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Dual-frequency-channel based power boosting method for WPT systems

Wang Yiwen' Ge Xuejian® Tang Minghao' Wang Lei’
(1. School of Automation, Nanjing University of Information Science and Technology, Nanjing 210044, China;
2. School of Automation, Wuxi University, Wuxi 214105, China)

Abstract: Wireless power transfer (WPT) technology has become a hotspot of research at home and abroad because of its
unique transmission advantages. With the deepening of the research, there is an urgent need to improve the output power
of WPT system at this stage, for this reason, this paper proposes a dual-frequency channel-based power boosting method
for WPT system. At the power transmitting end, a dual resonant network is used to construct a dual-frequency channel
for resonance compensation, and through the configuration of its parameters, the WPT system can be made to be in a
resonant state at both the fundamental and the third harmonic frequencies, so that the power can be transmitted at the
same time under the two frequencies. The paper analyzes the overall structure and working principle of the system, and
compares the difference between the dual-frequency channel and the single channel in terms of output power, and the
power is increased from 166 W of the traditional single channel to 295 W under the given parameters, which is an
increase of about 78% , and the efficiency can reach up to 95%. The selection of the optimal operating point of the system
is given based on the system efficiency and output power. The theoretical analysis is verified by building an experimental
platform, and the experimental results show the superiority and feasibility of the output power enhancement method of
the WPT system proposed in this paper.
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Schematic diagram of system structure

Fig. 1

1.1 2P EREHEES T
AT 30 AR AR i R R R A R R R U
HTARRES TR A 2 P,

A

3=

~—

P IARREES

K2 SFAES TIERSS TIERIE
Fig. 2 Operating modes and waveforms of

full-bridge inverter

AR AL 4 AN TF O 1 A2 HE 8 W P SE M =
. B 2 AT DA 1, = S R R IO T Q,
BT Q) WAAAL 22 0, H b ] 45 21 396 78 2% i L R 1 &
KR

Un(t) = 2 Esin(%) cos(nwl *?) [@D)

Kk NIEREGE NE RS A B Ko A8 28 TAE
PR 0 R G AR

Hh BB O T



2024 || B

e 435 FB 1|8

1.2 MR M & 5 1
AR SCTE S B R OB AR 4% b £ 3 4N, K
3R,

LP2 ("Pl

Zl

[ (g LVAY)
Z i/ \l
0' @y @y, >w

K3 XUERAE D

Fig. 3 Dual resonance topology

KU HIR 199 265 119 45 28 BT 4 ik 500
1

7, = (jwllpg//;) jLjwcpz

joCopy
.(CU'iLmeCmCPz —w’ (LmCPz JrLchm +L1>2C1’2 )+ 1)
! (U3LP2CP1CI’27(UCP2

+jw141)1 -

(2

MRS AL T R R A B 3 R B 4% B BT A R
0, 8.

@' Loy LpyCpiCry — w0’ (LpyCpy + Lp,Cpy + Ly Cry) +
1=0 (3)

A O AT SR B R I 2465 B PN TS AR 2 w10 A w00
T B E R 1) SR R = RIS AT R R w0, il w,
WHA o, =w 0, =w,. 1T o, ARIERME L, 5
CoisLo 5 Co WIBIRIZE,NE 0, 5 0w, BWXRN:

1 1
Ly, 5 CoisLo 5 Cr MIEIRICERN

= w,w, 4

2
Wy

1 1
Ly =—
J " wy Cry
L1 (5)
Ly, =— —
" w; Cpy

B 20 GO RA BN () Hp BT 5 31 B0 IR P 28 B 25 Cy
I Cr, ZIMMIXR R

CPz o wf +CU; o

Co = o 2 (6)

HRAE JE U 5 = YR 1 i A3 23R 22 (8] YOG R A AR BB Y
B Cp Ml Cp, ZBIAIK/NKER N

. 3 .
J(/ PI — Z(/ P2
t 1 1 D)
w, = =
LuyCo L,Ch

LB 4387 BT LB 28 DGR IR X 45 40 56 0 11 1 5 Bk 7
W40 24 % SR B Loy B0 8 B L 0T A5 B R0 R 9 4% 35 14 S 8
B SKIENEE R Loy = Cro—>Cp—> Ly, 10748 2%t H e rp
B % 5 = U I B 7R I 2R U IR N 4% B, Az S G b
BEARFN AT AL F SRR S AR T S5 T8, oy DU R 1 4%
A S %y KA 30 3 T () B A i B U S R I B A B R b

