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SPECIFICATION

[TITLE OF THE INVENTION] WIRELESS ELECTRIC POWER TRANSMISSION
DEVICE AND MANUFACTURING METHOD THEREFOR

[TECHNICAL FIELD]

[0001]

The present invention relates to a wireless power transmission apparatus configured to
supply power from a power-supplying module to a power-receiving module by varying
a magnetic field, and relates to a manufacturing method of such a wireless power
transmission apparatus.

[BACKGROUND ART]

[0002]

Portable electronic devices such as laptop PCs, tablet PCs, digital cameras, mobile
phones, portable gaming devices, earphone-type music players, wireless headsets,
hearing aids, recorders, which are portable while being used by the user are rapidly
increasing in recent years. Many of these portable electronic devices have therein a
rechargeable battery, which requires periodical charging. To facilitate the work for
charging the rechargeable battery mounted in an electronic device, there are an
increasing number of devices for charging rechargeable batteries by using a
power-supplying technology (wireless power transmission technology performing
power transmission by varying the magnetic field) that performs wireless power
transmission between a power-supplying module mounted in a charger and a
power-receiving module mounted in an electronic device.

[0003]

For example, as a wireless power transmission technology, there have been known, for

example, a technology that performs power transmission by means of electromagnetic
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induction between coils (e.g. see PTL 1), a technology that performs power
transmission by means of resonance phenomenon (magnetic field resonant state)
between resonators (coils) provided to the power-supplying module and the
power-receiving module (e.g. see PTL 2).

[0004]

Further, a constant current/constant voltage charging system is known as the system of
charging a rechargeable battery (e.g., lithium ion secondary battery). However, in cases
of charging a lithium ion secondary battery with a constant current/constant voltage
charging system, in a wireless power transmission apparatus that performs the wireless
power transmission, the value of input current supplied is attenuated and the load
impedance of a device to be powered (including a rechargeable battery, a stabilizer
circuit, a charging circuit, and the like; hereinafter, target device) including the
rechargeable battery rises (load fluctuation), when transition occurs from constant
current charging (CC) to constant voltage charging (CV).

[0005]

This will lead to fluctuation in the input impedance of the entire wireless power
transmission apparatus including the target device. If it is possible to raise the input
impedance of the entire wireless power transmission apparatus including the target
device, with an increase in the load impedance of the target device, it is possible to
reduce an input current to the wireless power transmission apparatus including the
target device, thus enabling reduction of the power consumption of the wireless power
transmission apparatus including the target device.

[0006]

To raise the input impedance of the entire wireless power transmission apparatus

including the target device, with an increase in the load impedance of the target device,
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an approach is to separately providing an impedance matching box.

Citation List

[Patent Literature]

[0007]

[PTL 1] Japanese patent No. 4624768

[PTL 2] Japanese Unexamined Patent Publication No. 2013-239692

Summary of Invention

Technical Problem

[0008]

However, separately providing an impedance matching box causes an increases in the
number of components, and is inconvenient in portable electronic devices for which
portability, compactness, and cost-efficiency are required.

[0009]

In other words, it is desirable to raise the input impedance of the entire wireless power
transmission apparatus including the target device according to an increase in the load
impedance of the target device, without an additional device to the wireless power
transmission apparatus.

[0010]

In view of the above, it is an object of the present invention to provide a wireless
power transmission apparatus capable of varying the input impedance of the entire
wireless power transmission apparatus including a target device, when the load of the
target device varies, according to a tendency of variation in the load of the target
device, without an additional device. It is a further object to provide a manufacturing
method for such a wireless power transmission apparatus.

Solution to Problem
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[0011]
An aspect of the present invention to achieve the above objects is a wireless power
transmission apparatus configured to supply power from a power-supplying module to
a power-receiving module by varying a magnetic field, the power-supplying module
comprising at least a power-supplying resonator, the power-receiving module
comprising at least a power-receiving resonator, the power-receiving module
connected to a device to be powered (hereinafter, also referred to as target device) with
variable load, wherein

a transmission characteristic, of the power-supplying resonator and the
power-receiving resonator, with respect to the power-source frequency of the power
has two peak bands, and the power-source frequency of the power supplied to the
power-supplying module is set to a power-source frequency band corresponding to
either one of the two peak bands of the transmission characteristic, and
setting is carried out so that, when the load in the device to be powered is at its
maximum value within its load fluctuation range, the input impedance of the wireless
power transmission apparatus including the device to be powered, with respect to the
power-source frequency of the power has at least two peak bands.

[0012]
With the above structure, the value of the input impedance of the entire wireless power
transmission apparatus including the target device is varied according to the fluctuation
tendency of the load of the target device, when the load of the target device is varied.
For example, when the load of the target device rises, it is possible to raise the value of
input impedance of the entire wireless power transmission apparatus including the
target device. Thus, when the load of the target device rises, the input current to the

wireless power transmission apparatus including the target device is reduced. This
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enables reduction of the power consumption when the load of the target device is
increased.

[0013]

Another aspect of the present invention is the wireless power transmission apparatus,
adapted so that

element values of a plurality of circuit elements constituting the power-supplying
module and the power-receiving module are used as parameters, and the parameters are
varied so that the transmission characteristic with respect to the driving frequency in
the power-supplying resonator and the power-receiving resonator has two peak bands,
and that the input impedance of the wireless power transmission apparatus including
the device to be powered with respect to the power-source frequency of the power has
two peak bands.

[0014]

The above structure allows a setting that achieves two peak bands in the transmission
characteristic with respect to the power-source frequency of the power in the
power-supplying resonator and the power-receiving resonator, and two peak bands in
the input impedance of the wireless power transmission apparatus, by mutually
adjusting element values of circuit elements constituting the power-supplying module
and the power-receiving module.

[0015]

Another aspect of the present invention is the wireless power transmission apparatus,
adapted so that

coupling coefficients between coils of the power-supplying module and the
power-receiving module are adjusted so that the transmission characteristic with

respect to the power-source frequency of the power in the power-supplying resonator
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and the power-receiving resonator has two peak bands, and that the input impedance of
the wireless power transmission apparatus including the device to be powered has two
peak bands.

[0016]

The above structure allows a setting that achieve two peak bands in the transmission
characteristic with respect to the power-source frequency of the power in the
power-supplying resonator and the power-receiving resonator and two peak bands in
the input impedance of the wireless power transmission apparatus with respect to the
power-source frequency of the power, by varying the values of the coupling
coefficients between coils constituting the power-supplying module and the
power-receiving module.

[0017]

Another aspect of the present invention is the wireless power transmission apparatus,
adapted so that the values of the coupling coefficients between coils of the
power-supplying module and the power-receiving module are adjusted by varying
distances between the coils.

[0018]

The above structure enables adjustment of the coupling coefficients between coils of
the power-supplying module and the power-receiving module, by varying the distances
between coils. As such, the adjustment is possible with a simple designing of varying
the distances between coils.

[0019]

Another aspect of the present invention to achieve the above object is the wireless
power transmission apparatus adapted so that the power-source frequency of the power

supplied to the power-supplying module is set to a frequency band corresponding to a
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peak band, out of the two peak bands of the transmission characteristic, on the high
frequency side.

