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Wireless Power Transmission Through Concrete
Using Circuits Resonating at Utility

Frequency of 60 Hz
Hiroki Ishida and Hiroto Furukawa

Abstract—A first attempt was made to perform wireless power
transmission using circuits resonating at the utility frequency of
60 Hz. The purpose of this research is to develop a method for
transmitting electrical power through concrete walls. An equation
for the theoretical transmission efficiency that considers the cop-
per and core losses was derived through equivalent circuit analysis.
There is good agreement between the experimental and calculated
values. The transmission efficiency was found to be strongly de-
pendent on the shape of the magnet pole pieces. For a single flared
shape, 165 W of power was transmitted over a distance of 100 mm
through a concrete plate, representing a transmission efficiency of
78%. The efficiency dropped to approximately 67% for a concrete
plate containing a steel frame.

Index Terms—Concrete, magnetic resonance, robots, utility fre-
quency, wireless power transmission (WPT).

I. INTRODUCTION

THE ultimate goal of the present research is to develop a
method for charging the batteries of robots operating in

structures that humans cannot enter, such as areas contaminated
by radioactivity, which is an issue that has become increas-
ingly urgent in the wake of the Fukushima nuclear disaster. This
would require energy being sent through thick concrete walls,
possibly containing steel frames, so that workers could avoid
contamination [1].

There are three possible methods of wireless power transmis-
sion (WPT): electromagnetic induction, magnetic resonance,
and radio waves. Since resonant energy transfer was first devel-
oped by the WiTricity project [2], there has been a great deal
of research carried out using this and other approaches [3]–
[5]. Using magnetic resonance, Nagano Japan Radio Co. Ltd.,
succeeded in transmitting 1 kW of power over a distance of
300 mm at a high frequency of 13.56 MHz, with an efficiency
of 88% [6]. The electromagnetic induction system developed
by Pioneer Co. Ltd., used a 95 kHz power supply, and success-
fully transmitted 3 kW over a distance of 150 mm with an effi-
ciency of 80% [7]. The WiTricity system is very simple, and the
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direction of research has progressed towards the design of de-
vices such as inverters, and control techniques [8]–[10].

Electromagnetic waves are reflected and absorbed by con-
crete, by amounts that depend on the dielectric constant and
conductivity of the material. Such effects are more pronounced
in the case of reinforced concrete, which contains a steel frame,
and it becomes difficult to transmit energy efficiently at mega-
hertz frequencies [11]. Equipment that operates at frequencies
above 10 kHz and power levels above 50 W is regulated by law
in Japan. To avoid these constraints, a simple solution is to use
a low frequency such as the common utility frequency.

Research into power transfer to electric vehicles using low-
frequency electromagnetic induction was carried out by the
Partners for Advanced Transit and Highways collaboration at
the University of California over 30 years ago. Using a 400 Hz
power supply, an efficiency of 60% was achieved over a distance
of 100 mm [12]. However, since there has been little demand for
such low-frequency systems, the techniques developed have not
been substantially improved since that time, and after the devel-
opment of the WiTricity system, there have been no attempts to
use the commercial power grid frequency.

In the present study, the efficiency of resonant power transmis-
sion through concrete was investigated at the utility frequency
of 60 Hz, using three different magnet pole piece configurations.
The effect of a steel frame embedded in the concrete was also
evaluated.

II. EXPERIMENT

The magnet pole pieces used in the present study were made
from silicon steel plates with a thickness of 0.35 mm. They
were cut using an electric discharge machine into the shapes
shown in Table I. Three different shapes were considered, re-
ferred to P1 (rectangular), P2 (double flare), and P3 (single
flare). The curvilinear regions followed a quadratic function. To
define a suitably shaped magnet pole, we developed a simulator
for magnetic field analysis based on the finite difference time
domain (FDTD) method [13], [14]. Interlinkage and leakage
of the magnetic field were expressed as 2-D images using the
FDTD simulator.

