] T2k AL BE T Ak, 24 4 TE AL
IR AR AL SR B, vT B R T e
WA IR HE A o DT A 25500kE 00 45 T PN A% SR F
bR ST e ) B A KT T Ny, SR A
AR RS LA AT 7t i A DG e 80 id A
Rt — R ES kR,

3.3 mMEMEK

To2k v RE AL i He AR TR 25 A0 R 45088 1 bz FH 4351
TN TR TERE A4t i A o LRI = A T[] J I F
3.3.1 RAM

TEAMLH TRt 4 i AR rT B A
PRAE RGNS TR RSO0 A0, Bl vz W AR B
[ | AR SRR, 78 T AML Y 45 WPE RE
B, SRR R i — B2 W e AL 25 i E 2
PRz —.

J TR TN ZEATRE JT, 35 F 1Y Lockheed
Martin /A ®] £ 2012 45 % D & 0O'E D) AL 4 R 40
P TC AN RATIFE] N 2 h ZEK3 48 h L F. 2014
A IR E TR B F R T a8 B ML B A
PLEATFE R B AR DT S BB 4E 5 7E 50~ 100 m,
ARG KW F N 13.43 W, 5 F A 16.08%,
2015 4, EEPLE L L K 2E L T —F 3L ik g
AR /NI JE AL TG 7 il R G, TR RN
5 W,2020 4F, 18 2 A4 # [ BT 2% Be &1 X K i Ma-
trice 100 -5 PUES T AL IHF R T —ET4k
FEH ARG M AN TR & L AT
(LA B A — s A 1) B 5 AR BE A 22 , X &R
etz Ll 100 W D2 ) e AMLER LG 07 53
BCAYA 2 e e su L DA ], 2020 4w E )24
AP TR A X XA LT &, 5



56 MO RE BT B R

B2t 2

BLLL 90% B &% 2 I AKLERHE 100 W D F
2021 4 AR Z A A AR T —Fhad F T ) 4R s s
LRI TN A R LGRS, o
IR A 400 W, R0F N 718%™ TR4E, KEET Al
KB T 3T REH A 2B TC AR JoLk Fe
R4 TG NALE AT L i) 75 A A% e e, L]
PAREICIC LR e FE A il
3.3.2 REx#4E

TRAERZS P ATAT 45 I 48 T B AL B R 2%
HUE SR BHAE FE th 3 S58B4, o T PR UE T AL Y i
FENLMIE B TAE , — M2 R 5 o W 20 A% i L
FUES o SR, 5 L W 2 A% ol R 2 30 18 & 7
BATIE R R AR B TR AR R R
12 PR Y S SRR FR s 2 R R, B R AR
JCERL , DT S 350 T i 2 EERR

PG I, TR AL e R n T € i 58 B T R T
e EAT 45, —Jy i T LLRRE UL S e i S5 0
SRR RGN B GRS, 5 — 7 WL g
A EEBEFERI IR, N 25 | ik s T S B0 2
PR . SRR I 38 B A AH DG 5T, TR e i Jo 4k
LRER G T A PE 5 T SRS Rtk — 4R 5T
3.3.3 SrEHEREZ

AN AR 25 8 75 L AE A 2 g T BE AR e |
R 2R T HAMRIRI i %, L
AR AT LUAES LR HE 7R (5 M 45 R 40, 2T b
1) L g R 15 150 45 40 B HL A7, AT A ) M 3 s ) 2
HAR AW R IE, IR I R STk
3.4 JKTHEMN

JCLk B RE AR B AR AR K R B AT 4051 K
BLAS N LA B 3 SO0 P 79 A T J )38
3.4.1 RTMEA

AR, T SR T AL A TAESLURT [A]
MNATTRIF T 2R TG H BBAL T B AR 7K HLgs A
HIIFTE . BT, K FHLES N TCL T RE F 2 W
Lty i A N R 75 R AL BE R A

T A 2 A A T R B ., 1994 4F 36 [
BT E RS R T T A EIRSKT
2.5 kWL i 26 8 2001 4F, £ [H
BIRL 2% B8 IR TR PRI 5T bt & 1 TR ) 7K T ALAER Y
WA NELAERE RS, % R G FE 2 000 m K
W, 16 K T HLES A AL 5 200 W B9 HLRE, B0R 24 K
79% " TR FEA IR I Tl K24 i AR A I 202 A
W& 1 7K R JC 46 H BE 1% i 26 8 1% i o) % ik

10 kW, FE5350C% N 91% , & H BT YR 85 m 7K R 8
LM ARGz, R, HERA SOK R AL e
ARG LRI B 32 BT R G i R, SR T k&
SHEBERERR RERCR S AT, Ao, &
LR A e 2t B K BT 2%, i — 2 4/ T K
TG IR R RN A L R R G
KT IAE4REE B, RS R N 8 4%, AN A FoK
TRAREIT,

H T KA B A A a5 38 fin i 37 & X o2k A%
RERGMRN A LA T RGAG AR ), AT 24
IR A X TCLAL B AR —Fh K R ekl
et s PARAE ST . PELRH R —Fh
XU e, 37 4 2 K Jo 4k 5 RiE R S, 15 I B 3k
10 cm , SR AEHIRCRIL IR F] 80% LA I, RS RENS T
ARV A K T B £ RE i, IR SR TS BE
JT, FEEE TR KA BRI T,
HEST T — MR A E] 200 mm B HLIZHEE 4 2K
TRBEITLLRERG, BRI 22580 5050k
HLIZR A 2K T To A% 58 Z G0 iy et RVl & - i
AL WERUIE . HAREE R
HHUK T RL BRI RGN R, REM 7T
BWINFI 50~500 kHz AR FE R FREE T, 2R
17, PE KA T R A A A i fl,
MK P HE AR AN R R | A I A R 5 B0 — 25 b
FE LR G UK R IR A% BE R Ge B RE )

P 3 ICEk L RB A% i 2R gt e K P e A F g T
P55 300 L 5 I A ) R 32 BT 560 2015
A KT R2FMGE T K A R EL G R %
FROBH AL AE a4 RS 2018 AE 45 8l 7 K T L4k A%
RERG S ImE IR TCL AL e R G, i LK X He
588 75 A% Al iy X IS R S AL Y 2
W HRT, KR AL i R Gt B L 5
A /b, BRI AR 1% 32 B2 ] U P e RE % 5 0
KA BEBLASUC L | 5 305 AR K o & Ak 2 IO B
FEA TR, — FLIZ R R DR W A Kt AR v A 7 K
TRLILREREINEE,

FRAE AR R T2k A5 AR B AR 1947 A5, W] LA AS [R] 34
ek FALEE A E S B A O T R, Rl K
T IRLRAEBER AR &, K W K M = K R ALER A
1) TAERT R ST 58, XK R 34 A B2 X,
3.4.2 EELD W

Bt B4 PR B A ST S A H 254
T, RS X R T A A G A A AT



XOR,HET BN BRI AR R R S R IERIR )], T HRERTEOR , 2023,42(2) :48-67. 57

VT ORI D)2 — ol £ 2 i A2 B (A TR 5 TR 34 )
2 N TSR3, vl LASEAT AR S S Wi g 5
YL VR IV I, AT SRR KR AR R
DA 4% 2 VT AU 2R 5 P A, R W ) A i 4
BT R | PR K A B I 2% 11 56 3 LA I
TR, 2 T R X W) DX ) W sk R O

FLF LI Do 424 SR 25 47 a4 v ) 0, 5 22 3
PE R KT AR AR R 7 2 6 R
FIHTH AR 45 B KRS SO R 5T, 1997 4,
BRAEE T #5#G O i e B oK R
IR HER ™ 2007 4F, H A4 T —Fh IR 422 ol
KW sh ik S8R L RS, LR & RS A
AUAT S 3 1% R Ge AR5 24 180 mW FY B % | i R 57K
TR (VT b 22 [) S B ) £ 5 A 3 2011 4,
RHEERFBET T 3T #EE A X T4 B RE B 1%
W RGP NI B R ) K R B T — o i
H 2017 4R KRR T T — B T 1745
PERK T TR REE RS, %R 5T LS RE
& 51E S L il DT 10 W L i g
AR