[0020]

In the above structure, the power-source frequency of the power supplied to the
power-supplying module is set to a frequency band corresponding to a peak band, out
of the two peak bands of the transmission characteristic, on the high frequency side.
This enables formation of a magnetic field space between the power-supplying
resonator and the power-receiving resonator, the magnetic field space having a
magnetic field strength smaller than the strength of the nearby magnetic field.

[0021]

Another aspect of the present invention to achieve the above object is the wireless
power transmission apparatus adapted so that the power-source frequency of the power
supplied to the power-supplying module is set to a frequency band corresponding to a
peak band, out of the two peak bands of the transmission characteristic, on the low
frequency side.

[0022]

In the above structure, the power-source frequency of the power supplied to the
power-supplying module is set to a frequency band corresponding to a peak band, out
of the two peak bands of the transmission characteristic, on the low frequency side.
This enables formation of a magnetic field space outside the power-supplying
resonator and the power-receiving resonator, the magnetic field space having a
magnetic field strength smaller than the strength of the nearby magnetic field.

[0023]

Another aspect of the present invention to achieve the above objects is a manufacturing

method of a wireless power transmission apparatus configured to supply power from a
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power-supplying module to a power-receiving module by varying a magnetic field, the
power-supplying module comprising at least a power-supplying resonator, the
power-receiving module comprising at least a power-receiving resonator, the
power-receiving module connected to a device to be powered with variable load, the
method comprising:

carrying out setting so that the transmission characteristic with respect to the
power-source frequency of the power, in the power-supplying resonator and the
power-receiving resonator, has two peak bands; and

carrying out setting so that, when the load in the device to be powered is at its
maximum value within its load fluctuation range, the input impedance of the wireless
power transmission apparatus including the device to be powered, with respect to the
power-source frequency of the power has at least two peak bands.

[0024]

With a wireless power transmission apparatus manufactured through the above method,
the value of the input impedance of the entire wireless power transmission apparatus
including the device to be powered is varied according to the fluctuation tendency of
the load of the device to be powered, when the load of the target device is varied. For
example, when the load of the target device rises, it is possible to raise the value of
input impedance of the entire wireless power transmission apparatus including the
target device. Thus, when the load of the target device rises, the input current to the
wireless power transmission apparatus including the target device is reduced. This
enables reduction of the power consumption when the load of the target device is
increased.

Advantageous Effects

[0025]
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There is provided a wireless power transmission apparatus capable of varying the input
impedance of the entire wireless power transmission apparatus including a target
device, when the load of the target device varies, according to a tendency of variation
in the load of the target device, without an additional device. It is a further object to
provide a manufacturing method for such a wireless power transmission apparatus.
Brief Description of Drawings

[0026]

[FIG. 1] FIG.1 is an explanatory diagram of a charger and an RF headset mounted in
the wireless power transmission apparatus related to one embodiment.

[FIG. 2] FIG. 2 is a schematic explanatory diagram of a wireless power transmission
apparatus.

[FIG. 3] FIG. 3 is an explanatory diagram of an equivalent circuit of the wireless power
transmission apparatus.

[FIG. 4] FIG. 4 is an explanatory diagram for a case where the transmission
characteristic “S21” between resonators has two peaks.

[FIG. 5] FIG. 5 is an explanatory diagram of a wireless power transmission apparatus
connected to a network analyzer.

[FIG. 6] FIG. 6 is a magnetic field vector diagram in the antiphase resonance mode.
[FIG. 7] FIG. 7 is a magnetic field vector diagram in the inphase resonance mode.

[FIG. 8A] FIG. 8A is a graph indicating charging characteristic of a lithium ion
secondary battery.

[FIG. 8B] FIG. 8B is a graph indicating charging characteristic of a lithium ion
secondary battery.

[FIG. 9] FIG. 9 is a graph showing a relationship between an inter-coil distance

(distance between coils) and a coupling coefficient, in the wireless power transmission.
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[FIG. 10A] FIG. 10A shows a measurement result related to Example 1, and is a graph
of an S21 measurement result.

[FIG. 10B] FIG. 10B shows a measurement result related to Example 1, and is a graph
of an input impedance with respect to a power-source frequency.

[FIG. 10C] FIG. 10C shows a measurement result related to Example 1, and is an
explanatory diagram of a termination load tendency.

[FIG. 11A] FIG. 11A shows a measurement result related to Example 2, and is a graph
of an S21 measurement result.

[FIG. 11B] FIG. 11B shows a measurement result related to Example 2, and is a graph
of an input impedance with respect to a power-source frequency.

[FIG. 11C] FIG. 11C shows a measurement result related to Example 2, and is an
explanatory diagram of a termination load tendency.

[FIG. 12A] FIG. 12A shows a measurement result related to Example 3, and is a graph
of an S21 measurement result.

[FIG. 12B] FIG. 12B shows a measurement result related to Example 3, and is a graph
of an input impedance with respect to a power-source frequency.

[FIG. 12C] FIG. 12C shows a measurement result related to Example 3, and is an
explanatory diagram of a termination load tendency.

[FIG. 13A] FIG. 13A shows a measurement result related to Example 4, and is a graph
of an S21 measurement result.

[FIG. 13B] FIG. 13B shows a measurement result related to Example 4, and is a graph
of an input impedance with respect to a power-source frequency.

[FIG. 13C] FIG. 13C shows a measurement result related to Example 4, and is an
explanatory diagram of a termination load tendency.

[FIG. 14A] FIG. 14A shows a measurement result related to Comparative Example, and
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is a graph of an S21 measurement result.

[FIG. 14B] FIG. 14B shows a measurement result related to Comparative Example, and
is a graph of an input impedance with respect to a power-source frequency.

[FIG. 14C] FIG. 14C shows a measurement result related to Comparative Example, and
is an explanatory diagram of a termination load tendency.

[FIG. 15] FIG. 15 is a flowchart explaining a method for designing an RF headset and a
charger, including the wireless power transmission apparatus.

[Description of Embodiments]

[0027]

(Embodiment)

The following describes an embodiment of a wireless power transmission apparatus
and a manufacturing method for the wireless power transmission apparatus related to
the present invention.

[0028]

As shown in FIG. 1, the present embodiment describes a charger 101 having a
power-supplying module 2 and an RF headset 102 having a power-receiving module 3
as an example of the wireless power transmission apparatus 1 essentially including a
power-supplying module 2 including a power-supplying resonator 22 and a
power-receiving module 3 including a power-receiving resonator 32, which apparatus
is capable of forming a magnetic field space G1 (G2) whose magnetic field strength is
smaller than the strength of the surrounding magnetic field. It should be noted that FIG.
1 shows the charger 101 and the RF headset 102 in the process of charging.

