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Recently, the dual transmitting resonator wireless power transfer system (DTR-WPT) has been proposed as a promis-
ing technique for the power supply of mobile apparatus. Although this technique has been reported to be effective for
increasing the output power as well as for covering a wide area during wireless power transfer, the complicated mag-
netic coupling among two transmitting resonators and one receiving resonator makes it difficult to develop practical
design optimization methods, thus hindering practical applications of this technique. The purpose of this paper is
to propose a design optimization method for the load impedance of DTR-WPT. This method is derived based on a
novel simple equivalent circuit model of the DTR-WPT. The optimum impedance derived using this method as well as
the appropriateness of the equivalent circuit were verified experimentally, thus validating usefulness of the proposed
method for the practical application of DTR-WPT.
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1. Introduction

Recently, resonant inductive coupling wireless power
transfer (1)–(9) (WPT) is attracting growing attention as a conve-
nient electric power supply method. In literature, there have
been proposed a number of applications of resonant induc-
tive coupling WPT to various apparatus, such as laptops (10),
biomedical implants (11)–(14), and electric vehicles (15)–(19).

Particularly, application of WPT to small mobile appara-
tus, such as mobile phones and laptops, is emerging as a
promising field of techniques. The WPT technique may be
utilized for power supply to these apparatus disposed or mov-
ing in wide space. This may remove the limit of the operat-
ing time that has been caused by the charge capacity of the
battery. Furthermore, the battery itself may even be elimi-
nated by continuously supplying the power using the WPT
technique. However, the WPT to small mobile apparatus in
wide space often suffers from low power transfer capability,
particularly when the apparatus is at a distant place from the
transmitting resonator. Therefore, the WPT is intensely re-
quired to improve the power transfer capability to a distant
place.

One reason of this difficulty may lie in the composition
of a typical resonant inductive coupling WPT system. A
typical WPT system consists of one transmitting resonator
and one receiving resonator (1)–(19), as presented in Fig. 1(a).
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Hereafter, we refer to it as the single transmitting resonator
(STR-WPT) system. The power transfer of the STR-WPT
system is dependent on the magnetic coupling between the
transmitting and receiving resonators. However, the coupling

(a)

(b)

Fig. 1. Single transmitting resonator wireless power
transfer (STR-WPT) system (a) and dual transmitting res-
onators (DTR) wireless power transfer system (b)
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coefficient becomes weak as the distance between the trans-
mitting and receiving resonators becomes large, thus decreas-
ing the power transfer capability to a distant place.

In order to mitigate this difficulty, the dual transmitting res-
onator WPT (DTR-WPT) has been proposed in a preceding
work (20). Figure 1(b) illustrates the DTR-WPT system. The
DTR-WPT system consists of two transmitting resonators
and one receiving resonator, which is sandwiched by the
transmitting resonators. One transmitting resonator A is con-
nected to an AC power source. On the other hand, the other
transmitting resonator B is a LC resonator without any load
nor power source. The coils of the transmitting resonators are
designed to have sufficient size so that magnetic coupling be-
tween these resonators can excites large resonance in trans-
mitting resonator B. As a result, both of these transmitting
resonators can transfer the power to the receiving resonator.

In DTR-WPT, the receiving resonator can be disposed in
wide space between the two transmitting resonators. There-
fore, transmitting resonator B can transfer the power to the
receiving resonator, even if the receiving resonator moves at
a distant place from transmitting resonator A. As a conse-
quence, DTR-WPT can offer higher power transfer capability
in wider space than STR-WPT.

Certainly, a number of previous studies (21) (22) have proposed
WPT systems with multiple transmitting resonators disposed
at a long distance. In these systems, all the transmitting res-
onators are designed to have the AC power source. However,
this may cause inconvenience because the resonators may re-
quire their own AC power sources. Otherwise, the resonators
may require long wire to share the AC power source, deteri-
orating the Q factor of the resonators. On the other hand, the
DTR-WPT system does not need to connect transmitting res-
onator B to the AC power source. Therefore, the DTR-WPT
system may be convenient for practical applications.

In spite of this attractive feature of the DTR-WPT system,
operation analysis of this system tends to be difficult because
of complex magnetic coupling among the three resonators.
This difficulty may hinder elucidation of the design optimiza-
tion methods for the DTR-WPT system.

