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Modeling and Verification of Pitch-Dependent Coupling Coefficient for WPT to Flying Drone

Kota Fujimoto*, Kentaro Yokota, Sakahisa Nagai, Hiroshi Fujimoto (The University of Tokyo)

There is a big problem with drones in which their battery capacities are very small. The use of wireless power transfer (WPT)

is suggested as one of the solutions to this problem. Especially for realizing the delivery system by drones, in-flight WPT is valid

to shorten the total flying time and enable more efficient operation. In this paper, the theoretical expression of the pitch-dependent

coupling coeflicient is introduced because a drone inclines its attitude when flying forward. By using Biot-Savart’s law, the ex-

pression which depends on its position and pitch angle is derived. The simulation and experimental results demonstrate that the

proposed expression is accurate enough, which will be used for future power control schemes for WPT.

F—J—FK:F

0—, RATHERENRE, v4 - 3= L DAl

vy FAMRT OSSR

(drone, in-flight wireless power transfer, Biot-Savart’s law, pitch-dependent coupling coefficient)

1. FiR

FHEAHIZERET 2 P e— VY oisASED 1 212, Ui
D5, MBI TIX Amazon D Amazon Prime Air £\ 5 ¥ —
E2BFEHINTED O, HRIZEWTDH ANADBERE o
THEENDOERY — L RAENED LN TND P,

Fa— ik 2ViRe BT 2BOEEL LT, Ny TV
ZEINIRICT 200 2 OfifikREsE I BB on s, 20
M Fr— 2Tk, BEIMZE RIS 2HET
bH B, BRED 1252 LTIE, BFizEotaes FiT s
ZEMEZLN, BEICZ S a5 OHENE DB X B
WIEHEREIERFIE O EfTHONTVWE, —HINb LIFR
RB7Iu—Fr LT, EHEENDE (WPT: Wireless Power
Transfer) 12X D EHEMIET 2 2 WS FEBBFEET %,

WPT I X D fiifclERE D X 2 N—=F 5 FED 12k L
T, BRTELEBEEZTS ZeABTons9, —F, Zh
YIE—REET AT AL LT, RITHRO Fr—icxf LG
BT enEZoNS, RITHHEBEOAV vy P LT
%, BREZETICHECOTHRENC X 2 =3 ¥ — 1 X3
{2z, h=XLOBRERMIEL 22 BT 5N
3. ETMTHEETIZ I 2OHRBERA R Y P47 D OFEAKE
%“%LH%&%%@XU/F%@T?% Fa— >

THRFAEICE T 225 LTI, ANV Y ZHO Fa—rA
%*%ﬁ9§®M, IXTTIEROFHa A LV ERAWSE Z 2T
GENREOMLEEXZ S DENDH B O, —HT, —EHRET
BERNCRITT 2 Ra— o0 LEBFEE LT O & 5 RMET
&, FEESOHBRbITbh TV,

M ZEE ANV L —ERETEMRNTRIT T2 L5k
FR—=—YDARX=IYHTH B, ZONRFB— 3K FEmmITH
LT—EDAELZR > TRITT 2, ZHUIfEoTRa -2
BRI Z2ZEaL LD, FEAaA VL T—EDAEL
Ko L2250, 20 &5 IR T CRGHREDET L

1 EBaA N ECERESZ T2 Fr—rANORITHG

T (4 A=)

PFDNIINE F 7

$%@ﬂﬁ¢bn YNDIGEEE XD ETORMERE K
KRB B AERLTH S, — > EEGIRIT,

*i@ty%ﬁ%ﬁhﬁéut#%,ﬁ*ﬂ%»#ﬂ?ﬁk

NLU—EDAEER DLW 2 I ICEHT %, D&M

TTEA - IN—LDOFERIZEAT 5 Z 8T, ABKEDH
ARBOERNEEN T 5, BT VOEYHIXER
WEDIREES 2, EMEREBEMIEEINLBNICER
LB LIMiT 5 2 2T, MELERLIARFIROBENT
BTHDHILERT,

2. BWERBOET IV CEETMEDOBE
(21) WEBRBODETIVE FBIEREX2ITERT 5.

MFCIRIESZMAB,CDETB3EX2 E2DEHER
KRB NEEZ D, #5 AC L5 BD O3 A% JF AIZH



, Receiver coil ° P (m, n, h)
y B (-1, t,0) 21 C(,t0)
X Y 2t
O (Origin)
»> D (, -t,0)
A (-1, —t,0)

2 EEER

b, BN 2 ORHIOMECHNZ DD T 5,
R A RIS 2 21 & D A Pnn, ) 1
U 2WHRERE B, U4 - $A— LA KD,

_ﬂilé‘dlxr
T An g, r? (
ol fdlxr fdlxr f dixr fdlxr
=— + + +
4n g T pc T co T pa T?
rRIN3, X AB L (m,y,0) 2N ZEFRICE > THP
WA U BHEHEE Byg 13,

ol dixr
Bapn = 202
AB = U r2

iy 1 n+t
AT+ 07+ 12 \/(n+t)2+(m+l)2+h2 @

d
0

n—t
JW—N+W+N+M —(m+1)

LEETE 3, FRRICLT, X BC, X[ CD, X DA Lk
DEMICE D HPICEL 2WHREE By, Bep, Bpa DatET
5 EMTE D,
RIZINOGHERBEEIZCIDZEIANVMIET 2R O I
DWTEZX D, K3 DLIBHEMES ODXEBEBaAAfLE, Z
DEMIBELHEPH—HITZISCHET S, Z0%BEaA
MERIB3b) D LS, xENIHLAEIERLTWS, 20D
ZEIAANDE L FHOBEAMIERNZ brE e L, K 30b)
DESCHEDNEP—HTE LIS, ZOR niZ,

n:[ sinf 0 cosf ]T 3)
rRIND, EEIaA XL, ZEIaAMIETTITDNE
, APHETHREE I T RRE2RETI L, %
FBaAf MZAET B/EHE © 13,

