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Abstract—Battery/Supercapacitor (SC) hybrid energy storage
system (HESS) is widely researched due to the superiority of SC
in high power density, high cycle capability, and long life time.
The repetitive charge for HESS via Wireless Power Transfer
(WPT) is a potential solution for reduction of battery size on
board. For WPT charging, the load impedance control using
DC-DC converter was proposed to improve the transmission
efficiency. The charge power control is also necessary because
of the limited capacity of HESS. Moreover, the power control
should be done on the receiver side to simplify the configuration
of transmission side. In this paper, charge power control via
WPT without communication between transmitter and receiver
side is proposed. The proposed method applied the feedforward
controller is verified by experiments.

I. INTRODUCTION

Energy storage systems are significant key in electric ve-
hicles (EVs) and electric operational machines. One of the
commonly used energy storage devices is the battery. However,
a battery has three critical disadvantages, the first problem is
its slow response speed because battery stores energy with
chemical reactions. Secondly, the energy density is lower
than the combustion engine. Lastly, a battery has a short
lifetime because it is damaged by charging and discharging.
A conventional solution for these problems is to be equipped
with a huge battery on board which increases the cost and
heavy weight of the energy storage system.

In order to solve these problems, the Battery/Supercapacitor
(SC) Hybrid Energy Storage System (HESS) has been pro-
posed [1][2]. A SC as energy storage device has been widely
used in several applications because the SC has a high power
density, high cycling capability, and a long life time [3]. Due
to these advantages of the SC, HESS for EVs application
can achieve high acceleration performance, high efficiency for
regenerative braking, extension of battery life, and a low cost.

The energy capacity of HESS is limited and much lower
than the combustion engine. In order to improve the cruising
range of EVs, HESS should be charged repetitively [4][5].

WPT via magnetic resonance coupling (MRC) is suitable
to charge EVs, due to its high transmission efficiency over
large gaps [6][7]. For achieving maximum efficiency, load
impedance control with a DC-DC converter was proposed
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Fig. 1. Schematic of system which applies WPT to the HESS.

[8]~[10]. However, in this case, the charge power is fixed
when the transmitter side voltage is constant. The charge
power should also be considered because of the limited ca-
pacity of the HESS and its charge time design [11]~[14]. The
charge power control and transmission efficiency optimization
should be performed on the receiver side to simplify the
system.

In this paper, a framework of HESS with WPT via mag-
netic resonant coupling is introduced for EVs application.
The characteristics of WPT are explained, and it is shown
that the load impedance for maximum efficiency is different
from the load impedance for maximum power. Considering
these characteristics, the charge power control by a DC-DC
converter is proposed. The proposed method which applies
feedforward controller is verified by experiments.

II. HESS wiTH WPT CHARGING SYSTEM

Fig. 1 shows the schematic of system applied WPT to HESS
considered in this work. This energy system can decrease the
size of an energy storage system and optimize the energy
system because the SC has a high power density and WPT
can compensate for the low energy density of the HESS [15].
The charge power from WPT is absorbed by the battery and
the SC or directly consumed by motors if motors are operating.
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Fig. 2. Equivalent circuit of magnetic resonant coupling.
TABLE I
THE PARAMETERS OF COILS.
transmission side voltage:V 10V
Transmission frequency: f 100.9kHz
Inductance of transmitter coil : L1 0.614mH
Inductance of receiver coil : Lo 0.616mH
Resistance of transmitter coil : 1 1.5Q
Resistance of receiver coil : Ro 1.5Q
Capacitance of transmitter coil : C'q 4.05nF
Capacitance of receiver coil : Ca 4.04nF

The DC-link voltage is fixed to the battery voltage. The DC-
DC converter connected to the SC is intended to control the
current from the SC. In other words, this DC-DC converter
controls power flow between the battery and the SC.

The DC-DC converter and rectifier connected to the receiver
coil is applied to control the load impedance because the
transmission efficiency and the charge power are decided by
the mutual inductance and the load impedance. In other words,
this DC-DC converter is applied to control the transmission
efficiency and the charge power. In this paper, the charge
power control from WPT by the DC-DC converter is proposed.

III. THE CHARACTERISTICS OF WPT VIA MAGNETIC
RESONANT COUPLING

The equivalent circuit of WPT via magnetic resonance
coupling is illustrated in Fig. 2 [16]. Ly, Lo, C1,C5, R, and
Ry are decided by coils and do not have relation to the trans-
mission distance or load condition. The mutual inductance L,,,
is related to transmission distance. Inductance and capacitance
of the transmitter coil and the receiver coil satisfy

1 1
VI107 IOy

where wy is the angular frequency of operation, because WPT
via magnetic resonance coupling sends the power by electrical
resonance.

