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Lightweight design of the GFSP magnetic coupling mechanism
featuring a center-window structure

Yang Yi',Guo Ke',Xia Shiyun',Li Haixiao',Zheng Chaoyong’
(1. School of Electrical and Electronic Engineering, Chongqging University of Technology, Chongqing 400054, China;
2. Chongqing Xeme Electric Co.,Lid., Chongqing 401328, China)

Abstract: To address the combined requirements for lightweight design and misalignment tolerance in wireless power transfer ( WPT)
systems for mobile load scenarios, this article proposes an engineering-oriented lightweight design method for a grid-type flat spiral pad
( GFSP) magnetic coupler with a central windowed ferrite structure. First, GFSP coils are utilized as the transmitting and receiving units
of the WPT system. Based on mutual inductance theory, a mechanism model is formulated to analyze the coupling coefficient under
distributed winding, revealing how the winding configuration improves the coupling performance and reduces mutual inductance
fluctuation under positional offsets. On this basis, a central opening is introduced in the ferrite plane of the GFSP structure. A
corresponding parameter design process is proposed to balance structural weight reduction and coupling performance retention, and a
representative parameter design is provided. Then, ANSYS/Maxwell simulation models of the original and lightweight GFSP magnetic
couplers are established for comparative analysis of coupling coefficient retention. Results show that the proposed design significantly
reduces ferrite weight while maintaining robust coupling performance under lateral misalignment, varying transmission distances, and
vertical tilt conditions. Finally, a 200 W experimental prototype based on a single-switch dual-branch P*LCC-S compensation topology is
established. Compared with the original design, the magnetic coupler's weight is reduced by 25%. Under 60% lateral offset, 90°
vertical tilt, and 80~ 120 mm transmission distance, the system maintains an output voltage above 25 V and transfer efficiency above
80% , evaluating the effectiveness and engineering feasibility of the proposed design.
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Fig. 1  GFSP magnetic coupling mechanism
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design for the GFSP magnetic coupling structure

St BHMZHESN ésl{i][ ’SLZ[J s ’S}_‘:lj b, Ho
() VREEE j A S,
Wy, BBSEES R (WL W, Wb, Horh

() RS B AN HERE R BHE

B 5 157, ANSYS/ Maxwell 4 FRICAT AR L HEAT 5
S SRR

S 2 GRS N, A S, BT, i B
BN | FIB A A | Sy, | 15 5 28 18 W 16 1k 2 50 BF
M., 3 (9) BiR . PREFERAIRATEE, A (Ne,, Si)
TEUEAE M,,,, SATREREAE 05T, SRBORTA (N, S,y)
(9 F& Ly, Ly, Ly A1 Ly, HJ& My My My, Fl
My o MRHEZC (6) SR A by IEVEAT LB SMHT , AT AE B
RBHF (N, S) VENZE RIS S

M}’ara -
(NS (NS, siEh (N,Ssuh)
(NS (N2,82 (N ,Ssuh)
. ) ) (9)
(NS (NS,8i2hy (N',sEh)

B3 LT IR 2 WARIEDIT B F SRS SRxr ik
SRS E W, AT, N W, = 0 TR IR B &
(W, VAT IEACE N T B BRBORTR W, AL,
Ly Ly M Ly, T My s My My, F1 Mg, o MR B
K (6) KM by, KIBEE W, BIIEIN, by, BT REAR
WRE kyy A B EBAI IR W, VBRI AT 8 985 AF

AR TV DT DR AR IR A AL 4 1 BB 1 [] B e/ s
EBREARIR T, R, 45 G SRR SR I DAL S5 5 T
WIS N, S, MW,
2.2 GFSP #iB&MMABTHSHMU LS

GFSP 4 #5 & AL & A 0.1 B x 250 B ( 4k 4%
2.21mm) W F 25 R G hl R 1B, B S8 L 2642 D, M
2.21 mm AR K W, K 200 mm, FFHIEE G, K
80 mm , BRAEURIEE T, 3 mm, 1A 1 A 2 5144
T RERR S WL RE DL AL 0 S BORn O Ak v 1B AR P 6
Flgh il TR B I S HOEE M, =X (10) FR, 8
AARARTFE

x1 HFRUSB AULERRMLE
Table 1 Parameters to be optimized, optimized

range and value

24 PRALAE HALIE

LRUL AU N/ i 5~10 9

L W [A]EE S,/ mm 3~18 15

BREAARTT B i Wy, /mm 0~ 160 100
(5,3)  (5,6) (5,18)

6,3 6,6 6,18
m | &P (€0 ©.18) | o

(10,3) (10,6) (10,18)

B 7 JBR TSR 28 (B0 8 R e Pl 5 v, S, X
B R BB by BRI

Hodr B 7(a) HIEX AL E AR G TR BE R by
BE N A0S, B T, FLE [ AR 9 I I [ B
15 mm WFIAFN KAE 0. 190 6181 7(b) %48 Z il fw %
45° A3 A A TE X SR AR , (BRI BE H BRAE N =9 [ |
Sy = 15 mm, Wd 3% A B i 2 %R A Pk B S A R
B 7(c) F(d) 43 HFR U5 X A1 Y SR AS 60 mm , Ak
RET W (B 5BE N, A0S, BEC T s 4, HL KA AR
SRHVIAE N =9 [T .S,,_ 15 mm; K] 7(e) 2 X 55 Y Hli[a] i
% 60 mm , P REHE— 25 3 9, (R 7 B oK & ARk
B 7(6) il Z 50y L 5 BN 2 100 mm, #84 R
B AR AR, (H 23 #3215 0] SRS — 2, e v (AT %
Ne=9 [l .S, =15 mm; & 7(g) A1 (h) 4351 A X Gh A
Y HmES 120 mm , P RE TR IRk BH 8, A1 [ Z50R /)N I ]
WA RECEE RN MBS N =9 [ .S, =15 mm A5 0]
FRAGHA X e e M