The purpose of this paper is to derive a design optimiza-
tion method of the load impedance for the DTR-WPT sys-
tem. This paper focuses the load impedance because this
impedance may be comparatively easily optimized by the
electric power conversion circuits, such as DC-DC convert-
ers, switched capacitors, or rectifying circuits. Certainly,
the optimization of the transmitting and receiving coils may
also significantly contribute to improvement in the perfor-
mance of the DTR-WPT system. However, design of the
coils tends to have limitation of the installation space; and
therefore, optimization of the coils is not easily applicable
in many cases. On the other hand, the load impedance may
be comparatively easily optimized using the small-sized on-
board power conversion circuits. Therefore, optimization of
the load impedance may be applicable to many practical ap-
plications.

In this paper, we define the optimum load impedance as
the load impedance that maximizes the output power when
the receiving resonator is placed at the center between the
two transmitting resonators. As mentioned above, the DTR-
WPT system is expected to supply power to small apparatus

in wide space between the transmitting resonators. There-
fore, the system is required to supply sufficient power to op-
erate the apparatus even if the apparatus is placed at the point
of the lowest power transfer capability. In the DTR-WPT
system, the power transfer capability is the lowest when the
receiving resonator is placed at the center between the two
transmitting resonators, because the receiving resonator is
distant from both of the transmitting resonators. Therefore,
the load impedance is required to maximize the output power
at the center point between the transmitting resonators.

Certainly, the output power can be increased infinitely,
if there is no limit of the amplitude of the input AC volt-
age source. However, practical AC voltage source such as
voltage-fed inverters generally has a limitation of maximum
AC voltage output. Therefore, we discuss maximization of
the output power under a given amplitude of the AC voltage
source.

This paper analyzes the optimum load impedance based
on the equivalent circuit model of the DTR-WPT. For con-
venience, we assume that the two transmitting resonators
are symmetric. The equivalent circuit model is simplified
using the standard circuit theory. Then, the optimum load
impedance is calculated based on analysis of the simplified
equivalent circuit model.

The following discussion consists of four sections. Sec-
tion 2 presents theoretical derivation of the optimum load
impedance. Section 3 presents the experiment to verify the
result of section 2. Finally, section 4 gives conclusions.

2. Analysis of the Optimum Load Impedance

2.1 Simplified Equivalent Circuit Model First, this
subsection derives the simplified equivalent circuit model of
the DTR-WPT based on the system presented in Fig. 1(b).
Transmitting coils W1 and W2 are assumed to have the same
self-inductance L and the same parasitic resistance R because
W1 and W2 are assumed to be symmetric. The mutual induc-
tance between W1 and W2 is denoted as MTR. The mutual
inductance between W1 and W3 also equals to MTR because
the receiving resonator is placed at the center between two
transmitting resonators.

As a result, we can express Fig. 1(b) as the equivalent cir-
cuit model shown in Fig. 2. Symbol E is the AC power
source; C is the capacitor of transmitting resonators; MTT

is mutual inductance between W1 and W2; r, L3 and C3 are
the parasitic resistance, self-inductance of W3 and the capac-
itor of receiving resonator, respectively. The number of turns
of W1 and W2 is denoted as nx, whereas that of W3 is de-
noted as ny. Resistance Ro represents the load impedance.
Furthermore, i1, i2 and i3 are the current flowing in the trans-
mitting and receiving resonators, respectively; v13 and v23 are
the voltage induced by the mutual inductance between coils
W1 and W3 and between coils W2 and W3, respectively.

According to the circuit theory, we can formulate v13, v23

and i3 as

v13 = jω
nx

ny
MTR

(
i1 +

ny

nx
i3

)
, · · · · · · · · · · · · · · · · · · · · (1)

v23 = jω
nx

ny
MTR

(
i2 +

ny

nx
i3

)
, · · · · · · · · · · · · · · · · · · · · (2)
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Fig. 2. Basic equivalent circuit model of the DTR-WPT
system

−Zi3 = jω
ny

nx
MTR

(
nx

ny
i1 + i3

)
+ jω

ny

nx
MTR

(
nx

ny
i2 + i3

)
,

· · · · · · · · · · · · · · · · · · · · (3)

where Z is the impedance of the subcircuit surrounded by the
dashed line in Fig. 2, defined as

Z = r + Ro + j

(
ωL3 − 2

ny

nx
ωMTR − 1

ωC3.

