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Abstract—Resonant inductive coupling wireless power
transfer (RIC-WPT) is attractive as a convenient power
supply method to small mobile apparatus. However, limited
size of the receiving coil can limit the efficiency and the
power transfer capability. This paper addresses this
difficulty by proposing a novel receiving coil structure. The
proposed structure has a coil wound on a drum core with a
thin axis. The top and the bottom of the drum core has large
surface area to effectively collect the magnetic flux for large
mutual inductance. In addition, the thin axis can reduce the
wire length, thus reducing the parasitic AC resistance. The
AC resistance is further reduced by suppressing the
proximity  effect.  Simulation supported probable
improvement in the efficiency as well as the power transfer
capability. In addition, experiment verified that the
proposed structure improved the efficiency by 66% and the
power transfer capability by 109%.

Index Terms—Eddy current, Inductive
Magnetic structure, Wireless power transfer.

coupling,

1. INTRODUCTION

Resonant inductive coupling wireless power transfer
[1]-[12] (RIC-WPT) is attracting growing attention as a
convenient power supply method to small mobile
apparatus, such as mobile phones and capsule endoscopy
[2][4][13]. A typical RIC-WPT system consists of a
transmitting resonator and a receiving resonator, as
shown in Fig. 1. The coils of these resonators are
magnetically coupled each other. Resonance frequencies
of these resonators are designed to be close each other so
that the resonance in the transmitting coil can induce the
resonance also in the receiving resonator.

In the RIC-WPT system, small voltage applied to the
transmitting resonator can induce large resonance current
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Fig.1. Resonant inductive coupling wireless power transfer system.

in the transmitting coil. Furthermore, small voltage
induction in the receiving coil can excite large resonance
in the receiving coil. Therefore, RIC-WPT is effective
even under weak magnetic coupling, as is often the cases
for small-sized receiving coils of small mobile apparatus.

In spite of this attractive feature of RIC-WPT, limited
size of the receiving coil still tends to restrict the
efficiency as well as the power transfer capability.
Therefore, improvement in the efficiency and the power
transfer capability is intensely required for practical
applications of RIC-WPT to small mobile apparatus.

As widely known [4][14], the maximum efficiency of
RIC-WPT systems can be determined by the figure-of-
merit F, defined as
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where k is the magnetic coupling coefficient; M is the
mutual inductance; Or and Lt are the Q factor and
inductance of the transmitting resonator; QOr, Lr, Cr, and
re are the Q factor, inductance, series-connected
capacitance, and parasitic AC resistance of the receiving
resonator.

This equation indicates that the receiving coil is
required to increase M?/rg for better efficiency because
LrCr is commonly determined by the specification on the
resonant frequency.

Similar result is also obtained for the power transfer
capability. As shown in the appendix, M%/ry is also an
essential factor that characterizes the maximum power
transfer of RIC-WPT systems. Hence, higher M?/rz can
improve the efficiency as well as the power transfer
capability.

An effective strategy for higher M ?/ry is to increase M.
For this purpose, two approaches are widely utilized for
the receiving coil design: One is to wind the receiving
coils to cover large area; and the other is to wind the
receiving coil on a magnetic core, as exemplified in [15].
However, the former increases 7z because this requires
long wire length. Furthermore, the latter also increases rr
in many cases due to the proximity effect because the
magnetic core often generates intense local magnetic field
near the wire, causing large eddy current in the wire.



Therefore, these approaches may hinder effective
improvement in M */rr due to increased 7r.

The purpose of this paper is to address this difficulty
by proposing a magnetic structure that can effectively
improve the factor M?/rr. This magnetic structure can
reduce rg; furthermore, it can implement similar value for
M as the aforementioned approaches.

The following discussion consists of four sections.
Section II presents the proposed magnetic structure.
Sections III and IV present the simulation and the
experiment, respectively, to verify improvement in the
factor M?rr compared with the aforementioned
approaches. Finally, section V gives conclusions.

II. PROPOSED MAGNETIC STRUCTURE

This section presents the proposed magnetic structure
in comparison with the conventional magnetic structure.
In this paper, the conventional structure is assumed to
utilize the two aforementioned approaches for improving
the mutual inductance M.