ZE LT, Jeieas [ & anfa A Ak, i 7(a) ~ (h)
AL, S IHECh 9 I [ B BEh 15 mm B, ky, 38 R
fH, [FIBFATLARS 4518, B % Sa il i GFSP #i#8 A HLAY
B ke BTG, A5 RE AR B 25, B 35 (T 450 0 i) P 3 G,
HRERERA, 5 ) Mg —2.



190 & M & E R a6t

BT
1 0.2000
0.1813
0.1625

36 9 12 15 18

i Spi/mm 0.143 8

(b) GeZHh % 45° (c) WXHHTT 160 mm (d) ¥ Y5 15 W60 mm |
(a) Alignment position (a) Deflection of 45° around the Z-axis (¢) Misalignment 60 mm in the X-axis (d) Misalignment 60 mm in the Y-axis 0.1250

10 10 10 10 ‘
0.106 3

9 9 9 ‘

8 £ £8 £8
g E E E 0.087 5
=7 = =7 =7

0.068 5

6 6 6 ‘
6 0 12 15 18 i 6 9 12 13 6 9 12 15 18 N6 9 12 15 18 i 0.0500

Spi/mm Spi/mm Spi/mm Spi/mm
() WXHAY #J5 FIMABOO mm () WsZHJ7 FAEHIBEES 100 mm (g) WX 47 17 #5120 mm (h) ¥Y %77 7 W 120 mm
(e) Misalignment 60 mm in (f) Transmission distance along the Z-  (g) Misalignment 120 mm in the (h) Misalignment 120 mm in the
X-axis and Y -axis axisis 40 mm X-axis Y -axis

7 ANz BT I B [ 500 A AR 5 R 5 L

Fig.7 Variation patterns of the effective coupling coefficient with turn spacing and number of turns under different positional conditions

TE Wy, BACTEREIP L 10 mm A2E S H0 05 B, 25
RUNE 8 Fiim BEE W, B kyy DABARAR LR/,
TE Wy, 55 100 mm P BB by AR R T R 14 6E
BOR SR RIE W i B 100 mm HH,

0208 B Wpy=0 mm % =60 mm
018 §; =0 Wey=20 mm -~ ¥, =80 mm
o O a- A Wine=40 mm --<- W, =100 mm
«mo 16+ B- -b- WFIN=120 mm
® ° . -0~ =140 mm
W& 0.14F Y -t Wi =160 mm
e P .
g 0120 *oweea i
&R e X
& 0107 S I
-~ ~>
0.08f o
.o
006 1 1 1 ]

2060
VXl R A% BE BS/mm
B8 JFH K A ASHE B XA S0h & R B0 AR

Fig. 8 Variation patterns of the effective coupling coefficient

with window edge length and misalignment distance

ARG GRS A DA 2R S Sy 4 7 55 AU RS
LR E AR R 75% M A REGAE T R # I
91.6% . ZEAEALLS R GFSP REFEA WL I B (R R~ 2
Bon 15 3 SR,

&9 /R T GFSP RERS G ALA 1Rk SR R I 1 551
TR ARSI

Hon 6 9 (a) KR IE X 55007 B, AT LA 8 3 R S
580 3 %) 7 DX ek 3 2 A 7 9 2 P A s (XK, SR T
W IR X FR A3 A1 , 30 AR VTR B 2k B 22 [ DA, R iR
A TFREHE D R R, A 50 B AR 0 #E S EBE
€ 9(b) XN X Gl A% 60 mm BN E, B3 70 A B 44

(a) IEXSSFALE RS I A
(a) Magnetic field distribution  (b) Magnetic field distribution

(b) X R 60 mm k7 2 A

diagram under aligned
condition

diagram under 60 mm X-axis
misalignment

B9 BRENAITETHT GFSP REFS A ML #E S 5 A
Fig.9 Magnetic field distribution of the GFSP magnetic

coupler before ferrite windowing

TEAAORAE 5 15X SR AR L, 55 5 3 DX a1t 1) — 0]
A%, H B — s AEXTFR P, S 30 o i S DX Blmd 38 4%
AT RENR , SRINT, 3R AR T e PR P 22 1), 156 A
IR T RGANRELER: R AR A PERE

& 10 JB/R T GFSP # A4 ALK 78 8k E AR T % 4514
TG RS DL

o T 10 (a) X IE X 5547 W] DL B RN
SRR 1Y) R (E X AR SR A T AR R S B s R A A
TEA 5 R IF 4 B HE A — 2, Ui W] g 4 4K W 35 s
FERGE AL, K 10(b) XU X SR A% 60 mm 147
B WG A URSR O R AR I A v oA R DX I S R X
PR3 (LG 30 2 3 o a8 B /DN | R Wk SRR T 1 )i
RGAE— WA AT RE O HF R4 1 04 37 4 b B R
PERE



% 8 M) W 28 RO TFEZE I GFSP RERS S WU R AL T 191

00 80 60 40 20 0
B/t [ e

=2

(a) IEXFFOL BRI 531
(a) Magnetic field distribution (b) Magnetic field distribution