At a frequency of 60 Hz, no saturation of the pole pieces was
observed up to a flux density of 0.7 T. The coils were wound
from single-strand enamel covered copper wire with a diameter
of 2 mm. These prototypes were designed based on an assumed
operating voltage and current of 200 V and 10 A, respectively.
The same type of coil was used for the transmitter and receiver
circuits. The weights shown in Table I are for a single coil,
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TABLE I
SPECIFICATIONS OF THE FABRICATED DEVICES

and do include the weight (1.15 kg) of the self-healing power
condenser (N2 type, Panasonic Co. Ltd.).

The magnetic pole area for P2 was twice that for P1, and
similar to that for P3. P3 had the smallest cross-sectional area
of magnet in order to save weight. The coil used with P3 had
a higher number of turns than the others, in order to compen-
sate for the smaller cross-sectional area of magnet, the self-
inductance in the absence of magnet pole piece is same as the
other two coils. This allowed the effects of only the pole-piece
shape to be examined.

We predicted the transmission power efficiency through anal-
ysis of the equivalent circuit of a 60-Hz WPT system. The
parameters of the equivalent circuit used in the calculation (i.e.,
the transformer constants) were determined experimentally us-
ing an actual WPT device. The transformer constants were mea-
sured by using a frequency response analyzer (FRA5097, NF
Co. Ltd.) and programmable ac power source (EC1000SA, NF
Co. Ltd.). To determine the magnetic permeability, an inductor
with a closed-loop core was needed, which we made in addition
to three WPT devices.

Fig. 1 shows photographs of the experimental setup. Here, the
transmitter and receiver are separated by acrylic plates so that
an air gap exists between them. In the experiments simulating
transmission through a concrete wall, a concrete plate with an
area of 800 mm × 500 mm was placed in the air gap. This area
was chosen to be sufficiently larger than the measured mag-
netic field spread. The thickness of the concrete plate was 50 or
100 mm. Its composition was cement, sand and gravel (25-mm
particle size) with a weight ratio of 1:3:6. This composition is

typical of concrete used in buildings. Concrete plates containing
steel frames were also prepared.

III. CIRCUIT ANALYSIS

Fig. 2(a) shows a circuit diagram of the WPT system. For all
of the results presented in this paper, the secondary condenser C2
was connected in parallel with the load (PP mode). The config-
uration with C2 connected in series (PS mode) can also be used.
For the PP mode, the system acts as a constant current source,
and for the PS mode as a constant potential source. Since the
transmission efficiency in PS mode was found to be almost the
same as that in PP mode, the experimental results for PS mode
were omitted in this paper. When charging a lithium-ion battery,
it is convenience to be able to shift between constant potential
and constant current mode simply by changing a single con-
denser connection. The equivalent circuit for that in Fig. 2(a) is
also simple, as shown in Fig. 2(b). Here, r1 is the primary wind-
ing resistance, jx1 is the primary leakage inductance, −jxC 1
is the primary capacitance, r2 is the secondary winding resis-
tance, jx2 is the secondary leakage inductance, −jxC 2 is the
secondary capacitance, rc is the core loss, jxL is the mutual
inductance, and RL is the load resistance.

When C2 is connected, the following equation holds for a
resonance frequency ω0

xC 2 =
1

ω0C2
= xL + x2 . (1)
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Fig. 1. Photographs of devices with pole pieces: (a) P1, (b) P2, and (c) P3.

Fig. 2. WPT system: (a) circuit diagram and (b) equivalent circuit.

