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Development of Electric Assisted Bicycle System using

Wireless Charging System and Electric Double Layer Capacitor

Jun-ichi Itoh™®, Member, Kenji Noguchi*, Member, Koji Orikawa™®, Member
Q0XX @ H @ H=ff, 20XX @ H @ H F3A7)

This paper presents a wireless charging system that utilizes an electric double layer capacitor (EDLC) as a power
source for an electric assisted bicycle. The proposed system was optimized in terms of miniaturization. First, the
minimum energy of the EDLC was evaluated. The results showed that the energy source in the proposed system can
be smaller than that in the conventional system when the energy density of the EDLC is improved more than 1.52
times. Second, the coil of the wireless power transmission and the charger were analyzed. Short- and open-type coils
of the same size were compared in experiments. The results showed that the short-type coil can be further
miniaturized than the open-type coil at the same resonance frequency. Third, the volumes of the EDLC and
converter were evaluated. The results showed that the volume of the boost type can be reduced by 30% compared to
that of the buck type. Finally, in order to reduce the number of devices in the proposed system, the diode bridge
rectifier was replaced with a three-phase inverter. This reduced the number of devices of the proposed system by

one-third.
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Fig. 1. Conventional system configuration.
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Fig. 3. Assist pattern of running test.
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Fig. 4. Time characteristics of the cumulative energy of
each assist pattern.
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Fig. 5. Relationship between energy and volume of
EDLC and LiB.
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Fig. 6. Structure and equivalent circuit of the coil for

wireless power transmission.
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E: Charging energy
T: Charging time
P: Charging power
V: Rated voltage
I: Rated current
N: Number of turns
L: Inductance
C,: Parasitic capacitance of the parallel
C,: Capacitance of the external capacitor
Jfo: Self-resonant frequency
7 : Transmitting efficiency

Fig. 7. Design flow chart of charger and coil for
wireless charging.
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Fig. 11. Investigated circuit configuration.
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Fig. 12. Power loss analysis results of the each DC-DC converters.
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WML, BT ORBOEANHEINT D720
Thd, —F, BEFBEORAIZY T2 PSRN D ERN
WICARMICEND 2D, Bfar T o0 ) F BRI
HBENKIFE LI, T, HABANEMLTY,

Table 1. Design conditions of the main circuit volume.

Items Values
Ambient temperature T, 30 C
Junction temperature 7; 175 C
CSPI 3
Constant value depending on the shape of cores K, 17.9
Occupancy of the window K, 0.3
Maximum flux density of the core B 03T
Current density of the wire J 4 A/mm?

Condition: v, =24V, f, =100 kHz (DC-DC converter)
8 Buck-boost Type

Vine: 18 V) /);

~ Volume of EDLC
Boost-Type: 3.0 dm?

7 - Buck-boost Type: 4.1 dm?
Buck-Type: 5.1 dm?

~__  Boost-Type
(V[na: 8 V)

100 500 1000 1500 2000
Output power [W]

Buck-Type
(th 37.5 v)

Total volume [dm?]
\
\
\
X
N\
k

(a) Total volume.

Left: Boost-Type Right: Buck-Type

8 - Center: Buck-boost Type Reactor
; Heatsink
— 6 Capacitor
2 -
cER .
e , /ﬁ EDLC
' /
.
- ﬁ
7

Output power [W]
(b) Breakdown of total volume.
Fig. 13. Relationship between total volume and

output power for the each DC-DC converters.

EDLC DAzt L THERFIT/IINWI 77 b be— Ry
> ORENEINT 57200 T, 2 A_"—ZOREZHE Y
ML, ZofEREY, HIES 1.1 kW BLETIEREE
4, MAOEN11KkW LT CIXRERE2HEATHZ & TV
AT MMEFEE /N TE D, SRIRGFTT HEE T A M
MR DOR R E L3384 W TH DD TRIEREREMT 5,
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generator i power supply: ~ power

Function RF Wireless Rectifier circuit ioir  Bi-directional DC-DC converter Three-phase inverter and Motor

C, 17.5V

— (Vout '65)
D; D, ~
P N N 8V
Energy
12.1 kJ

Coaxial Cable transfer D D, EDLC

IZS ZS (7 series connection)
] Capacitance : 100F
Vo f

S +ll2 *l’“ Su Se Si BLDC
'I 'I 'I 'IE motor

L1

(@)
H.—
N+
—_—
N

n

£

n

n

O\.