Figure 2 depicts the proposed and conventional
receiving coil structures. The conventional structure has a
coil on a cylinder core. The magnetic core was designed
to have as large cross-sectional area as possible, in order
to maximize the area covered by the receiving coil. On
the other hand, the proposed structure has a coil on a
drum core with a thin axis. The top and the bottom of the
core are designed to cover as large area as possible,
whereas the axis is designed to have extremely small
cross-sectional area compared with the top and bottom of
the core. As a result, the proposed structure can be
designed to occupy the same volumetric area as the
conventional structure.

The top of the core has the same diameter in both
structures. Hence, both of the structures can collect
almost the same flux from the transmitting coil.
Therefore, the proposed structure can have similar value
for M as the conventional structure.

As for the parasitic AC resistance rr, the proposed
structure can reduce rr, compared with the conventional
structure, because

1. Total wire length is smaller owing to the thin axis;

2. Intense magnetic field is avoided near the wire to

prevent the proximity effect from causing the large
eddy current in the wire.
The former reason is apparent. Therefore, the second
reason is discussed below.

According to the electromagnetism of the linear media,
the magnetic flux lines turning around a corner tend to
concentrate near the corner, causing inhomogeneity of the
magnetic flux density [16][17]. As a result, the flux
density tends to be large near the edge of the winding
because the flux lines turn there at comparatively large
curvature. As for the conventional structure, the flux lines
turn mainly in the air near the winding edge. Therefore,
large flux density at the winding edge results in intense
magnetic field because of low permeability of the air,
thus inducing large eddy current inside the wire near the

Winding ¢0.16mm42T
7'\

Winding ¢0.16mm53T

’N “
IS

1
il 5 !
\_u_femiteCore 13 |

(b) Proposed structure

-

(a) Conventional structure

Fig. 2. Conventional and proposed receiving coil structures.

TABLE1
SPECIFICATIONS OF THE SIMULATION MODELS
Transmitting coil Conventional Proposed
structure structure
o Inner:470mm
Coil diameter Outer-590mm 10mm 2mm
Wire diameter 3.0mm 0.16mm 0.16mm
Number of turns 10 Turns 53 Turns 42 Turns
Core dimension - 10mm 10mm
Self-inductance 72uH 82uH 67uH
Magnetic field[A/m]
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Fig. 3. Simulation results of the magnetic field. Solid lines are the flux
lines.

winding edge. Therefore, the conventional structure tends
to suffer from large parasitic AC resistance.

On the other hand, the flux lines turn mainly in the
magnetic core in the proposed structure because the
winding edge is covered with the magnetic core. In this
case, the large flux density does not lead to intense
magnetic field owing to large permeability of the core,
thus suppressing induction of the eddy current in the wire.
Therefore, the proposed structure can reduce rr in
comparison with the conventional structure.

Consequently, the proposed structure can be expected
to improve the factor M?/rr, leading to larger power
transfer capability as well as higher efficiency.



Current density[A/m?]

-2.5X108 2.5X108
[ E |
" Y Y Y v
o » -
M @ 3 O] ()] ®)

(a) Conventional structure (b)Proposed structure
Fig. 4. Current distribution in the wire at points (1)—(3) in Fig. 3.

TABLEII
SIMULATION RESULTS OF THE FACTOR M*/rg

Conventional structure  Proposed structure

AC resistance 7.0Q 0.38Q
Mutual inductance 97nH 72nH
My 1.3X 10 HY/Q 14X 10HYQ

III. SIMULATION

Simulation was carried out to verify the basic
principles of the proposed structure as well as
improvement in M?/rg, in comparison with the
conventional structure. Specifications of the simulation
models were presented in Table I. Simulation models
have the same geometry as in Fig. 2. The receiving coils
of these models were made of the same wire of ¢0.16mm.
The lossless ferrite core with the same B-H curve as
Hitachi Metals ML12D was employed as the magnetic
core material. Therefore, the AC resistance rr was
contributed only by the copper loss. Simulator was JSOL
Corp. IMAG 14.0.

Figure 3 shows the simulation results of the magnetic
field when the receiving coil current is 1.0Apeak,
800kHz. As can be seen in the figure, intense magnetic
field appears near the edge of the winding in the
conventional structure. On the other hand, the intense
magnetic field is suppressed near the winding in the
proposed structure, as can be expected from the previous
section. The curves in the flux lines corresponded to the
points of the intense magnetic field in Fig. 3, which is
consistent with the theory.

Figure 4 shows the current distribution in the wire at
three points presented in Fig. 3. As for the conventional
structures, the large eddy current was induced in the wire
near the edge of the winding, where intense magnetic
field appeared in Fig. 3. On the other hand, the current
flows homogeneously in the wire of the proposed
structure even near the edge of the winding. This is also
consistent with the theory.