(b) WX F60 mmBkIH 47

diagram under aligned
condition

K10 BREIRTTE S GFSP RERS G DL RES 43 1
Fig. 10 Magnetic field distribution of the GFSP magnetic

diagram under 60 mm X-axis
misalignment

coupler after ferrite windowing

X L6 ATT TR Bk AT B i S G 3 o0 A T AR AR
PR — B, A3 %% B 1 R i B DX AT 4R v TR A 2B
L, & W T2 A BRXTRE 7 53 A sE /IS ANHE BB A i 4% IX.
TR IR O I, A O R PR A N T AR LR UERR
P RE Y ] B S B2 R e A
2.3 GFSP #ARE PR btk 247

REAESBAAL G B GFSP #ER A PLF MR AR i
SERITEY MBS PEBE 7 T L 3, AR SCIT R T 2 4w A% 4%
T A RS ZBRATRER CCRR X L5 BT, RAE
FEEEH R A TF B L8] R 2 SHOR 1 I b
T AR SEF ) 3 T 6 18 1 9118 i S B S 20 B A
Mo A G T B HHRAEIR RS . IR 240 &
2 iR,

x2 KEUBSHEMEUESEIIE
Table 2 Comparison of unoptimized parameters and

optimized parameters

28 ERIRI% 7 R =3

LR LA D/ mm 2.21 2.21
PR Wy /mm 200 200
BENRIZLEE T /mm 3 3
fEHIBE RS G/ mm 80 80
LR A N/ [T 10 9
BERIFE ALK W, /mm 0 100
LRHILIRIEE S, /mm 0 15

VAL HIE RS 80 mm R FEUE , B #m iy XOY -
I X 5 Y il 7 ) AL 9 B £ 120 mm, W Z Bho7 10 A5
BB [ A 80 ~ 120 mm, %8 Z il ) Ji 57 1 3 T 16D Ry
0~90°, B 11 JBxw T AFEIREE &M T 2 Fridfs A v
CCRR AR fbita s,

11 (a) s T 3R UT XOY S R F Y CCRR
AR R, S5RFI,7E X 3K Y 7 71 £120 mm (4 (R

0 25 75 100
CCRR /% I T

0 40 O
Thi ke =50 129729 %/ﬁ@
Jgg/%‘/ m :l%‘f%
(a) ¥BEXOYFH B CCRRAEAL FEH
(a) Variation of the CCRR with misalignment along the XOY plane

100F & &= BHR M CCRR
ool R e BEGEKE CCRR
S
S e
x 80T RN
&= "B
~ SO,
T 70t -
\E.‘::
60 g
3055 90 100 110 120
W ZE0 07 MRS BE B /mm

(b) Y ZH0 77 T RE CCRRAEAL 1 L
(b) Variation of the CCRR with misalignment along the Z-axis

100 G=ensg., )
B S
90 g
s sof -=- 2R CCRR
5 -o-- ZHHALIE CCRR
< 70f
60F
50—
0 10 20 30 40 50 60 70 80 90
887 iyl A1 BE/(°)
(c) BEZHR%E CCRR B ALiEML

(c) Variation of the CCRR with rotation around the Z-axis

Bl 11 SEARALHTT GFSP GRS A DL K AL I Fg
CCRR 2 LR
Fig. 11  Variation of the CCRR under misalignment conditions
before and after windowing and parameter optimization

of the GFSP magnetic coupling mechanism

SN, IR RS A HLA Y 2 B0 B 47 B B Y- 1 I £5 R
T AR Z T, SHUAL G B GESP #ERR A HLATE 51
R B ) CCRR T i, B H S5 A e 1 m RS PE RE

B 11 (b) 45 T Blbom i Z oy ) (A friE e )
RSB CCRR ZE 4L OL, AT ULAE 80~ 120 mm i [l , WiFh
HILA RS2 R A 452 s A 5 2003 (LR 2 B0 s 14,
fLIG 1 GFSP 45 ¥4 72 #8 A 1F BE L 45 )y T 40 358 Jon i 3%
HE— B E T AT By I BU RS RE ) 7 T AT T

B 11 (c) JBm TSR Z it 0~90°RF Ay CCRR
ARIEDL, LI I AR A BE 10° ~ 80y [, LAk )5 Y
GFSP RERE AP IR LR &1 CCRR, B B AL FAE5EIE
28 FSP 458, FLAT SR 14T #0 B I B% i



192 O O ¢ a6t

LT IR, 15 2 M B TR, 2 800k 1L R 9 ORI Ny
GFSP RERS A UM R OE T2 BOR AL 9 GFSP f l'l!lllll!. e i
A BRI RO PRSP RE . TR 7E XOY 1 Y 0 K F B | mEREs | maRetoa |
B 7 B T O AR 5 Ml 5 S48 72 B £ B O Bis 1 = # aw |
KAF R, R BRS04 TR KR, 540 8 . . ‘ g~
IE T B 448 4 P B P i T 01047 2P |
Iz A ¥ : v

Gtk B
(b) GFSP HERE A HLHG

3 SRIGTEIF

3.1 EIEHHIER

KL TR R 5 S EUL S 9 GFSP #EFS &
U AR B M R 5 56 1 Ak T 9 & 5 T A7 AR
SCEE T —FPanE 12 B R SR XU LCC-S L B4 Fh 2
¥, HUAIK 1% GFSP #ERS A ML, B 12 th 85555 X
S, I AT L, M AR, €, M AR R
B, Ly, ARSI A&, L, IR AR L, Wk
SAMEHIR, €, MR TIFFBAME R 2R, €, R & ST FR A
BEHL AR, Cy WA HL 25, €, o i HE OB Dk H A%
(i=1,2), D, ~Dy WERIF, Vo HEAHRIE, L, Fi
AHLIE, Vo AR 1) A% R