)
. · · · · · · · (4)

Substituting (3) into (1) and (2) yields

v13 =

nx

ny
MTRZ

Z
jω
+ 2

ny

nx
MTR

i1 +
jωM2

TR

Z
jω
+ 2

ny

nx
MTR

(i1 − i2) ,

· · · · · · · · · · · · · · · · · · · · (5)

v23 =

nx

ny
MTRZ

Z
jω
+ 2

ny

nx
MTR

i2 +
− jωM2

TR

Z
jω
+ 2

ny

nx
MTR

(i1 − i2) .

· · · · · · · · · · · · · · · · · · · · (6)

Equation (5) is obtained by eliminating i3 from (1) and (3).
On the other hand, (6) is obtained by eliminating i3 from (2)
and (3). Based on (5) and (6), the equivalent circuit model
that does not contain i3 is obtained as shown in Fig. 3, where
impedance Z1, Z2 and Z3 are defined as

Z1 = Z3 =

nx

ny
MTRZ

Z
jω
+ 2

ny

nx
MTR

, · · · · · · · · · · · · · · · · · · · · · (7)

Z2 =
jωM2

TR

Z
jω
+ 2

ny

nx
MTR

. · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)

Next, Fig. 3 is transformed into a simplified T-shaped
equivalent circuit model. As can be seen in Fig. 3, one trans-
former has the additive polarity and the other has the sub-
tractive polarity. We transform the latter transformer into a
transformer with the additive polarity. As a result, we obtain
Fig. 4, in which Z1 + 2Z2 and Z3 + 2Z2 are obtained as

Fig. 3. Modified equivalent circuit model obtained from
the basic equivalent circuit shown in Fig. 2

Fig. 4. Equivalent circuit model with two transformers
having additive polarity

Fig. 5. Equivalent circuit model that replaced the trans-
formers in Fig. 4 by the T-shaped equivalent circuit

Z1 + 2Z2 = Z3 + 2Z2

=

nx

ny
MTRZ+2 jωM2

TR

Z
jω
+2

ny

nx
MTR

= jω
nx

ny
MTR. · · · · · (9)

The transformers in the equivalent circuit model is inte-
grated into one transformer with the additive polarity. Then,
the integrated transformer is replaced by the T-shaped equiv-
alent circuit. As a result, we obtain Fig. 5.

Noticing that Z1 + 2Z2 and Z3 + 2Z2 are equivalent to the
impedance of the inductance, we can integrate them with the
leakage inductance L − MTT − nxMTR/ny. In addition, we
formulate the impedance −Z2 by substituting (4) into (8) and
then divide the impedance −Z2 into the real part RA and the
imaginary part XA. As a result, RA and XA are expressed as
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Fig. 6. Simplified equivalent circuit model

RA =
ω2M2

TR (Ro + r)

(Ro + r)2 +

(
ωL3 − 1

ωC3

)2
, · · · · · · · · · · · · · · (10)

XA = −
ω2M2

TR

(
ωL3 − 1

ωC3

)

(Ro + r)2 +

(
ωL3 − 1

ωC3

)2
. · · · · · · · · · · · · · (11)

Finally, we obtain the simplified equivalent circuit model
shown in Fig. 6. In the next subsection, we derive the opti-
mum load impedance based on the analysis of Fig. 6.
2.2 Optimum Load Impedance According to Fig. 6,

i1 is solved as

i1 =
E

R + j

(
ωL − ωMTT − 1

ωC

)
+ Zg

, · · · · · · · · · · · (12)

where Zg is defined as

Zg=

{
R+ j

(
ωL−ωMTT − 1

ωC

)}
{RA+ j (XA+ωMTT )}

R+RA+ j

(
XA+ωL− 1

ωC

) .

· · · · · · · · · · · · · · · · · · · (13)

In addition, i2 is solved as

i2 = − RA + j (XA + ωMTT )

R + RA + j

(
XA + ωL − 1

ωC

) i1. · · · · · · · · · · · (14)

Hence, i1 + i2 is expressed as

i1 + i2 =

R + j

(
ωL − ωMTT − 1

ωC

)

R + RA + j

(
XA + ωL − 1

ωC

) i1 · · · · · · · · · (15)

On the other hand, substituting (3) into (4) yields

i3 = − jωMTR

Ro + r + j

(
ωL3 − 1

ωC3

) (i1 + i2) , · · · · · · · · (16)

Eliminating i1 and i2 from (12), (15) and (16), we can ob-
tain the output power P(ω,Ro) as