PUA L F T 58 30 2 35 1 Fl B B 1 R O
8 Bh— 2% ZE AL B 5 F R P AR A T RE = . BRIt
Z A0, BT LABFGE K R ALER AL JCLR FE LB AR, A
R A 70 T 5 BCH, T A VA T UL R ) 4% SRR T
SR A R 5 7 A SRR AU A ) SRR S
BT HTAERHG R AU 1L s T
SUALER AL 7 A 9T LTI, 8 Rk
—H I ESTF R,
3.5 REM

Bl B 0 & AL S5 i 2 AR P
FEERERRERZ . A TR B AR R 4R T AT
FEHLIRES , R AL T 02k L R AL i B R A HL T
P TR BT T KRR

H AT, 1737 e i 0L A0 G2k 7 i 2 T AL
N - X5 1 7 PR RS JEE A RE A R T FL, I L 70 AL JEG R AT
I 2 AR LR SR AEE . BRI T A%
FHUF L 2k AR, AR T —E M FALEARE
RN Y2 [RT A R A M TR %
HLF 77 5, IR A AR R AR T

AHEL T B o4k Fe i, i I B B T EE AR
5 T S AT ok SR, 2519 Power-
cast 2N F)RAT T — 3K B FEH K ST % PowerSpot , iX
KT B KRR 2 e FL B B3R 3 24 modz, 1

T BN R 22 E T HL B 45 H , PowerSpot BT
LIHF 915 MHz AEE 1) i & S 1) 7 v 30 [T N 1 432
Wot i o R R A i e e 22T SRR 30 it [
P FEFE . SR, 127 i fie R ) B S Eh 3R G, A
RER I 3 W T,

VIS H Wi-Charge 28 73 FLLAMBOE TG EL
TRREHOR R BRI 5 2080 R AR GBI R T —3K
LLANEOLTCE ST B KT AR P ] bl ] B e)
O Ji) ST MO, F538 2k — OGR4 i A 4
Wehg i o L B A IR B A T ISR 200 m
SME A B A 7 R

Kl 7  Wi-Charge £17M#OGTCLL HLRE1E i

Fig.7 Wi-Charge infrared laser wireless power transmission

2019 4F, HAKRURAT R T — i LA H
A% 5 B oy N T %A BB FE 3 m® R/
Jo TR B R b A AL P B | S A o ] P S
PRI RERS TR BE A 4R AL 100 W FEHL I
T AT N E FRIZCEE B T AR A2 T052 0

2021 4F 1 H 29 H /K E A il DIk A b 25 0
LR, ARG TR T B R LR
A 144 ASAREE R LA R LSRRG B 5 AL
T RELHE TS A AR bR, AL i BE 2] A%
KBRS IR I g 2B A S it 5 W SRR IR 2021
8 H 30 7, HARKGR R T —FhF i 2
BSILIRAF I = WL S HERS T T R 4, Hobt
T % F24E Nature Electronics B 1)1 % o4k
FEHLRGE ] O N BRI 50 WO A,
ANl 3 DO WN NSRSy P B s
TEBH H H 5 % W IR EEAEL ( Specific Absorption Rate,
SAR) FIN TR 37 0 0l /2 22 b i . 20 e,
ARG KI5 T % AT B ik i 05 1, 3
SRR AR AN A R RS TAE, & T
P S S, (H 2 B B S 0 i 2 0t ek
WA REERC XA e 2 BEE AL RO 1 &
Ji& , MRS SR e e # JCAAL Y H s Ok 0T



58 MO RE BT B R

B2t 2

3.6 Efrast

B 257 B A D & e A SBT3 A AN
REAS AT X T UEA T 2590 58 3R 7 AR S i
W AR A LW, HE 2 0] HR A Fse Tk e 2k
WINREA MRS E , FEA T OIE#ESS AT O
FE N T E I g A A SR TR AL IR
L B 25 45

H A, M A B e S i AH S 5 BB T
(R s WL SR 7L i e s W €52 <Dl LI 5 2 N 2
o iR A A ICER G RE R R A AR SR A A M 41 21 5
BEREST, T DL — 2 AR U TR i BE AR
iy, 2001 4F7 H,ZEE A Abliomed 2 F) Al Hi 5t
AT A AN T Abio Cor, 2011 4F, 35
SRR K FTERERN A U R G R 5 | A akk B
BB B R 2 1 m DAL AR R A 16 W, 5L
RN 50% I A7 AHEA A LRI RN P&k, HAR M 9.5
em , AFIFLFRI T, HIEH 5 EIZ RGN AR
M), 3% RS BTSRRI b Tl K K
Tolb K2R s MU xR S A N R AL A A
RBERIAT TS, =5 R/ NAE b gbt |
ViR RS T oY, AR, th T &g oo
LRI B8 ) A TR, E R A N0 4k BB AR 4R
RGN HORAE AW, 75 BAEAE AR 7 i A5 18 0 2 A4 1
AR T HAEBE, BLAh, M AR B /N AL R
ARG B A m NP RAG R R 2 A
L R W AR & 7= A i

2013 4% HTN [ 7 RAH 3 T R T RS
KA R TL LR RGN ™ % RS T AEN
R 402 MHz, fERS %L 5 mm (4 52 IR DEA T BE 1%
i, RERCRIEE] 67%, 2019 4F | EEEA 224 1 %t
WA ARG ST TR T ARG i B 515
SIATAER BTV 2020 4F, BT 22 2 A X IR
FER A i T —Fh e i & e L e AL
BT Ts T R R R AN Z A AR
J S IR B 2 A 10 mW L)

2014 4 HrdH AR K 2400 Ada Poon %2R0 i
FFRT RO R A SRR AL BE R AT, % AT A
1o A H R R T O BT, B T — R R
2, IR RGEECR W53 AR AAEON A5 5 TH A T
THRABEE M | JREER T T 4R AR B &
BFRER DL B B e e i R AR s o R R
R, JLF- AT LI AT A 700 e A%
SRR T, iR A B & R L2 A S )

K, FAN B AR H R T —F T Io LR N A
) 1 R AT AR A I R i R 2R i T ik, BRI AR 4K
RN 65% , ] A AR 3 V AR

HE LR R R G A ST A S
B, AT A AR 2Bk 2011 4R, 95 3% 3% K
SV T — T A i K e B A T IR S Y
ML E, ZEERT A 1.2 mmx
1.3 mmx8 mm, /) B FUAT DL $ 4d A ME
TR TRIARE, 26 [ WA S M SL K SRR T —F
AR IO 2R TR TR R 23 mW T
DU, AR X AR A5 ) 328 3 1% T8 B
2012 4F , Y EE S0 FI T 22 b IF & T — Rl A 5
W22 20 TR A B 4, RE 038 i R S 4 A ke
PR LR R AE 57 2013 4R, 5
HL TS WS e 8 1-3 #0534 K e S R 28, 45 3%
P TR B AR 2014 4R 36 = iR 4
JE K23 5 S A B /N 5 CER AL RE R G L
AR R F 1 1 5 88 5 X R B8 B A T = 19 A% i sk
R0 50016 4F, 3 [ P4 g K 2251 X IR BE A A 2
S — P T U R, (R 2oy
5 em, AJLITE 210 s IR 0.22 F A8 9 HL 25 2 ek
FewhE Y 2017 4, B E AR TR K2R AT XA
B AR AAE A R T T — Rl A B IEBE R &,
HZRGRENELL 15% PRCRAGH S mW 2 2018 48,
2 E R PE R WM L KA T — PR & 04k %
B E RIS NS LR IERE R AR
B 7 SOk M AR B i A i

2021 4F, FERIE R R 2 I — A R R e
R BTN 1-3 R AL A MRHE IR BE 28 IR A
BT & B LR LR R G, 1L I Rk F
150 mm , 5P T 60 mWH' | [RI4E 3k = FH g
TR 2EWFFE N 5232 3 [ AR T Ay = 2k 1254
Rk, Ttk T —E2 R RERE T T T2,
13 T 22 90 1A% 1) SR A8 A T Hi B 328 42 A b
B — LR TR R I ESR MRS, %
RS R A A ) L ) R F M DA S ) bR
P i HH S BT 5 AR e e, ) H 2 4%
RIFB At 5ok 17 4% 48 1 B b4 REAE LA, H
Tl AR R B