[0029]

(Structures of Charger 101 and RF Headset 102)

As shown in FIG 1, a charger 101 includes a power-supplying coil 21 and a
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power-supplying module 2 having a power-supplying resonator 22. An RF headset 102
includes an earphone speaker unit 102a, a power-receiving coil 31, and a
power-receiving module 3 having a power-receiving resonator 32. The
power-supplying coil 21 of the power-supplying module 2 is connected to an AC
power source 6 having an oscillation circuit with the power-source frequency of the
power to be supplied to the power-supplying module 2 to a predetermined value. The
power-receiving coil 31 of the power-receiving module 3 is connected to a lithium ion
secondary battery 9 via a charging circuit 8 configured to prevent overcharge and a
stabilizer circuit 7 configured to rectify the AC power received. The stabilizer circuit 7,
the charging circuit 8, and the lithium ion secondary battery 9 are arranged so as to be
positioned inner circumference side of the power-receiving resonator 32 (It should be
noted that, on the drawings, the stabilizer circuit 7, the charging circuit 8, and the
lithium ion secondary battery 9 are illustrated outside the power-receiving resonator 32,
for the sake of convenience). On the inner circumference side of the power-receiving
resonator 32 in which the stabilizer circuit 7, the charging circuit 8, and the lithium ion
secondary battery 9 are arranged, a magnetic field space G1 is formed during the
process of charging. This magnetic field space G1 has a magnetic field strength smaller
than that of the surrounding magnetic field space, the details of which is provided later.
It should be noted that, as shown in FIG. 1 and FIG. 2, the stabilizer circuit 7, the
charging circuit 8, and the lithium ion secondary battery 9 of the present embodiment
are a device to be powered (hereinafter, referred to as target device) 10 which is the
final destination of the supplied power. The target device 10 is a generic term for the
all the devices to which the supplied power is destined, which is connected to the
power-receiving module 3.

[0030]
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Further, although illustration is omitted, the charger 101 is provided with an
accommodation groove for accommodating and conforms to the shape of the RF
headset 102. By accommodating the RF headset 102 to this groove, the RF headset 102
is positioned so that the power-supplying module 2 of the charger 101 and the
power-receiving module 3 of the RF headset 102 face each other.

[0031]

The power-supplying coil 21 plays a role of supplying the power from an AC power
source 6 to the power-supplying resonator 22 by means of electromagnetic induction.
As shown in FIG. 3, the power-supplying coil 21 is constituted by an RL circuit whose
elements include a resistor Ry and a coil L;. As the coil L; is adopted a solenoid coil.
The total impedance of a circuit element constituting the power-supplying coil 21 is Z;.
In the present embodiment, the Z; is the total impedance of the RL circuit (circuit
element) constituting the power-supplying coil 21, which includes the resistor R; and
the coil L. Further, the current that flows in the power-supplying coil 21 is I;. It should
be noted that the current I, is the same as the input current I;, to the wireless power
transmission apparatus 1. Further, the present embodiment deals with a case where the
power-supplying coil 21 is an RL circuit as an example; however, the power-supplying
coil 21 may be structured in the form of an RLC circuit.

[0032]

The power-receiving coil 31 plays roles of receiving the power having been
transmitted as a magnetic field energy from the power-supplying resonator 22 to the
power-receiving resonator 32, by means of electromagnetic induction, and supplying
the power received to the lithium ion secondary battery 9 via the stabilizer circuit 7 and
the charging circuit 8. As shown in FIG. 3, the power-receiving coil 31, similarly to the

power-supplying coil 21, is constituted by an RL circuit whose elements include a
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resistor R4 and a coil Ls. As the coil Ly is adopted a solenoid coil. The total impedance
of a circuit element constituting the power-receiving coil 31 is Z4. In the present
embodiment, the Z, is the total impedance of the RL circuit (circuit element)
constituting the power-receiving coil 31, which includes the resistor R4 and the coil L.
The total load impedance of a target device 10 (the stabilizer circuit 7, the charging
circuit 8, and the lithium ion secondary battery 9) connected to the power-receiving
coil 31 is Z,. Further, the current that flows in the power-receiving coil 31 is I4. The
total load impedance of the target device 10 expressed as Z, may be replaced with R,
for the sake of convenience. Further, the present embodiment deals with a case where
the power-receiving coil 31 is an RL circuit as an example; however, the
power-receiving coil 31 may be structured in the form of an RLC circuit.

[0033]

As shown in FIG. 3, the power-supplying resonator 22 is constituted by an RLC circuit
whose elements include a resistor Ry, a coil L, and a capacitor C,. Further, as shown
in FIG. 3, the power-receiving resonator 32 is constituted by an RLC circuit whose
elements include a resistor Rs, a coil Lz, and a capacitor C3. The power-supplying
resonator 22 and the power-receiving resonator 32 each serves as a resonance circuit
and plays a role of creating a magnetic field resonant state. The magnetic field resonant
state (resonance phenomenon) here is a phenomenon in which two or more coils
resonate with each other at a resonance frequency band. The total impedance of a
circuit element constituting the power-supplying resonator 22 is Z,. In the present
embodiment, the Z, is the total impedance of the RLC circuit (circuit element)
constituting the power-supplying resonator 22, which includes the resistor R,, the coil
L., and the capacitor C,. The total impedance of a circuit element constituting the

power-receiving resonator 32 is Zs. In the present embodiment, the Z; is the total
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impedance of the RLC circuit (circuit element) constituting the power-receiving
resonator 32, which includes the resistor Rs, the coil L3, and the capacitor Cs. Further,
the current that flows in the power-supplying resonator 22 is I,, and the current that
flows in the power-receiving resonator 32 is Is.

[0034]

In the RLC circuit which is the resonance circuit in each of the power-supplying
resonator 22 and the power-receiving resonator 32, the resonance frequency is fo
which is derived from (Formula 1) below, where the inductance is L and the capacity
of capacitor is C.

[Equation 1]

I =

[0035]

2~ LO ... (Formula 1)

Further, as the power-supplying resonator 22 and the power-receiving resonator 32 are
used solenoid coils. The resonance frequency of the power-supplying resonator 22 and
that of the power-receiving resonator 32 are matched with each other. The
power-supplying resonator 22 and the power-receiving resonator 32 may be a spiral
coil or a solenoid coil as long as it is a resonator using a coil.

[0036]

In regard to the above, the distance between the power-supplying coil 21 and the
power-supplying resonator 22 is denoted as d12, the distance between the
power-supplying resonator 22 and the power-receiving resonator 32 is denoted as d23,
and the distance between the power-receiving resonator 32 and the power-receiving
coil 31 is denoted as d34 (see FIG. 2 and FIG. 3).

[0037]
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Further, as shown in FIG. 2, a mutual inductance between the coil L; of the
power-supplying coil 21 and the coil L, of the power-supplying resonator 22 is Mi,, a
mutual inductance between the coil L, of the power-supplying resonator 22 and the
coil L3 of the power-receiving resonator 32 is M3, and a mutual inductance between
the coil L3z of the power-receiving resonator 32 and the coil L, of the power-receiving
coil 31 is Mg, Further, in regard to the wireless power transmission apparatus 1, a
coupling coefficient between the coil L; and the coil L; is denoted as Kjz, a coupling
coefficient between the coil L, and the coil L3 is denoted as K3, a coupling coefficient
between the coil L3 and the coil L, is denoted as Ks,.

[0038]

Note that FIG. 2 shows at its bottom a circuit diagram of the wireless power
transmission apparatus 1 (including: the stabilizer circuit 7, the charging circuit 8, and
the lithium ion secondary battery 9) having the structure as described above. In the
figure, the entire wireless power transmission apparatus 1 is shown as a single input
impedance Zj,. Further, the voltage applied to the wireless power transmission
apparatus 1 is indicated as voltage Vi,, and the current input to the wireless power
transmission apparatus 1 is indicated as current Iy.