N V[Plsi Cs)
Inci L |§+ Ly, Cry Cpy a4 F\Q]‘[ ]bi Io
el Cravi,, L % V& T A%
B N Pl ! S1 Coi o
Voe _L_-l{!%IS' < l/l'l-|— L] T []i[ ]E') +

(i 1
p— 1 Mpss1/ \Miss ] H

Lez |, Coly
L

]DCZ L 1?+
CI“v Inv
l_2”_| ENE [LF2T41P2 A

e TC‘”
14T Vs pT Ty
122 1. (9

12 B XU LCC-S HL i Fh a1
Fig. 12 Single-switch dual-path LCC-S circuit topology

LT R B AU LCC-S L BR 0 FD 45 0y, #5184
Bl 13 frs S FEL

B 13(a) B TSR AN 5 1 S AR S5 4, L 2
B 2 s, B 13(b) A GFSP #EARG HLAE A 5 vt A1
o, HEBSH SR 1 -8, TASAY R
0. 1 mmx250 A5 ZeBe i, AR RSE 2 200 mmx

SRSk IRk g e T R

(a) Experimental platform

(b) GFSP magnetic coupling mechanism

K13 SREHLF&
Fig. 13 Experimental prototype platform

200 mmx2 mm , 7 % )R P K R 100 mm (#48K PCIS,
VA S %R R 3 300, 1 R4 50 mmx50 mmX2 mm A5
TE AR BE S DRI AL ) |, R A H A ok 42 7 15 T 4R
Y 75% , o FUARU R [ 25%
3.2 XBWHERESHT

K 14 ML ARG S, 1S, B ZVS FF R Ik
o B R, i 200 Q B2 HL K IFi (zero voltage
switching, ZVS) BIEMNIE 14 (a) FiR, TP A S, BT U5
HIRIEMH Vo, N 228.0 V, JF 45 S, 1 T 5 H s 06 (.
Voo N 230.7 V, TEHBL R, 35 Q i ZVS B 1
B 14(b) Frin, JF X8 S, Mils i R EE Vg, N
228.0 V,JF XA S, 1w I8 i FRVEAE Ve, b 230.7 V,
2 FEOL N IFICAE S, AT OCAE S, TR TR IR FL . Vg
BIC kR 0, FRULIER], FFOCHE S, F S, Bynl seal b 1 4%
ToR B F LRI

~ X fa fal
K \l ‘\ g T——— \‘I ! -“ G ;" | OIS "‘ i"

) v ) ! L‘; S At |

Vesi[12.0 V] Vbs1[228.0 V] AN
. =
VAR i

o "y + W
T Vesa[11.9 V] Vips2[230.7 V] 2 ps/div

(a) FLERR =200 QFF KEZVSHKIF KW T
(a) ZVS soft-switching waveform of the switching
transistor at a load of R =200 Q

Al A i { 3 \ al
—‘,“ I“‘ { ."’ —Y | : “‘ frm—— “l | _—
\ vy | [ I
Vesi[12.1 V] Vps1[228.0 V] VAR
zvs :
L v ¥ .
" Vesa[11.9 V] Vps2[230.7 V] 2 yis/div

(b) LR =35 QFF REZVSHIF KRBT
(b) ZVS soft-switching waveform of the switching
transistor at a load of R =35 Q

Kl 14 JERHE S, M S, 19 ZVS PR IO
Fig. 14 ZVS switching waveforms of switches S, and S,



o5 8 %

75 25 UL TR SR GFSP REFR S AL AR 193

P15 D X S 07 S0 R S8 T AR R R ML R

1131 [IPP:4.0 A] Upi [VPP:228.0 V]

\V \/ \V \/

Lip[IPP:4.1 A] Un2[VPP:230.7 V]
- - / -

2 ps/div
(a) AR HY HL PR R 5t 4 BT 88l L

(a) Inverter output voltage and excitation current of
the transmitting coil

15, [RMS:2.56 A] Uoi[VPP:79.8 V]
e

Io[RMS:2.56 A]  Uoa[VPP:84.1 V]
/

2 ps/div

(b) BEFLEHN P EA RS

(b) Rectifier input voltage and current

K15 IEXFFACE R TARRR IR IE

Fig. 15 Voltage and current waveforms at aligned position

T A g R R % B 2 P Rl R SR T T 15 () BT
71N, T I LA S A A Y P PR AF S 230 V 25 AT IS R
ST PSR L TR IS A Ry 4 A 2o, R S A HL R AN
HLANIE 15(b) A7, 0 [ 4 O i i ) P P 06 058 (1 2
80 V ZiA, P HE A A LI SUEYI N 2.56 A, H
IR R | T 5507 1 S 0 R G0 Re 8 S BLER JE 19 200 W 3y
RALHGT | F WM ARATEE Ry Y ()i A R TR i PR

K16 M X 87 15w F% 60 mm 5256 R 48 TAEHL R
FE % T, 30 A% iy R R RN K B 4R P 30 fR I A0
B 16(a) fis, PR 5 B4 30 0 4 HE Pl e 0 0 L AR 35 o

Lp[IPP:4.0 A] Uy, [VPP:228.0 V]

v vV

Lipo[IPP:4.1 A] Ul o[VPP:230.7 V]
_~ .