P (ω,Ro) = |i3|2 Ro

=

∣∣∣∣∣∣∣∣∣∣
−ω2M2

TRE2⎡⎢⎢⎢⎢⎣{R + jα}
{√

Ro +
r + jβ√

Ro

}
+

2ω2M2
TR√

Ro

⎤⎥⎥⎥⎥⎦2

∣∣∣∣∣∣∣∣∣∣ ,
· · · · · · · · · · · · · · · (17)

where α and β are defined as

α = ωL + ωMTT − 1
ωC
, · · · · · · · · · · · · · · · · · · · · · · · (18)

β = ωL3 − 1
ωC3
. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (19)

The optimum load impedance Ro that maximizes P(ω,Ro)
can be obtained as Ro that minimizes the denominator of the
right-most side of (17). As a result, the maximum output
power Pmax(ω) at given ω is obtained as

Pmax (ω) =

∣∣∣∣∣∣ −ω2M2
TRE2

2
√
γ + 2rα2 + 2R2r + 4Rω2M2

TR

∣∣∣∣∣∣ ,
· · · · · · · · · · · · · · · · · · · (20)

where γ is defined as

γ=
{(

Rr+2ω2M2
TR−αβ

)2
+(Rβ+rα)2

} (
R2+α2

)
.

· · · · · · · · · · · · · · · · · · · (21)

In addition, the load resistance Ro that maximizes P(ω,Ro)
is obtained as

Ro =

√(
Rr + 2ω2M2 − αβ)2

+ (Rβ + rα)2

R2 + α2
. · · · · · (22)

As can be seen in (20), Pmax(ω) is a function of the angu-
lar frequency. The angular frequency ω can be optimized by
searching for ω that maximizes Pmax(ω). Finally, the opti-
mum load resistance at the optimum angular frequency can
be obtained by substituting this optimum angular frequency
into (22).

3. Experiment

Experiment was carried out to verify the simplified equiva-
lent circuit model and the optimum load impedance for max-
imizing the output power. Figure 7 presents the photographs
of the experimental transmitting and receiving coils. Speci-
fications of the experimental transmitting and receiving res-
onators are presented in Table 1. The small coil was em-
ployed for the receiving coil. On the other hand, the large
coils were employed for the transmitting coils so that the
transmitting resonator A can excite resonance in the trans-
mitting resonator B. All resonators were designed so that the
resonance frequency was set at 200 kHz. (The angular fre-
quency was 1.26M rad/s).

Figure 8 presents the disposition of the experimental coils.
The receiving coil was disposed at the center between the
transmitting coils. The distance between the two transmit-
ting coils was set at 70 mm; and the distance between the
transmitting coil and the receiving coil was set at 25 mm. As
a result, MTT was measured as 1.63 μH, whereas MTR was
measured as 2.02 μH.
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(a) Transmitting coil (b) Receiving coil

Fig. 7. Experimental transmitting and receiving coils

Table 1. Specifications of the experimental resonators

Fig. 8. Disposition of the experimental coils

Table 2. Measurement instruments

3.1 Verification of the Simplified Equivalent Circuit
Model First, we compared the amplitude of the current in
the transmitting and receiving coils between the experimental
evaluation result and the theoretical prediction based on the
simplified equivalent circuit model. In this experiment, we
applied the AC voltage with the amplitude of 10.0 Vp-p to
the transmitting resonator A. In addition, we set the load re-
sistance at 10Ω. Table 2 shows the measurement instruments
for the experiment.

Figure 9 and Fig. 10 show the comparison result. The solid
line is the theoretical prediction based on the analysis of the
simplified equivalent circuit model, i.e. (12), (14), and (16).
Figure 9 shows the frequency dependency of the experimen-
tal and theoretical current amplitude for a wide angular fre-
quency range, whereas Fig. 10 shows the frequency depen-
dency for a narrower angular frequency range near the res-
onant angular frequency. Because of the limited S/N ratio
of the current measurement, too small current value below
−55 dBA is not presented in Fig. 9.

(a) Amplitude of current i1 of transmitting coil W1.

(b) Amplitude of current i2 of transmitting coil W2.

(c) Amplitude of current i3 of receiving coil W3.

Fig. 9. Frequency dependency of experimental current
amplitude in the transmitting and receiving coils

As can be seen in Fig. 9 and Fig. 10, experimental results
agreed well with the theoretical prediction. Therefore, the ex-
periment supported appropriateness of the simplified equiva-
lent circuit model as well as the analysis result of this circuit.