[0039]

The (Formula 2) is a relational expression of the current I;,, based on the voltage Vi,
and input impedance Zjn.

[Equation 2]

in o (Formula 2)
[0040]

To be more specific about the input impedance Z;, of the wireless power transmission
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apparatus 1, the structure of the wireless power transmission apparatus 1 is expressed
in an equivalent circuit as shown in FIG. 3. Based on the equivalent circuit in FIG. 3,
the input impedance Zj, of the wireless power transmission apparatus 1 is expressed as
the (Formula 3).

[Equation 3]

..... (Formula 3)

[0041]

Further, the impedance Zi, Z,, Z3, Z4, and Z, of the power-supplying coil 21, the
power-supplying resonator 22, the power-receiving resonator 32, and the
power-receiving coil 31 in the wireless power transmission apparatus 1 of the present
embodiment are expressed as the (Formula 4).

[Equation 4]
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{ 1
Z=R tjloL——

7RI/l -

/=R, TjoL,
£ R

..... (Formula 4)

[0042]

Introducing the (Formula 4) into the (Formula 3) makes the (Formula 5).

[Equation 5]
Z =K ol 1 1 (@M,,) i
R;O—j(cu L. ]+ (“1 9, 5
®>:/ R4jloL,— oM
" . o0 B awl G B
..... (Formula 5)
[0043]

It should be noted that the resistance value, inductance, capacity of capacitor, and the
coupling coefficients Kip, Kozs, Kss in the Ry and L;of the RL circuit of the
power-supplying coil 21, the R, L, and C, of the RLC circuit of the power-supplying
resonator 22, the R, L3, and C; of the RLC circuit of the power-receiving resonator 32,
the R4 and L4 of the RL circuit of the power-receiving coil 31 are set as parameters
variable at the stage of designing and manufacturing.

[0044]

With the wireless power transmission apparatus 1, when the resonance frequency of
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the power-supplying resonator 22 and the resonance frequency of the power-receiving
resonator 32 match with each other, a magnetic field resonant state is created between
the power-supplying resonator 22 and the power-receiving resonator 32. When a
magnetic field resonant state is created between the power-supplying resonator 22 and
the power-receiving resonator 32 by having these resonators resonating with each other,
power is transmitted from the power-supplying resonator 22 to the power-receiving
resonator 32 as magnetic field energy. Then, the power received by the
power-receiving resonator 32 is supplied to the lithium ion secondary battery 9 thus
charging the same via the power-receiving coil 31, the stabilizer circuit 7, and the
charging circuit 8.

[0045]

(Formation of Magnetic Field Space)

In the wireless power transmission apparatus 1 of the present embodiment, a magnetic
field space G1 or G2 with weakened magnetic field strengths is formed to restrain the
strength of the magnetic field occurring inside and around the power-supplying module
2 and the power-receiving module 3. Specifically as shown in FIG. 1 to FIG. 5, when
the power is supplied from the power-supplying resonator 22 of the power-supplying
module 2 to the power-receiving resonator 32 of the power-receiving module 3 by
utilizing a resonance phenomenon, a magnetic field space G1 or G2 is formed nearby
the power-supplying resonator 22 and the power-receiving resonator 32, the magnetic
field space G1 or G2 having a smaller magnetic field strength than the strength of the
surrounding magnetic field.

[0046]

To form the magnetic field space G1 or G2, setting is carried out so that a graph

showing the transmission characteristic “S21” with respect to the power-source
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frequency in the power-supplying resonator 22 and the power-receiving resonator 32
exhibits two peak bands, and the power-source frequency of the power to be supplied
to the power-supplying module is set to a power-source frequency corresponding to
any of the two peak bands. As shown in FIG. 1 to FIG. 5, in the present embodiment,
the magnetic field space G1 is formed between the power-supplying resonator 22 and
the power-receiving resonator 32 by setting the power-source frequency to a frequency
corresponding to a peak band out of the two peak bands, on the high frequency side. It
should be noted that, to form the magnetic field space G2 outside the power-supplying
resonator 22 and the power-receiving resonator 32 (see FIG. 5), the power-source
frequency is set to a frequency corresponding to a peak band out of the two peak bands,
on the low frequency side.

[0047]

The transmission characteristic “S21” is signals measured by a network analyzer 110
(e.g. E5061B produced by Agilent Technologies, Inc. and the like; see FIG. 5)
connected to the wireless power transmission apparatus 1 (the power-supplying
module 2 and the power-receiving module 3), and is indicated in decibel. The greater
the value, it means the power transmission efficiency is high. Further, the power
transmission efficiency means a ratio of the power output to the input terminal 112 for
the power supplied from the output terminal 111 to the power-supplying module 2,
while the wireless power transmission apparatus 1 is connected to the network analyzer
110.

[0048]

Specifically, as shown in FIG. 5, the transmission characteristic “S21” with respect to
the power-source frequency, in the power-supplying resonator 22 and the

power-receiving resonator 32 is analyzed by using the network analyzer 110, with
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various power-source frequencies to be supplied to the power-supplying resonator 22.
In this regard, as shown in the graph of FIG. 4, the horizontal axis indicates the
power-source frequencies of the AC power output from the output terminal 111, and
the vertical axis indicates the transmission characteristic "S21". In measurement of the
transmission characteristic “S21” in the power-supplying resonator 22 and the
power-receiving resonator 32, if the coupling between the power-supplying coil 21 and
the power-supplying resonator 22 is strong, the coupling state of the power-supplying
resonator 22 and the power-receiving resonator 32 is affected. Due to this, accurate
measurement of the transmission characteristic “S21” in the power-supplying resonator
22 and the power-receiving resonator 32 is difficult. For this reason, a distance d12
between the power-supplying coil 21 and the power-supplying resonator 22 needs to be
kept at a distance such that the power-supplying resonator 22 is sufficiently excited, a
magnetic field by the power-supplying resonator 22 is generated, and coupling of the
power-supplying coil 21 and the power-supplying resonator 22 with each other is
prevented as much as possible. Further, for the similar reason, a distance d34 between
the power-receiving resonator 32 and the power-receiving coil 31 needs to be kept at a
distance such that the power-receiving resonator 32 is sufficiently excited, a magnetic
field by the power-receiving resonator 32 is generated, and coupling of the
power-receiving resonator 32 and the power-receiving coil 31 with each other is
prevented as much as possible. Then, as shown in FIG. 4, setting is carried out so that
an analysis-result waveform of the transmission characteristic “S21” in the
power-supplying resonator 22 and the power-receiving resonator 32 has two peak
bands which are a peak band (f(Low P)) occurring on the low frequency side and a
peak band (f(High P)) occurring on the high frequency side (see solid line 150).

[0049]

21



10

15

20

25

To cause the analysis-result waveform of the transmission characteristic “S21” in the
power-supplying resonator 22 and the power-receiving resonator 32 to have its peak
split into two peak bands, one on the low frequency side and the other on the high
frequency side, as hereinabove described, the distance d23 between the
power-supplying resonator 22 and the power-receiving resonator 32 is adjusted, and/or
variable parameters of the power-supplying resonator 22 and the power-receiving
resonator 32 are adjusted. Examples of such parameters include resistance, inductance,
and capacities of the Ry, L,, C, of the RLC circuit of the power-supplying resonator 22
and R3, L3, C3 of the RLC circuit of the power-receiving resonator 32, and a coupling
coefficient Kss.