The overall impedance for the circuit in the absence of C1 can
be expressed using (2). Here, since the resistance components
r1 , r2 , and rc are sufficiently small compared to the reactance
components, they were neglected

Z =
(

xL

xL + x2

)2

RL + j

(
xLx1 + x1x2 + x2xL

xL + x2

)
. (2)

When C1 is connected, the condition for which the imaginary
part of Z becomes zero is given by

xC 1 =
1

ω0C1
=

{(
xL

xL + x2

)2

RL

}2

(
xLx1 + x1x2 + x2xL

xL + x2

)

+
(

xLx1 + x1x2 + x2xL

xL + x2

)
. (3)

To derive an equation for the theoretical maximum transmis-
sion efficiency, we constructed an analysis method based on that
of Tohi et al. in which the copper loss of the WPT is considered
[15]. For the equivalent circuit shown in Fig. 2(b), the trans-
mission efficiency considering the copper and core losses is as
follows:

η =
RLI2

L

RLI2
L + rcI2

0 + r1I2
1 + r2I2

2
. (4)

When the turn ratio of the two coils is 1:1, the relationships
between currents can be expressed as

I1 = αIL, α ≡ xL + x2

xL
(5.1)

I0 = I1 − I2 (5.2)

|I2 | = |IL |

√
1 +

(
RL

xc2

)2

(5.3)

|I0 |2 = I2
L

⎡
⎣α2 + 1 +

(
RL

xc2

)2

− 2α

√
1 +

(
RL

xc2

)2

cos ∅

⎤
⎦ ,

cos ∅ =
xc2√

R2
L + x2

c2

. (5.4)

Substituting (5) into (4) yields, as shown (6), at the bottom
of the page, where the value of 1/α is very close to the cou-
pling coefficient (k) when the inductances of the two coils are
almost the same. The value of RL for which the copper loss is
minimized is given as follows [16]:

RL = xc2

√
α2 r1

r2
+ 1. (7)

η =
RL

RL + r1α2 + r2

{
1 +

(
RL

xc 2

)2
}

+ rc

{
α2 + 1 +

(
RL

xc 2

)2
− 2α

√
1 +

(
RL

xc 2

)2
cos ∅

} (6)
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Thus, the maximum transmission efficiency considering the
copper and core losses is

ηmax =

1

1 + 2r2
xc 2

√
α2 r1

r2
+ 1 +

rc

{
α2

(
1+ r 1

r 2

)
−2α

√
α2 r 1

r 2
+2 cos ∅+2

}

xc 2

√
α2 r 1

r 2
+1

.

(8)

Here, k and the quality factors for the two coils (Q1 and Q2)
Q1 are defined as follows:

Q1 =
ω0L1

r1
, Q2 =

ω0L2

r2
, k =

M√
L1L2

, M =
xL

xL + x2
L2 .

(9)
The maximum transmission efficiency of (8) can, thus, be

rewritten as:

ηmax =

1

1 + 2r2
xc 2

√
1
k 2

Q 2
Q 1

+ 1 +
rc

(
α2 +2+ 1

k 2
Q 2
Q 1

−2α
√

1
k 2

Q 2
Q 1

+2 cos ∅
)

xc 2

√
1

k 2
Q 2
Q 1

+1

.

(10)

Since (11) is true under any conditions, (10) can be approxi-
mated as shown by (12)

1
k2

Q2

Q1
> 1 (11)

ηmax ≈ 1

1 + 2
k
√

Q 1 Q 2
+ 2rc (k+k−1 −1)

r2 Q 2

. (12)

Three conclusions can be derived from (12): 1) a large value
of the product of k and Q yields high efficiency, 2) a large
value of the product of r2 and Q2 (i.e., ωL2) is also required
for high efficiency, and 3) both copper and core losses increase
with decreasing k (i.e., increasing transmission distance). It was
not necessary to consider core loss for a high-frequency system
without a magnetic core. Considering the core loss will be of
particular importance for silicon steel cores.

IV. RESULTS AND DISCUSSION

When the operating frequency is high, the Q factor is large,
so a high efficiency can be achieved even when k is small [17],
[18]. However, at low frequency, k must be larger since the Q
factor is small. Thus, the shape of the magnet pole piece is very
important at low frequencies. Fig. 3 shows the variation in k with
transmission distance for the three different pole pieces. Here,
the condensers for producing resonance were not connected.
Since the magnetic pole area for P2 is twice that for P1, the
magnetic reluctance was lower for P2, leading to larger k values.
However, the highest k values are obtained for P3, even though
this pole piece has the same area as P2 and P3.