Figure 10(a) showed two peaks in the frequency depen-
dency of the transmitting resonator current i1. Similarly, the
slight depression on the top of the peak in Fig. 10(b) also im-
plies the existence of two peaks. These features may be ex-
plained as the result of the large magnetic coupling between
the two transmitting resonators. In the DTR-WPT system,
the two transmitting resonators form a parasitic STR-WPT
system with no load resistance. Therefore, if the effect of the
receiving resonator on i1 is assumed to be small, the compar-
atively large magnetic coupling between the two transmitting
coils can explain two peaks in the frequency dependency of
i1, which is natural in the STR-WPT system with no load re-
sistance (4).
3.2 Verification of the Output Power and the Op-

timum Load Impedance Next, the optimum load
impedance for maximizing the output power was experimen-
tally evaluated; and the result was compared with the theoret-
ical prediction. As discussed in subsection 2.2, optimization
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(a) Amplitude of current i1 of transmitting coil W1.

(b) Amplitude of current i2 of transmitting coil W2.

(c) Amplitude of current i3 of receiving coil W3.

Fig. 10. Frequency dependency of experimental current
amplitude near the resonance angular frequency

of the load impedance to maximize the output power also
requires optimization of the angular frequency. Therefore,
we first confirmed the appropriateness of the optimum angu-
lar frequency for maximizing the output power under a given
load impedance, which can be predicted according to (17).

For this purpose, we measured the frequency dependency
of the load current amplitude under the load impedance of
10Ω. The AC voltage applied to the transmitting resonator
A was set to have the amplitude of 10.0 Vp-p. The output
power is calculated based on the resistance of the load and
the square of the effective value of the load current.

Figure 11 shows the result near the resonant frequency. As
can be seen in this figure, the frequency dependency of the
output power well agreed with the theory, i.e. (17). Accord-
ing to the experimental result, the peak output power was
observed at the angular frequency of 1.313 Mrad/s. On the
other hand, the theory predicted the peak output power at
1.310 Mrad/s. Therefore, the result supported the appropri-
ateness of the theory in predicting the optimum angular fre-
quency.

Next, we searched for the optimum angular frequency and
evaluated the output power at this angular frequency, i.e. the
peak output power, for various values of the load impedance.

Fig. 11. Frequency dependency of the output power un-
der the load resistance of 10Ω

Fig. 12. Dependency of the output power on the load resis-
tance. The angular frequency was optimized so that the output
power was maximized at each value of the load resistance

The load impedance was ranged from 5Ω to 80Ω. The AC
voltage applied to the transmitting resonator A was set to
have the amplitude of 10.0 Vp-p. Then, the result was com-
pared with the theoretical prediction based on (17). Theo-
retical prediction of the peak output power was performed
by numerically searching for the maximum of the right-hand
side of (17) under a given load impedance.

Figure 12 shows the relation between the peak output
power and the load impedance. The overall feature of the
load impedance dependency of the peak output power well
agreed between the experiment and the theory. Certainly, the
experimental result of the output power was slightly higher
than the theoretical prediction. However, compared with pre-
diction of the current, prediction of the output power tends to
have large error because the output power is calculated based
on the square of the current amplitude of the load. In fact, the
deviation between the experiment and the theory in Fig. 12
indicates that the theory predicted the amplitude of the load
current within an error of 6.6%. Therefore, the experimental
result in Fig. 12 well agreed with the theoretical prediction,
supporting appropriateness of (17).

The peak of the experimental result in Fig. 12 appeared at
the load impedance of 15Ω. Therefore, the optimum load
impedance was evaluated as 15Ω approximately. This value
is also consistent with the theory because the optimum load
impedance was predicted as 15.3Ω according to the proposed
method based on (22).

Consequently, the experiment supported appropriateness
of the proposed method to derive the optimum load
impedance.

4. Conclusions

Resonant inductive coupling WPT systems for small
mobile apparatus tend to suffer from low power transfer
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capability due to weak magnetic coupling between the trans-
mitting and receiving resonators. Recently, the DTR-WPT
has been proposed as an attractive technique that can improve
the power transfer capability to a distant place. However,
elucidation of the design optimization method for the DTR-
WPT is generally difficult because of complicated magnetic
coupling among its two transmitting resonators and one re-
ceiving resonator, hindering practical application of this tech-
nique to industry.