Fig. 14. System designed circuit configuration.

Function RF Wireless Three-phase inverter and Motor Bi-directional DC-DC converter

generator i power supply; power

Loyr— _

.........

Coaxial Cable transfer Su S Si
I BLDC
_ -Q—Pe- i;—JE} 'I 'I motor
1 v, P L — i
1 ——p
Sm Sts St6. i
'
RBE | A +E|}
50 mm /E\ ”

Fig. 15. Proposed circuit configuration.

5. YRATLOZFHIEBRDRE

ARFETIL, MG ER OB MR € — & Bl
JEREIT L THamn 2 EIZER L, ASkE—ZERE)H
ThHDH=MHA L NN—FOHFETA A — REANTERT D
TIEERET D, ZOFEITLY XA 4 — RERIREEM
THZLENTE, VAT LADOETREIRB XS, 12,
B MBEE R MHz f DI DT, ZHA 3 —H |
SN TVWDIE—H DA LV E—F VR TEA LV E—F
AL B, LIeBoT, REBPICE—F LA "—F%Y)
DEET 720D Y L—78 E OB LI/,

(5:1) PRTLEFFSN-EIRER

1412 4 FE TOMBPINT LY ¥ AT ARE ST [0 B
B RT, X 14 OF v oy ¥ OfE Crik 2700 pF, C2id 0.47
uF TH D, CiiE DC-DC =2 _"—X O FEEHFEHOE
figa T o (=F a X, LNC2V272MSEF), Ch i
FER R EROEBER Y TV ERHOBEE T I v a v
T Y (RS AT HEUAERT, GRM43DR72E474KW01L)%
WTCWN D, AEIO CHISGEETRFO Y 7 LEIRD 2 GO
KREWHY 7VEREETHHMEZRE L TV D, MG
BHaA NG, NI a— Nl VERAL,
EDLC HFikE o v "—x O F0L, N RIER28H L
TWb, 7r M A 7L LT, WERY ZNDHEHEE 1 km
D15&L7T200m T3, LMo 7T, EDLC (HAZF R
= Rk &4E, DDLE2RSLGN701KAASS) O R L —|d
12.1 kJ TEEFLTW5, KEIFEAMERR TIL, EDLC OFERE
WIZFEREAR CZE L e R EIL & X A A — FEREIC LD
@m’wﬁt/ﬂﬁﬁDCDCZ/A*&iDHLCA%*
M E17 2, £, AST A MR, M7 DC-DC =

V3 —% T EDLC OfERIEZITVY, =FEA " —Z LD
BLDC & —X (7 v A ME—2) BT 5, D, AT
TR NI F A A — RERSEE AW Wi F A 4 — K
Feiiar ORI BN,

(5-2) IREREIRERK

B4 15 ICHR BRI A T, REERK T, AkET—%
BREIH O =8 A > N— & AR T D MOSFET D% AEX A A
— REFEWRIAS— RELTHHTHZ LT, WERULET
Holo A F— NEREBEHINT 5, 20728, X 14 D¢
SIEHERE AR IC T AT A B/ N TE D,

(5-3) FEEMHBEAXDRE
RRRE ERT 572012, Z 2 ClidEEftnE sl Lz
MEtd 5, FEEMGEIRNL, =07 U EREE MBS
AR TE D ﬁﬁﬂgﬁﬁﬂﬂ/T/%ﬁT@P
HRYE O RES —wiES =2 5 oI5 A(SS ) o A

DTSN TWD, 22T, AELRIEHEIZIBWNT, SP
27 0E SS 5 2 R D B 4217 5 .

X 16 12 SP & SS FRORIFEX % 7~7d, EEA /LI
R R IR D e S, %2 FE 2 LIZiE MOSFET & A
= ZAHA N—H & BLDC E— X 0\ E &b, £7-, SP
& SSHRONA &0 2 o AMERO%ESZBE 2T
UHEEORFILG), )R TEEND

C s =C s T 5
L I w(f 25 I 0)3 » =7 wg ...................... (6)

CITLIFEBEIANDODHCA, VE T XA, apl TR
AR, ko 1 IREERBOREHE, L 13E A LVOELT
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Transmitting coil M Receiving coil
) —

¢ p Three-phase
RF power supply L L, == inverter
connection 2

C, 5p and Motor

connection
i

(a) SP topology.