2 ps/div|
(a) EARH HY HL R R 5 48 P Rl L

(a) Inverter output voltage and excitation current of
the transmitting coil

_Ii[RMS3.56 A] A/O./[VPP;W} V]
avavadaVw

Is;[RMS:3.56 A]  Uoa[VPP:40.8 V]

2 us/div

(b) BTN B AT

(b) Rectifier input voltage and current

Bl 16 W X 07 RS 60 mm ZRGE T AR M H AR I DR
Fig. 16  Voltage and current waveforms under 60 mm

misalignment along the X-axis

230 V ZeAy, T I S P O ER TR A (PR RS R 4 A A
Fi, BIRAEA BB ME 16(b) s, B 1
i H AR RE N 80V ZE AT, B AN 2 WA R R R
40 V IEA B it AR AME LT E 3.5 A &2
Ao HULIER] W X 7 ) RS 60 mm SEIG R S ATh RE4E
FF 200 W DpsRfL4 Hi TRGA 2 M A BRE R ET
R, FBOE A A RN, ML T R AR 1L

K17 JAT Y 507 [ m % 60 mm 256 R4 TAEH R
R E

Iim[IPP:4.0 Al 17, ,[VPP228.0 V]

vV V. V V

Lp[IPP:4.1 A] U,,,\}VPPQ}OJ V]

2 us/div
(a) T2 A th L TR 2 S 25 P A0l FL UL

(a) Inverter output voltage and excitation current of
the transmitting coil

I51[RMS:3.48 A] " U [VPP43.8V]

=9

I[RMS:3.48 A]  Uoa[ VPP79.6 V]

/

2 ps/div

(b) BN LA LI
(b) Rectifier input voltage and current
F17 WY SO RAS 60 mm FRGE T AR HL R R 3 A
Fig. 17 Voltage and current waveforms under 60 mm

misalignment along the Y-axis

Y R RN R S 2 B A R A 1A 17 () BT
TN, T I B A A Y P PRI (L R4 R 230 V A2 A, R
% R TR P A PR VB DRl 4 A Ao Ay, B TRAR
AHLEFEFANE 17 (b) F7R, B e 1 e = R
h A0 V EEAT RETRAS 2 AR R R 80 V A B
PET AR ASUE TR 3.5 A e A, miE ], i
Y307 RS 60 mm SEE RGANRELERE 200 W TR AL
LTI (NG S R e S WO TN WA T O S B S e o
AHLGEE I, DAMEAR R D 2 0 284k

&l 18 it Z G Es o 100 mm 52596 R 48 TAEHR
FERH L

AR R R R % S £ P SR Dl R SR U T 18 () BT
71N, T I LA S A A L P PRI (R AR Al 230 V A2 A, Y
% R TR P R R VB DR Ry 4 A Ao A, B TRAR
AL ANE 18 (b) 7, T 5 Ui i i H PR 1 i
WE(E I R RE R 60 V A AT, ISR T 4 A HL A S 34
FFE3S A LA, RILIEW, W Z Mife el
100 mm B S258 RGeS RELERF 200 W DL 4, (A i T



a6t

194 & M R ¥R
Ipi [IPP:4.0 A] Uy, [VPP:228.0 V]
\ |" | l,'I \ .' |‘. ,r'
v \V V v
Lipa[IPP:4.1 A] Uy [VPP:230.7 V]
>
2 us/div

() AR PR S 2 P U L A
(a) Inverter output voltage and excitation current of
the transmitting coil

I5[RMS:3.46 A] Ui [VPP:60.4 V]
7~

[:[RMS:3.46 A]  Uos[VPP:61.8 V]
/

2 ps/div
(b) BTN R ERE T

(b) Rectifier input voltage and current
18 T 7 BRI R 100 mm REE T AR R ITE

Fig. 18 Voltage and current waveforms of the system at a

transmission distance of 100 mm along the Z-axis

Y ZR BT B, UL AL o B4 i A PR TR 24T TR,
BRGNS, AAESS AR E TR A

P19 %% Z oy il 30° S50 R g TAEHL R FIH
MBI .

L1 [TPP:3.9 A] Uy, [VPP:228.0 V]

\/ \ V \/

Lip2[IPP:4.1 A] Uy [VPP:230.7 V]

\J 2 us/div
(a) X 2R %A H Hh R A1 % S5 4 R WHUBh EL T

(a) Inverter output voltage and excitation current of
the transmitting coil

Is;[RMS:3.08 A] * Uy [VPP:60.4 V]
Ed VA N A R A N

[[RMS:3.08 A] Uoa[VPP:84.6 V]
— — / —

— — — 3 us/div

(b) AN B HL IR

(b) Rectifier input voltage and current
19 2 7 i’ 30° 50 TAF R R %
Fig. 19 Voltage and current waveforms under 30°

rotation around the Z-axis

ARG H S I e S P L R A ] 19 () U
71N, T S BT S A Y L R (DR 230 V 254, TR %
RSB B I (DR 4. 0 A ZiA R AR A
HLR R R ANl 19 (b) R, 28585 1 M A HLE T BN
60 V Aify g 2 M AR RIRREN 80 V 24T, MU BRI
TR A REY ETEE 3 A A, MIGIERA 28 7