[0050]

When the analysis-result waveform of the transmission characteristic “S21” of the
power-supplying resonator 22 and the power-receiving resonator 32 has two peak
bands, and when the power-source frequency of AC power to be supplied is set on the
peak band (f(High P)) on the high frequency side, the power-supplying resonator 22
and the power-receiving resonator 32 resonate with each other in antiphase, and the
direction (22A) of the current in the power-supplying resonator 22 and the direction
(32A) of the current in the power-receiving resonator 32 are opposite to each other, as
shown in FIG. 6. As a result, as the magnetic field vector diagram in FIG. 6 shows,
because the magnetic field generated on the inner circumference side of the
power-supplying resonator 22 and the magnetic field generated on the inner
circumference side of the power-receiving resonator 32 cancel each other out, the
magnetic field space G1 having a lower magnetic field strength than the magnetic field
strengths in positions not on the inner circumference sides of the power-supplying

resonator 22 and the power-receiving resonator 32 (e.g., the magnetic field strengths on
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the outer circumference sides of the power-supplying resonator 22 and the
power-receiving resonator 32) is formed on the inner circumference sides of the
power-supplying resonator 22 and the power-receiving resonator 32, as the effect of
the magnetic fields is lowered. Note that the resonance state in which the current in the
power-supplying resonator 22 and the current in the power-receiving resonator 32 flow
in directions opposite to each other is referred to as antiphase resonance mode.

[0051]

On the other hand, when the analysis-result waveform of the transmission
characteristic “S21” of the power-supplying resonator 22 and the power-receiving
resonator 32 has two peak bands, and when the power-source frequency of AC power
to be supplied is set on the peak band (f(Low P)) on the low frequency side, the
power-supplying resonator 22 and the power-receiving resonator 32 resonate with each
other in inphase, and the direction (22A) of the current in the power-supplying
resonator 22 and the direction (32A) of the current in the power-receiving resonator 32
are the same, as shown in FIG. 7. As a result, as the magnetic field vector diagram in
FIG. 7 shows, because the magnetic field generated on the outer circumference side of
the power-supplying resonator 22 and the magnetic field generated on the outer
circumference side of the power-receiving resonator 32 cancel each other out, the
magnetic field space G2 having a lower magnetic field strength than the magnetic field
strengths in positions not on the outer circumference sides of the power-supplying
resonator 22 and the power-receiving resonator 32 (e.g., the magnetic field strengths on
the outer circumference sides of the power-supplying resonator 22 and the
power-receiving resonator 32) is formed on the inner circumference sides of the
power-supplying resonator 22 and the power-receiving resonator 32, as the effects of

the magnetic fields is lowered. Note that the resonance state in which the current in the
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power-supplying resonator 22 and the current in the power-receiving resonator 32 both
flow in the same direction is referred to as inphase resonance mode.

[0052]

(Load Fluctuation in Wireless Power Transmission Apparatus associated with Load
Fluctuation in Target Device)

With a lithium ion secondary battery as an example, the following describes effects
brought about by load fluctuation in the wireless power transmission apparatus 1
associated with that in the lithium ion secondary battery.

[0053]

In the present embodiment, the lithium ion secondary battery 9 is used as one of the
target devices 10 to which the power is supplied. To charge the lithium ion secondary
battery 9, a constant current/constant voltage charging system is used in general. When
charging the lithium ion secondary battery 9 by a constant current/constant voltage
charging system, the lithium ion secondary battery 9 is charged by a constant current
(CC: Constant Current) for a while after charging is started, as in the charging
characteristic of the lithium ion secondary battery 9 shown in FIG. 8A. Then, the
voltage (V) to be applied rises up to a predetermined upper limit voltage (4.2 V in the
present embodiment), while the charging by the constant current. When the voltage
(Vcn) reaches the upper limit voltage, charging by a constant voltage is performed (CV:
Constant \oltage), while the upper limit voltage is maintained. After the charging by
the constant voltage, the current value (l¢,) attenuates, and the charging is completed
when the value of the current reaches a predetermined value, or when a predetermined
time is elapsed.

[0054]

Suppose the lithium ion secondary battery 9 is charged by means of the constant
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current/constant voltage charging system using the wireless power transmission
apparatus 1. In this case, when there is transition from constant current charging (CC)
to constant voltage charging (CV), the value of the load impedance Z, rises during the
constant voltage (CV) charging, and the current value (l;,) supplied to the stabilizer
circuit 7, the charging circuit 8, and the lithium ion secondary battery 9, which
constitute the target device 10 is attenuated as is indicated by the load fluctuation
characteristics shown in FIG. 8B of the load impedance Z, related to the stabilizer
circuit 7, the charging circuit 8, and the lithium ion secondary battery 9. In short, there
will be a rise in the value of the load impedance Z, of the entire target device 10
(stabilizer circuit 7, charging circuit 8, lithium ion secondary battery 9) of the present
embodiment (load fluctuation).

[0055]

Then, with the rise in the value of the load impedance Z, of the target device, the input
impedance Zj, of the entire wireless power transmission apparatus 1 including the
target device 10 is fluctuated. If the input impedance Z;, of the entire wireless power
transmission apparatus 1 including the target device 10 drops, with a rise in the value
of the load impedance Z, of the target device 10, the input current to the wireless
power transmission apparatus 1 including the target device 10 will increase, thus
increasing the power consumption in the wireless power transmission apparatus 1
including the target device 10, with the rise in the load impedance of the target device
10, under a certain voltage.

[0056]

To the contrary, if the input impedance Z;, of the entire wireless power transmission
apparatus 1 including the target device 10 is raised, with a rise in the value of the load

impedance Z, of the target device 10, the input current to the wireless power
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transmission apparatus 1 including the target device 10 is reduced, thus reducing the
power consumption in the wireless power transmission apparatus 1 including the target
device 10, with the rise in the load impedance of the target device 10, under a certain
voltage. For example, it is possible to reduce the power consumed at the time of
charging (particularly after the transition to the constant voltage charging).

[0057]

That is, the power consumption in the wireless power transmission apparatus 1
including the target device 10 is reduced according to the load fluctuation on the target
device 10, if it is possible to raise the input impedance Z;, of the entire wireless power
transmission apparatus 1 including the target device 10, with a rise in the value of the
load impedance Z, of the target device 10. For example, if the target device 10
includes a lithium ion secondary battery 9, the amount of power consumed at the time
of charging the lithium ion secondary battery 9 is reduced. Further, if the target device
10 is a drive device which operates while directly consuming power (e.g., a device
operated by power supplied directly, without a use of a secondary battery and the like),
the power consumption of the drive device is reduced with a rise in the load of the
drive device.

