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DWPT Dynamic WPT

line type

- - - - - - -4

coil type

At glance, it looks like the line type has a big advantage for charging time and control

advantages coil advantages: line

efficiency lower leakage magnetic field

workability maintenance
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Open type coi1

Open end coll for road side
No need of capacitor or ferrite

K low cost

Parameters of actual coll

Plate size 1300 mm 400 mm

Coil size 1280 mm 380 mm
Wire 3.5 mn? KIV wire

Layer gap 3.6 mm

Wire pitch 1.6 mm

No. of turns  40.5

Leadin wire 2000 mm

NO capacitor

KIV wire Vinyl chloride

R ———eep——

Overview of the actual coil (Side view)
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Open type coi1

Measured result —Imaginary part — Real part
The actual coil selfesonates at 85.3 kHz. ¢, 000
Y Feasibility of85 kHz selfresonant ~ 3000

open end coll is confirmed. 1000
Efficiency T -100060° 80™ 100 120 140 160 180 200
Efficiency is 90% @ 100 mm ™ 3500

/|
5000 Frequency (kHz)

Impedance frequency plots

—100 mm
R0 | —200 mm
—300 mm
—400 mm

Efficiency (%)

201

Note: Receiver side is typical short type 50 8I5 100
Frequency (kHz) 7
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Magnetic Resonant Coupling (MRC), 2407 ..

2m, 4550%
(less 1m, over 90% )

Very large air gap with high

efficiency surprised many
people.

André Kurs, Aristeidis Karalis Robert Moffatt, J. DJoannopoulasPeter Fisher, Mari8 o | j, a | i |
AWireless Power Transfer via Strongly Coupled Magneti.@&@iR&sonances,
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History of IPT, before 200|7
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History of IPT, after 200}
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Comparison of NN,N-S,SN,SS

(N: Non-resonant, S: Series)
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Takehiro Imura, Yoichi Hori, 6 Su p e r ofdvlagnétiy Resonant Coupling at Large Air Gap in Wireless Power Tr a n s #2na Annual 13

Conference of the IEEE Industrial Electronics Society (2016).



\oltage source

D00 ON
© O OO
ololoNe

400
200

P2, received power [W]

o

N-N vs. SS

High power

* S-S ¢ N-N

50 100 150 200
Air gap [mm]

(N: Nonresonant, S: Series)

0

High efficiency

* S-S ¢ N-N

50 100 150 200
Air gap [mm]
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Comparison of NN,N-S,SN and SS:C,; & C,
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k=0.5 ‘ Comparison of NN,N-S,SN and SS‘
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Picked up at 4 conditions
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t=0,Detection

P >
e B e

DWPT, maximum efficiency control

=

t=180ms,OFF

Dynamic Wireless Power Transfer: DWH

It takes 0.18 sec (1809 to pass the 5m
transmitting coil when the vehicle speed is
100km/h.

The vehicle moves 27 mm inmsat 100
km/h.

Quick detection and control is necessg o



Dynamic Wireless Power Transfer: DWH

t=0,Detection

=—
—
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DWPT, maximum efficiency control

—

t=180ms,OFF

It takes 0.18 sec (1809 to pass the 5m
transmitting coil when the vehicle speed is
100km/h.

The vehicle moves 27 mm inmsat 100
km/h.

Quick detection and control is necessg -



DWPT Dynamic WPT

Total loss & EMC

S e n S 0 Detection Detection Detection ﬁ Detection Detection

‘
Sensor
‘

Sensor failure

DC bus

Sensorless
passive

Total loss

Sensorless
Active

Detection Detection Detection Detection Detection

WS RIS i.e.) SS




Sensorles3ransmitting(ON/OFF Switching \System

I[dea of vehicle detection

Output impedance
é ‘0 0
—_ o

Receiver | nm M |
T o ™ [T T
Transmitte = == o @ 0 5 § o @
Inverter Inverter Inverter v v
DC Voltage T | | - J A o
Source - T W
‘ DC Bus ‘ Primary coil Secondary coil
High output impedance Low output impedance

Transmitting currentOchanges depending on position of a receiver

[m] :[ R _MLm] [11] o Ro V1 +wo@Vz
V|~ |jwoLm  —Ray | |5k TR, Ry + w33

resonance

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Feemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhihifioh6 23



Sensorles3ransmitting(ON/OFF Switching \System

A Searching voltage pulses

Envelope of the primary current is used to detect the approach of vehicles

0 /\/\
Distant receiver /\// /\ /\ ,

4 Y \/ \/

L >< /

.