4 FEFARBE
4.1 #HHEER

4.1.1 HALEELE
LR BRI A ARE b RGBS R 0y, S K



XOR,HET BN BRI AR R R S R IERIR )], T HRERTEOR , 2023,42(2) :48-67. 59

X ZR G F AR T R R B A M R AT B BRI
TEF SRR T M A ER BT 1SRN AARFR
IR R T R L B B AR () 4R

T BTG AR MERE , — 7 T AT ISR BT A R
AL RS BE T, /N H e S 2R T (AR, I 2
ARG RECRL S ORI — J7 TR W] LIS G 4%
AT EHIEATIEAL . B an, 8 54 RL 2R 18 114 58 it 4 FE
AR TR LI 7T AT C L R i R A
fERR . SR 126 ] & I S48 B N L RE S D 3
PR G XR GG B | I RE K B2 P2 Tt fig
AR, A0, REEEMOR R B R R R
AR ST, B o] DA R R B 2 A AR A R, 3
KEeEFEACE I KA
4.1.2 3 HEBHAK

Z MM R H B2 TR Bl 2 24 i ik
R FT R . SR, T R & AL E AN | 7
L= NPV e o7 e [ P s R SR Al s
MELLRSFAR R A8 R A 23R AT B R BAE R A80R
KR EE TR, PRI, 2 0 80 B R B | 2 5 20 A
A AR ATy i — 2 28
4.1.3 FHERAZKR

TERERR G AL e B 1 SEBR I v, A
23 B FI P S (g JmAR LEIASE) s
1 BB W TR B S B <9 O I N 9 R N €2
TEL ARG R IIAE RGO E U 7= A i LRGSR
STV RE SR RGUH R M A B X YR
LA, PRI S ARG I A R — T Ak 37
BN 2RI LA RE AR Z — SCHR[ 127 1%t
SR AT T 8 A 4, SCER[ 128 134
V1T —FhELA X FRES #4175 G2 51 2 2% 4 2k Pl 4 )
SEYIREN RS, AT A w S AT AN P i
H1H R 1 S IR RT 46 Ja S A DU A 0K B e ik
93%,, SCHK[ 12917F 2022 4F 45 T — 3k F Bl
T PR T I P S I R AR PR B e A 3 S
BB REMER R I 2 & 8 ST W, b T HE)T e AL e
FAR W R Wit — AR TR [F R 50 549
FEDAERG R, R4 5 FH O B BT RN i, T8 B 52 2 1)
BRI YR S RS
4.1.4 wERALFEA

WA G X TCE AL RE R G b 1 F R S 2 R A
S A — 30 L R 2, RS ok e B P R A LT
A AR IR 2 R R AR K 5 3
B Rl A ST AL R AR I IR AN AR T

b
B
b
B

(A FA TR VRG22 4 0] R R — 00 AR i ik DR 1 O
RO RIA, SCHR 130 ] R A FROCHT S Com-
sol T T B TR G UL LAL e R G 2l 3
SRV ER S RV O A R 0 NG N 7 o
SCHRL 131 ] 46 M0 1 — oA 5 2 Bl I e 19 7 vk, A 3K
REAR HL 7342 J0 4k e F Ao e v 2 ) A6 10 S e
B EEXTHLRE G IR, R 2RI 2 A
ZIIIBETE DR B R NI L% REH AR 1 1
RS 2 4 AT AR IR AR TG A& A%
4.2 HFEER
4.2.1 R BEZB/EARB AR

AR AN G To A L RB L 2 R i A X e Zef%
BB AR B — 24 57, 1% R 40 10 L RE K S0 i A2
W R —He 4 Jm AR A by A, R85 LAS T A
RS RG , ML TG e X TLLERR S,
A RAERIVERX LA — 78 E s
[l %, Jir LAt FH 4% 46 i, B b i 43 A i i B 4
MAFHREFEME RGN ER S 50, SOk
[132] TR OB IR B S A S R 5
PR T — AR R K . SR 133 1K i T A0 A o =
AT, B0 T —Fh S 0d B, (B 3R Ay L A Al
5 A AR DR 22, H R0 A 50 2 e A
BERUR 2 B B 2 A LA P AL S HL I i B R 1Y
TN AT R T4 R RN 2F HEL 7R B O L e A5 i A
KIS HEARM D
4.2.2 BEBLEIMFAR

G TG e R G i A HE B R 1]
FELERE B2 4R 028 SURR A Tn) L, J2 52 i) 3R e 1S Ik Ml g
A RERN R LT EA ZH A it
(RIS BILAS SIHE LA 537

SCHER[ 134 14307 T HL SRR G AR (9 238 LR G 1%
O, IR A T AR B AR A FL A SOk [ 29 ] 48 i
T Zi ARG YU 0 BRSO IR T A
T L e R R FL B SR N R 2 (E:
X T AR A ML SR AR AU A o i — 2D
FE AR
4.2.3 AR

bEE A G AL R B AR 1Y & R, HoA% i
DI A TR KR A RYIR RS HS
AR H R TR L TR 2 BT IR AR 2R
FR G0 B B AR T A B I A 2% R b R DB 1k
il FE, SRS 5 AL 19 i 3 25 7 J) Bl 4 T Ak b A=
S3 A HL ., ARl hlE 4 e AR B T i 2 A fl e XU



60 MO RE BT B R

B2t 2

4.3 R
4.3.1 BRI BRBBRFZT

KRR IR H A7 32 2558 1 B 52 8 i
[P A ) S, e s e e e o R AR R A
R T S A T P v ARSI (E SR B R B
DImAR, FlE 2 = AR AR T AR 0 K
P [T 5 A A %) B YA T SR R0 B Al I BRI
A T M TR G & R
4.3.2 BHRGHAHFRE

TSR [l i S C AL B R G 2 0
HE, SCHR[ 136 ] 38 18 7 o R AR BR DL K AT H I 4%
Wit e T Z2E e it E SR, HAN, HAY
T AE HARIX I8 5] 3 A i, A Be AR FF 2 S i R
L TAETESARIRAS | o SR B B 0B o AT B 3 PR AR
TR R AL, PR, 8 2 1) 1 & 3 R 2B
TR R AT H AV T R RIE Dy hE
4.3.3 BKREHERL

i IS AL it 2R e i S R B AR v g
i AR  TARAAR TR e as R RS LA
PERERIOCHEPTTE . H TV S SR AR AL 45 KRR
MRS YRR G R AR 5T =
I e SRR T R Y. A B R Tt R A H R
4.3.4 Z&£NFM

i TR AL BB AR X R G e PEZR R R,
PRI A A 38 T O g 3t DXCE e B 2 051) o B
IR RS B 7 o, AT e ik DR A B 31 T PN o
U e X A S S HA AR W sE i  BL AR, FEAE i Rl
WL R TR et BEARZMMHE
4.4 #FHHxK
4.4.1 HAHKXE

WO BB A% i 3 G0 & 56 i 1) 2.0 i 1R = O
i, WOGAH SO L AL fE R G0 & AR H A% O
TR, FE B S W R G R RRARRCRE . HET, Ot
AR AR WOLHE B DGHR BRI | HOC R
BRI DA SR BE 450 S HOR I itk — 2P 538k
4.4.2 RARBUREAK

HWOLTEZAL i R G0 il i DGR AR F SE B
WOt FLRE Y B 4, O B[R] RE 52 ) 3R 495 1A% R AR
o KGR RIBETE AT MR AT IESE | B
HEOLRERI R AR ORI B R B R R AR T
THEARFE T LG EHIE,
4.4.3 REFEZSL

Rl AR DRGSR AR WY K, RGN E

e E RS, Dot se i B s ik, &
AR e S P R e AN B S B KT IR R iR B
WO AR R AR Y BB, RIS
YO TICL AL B R G B B e VR AT R 48
PR A, SR RE Y R AL FRUE T
4.5 BFR
4.5.1 BEHRLBRT