[0058]

In the present embodiment, to fluctuate the input impedance Z;j, of the entire wireless
power transmission apparatus 1 including the target device 10 with the rise in the value
of the load impedance Z_ of the target device 10, the power-source frequency of power
to be supplied to the power-supplying module 2 is set to a power-source frequency
band corresponding to any of the two peak bands of the transmission characteristic
“S21” (set to an antiphase resonance mode or inphase resonance mode) so that the

transmission characteristic “S21” with respect to power-source frequency of power, in
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the power-supplying resonator 22 and the power-receiving resonator 32, has two peak
bands; setting is carried out so that, when the load in the target device 10 is at its
maximum value within its load fluctuation range (e.g., where the load fluctuates within
a range of 50Q to 20002, the maximum value within the range of load fluctuation is
200Q), the input impedance Z;, of the entire wireless power transmission apparatus 1
including the target device 10, with respect to the power-source frequency of the power
has at least two peak bands.

[0059]

Further, in order to carry out setting so that, when the load in the target device 10 is at
its maximum value within its load fluctuation range, the input impedance Zj, of the
wireless power transmission apparatus 1 including the target device 10, with respect to
the power-source frequency of the power has at least two peak bands, element values
of a plurality of circuit elements of the power-supplying module 2 and the
power-receiving module 3 are used as parameters and varied.

[0060]

Specifically, the resistance value, inductance, capacity of capacitor, and the coupling
coefficients K, Kz, Kz4 in the Ry and L;of the RL circuit of the power-supplying coil
21, the Ry, Ly, and C, of the RLC circuit of the power-supplying resonator 22, the R,
Ls, and C; of the RLC circuit of the power-receiving resonator 32, the R4 and L, of the
RL circuit of the power-receiving coil 31 are set as parameters variable at the stage of
designing and manufacturing. It should be noted that when an RLC circuit is adopted
as the power-supplying coil 21 and the power-receiving coil 31, the capacity of the
capacitor in each RLC circuit also serves as a parameter variable at the stage of
designing and manufacturing.

[0061]
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It should be further noted that these parameters are parameters for setting so that an
analyzed waveform of the transmission characteristic “S21” in the power-supplying
resonator 22 and the power-receiving resonator 32 has two separate peak bands; one on
the low frequency side and the other on the high frequency side.

[0062]

The values of the coupling coefficientski,, ko3, and kss between coils of the
power-receiving module are adjustable by, for example, the following methods.
Namely, these methods include: varying the distance d12 between the power-supplying
coil 21 and the power-supplying resonator 22, the distance d23 between the
power-supplying resonator 22 and the power-receiving resonator 32, and the distance
d34 between the power-receiving resonator 32 and the power-receiving coil 31,
changing the coil diameters of the power-supplying coil 21, the power-supplying
resonator 22, the power-receiving resonator 32, and the power-receiving coil 31;
disposing the power-supplying resonator 22 and the power-receiving resonator 32 so
their axes do not match with each other; giving an angle to the coil surfaces of the
power-supplying resonator 22 and the power-receiving resonator 32; varying the
property of each element (resistor, capacitor, coil) of the power-supplying coil 21, the
power-supplying resonator 22, the power-receiving resonator 32, and the
power-receiving coil 31; and varying the drive frequency of the AC power supplied to
the power-supplying module 2.

[0063]

In wireless power transmission, the relation between a coupling coefficient k and a
distance between a coil and another coil is typically such that the value of the coupling
coefficient k increases with a decrease in (shortening of) the distance between the coil

and the other coil, as shown in FIG. 9. In the wireless power transmission apparatus 1
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of the present embodiment for instance, the coupling coefficient ki, between the
power-receiving coil 21 (coil L;) and the power-supplying resonator 22 (coil Ly), the
coupling coefficient ky3 between the power-supplying resonator 22 (coil L;) and the
power-receiving resonator 32 (coil Ls), and the coupling coefficient K34 between the
power-receiving resonator 32 (coil L3) and the power-receiving coil 31 (coil L) are
increased by reducing a distance d12 between the power-supplying coil 21 and the
power-supplying resonator 22, a distance d23 between the power-supplying resonator
22 and the power-receiving resonator 32, and a distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31. To the contrary, the
coupling coefficient ki, between the power-receiving coil 21 (coil L;) and the
power-supplying resonator 22 (coil L), the coupling coefficient k3 between the
power-supplying resonator 22 (coil L,) and the power-receiving resonator 32 (coil L3),
and the coupling coefficient Kz4 between the power-receiving resonator 32 (coil L3)
and the power-receiving coil 31 (coil L4) are lowered by extending a distance d12
between the power-supplying coil 21 and the power-supplying resonator 22, a distance
d23 between the power-supplying resonator 22 and the power-receiving resonator 32,
and a distance d34 between the power-receiving resonator 32 and the power-receiving
coil 31.

[0064]

(Examples and Comparative Example)

The following describes, with reference to Examples 1 to 4 and Comparative Example
with different conditions, what value the input impedance Zi, of the entire wireless
power transmission apparatus 1 including the target device 10, with respect to the
power-source frequency of the power, when the coupling coefficients ki, and ks, are

varied by varying the distance d12 between the power-supplying coil 21 and the
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power-supplying resonator 22 and the distance d34 between the power-receiving
resonator 32 and the power-receiving coil 31.

[0065]

In Examples 1 to 4 and comparative example, the wireless power transmission
apparatus 1 was connected to an impedance analyzer (the present embodiment adopts
E5061B produced by Agilent Technologies, Inc.), and input impedance Zj, including
the target device 10 with respect to the power-source frequency was measured. It
should be noted that the measurements were conducted with a variable resistor (R\)
substituting for the target device 10 (stabilizer circuit 7, the charging circuit 8, and the
lithium ion secondary battery 9), in Examples 1 to 4 and Comparative Example. The
value of the variable resistor (R, ) was switched among three values that are 50Q, 1000,
and 200Q to simulate fluctuation in the load impedance Z, of the target device 10.
[0066]

In the wireless power transmission apparatus 1 used in Example 1 to 4 and
Comparative Example, the power-supplying coil 21 is constituted by an RL circuit
including a resistor R; and a coil L;. The coil Ly is a single-turn coil of a 1-mme
copper wire material (coated by an insulation film) with its coil diameter set to 100
mmeo (non-resonating). The power-receiving coil 31 is constituted by an RL circuit
including a resistor R4 and a coil L. The coil Ly is a single-turn coil of a 1-mme
copper wire material (coated by an insulation film) with its coil diameter set to
100mm@ mme (non-resonating), as in the case of power-supplying coil 21. Further, the
power-supplying resonator 22 is constituted by an RLC circuit including a resistor Ry,
a coil Ly, and a capacitor C,. The coil L, adopts a 2-turn solenoid coil of 100 mme in
its coil diameter, and is formed by a 1-mm¢ copper wire material (coated by an

insulation film) of 100 mme in its wire diameter. Further, the power-receiving
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resonator 32 is constituted by an RLC circuit including a resistor Rs, a coil Lz, and a
capacitor Cs. The coil L; adopts a 2-turn solenoid coil of 100 mme in its coil diameter,
and is formed by a 1-mm¢ copper wire material (coated by an insulation film) of 100
mme in its wire diameter. The resonance frequency of the power-supplying resonator
22 and the power-receiving resonator 32 is 12.63 MHz. Further, the distance d23
between the power-supplying resonator 22 and the power-receiving resonator 32 was
set to 120 mm, and the setting is carried out so that the transmission characteristic
“S21” with respect to the power-source frequency of the power, in the power-supplying
resonator 22 and the power-receiving resonator 32 has two peak bands which are a
peak band (f(Low P)) occurring on the low frequency side and a peak band (f(High P))
occurring on the high frequency side (see solid lines 150 in FIG. 10A, FIG. 11A, FIG.
12A, FIG. 13A, and FIG. 14A). The distance d12 between the power-supplying coil 21
and the power-supplying resonator 22 and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 are adjusted according to
the measurement conditions.