A‘D
Searching pulse(resonant frequency) N O

Close receiver
Narrow pulses to reduce standby power

‘O :Transmitting ON threshold

Transmitting start

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Feemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhihifioh6 24



SensorlesIransmitting( ON/OFF Switching System

1. Bundles of searching voltages are applied in an intéwal
2. If'O exceedsO , searching is stopped and waits until the next period
3. Power transfer starts™ does notexcee® for certain period

4 Transfer start

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Feemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhihifioh6 25



SensorlesIransmitting( ON/OFF Switching System

15
g 1 ‘\.\\‘ \\ o~
E .\\. '....,..... \\\\\
e \\\ T,
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X S — v, =6V |
S 05 de |
a N e Vdc:12V
\ ————— \Y; dC:18V
—short |
O L
0 0.05 0.1 0.15

Coupling coefficient k

Coupling coefficient and the peak value of

the primary current

(pulse duty. 0.1, primary voltage : 18 V)

Secondary
coll

HAR
J .
0] Y
o ~5 M—ANN
=3 51 :
L4
Both OFF Rectification Mode
Both ON Short Mode

_ RoVi +woli Vs

1_

"‘Oalso depends on

RlRQ + w%L%l

The proposed secondary circuit (Half active rectifier : HAR) turns on two
MOSFET and short the circuits( = 0) during standby mode (Short mode).
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Experiment

Transmitting side Receiving side
e "C)
O — HAR
rog A B e v '
J I ° ° J ;
oo "o 93 S0 of 17 6 YA,
J J5 J — O
Lo ] Lol
~—A\\— —AN\—-
Inverter “ O
18V — Envelope O—> DSP — Envelope —DSP 6V
Y Searchingperiod 10ms
L 417.1' H 208.5' H Y Pulse width 050
C 6.03nF 12.15nF o ON thresholccurrent 300 mA
R 1.83 ¢ 1.28q (O OFF threshold differentiatecurrent  -4000 A/s
Q OFF thresholdoupling coefficient  0.06
Operating frequency : 100 kHz DC voltage source :18 V
DC/DC converter frequency : 10 kHz Battery voltage : 6 V

27



Experiment

L
C

417.1' H

6.03nF

1.

83

Secondary
circuit &

q

1/3 scale DWPT simulation setup

~

=~
208.5' H Y
12.15nF 0
1.28q 0
Q

Operating frequency : 100 kHz
DC/DC converter frequency : 10 kHz

inverter " =

Photo
sensor

Searchingoeriod

Pulse width

ON thresholcturrent

OFF threshold differentiateclirrent
OFF thresholaoupling coefficient

DC voltage source :18 V
Battery voltage : 6 V

10ms
05'0
300 mA
-4000 A/s
0.06
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Experiment

¢
8

\

\QA\
, 20 40 cmTransmitter
b AN

DC/DC converter Receiver and Transmitter

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Keemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhibifioh6 29



Experiment

Primary Inverter, DC/DC converter, Controller

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Keemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhibifioh6 30



Experiment

A Experimental movie

:primary voltage) primary currentQ




Experiment

A Experimental movie

:primary voltage) S

primary currentQ
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Experiment

Search mode Transmitting mode

@ 200% _ J400ms 1361605 @B 132 2,45455kHz]| |[4.00ms 1361605 @132y

[4000s 1361600 |[@m <132 <10H J e [400us  I3RIGDUS[@ER 132V 2404GEkH]

:primary voltage) primary currentQ




Experiment

w-*-ll!]{lIlrjflrmlirmlm!mmmmmnmm!mrm!ﬂifﬂﬂiﬁ‘:‘ﬂﬂﬂl‘I‘ilﬂl“‘}m—-

[20,0ms

— :primary voltage) primary currentQ

Power transfer automatically switches ON/OFF while 10 km/h driving

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Feemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhihifioh6 34



A 10 km/n
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02 b
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Time (s)

Coupling coefficient (estimated) Inverter, HARflags(1 : ON)

Power was successfully transferred only when the two coils are close effougis( §
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2env
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HAR: Half Active Rectifier