Hh B O T

g 9 D&

e T WPT R IR . 50U 5 WU WPT &
GERH L, XU A 40 1 AR SR B 28 G2 00 T A9 oo 4 1 3
A HAR

2 RETEFHHESH

2.1 RENERBFENSTH
B 2D AT 30 A8 4 L R A A
U = 2 ZﬁE ﬂ

sin
n=zt-1  NMT 2

¥ k=1,2 FRAZ(8) 15 B I I A = Y I 4 = 5L

(8

Sin —

{EA -
JUAM = ZfE 1 b

2

(9
{ 2J2E . 30
Un = sin —
3w 2

fRi b B 25 R AN B 4 BT R o SR i B R, SF AR B
LT A VAR A3, X B AR AR B R, AN R, AT A5 B f
HAH R, 5 R, R, ZHIMLEREN:

JR, _ Lo +1g8R,

ISl T['z
< I 1. 8R (10)
{RZ _ S1 S2 91‘
Is T
Iy ¢ I I c

- o1 0 s1
L U 1o,
s1 st L, R,
5 Ca = .
Lg IUSZ 4& Ly R,

4 WIBH R, By %5 R0 fh

Fig. 4 Equivalent conversion of resistor R,

~
@
4
~
»n
-
Il
—
-
lh
o)
™

FH T 90 A = VR I 2 TE) A0 R A 22 3 R, U Al =k
U A P 2 T) TR R AR S . 3R UGS = G ol i
B BN 5 s .

(OF Siact-t ik (b) ZWIE BB FR R
(a) Fundamental wave path (b) Third harmonic path equivalent
equivalent circuit circuit

Bl 5 el 5 = Uk Dk T i A5 Ak B
Fig. 5 Equivalent circuit diagram of the fundamental and

third harmonic channel

EAARFMEEAR — 21 —



g1 5 H &

T U 30 (G A A B o A i B S ) R S i 14 L
HBABT R Z o ARYE SR, Z o, W KRR

7o, = O M an
o1 Rl
M Zo IS8 % B B R A B IR T o AR 35 05 3% 58

B DB A B W R R Uy M2k Bl o i) v it T ol
Ug 3R To JUs) DA R PR Ts AT 2R 0

p, = Un _ UwR,
Zor  w/'M’
U R,
Us =M1y = 2500 (12)
Iy = & — &
R, M,
) 9 3 B 1 i £ B 3R AT 3ROR Oy
P, = 14Uy = U'Zt"lRT, (13)
w, "M,
(7] B AT SR =k T R I A T
P, = 14U = U’“;"*Ri (14)
9w, *M.,*
UECSE WL TH ISR
P,=P, 4P, = Sil‘(SMzgi‘]‘JAAZU“”) Cas

M (15) , 76 R G0 1 45 28 1 = 8RR i 2 i S L T
G0N D ARA G A e R R A S D R R B 0
HeoE , PR AT L AR 0 R IR T B R TR RO

X PSR RAEE WPT R G, Haz oo B A 3L
i B 2 B ] i A BT P B HH T R

Po = 851‘§J'2“;‘ (16)

T w)

MR (15) . (16) A & B & AR ST $2 6000 8 1
WPT R H L TS HREE WPT R LR A
BN R T W BB T R R 6 s, Hor
E=180 V,M, =67 #H M,=22.4 uH, f, =85 000 Hz,
R.=10 Q. X TXPLEE WPT RG. b5 0 F R K,