7 LR AG ) R G A% O AR P L BE A,
HTRCREEIE T RENRRERSCE, X T
ANFE RN S5, f LA R R A R RE A%, LAIE
NAERRA BT K . HETCA AR D B AH SCAI 9T, SC
HRL7L]EFXT KT B 5e g2 i T g a8 i ity
LT SCER PR A X S RS M R L 1]
TR RedR BB S AT, BRI, AH G S50 v ) 48 fiE
AAEAAETEANIG BL Y [n) @, oM pe b A e it — 20 4R
T
4.5.2 fEHRE

A AT B R ML AL E 2%, B
FORT A AR 9 FH vk A S5 A5 R B A R TR A
T A ,,H\:q:' , SRR, s A 45 UL Y Mason
S5 A4 H I KMIL A5 R0H B 45 R AT 45k U Ml 15
A R ITCLALRE R R LR TERE . (H B ATX REEH
AL AT TR SRR S S I RAIA T 47,
RGN L B AR A Rt — 2D A A Th AR e
— BB LLERAREN ISR, 7
Hh A BRIT AT R A A e Re AR R | RS AL
PEREMIA RO . A e A R 25 6, JE S S
S ) AT ) BE A R AR e A% REH R 19 &
J N B85 A A
4.5.3 FREHER

TEME 75 L REAL S R ge v, AR J5T (] 9 75 BE 4T
DT C 7] 02 R R e RICR PR T G, H R 2805
PF T HRICIEAE 58 L i BRBTICE . o T X —
[R)ER, SCHR[ 137 J 32 B FE DRI 2 1 7 2, i e fig 2
SRS 5T 2 (] 75 BEA T T ek U, DA i 34 R A
FRATE SR USSR RGN,
4.5.4 AREREBEHEKR

I )4 RO IR PR e R e AL e R AR R
BT A EERNR, PR RS R
BNl BECTA BRI , R AR 23 & 75 22 2% R4k fiE
wBEANIER, SOk 138 Tl R AR REEH A
AR T RGAEWSCR LB T AL 4 I 1) 1) 2%
ey



XOR,HET BN BRI AR R R S R IERIR )], T HRERTEOR , 2023,42(2) :48-67. 61

5 it

TEALRELORFA ) I i WL A5 B R 23
wRg . [FI, JCAAR REB AR B K o — i
Wt ) R G TR, HUR T I S A8 e 22 425
B2 BRI, 7 20 B B o 20 BRISH AT R
Ao G55 HHTABAR R BUIR R e Rk TC AL
RELRE 1) 5 B e (Bl 1 D7 1) 2 B ] IR ) H
N FRGE sdis MR KRR K E I
BT i 51 22 U AR TR 1Y S

SE R ( References) :

[ 1] BED, PR, mEmefe, 4. JoZk b RBAL MM AR N

WEFT IR 5ok [J]. BT H AR, 2021, 36
(8): 1547-1568.
Xue Ming, Yang Qingxin, Zhang Pengcheng, et al. Ap-
plication status and key issues of wireless power transmis-
sion technology [ J]. Transactions of China Electrotechni-
cal Society, 2021, 36 (8). 1547-1568.

[ 2] Zhang Z, Pang H, Georgiadis A, et al. Wireless power
transfer—An overview [J]. IEEE Transactions on Indus-
trial Electronics, 2019, 66 (2). 1044-1058.

[ 3] Thomas C M. Tesla’s oscillator and other inventions
[M]. America; Century Magazine, 1895.

[ 4] Secor H W. Tesla apparatus and experiments—How to
build both large and small Tesla and oudin coils and how
to carry on spectacular experiments with them [J]. Prac-
tical Electrics, 1921.

[ 5] Tesla N. The transmission of electric energy without wires
[J]. Thirteenth Anniversary Number of the Electrical
World & Engineer, 1904.

[ 6] Kurs A, Karalis A, Moffatt R, et al. Wireless power
transfer via strongly coupled magnetic resonances [ J].
Science, 2007, 317 (5834) . 83-86.

[ 7] Sample A P, Meyer D T, Smith J R. Analysis, experi-
mental results, and range adaptation of magnetically cou-
pled resonators for wireless power transfer [ J]. IEEE
Transactions on Industrial Electronics, 2011, 58 (2):
544-554.

[ 8] Yasar I, Lei S, Bai K, et al. Mobile phone mid-range
wireless charger development via coupled magnetic reso-
nance [ A]. 2016 IEEE Transportation Electrification Con-
ference and Expo [ C]. Dearborn, USA, 2016.

[ 9] Chen L, Nagendra G R, Boys J T, et al. Double-cou-
pled systems for IPT roadway applications [ J]. IEEE
Journal of Emerging and Selected Topics in Power Elec-
tronics, 2015, 3 (1) 37-49.

[10] Krishnan S, Bhuyan S, Kumar V P, et al. Frequency

agile resonance-based wireless charging system for electric
vehicles [ A]. 2012 IEEE International Electric Vehicle
Conference [ C]. Greenville, USA, 2012.

[11] B%Am, Bifd. iR LA TR AR BUR S R
[J]. E#R%, 2012 (6): 3-6, 21.

[12] KRB, WS ER LT EAR [J]. W4 TR,
2011 (12): 50-52.

Zhu Jun. Electric vehicle wireless charging technology
[J]. Automotive Engineer, 2011 (12). 50-52.

[13] Assawaworrarit S, Yu X, Fan S. Robust wireless power
transfer using a nonlinear parity-time-symmetric circuit
[J]. Nature, 2017, 546 (7658) : 387-390.

[14] Gu H, Choi H. Analysis of wireless power transmission
characteristics for high-efficiency resonant coils [ J ].
IEEE Transactions on Applied Superconductivity, 2020,
30 (4): 1-4.

[15] Jafari H, Olowu T O, Mahmoudi M, et al. Optimal de-
sign of IPT bipolar power pad for roadway-powered EV
charging systems [ J]. IEEE Canadian Journal of Electri-
cal and Computer Engineering, 2021, 44 (3) . 350-355.

[16] Barsari V Z, Thrimawithana D J, Covic G A. An induc-
tive coupler array for in-motion wireless charging of elec-
tric vehicles [ J]. IEEE Transactions on Power Electron-
ics, 2021, 36 (9): 9854-9863.

(17] KRB, KRBV, FH, & HTHRIGE SRR

ZHIRGAU PR TCL L RE AR [J]. P EEHLT
FEEdl, 2015, 35 (17); 4445-4453.
Song Kai, Zhu Chunbo, Li Yang, et al. Wireless power
transfer technology for electric vehicle dynamic charging u-
sing multi-parallel primary coils [ J]. Proceedings of the
CSEE, 2015, 35 (17): 4445-4453.

(18] EBEA, B>, MR, 5 HARIUmMEILRERN

B RL R M RS (1], PREIL TS
#, 2019, 39 (13). 3907-3917.
Wang Yijie, Lu Kaixing, Yao Yousu, et al. An electric
vehicle (EV)-oriented wireless power transfer system fea-
turing high misalignment tolerance [ J]. Proceedings of the
CSEE, 2019, 39 (13): 3907-3917.

[19] ZEH, kR, BPOWT, &5, mEMa iR Ao A A fE

Hekin RGP RN AR i St [J]. BT
HoR2 R, 2016, 31 (2): 18-24.
Li Yang, Zhang Yaxi, Yang Qingxin, et al. Analysis
and experimental validation on maximum power and effi-
ciency in wireless power transfer system via coupled mag-
netic resonances | J]. Transactions of China Electrotech-
nical Society, 2016, 31 (2). 18-24.

[20] iz, ZBfH00, ZPRMN, 5. VRS N IEH it
BRI R st (V] RS SRS,
2011, 30 (12). 112-115, 118.

Lu Qingyun, Li Dejun, Li Zesong, et al. Optimization



62 MO RE BT B R

B2t 2

design of a contactless power transmission system for ocean
application [ J]. Transducer and Microsystem Technolo-
gies, 2011, 30 (12). 112-115, 118.

[21] Zsnbf, BRBH, XUHFAR. BT HMESH0 IPT f6 i

EER TR AT [J]. W EBILT R, 2016,
36 (21): 5816-5821, 6024.
Mai Ruikun, Chen Yang, Liu Yeran. Compensation ca-
pacitor alteration based IPT battery charging application
with constant current and constant voltage control [ J].
Proceedings of the CSEE, 2016, 36 (21). 5816-5821,
6024.