V1,1, are the effective values of transmitter side voltage
and current. V5, I5 are the effective values of receiver side
voltage and current. Z;, is the load impedance. The ratio of
the effective value of the transmitter side voltage Vi and the
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Fig. 4. Transmission efficiency and power in each load impedance.

receiver side voltage Vag, Ay are given as

— o welmZ @
Vio R1Z; 4+ RiRy + (UJOLm)zl
The ratio of the effective value of the transmitter side current
110 and the receiver side voltage Iog Aj is given as

Ay

Iy . wolm
Ar=—=j—0——7—. 3
=1 T Ry (3)
The transmission efficiency Ap is given as

(woLm)?*Z1,
Zr, + RQ)(RlZL + R Ry + (WOLm)2)
and is equal to ratio of receiver to transmission power. The
charge power Pr, is given as

Ln,)*Z
= Colw)Ze v, s)
(Ri(R2+ Z1) + (woLm)?)
From Eq. (4), (5), n and P, are decided by Z; in the
case of constant V7. Fig. 4 shows 7, P, by the change of
Zr, in the case when mutual inductance L,, is 38uH. The
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Fig. 6. The block diagram of the charge power control.

parameters of the coils are showed in TABLE. 1. From these
results, calculations and experiment results are almost the
same. The load impedance Z; which maximizes efficiency
1 and maximizes charge power Py, is different.

The load impedance which maximizes efficiency is given as

woLym )?
ZL ymaz = \/R2 ((OR) + R2) (6)
1
derived from 8877; =0.
In this case, the charge power is given as
PL nmax
(WOLm)2\/R2<(wOII€I”)2+R2> V120
= 5-(7)

{\/ R1Rs( (woLm)2+R1Rz)+RlRQ+(woLm)2}

The load impedance which maximizes the charge power is
given as

w L7", 2

Zr PLmax — % + R (8)

1
derived from g% =
In this case, the maximum charge power is given as

1

PLmaz = R . (9)

AR, (1 + Thi)

Assuming that the coil resistance is small enough, Z1, pmax
is smaller than Z;, prq.- In order to receive high power by

high transmission efficiency, Zr, should be Zr, ymae < Z1 <
ZL PLmax-

IV. THE CHARGE POWER CONTROL THROUGH RECEIVER
SIDE VOLTAGE CONTROL

In this section, considering WPT characteristics, the control
method of the charge power by DC-DC converter is explained.
The equivalent circuit of WPT and, the HESS system is shown
in Fig. 5. The block diagram of proposed charge power control
is shown in Fig. 6. In this paper, two constraints are assumed:

o Voltage of the transmitter side is constant. Furthermore,
voltage and frequency are known.
o The parameters of the coils are known.

A. Influence of square voltage source and rectifier

Fig. 7 shows the waveforms of Vi, V5, I1, and I5. In Fig. 5,
the power source operates as a square voltage source. Because
the transmitter side current /; is a sinusoidal wave as shown
in Fig. 7, only the fundamental wave of the transmitter side
voltage V; affects the transmission. From its Fourier transform,
the effective value of the fundamental wave V7, is shown as

2v/2
fvo.

Vio=— (10)
T

It is well known that a WPT system has immittance
characteristics [17]. The receiver side becomes a constant
current source and V5 becomes a square wave voltage by the
rectifier like Fig. 7. Because the current of the receiver side
is a sinusoidal wave, only the fundamental wave affects the
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The waveforms of Vi, Vs, I1, and I2

transmission. From its Fourier transform, the effective value
of the fundamental wave V5 is given as

2V2

Voo = TVWPT

(11)

From Fig. 7, the power factors of the fundamental waves
of the transmitter and receiver sides are 1. Therefore, the
characteristics of WPT can be applied to the energy system in
Fig.5.

B. Feedforward controller from the characteristics of WPT

From the characteristics of WPT, the load impedance Z,
can be derived to achieve the desired charge power P;.

From Eq. (2), (5), The load impedance Z; for achieving
desired power is given as

4R2 R1R2 + (woL ) )2PE
2R2P;,

_ 2
ZL:OL \/Oé

12)

where « is defined as

o = (woLm)*Vih — 2R P {(woLm)* + RiR2} .

From Eq. (2), (12), in order to achieve desired power Vsg
is given as

WOL
Ry

Vag= Vio

2P;(wo L) +R1R2)
wo LmVio—v/wo LmV10)2—4R1Pr(wo L) *+R1Ro)
The charge power can be controlled by the fundamental
wave of receiver side voltage V5o. From Eq. (11)~(13), the

voltage output of the DC-DC converter Vi pr in order to
achieve the charge power P; is calculated as

.(13)

woLm
Vwpr= [;%71 o

7T2 (@doLm)2+R1R2 )PL*
L oLni —\/(wo LyVo)2—L R\P}(wo L) >+R1R)

.(14)

This equation is applied as the feedforward controller for the
charge power control. The mutual inductance L,,, should be
estimated because Vyy pr is affected by L,, and it is not able

TABLE I
THE VERIFICATION OF THE RELATIONSHIP OF THE RECTIFIED VOLTAGE
AND THE CHARGE POWER.