We consider the FDTD simulation a useful method for the
theoretical prediction of k. The problems encountered in this
simulation were due to the very long wave length of 60 Hz

Fig. 3. Dependence of k on transmission distance.

(approx. 5000 km). Since the computation time depends on the
ratio of wavelength to test-model size, an enormous time is re-
quired compared with that of the electromagnetic-field analysis
of microwaves. Furthermore, computation should be continued
until a steady state is reached. Simulation on the real scale is
impossible at present. We carried out the simulation on a scale
10 000 times that of the actual test-model size. We were unable
to decrease the enormous computation time required except by
enlarging the scale. Even so, to obtain a 2-D image, our per-
sonal computer required 10 h (CPU-clock: 2.90 GHz). Thus,
the computation time needed to obtain a 3-D image will be
23 000 h.

Fig. 4 shows the simulation results of P1 and P3 for the
transmission distance of 100 mm. The 2-D magnetic field is
expressed as a contour graph of strength (H). We calculated H
in the xy-plane only, assuming that there is no component in
the depth (z) direction. The transmitter was placed on the upper
side, and the receiver on the lower side. The virtual coils were
wound similarly to those on actual devices. The two condensers
used to produce resonance were not connected in the simula-
tion, because the leakage inductances were compensated for
by condensers. Fig. 4(a) and (b) were taken 4.25 periods after
the power supply was turned ON, which supplied an alternating
voltage of 200 V at 60 Hz. Loops I and II show the main routes
of the interlinkage and leakage flux, respectively. There is no
region of locally high H with P3 [see Fig. 4(b)]. The field is
not high even at the tip of the magnet poles. This result sug-
gests that abnormally high core loss does not occur. We found
that a quadratic function allows weight of the device reduction.
When it becomes possible to significantly reduce the calcula-
tion time, we will be able to estimate k for a 3-D magnetic field,
and optimize its value by performing simulations with various
magnet-pole shapes.

Fig. 5 shows the dependence of the transmission efficiency
on the transmission distance for an input voltage of 200 V. The
lines in the graph were calculated using the maximum efficiency
given by (12). For the transmission distance of 50 mm, the pa-
rameters specified in Table II were used for the calculation,
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Fig. 4. Simulation results for a transmission distance of 100 mm: (a) P1 and
(b) P3. Initial permeability of silicon steel was 2000, and winding for perfect
conductance was assumed.

Fig. 5. Dependence of transmission efficiency on distance.

which are the experimentally obtained data. The calculated val-
ues of xc1 , xc2 , and RL are given in parentheses in Table II.
In Fig. 5, there is good agreement between the experimental
and calculated values. However, effects other than copper and
core loss are occurring for large transmission distances. As the
transmission distance increases, the magnetic field surrounding

TABLE II
SPECIFIED PARAMETERS FOR THE TRANSMISSION DISTANCE OF 50 MM

P1 (rectangular) P2 (double flare) P3 (single flare)

x1 [Ω] 23.8 27.6 40.3
x2 [Ω] 25.7 28.1 41.5
xL [Ω] 7.83 11.0 23.1
rc [Ω] 0.46 0.50 0.60
xc 1 [Ω] 31.2 (31.9) 35.4 (40.0) 53.1 (64.1)
xc 2 [Ω] 33.2 (33.5) 35.4 (39.1) 57.4 (64.6)
RL [Ω] 146.5 (146.3) 159.2 (144.7) 173.6 (187.4)

Fig. 6. Dependence of transmission power on distance.

the magnetic pole expands into free space. Therefore, stray load
loss is thought to occur. Although we do not understand this
phenomenon perfectly, to the best of our knowledge, there have
been no reports on devices displaying a higher efficiency than
P3 with the utility frequency of 60 Hz; that said our device is
yet to be optimized.