Finally, the mutual inductance M and the AC
resistance 7r were evaluated. Table II shows the result.
The proposed structure was found to have similar value
for M as the conventional structure, although M was
slightly reduced by 24%. As for the AC resistance, great
reduction was found in the proposed structure. The
results indicate that the proposed structure reduced rr into
5.4% of that of the conventional structure. As a result, the
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Fig. 5. Experimental receiving coil.
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Fig. 6. Experimental transmitting coil.

TABLE III
SPECIFICATIONS OF THE EXPERIMENTAL RESONATORS

Transmitting  Conventional Proposed
Coil Structure Structure

Coil diameter Inner: 470mm, 10mm 2mm

Outer: 590mm.

Number of turns 10 turns 53 turns 42 turns

Self-inductance 52uH 73uH 67uH

Capacitance 761pF 545pF 583pF

i i

Load resistance — 8.5Q 130
9.00! 1.5Q%

The receiving coil is placed at the distance of 300mm
from the transmitting coil.
T The load resistance in the experiment of the efficiency
i The load resistance in the experiment of the power transfer capability.

TABLE IV
EXPERIMENTAL RESULTS OF THE FACTOR M*/rg

Conventional structure  Proposed structure
8.5Q 1.3Q
44nH 28nH

2.2X10HYQ 6.1 X 10°HYQ

AC resistance
Mutual inductance
My

proposed structure increased the factor M %/rg by 11 times
approximately, suggesting effectiveness of the proposed
structure for improving the efficiency and the power
transfer capability.

IV. EXPERIMENT

In addition to the simulation, an experiment was
carried out to verify improvement in the efficiency and
the power transfer capability by the proposed structure.
Figure 5 presents the photographs of the experimental
receiving coils of the proposed and conventional
structures. Specifications of the experimental transmitting
and receiving resonators are presented in Table III. The



same wire of ¢00.16mm was employed for the receiving
coils. The core material employed for the receiving coil
structures was FDK Corp. 7H20 [18]. In this experiment,
we employed a transmitting resonator presented in Fig. 6.
Specifications of the transmitting resonator are also
presented in Table III.

A. AC Resistance and Mutual Inductance

First, we evaluated the AC resistance rr and the
mutual inductance M. The AC resistance of the receiving
coil was obtained by measuring the Q factor of the
receiving resonator when the load resistance was set at
zero. The mutual inductance was measured between the
transmitting coil and the receiving coil, when the
receiving coil is placed with the distance of 300mm from
the transmitting coil. In the measurement of the mutual
inductance, we applied the sinusoidal current of 800kHz,
1.0Arms to the transmitting coil. Then, the voltage
induction of the receiving coil is measured to obtain the
mutual inductance.

Table IV presents the results. Although the proposed
structure showed reduction in M by 46% compared with
the conventional structure, great reduction of rr
contributed to improvement in M?/rg. The factor M?/rg
of the proposed structure was 2.8 times as large as that of
the conventional structure.

However, the AC resistance rg measured in the
proposed structure was approximately three times as large
as that predicted by the simulation, although rr of the
conventional structure showed comparatively better
agreement with the simulation. The reason can be
explained by the iron loss, which was not considered in
the simulation.

Because the proposed structure has a far thinner axis
than the conventional structure, large magnetic flux
density is induced in the axis by the self-inductance, thus
increasing the AC resistance. Note that the top and the
bottom of the proposed structure offers larger cross-
sectional area for the magnetic flux than the axis.
Therefore, the iron loss of the top and the bottom is
expected to be small. As a result, we can roughly estimate
the AC resistance contributed by the iron loss by
calculating the iron loss in the axis.

We denote the effective value of the total AC flux and
the AC flux density of the axis induced by the self-
inductance L as ¢ and B, respectively. Then, ¢ and B can
be obtained as
¢ _ L

B=—"t=—x 2
S SN, @

N.O=L,i,

R

where i is the effective current of the receiving coil, N is
the number of turns of the receiving coil, and S is the
cross-sectional area of the axis.

According to Steinmetz equation, the iron loss per unit
volume is approximately proportional to the square of the
effective value of the magnetic flux density. If we denote
the proportionality coefficient as ks, the total iron loss

Pion of the axis and the AC resistance rion contributed by
the iron loss can be estimated as
2
kLl
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where ¢ is the height of the core.