[22]BiZ, Kan T, Mi C C, et al. A review of wireless power
transfer for electric vehicles: Prospects to enhance sustain-
able mobility [ J]. Applied Energy, 2016, 179, 413-
425.

[23] RHZE, skl MG ES LA TR B AR LR

(B [1]. " THARYR, 2020, 35 (6): 1153-
1165.
Wu Lihao, Zhang Bo. Overview of static wireless char-
ging technology for electric vehicles: Part [ [J]. Trans-
actions of China Electrotechnical Society, 2020, 35
(6): 1153-1165.

[24] Paul C. Underwater electric field communication system :
US3668617D [ P]. 1966-08-09.

[25] Kline M, Izyumin I, Boser B, et al. Capacitive power
transfer for contactless charging [ A]. 2011 Twenty-Sixth
Annual IEEE Applied Power Electronics Conference and
Exposition [ C]. Fort Worth, USA, 2011.

[26] Dai J, Ludois D C. Single active switch power electronics
for kilowatt scale capacitive power transfer [ J]. TEEE
Journal of Emerging and Selected Topics in Power Elec-
tronics, 2015, 3 (1) 315-323.

[27] Lu F, Zhang H, Hofmann H, et al. A double-sided
LCLC-compensated capacitive power transfer system for e-
lectric vehicle charging [J]. IEEE Transactions on Power
Electronics, 2015, 30 (11): 6011-6014.

[28] Lu F, Zhang H, Mi C. A two-plate capacitive wireless
power transfer system for electric vehicle charging applica-
tions [ J]. IEEE Transactions on Power Electronics,
2018, 33 (2): 964-969.

[29] Zhou W, Gao Q, Mai R, et al. Design and analysis of a
CPT system with extendable pairs of electric field couplers
[J]. IEEE Transactions on Power Electronics, 2022, 37
(6): 7443-7455.

[30] Wifirfi, Ih4LEE, ARoER, 2. WA G oLk
HIRE G fH AR (1], PR PL TR %4, 2015, 35
(9): 2279-2286.

Chen Xiyou, Wu Hongxia, Mou Xianmin, et al. The
current-type capacitively coupled wireless power transfer

technology [ J]. Proceedings of the CSEE, 2015, 35

(9): 2279-2286.

[31] By, WRERE, R, 55 S EHEGHE LR
Itk OiA, PESHE (1] PEBILTRES
%, 2017, 37 (19). 5749-5758.

Chen Xiyou, Chen Jianhui, Mou Xianmin, et al. Single-
wire power transmission based on spatial electric field cou-
pling: Simulation, understanding and construction [ J].
Proceedings of the CSEE, 2017, 37 (19). 5749-5758.

[32] Wu X, SuY, Hu A P, et al. Multiobjective parameter
optimization of a four-plate capacitive power transfer sys-
tem [J]. IEEE Journal of Emerging and Selected Topics
in Power Electronics, 2021, 9 (2). 2328-2342.

[33] Zhang H, Lu F, Hofmann H, et al. A four-plate com-
pact capacitive coupler design and LCL-compensated to-
pology for capacitive power transfer in electric vehicle
charging application [J]. IEEE Transactions on Power E-
lectronics, 2016, 31 (12): 8541-8551.

[34] Zhang H, Tu F, Hofmann H, et al. An LC compensated
electric field repeater for long distance capacitive power
transfer [ A]. 2016 IEEE Energy Conversion Congress and
Exposition [ C]. Milwaukee, USA, 2016.

[35] Xia C Y, Li C W, Zhang J. Analysis of power transfer
characteristic of capacitive power transfer system and in-
ductively coupled power transfer system [ A]. 2011 Inter-
national Conference on Mechatronic Science, Electric En-
gineering and Computer [ C]. Jilin, China, 2011.

[36] Li S, LiuZ, Zhao H, et al. Wireless power transfer by
electric field resonance and its application in dynamic
charging [J]. IEEE Transactions on Industrial Electron-
ics, 2016, 63 (10): 6602-6612.

[37] Brown W C. The history of power transmission by radio
waves [J]. IEEE Transactions on Microwave Theory and
Techniques, 1984, 32 (9). 1230-1242.

[38] Glaser P E. The satellite solar power station [ A]. 1973
IEEE G-MTT International Microwave Symposium [ C ].
Boulder, USA, 1973.

[39] ZB3CH. M AL RERE AL B AU F ST [ D], P At
AR R, 2020.

Gong Wenxiang. Research on rectifying circuits for micro-
wave power transmission system [ D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2020.

[40] Matsumoto H. Research on solar power satellites and mi-
crowave power transmission in Japan [ J]. IEEE Micro-
wave Magazine, 2002, 3 (4). 36-45.

[41] IhifpiT, A7EIR. BEIHGIR 85 ) B0 JC 2R RE i 1% 4
AR S A L[], BT AR, 2012, 9
(4): 1-5.

Ma Haihong, Shi Dele. Microwave wireless power trans-
mission technology: Application prospects and develop-

ment suggestions in aerospace [ J]. Space Electronic



XM, HET BN R R T AR R S S N ISR IR [T

LT HAEFIHI AR, 2023,42(2) :48-67. 63

Technology, 2012, 9 (4). 1-5.

[42] Charania A. Positioning space solar power ( SSP) as the
next logical step after the international space station (ISS)
[ A]. 53rd International Astronautical Congress the World
Space Congress [ C]. Houston, USA, 2001.

[43] Dhifpdr, £, S, %% — M ORI C L RE R
ek zae [J]. ZREFHAR, 2016, 13 (1): 1-5.
Ma Haihong, Xu Hui, Li Xi, et al. A highly efficient
microwave wireless power transmission system [ J|. Space
Electronic Technology, 2016, 13 (1). 1-5.

[44] MOy, BT, SO—, % e, B

BT [T]. BHESHR, 1994 (3): 31-34.
Lin Weigan, Zhao Yushen, Wen Keyi, et al. Power
transmission by microwave—A propulsion for moderniza-
tion construction [ J]. Science & Technology Review,
1994 (3). 31-34.

[45] BRAE . /ANIRMBER KA AN [D]. L.
bR, 2005.

Xu Junshu. Investigation on the technology of low and me-
dium power rectenna [ D]. Shanghai: Shanghai Universi-
ty, 2005.

[46] Lin Q W, Zhang X Y. Differential rectifier using resist-
ance compression network for improving efficiency over ex-
tended input power range [J]. IEEE Transactions on Mi-
crowave Theory and Techniques, 2016, 64 (9). 2943-
2954.

[47] Du Z, Zhang X Y. High-efficiency single- and dual-band
rectifiers using a complex impedance compression network
for wireless power transfer [ J]. IEEE Transactions on In-
dustrial Electronics, 2018, 65 (6): 5012-5022.

[48] XIKZE, 2, R, MPmREE AR TR [J].
EWIBE TR 2224 (FARBEAERR) , 2011, 36: 19-22.
Liu Changjun, Li Kai, Huang Kama. Development of mi-
crowave power transmission study [ J]. Journal of Kunming
University of Science and Technology (Natural Science E-
dition) , 2011, 36 19-22.

[49] ZHRT, A8, Womiy, % ETHOLMIELRESR
et [J]. 2R FHAR, 2013, 10 (3): 71-
76.

Li Zhenyu, Shi Dele, Shen Jingshi, et al. Laser wireless
power transmission technology [ J]. Space Electronic
Technology, 2013, 10 (3): 71-76.

[50] Blackwell T. Recent demonstrations of laser power beam-
ing at DFRC and MSFC [J]. AIP Conference Proceed-
ings, 2005, 766 (1) 73-85.

[51] Kawashima N, Takeda K, Matsuoka H, et al. Laser en-
ergy transmission for a wireless energy supply to robots
[ A]. 22nd International Symposium on Automation and
Robotics in Construction [ C]. Ferrara, Ttaly, 2005.

[52] sk, tREAR, RbEA, % BOGEHERAR [J]. 4

ANSMOET A, 2011, 40 (6): 1025-1037.

Zhang Nan, Xu Zhijun, Zhu Xiaonong, et al. Laser pro-
pulsion technology [ J]. Infrared and Laser Engineering,
2011, 40 (6): 1025-1037.