Tt 30° 5250 RGANBE RS 200 W DR AL AH i T-REHS
B BB T W, WU I 28 4 i A HL TR XA TR A, 8%
A A BN, AR TR A

& 20 25 T #E R A AL 12 0 s i A B R o R
JE V, FELRCE n 22 A0 LKL, B2 % s i
JER 62.7 V, 5% N 89. 6% ,

% e—*e"e‘_e—_o_ouo'“‘v 80 80 e—‘e"e—_eweng—o'“*@ 80
60 e Ta 60 e eg
> = e 60 ¢ > e~ ~a 60
x40 ’,E' = 4()%:&040 ,,E’ . {40%
20 ° "l 20t ® b P
e ] - “e Voo -
O—120—80—40 0 40 80 120 0 O—120 -80-40 0 40 80 120 0
P BE B /mm P EE R /mm
(a) WiX BT MRE (b) ¥ Y Hh 7 TR

(a) Misalignment along the X-axis %b) Misalignment along the Y -axis
80, <>~<>»0.0_9,e__(_>_$>_® 0 80 0---6---0-=p---&---0--0 %0
60F 5-oeg -

(1 R

> “Beg. 60 > 60
240 Freeg 402 240 0%
20 20 20 20
-o-Yo-o ; o Voo
080 90 100 1i0 120 ° 07015 30 45 60 75 90 "
A&H P B/ mm 5 1:3(@)

(c) W ZH 7 MRE (d) SRZ%5 i

(c) Misalignment along the Z-axis

K20 A% At v, Fnn A2 bl

Fig. 20  Variations of output voltage V,, and efficiency i

(d) Rotation around the Z-axis

under misalignment and rotation conditions

WX Fim A R v, 5EALECR p AR AL an
E 20(a) i A 2 - 120 mm BV, &2 25.8 V, 7 &
%79.8% , A 2 120 mm Bf, V, = 26.0 V,n FFEE
79.4% , WY FmES RV, 5EPLEOR n AR
AR 20(b) Frs A 2 -120 mm B, V, &R 26.1 V,
1 FEZE 81. 4% , WA E 120 mm B, V, B2 30.6 V,n %
% 80. 6% , 11T Z %y PR B AR Ak b B R v, SEEHLAL
o A NE 20 (c) Fis , R HIPE S R 90 mm B,V
2 40.2 V,n (52 81. 5% , %8 Z filimik i ek v, 5
MR n AR 20 (d) B, %5 2 45°1F, V)
% 56.8 V., [ 87.2%

IREEERRM AR Ty ] L O A% 34 5 B
HhH R AR BN TR AR B R I, L F B R R A TR G
FRAEUBE B V)N , 2T T B0OR AR E E ) R T R
TR ST, RS SPFER 2 EE, RN, TR
H ik GFSP RERN G MLIITE 22 2 25 [ B8 25 1 T SR
PRI T8 R A L SRR LR, SR T L R AP
TRk e 5 1L e

25 LR IR AE R W] BT i T GFSP #EH A
LR WPT REEARME S LA A ZVS BT &, 765
AN T, RS 30 7 F B ) o R R AR AN A2
PR IR G (520, 2 S5 208 1 1) 384l v 30 1 1L 30 I A 45
HAROI AR 2Z 180°, 5HIRAT—3, [FIET, B a4 Al
JE R E A RREIRRAS | #2000 UE T 1R F I S 800



8 1

¥ 28 g UL FFE S5 GFSP RER A WL Ak 5 195

EAERYE S R 5% SC 3R 2 R R W B HE L
B, R G A FECRAT BT, LR A PR A
FKF IEW T 0% WPT R GERAT R AF R BT F% RE J1 4L
o AR RESK

4 & it

XA B 5T WPT 2GR EASHRE
PERE DT T AR 75K, $2 1 T —Fh e T o0 JT 5 45 4 Y
GFSP @M S IR AL BT I vk . WEFRTRA 0T 1 48
BRGEH 7 S X6 2 B0 2 e LB, O %o e AR L
g AT T, D5 Ha R R W], UL IS 9 GFSP fi
A HUTEZ RS 200 T e W B M & KA
NI 0 5 BT A PR RE . SR BT R 07 5 Y
AR ARBFTER L T T A L PYLCC-S AME R Th
9200 W SEHAEAL, IR T R GEMIA, SR AT R R,
TS 60% (T EL R H% 90° M A% i RS 80 ~ 120 mm
BTG, LA RO RERR B AL AU T R Gek i A A=
SEVE, R ST Bk SRR R D 259% R B AL B AR,
ARZERFE S RAIE T T GFSP #ERS A WL BT T R 1Y
AT B RAF A AR ST E S M.

5%

(1] 3R, B28, fWivlEe, 55 BA 5838 M 0 306E 1 X
EYRWPT REGEMSE[T]. o EAPL TR, 2025,
45(4) . 1610-1623.

ZHANG X, YANG Y, BAO SH Y, et al. Research on
bidirectional class E* type WPT system with wide load
range capability [ J ]. Proceedings of the CSEE, 2025,
45(4) . 1610-1623.

WRF, R, 20, A LT AR BRI Y e R
WG 3 WPT R RBCR A Irik [ 1], ALY
FetA, 2024, 45(10) ; 110-122.

XIE SH Y, WU L, LI J, et al. Method of maximum

efficiency control based on equivalent load tracking in

(2]

WPT system with rotating magnetic field [ J]. Chinese
Journal of Scientific Instrument, 2024, 45(10). 110-
122.

BkgoE, BMRielE, Tk, JoZR B REAL i R Go e i i 2k
DAL 55 f R A BB 2 0 7 3 [0 ] AR A R 2 4l
2025, 46(4) . 23-34.