DC source voltage: £/ 15v

Battery voltage:Vpq+t 12v
Inductance: Lyy p, Lsc 48mH
Condenser:Cyy pr,Cpco | 2500uF

Switching frequency 20kHz

Fig. 8.

The DC-DC converter for expriment.

to be measured directly. From Eq. (2), L,, can be estimated
by measured variable values V5, I5 [18].

Vm +\/ V10
L, =

In this paper, assuming that the mutual inductance L,, can
be estimated accurately and known from the receiver side.

— 4Ry (Y20 4+ Ry)

S (15)

C. Feedback controller to compensate the charge power error

In the actual system, the theoretical equation has error
because the rectifier and the semiconductor switches have re-
sistance. It is difficult to fix resonant frequency completely. As
a result, only utilizing a feedforward controller is not enough
to the achieve desired charge power. In order to compensate
for the constant error of feedforward, a feedback controller
is applied. The smoothed power P; = VpclIw pr pc is used
for the feedback controller because the frequency of the charge
power is too high to be measured. The controller for feedback
cannot be designed as a fast time constant controller because
the dynamics of Py, and Pi are different. However, in the case
of charging to the energy storage system, the compensation of
the constant error is the most important. The controller for the
feedback loop can be designed as having more than ten times
slower time constant than the voltage controller to compensate
the constant error.

D. Limitation of rectified voltage from WPT characteristics
From Eq. (2), (6), and (8), values for Vyy pr which maxi-
mize efficiency and power are showed respectively as
R2 woLm

2 Vo (16)
Ry RiRy++/RiRa + (WoLm)?

Vwer nmax —

UJOLm

VwpT Pmaz = —5—Vo-

2R, {17
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Fig. 10. Experimental result of the waveforms.

From the characteristic of WPT, the rectified voltage Viy pr
should be controlled in the region of Eq. (18).

VWPT nmaz(P[*, < PL nmam)
VWPT(PL nmax < Pz < PL PLmax)
Vw PT PLmaz(Pf > PL PLmaz)-

Vivpr = (18)

V. EXPERIMENTAL RESULTS AND ANALYSIS
A. The relationship of rectified voltage and the charge power

The parameters of the experiment are shown in TABLE. II.
The experimental equipment is shown in Fig. 8.

Fig. 9 (a) shows the relationship of the rectified voltage
and the charge power. Fig. 9 (b) shows the relationship of the
rectified voltage and the transmission efficiency. From these
results, the charge power and the transmission efficiency have
a trade-off as seen in Fig. 4. From Fig. 9, the experimental
results almost correspond to theoretical calculations. However,
in the case of high receiver side voltage, the experimental
results are different from the theoretical calculation. This error

is caused by the parameter error of R; in particular because
in the case of high receiver side voltage, the transmitter side
current become high. Furthermore, the resonant frequency is
not strictly matched and the voltage drop by the rectifier is
not considered. The feedback controller can compensate this
error.

Fig. 10 shows the waveforms of V;, Vs, I, and I5 in the
case of Viypr = 20V, 60V. From these results, when V; is
constant, [ is almost constant. It means that WPT system
indicates immittance characteristics [17].

B. The verification of the proposed power control

Fig. 11 shows the experimental results of the proposed
power control without the feedback controller. From Fig. 11
(a), the voltage controller of the DC-DC converter operates
well. From Fig. 11 (b), the average of the charge power P}
is controlled to the reference P;. P; has a delay because
the voltage controller has a delay like Fig. 11. Furthermore,
Pj has an inverse response because the battery supplies small
energy to Cyy pr to control Vi pp. The constant error can be
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compensated by the feedback controller. From these results,
the proposed controller can effectively control the charge
power.

VI. CONCLUSION

In this paper, a framework of a HESS with a WPT charging
system is proposed for application in EV . The character-
istics of WPT are introduced and the charge power control
through the receiver side voltage control is proposed because
the transmitter side should be simple for EV applications.
From the characteristics of WPT, the equation for controlling
the charge power by a DC-DC converter is derived and is
applied to a feedforward controller. Furthermore, the control
method composed of feedback plus feedforward is proposed
because there are differences from an ideal system in actual
applications. The relationship of the rectified voltage and the
charge power is verified by experiments and the feedforward
controller of the proposed controller is verified by experiments.
By the proposed controller, the charge power can be controlled
on the receiver side. Future work is to verify the feedforward
plus feedback controller by experiments and evaluate the
controllability.
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