300

— EEEEEWPTES
----- WEEEWPTRE

250+

200

100 120 140 160 180 200
(%)
P 6 BRLH T S UBE T8 2 L

Comparison of output power between single-

0 20 40 60 80

Fig. 6

channel and dual-frequency channel

— 22 — HEABRTFTMEEAR

2024 || B
438 B ||

LR E A% R R TR AR, 0 AR
1207}, 878 % 50 AL R R S A A = WS O 4 B B XL
HFE JE (D) FE A TR SR I WPT R 400 % i 2
M0k 180°RT, B R WPT 2 4 1 4y ) Th S 5 3k %
B RAB 1T DL HH AR ST $2 XM 8 8 WPT 2R 400 i i o
RINEG G WPT R4 H) 166 W TR T 295 W, 2
F+T 4129 WL HFHEA 78%.
2.2 REYMESW
W Lo WNBR Res Lo M L MBI B0 Re A
R WA LB MFER DI F N .
Panx = I4Rg +T4Rg + IR, an
Foef I 25 W43 20 78 5 4300 Sy 5 38 4 1) P DA
SRR B R AE i, HERIB AN

U (1) U ()R,
1o = = =
! Z<)1 waT
4ER
! ~sin i%m(— wt + + — )
“wl 1 2
(18)
o U aps (1) - Uas (1R, -
T 7 9’ M-
4ER, 30 30 3w
9nw1M251n7<1n< 3wt—|—7—|—7>
Her,Zo M Zo, BRIELN .
P w:M?
o1 Rl
) 19
o 9w’ M
02 T RZ
0 I, BRBEAR
Io = rms(ip +ip) (20)
M RGFA AN DR AT FRR N .
U’ U’
PSU.\I = 1;\212Rs1+9 \jl\g;stvﬁL(Tms(ln‘Fll )) RI
2D
AHRL ) R G A TR R IR AR
Py =P,+ Pan (22)
MRGEBFE 9 WTRIRH .
VZPIN;PSU.\' (23)
N
F 3 (23) W A5 B0 A R ) R GERCR Bl 6 AR Ak i il £k

WE 7 fiaR, BEE 0 f B R R Hh 2 SN e kL 7E 0
N 120°0 , REMRCR AR A0 91. 7%,

3 R ITIERERE

J T 5T A TR R G 3 BN TR Y TR

AR L 4300 Ry S0 3k e 30 T AR AR =, AN = vk i Il T TR
FEAABUIGE HE TAERE . Pl S = Ok iE
EHFAR, EF B RETFRT AR TAERR
TREWMFERERAR, REVRGH ML MAE 8 T
N5 3 Bl TR 2 fe K T 2R 43 G W] LGS #) 18,166 Al

Hh BB O T



20244 | |
F43IE B

J0

N

H

1.00 -

0.95 \/—

= 090}

80 100 120 140 160 180 200
o/(°)

F7 RUBE I R SR

Fig. 7 Dual-frequency channel system efficiency diagram

20 40 60

295 W i T 0US 368 3 2 3l o P 2% B o ol R AT RE AR
i o e Wi 2 B v N FL O R T L T AR 7 £k el P9 B
RO RE L BN 7R R G R D R AR O 148 ~
166 W . 3 5k 307 388 38 1) T AR A a0l R o vy L (HL JR] — 2y %
AR AU 0 T T TR A R A T XU AR AR TR A
AR 100, H I AR X RAR /N 727547 T A4 ) e
I, 5 B2 O A A BR Y LA ROT SR UT e i B AE . IRk
N T B G B 52 2% BE A R AU B 5 RE L TE A2 T
FRIX (] 2 5% FHOBUBE 3 T AR RN & 8. il DL B A
TR A SR AL R 190 245 ) 2 1) 00030 38 18 S AL AE WP'T
A Gtk R LA BN B A T A R RRCR
WAL T HHIE

1.00 ¢
| |
| |
A S — e
Prawr-tioaa
090F N\ .#4 1
| |
EESRSSSIT (UG TR
= 085" ) m— SUFHIE T
R A= Wi TSR
0.80 Lo
| z |
075 [ Klifa ——>| 3| «——— Kk ——>
I b
| |

0 50 100 150 200 250 300

PIW
RS &S it R E

Fig. 8 Efficiency versus output power

i P8 AT, R SRR R T S R ] 4o 3 AT
o X a 5 X8R ¢ 5502003 Bl T R AR R R AR AL R
BRI b A R TR 3 AN ROR IR O
R GRA 0 f Ak M2 an &l 9 B s, o] LA Bl
0 Ff I 18K, i ) 3l 2R e B KR B/ B R, R K
R (1) [ 2R S vk /N K, F T X8 b R4 3 AT
Y X8, 3900 0 9 65°~90° By X8k 1.0 FA Sl 90°~120°
BIIK I 2 F1 0 1 120°~126"K K3, 3. fEH—/NK I
PR 20 B e o o S B R B R AR AR FE ISR b

