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Tab. 1: Global Classification of WPT

Name Magnetic Type | Electric Type | Microwave Type Laser Type
Using field to transfer energy | Magnetic field | Electric field | Electromagnetic Wave | Photon
Approval air-gap lcm—1m 0.1 cm > 1km > 1 km
Transferable power —several 10 kW | —several kW | —several kW —several kW
Transfer efficiency 50-90 % 20-90 % =50 % < 30 %
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Tab. 2: Classification of Magnetic Type WPT

Name Inductive | Inductive | Inductive (S/S)
(N/N) (S/P) Magnetic Resonant Coupling
Compensation Capacitor (TX(primary)-side) none series parallel
Compensation Capacitor (RX(secondary)-side) | none series series
Reactive Power on nominal operation exist none none
Reactive Power on not nominal operation exist exist none
. . . _ Lm
Required coupling coefficient k = Nz > 0.99 > 0.5 > 0.05
Approval air-gap 1 mm 20 cm I m
Robustness for mutual inductance changing none none Robust
L Loy
" i N
L., 6 =3 =G C == = G
//‘_“\ Ll LZ Ll Lz
o 1
L=} &=L - I - LC—
1= - 2 G wz(Lle—Lmz)'Cz w?L, LG =L,0 w2
(a) Non-compensation (b) S/P Method (c) S/S Method (Magnetic Reso-

nant Coupling)

Fig. 3: Circuit Diagram of 3 Magnetic WPT Method
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Tab. 3: WPT Standards

Standard Code | Title Publish Date
ISO 19363 Electrically propelled road vehicles WIP
— Magnetic field wireless power transfer —
Safety and interoperability requirements
IEC 61980-1 Electric vehicle wireless power transfer (WPT) systems 2015-07-24
- Part 1: General requirements
ISO/IEC Road vehicles — Vehicle to grid communication interface 2013
15118-1:2013 | — Part 1: General information and use-case definition
SAE J2954 Wireless Charging of Electric and Plug-in Hybrid Vehicles WIP
SAE 2836/6 Use Cases for Wireless Charging Communication 2013-5-3
for Plug-in Electric Vehicles
SAE J2931/6 | Signaling Communication for Wirelessly Charged Electric Vehicles | 2015-8-27
SAE J1773 SAE Electric Vehicle Inductively Coupled Charging 2014-6-5
UL 2750 Connecting to Electric Vehicle Infrastructure 2013
BWEF (Japan) | Guidelines for the use of wireless power 2013
transmission/transfer technologies

abbreviation meanings:

ISO: The International Organization for Standardization
IEC: The International Electrotechnical Commission
SAE: Society of Automotive Engineers
UL: Underwriters Laboratories
BWEF: Broadband Wireless Forum
WIP: works in progress
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VR _ JwLy Ry, (3-1)

Vr Ry (RR + Ry) + w?Ly,?
IR jWLm
R Lom 3-2
It Ryr + Ry, (3-2)
- Rrw? L2 (3-3)
T T Ry (B + Ry) + w?Ln?) (e + By
Vi W2Lm2
Z = — = _ _4
T I RT+RR+RL (3-4)
RL,nmax = \/?T%w2[/n12 + }21-32 (3-5)
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Normalized Received Power [W]
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Fig. 5: MRC-WPT(1TX-1RX) characteristics by sweeping Ry, and L,
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Tab. 4: Definition of Symbols

Symbol Definition Value | unit
R RX voltage v
Vr TX voltage \"
Ir RX current A
It TX current A
Ry, Load resistance Q
Rp RX resistance 1 Q
Rt TX resistance 1 Q

f Power source(PS)
frequency 85 kHz
w PS angular frequency | 27f | rad/s
Lr RX inductance H
Ly TX inductance H
L Mutual inductance H
between TX and RX
Cr RX resonant capacitor ﬁ F
Cr TX resonant capacitor ﬁ F

gboboboobogooobooboobooobobobobobobobooboboobobooboboobooo
goooooobobooboboboooooooo

gbobogobooooboobobobooobobooboboboooobobobobobon

ooooboooo-bobob wpTOobobooooooobobobobobobUobobo
gboboobooooooobobo

33 Jouu-ogoooouooood

331 0J00oo-oooooooodoooooood

000000000000000000000000000000000000000000000
0000000000000 000000000000000000000000([13]0000000
Dooooo

