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Oiintroduction [

O I n-Wheel Motor

|ndependent wheel torque control

Welight reduction and high responsivity
I nterior space saving

[ Problems In-Wheel Motor of [FPEV2-Kanon]
Power lines disconnection
Vibration and impact caused by relative displacement Power line

Continuous bending caused by steering

Power lines freezing in cold region

Radical solution using Wireless Power Transfer

e . % THE UNIVERSITY OF TOKYO 4%



OWireess Power Transfer

M agnetic Resonant coupling
Add resonant capacitors

. S-S
Power Factor compensation SPetc.

Resonant

Distance Efficiency Power
frequency

kHz - MHz 01-1m Cail to Coll 0_100kw | WPT using Magnetic Resonance Coupling
Over 90 %

Series-Seriestopology — —
Y =

Insert an resonant capacitor to coil in series
Good for bidirectional power transfer @
Suitable for Electrical Vehicle application

Resonant frequency 85 kHz
Transmitting distance0.1-1m

Transmitting power over kW

S-S topology

2016/8/24 3/29
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OWireless In-Wheel Motor
Theworld first In-Wheel Motor driven by WPT
Radical solution for power lines disconnection
Transmit 3.3 kW at the efficiency about 89%

Chassis side Chassis side Wheel side Three phase

converter inverter AC/DC converter PWM inverter _ChaSSiS
Vbattery e inverter
— H .
F PMSM
et o Lol [ 4%
Chassis side Whed side
Maximum Resonant WPT Gap erelesg
output frequency topology betvx_/een Commum-
coils cation
3.3 kW/wheel 85 kHz Series-Series 100mm Bluetooth

Experimental vehicle with W-IWM

| mprove practicability of IWM drastically

2016/8/24 5/29
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O Real car driving
el
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D2TheFirst Trial Unit of W-IwM_ g

O Efficiency
Efficiency between chassis battery and wheel side DC-link
Transmit 3.3 kW from the chassis battery to the wheel side DC-link

Chassis side Chassis side Wheel side Three phase
converter inverter AC/DC converter PWM inverter

I =)

Vbattery

L

95.4.;

V
88.8 %
DC to DC efficiency is about 89 %

Development of Wireless In-Wheel Motor Using Magnetic Resonance Coupling :
2016/8/24 Motoki Sato, Gaku Yamamoto, Daisuke Guniji, Takehiro Imura and Hiroshi Fujimoto 7129
|EEE Transaction on Power Electronics, VVol.31, Issue.7, 2016




D2TheFirst Trial Unit of W-IwM_ g

ODynamic-Wireless Power Transfer
Transmit power from road side transmitter Y

Charge EVswhile driving from infrastructure

Ranqge extension
Battery capacity reduction
Battery charqging time saving

N
gy
i
£
I

UK plan for Wirelessre-charging lane
https://www.gov.uk/gover nment/or ganisations
/highways-england

D-WPT for Wireless I n-Wheel M otor
Drive the motor viaWPT from road side

High efficiency
WPT power go thought less converters

Further improvement on practicability is promising

2016/8/24 8/29
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D2TheFirst Trial Unit of W-IwM_ g

O Advanced control of electric vehicles
and development of wirelessin-wheel motors

Plenary Lecture on |EEE International Conference on
Advanced I ntelligent M echatronics 2016 July 12-15 Banff, Canada

Advanced motion control and autonomousdriving of EVS
Enhance safety, driving comfort, and cruising range by IWM

WirelessIn-Wheel Motors
Overview and design method of W-IWM
Effectiveness verification by real car driving test

Hiroshi FUJIMOTO
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Whed Whed

OW-IWM?2

Power up
3.3 kW/Whedal —12 kW/Whe€|

Further efficiency improvement
Regeneration efficiency improvement

Dynamic-WPT o iC

Further driving range extension Configuration image of W-IWM2 Whesl side of W-IWM2

Chassisside Whed side

L Proposed method Bl vt
Lithium-ion Capacitor on the wheel side N Ul mn s
Regenerate wheel power within whesl side {LJ%} T 3E | T =)
Regeneration efficiency improvement
Vigad H |— 5