Hh B O T

g 9 D&

(B — IR AUT L X1 X 0 f R A R
BOR ., I, B E R XA 1 P A X Ry 0 A 4R IXER b
DAY 390288 g 42 o) 1% 0 i e B S 0

_ - 1.00
150 [ - - - ERTER
‘ AR R 1095
s s T
SR T A
A Y
140 - ’ | . Lo loss
| ,’ | . : 1
B Lo ' . ;! 1080
S N -
|t | A 10.75
130 1t I Nl
| | | |
\,' | ‘\\:B: | 10.70
51 e R — e K2 43"%: 1065
120 ‘ ‘ ‘ ‘ ‘ ‘ : 0.60
60 70 80 90 100 110 120 130 140
01(°)
Bl 9 X3 b IR 5% 0 M wAE ki £

Fig. 9 The variation curve of power and efficiency in

region b with 0 angle

4 LIGIGIE

T REA SC T $E R G T AR T O ik A M A
BMERIER L WS RERTEE A, EHHIER G
0 FE36°, AR E G, R0 M0, PARIFEE G, 0
FHL 144°, LR PIENE 10 FiR, HAF B 10(a) ~ () 4
BN GG, MG, VAR ECT W8 ¥ . Hh e s
SRR AR B R U, 628 250 B 1, RS
ORI R L T A T SPGB IS ) 2 R S
gl WPT RGN AR, NSL I 25 1w UG
WA g R R =B, Ty AWK T, B9 3 1%, X0
BOEEMN BB EHBE TSGR EEREA R IR
MR T, LI A R S L — 3. RS S AT AT T
& 55 B I 5 XU I WPT R4 Mk R, L G,
R A A, A RS R Y f 3 R B T B
WPT R4 F gk i, WU EE F R mELN
37 VL, H LA R LTI R 20 68 W, H5E I N i3
JEZ)R 24 V, W RG24 R 29 W, RE VI FET
TZ 39 W, [H¥,.7 G, JAHI 85T i Eh 50 V 48
J62 V. RGHMhAR i 125 W 28k 192 W, R G M R4
T2k 67 W, £E G, WWHITECT MR H 60 V 2R
72V, AG I AH 180 W A2y 259 W, RS I RIET)
AR T9W,

o T AT M LY AR ST R R B T AR T A
T2MMMNR G, T AR, f b o 22 2%, iy B &L
R, RGN AL T 5 AT AR S0 H A SOk Y 22
B o BB SR, A S o T I R A R g R U S )
AT BT 0 R DL RO i ) R AR TR TR
HUUC FC /9 7 1 o A E T G 22 H P D) R AR 28 IR IS
5 AR SOBUE IR X 45 5 A0 (o FH B8 1 58/, R4 2 B SR IG.