®=(B-nS 4
YELZENTE S, Bup, Bee, Bep, Bpa, 20 (3) BX UK 4)
I oHEL, 1 BYUDDHEA VX7 RV A M, = D/]
RO, RO DPKEZ, 2 LEEDZD m,nd %,

Transmitter coil (Area: S)

C(,t0)

O (Origin)
> D (l, —t,0)

A (-1, —t,0)

& Py
@ @

A/ B(-Ly,0) C,D(,y,0)

(b)

3 ZEAL NV ZE S HROMEK (a) 24X (b) xz FH
ANDIESHEX

FRFN Xy, TEEZHZITWVWS,
FEEIAANBLIUOZEIANDOHCA VX IRV ARTEN
ZF0L, LLrsse, NG EZAVT, 1 BY7%DOfEaHk
Bko= Mo/ VLI, #RDB e B TE 2, EFIITEBEIA
NDEBN, ZEIAANDEBN,, EEIANVOFELER
X 1, FLiE, ZEBEAANDFHEES, 2 EBL T
BHEITS, 2L, TITOFEEE, a4 LoMELNED
HAEEZHOWTHEEBINIEZEKRL TV,
27254 FDFEEIZOWT, Song H1da 7R a. < 2.0
EPFBRZETEEREBTAZIENTER L LTWVWS D, R
TIREBROREME X CHGAMEZ LKL oo (BB 2K,
ZFRNEAWT 7254 b D DBERBOEFULEITS,
BB O S S R T LOFEEHREKE, kh ZHVTRD
owegrxh s,
k = NiNracko(x,, 2, 05 L, tn) (6)

(2-2) FEEFHMEOBIE - 2RER (Skgd Fr—oi
L, WRHIRARICE DBEEZITORNEE 2 5, MFRIHR
FREFH T 2HAIE, METICEL, REIEVEIIE
FBIATLOWELHIET 2D THZ, ZDES5 kL Fa—r
PARAT LT B72DI2E 3kW OREEBXLETH B L ShHh
TW3, &, M4DE5%SS HAROEKEEZ L, R

:@ zsinH—(x+l)cosH{ y+t _ y—t }+(y—t)cosﬁ{ x+1 3 x—1 }
bl T2 Vet P+ o+0P+2 Jar P +o-nP+2 OG-0+ Vet P+t +2 Ja-1Pra-nt+2
zsin@—(x—l)cos@{ y+t 3 y—t }+(y+t)0099{ x+1 _ x—1 }
(x=D?+2 Vo roenP+2 Jao P+ ooz G+0?+2 Vot P raenP+2 Ja- P+ ez

(6))



Ip:@l Ly~ LnL.—L, Cs

. 18
Vi @prp L BT%VS

4SS 75 2 o S [ %

7
1-40
or 160
=5l 1-80 'g
o P 24
[ _ 1-100 o
n —dP/dkl] S
24 {1208
z .
~ <
ol 1-140
1-160
2 ‘ ‘ ‘ ‘ ‘ | -180
0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13
Coupling Coefficient & -]
5 MEATRE kL BOEATRIRO 2 K TT Proy, OB
AR D 2 KT Prope 13,
Ry L, Lok2
Prop = —— ’ @)

2 VP
{Lpstzkz + 1 (r RLOP,)}
CRTIZeHTESR®, XD EDLIZ, kP, 51Tk
Y dr/dk DEMERKIZ ¥, RI5D X512k %, =7ZLE
BETIHEERED &S OVEBZ EEICRH T % 2 &gk
HL, 006<k<0.14 ODFEBICOVWTRREI T2, £/ F
o—>@ 2 XMERFE ANy 7Y CEBTEM) THD, 20D
BEE LTIX 48V DAL VI e s V=48V & Lz,
v, &V, DR,

wL,,R;

VS:(wme+4¢05+RQ ’ ®
HHEBERERE V, ZRD, ZEBBENEFHE Lz, 2413
TRA—RX = ZHEBRTHERLUMEEFERAL, R 1R 7=,

X 57225 |dP/dk| ~ 1.0x10° TH D, FEERED 1.0x1072 72
FZEHT 2L, [EBEBNI KW EIZEHTE 28 0h 3,
10000mAh DNy T VAR, 25C OFRBERMEEFONNy 7
VEMETT S, REBNRKMEIZ 12kWTHD, KI5 LD
WEEREEEE 009 LTI Z 2 BN H %,

3. EER

3:1) EZBREE NMe6DXd5IIEBEaALLICZED
ANEFEL, LCR X —X =% W THAHREOMEEIT-
720 ARFEBRTIX, ZFE a4 N OJERH DL ENE D FEHEIZE -
720 —0.8m < x<0.8m OHPATO0.1m FTOZEaA L ERBE
X, FEFRBEIE L2, B1E, 2=0.08,0.1,0.12m D 3
WD, AREIE, 0=0°10°20°30°D 438D THIEZIT- 720

meter

— e

6 FEHH (@ £ (b) LEE (o) X

*1 EBREOFET
Parameter Value
Air permeability 1 1.26 uH/m
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Transmitter average half width 1,,  8.95 x 107>m
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Transmitter number of turns Ny 24
Receiver number of turns N> 13
Transmitter inductance L; 256 uH
Transmitter inductance L, 96.8 uH
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