Additional circuit for Dynamic-WPT T i} }{ﬁ B3
ReceIVI ng COII for D_WPT Can be pl aced |Owe§ Road side Road to wheel Wheel side
Drivethe motor via D-WPT from road directly 5 Jage 7o povceme

Circuit construction of W-IWM2

e . g% THE UNIVERSITY OF TOKYO e



D13.The Second Trial Unit (W-IWM 2

L Efficient regeneration A
C Onveﬂtl on al Vbatteryconverter | ;i’ L i onv‘?gzr PWM inverter
1l I i 0) PMSM
Efficiency of regeneration viaWPT 89 % If J{} J$ Eg J$ % J%}E@
Proposed LIMINT 89 91/
Regenerate wheel power to LiC 96 % N 4 y
Vioad L |_ Jic
il |
. il il | T
Regenerate and power viaWPT 79% X p }{ L 96,
Regenerate and power VI a L | C 92% Roaavgea o AC/DC converter DC/DC converter
Regenerative power should go thought LiC

O Dynamic-WPT
Additional circuit for D-WPT
Drive the motor via D-WPT from road di rectly &L
Power-flow should be controlled BN

W-IWM2 w/ Wheel

Power-flow control for efficient operation

e . g% THE UNIVERSITY OF TOKYO e
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D4PowerFlowControl

O Control method for W-IWM2 o cmsiste wnetsie e
converter inverter AC/DC conve rter PWM inverter

Vbc

Multiple power sources Vf ik o
AC/DC converter (WPT from the chassis side) I LJ$ J$P;%,§;‘ I3 T ﬁ] =)
AC/DC converter (D-WPT from aroad side) i L.

DC/DC converter (LiC) Vi BT
't 3 25 9Py
Power should be controlled properly ko LiC

Road side Road to wheel Wheel side
inverter AC/DC converter DC/DC converter

£
a

4H-THHH g

Voltage feedback control of the wheel side DC/DC converter
LiC powersor regeneratesaccording to a power-flow change

Py, = Pywpt + PLic + PRroad

Power control of thewheel ssde AC/DC converter
Pywpt Can be controlled Py;c and SOC of LiC can be controlled

Power-flow control of multiple power sources

S . 9 THE UNIVERSITY OF TOKYO 1



OL oad voltage Vpc control by wheel sde DC/DC converter

Chassis side Chassis side Wheel side Three phase
converter inverter AC/DC converter PWM inverter

Iload
<«

V;oad _| |_ Ij_lc <¢> T
-
1 —
T-- i} i O
-
Road side Road to wheel Wheel side
inverter AC/DC converte§ DC/DC converter

Linearization using State-Space Aver aging method

Steady state V.ic : Voltageof LiC
VLiC + \/VLZIC — 4TVDCIload Iload VDC : Load VOItage
D' = T Lic = g I ic : Current of LiC
D
Minute fluctuation Lipaq : Load Current
dvDC D" ILjc, 1. r : ESR of LiC and Inductor
ar ¢ et 4~ Fhoad D' : Duty ratio of upper switch

Control on power-flow of the wheel side

S . 9 THE UNIVERSITY OF TOKYO 1



O Power control by wheel ssde AC/DC converter
Two-mode control

O Rectification mode O Short mode
Twpr Three phase IwpT Three Phase
I 21 R VDC PWM inverter I 21 VDC PWM inverter
- A |_ A

— JH& Hml\\/[/iM —— — J$ ﬁl\d

JEj

Wheel side | Wheel side !
AC/DC converter ' AC/DC converter
Timereatio : T, Timeratio : T

Average output current of thewheel side AC/DC converter by switching two modes of wheel side AC/DC converter

Duty ratio: a = TT;FT wg - Remnmcefrequency
rtis L, : Mutua inductance
_ 22 242 R, : Chassis side coil resistance
lac = TalZl (wOLmVH > TRlVDC> V,, : Effective voltage of chassis side coil

Transmitting power control via chassisto wheel

G.Yamamoto, T.Imura, H.Fujimoto : Maximizing Power Efficiency of 16/2
2016/8/24 Wireless In-Wheel Motor by Primary and Load-Side Voltage Control, 2014 6129