EAARFMEEAR — 23 —



Big 5 B &

®1 RHESH
Table 1 System parameters
S8 il ZH BAE ZH EAIE] S8 BAE
E/V 150 Lg/pH 500. 85 Ly, /pH 410. 2 R,/Q 0.35
Cp /nF 2.85 Lg/pH 55. 64 C,/pF 220 R4 /0 0.6
Cp, /nF 3.8 M, /pH 67 Cgq /nF 7 R, /O 0. 25
Lp/pH 307. 6 M, /pH 22. 4 Cg /nF 7 R./Q 20
F2 AEAFEILE
Table 2 Comparison of different methods
Wi k6] SCHRL7] k(8] ik[10] SCrk[14] AL
PN TS S-S ) S-S LCC-LCC LCC-S RIS R ) 26
L e 2 2 2 3 4 3
TAE A A 40 kHz 6.78 MHz 125 kHz 100 kHz 100 kHz 85 kHz
e n & 24 v W R ]+
TAE R B 470 PE fic RHL 4 D i BH 47 DE fic EIEINIE _ .
H, Ui S 88 XU 3
it /W 35 40 20 175 95 295
WM/ % 44.7 95 90 94. 2 78.1 95
IR B ik ik (IS w4 ek Sk
z foo] !
2 0s
S 100
-200
% 10|
w5 0
_100481216?02428323640 0 4 8 1216 20 24 28 32 36 40 O 4 s 12162024 38 3236 % 0 4 8 121620 24 28 32 36 40
HETED s L Ih‘l‘nl/us BTIE‘J/ps
> 0] ] Al 00| T i 20 = r o ‘
2 Ol b e b paned b a8 OMMM..TLWM—N-««M» 2 108 rm‘»..‘ r-—- r Y 251108 m rﬂL J”-L [
= -100 J | Joo=-l00 U | v S [ ST S 1 o O 8 Bl
-200 -200 2500 -200
o 3% 28 e <
5 — 5 ver
T D SUBEEWPTREABME © 25| Ll AT RESBILE S35 WRBEWPTRAIRBE S 05 fegmmiltweT RESRIE
0 4 8 1216202428323640 0 4 8 12 1620 24 28 32 36 40 0 48 1216202428323640 0 4 8 121620 24 28 32 36 40
FRFTE) /s 1) s IR 8) /s i) /s
(a) G, VI (c) G, YA
(a) G, modulation point (¢) G, modulation point
10 L BIE
Fig. 10 Experimental waveforms
-10
0 4 8 1216 20 24 28 32 36 40 0 4 8 1216 20 24 28 32 36 40 N
B s B s 5 & i
2008 — . 200fs= b \ - )
= 0L b %% L AL L ARSCH T — R T O ) WPT R GE 3 4
~ —100 | ~-100| | L | L o
5 209 5 o EE: N Tk o SR FH RO B P 2% 40 $D 58 B R BE 5 I8 A%
E 50 / 2 50 N 3 ; S (g 5 e
S B mmEWITRASREE 25 T WRTRS SRR S e Wit ) A ) LA i L 3 T LA RO B WPT R 4¢

0 4 8 12162024 28 32 36 40

Bt /s
(b) G, 2
(b) G, modulation point
— 24 — [FEHHBFWEEAR

0
0 4 8 121620 24 28 32 36 40

B8] /us

W R, R T RE

A g TAER S

CHY AR I B o X 42 A7 30
3BT A5 BT A R R R S B ] Y

KA o SR T I 0 VU ik 199 2% 19 11 55 20 M7 4 11 LS 80k

Hh BB O T



20245 || B
e F43%E B8

T . BT 205 28 G i R M 4 B 49 31 R G0 00 g s o R
e, It 555 R 2 i WPT 2455047 %t T 2 iy 1%
SiHGEE R 166 W TR T 295 WA 8%, #E
X RGRCRIAT AT IR T RGO R T AR I X ¢
FE X g T 3R R 22 Al R A B AT T B A T AR
MRS, B E G SEEG IR E T WU I WPT R
RYL T+ E R A ATk

[1]

[2]

[3]

[4]

L6]

& % x o

R, E3, B RS RUTC L0 e L )
AR TELT]. A 7 s H R, 2022, 41(6):
99-104.

LI X C, WANG Q, YANG F. Optimization of
magnetic coupling resonant radio energy transmission
efficiency [ J J.
Technology, 2022, 41(6): 99-104.

s S SRR, A O i R Rk A £ 1) B S O
LHBEf i AR R S ik L] 08 R i
2023,44(12): 161-174.

YANG Y, GUO K, GUO Q, et al. Research and

Foreign Electronic Measurement

design of single-switch inverter wireless power
transfer system for grid flat spiral pad coils [J].
Chinese Journal of Scientific Instrument, 2023,
44(12): 161-174.

A L ENS L JUIEAE L SF A iR A Rr ki T2
Aefe i R e Mhor (1], 70 & 4% R, 2021, 44 (20)
11-16.

LI ZH ZH, WANG P, GONG ZH W. et al
Research of wireless power transfer system with anti-
migration characteristics[J]. Electronic Measurement
Technology, 2021, 44(20): 11-16.

ZEhE RN LA L O T R G B
SRR MAL B ARBEF LT ] B 7 00 4 5 00 & i
2023,37(5): 151-162.

