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BARCELONA
17th-20th November 2013

Wireless Power Transfer (WPT)
Applications: EV, mobile, and battery charger
Conventional WPT: Single phase AC transfer

Organized by Hosted by In collaboration with Supported by

Wz avale P -
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eVS|27 1.1. General info. for WPT 2/3

Th 27h RNA O

vwo;;n;;;;; ;A : Three methods of WPT technologies
Methods Magne.tlc Magnetic Resonant Microwave
Induction Coupling

\T/

Images @ — "

Transfer Gap Upto 0.2m Upto 10 m A few hundred km
Efficiency Up to 95% Up to 97% Up to 60 %
quustness for Poor Great Good
Displacement

Organized by Hosted by In collaboration with Supported by
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* Transmutter and recerver: LC resonators
* High efficiency (around 90%) at 1 m gap
* Transfer frequency: 100 kHz to 20 MHz

— Power devices for kHz switching

* Relay resonators (single phase)

— Suitable for charging EVs while running

< e — < A e e
:frc_q .

Organized by Hosted by In collaboration with Supported by

Wz avale p—
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eVS‘27 1.2. Why three phase? 1/3

Th 27 h EFINAT ON

SYMPOSIU M & EXHIBIT 0

sanceon 1. Advantage for high power transfer
2. Suitable characteristics for WPT

10 Phase 1 Phase 2 Phase3
0.5
0 9p° 180° 2!70° 3(!30°
-0.5 /
-1.0 S
120° 120°
- -

Organized by Hosted by In collaboration with

Fira\;:r'c,l:lona Ovel?'@ AV E Q E ne “

Supported by

EVAA® EDTA ‘H o

CHTITHES 00
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27 1.2. Why three phase? 2/3

Advantages for high power transfer

* Larger power capacity with same devices
— Capacity limit: three times of single phase

(High frequency devices: Low power limit)

Relatively simple system
Single phase Three phase
Power limit ratio 1 3
Device quantity 2 (4 switches, 2 lines) 3 (6 switches, 3 lines)
Circuits LS j%@x:q ﬂ ﬁ 1 Rvra B
el
Organized by Hosted by In collaboration with Supported by

W avale
Fira;arc:Iona “@

AVERE Freh

CVAA® EDTA H
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27 1.2. Why three phase? 3/3

memeee SuUitable characteristics for WPT
* Smaller ripples of rectified DC

z : —n —" |
- TSNS TSNS TS
Single phase Three phase
* Rotation symmetry: contact-less terminal Conventional method

. e
s 2N o

i
-

__ . - =
I' % — 1
O W e
A \
A v
. -
E
o

Photo : Wikipedia Photo: Toyonaka industry WEB
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27 2.1. General info. & parameters 1/2

EVS

The 27th INTERNATIONAL
ELECTRIC VEHICLE

reamoniona EXPEriment & analysis of Three—phase WPT
1. Comparison of data and theoretical formula

2. Rotation experiment: collection of measured values
* Each 15 degree from 0 to 360 degree

¢ Mutual inductance between resonators
 Ratio of voltage (V), current (I), and power (P)

Mutual inductance Ratio between transmitter and receiver
(Measured value) (Calculated value)
Transmitter V, I, and P

‘ Comparison
Organized by Hosted by In collaboration with Supported by

.. O'VSI?-@ AVERE Frehw CVAA® EDTA B oo
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Receiver side

13/26

ers 2/2

Voltage ratio

L,

Transmitter side

Coupling coefficient
(nondimensionalized mutual inductance)

Efficiency (Power ratio)

P, V-

out

N

p=tn _Ln _ Ly n:p _V.]_:A"
L L, 880 uH i Lo
Power factor = 1.0 (resonant condition)
Organized by Hosted by In collaboration with Supported by
W avsale

—(

Fira Barcelona

AVERE YYer

CVAA® EDTA B
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ESVS 27 2.2. Theoretical formula 1/3

s Base theoretical formula of single phase

SYMPOSIUM & EXHIBITION

BmcELONMResonance simple formula of mutual inductance  anld load resistance .
Power _@ @7 I oad w, = \/Llcl = W/chz At experiment; R,=50 ohm
R Voltage ratio

L. o
H Rt :::,_T;..m A" - % - J ._|_ ;;)ORm_'_.(w L ) Av(Lm 9-)
L. ¢  MMesslisdecme 1 1 0

Dy G " RoG LI Current ratio

1 w, L,
4 =22=j—0m = 4L,
I, (|||+-1€ ) III

Efficiency (Power ratio)

_ .
Sl
Whew mr o

e e
' :

T >
ﬂf‘u—?
Eﬂ%
_._.."-L.—_._I

Power source Transmit and Receive resonators  Load o (w,L, ).L
Masaki Kato, Takehiro Imura, Yoichi Hori, “The Characteristics when Changing Transmission Distance 77 - v i . 2
and Load Value in Wireless Power Transfer via Magnetic Resonance Coupling”, ( + R2 ) {RIRL + R1R2 + (a)OLm ) }
The 34th International Telecommunications Energy Conference (INTELEC 34th), 2012
Organized by Hosted by In collaboration with Supported by
Wz avale Yre e\ Mo
Fira Barcelona A@ A\/ E IIQ E e | . lL\L\l‘ E DT“\ m (nrﬁﬁ-ﬁ:mn
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wossnesusion \Mlodification of formula to three phase

BARCELONA
17th-20th November 2013

* Three phase; a lot of mutual inductance values
To adapt the single phase formula;
how to combine the values into one value?