JEIEBBR. WOLTC L RE A& il R G CHEBOR TS [D].
A MR R, 2018,

Zhou Weiyang. Research on key technologies of wireless

[53

[

laser power transfer system [ D]. Nanjing: Nanjing Uni-
versity of Aeronautics and Astronautics, 2018.

[54] PR K5t il P X BOE BE B 1% i 318 B S 56 O Y
[D]. Jb5t: GiFfE R, 2013.

Huang Hu. Study on theory and experiment of laser feed-
back power transmission [ D]. Beijing: Tsinghua Univer-
sity, 2013.

[55] {0, BoslE, SRV, 45, mRUKOL LR L

e sy (], E#OE, 2013, 40 (3): 252-
257.
He Tao, Yang Suhui, Zhang Haiyang, et al. Experiment
of space laser energy transmission and conversion with
high efficiency [ J]. Chinese Journal of Lasers, 2013, 40
(3). 252-257.

[56] He T, Yang S H, Munoz M A, et al. High-power high-
efficiency laser power transmission at 100 m using opti-
mized multi-cell GaAs converter [ J]. Chinese Physics
Letters, 2014 (10) . 104203.

[57] Shi D, Zhang L., Ma H, et al. Research on wireless power
transmission system between satellites [ A]. 2016 IEEE
Wireless Power Transfer Conference [ C]. Aveiro, Portu-
gal, 2016.

[58] Yang T, Jin K. A method of simultaneous transmission of
power and information based on laser power transfer system
[A]. 2020 IEEE Applied Power Electronics Conference
and Exposition [ C]. New Orleans, USA, 2020.

[59] Mclean
US1829234A [P]. 1931-10-27.

[60] Cochran G V B, Johnson M W, Kadaba M P, et al. Pie-

zoelectric internal fixation devices: A new approach to e-

N A. Piezo-electric  crystal transformer:

lectrical augmentation of osteogenesis [ J]. Journal of Or-
thopaedic Research, 1985, 3 (4): 508-513.

[61] Bao X, Will B, Stewart S, et al. High-power piezoelec-
tric acoustic-electric power feedthru for metal walls [ A ].
Proceedings of SPIE [ C]. San Diego, USA, 2008.

[62] Ozeri S, Shmilovitz D. Ultrasonic transcutaneous energy
transfer for powering implanted devices [J]. Ultrasonics,
2010, 50 (6): 556-566.

[63] Lawry T J, Wilt K R, Scarton H A, et al. Analytical
modeling of a sandwiched plate piezoelectric transformer-
based acoustic-electric transmission channel [ J]. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Fre-

quency Control, 2012, 59 (11) . 2476-2486.



64 MO RE BT B R

B2t 2

[64] Ho Fai L, Hu A P. Theoretical modeling and analysis of a
wireless ultrasonic power transfer system [ A]. 2015 [EEE
PELS Workshop on Emerging Technologies: Wireless
Power [ C]. Daejeon, Korea, 2015.

[65] Yosra D, Certon D, Meulon F V, et al. Contactless a-
coustic power transmission through air/skin interface: A
feasibility study [ A]. 2020 IEEE International Ultrason-
ics Symposium [ C]. Las Vegas, USA, 2020.

[66] Tseng V F G, Diamond D, Goodrich S, et al. Selective
receiver charging using acoustic vibration modes [ A ].
2021 IEEE Wireless Power Transfer Conference [ C]. San
Diego, USA, 2021.

[67] 4B, B R, tp, 55 2T PZT WA 0

ffEE L R AR IE [J]. M THORSA, 2011,
26 (9): 144-150.
Zou Yuwei, Huang Xueliang, Bai Yang, et al. Research
on contactless ulirasonic energy transfer system based on
PZT [J]. Transactions of China Electrotechnical Society,
2011, 26 (9): 144-150.

[68] VFHE, PRAA, XIFHT. i T A HE G JCL L RE AL

AGUeE PR S EOR [J]. T E AL TR A,
2015, 35 (17): 4461-4467.
Xu Kang, Chen Xiyou, Liu Danning. Electrical imped-
ance transformation techniques for an ultrasonic coupling
wireless power transfer system under sea water [J]. Pro-
ceedings of the CSEE, 2015, 35 (17). 4461-4467.

[69] ZFhk. M JOLk L BE AL il 2R G0 S R AL i e 1k S S R 4
THrEEEgE (D] EK: PR, 2017.

Li Lu. Research on power transfer characteristics and pow-
er promotion approach for ultrasonic power transfer system
[D]. Chongqing: Chongqing University, 2017.

[70] Du'Y, Zhao Y, Wang Z, et al. Two-dimensional equiva-
lent circuit model of ultrasonic wireless power transmission
[J]. IEEE Transactions on Industrial Electronics, 2023,
70 (1): 975-984.

[71] Zhao Y, Du Y, Wang Z, et al. Design of ultrasonic
transducer structure for underwater wireless power transfer
system [ A]. 2021 IEEE Wireless Power Transfer Confer-
ence [ C]. Vancouver, Canada, 2021.

[72] Zhang C, Niang T, Zhong W, et al. A new energy har-
vesting and wireless power transfer system for smart grid
[A]. 2016 TIEEE 7th International Symposium on Power
Electronics for Distributed Generation Systems [ C]. Van-
couver, Canada, 2016.

[73] Cai C, Wang J, Liu R, et al. Resonant wireless char-
ging system design for 110-kV high-voltage transmission
line monitoring equipment [ J]. IEEE Transactions on In-
dustrial Electronics, 2019, 66 (5): 4118-4129.

[74] Marxgut C, Biela J, Kolar ] W, et al. DC-DC converter

for gate power supplies with an optimal air transformer

[A]. 2010 Twenty-Fifth Annual IEEE Applied Power E-
lectronics Conference and Exposition [ C]. Palm Springs,
USA, 2010.

[75] Kusaka K, Orikawa K, Tioh J, et al. Isolation system
with wireless power transfer for multiple gate driver sup-
plies of a medium voltage inverter [ A ]. 2014 International
Power Electronics Conference [ C]. Hiroshima, Japan,
2014.

[76] Nguyen V T, Pawaskar V U, Gohil G. Isolated gate driv-
er for medium-voltage SiC power devices using high-fre-
quency wireless power transfer for a small coupling capaci-
tance [J]. IEEE Transactions on Industrial Electronics,
2021, 68 (11): 10992-11001.

[77] Wu M, Chen X, Su L, et al. Ultrasonic based contact-

less power transfer for gate driver supplies of full bridge

module [ A ]. 2018 International Conference on Power Sys-

tem Technology [ C]. Guangzhou, China, 2018.

FAE. BAGHLE NS S TL R R M5 [D]. b

B dEHEE R, 2020.

Dong Bowei. Research on dynamic wireless charging sys-

[78

[

tem of patrol robot [ D]. Beijing: Beijing Jiaotong Univer-
sity, 2020.

[79] Obayashi S, Kanekiyo Y, Uno H, et al. 400-W UAV/
drone inductive charging system prototyped for overhead
power transmission line patrol [ A]. 2021 IEEE Wireless
Power Transfer Conference [ C]. San Diego, USA, 2021.

[80] EUH, PIER, FRENI, 55 HAH R MBS R

ATLLME RS [J]. B THARER, 2014, 29
(9): 12-16.
Zhai Yuan, Sun Yue, Su Yugang, et al. Magnetic reso-
nance wireless power supply system with characteristics of
constant voltage [ J]. Transactions of China Electrotechni-
cal Society, 2014, 29 (9). 12-16.

[81] MK, M, ER, % KT REMALHmEEN pT

AGARE AR IECAR [T]. B TR, 2015,
30 (S1): 292-296.
Sun Yue, Jiang Cheng, Wang Zhihui, et al. Technology
for identifying illegal load in IPT system based on the en-
ergy transmission channel [ J]. Transactions of China
Electrotechnical Society, 2015, 30 (S1). 292-296.