[0067]

(Example 1)

In Example 1, the distance d12 between the power-supplying coil 21 and the
power-supplying resonator 22 was set to 40 mm, and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 was set to 40 mm. The
value of the variable resistor (R.) was switched among three values; 50Q2, 1002, and
200Q. With these conditions, the value of the input impedance Zi, of the wireless
power transmission apparatus 1 including the variable resistor (corresponding to the
target device 10), with respect to the power-source frequency of the power (see FIG.

10B). The table in FIG. 10C collectively shows: measurement values in cases of setting

31



10

15

20

25

the power-source frequency of AC power supplied to the power-supplying module 2 in
the peak band (f(Low P)) on the low frequency side (inphase resonance mode: 12.53
MHz); measurement values in cases of setting the power-source frequency to the
resonance frequency fO (resonance frequency 12.63 MHz); and measurement values in
cases of setting the power-source frequency in the peak band (f(High P)) on the high
frequency side (antiphase resonance mode: 12.73 MHz). It should be noted that
Example 1 conducted measurement of the transmission characteristic “S21” with
respect to the power-source frequency of the power, in the power-supplying resonator
22 and the power-receiving resonator 32 (solid line 150), as well as the transmission
characteristic “S21” in the power-supplying coil 21, the power-supplying resonator 22,
the power-receiving resonator 32, and the power-receiving coil 31 (solid line 151), as
shown in FIG. 10A. The measurement results are shown in FIG. 10A.

[0068]

As shown in FIG. 10B, the power-source frequency was set to the resonance frequency
fO0. When the R = 50Q, the input impedance Zi, = 25.0Q. When the R| = 100€, the
input impedance Zj, = 24.4Q. When the R = 200Q, the input impedance Z;j, = 23.9Q.
From these results, it is understood that the input impedance Zj, of the entire wireless
power transmission apparatus 1 drops with an increase in the load R,. Therefore, when
the power-source frequency is set to the resonance frequency f0, the input current to
the wireless power transmission apparatus 1 including the target device 10 increases
with an increase in the load Ry, thus increasing the power consumption in the wireless
power transmission apparatus 1 including the target device 10.

[0069]

Then, the power-source frequency was set in the peak band on the low frequency side

(f(Low P)). When the R = 50Q, the input impedance Zi, = 40.6Q2. When the R =
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100Q, the input impedance Zj, = 41.8Q2. When the R = 200Q, the input impedance Zi,
= 43.1Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set on the low frequency side (f(Low
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load R, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device
10.

[0070]

Further, the power-source frequency was set in the peak band on the High frequency
side (f(High P)). When the R, = 50, the input impedance Z;, = 32.7Q. When the R|_ =
100€2, the input impedance Zi, = 35.6Q2. When the R| = 200€, the input impedance Zi,
= 37.3Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set on the high frequency side (f(High
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load R, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device
10.

[0071]

In Example 1, measurement was conducted while simulating load fluctuation in the
load impedance Z, within a range of 50Q to 200Q by switching the load of the target
device 10 among three values that are 50Q2, 100Q2, and 200Q. With the maximum value
of 200Q2 at the range of load fluctuation, the input impedance Z;, of the wireless power

transmission apparatus 1 including the target device 10 exhibited two peak bands (see
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the resulting curve of 200Q in the graph of FIG. 10B showing the input impedance
with respect to the power-source frequency). Further, in Example 1, the input
impedance Zj, of the wireless power transmission apparatus 1 including the target
device 10 with respect to the power-source frequency exhibited two peak bands even
with the loads of 50Q and 100€2, when the distance d12 between the power-supplying
coil 21 and the power-supplying resonator 22 and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 were both set to 40 mm
(see FIG. 10B).

[0072]

(Example 2)

In Example 2, the distance d12 between the power-supplying coil 21 and the
power-supplying resonator 22 was set to 30 mm, and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 was set to 30 mm. The
value of the variable resistor (R.) was switched among three values; 50Q2, 1002, and
200Q. With these conditions, the value of the input impedance Zi, of the wireless
power transmission apparatus 1 including the variable resistor (corresponding to the
target device 10), with respect to the power-source frequency of the power (see FIG.
11B). The table in FIG. 11C collectively shows: measurement values in cases of setting
the power-source frequency of AC power supplied to the power-supplying module 2 in
the peak band (f(Low P)) on the low frequency side (inphase resonance mode: 12.53
MHz); measurement values in cases of setting the power-source frequency to the
resonance frequency fO (resonance frequency 12.63 MHz); and measurement values in
cases of setting the power-source frequency in the peak band (f(High P)) on the high
frequency side (antiphase resonance mode: 12.73 MHz). It should be noted that

Example 2 conducted measurement of the transmission characteristic “S21” with
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respect to the power-source frequency of the power, in the power-supplying resonator
22 and the power-receiving resonator 32 (solid line 150), as well as the transmission
characteristic “S21” in the power-supplying coil 21, the power-supplying resonator 22,
the power-receiving resonator 32, and the power-receiving coil 31 (solid line 152), as
shown in FIG. 11A. The measurement results are shown in FIG. 11A.

[0073]

As shown in FIG. 11B, the power-source frequency was set to the resonance frequency
fO. When the R = 50Q, the input impedance Zi, = 33.5Q. When the R| = 100Q, the
input impedance Z;, = 29.0Q. When the R = 200Q, the input impedance Z;j, = 26.7€Q.
From these results, it is understood that the input impedance Z;, of the entire wireless
power transmission apparatus 1 drops with an increase in the load R.. Therefore, when
the power-source frequency is set to the resonance frequency f0, the input current to
the wireless power transmission apparatus 1 including the target device 10 increases
with an increase in the load Ry, thus increasing the power consumption in the wireless
power transmission apparatus 1 including the target device 10.

[0074]

Then, the power-source frequency was set in the peak band on the low frequency side
(f(Low P)). When the R = 50Q, the input impedance Zi, = 55.2Q. When the R =
100€2, the input impedance Zi, = 57.5Q. When the R| = 200€, the input impedance Zi,
= 60.4Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set on the low frequency side (f(Low
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load R, thus reducing the power

consumption in the wireless power transmission apparatus 1 including the target device
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10.

[0075]

Further, the power-source frequency was set in the peak band on the High frequency
side (f(High P)). When the R, = 50, the input impedance Z;, = 40.0Q2. When the R|_ =
1009, the input impedance Zj, = 47.7Q. When the R = 200Q, the input impedance Zi,
= 52.4Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set on the high frequency side (f(High
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load R, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device
10.