Chassis side Chassis side Wheel side Three phase
converter inverter AC/DC converter PWM inverter
Vbc

OBlock diagram THala[% ol 4w

‘/;'oa(ir H H j"ic
| 1 R =
Py > Vcljll S
a Chassis side
....................... T —
WPT : Wheel side
o | plant , Two-mode
Cal | ! control
1
—————————————— WEuN
Vbe > P
DC/DC converter - whT
Wheel side | PL
| plant
__________________ —————
T > — PLic
communication
17/29
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O Details

Two-mode control

-

AR

Pyic 5

i

Voltage control

Resonance frequency 85 kHz
Inductance of coil on chassis side L, 270 uH
Inductance of coil on wheel side L, 250 uH

Mutual inductance L, 25.0 uH

Capacitance of smoothing capacitance C 2200 pF
Inductance of DC/DC converter L 60.8 uH
ESR of DC/DC converter and LiC 31.4 mQ
Switching frequency of DC/DC converter 40 kHz
Pole placement of PID controller for DC/DC -1000 rad/s
converter
Switching frequency of two-mode control 500 Hz

Power -flow fluctuations with load change

Power-flow control achievable by only voltage control of DC/DC converter

Power -flow fluctuationswith Pwptr change

P;c or SOC of LiC are controllable with two-mode control

2016/8/24 ¥ THE UNIVERSITY OF TOKYO
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O Power-flow fluctuation with load change

/| MOTOR
r | ml g—ll— F l | — H ‘ |
ek y [ oKW y 6 KW=
AN
BATTERY / b BATTERY / NG
Stepwise load fluctuation \ =
6 kW, ep 12kw$>%_
|/ -1iC
15 . : 360 300
\L 355
10 200
— 350
\‘ —— Z
%‘ °f ". %’345 E ol bro b bim bee fan bos b Eag b ,7
i ": 1 B3O AAANAANAN naaAAAA B O AR nans
g £ VUV VVVVVYY — YPYVvY] &
-5¢ 16 -100
— P 2 330
ST L e B [ —n ~200 | ke
_PLiC+PWPT QQQQQ - l/r:(: —I::Cad
-15 : : : 320 : : ; 300 : : :
-0.02 -0.01 Tim(e) ] 0.01 0.02 -0.02 -0.01 . 0 i 0.01 0.02 -0.02 -0.01 . 0 [e] 0.01 0.02
Power(Mean value 500Hz) DC link voltage: V. Current

Power -flow control achievable by only voltage control of DC/DC converter

2016/8/24 (: ’ THE UNWERSITY oF TOKYO 20/29



O Power-flow fluctuation with Pypt change

\_MOTOR
Bl H
I . :
g TaKW g 57 |6]k g
N p ot N
BATTERY 7 WA BATTER
2 kaE:‘ = Stepwise Pypr Change
T ie
10 T T T 360 T T T 100
R 355
I .w' — E 350 -
= 8345 | <
: s AMMAAAAMANN S
g . s VVVVVVVVY vvvvrvvl s
T N 3 330 50
_____ PWPT B RN
..... Pl 395 H— e . ——— l:lc
—PictPaer - VSC —
-5 : : : 320 : : ; -100 = : ‘
-0.02 -0.01 . 0 ) 0.01 0.02 -0.02 -0.01 . 0 f ] 0.01 0.02 -0.02 -0.01 0 . 0.01 0.02
Time [s . ime |s Time [s
Movin DC link voltage: V,
Power(Moving average value) age: Vpe Current