Transmlttﬁlg coil M Rectfllvmg coil

n n
C] S8 CZss

Three-phase
RF power supply I I inverter
connection 1 2 and Motor
connection
¥

(b) SS topology.
Fig. 16. Equivalent circuit diagram of each topology.

X 16 LV SP FRUTE—FEREIRFICE— X 7217 Tl %
BN LICHERPDAND -0, ZEIA IV THENSE
T35, DD, E—FLaf Vi EETY L—2RH8
BCHDH, —H, SS HRULE— & BRENRFICE SN S
TWBarys oY Css NEA VE—H ALY, T8
AV LAZERBFEN W=, VL— 3R ELRD, Lz
NoT, E—FMEIZZET DL SS HFRANAHTH D,

F# 212 SP L SS HRD 2 5D a A VT IT BARER)
O e KM nax, T RABIEN G RLIFE O AGTHEIUE Rinar, ¢
RAZEBN R ZERIF O ZRMEIE Vamax 273D, 3K 2 LV SP
A b SS FRBIBEENRDO KB nax (FFI U & 72203, I
RAGERN L D ARSI Roa 13, SP R TITHE AR
kol I L, SS HATITFEEIREL ko \ZEEBIT 5, FES
B ko D3 0.1~04 |12 W T, Rl—DEZE A LEHWH
A, SP D Ruar 13 SS FHHD 6~100 fEFRE DR X 72 MH &
b, ZIT, ARk & ZIRIES P EFEIC E L
B, ZWRINEE Vomax V. Rinax DEFTRIZEBIT 5, Lz
T, FIUBEDRTRH CENZBET 5546, SP AHUTSS
FRIDV bEW KRB LEEMLELT S, 22T, EHA
HRHELODEM DCEEN 24V THHZ EEBEL T, SP HFX
LSS HFHRDIRE R OBERMRFT 21T 9,

SP FH &L O SS FROHEEREENFIL(T), ®)NTEHRIN
2%,

R
Nsp = £ 2
R
RL+|2+1+[LJFZ ................................ (7)
0 o,L,
R
Mss = . 2 2
R, +7, +[ L ] T ®)
@,

ZITC, RIIZEMEARA LV E—FX L ATH D,
# 3 ICHUE L IR B 2 A L O dHEE R T, AR
AV H Y B AREIGUE, HEMREKIT LCR A — % Tl

Table 2. Variables of SP and SS topology.

Items SP topology l SS topology

1
2

kO vV Ql QZ
max k 1”2 V QIQZ

nmax =
1+

Impedance of R n0, |0,
maximum efficiency e k, \Q,

Secondary side voltage

Maximum efficiency

of maximum

Vs = \/Fz R,

efficiency
Table 3. Specification of coils.
Items Values

Outline (Length) 250 mm
Outline (Side) 200 mm
Number of turns (surface) 5
Number of turns (reverse face) 5
Space between copper trace 5 mm
Width of copper trace 3 mm
Thickness of PCB (FR-4) 2 mm
Thickness of copper trace 70 um
Self-inductance L;, L: 8.6 pH
Mutual inductance M 1.4 pH
Designed coupling factor ko 0.16
Winding resistance value 7/ 72 03 Q

FELTWD, £3 DT A—=FE2HNTSP & SS HH
DAEENROBRRRFT 21T 9,

B 17 128 HAROBGRIRER & ZEBAA =X AD
Btk Z T, KM 17@ICBEXEZ R L, K 17OIWIERE %2 =
9, X 17(a) & 0 SP FRULFEA > B —F o A CTREish#E
THHZ ENbND, —J5, SS HRUTEA v v —& v A
WCTEETHDZ k#b# b5, 22T, BETVAMA
RO ER DCEEMN 24 V & L TEZBMAT A L E—F
AxRDDHE, BHKLEEBE L TZEMET 50 W ~ 200
WL Lk, AffA LV E—F 2N 115 Q29 QL D,
X 17(b) & ¥ 52 EMIFE S 50 W ~ 200 W TIE SS HAS SP 5
KEVEDRTHEZENbND, Lo T, T—FBK
B2 TR < BEIRIZHB T SSHRABEFTH Y,
K%?@%fiﬁﬁf%ﬁmfé