METC:
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Detection period

WPT start
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o ,0 ,0 (at transfer start)
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Experiment

= - i 1 =

A g ||uT|||'| DA 0 {0 O g LA

i

JH

I 500 Hmu 0004
Search mode Transmitting mode
Average power 7.228mW Average power 10.02 W

Average power consumption in search mode is less than 1/1000 of transmitting mode

Daita Kobayashi,Katsuhiro Hata, Takehiro Imura,Hiroshi Fujimoto,Yoichi Feemsorless Vehicle Detection Using Voltage Pulses in Dynamic Wireless Power
Transfer System The 29th International Electric Vehicle Symposium and Exhihifioh6 38
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HAR: half active rectifief

I
«—

r C2

Y -

Power shut dowP,;3 0

secondary side voltage contr

oo N

—?—| stability of secondar
vilQ) power control by secondar

—o efficiency control by secondar
(L)’

Z, = m
2 ' 3 b

1,3 0

PR O
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HAR: half active rectifief

Lu n C 12_"; P Loc g P=0, Lpc=0 P[’i:)
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Short mode
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power control by secondar
efficiency control by secondar
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Automatic driving using coil sensing
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Maximum efficiency trackmb

Power source Transmit and Receive antenna Load

R,
There is a maximurefficiency loadY
on the circuit of magnetic resonance coupling

Equivalent circuit of magnetic resonant coupling

2
(WOkV Ll LQ) RL ! B e — Im=180 uH

BN R | | m=75.7 uH
(Rr + Rs) {RlRL+R1R2+ (WOkVLlLQ)Q}

Efficiency n =

o
@

— L_r_'n:36.4 uH

o
2}

Efficiency Ap

o
~

NEE PG

10° 10’ 10° 10° 10°

Secondary load RL (Ohm)

Relationship between load and efficiency~

Optimal Secondary side structure
A Controllable secondary side

Normally, secondargtorage systerdetermines secondary equivalent load

Need of controllable secondary side to change the secondary equivalent Ioadl Qo4
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Maximum efficiency trackinb

Maximum efficiency control with secondary DC/DC converter

J%
O * - N L— AN,

. Battery
J e or
Receiver Capacitor
, Rectifier
Control tow DC/DC
converter

SecondanpC/DC convertecontrols secondary equivalent loadYo by controllingw

W
2 Vi
. - wokv/ L1 L 1 —
Maximumeefficiency Rinmaz = \IRQ (u + Rg) g 7L\ —k=0.23
Ry % \ | —Kk=0.05
load 08 ¥ —k=0.01
KVL equation 306
. - R wok/L1L m \
Maximum-efficiency voltagels,maz = 1/R—2 9 St Vi 02
P H
1 \/RlRQ + (UJ()k)z LiLs ++vVR1Rs Oﬁ//’ \
10° 10 10° 10° 10"

Secondary voltage v,, (V)

Relationship betweet and efficiency- (0w p 1Y)

Proposed method

Realtime maximum efficiency control for dynamic wireless power transfer syst
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Maximum efficiency trackinb

V2 - RQ W[ﬁ:g/ Ll LQ Vl
nmax — R
VB /Ry Ry + (fBF LiLs + VR R

Need of information o€oupling coefficient, to calculatew

However..

Qis not directly measurable

A Qestimation only with secondary (E
no communication between sides

A "Qestimation online becaud@drastically changes in DWPT system.

Reattime ‘Qestimation fronw HC

Daita Kobayashi, Takehiro Imura, Yoich HdReaktime Coupling Coefficient Estimation and Maximum Efficiency Control on Dynamic Wireless
Power Transfer Using Secondary DEDC converter, 41st Annual Conference of the IEEE Industrial Electronics Socpmiy46584655, 2015 45



Maximum efficiency trackinb

‘Q 0 : Duty ratio of upper switch

State space model of DC/DC converter

Sx(®) = AAO)X® +Bu() Vao(t) = (1)

d(t)

—| o

1 -
T 0 &i () o E o

e
=10 =4 = 7
c=lod x0=g gy =g

o
~
—
N

>
I
(D> (D~ (D~ (D~ (D
o

0

O‘
—
ocrocoN
w
]
> (D~ (D~ (D; (D

ocrooN

1
C
This nonlinear model is linearized with a equilibrium point and a small signal model around the

Daita Kobayashi, Takehiro Imura, Yoich HdReaktime Coupling Coefficient Estimation and Maximum Efficiency Control on Dynamic Wireless