Fig. 6 shows the variation in the transmitted power with dis-
tance. Fitting curves were drawn by the fourth-order polynomial
least square. For short transmission distances, the power simply
depends on the magnetic pole area, so that similar results are
obtained for P2 and P3. However, for distances above 50 mm,
a clear effect of the pole-piece shape is observed, with higher
transmitted power being achieved by P3.

A feature of the present study was the choice to use 60 Hz.
The variation in the maximum efficiency with different power
supply frequencies is discussed in this section. The permeability
(μ) and rc of the magnet pole piece strongly depend on the power
supply frequency. Fig. 7 shows the frequency dependence of μ
and rc . Here, μ was measured under the same magnetic flux
density (0.59 T) with a transmission distance of 50 mm for
P3. Frequencies over 550 Hz could not be measured due to the
limit of the power supply unit. The frequency dependences of
both parameters were consistent with previous findings [19],
[20]. We calculated the power supply frequency dependence
of the maximum efficiency and power loss using (12) and the
experimental results shown in Fig. 7. The results shown in Fig. 8
were obtained with a transmission distance of 50 mm for P3.
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Fig. 7. Frequency dependence of μ and rc for P3.

Fig. 8. Dependence on power supply frequency of the maximum efficiency
and power loss.

The core loss suddenly increases for frequencies over 300 Hz.
The inset shows an expanded view of the copper loss curve. The
copper loss slowly increases for frequencies over 400 Hz. As a
result, the curve of maximum efficiency is parabolic in shape.
The maximum efficiency of 90% was reached at 170 Hz. With
60 Hz an efficiency of 87% was attained, which is consistent
with the experimental results (see Fig. 5). We have to consider
the power loss associated with the conversion to 170 Hz from
the utility frequency. For example, the power efficiency with
a high-performance ac–dc converter is around 98% [21], and
that with a dc–ac inverter is around 98% [22], [23]. AC–AC
direct conversion can be achieved with an efficiency of 95%
[24]. Thus, the total power loss will not be less than 4% for the
conversion of 60 to 170 Hz. For this reason, we concluded that
directly transmitting 60 Hz is the optimal solution.

A magnet pole piece made from a ferrite such as Mn-Zn,
with a litz wire winding, will exhibit high performance under
a power supply frequency of 10 kHz. Tohi et al. calculated the
maximum efficiency at 10 kHz with a transmission distance of
30 mm to be 93% [15]. However, experimental values will be
less than this, because this value does not include the core loss.
With the 60-Hz system, 90% was obtained for a transmission

Fig. 9. Impedance characteristics for P3.

Fig. 10. Dependence of r on transmission distance.

distance of 30 mm (see Fig. 5). We consider the 60-Hz system
to be advantageous considering the power loss associated with
the conversion from the utility frequency to 10 kHz.

Fig. 9 shows the impedance characteristics of P3 for dif-
ferent transmission distances. Two peaks can be seen, and the
dip between them occurs at the resonance frequency. The fre-
quency difference (r) between the peaks is seen to decrease with
increasing transmission distance. These results indicate that al-
though the frequency is very low, energy transfer between the
transmitter coil and the receiver coil occurs by coupling of the
evanescent tails of the two resonant circuits. For the case of
evanescent tail coupling, r can be expressed by

r ∝
√

Δf 2 + k2 . (13)

Here, Δf is the difference between the resonance frequencies
of the two resonant circuits. Although Δf should be zero for
perfect resonance, in reality it was 0.08 Hz. The dependence of
r on the transmission distance is plotted in Fig. 10. The solid
line is the calculated value, and it is seen to agree well with the
experimental results.