The value riron Was estimated as 0.8 in the proposed
structure and 0.02Q in the conventional structure
approximately. (The coefficient ks is estimated based on
the datasheet [18].) Therefore, rion can explain most of
the difference between the simulation and the experiment
of the proposed structure.

As we can see above, the proposed structure can
improve M?/rr by reducing the copper loss. However, the
excessively thin axis can cause significant iron loss.
Therefore, optimization of the diameter of the axis may
further reduce the parasitic AC resistance to maximize

M?/re.
B. Efficiency

Next, we evaluated the efficiency. In this experiment,
the current of the transmitting coil was set at 1.0Arms,
800kHz. Then, the efficiency was calculated based on the
measurement of the input power and the load power. The
load resistance was set so that the experimental systems
can achieve the maximum efficiency. The load resistance
was calculated based on the theory presented in [5]. As a
result, the load resistance was set at 1.3Q for the
proposed structure and 8.5Q for the conventional
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Fig. 7. Experimental results of the efficiency.
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Fig. 8. Experimental results of the maximum output power.

structure, respectively.

Figure 7 shows the result. The solid line is the
theoretical line calculated based on [5] using the
parameters presented in Table III and Table IV. The
result revealed that the maximum efficiency was
improved by 66% in the proposed structure in
comparison with the conventional structure, as is
expected from the theory.

C. Power Transfer Capability

Finally, we evaluated the power transfer capability. In
this experiment, the current of the transmitting coil was
set at 1.0Arms, 800kHz. The load resistance was set so
that the systems can output the maximum power to the
load. The load resistance was calculated based on (10).
As a result, the load resistance was set at 1.5Q for the
proposed structure and 9.0Q2 for the conventional
structure, respectively.

Then, we measured the dependency of the output
power on the frequency. Figure 8 shows the result. The
solid line is the theoretical line calculated based on (10)
using the parameters presented in Table III and Table I'V.
The result also revealed effectiveness of the proposed
structure because the maximum output power was
improved by 109% in the proposed structure compared
with the conventional structure, as is expected from the
theory.

V. CONCLUSIONS

Wireless power transfer to small mobile apparatus

|
<

©
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Fig. 9 Equivalent circuit model of the RIC-WPT system.

often suffers from low efficiency and low power transfer
capability due to limited size of the receiving coil. This
difficulty is addressed in this paper by proposing an
effective magnetic structure for the receiving coils of
RIC-WPT. The proposed structure can improve the ratio
of square of the mutual inductance to the parasitic AC
resistance, which is the factor that determines the
efficiency as well as the power transfer capability.
Simulation supported the basic principles of the proposed
structure as well as improvement in this factor. In
addition, experiment verified improvement in the
efficiency and the power transfer capability, supporting
effectiveness of the proposed structure for practical
applications of RIC-WPT to small mobile apparatus.

APPENDIX

This appendix analyzes a RIC-WPT system to show
that the maximum output power is dependent on the
factor M?/r, similarly as the efficiency. In addition, this
appendix derives the optimum load resistance that gives
the maximum output power. The following discussion is
based on the equivalent circuit model of the RIC-WPT
system shown in Fig. 9. Symbols E, rr, Cr, Nt, Ro, it, and
ir are the effective value of the voltage of the power
supply, the parasitic AC resistance of the transmitting
coil, the series-connected capacitance of the transmitting
resonator, the number of turns of the transmitting coil, the
load resistance, the effective value of the transmitting coil
current, and the effective value of the receiving coil
current, respectively.

According to Fig. 9, we obtain
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where © is the angular frequency. Eliminating it from (4)
and (5), we can obtain the output power Poy as
2 22
2 OMTE°R,
Py =R iy =———=. (6)
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where o is defined as
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Now, we assume that the system is in the resonance.
For convenience, we assume that the frequency
dependency of the output power has only one peak
because the magnetic coupling is commonly small in
wireless power transfer. Hence, we impose

- v )
JL,C,  L.C,
Then, P,y can be expressed as
w’M*E?
B = T (€))
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Therefore, Pou takes the maximum value Pou_max at the
optimum load resistance R, op. These values are
determined from (9) as

B &’'E? Ity + @M (10)

RvuL max b R(L()pt =
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! M?

The result indicates that the factor M?%/rr determines
the maximum output power and that larger factor can
improve Pout_max-
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