F72, SS HRIFIEB A MCEBERE BT D &, Al
{25 A TR A B EIRIRIC ﬁxéf_&bm) Titi 7o AR IRF
VR EIE & T, %*%W6L*M«ﬁﬁ%hﬁ%k
fFL, #EMOEBROM AL, FEELEILTS
D=, EREIEALETHY ma R Meeid, LaL,
AL AT KT, K 1512380 T EDLC 28 Fe dE 2 1 =4
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Receiving side load impedance [€2]

(a) Overall view.
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X

2 p— SS topology
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= ”
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§ 0 T T T T 1
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Receiving side load impedance [Q2]

(b) Enlarged view.
Fig. 17. Relationship between theory transmission efficiency and
receiving side load impedance of each topology.

AVNR—=EDFTT —LAA v T AL, TEBIAANEE
T2 & T, R OHTERE 0AILT LI ENTED
DT, HEHREEAEACTICRELELT LI L HAETH
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FER T, T NEA L E—F ALY, BLDC £—
H BREHRE D A L 3 — 2 O 1A EL 100 Hz ~ 1 kHz Ti, %
BT oY REA L E—H R B RN,
L7235 T, SS HRITEWT BLDC & — & & BRENEFIC 1T
BT oY REmA L E—F AR, af Lt E—
Z a0 T ER L 8D, Fi, T X ICEKBELY
FIML 7285818, £ — & OEKEIRD 1%L T (S RIOMHET
101 AUTF)RHRNDEEDE—FA L E—F U RAEREA
VE—HUATHDLEERTDE, K18 IRV CIEREG
TR OB IMEEEWEEL A 900 kHz LI EThHIEE—4 M
A E—=F R ERD, AL, HEHEMGETOE S
KW kA 1| MHz & U CHEBMEEZIT O,

(5-4) EE#ER

2 CUTEHMGEIC X W IREFIEOBAEEMRGET 5,
F 4 \TERSEMERT, BIROHFE S OFEE R E
HaA VoREREREEIT 1 MHz & LTW5,

X 19 ICFEEMFTER ORI T v v 7 ME R, 22T,
SS A TITAMEBICRE SR OLEII L > TEM= A

600 Capacitor Cpsg 1077

: Frequency of the wireless :
500 - power transmission W' 1076
400 l¢——p! | 1075

PN -

Frequency range

Impedance of the motor [Q]

) - 1013

200 1 of the n}otor drive o

! Motor ! 1072

10 i y i - 100

0 + ' T } 10°0
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Impedance of the capacitor Cyss [Q2]

Frequency of the wireless power transmission
or the motor drive [kHz]

Fig. 18. Frequency characteristics of the impedance of
receiving side capacitor and motor.

Table 4. Conditions of the experiment.

Items Values
Frequency of the FG 1 MHz
Resonant frequency 1 MHz
Voltage of the FG 380 mVrms
Gain of the RF power source 100
Transmission distance 50 mm

Lout

] l’L2+7 1 v’?‘,
) sG

Fig.19. Control block diagram.
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Fig. 20. Rectified waveforms.
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IR ZHIRTE 5729, DC-DC = > /3— & O FE K
DI TR AT L ERBERBRNTE 5, £, BRI X
T AR ORE S AT MEFE U A N — 2 L e— X 2 ff
AL TWAEYD, ZfA v —F LT — X OFRREILIRFER
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Fig. 21. Each waveforms of wireless charging.
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RF output current igr[10A/div] RF output current igr[2A/div]

Secondary side voltage v, [2V/div]
Secondary side voltage v, [50V/div] I I ‘ ]

0 ]

Secondary side current i> [10A/div]

400[nsec/div]
(a) Charging mode. (b) Short circuit mode.

Fig. 22. Voltage and current waveforms of the primary and
secondary side of the coil and motor current waveform.
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Fig. 23. Relationship between energy and volume of

EDLC of prototype and LiB.
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Fig. 24. Breakdown of total volume of prototype.
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