For the results shown in Fig. 9, the values of the two con-
densers were set to optimize at transmission distance of 50 mm.
Therefore, the resonance frequency increased with transmis-
sion distance. However, the change in resonance frequency is
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Fig. 11. Photographs of steel-embedded concrete: (a) layout of steel frame,
(b) device position A, and (c) device position B.

very small from 50 to 100 mm. For practical applications of
this system, changes in the transmission distance must be taken
into consideration. Since the Q factor is smaller at low fre-
quencies, the impedance is less dependent on the transmission
distance. Accordingly, this system acts as a stabilized power sup-
ply and does not require frequency control. In contrast, since the
Q factor is very large at high frequencies, the impedance is very
sensitive to transmission distance, and needs to be adjusted if
the transmission distance changes [10], [25].

The change in performance was next investigated when a
concrete plate with a thickness of 50 or 100 mm was inserted
into the air gap. Concrete plates containing steel frames were
also used. As shown in Fig. 11(a), the frames were constructed
using steel rods with a diameter of 5 mm, which were arranged
in a square lattice with separations of 150 mm. The steel frames
were buried at the center of the concrete plates. Since it was
expected that the transmission performance would depend on
the relative position of the device and the steel frame, the device

TABLE III
EXPERIMENTAL RESULTS FOR CONCRETE FRAMES

50-mm thick 100-mm thick

Air Power 313 W 163 W
Efficiency 86.7% 78.3%

Concrete Power 314 W 165 W
Efficiency 86.5% 78.3%

Reinforced concrete (position A) Power 266 W 139 W
Efficiency 75.4% 67.1%

Reinforced concrete (position B) Power 264 W 139 W
Efficiency 75.2% 67.1%

Fig. 12. Impedance characteristics for concrete plates with or without steel
frame.

was tested at two different vertical positions A and B, as shown
in Fig. 11(b) and (c), respectively. The experimental results are
shown in Table III. Since concrete interacts with a magnetic
field in a similar manner to air, there was little difference in the
experimental results when concrete alone was inserted. For an
air or concrete thickness of 50 and 100 mm, the transmission
efficiency was about 86% and 78%, respectively. This dropped
to 75% and 67%, respectively, when a steel plate was present in
the concrete. In both cases, this represents a decrease of 11%.
There was little difference between the results for positions A
and B.

It is thought that the steel frame suppressed the coupling
between the two coils. Fig. 12 shows a comparison of the
impedance characteristics for concrete plates with and without
steel frames. The presence of the steel frame causes the spac-
ing between the two peaks to decrease, indicating a reduction
in k. The reduction of k estimated by (13) was approximately
0.05. The power loss resulting from a reduction of 0.05 would
be 2.0% as estimated by (12). Equation (12) describes only the
power loss generated inside the device. Eddy currents are gener-
ated in steel frames by an alternating magnetic field, resulting in
approximately 9% of the input power being consumed by Joule
heating.

Fig. 13 shows the simulation for the case in which the steel
frames are set in concrete 50 mm thick. We found that the
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Fig. 13. Simulations of steel frames set in concrete 50 mm thick. Plots
(a) and (b) show different positions of the device relative to the steel frame.
The relative permittivity of concrete is 9 [26], and the steel rod was assumed to
be a perfect conductor.

magnetic field was concentrated around the steel frame. The
case without a steel frame is shown in Fig. 16(a). The leakage
of the magnetic field was increased by the steel frames. Steel
rods in the leakage flux (i.e., Loop II) were the primary cause
of reduced efficiency; thus, the efficiency will vary depending
on the number of such steel rods. The efficiency of the setup
shown in Fig. 13(a) may be better than that in Fig. 13(b). This
hypothesis was proven experimentally and is discussed in the
next section.