* Combination of trigonometric function

Phase difference

~ : : : 2
L =1L ,sin(wt)+ L, ,sin( ot+ %) + L ,sin( ot + Tﬂ)

= \/(Lml2 + Lm2y32) o (LmleZ + LmZLm3 + Lm3Lm1) Sin( il + ¢)

()
Combined L o
Receiver side
(\3/2)L,,-(3/2)L,,
\/(Lm12 + Lm22 + Lm32) _ (LmleZ + LmZLm3 + Lm3Lml)
Lml B (LmZ /2) T (Lm3 /2)
\/(l’ml2 + l’mZ2 + Lm32) - (LmleZ + LmZLm3 + LmSLml)

sin ¢ =

cos @ =

Organized by Hosted by In collaboration with Supported by

e OVele,  AVERE YR EVAA® EDT™A B oo
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SVS 27 2.2. Theoretical formula 3/3

The 27th INTERNATIONAL

o OPtimal load for efficient maximization

e Efficient formula: function of load resistance

77 — A Z — a)O(LmRL)z
o (R, + R,)\RR, + RR, + (a)oLm)z}

* Optimal value of load resistance

R, = R22 T &(moLm)z
R,

Organized by Hosted by In collaboration with Supported by

e Ovole ., AVERE YYER EVAA® EDTA E oo
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27 2.3. Experiment 1/7 (Setting)

Cable: 2 mm?
Diameter: 1.7 mm
Pitch of coil: 2.5 mm

Capacitor: 2000 pF

Organized by

Wz avole
Fira;arc:Iona ‘@

* Resonant frequency: 120 kHz
* (Cable: Y connection
— Rotation symmetry
— 50 ohm load resistance
o RGSOnatorS Phase a Phase b Phase ¢
Self inductance [pH] 8.73 X102 8.68 X102 8.69 X102
E Internal resistance [Q] 1.21 1.23 1.12
g Resonant capacitance [pF ] 2.04 X103 2.09 X103 2.04 X103
§ Quality factor 5.46 X102 5.36 X102 5.89 X102
= Resonant frequency [kHz] 1.19 X102 1.19 X102 1.20 X102
Self inductance [pH] 8.67 X102 8.69 X102 8.69 X102
5 Internal resistance [Q] 1.17 1.23 1.20
% Resonant capacitance [pF ] 2.07 X103 2.03 X103 2.04 X103
E Quality factor 5.63 X102 5.36 X102 5.49 X102
Resonant frequency [kHz] 1.19 X102 1.20 X102 1.20 X102
Hosted by In collaboration with Supported by

AVERE el G&

CVAA™

EDTA &

European I
Commission
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cVSi27 2.3, Experiment 2/7 (Result 1/6)
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sssss RSt Mutual inductance L

111111111111111111111

(Coupling coefficient 4

~ . Combined mutual inductance;
-84 | calculated from measured values

—-—C-A

k_ m __ m m

o s L L, 880 uH

Close position: small rotation angle
Strong coupling

Organized by Hosted by In collaboration with Supported by

Wz avale — -
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cVSi27 2.3, Experiment 3/7 (Result 2/6)
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SSSSS weiow  Optimal load resistance  Z,

-= Optimal value

Similar shape to mutual inductance

180

Organized by Hosted by In collaboration with Supported by
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120

180

Organized by
W
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27 2.3. Experiment 4/7 (Result 3/6)
Phase difference ¢f voltage

—— A-A 0-45 degree; phase = -90 degree
= B-A 60 degree; phase = 180 degree
—+—C-A 75-120degree; phase = 150degree
= A-A Call| =—120—90+360 degree
—&- B-A Cal
I&A—CBLJPrecise shape
, Between calculation and
5080 | fiso o70 | L4 measured value
\ / |deg]
: 3/2)A, —(J3/2)L
A sin ¢ — (\/3/2)4, - (3/2)L,

\/(L12 + Lz2 + L32) o (Lle + L2L3 + L3L1)
Ll —(L2/2)—(L3/2)

Cos @ = - - -
300 \/(L1 + Lz + L3 ) B (Lle + L2L3 + L3L1)
Hosted by In collaboration with Supported by
AVERE Frehw EVAA® EDTA @ oo




21/26

cVSi27 2.3, Experiment 5/7 (Result 4/6)
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n
.................... Volt t
BARGELONA oltage ratio AV

—@- R =50[%! ] (measured)
120 _ g0 | W R;=50[%] (calculated)
: —i— f;=optimal (calculated)

a)OLmRL

A =]

R R, + RR, + (o)L, )2

At 60 degree,
Voltage ratio 1s maximum.