GENG Y Y, CHEN H G, WANG T. Optimization of

optimal load and maximum efficiency tracking control

[3]

method for wireless power transfer system[ J]. Chinese
Journal of Scientific Instrument, 2025, 46(4) . 23-34.
WANG H SH, CHENG K W E. A dual-receiver

inductive

[4]

charging system for automated guided

vehicles[ J]. TEEE Transactions on Magnetics, 2022,

[5]

L6]

(7]

[8]

(9]

[10]

[11]

58(8): 1-5.

YANG B, LU Y F, PENG Y ER, et al. Analysis and
design of a T/S compensated IPT system for AGV
maintaining stable output current versus air gap and load
variations[ J]. IEEE Transactions on Power Electronics,
2021, 37(5) : 6217-6228.

Bk, £, R, 45 ST ERUE =2 P
TER TN EMTEANZE R TCL TN HT]. B
TH AR, 2024, 39(22) : 6965-6979.

JIANG J CH, WANG P Y, FENG T X, et al. AGV and
UAV stepwise wireless charging application based on
quasi bidirectional three-state collaborative progressive
method[ J]. of China
Society, 2024, 39(22) : 6965-6979.
WRIH, Mok, 2R, 4. B oLk i B4 R ¢
BB BRMISELER [T ], HEEAL TR 4R, 2023,
43(14) . 5537-5557.

CHEN Y, YANG B, PENG Y ER, et al. Review of anti-
misalignment technology in inductive wireless power

Proceedings of the CSEE, 2023,

Transactions Electrotechnical

transfer system [ J ].
43(14) ; 5537-5557.
S, 5Kk, ZEak i, %, AR L L EEtE
RGN A R SR LRIR[T]. T EHEL
TARAR, 2023, 43(15) : 6020-6040.

DOU R T, ZHANG X, LI Y J, et al.

application development and research of electromagnetic

Review of

shielding in magnetic coupling resonant wireless power
transmission system [ J |. Proceedings of the CSEE,
2023, 43(15) : 6020-6040.

ZHAO L, THRIMAWITHANA D J, MADAWALA U K,
et al. A misalignment-tolerant series-hybrid wireless EV
charging system with integrated magnetics [ J]. IEEE
Transactions on Power Electronics, 2018, 34(2) . 1276-
1285.

FEA, P, SRR, & BARPUMIERER
R RL LR R 5[ 1]. PRI TR
%, 2019, 39(13) . 3907-3917.

WANG Y J, LU K X, YAO Y S, et al. An electric
vehicle ( EV)-oriented wireless power transfer system
featuring high misalignment tolerance[ J]. Proceedings of
the CSEE, 2019, 39(13) . 3907-3917.

R, Fbpel, 22000, %, BT DDQ LR &
LCL #h#h IPT G X HAU A T i 5E (1], P EH
HL TSR, 2019, 39(9) ;. 2778-2788.

RENG J, ZHOU K ZH, LI H CH, et al. Study of dual
coupled LCL topology IPT system based on DDQ coils
and its anti-misalignment method[ J]. Proceedings of the

CSEE, 2019, 39(9) ; 2778-2788.