This paper addressed this issue by proposing a design op-
timization method of the load impedance, which can be ad-
justed using the power conversion techniques. This paper de-
rived a simplified equivalent circuit model of the DTR-WPT
system. Then, the optimum load resistance was derived based
on the analysis of this model.

Experiment was carried out to verify the proposed method.
The result showed good agreement with the analysis of the
simplified equivalent circuit model. Furthermore, the experi-
ment revealed that the optimum load resistance was success-
fully predicted by the proposed method.

Consequently, we concluded that the proposed method is
promising for design optimization of the load resistance for
the DTR-WPT system.

References

( 1 ) Z.N. Low, R.A. Chinga, and R. Tseng: “Design and test of a high-power
high-efficiency loosely coupled planar wireless power transfer system”, IEEE
Trans. Ind. Electron., Vol.56, No.5, pp1801–1812 (2009)

( 2 ) T. Imura and Y. Hori: “Maximizing air gap and efficiency of magnetic res-
onant coupling for wireless power transfer using equivalent circuit and Neu-
mann formula”, IEEE Trans. Ind. Electron., Vol.58, No.10, pp.4746–4752
(2011)

( 3 ) R. Bosshard, J. Muhlethaler, J.W. Kolar, and I. Stevanovic: “Optimized mag-
netic design for inductive power transfer coils”, Proc. IEEE Appl. Power
Electron. Conf. Expo. (APEC), pp.1812–1819 (2013)

( 4 ) I. Awai: “Basic characteristics of “Magnetic resonance” Wireless Power
Transfer System Excited by a 0 Ohm Power Source”, IEICE Electron. Ex-
press, Vol.10, No.21, pp.1–13 (2013)

( 5 ) R. Huang, B. Zhang, D. Qiu, and Y. Zhang: “Frequency splitting phenomena
of magnetic resonant coupling wireless power transfer”, IEEE Trans. Magn.,
Vol.50, No.11, 8600204 (2014)

( 6 ) D. Ahn and S. Hong: “Wireless power transfer resonance coupling amplifi-
cation by load-modulation switching controller”, IEEE Trans. Ind. Electron.,
Vol.62, No.2, pp.898–909 (2015)

( 7 ) V. Jiwariyavej, T. Imura, and Y. Hori: “Coupling coefficients estimation of
wireless power transfer system via magnetic resonance coupling using infor-
mation from either side of the system”, IEEE J. Emerg. Sel. Topics Power
Electron., Vol.3, No.1, pp.191–200 (2015)

( 8 ) H. Li, J. Li, K. Wang, W. Chen, and X. Yang: “A maximum efficiency point
tracking control scheme for wireless power transfer systems using magnetic
resonant coupling”, IEEE Trans. Power Electron., Vol.30, No.7, pp.3998–
4008 (2015)

( 9 ) M.R.V. Moghadam and R. Zhang: “Multiuser wireless power transfer via
magnetic resonant coupling: performance analysis, charging control, and
power region characterization”, IEEE Trans. Signal Inform. Process. Over
Networks, Vol.2, No.1, pp.72–82 (2016)

(10) T.V. Nguyen, H.S. Kang, H.J. Choi, and W.C. Jung: “Magnetic resonance
wireless power transfer using three-coil system with single planar receiver for
laptop applications”, IEEE Trans. Consumer Electron., Vol.61, No.2, pp.160–
166 (2015)

(11) H. Jiang, J. Zhang, D. Lan, K.K. Chao, S. Liou, H. Shahnasser, R. Fechter, S.
Hirose, M. Harrison, and S. Roy: “A low-frequency versatile wireless power
transfer technology for biomedical implants”, IEEE Trans. Biomed. Circuits
Syst., Vol.7, No.4, pp.526–535 (2013)

(12) R. Xue, K. Cheng, and M. Je: “High-efficiency wireless power transfer for
biomedical implants by optimal resonant load transformation”, IEEE Trans.
Circuits Syst. I, Reg. Papers, Vol.60, No.4, pp.867–874 (2013)

(13) K.A. RamRakhyani and G. Lazzi: “On the design of efficient multi-coil

telemetry system for biomedical implants”, IEEE Trans. Biomed. Circuits
Syst., Vol.7, No.1, pp.11–23 (2013)