P, or SOC of LiC controllable by two-mode control

2016/8/24 (g% THE UNIVERSITY OF TOKYO 2129
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O Experimental setup Resonance reaueney il
| | d eI Inductance of coil on vehicle side L, 269.63 uH
all POWEr Mo Resistance of coil on vehicle side R, 558.09 mQ
r— Inductance of coil on wheel side L., 224.51 uH
Efmr ¢ Resistance of coil on wheel side R, 361.81 mQ
“nl
-na_' Inverters Gap between coils 100 mm
PE-Expert3 _ DC/DC converter Mutual inductance L, 25.78 uH
SCNSETs Capacit f thi itor C 2145 pF
Chassis side Wheel side apacitance of smoothing capacitor a
Vi inverter AC/DC C"nver‘t/e]:r)c Inductance of wheel side DC/DC converter L 60.8 uH
m H i
Regenerative ESR of DC/DC converter and SC 41.0 mQ
DC Power 1
Suppl . T Power Supply Switching f f wheel side DC/DC t 40 kH
u itching frequency of wheel side converter z
pply pCUBE g frequency
Pole placement of PID controller for DC/DC converter | -1000 rad/s
Supercapacitor
— —1 Pole placement of PID controller for AC/DC converter -6.81 rad/s
—
JE& E Switching frequency of two-mode control 500 Hz
] — Load voltage Vp¢ 200V
Wheel sid
Chassis sid Wh chf’;%:nvmr Voltage of SC Vi ;¢ 50V
assls side cel side M aximum output 1.2 kW
2016/8/24 23/29
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O Outline of experimental setup

Chassisto Whedl coils "

PE-Expert3

Super capacitor

B R ‘3‘7'