000000 3-6-3-8)0000000000000Vy,I1,L,.000 3-9-3-13)0000000

— 13—



- - —
)
mill LR

E-' L]
=
=
L
=

A — iferpp—
X
=

-

Fig. 6: Multiple Transmitter/Receiver WPT circuit diagram
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Vi = jwLnIr— Raln 3-7)
Vg = diag(Rr1, Rr2, -, RBum) Ir (3-8)
Vo = (Vo Vg, Vew)' (3-9)
It = (Ipi,Ira, Itn)" (3-10)
Ve = (Vay,Vee,, Vear) " (3-11)
I = (IriIr2, Inm) " (3-12)
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- Rrq Rys Rin
Vo = dia. , R LI 3-15
R J g<RL1+RR Ri2 + RR RLN+RR> 5 -1
1 1 1
In = jwdi : Lol 3-16
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IR'V
n = RT R (3-17)
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max (LTF) — 1?2 (3-38)

ooooboooob G-49000b @3y vobobobbooo O
0UL,000o0ooob G4nooooooboboboboooooobn

. Rrq Rro Ry
Vr = (RrEn+w?L,'d < , ,---,)Lm>I b (3-39
T ( TEN T a8 Ri1+ R’ Ri2+ Rr Riav + Rr Il ( )
Rro
= |It|( Rr+ w?l 2>b b 3-40
al (4t o (3-40)
1 1
Vel T 0T T .

343 UU00O0OOOOODbOOOOO

gobogbuogboobboobuooboaoboobobooobogbooboobooboaboo
gobobobooboooooob 240t bobobobobbobboboboooobDob
gboobogoobooobo G42)0bogooooobobobogonog

R
Rii=Rie == Ry = R = \/R§w2102 + Ry’ (3-42)

35 doooon

goboobooo-booboowpTUonDoOooDoOoooooobooobooboooboobooobooboo
gboboooobooogooobobobobobobobobobobooboboo200b00b000
gobooooboooobboon

. 0boobooooboobooooboboobob-0obbooobooboboboboobbooboo
uoboboodgbbuoooboboabbooobbuooobboobbooobbooobbaa
gobooobooobooobooobooooo

2. 00000ooobooobooboboboboboboboboobobobobobobobobo
gboobobooooooboboo

g30gbooooooooooo220b-1o0b0oboobooooooooooooo4b00bogoobooob
gbobgoobooooob-0bobooooboobobobobooboboobobobD

17—



1 4 [

200-1000000000O00000 0

41 200-1000 WPT

gbobobobobooobooobobobobobobobobobooboo1I0coobobooooooo
ggooooooooboooobooooboooboobobobobobooboooboboobobob
gobooboooboobobooobooboobbooboobobooobooboobbooboobo
gobooboooboobooboboooboo3goobooooooogboooboobooboobooono
goboobooo-oboobbooobboobobooboboobooooooo

gbobobobobobobobobobo2b00-10b0bobOobobOobOobLOobDOooon
40000000000 O0O0OObObUObDObDObOn

42 200-10000000o0oooooboon

oobobobobooobogooboo2b00-1obobobobobob0boboboboDobDoDon
0000 L, L, 00000000000 00000000000000000000L, 0 10NDO
000000L,'L,Orank 0 1000000000 00000000000 10000000000
gooooooo L, Ooobooo @-hobobooboooboobooobooboobooboobooo
gooobooooon

k=N
L, (LmTLm) = (LmLmT) L, = (Z Lml,k2> Ly, (4'1)
k=1

goob200-1gooooboobobooboboboboboboDobDoboDobDooDooooooboD
gobuodboobuooboobuodoboobbooboobboobooobooboobboobo
oooogoooooobobo ¢2)ooobobobgooooooboo

R
Ripmax = \| 5ow? Y Lu1s? + R’ (4-2)

— 18—



RX Position X [em] 7 ///////

/
%\

S
al

Distance bet :
TXandRX ||f ] 4/

20 cm //%%/%

/

TX 18 cm Overlappin
for canceling coupling

Fig. 7: TX and RX layout for 2TX-1RX model

Tab. 5: Internal resistance and TX voltage value

Symbol | Value Unit
Rt 1 Q
Ry 1 Q
V1 1 \Y%
V1 0.1—10 | V
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Fig. 8: Circuit Diagram for 2TX-1RX model

Tab. 6: Mutual inductance value for 2TX-1RX calculation

Position X [cm] | Condition L1 [pH] | Lin2[pH] | R(L, nmax)[Q]
13.5 RX on the middle point of 2 TXs | 75 75 57
27 RX on the TX2 20 120 65
20.25 Middle point of other 2 cases 48 98 58
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Fig. 9: 2TX-1RX WPT calculation result
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Fig. 10: 2TX-1RX calculation result (Power)
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Fig. 11: 2TX-1RX y/ L,,2 calculation result
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'R, : variable