LTI ZH Q. XIONG X B, KONG P SH, et al
Research on electromagnetic shielding and efficiency
optimization technology of wireless power transfer
system[ ] ]. Journal of Electronic Measurement and
Instrumentation, 2023, 37(5): 151-162.
STANKIEWICZ ] M. Estimation of the influence of
the coil resistance on the power and efficiency of the
WPT system[]J]. Energies, 2023, 16(17): 6210.
DAI X, LI X, HU A P. Impedance-matching range
transfer

extension method for maximum power

Hh B O T

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

g 9 D&

tracking in IPT system[]J]. IEEE Transactions on
Power Electronics, 2018, 33(5): 4419-4428.

CHUNG E, HA J 1. Impedance matching network
design for 6. 78 MHz wireless power transfer system
with characteristics  against

constant power

misalignment [ J ]. IEEE Transactions on Power
Electronics, 2024, 39(1): 1788-1801.

ESFAHANI F N, MADANI S M, NIROOMAND
M, et al. Maximum wireless power transmission
using real-time single iteration adaptive impedance
IEEE Transactions on Circuits and

2023, 70 (9):

matching [ ] J.

Systems 1. Regular Papers,
3806-3817.

FEIRTE, MWL, BRPHPE . 4. ®EAR G PR T L A
el R R LA L)), W TH AR %M, 2017,
32(21): 161-168.

TANG ZH D, YANG F, XU Y Y, et al. Research on
synchronization of wireless

power-efficiency power

transfer via magnetic resonance coupling [ J ].
Transactions of China Electrotechnical Society, 2017,
32(21): 161-168.

WU J, DAI X, SUN Y, et al. A node role dynamic
change method among repeater, receiver, and
decoupling using topology switching in multinode
WPT system [J].
Electronics, 2021, 36(10). 11174-11182.

WU J, DAI X, GAO R, et al. A coupling mechanism

IEEE Transactions on Power

with multidegree freedom for bidirectional multistage
WPT system [ J]. IEEE Transactions
Electronics, 2021, 36(2) . 1376-1387.

ZHU J, BARMADA S, MUSOLINO A, et al. Maintain

on Power

power transmission and efficiency tracking using variable
capacitors for dynamic WPT systems[J]. Electronics.,
2024, 13(14) . 2853.

LIU Y, LIU C, HUANG R. et al. Primary multi-
frequency constant-current compensation for one-to-
[J1. IEEE
Transactions on Circuits and Systems II:
Briefs, 2023, 70(6): 2201-2205.
LIU H, WANG Y, YU H, et al

multiple wireless power transfer

Express

A novel three-
phase omnidirectional wireless power transfer system
inverter and cylindrical

with  zero-switching-loss

transmitter coil [ J]. IEEE Transactions on Power

Electronics, 2023, 38(8): 10426-10441.

EAARFMEHEAR — 25 —



3

[15]

[16]

[17]

55

ZHANG Z, L1 X, PANG H, et al. Multiple-
frequency resonating compensation for multichannel
transmission of wireless power transfer []J]. IEEE
Transactions on Power Electronics, 2021, 36 (5):
5169-5180.

TAN L, ZHONG R, TANG Z. et al. Power stability
optimization design of three-dimensional wireless
power transmission system in multi-load application
scenarios[ J]. IEEE Access, 2020, 8: 91843-91854.
HRM, S, BRBL, 5. B B0UE B T A7 %
NHE G REG B RS R S AL T ]. RS
Fshfk, 2018, 42(17) . 127-133.

26 — FES R EAR

2024% || B
435 F || B s

XIA CH Y, MA N, CHEN R, et al. Electro-
magnetic coupling mechanism for fundamental-
harmonic dual-path parallel inductively coupled power
transmission system [ ] ]. Automation of Electric

Power Systems, 2018, 42(17). 127-133.

& @&

T SC, A F ST A, EBLWFSY 7 ) O IR FL BB AL .
E-mail:1090061040@qq. com

B GEEEE) W, YR, B4 S0, =2
b AN i TR NN A R S RGN R 5 N

E-mail : gexuejian@ cwxu. edu. cn

Hh BB O T