[82] MUK, 2Bk, RANM, AF. BT IE DU K i JoZk i g

ek R g2 A m AR LG [J]. PRI LR
274k, 2016, 36 (23): 6460-6467.
Dai Xin, Li Lu, Yu Xiyu, et al. Multi-degree-of-freedom
pick-up mechanism of wireless power transfer systems
based on the regular tetrahedron [ J]. Proceedings of the
CSEE, 2016, 36 (23). 6460-6467.

[83] Kim J H, Lee B, Lee]J, et al. Development of 1-mW in-
ductive power transfer system for a high-speed train [J].

IEEE Transactions on Industrial Electronics, 2015, 62



XOR,HET BN BRI AR R R S R IERIR )], T HRERTEOR , 2023,42(2) :48-67. 65

(10) : 6242-6250.

[84] Ukita K, Kashiwagi T, Sakamoto Y, et al. Evaluation of
a non-contact power supply system with a figure-of-eight
coil for railway vehicles [ A]. 2015 IEEE PELS Workshop
on Emerging Technologies: Wireless Power [ C]. Dae-
jeon, Korea, 2015.

[85] 2=, whiwmn, 5KECHE, 55, MR- CEPlas ALk
FEHZEE [T]. BHECAUR S5 A, 2018 (28): 30-
33, 35.

[86] axfhfe, BT, WK, 55 JETRLFTHIAN
YR TCNLFEBAE RT3 [T]. mFHIfE, 2019
(9): 9-14, 30.

[87] SRITH. FETAL AR RETE A s S4e i =58 [J].
IRFE AR, 2021 (10) ; 46-50.

[88] Lan L., Kwan C H, Arteaga J M, et al. A 100 W
6.78 MHz inductive power transfer system for drones
[A]. 2020 14th European Conference on Antennas and
Propagation [ C]. Copenhagen, Denmark, 2020.

[89] Park C, Park J, Shin Y, et al. Separated circular capac-
itive coupler for reducing cross-coupling capacitance in
drone wireless power transfer system [J]. IEEE Transac-
tions on Microwave Theory and Techniques, 2020, 68
(9): 3978-3985.

[90] fifik. TR AN LT RGBT [D]. K K
AT, 2021,

[91] KA, AR, ik, S5 (R TLR H 30 8 45 75 4

EmNRNTT [J]. AR, 2019, 36 (S2): 79-
83.
Li Changjiang, Li Chenzheng, Zhang Tao, et al. Study
on the factors affecting wear life of the slip ring of LEO
satellite [ J]. Aerospace Shanghai, 2019, 36 (S2):
79-83.

[92] Heeres B J, Novotny D W, Divan D M, et al. Contact-
less underwater power delivery [ A ]. Proceedings of 1994
Power Electronics Specialist Conference [ C]. Taipei,
Taiwan, China, 1994.

[93] Bradley A M, Feezor M D, Singh H, et al. Power sys-
tems for autonomous underwater vehicles [ J]. IEEE Jour-
nal of Oceanic Engineering, 2001, 26 (4). 526-538.

[94] Cheng Z, Lei Y, Song K, et al. Design and loss analysis
of loosely coupled transformer for an underwater high-pow-
er inductive power transfer system [ J]. IEEE Transac-
tions on Magnetics, 2015, 51 (7). 1-10.

[95] BRIEZR. /KT L8 A ML &% A\ JC 2k 58 W SCSEH AR B 5T
[D]. HK: FEPRR¥, 2019.

Chen Guodong. Research on key technologies of wireless
charging for underwater cable inspection robot [ D ].
Chongqing: Chongqing University, 2019.

[96] RIBT:, M, K, 45, KT RL L REfL Mt A

L A gE gk (1], W DHE R4k, 2019, 34

(8): 1559-1568.

Wu Xusheng, Sun Pan, Yang Shenqin, et al. Review on
underwater wireless power transfer technology and its ap-
plication [J]. Transactions of China Electrotechnical So-
ciety, 2019, 34 (8): 1559-1568.

[97] Yang L, Ju M, Zhang B. Bidirectional undersea capaci-
tive wireless power transfer system [ J]. IEEE Access,
2019, 7. 121046-121054.

[98] Carvalho N, Georgiadis A, Costanzo A, et al. Europe
and the future for WPT: European contributions to wire-
less power transfer technology [ J]. IEEE Microwave Mag-
azine, 2017, 18 (4). 56-87.

[ 99 ] Urano M, Ata K, Takahashi A. Study on underwater
wireless power transfer via electric coupling with a sub-
merged electrode [ A]. 2017 IEEE International Meeting
for Future of Electron Devices, Kansai [ C]. Kyoto, Ja-
pan, 2017.

[100] Brafr, VPR, RIER, % KR4 5

PG L R A AR XS [T]. WAL S
i, 2018, 22 (3): 9-16.
Chen Xiyou, Xu Kang, Mou Xianmin, et al. Compari-
sons of inductive coupling and ultrasonic coupling wire-
less power transfer under seawater [ J]. Electric Ma-
chines and Control, 2018, 22 (3):. 9-16.

(101 ] FhEIF. 7K 1 I 0 4% 7 o KL R J7 s A AR A 50
[D]. ¥Fm: FFE TR, 2021
Sun Yujiao. Research on optimization of coverage plan-
ning method for underwater sensor network [ D ]. Jinan;
Qilu University of Technology, 2021.

[102] Sellschopp J. A towed CTD chain for two-dimensional
high resolution hydrography [ J]. Deep Sea Research
Part I. Oceanographic Research Papers, 1997, 44
(1), 147-165.

[ 103] Yoshioka D, Sakamoto H, Ishihara Y, et al. Power
feeding and data-transmission system using magnetic cou-
pling for an ocean observation mooring buoy [J]. IEEE
Transactions on Magnetics, 2007, 43 (6) : 2663-2665.

[104] ARZS. TFAR R GEARHE Ak v BE e 8OHR & S B8Hie A% 4 75 125
BIBESE [D]. KHE: KRHECRS:, 2012
Lin Jie. Research on high coupling efficiency contactless
power and data transmission for buoy [ D ]. Tianjin;
Tianjin University, 2012.

[105] TR, MK, Bril, % FhroK AR AR 1%
fun i Bom IR AR S BT [J]. IEECR, 2017, 41
(1), 131-133, 145.
Wang Nanshuo, Li Xingfei, Fang Cheng, et al. Design
of contactless power and data transmission system for
buoy’s underwater sensors [ J]. Chinese Journal of
Power Sources, 2017, 41 (1). 131-133, 145.

[106] Sasatani T, Sample A P, Kawahara Y. Room-scale



66 MO RE BT B R

B2t 2

magnetoquasistatic wireless power transfer using a cavity-
based multimode resonator [ J]. Nature Electronics,
2021, 4 (9): 689-697.

[107] SREA. A 08 758 5 X0 R RE 1 1L iy R Gt 5
[D]. HUM . BUIN L TRHE R, 2020.

Wu Yang. Study of implantable ultrasonic-coupled wire-
less power transfer system [ D ]. Hangzhou: Hangzhou
Dianzi University, 2020.

[108] Jegadeesan R, Guo Y X, Je M. Electric near-field cou-
pling for wireless power transfer in biomedical applica-
tions [ A]. 2013 IEEE MTT-S International Microwave
Workshop Series on RF and Wireless Technologies for
Biomedical and Healthcare Applications [ C]. Singapore,
Singapore, 2013.

[ 109 ] Narayanamoorthi R. Modeling of capacitive resonant wire-
less power and data transfer to deep biomedical implants
[J]. IEEE Transactions on Components, Packaging and
Manufacturing Technology, 2019, 9 (7). 1253-1263.

[110] Sedehi R, Budgett D, Jiang J, et al. A wireless power
method for deeply implanted biomedical devices via ca-
pacitively coupled conductive power transfer [J]. IEEE
Transactions on Power Electronics, 2021, 36 (2):
1870-1882.

[111] Tanabe Y, Ho J S, Wong H, et al. Wireless powering
of microchip implants by a cross-slot antenna [ A ]. 2012
Asia Pacific Microwave Conference Proceedings [ C ].
Kaohsiung, Taiwan, China, 2012.

[112] Ma A, Poon A S Y. Midfield wireless power transfer for
bioelectronics [ J]. IEEE Circuits and Systems Maga-
zine, 2015, 15 (2): 54-60.