(14) H. Liu, Q. Shao, and X. Fang: “Modeling and optimization of class-E ampli-
fier at subnominal condition in a wireless power transfer system for biomed-
ical implants”, IEEE Trans. Biomed. Circuits Syst., Vol.PP, No.99, pp.1–9
(2016)

(15) S. Li and C.C. Mi: “Wireless power transfer for electric vehicle applications”,
IEEE Trans. Emerg. Sel. Topics Power Electron., Vol.3, No.1, pp.4–17 (2015)

(16) M.J. Miller, C.O. Onar, and M. Chinthavali: “Primary-side power flow con-
trol of wireless power transfer for electric vehicle charging”, IEEE Trans.
Emerg. Sel. Topics Power Electron., Vol.3, No.1, pp.147–162 (2015)

(17) C.C. Mi, G. Buja, Y.S. Choi, and T.C. Rim: “Modern advances in wireless
power transfer systems for roadway powered electric vehicles”, IEEE Trans.
Ind. Electron., Vol.63, No.10, pp.6533–6545 (2016)

(18) G. Buja, M. Bertoluzzo, and K.N. Mude: “Design and experimentation of
WPT charger for electric city car”, IEEE Trans. Ind. Electron., Vol.62, No.12,
pp.7436–7447 (2015)

(19) H. Kim, C. Song, D.-H. Kim, D.H. Jung, I.-M. Kim, Y.-I. Kim, J. Kim, S.
Ahn, and J. Kim: “Coil design and measurements of automotive magnetic
resonant wireless charging systems for high-efficiency and low magnetic
field leakage”, IEEE Trans. Mirow. Theory Techn., Vol.64, No.2, pp.383–400
(2016)

(20) R. Itoh, Y. Sawahara, T. Ishizaki, and I. Awai: “Construction of secure wire-
less power transfer system for robot fish”, Proc. IEEE Wireless Power Trans-
fer Conf., F3.6, pp.1–4 (2015)

(21) M.Q. Nguyen, Y. Chou, D. Plesa, S. Rao, and J.C. Chiao: “Multiple-inputs
and multiple-outputs wireless power combining and delivering systems”,
IEEE Trans. Power Electron., Vol.30, No.11, pp.6254–6263 (2015)

(22) K.E. Koh, K. Song, P. Sukprasert, T. Imura, and Y. Hori: “Two-transmitter
wireless power transfer with LCLcircuit for continuous power in dynamic
charging”, Proc. 2015 IEEE PELS Workshop Emerg. Techn., Wireless Power
(WoW) (2015)

Takahiro Koyama (Student Member) received the B. degree in
electrical engineering from Okayama University,
Okayama, Japan in 2015. He is currently a student of
Graduate School of Natural Science and Technology,
Okayama University, Japan. His research interest in-
cludes magnetic analysis for wireless power transfer.
He is a student member of the Institute of Electrical
and Electronics Engineers.

Kazuhiro Umetani (Member) was born in Kobe, Japan. He received
the M. and Ph.D. degree in geophysical fluid dynam-
ics from Kyoto University, Kyoto, Japan in 2004 and
2007, respectively. In 2015, he received the second
Ph.D. degree in electrical engineering from Shimane
University, Japan. From 2007 to 2008, he was a Cir-
cuit Design Engineer for Toshiba Corporation, Japan.
From 2008 to 2014, he was with the Power Electron-
ics Group in DENSO CORPORATION, Japan. He is
currently an Assistant Professor at Okayama Univer-

sity, Okayama, Japan. His research interests include new circuit configura-
tions in power electronics and power magnetics for vehicular applications.
Dr. Umetani is a member of the Institute of Electrical and Electronics Engi-
neers and the Japan Institute of Power Electronics.

Eiji Hiraki (Member) received the M.Sc. and Ph.D. degrees from Os-
aka University, Osaka, Japan, in 1990 and 2004, re-
spectively. He joined Mazda Motor Corporation in
1990. From 1995 to 2013, he was with the Power
Electronics Laboratory, Yamaguchi University, Yam-
aguchi, Japan. He is currently a Professor with the
Electric Power Conversion System Engineering Lab-
oratory, Okayama University, Okayama, Japan. His
research interests include circuits and control systems
of power electronics, particularly soft-switching tech-

nique for high-frequency switching power conversion systems. Dr. Hiraki
is a member of the Institute of Electrical Engineers of Japan and the Japan
Institute of Power Electronics.

55 IEEJ Journal IA, Vol.7, No.1, 2018



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