AC/DC converter

Chassissideinverter

~~~~~~

2016/8/24 24/29
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O Power-flow f

uctuation with load change

\. MOTOR /| MOTOR
[ WL HaMRakde ]
i . I - - 1 n}
| I 103 kWéF 20K | i [0 kW y-- 0.6KW®
BATTERY / \ S BATTERY I J-\\
= L . L
05KWN | = Stepwiseload change 1.3 kW.\ =
0 | |3 W) =
LLjsc V-
1.5 T 220 20
) — -
210} 1 T
0.5 [t i -“,
5 S 205 1< oft
© of & 200 WMM«WMW 5
5 S 5 ol
o 05 L | > 195+ 1 O
—A v 190
""" Alic : 201 —
| - Pupr L 185 —Y% 4| e
""""" Plic * Papt e T - Véc === Lypr
-15 ! 180 -30 '
-0.05 0 0.05 -0.05 0.05 -0.05 0 0.05
. Time [s] Time [s]
Power(Moving average value) DC link voltage : Vpc Current
2016/8/24 25/29
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O Power-flow fluctuation with Pypt change

T ; Ml omiws: :
1 08 K y q.mj«-/W@ [0 kw y 0.6 KW
BATTERY Sz A BATTERY /G
|-se /=S¢

3
i
N
—_
o

051

N
o
ol

Power [kW]
Voltage [V]
N
o
o
Current |A]

195
0 N ]
A 190
_____ PLiC
_____ Poet 185+ — Yoc
""""" Plic* Puer - V';C
-0.5 : 180 : :
-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05
. Time [s] . Time [s] Time [s]
Power(Moving average value) DC link voltage : Vp Current
2016/8/24
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O Efficiency measurement Capasitance of smooting capacior e
Chassis side Wheel side Inductance of wheel side DC/DC converter L 60.8 uH
inve”ar AC/]R converter

Vi[7 \ Vbo ESR of inductor 12.0 mQ

DCP 4% i Rege

ower 1 SiC on- resistance
| )T Power |
Suppl - JES > ower Sypply (BSM120D12P2C005:ROAM) 130 me
Pply 88.8 9/ pCUBE
\ = - "/ Pole placement of PID controller 1000 rad/s
v S . for DC/DC converter
|| upercapacitor
1@ / Il DC-link voltage Vp 200V
- T
94.51,1} O Voltage of Supercapacitor Vy;c 50 V
R
Inductor current Iy ;¢ 25- 26 Adc
Wheel side
.. DC/DC gonverter Load output 1.2 kW
Chassis side Wheel side P

Efficiency of DC/DC converter on different switching frequency

983.6% 941% 945% 920% 928% 90.8%

High frequency - Switching loss

Low frequency — Hysteresis loss

el (g% THE UNIVERSITY OF TOKYO 21129
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O Study on Energy System Configuration of Wireless In-Wheel Motor with Supercapacitor

W-IWM

Radical solution for power line disconnection Improves practicality of IWM
W-IWM?2

Equips LiC on wheel side Efficiency improvement
Circuit for Dynamic-Wireless Power Transfer D-WPT applicable

Power -flow control

Voltage control of wheel side DC/DC converter Achieves power-flow control
Power control of wheel side AC/DC converter Py;c and SOC of LiC controllable
Futureworks

Real machine of W-IWM 2 construction Experiment using real car
Experiment using small power model Power management

considering D-WPT

e . 9 THE UNIVERSITY OF TOKYO 2



" .;-jﬁ“ ::‘;. -

| ) v =
2016/8/24 30/29



OLiC 12series (JCO8)

Vehicle velocity [km/h]

80
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40
30
20
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___________________________

————————————————————————————————————————

150 ; r
48 | | | | |
U T i Rt R
— cu ! o -
S 43 £ 50 Lol b '
= o — T r--dr ]
o =< |l | i |
38 - = Y I ! 1
e 35 0 IR ) 1000 | ’
o O £ 50 - {
> 33 A 3 - AN
O O O 100 b tod b
—
28 ()] 150
0 500 1000
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Chassis side Chassis side Wheel side Three phase
converter inverter AC/DC converter PWM inverter

O Block diagram (SOC control) I{K} }gg}{ﬁﬁ ﬁ BT

Vioad 4 o ﬁLi_C
Vi [EEEENITE
P* V.x 11 =
L 11 _ | _
Cal imverter AC/DC comverter DUDE comverter
................................................................................................................. weT | ... Chassisside
plant Wheel side
I/ o ] |
1 ¥ LiC jft’ CPI Iwpr 1
: ” > — VLICI
__________ b HC e o ____1
: ! SOC control
Vi - P
I C _l—|— DC]! Wheel side > L' WPT
I VSC PID DC/DC converter plant
I
| —> PL
S R - = —
Voltage feed-back control Py — >
communication —» PLiC
PD namic ”
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O Stepwise load decrement (5 kw—3 kW)
MOTOR MOTOR
f | = g—ll—
'ng ] |
KW SELER kL
| / |
e BATTERY / Exz
e . . E=
JES E ) Stepwise load fluctuation JE:} E )
_iC B |
10 w T T 360 T T T 49
355
— 350 {1 485f
- = —
T S | 3,345 | 1 %
3 £ :
S e S 335 18
— Q330+ 1 415}
e PKZT 325+ — ;DC i :?c
_5 LiC WP'I'l | I 320 DC , | I 47 LiC I | |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
.Time [s] ) Time [s] . Time [s]
Power(Moving average value) DClink voltage: Vpc LiC voltage: V};c
L oad decrement SOC increases Pypt decreases
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O Stepwise load increment (3 kw—5 kW)
MOTOR MOTOR
f | = g—”— | f | . — g—ll— |
IR DR L Hsilliuadilly el
BATTERY % =va BATTERY / Bz
1 . . e
JES E ) Stepwise load fluctuation JE:} E )
B B |
10 360 . . . 49
355
~ 350 - 1 485
S i % g,,345 ! : So
g % >
a L - o £335f 0
e - 330} 1 415}
_____ //Z‘SZ:P 325 — ;Dc —;uc
°, 05 0 . 05 TG 05 0 05 o 05 0 05 1
.Time [s . Time [s] . ime [s
Power(Moving average value) DC link voltage : Vpc LiC JS] ta[lg]e : Viic
L oad increment SOC decreases Pyypt INCreases
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O Stepwise load regeneration (6 kw—-6 kW)
\_ MOTOR
[ . N .
[T 3 » IRk
BATTERY S A BATTERY
JES E Stepwise load regeneration
_iC
10 360 49
355
Sr i
S 350 f B 485+
T of- \ E0345 — %
E S 340 & %o 48
e Of £ 335 5
(@) —
N O 330} 475}
=3 =
_15—1 —6.5 6 015 1 320—1 —(;.5 0 0i5 1 -
Time [s]

Power(Movi F\H‘%\%rage value)

L oad regeneration

DC link voltage : Vpc
SOC increases

-0.5 0 0.5 1
Time [s]

LiC voltage: Vi;c

Stop WPT from chassis
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