The two coils were moved horizontally relative to the refer-
ence position shown in Fig. 11(b). Fig. 14 shows the variation
in transmission efficiency with horizontal position (x) for con-
crete thicknesses of 50 and 100 mm. The largest variation of
about 3% was found for the 50-mm-thick concrete plate. The
figure also indicates the position of the coils relative to the steel
frame at positions of maximum and minimum efficiency. For the
100-mm-thick concrete plate, the variation was not founded.
When the two coils moved in the vertical direction, the effi-
ciency changed only very slightly even with the 50-mm-thick
concrete.

Fig. 14. Variation in transmission efficiency with horizontal position. The
insets show the position of the device relative to the steel frame at a maximum
and minimum.

Fig. 15. Power transmission through concrete wall: (a) schematic of working
robot with wireless charging system, and (b) experimental setup.

When considering practical applications of such a device, it
is also necessary to investigate the effect of lateral displacement
of the two coils. As illustrated in Fig. 15, if the device was being
used to recharge a robot, although little vertical displacement
would be expected, lateral displacement would occur because
the robot would not necessarily stop at the same position each
time. We carried out FDTD simulations to investigate the effects
of lateral displacement. Fig. 16(a) shows the simulation for no
displacement. Fig. 16(b) shows a displacement of 13 cm. The
main route of the leakage flux changed in Fig. 16(b). In the
receiver, we confirmed that the magnetic field became weak
around the right-hand pole. It is suggested that the interlinking
magnetic field became weak as a result.
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Fig. 16. Simulation of lateral displacement for P3: (a) no displacement and
(b) 13-cm displacement.

Fig. 17. Dependence of transmission efficiency on lateral displacement:
(a) absolute values and (b) normalized values.

Fig. 18. Dependence of transmission power on lateral displacement: (a) ab-
solute values and (b) normalized values.

Figs. 17(a) and 18(a) show the variations in transmission
efficiency and transmitted power, respectively, with lateral dis-
placement for the three pole pieces. This experiment was carried
out for a concrete plate with a thickness of 50 mm with no steel
frame. Fitting curves were drawn by the fourth-order polyno-
mial least square. From the figures, it can be seen that the best
results were obtained for P3 and the worst for P2. Similar re-
sults were obtained for the thicker concrete plate. The reason
for this is thought to be that, since the distance between the
magnet pole pieces is shortest for P2, a magnetic flux loop is
formed in the primary coil as the lateral displacement increases.
The distances between the magnet pole pieces were 198, 144,
and 188 mm in P1, P2, and P3, respectively. To appropriately
compare the three devices, the x-axis values were normalized
by the distance between the magnet pole pieces. In addition the
y-axes were normalized by the efficiency and power in the case
of no displacement. The normalized graphs are shown in Figs.
17(b) and 18(b). If the distance between the magnet pole pieces
of P2 is increased, P2 will benefit from lateral displacement.
Regardless, P3 is the best of the three devices. We think that
the variations in the characteristics resulting from lateral dis-
placement are explained well by the values of k. When a 3-D
simulator is realized, prediction of these characteristics will be
possible.
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V. CONCLUSION

Obtaining a large Q factor is difficult at low frequencies,
which is the reason why low-frequency approaches have not
been used until now. However, when silicon steel is used as the
magnetic core, the transmission efficiency will be maximized
at the very low frequency of 170 Hz. To the best of our knowl-
edge, this is the first time this result has been reported. We
took the total transmission efficiency into consideration, and
concluded that the utility frequency of 60 Hz is the optimal
choice. Our system can be directly connected to a wall socket.

WPT using evanescent tail coupling between two resonant
circuits was investigated. Although the principle involved is
similar to that used by WiTricity, the frequency used is the
common utility frequency. Higher frequency systems do not
need magnetic cores; therefore, the weight and transmission
distance are superior to those of our system. However, using the
utility frequency, it was found that power could be transferred
efficiently, even through a concrete plate. When a steel frame
was embedded in the concrete, degradation did occur, and miti-
gating this effect is a subject for further work. A working system
of this type is expected to find applications in disaster-struck ar-
eas such as the nuclear power plant in Fukushima Prefecture,
Japan.
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