Calculated value < Measured value

Organized by Hosted by In collaboration with Supported by

Wz avale — -
Fira;arc:Iona ‘@ AVE IQ E ne“ Euroeloge. o E\’L\L\l‘ EDT‘L\ “ Comiaslon
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cVSi27 2.3, Experiment 6/7 (Result 5/6)

TTTTTTTTTTTTTTTTTT
EEEEEEEEEEEEEEE

|
SSSSS Current ratio 4,

-@- R,=50[ Q] (measured)
& R,=50[ Q] (calculated) 0, L
—A— R,;=optimal (calculated) A _ j 0~m
;=
(RL T R2 )
At 60 degree,
Current ratio 1s minimum.
Calculated value > Measured value
Organized by Hosted by In collaboration with Supported by
Wz avsle —— e\ ' European
Fira Barcelona "@ AVE R E we“ Barcalona (@ = ’L\l\l‘ EDT@ “ = Commisslon
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27 2.3. Experiment 7/7 (Result 6/6)
Efficiency (Power ratio)

-@- R,;=50[ 2] (measured)
~B- R,=50[ Q2] (calculated)
60 —#— R,=optimal (calculated)

0 [deg] 0-45 degree: 80%
° 7706 7P 60 degree:35%
75-120 degree: 80%

Maximum deference of
calculated and measured value;
at 60 degree

300

Hosted by In collaboration with Supported by

AVERE el EVAA® EDT™A ® oo
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CVS 27 3. conclusion & future works

The 27th INTERNATIONAL
ELECTRIC VEHICLE
SYMPOSIUM & EXHIBITION
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* Experiment and analysis of Three-phase WPT

— 1. Comparison of data and theoretical formula

Each formula draws the similar calculated value as measured value

— 2. Rotation experiment

Rotation symmetry of transmitters are shown in experimental result

* Future works
— High power experiment and analysis
— Coupling analysis as cross coupling.

Organized by Hosted by In collaboration with Supported by

iy Ovele ., AVERE Y¥ER

CVAAR EDTA B oo
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watts 12763k 324.31 -15.EISUJJ

4

watts 3 8425k 3 2819k 5?0 43n
v sone , oy
pf T 0.0091

Frms : 107.46m ¥

LA 5 25006,
pf T e I ||-1'-'.|-

vrms 98.301 : 80.982m "

Arms 14.019 585.45p
frequency CERTE{IT iF FO.051kK

H4 104.0 96,74

dc watts oEIOL 4 2.3410p

efficiency . 'EFQEG
18255

KT 19,604

Arms 12.933 : 4.3271m *

frequency 19900k 0 1 1.z321M
H40 -0.005 1037 4045
dc watts dananh 924.78 -4.8190p

efficiency | 79 39 . -7.98606

FookZ2 13,920 12.71%
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2
iy A, sin(wt) + A, sin( ot + 3) + A, sin( ot + Tﬂ)
BARGELONA — A, sin( wt)
+ A, {sin( wt) cos % + cos( wt) sin %}
2 2
+ A, {sin( wt) cos Tﬂ + cos( wt) sin Tﬂ}
A, A, .
=(4, ——2-= )s1n(a)t)—|—(£A —ﬁA ;) cos(wt)
2 2 2
A,
:\/(Al_ ; ) +(£A —\/_A) sin( wt + @)
27
A, sin(wt) + A, sin( wt + —) + A, sin( ot + T)
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ea=Emsin(ot— 0°)+E,3sin30t+E,ssin(Sot— 0°)+...
ep=FE ,15in(wt—120°)+ E ,;3sin3 ot + E,,5Sin(5 0t—240°) +
e.=FE, 8]

m1SIN(wt-240")+ E, 3sin3wt+ E,,5Ssin(Swt—1207) +
LREEEIL ep=e,—€p

=FE,1{sinwt—sin(wt-120°)}

+Es{sinS wt—sin(S wt—-240°)} + ...
REEREIT=ERESRBEEHoHNEL
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s Delta connection with harmonic waves

SYMPOSIUM & EXHIBITION
BARCELONA
17th-20th November 2013

F1RERIREE (IEFR) SHIRER R 7EE ([R4HR) SHORER IR E GEAR)

e,+epte.=0 e,+ey,+e.=3E,;sin3 wt e,+ept+e.=0

i, e,tepte.
b LagtLpgtL g

b'

TH#HERTLRMEOEREAHMNITEEZE NEIBRICRIRERNTRND
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e,=e()=E,1sinwt+E,;sin3wt +E,ssIinSwt+...
ep=e(t—T/3)=E,,smw(—T1/3)+E,35in3w(t—1/3)
+EssinSaw(t—T/3) + <.
=E,15in(wt—120")+ E,;35in (3 wt)
+E,58in(Swt—2407) +...

e.=e(t-2T/3)=E,1sin(wt—-240")+ E,;sin (3wt)
+E,ssin(Swt—120°) +...
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* Induction without magnetic resonant coupling

Ladder coil transmitter for rail transport
— Small air gap

— Three phase receivers are original of us
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