Fig. 12: 2TX-1RX experimental equipment (FG) circuit diagram

Function
Generator

Variable Load

Resistance B & Shunt Resistance

Fig. 13: 2TX-1RX experimental equipment (FG) overall
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Fig. 14: Picture of Inverter for 2TX-1RX WPT experment
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Main Power Supply Uni
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@

Input from controlley':

Inverter Unit

Fig. 15: Inverter Unit Circuit Diagram
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. TX1
i Ly,
Inverter Unit 1/} |
2 Cn oy g Ly
i Lpy
Inverter Unit 2| | /
B Cro Ry Lz
Pry Py
Voltage Refference Signal

Fig. 16: 2TX-1RX experimental equipment (Inverter) Circuit Diagram

Tab. 7: Equipment Name

Experiment | Equipment Manifacture | Product Name Specification

Both Function Generator | Tektronix AFG-1022 0.1 Hz-25 MHz, 0.1-10 Vpp

Both Oscilloscope Tektronix TDS-2014C 2GS/s, 100MHz band width

Both LCR Meter Keysight U1733C mesurement at 100 kHz

F. G. Shunt Resistor Caddock MP915 0.1 Q Thick film resistor,

F G Load Resistor Caddock MP925 1 -200 Q | non inductive

E G. Load Resistor Caddock MP830 500

Inverter Current Probe Tektronix A622 DC-100 kHz, 50 mA-100A

Inverter Load Resistor - Oxide metal film | Equivalent Series

10 Q2 x 5,10 Inductance < 0.1pH
Tab. 8: Circuit Constant Value

Definition Symbol Value Unit
TX Inverter DC Bus Voltage Vhus 20 A"
Maximum TX Power Source Voltage Amplitude on Fundamental Frequency | max (V) %Vbus v
RX Load Impedance Ry, 100,50 | Q
RX, TX internal resistance Rr, Rr 1 Q
TX self-inductance Lt 700 uH
RX self-inductance Ly 700 uH
TX resonant capacitance Cr 5 nF
RX resonant capacitance Cr 5 nF
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Transfer Efficiency

Tab. 9: 2TX-1RX experiment inverter voltage (85 kHz)

V1 [V] Vi [V] Vra/ V1
1x20x2 1 0.1x20x2 0.1
1x20x 2 102x20x 2 0.2
1x20x 2 | 05%x20x 2|05

1 %20 x 2 1x20x 2 |1
05x20x 2 | 1x20x2 |2
0.2><20><f—r 1><20><% 5

0.11 x20x 2 | 1x20x 2 |10

Tab. 10: Mutual inductane value of 2TX-1RX experiment using inverter

RX Position X [cm] | Ly [uH] | Lo [pH]
13.5 81 85
6.75 99 60
0 116 31
1 B RL=20, exp 0.1 B RL=20.exp
* 4 FRL=30, exp 0.08 * PBL=30.exp
0.95 Kad 7 .*tx & ¥ RL=64, exp 2? : ¥ RL=64, exp
] [
’*,;F,' | T Y A RL-100,exp :l 0.06 A RL~100,exp
L
09 A ‘r'f? [ ‘,:‘\ RL=200, exp \'é' 0.0 e e RL=200. exp
(7 AR IR N W R RL=20. sim k: = N 5 S v [ RL=20, sim
4 = PP e )2 3 50,5
0.8 ] R e e e RL-50, sim a' 002 [em====0 e s RL=50, sim
Pt vy == _ 5
N ,'I'r ! X \". VL m———— RL=64, sim 0 Lo Rtk S S A S [ ERS RL=64. sim
03 N [ _ .
08 1 12 14 16 ~ - ~RLF100.sm 08 ! 12 L4 L6 R0, sim
VT2/VT1 RL=200, sim V_T2/V_T1 RL=200, sim
(a) Transfer Efficiency (b) Normalized Received Power
25 25
2 - 2 u
L] [ ]
15 . 15
1 AL m ERL=20, exp @ 1 u = st mRL=20, exp
' 05 !:m #RL=50, exp e o5 == *RL=50, exp
o .* = “y *RL=64, exp ﬁl 0 - "*. *RL=64, exp
05 %K 4 RL=100, exp B 03 )‘/? ARI=100, exp
1 .l RL=200, exp 1 .. RL=200, exp
15 -15
08 1 12 14 16 08 1 12 14 16
V_T2/V_T1 V_T2/V_T1
(c) Normalized TX1 Transmitted Power (d) Normalized TX?2 Transmitted Power

Fig. 17: 2TX-1RX experimental result (using Function Generator)
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Fig. 18: 2TX-1RX experiment result (using Inverter)
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Tab. 11: Condition of Numerical Verification of Multiple TX Single RX WPT System
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(s {rz Vrs TX side

(a) General idea (b) Circuit diagram

Fig. 25: 1 row - 3 phase WPT system
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