[113] Das R, Yoo H. Biotelemetry and wireless powering for
leadless pacemaker systems [J]. IEEE Microwave and
Wireless Components Letters, 2015, 25 (4) . 262-264.

[114] Asif SM, Braaten B D. Design of a compact implantable
rectenna for wireless pacing applications [ A ]. 2016
IEEE International Symposium on Antennas and Propaga-
tion [ C]. Fajardo, USA, 2016.

[115] Maleki T, Cao N, Song S H, et al. An ultrasonically
powered implantable micro-oxygen generator ( IMOG )
[J]. IEEE Transactions on Biomedical Engineering,
2011, 58 (11): 3104-3111.

[116] Larson P J, Towe B C. Miniature ultrasonically powered
wireless nerve cuff stimulator [ A]. 2011 5th Internation-
al IEEE/EMBS Conference on Neural Engineering [ C].
Cancun, Mexico, 2011.

[117] Sanni A, Vilches A, Toumazou C. Inductive and ultra-
sonic multi-tier interface for low-power, deeply implant-
able medical devices [ J]. IEEE Transactions on Bio-
medical Circuits and Systems, 2012, 6 (4). 297-308.

[118] Lee S Q, Youm W, Hwang G. Biocompatible wireless

power transferring based on ultrasonic resonance devices
[J]. Proceedings of Meetings on Acoustics, 2013, 19
(1) 030030.

[119] Chou T, Subramanian R, Park J, et al. A miniaturized
ultrasonic power delivery system [ A]. 2014 IEEE Bio-
medical Circuits and Systems Conference Proceedings
[ C]. Lausanne, Switzerland, 2014.

[120] Seo D, Carmena J] M, Rabaey J] M, et al. Model vali-
dation of untethered, ultrasonic neural dust motes for
cortical recording [ J]. Journal of Neuroscience Meth-
ods, 2015, 244. 114-122.

[121] Jaafar B, Neasham J, Chester G, et al. Ultrasonic
wireless powering link of visual cortical prosthesis im-
plant [ A]. 2017 IEEE Biomedical Circuits and Systems
Conference [ C]. Torino, Italy, 2017.

[122] Meng M, Kiani M. Design and optimization of ultrasonic
wireless power transmission links for millimeter-sized bio-
medical implants [ J]. TEEE Transactions on Biomedical
Circuits and Systems, 2017, 11 (1) 98-107.

[123] Meng M, Kiani M. A hybrid inductive-ultrasonic link for
wireless power transmission to millimeter-sized biomedic-
al implants [J]. IEEE Transactions on Circuits and Sys-
tems II; Express Briefs, 2017, 64 (10). 1137-1141.

[124] Yi X, Zheng W, Cao H, et al. Wireless power trans-
mission for implantable medical devices using focused ul-
trasound and a miniaturized 1-3 piezoelectric composite
receiving transducer [ J]. IEEE Transactions on Ultra-
sonics, Ferroelectrics, and Frequency Control, 2021,
68 (12): 3592-3598.

[125] Hong Y, Jin L, Wang B, et al. A wood-templated uni-
directional piezoceramic composite for transmuscular ul-
trasonic wireless power transfer [ J]. Energy & Environ-
mental Science, 2021, 14 (12) . 6574-6585.

[126] SRR, 4%, XIEZIR, 55 S 0L RE 15 i 5L
A I]. MITHRREA, 2015, 9 (12): 3-10.
Zhang Guomin, Yu Hui, Liu Guole, et al. Supercon-
ducting wireless power transfer technology [ J]. South-
ern Power System Technology, 2015, 9 (12). 3-10.

[127] Zhang Y, Yan Z, Zhu J, et al. A review of foreign ob-
ject detection (FOD) for inductive power transfer sys-
tems [J]. eTransportation, 2019, 1 100002.

(1287 skaik, ki, #E0, 4%, JoZk o RA% i b ) 2% 40
Al & m R wmiork (1] B TR A,
2020, 39 (11): 9-17.
Zhang Xian, Fu Zhiyuan, Xue Ming, et al. Method for
detecting metal foreign object by array differential coil in
wireless power transfer system[ J]. Advanced Technology
of Electrical Engineering and Energy, 2020, 39 (11).
9-17.

[129] Long B, Zhu Q, Zang S, et al. Metal object detection



>

HE, T RN ORI AR LR SN LA [)]. BT HREEHTHA, 2023,42(2) .48-67. 67

by monitoring fifth-order harmonic current of IPT system
with dual frequency tuning [J]. IEEE Transactions on
Power Electronics, 2022, 37 (3): 2513-2518.

[130] A=y, 230, #EL . sl SR SR TR SR L 4L
Pl B 2 A VPAS TS [T]. i TRBERTHOR,
2019, 38 (11). 74-80.
Li Haiyan, Lu Mai, Dong Xuwei. Research on electro-
magnetic exposure safety assessment of typical wireless
charging coil for battery electric vehicle [ J]. Advanced
Technology of Electrical Engineering and Energy, 2019,
38 (11): 74-80.

[131] 25, SKERE, BEN, % HIIE LA THE R
G IRRESERCAT S ()], BT HBERT R, 2021,
40 (4). 44-51.
Meng Jinxue, Zhang Yuwang, Guo Yanjie, et al. Re-
search of active magnetic shielding for wireless power
transfer system of electric vehicles [J]. Advanced Tech-
nology of Electrical Engineering and Energy, 2021, 40
(4): 44-51.

[132] Li T, Chen X, Lang Z, et al. Modeling and analysis of

single-wire power transfer system using distributed pa-

rameter resonant coil [ A]. 2021 IEEE Industrial Elec-

tronics and Applications Conference [ C]. Penang, Ma-

laysia, 2021.

Zou L J, Zhu Q, Neste C W V, et al. Modeling single-

wire capacitive power transfer system with strong coupling

[133

(I

to ground [ J]. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 2021, 9 (2). 2295-
2302.

[134] Huang L, Hu A P. Defining the mutual coupling of ca-
pacitive power transfer for wireless power transfer [ J].
Electronics Letters, 2015, 51 (22) . 1806-1807.

[135] £k, X2, BK, 4. 2.45 GHz R IR
fa st [J]. mF5E%E, 2021, 21 (7): 51-
56.

Wang Ziyue, Liu Duowei, Cheng Fei, et al. 2. 45 GHz
microwave high power source design [ J]. Electronics
and Packaging, 2021, 21 (7). 51-56.

[136] 27, BT Rl (L RE RO B8 R KR ieit [D].
AE5T: JEATIRE RS, 2021
Li Ning. Design of microstrip array transmitting antenna
based on microwave energy transfer [ D ]. Beijing: Bei-
jing University of Posts and Telecommunications, 2021.

[137] ARAR. P e REAS A5 BHHTIS B DU RCZ Be 507k 1Y
WHFE [D]. M/REE: FR/REE TR, 2015.

Zhu Ke. The study of the acoustic impendence gradient
matching layer of ultrasonic transducer [ D]. Harbin
Harbin Institute of Technology, 2015.

[138] Tseng V F G, Bedair S S, Lazarus N. Phased array fo-
cusing for acoustic wireless power transfer [ J]. IEEE
Transactions on Ulirasonics, Ferroelectrics, and Fre-

quency Control, 2018, 65 (1) 39-49.

Development and application review on wireless
power transmission technology
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Abstract: Since the 21st century, the wireless power transmission technology has entered a rapid development
stage ,and the related theoretical research,innovative experiments and application promotion have made great pro-
gress. With the proposal and construction of global energy interconnection, related technologies will have greater de-
velopment potential and application value in the future. The paper firstly describes the birth and development of
wireless power transmission. Secondly, the key research developments of inductive power transmission, capacitive
power transmission , microwave power transmission, laser power transmission and ultrasonic power transmission tech-
nologies at home and abroad in the past 20 years are highlighted. Thirdly, the six major fields of electrical power
system , transportation , aerospace , underwater detection,smart home and medical devices are summarized and pros-
pected. Fourthly,specific application scenarios are discussed for different wireless power transmission technologies.
Finally, the main technical challenges of different wireless power transmission technologies are discussed.

Key words: wireless power transmission; global energy interconnection; development history; research trend; ap-

plication scenario outlook ; technology challenge