196 i & % ¥ a6tk
[12] LI H J, LIU ZH, PAN B, et al. A wireless power on Power Electronics, 2011, 26(11) : 3096-3108.
transfer system with high misalignment tolerance and low [21] KATO C, KANEKO Y, TSUDA K, et al. Investigation
component count [ J ]. IEEE Transactions on Power of wireless power transfer system with spaced arranged
Electronics, 2024, 39(3) . 3774-3786. primary H-shaped core coils for moving EVs[ C]. IECON
[13] KIM S, COVIC G A, BOYS J T. Tripolar pad for 2015-41st Annual Conference of the IEEE Industrial
inductive power transfer systems for EV charging[ J]. Electronics Society, 2015. 005197-005201.
IEEE Transactions on Power Electronics, 2017, 32(7) : [22] YAOY S, GAO SH H, WANG Y J, et al. Design and
5045-5057. optimization of an electric vehicle wireless charging
[14] MAL'J W, WANG Y J, YAO Y S, et al. High- system using interleaved boost converter and flat solenoid
misalignment-tolerant IPT systems with solenoid and coupler[ J]. IEEE Transactions on Power Electronics,
double D pads [ J]. TEEE Transactions on Industrial 2021, 36(4) : 3894-3908.
Electronics, 2021, 69(4) : 3527-3535. [23] YEZHL, YANG M Y, CHEN P Y. Multi-band parity-
[15] FEGK, R, sl A, 5. T XURIEZ DD 2 time-symmetric wireless power transfer systems for ISM-
PN B i 1 T2k L RE AL i AR [V ] Al T A band bio-implantable applications [ J]. IEEE Journal of
fit, 2022, 37(16) : 4004-4018. Electromagnetics, RF and Microwaves in Medicine and
XIAO H H, ZHOU Q SH, XIONG SH X, et al. Wireless Biology, 2022, 6(2) ; 196-203.
power transfer system based on double-layer quadrature [24] CHEN Y X, ZHAO X, NIU SH X, et al. A transmitter-
double-D coupling structure with anti-misalignment and embedded metasurface-based wireless power transfer
anti-deflection [ I ]. Transactions of China Electro- system for extended-distance applications [ J]. IEEE
technical Society, 2022, 37(16) ; 4004-4018. Transactions on Power Electronics, 2024, 39(1) . 1762-
[16] WANG Y ZH, LIU H CH, YU H Y, et al. A hybrid .
battery wireless charger for self-adapting battery charging [25] SONG K. MA B Q. YANG G. et al. A rotation-
curve and anti-misalignment [ J ]. IEEE Journal of . . . ) . )
Emerging and Selected Topics in Industrial Electronics, llg'ht'welght wireless power tr%'lnsfer system for solar V?’ng
driving[ J ]. IEEE Transactions on Power Electronics,
2023, 4(4). 1192-1203.
R T o L R
SFR ST R GRS [1]. LRI, 2024, -AO P CH, LU Y, LG, et al
45(8) ; 193-206. lightweight  squirrel-cage receiver coil for drone
XIE SH Y, GUAN H Y, HUANG J. et al. Wireless misalignment-tolerant ~ wireless ~ charging[ J]. IEEE
power transfer system with an asymmetric coupling Transactions on Power Electronics, 2023, 38(3) : 2884-
structure based on rotating magnetic field[ J]. Chinese 2888.
Journal of Scientific Instrument, 2024, 45 (8). 193- [27] ZHANG B, CHEN J M, WANG X D, et al. High-power-
206. density wireless power transfer system for autonomous
18] 4775, SRRl Sl 4. [ 50 0 24 4% 28 8 B85 30 A5 underwater vehicle based on a variable ring-shaped
T B R AT St [ 1], IS, magnetic coupler[ J]. TEEE Transactions on Trans-
2023, 44(12) ; 161-174. portation Electrification, 2024, 10(2) : 3061-3074.
YANG Y, GUO K, GUO Q, et al. Research and design (28] WANG D AN, CHEN F Z, ZHANG J T, et al. A novel
of single-switch inverter wireless power transfer system for pendulum-type magnetic coupler with high misalignment
arid flat spiral pad coils[ J]. Chinese Journal of Scientific tolerance for AUV underwater wireless power transfer
Instrument, 2023, 44(12) : 161-174. systems [ J ]. IEEE Transactions on Power Electronics,
[19] WANG J H, CHEN R X, CAI CH S, et al. An onboard 2023, 38(12): 14861-14871.
magnetic  integration-based WPT system for UAV [29] Z=PH, ZikdE, Sfit, . 5T UG L AL
misalignment-tolerant charging with constant current BREfb LR FTHMEMBEIT[T]. BIEER, 2023,
output[ J]. IEEE Transactions on Transportation 21(6) : 168-175.
Electrification, 2023, 9(1): 1973-1984. LI Y, AN ZH L, MENG H, et al. Design of lightweight
[20] BUDHIA M, COVIC G A, BOYS J T. Design and wireless charging coupling mechanism for UAVs based on

optimization of circular magnetic structures for lumped

inductive power transfer systems[ J]. TEEE Transactions

dual coupling coils[ J]. Journal of Power Supply, 2023,
21(6): 168-175.



8 1

¥ 28 g UL FFE S5 GFSP RER A WL Ak 5 197

[30] wUb, BREZE, ftfse, % HAmPUmE LRl
Rt s S X B AN L i Re e R [J].
AL TR 2A4R , 2023, 43(6) : 2404-2413.

WU SH, CHEN X W, MENG X Y, et al. Electric-field
coupled wireless power transfer system with misalignment-

tolerance and light-weight characteristics for unmanned

aerial vehicle applications| J]. Proceedings of the CSEE,
2023, 43(6) ; 2404-2413.

EEE N

2L, 1991 4T PR IR~ 3R AG 24+
“FA, 2003 4F T PG 4 AL RS PRAT
A, B H R B TR 22 4%, EE T T 1]
HIC L HLRE A% i B R | A BE R e 5 4 T
R,
E-mail ; yangyi@ cqut. edu. cn

Yang Yi received his B.Sc. degree from Southwest Normal
University in 1991, and his M. Se. degree from Xi’an Jiaotong
University in 2003. He is currently a professor at Chongqing
University of Technology. His main research interests include
wireless power transfer and power conversion and control
technology.

R, 2021 47 T R TR A
S, B PRBE TR AE L A, R
T A TR L RE AL B R (R AR ey
A,

E-mail ; guoke202312@ 163. com

Guo Ke received his B. Sc. degree from

]
5 )

£

NS

Chongqing University of Technology in 2021. He is currently a

master student at Chongqing University of Technology. His main

research interests include wireless power transfer and power
conversion and control technology.

BEHE WUNERMTRFEITER
H AL ARE , FEDFF T 8 T L
HUBEFE R E A
E-mail ; 15213733613@ stu. cqut. edu. cn

Xia Shiyun is currently an undergraduate
student majoring in Electrical Engineering and
Automation at Chongging University of Technology. Her main
research interest includes wireless power transfer technology.

Filguw GafEEHS) 2021 FFF K
SFARAG A, B R TR A U
FEWFETT 0 Al PR REIR R Sas AT
TRA A R,

E-mail; lihaixiao@ cqut. edu. cn

Li Haixiao ( Corresponding author) received
his Ph. D. degree from Chongqing University in 2021. He is
currently a lecturer at Chongging University of Technology. His
main research interests include renewable energy systems
optimization and hybrid microgrid systems control.

FBEAK , 1995 AFHL FHL PR TR LI 37
AR R H IR R O A R R AR
o, BT 0 Tl inAas st
E-mail ; xemezcy@ 163. com

Zheng Chaoyong graduated from Chongqing
Vocational and Technical University of Industry
in 1995. He is currently the chief engineer of technology at
Chongqing Xiemei Electric Co., Ltd. His main research direction

is the design of industrial heaters.