Power Transfer Using Secondary DEDC converter, 41st Annual Conference of the IEEE Industrial Electronics Socpmiy46584655, 2015 46



Maximum effic

lency trackinb

At an equilibrium point, 0= A(d(t))x(t) + Bu(t)

‘O is determined by WPT characteristics,

:i Wok\/ L1L2Vs' Rlvdc
p? RR, +(npk)’LiL,

dc

(0 HO ACHO: stady state values af RQ FOHQ)

o E+E2- 4RVl 4,
_ .

c

O at an equilibrium point (maximum efficiency control)

E+ \/E2 - 4RVcIchmaxI dc|
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Maximum efficiency trackinb

~

Coupling coefficienf Q| Equilibrium point
0 — estimation calculation

Maximum efficiency
0 calculation
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controller converter
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Block diagram ok estimation and maximum efficiency control
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Maximum efficiency trackinb

Experimetal Setup 1/3 scale DWPT simulation setup

Secondary =

circuit SO

Battery PWM
inverter

L 417.1' H 208.5' H
C 6.03nF 12.15nF
R 1.83 q 1.28q

Operating frequency : 100 kHz
DC/DC converter frequency : 10 kHz

L 1000° H
C 1000° &
R 0.2 q

DC voltage source :18 V
Battery voltage : 6 V
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Maximum efficiency trackinb

Experimental setup

DC/DC converter Receiver and Transmitter
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Maximum efficiency trackinb

Experimental setup

DC-DC converter B

Primary Inverter, DC/DC converter, Controller
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Experimental movie

|

20 km/h
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Maximum efficiency trackinb

A Simulation
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the staticQestimation equation is applicable

A RLS filter has obvious effect
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Maximum efficiency trackinb

Simulation
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Response can be improved by adjustment oflibkCcapacitor and the feedback controller gail
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Maximum efficiency trackinb
Experimental Result: DC to D€fficiency

A Simulation A Experiment
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A DC to DC efficiency has improved by 10% at 20 km/h

The proposed redime control is sufficiently applicable to dynamic wireless power transfer syst
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Overview of our systerjp

Cr. &

Open type coil

(capacitorless and ferritéess) { mv—; %—«w ?
Sensorless detection (primary)

Power control by HAR (secondary) control A type
Maximum efficiency tracking (secondary control B type

Slr_m_JItaneous power and maximum control C type
efficiency tracking control (secondary)

Power off (primary)

Automatic driving using coil sensing
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‘ Simultaneous power and maximum efficiency tracking corltrol
C Operation point: Only secondary control
bt A B — 6 Operation point with efficiency

. = Power (50% shortmode)| i : i | I control only by secondary

Power (75% short mode)

m— Transmitting efficiency

12F 408 .
Power ISFIXED
= 06 = Typical soluti ds V1
= ~ ypical solution needs
5 g control for power
: £\ o o
S = primary side) /
=6 i oa B B
Power
: control
3 . G ERNEEEN PP
Em‘?"f* HE Operation range with propose:
comto ¥ control
0 2 T i il — . maximum efficiency
10" 10' 10° power
Load impedance [{2] -
It was impossible to control power and efficienc Power is VARIABLE

simultaneously only secondary side.



‘ Simultaneous power and maximum efficiency tracking coritrol

C Referencecircuit: WPT with SScompensation
Primaryside h m) Secondargide
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Simultaneous power and maximum efficiency tracking corltrol
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C Experimental results: secondarypower

Efficiency only control Proposed control (efficiency & powel
, (diode bridge + DC/DC) " (HAR + DC/DC)
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C Experimental results: DC-to-DC efficiency

Efficiency only control Proposed control (efficiency & powel
(diode bridge + DC/DC) (HAR + DC/DC)
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Overview of our systerjp

Cr. &

Open type coil

(capacitorless and ferritéess) { mv—; %—«w ?
Sensorless detection (primary)

Power control by HAR (secondary) control A type
Maximum efficiency tracking (secondary control B type

Slmgltaneous power and maximum control C type
efficiency tracking control (secondary)

Power off (primary)
Automatic driving using coil sensing

62



Automatic driving using coll sensiriug
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