[0076]

In Example 2, measurement was conducted while simulating load fluctuation in the
load impedance Z, within a range of 50Q to 200Q by switching the load of the target
device 10 among three values that are 50Q2, 100Q2, and 200Q. With the maximum value
of 2002 at the range of load fluctuation, the input impedance Z;, of the wireless power
transmission apparatus 1 including the target device 10 exhibited two peak bands (see
the resulting curve of 200Q in the graph of FIG. 11B showing the input impedance
with respect to the power-source frequency). Further, in Example 2, the input
impedance Zj, of the wireless power transmission apparatus 1 including the target
device 10 with respect to the power-source frequency exhibited two peak bands even
with the loads of 50Q and 1002, when the distance d12 between the power-supplying
coil 21 and the power-supplying resonator 22 and the distance d34 between the

power-receiving resonator 32 and the power-receiving coil 31 were both set to 30 mm
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(see FIG. 11B).

[0077]

(Example 3)

In Example 3, the distance d12 between the power-supplying coil 21 and the
power-supplying resonator 22 was set to 20 mm, and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 was set to 20 mm. The
value of the variable resistor (R.) was switched among three values; 50Q2, 100Q, and
200Q. With these conditions, the value of the input impedance Zi, of the wireless
power transmission apparatus 1 including the variable resistor (corresponding to the
target device 10), with respect to the power-source frequency of the power (see FIG.
12B). The table in FIG. 12C collectively shows: measurement values in cases of setting
the power-source frequency of AC power supplied to the power-supplying module 2 in
the peak band (f(Low P)) on the low frequency side (inphase resonance mode: 12.53
MHz); measurement values in cases of setting the power-source frequency to the
resonance frequency fO (resonance frequency 12.63 MHz); and measurement values in
cases of setting the power-source frequency in the peak band (f(High P)) on the high
frequency side (antiphase resonance mode: 12.73 MHz). It should be noted that
Example 3 conducted measurement of the transmission characteristic “S21” with
respect to the power-source frequency of the power, in the power-supplying resonator
22 and the power-receiving resonator 32 (solid line 150), as well as the transmission
characteristic “S21” in the power-supplying coil 21, the power-supplying resonator 22,
the power-receiving resonator 32, and the power-receiving coil 31 (solid line 153), as
shown in FIG. 12A. The measurement results are shown in FIG. 12A.

[0078]

As shown in FIG. 12B, the power-source frequency was set to the resonance frequency
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fO0. When the R = 50Q, the input impedance Zi, = 84.8Q. When the R| = 100Q, the
input impedance Z;, = 63.0Q2. When the R = 200Q, the input impedance Z;, = 48.5Q.
From these results, it is understood that the input impedance Z;, of the entire wireless
power transmission apparatus 1 drops with an increase in the load R.. Therefore, when
the power-source frequency is set to the resonance frequency f0, the input current to
the wireless power transmission apparatus 1 including the target device 10 increases
with an increase in the load R, thus increasing the power consumption in the wireless
power transmission apparatus 1 including the target device 10.

[0079]

Then, the power-source frequency was set in the peak band on the low frequency side
(f(Low P)). When the R = 50Q, the input impedance Zi, = 74.3Q2. When the R =
100€2, the input impedance Zi, = 77.7Q2. When the R| = 200€, the input impedance Zi,
= 84.1Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set on the low frequency side (f(Low
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load R, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device
10.

[0080]

Further, the power-source frequency was set in the peak band on the High frequency
side (f(High P)). When the R = 509, the input impedance Zi, = 61.3Q. When the R|_ =
100€2, the input impedance Zi, = 74.7Q2. When the R| = 200€, the input impedance Zi,
= 87.0Q. From these results, it is understood that the input impedance Zi, of the entire

wireless power transmission apparatus 1 rises with an increase in the load R,.
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Therefore, when the power-source frequency is set on the high frequency side (f(High
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load R, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device
10.

[0081]

In Example 3, measurement was conducted while simulating load fluctuation in the
load impedance Z, within a range of 50Q to 200Q by switching the load of the target
device 10 among three values that are 50Q, 100€2, and 200Q. With the maximum value
of 200Q2 at the range of load fluctuation, the input impedance Z;, of the wireless power
transmission apparatus 1 including the target device 10 exhibited two peak bands (see
the resulting curve of 200Q in the graph of FIG. 12B showing the input impedance
with respect to the power-source frequency). Further, in Example 3, the input
impedance Zj, of the wireless power transmission apparatus 1 including the target
device 10 with respect to the power-source frequency exhibited two peak bands even
with the load 100Q2, when the distance d12 between the power-supplying coil 21 and
the power-supplying resonator 22 and the distance d34 between the power-receiving
resonator 32 and the power-receiving coil 31 were both set to 20mm (see FIG. 12B). It
should be noted however, the input impedance Z;, of the wireless power transmission
apparatus 1 including the target device 10 with respect to the power-source frequency
exhibited only one peak band, when the load was set to 50Q (see FIG. 12B).

[0082]

(Example 4)

In Example 4, the distance d12 between the power-supplying coil 21 and the

power-supplying resonator 22 was set to 10 mm, and the distance d34 between the
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power-receiving resonator 32 and the power-receiving coil 31 was set to 10 mm. The
value of the variable resistor (R.) was switched among three values; 50Q2, 100Q, and
200Q. With these conditions, the value of the input impedance Zi, of the wireless
power transmission apparatus 1 including the variable resistor (corresponding to the
target device 10), with respect to the power-source frequency of the power (see FIG.
13B). The table in FIG. 13C collectively shows: measurement values in cases of setting
the power-source frequency of AC power supplied to the power-supplying module 2 in
the peak band (f(Low P)) on the low frequency side (inphase resonance mode: 12.53
MHz); measurement values in cases of setting the power-source frequency to the
resonance frequency fO (resonance frequency 12.63 MHz); and measurement values in
cases of setting the power-source frequency in the peak band (f(High P)) on the high
frequency side (antiphase resonance mode: 12.73 MHz). It should be noted that
Example 4 conducted measurement of the transmission characteristic “S21” with
respect to the power-source frequency of the power, in the power-supplying resonator
22 and the power-receiving resonator 32 (solid line 150), as well as the transmission
characteristic “S21” in the power-supplying coil 21, the power-supplying resonator 22,
the power-receiving resonator 32, and the power-receiving coil 31 (solid line 154), as
shown in FIG. 13A. The measurement results are shown in FIG. 13A.

[0083]

As shown in FIG. 13B, the power-source frequency was set to the resonance frequency
fO. When the R = 50Q, the input impedance Zi, = 267.4Q. When the R = 100, the
input impedance Zj, = 203.5Q. When the R = 200Q, the input impedance Zi, =
149.5Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 drops with an increase in the load R,.

Therefore, when the power-source frequency is set to the resonance frequency f0, the
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input current to the wireless power transmission apparatus 1 including the target device
10 increases with an increase in the load R, thus increasing the power consumption in
the wireless power transmission apparatus 1 including the target device 10.

[0084]

Then, the power-source frequency was set in the peak band on the low frequency side
(f(Low P)). When the R = 50Q, the input impedance Zj, = 144.1Q. When the R =
1009, the input impedance Zij, = 146.5Q. When the R; = 200€2, the input impedance
Zin = 156.4Q. From these results, it is understood that the input impedance Zi, of the
entire wireless power transmission apparatus 1 rises with an increase in the load R..
Therefore, when the power-source frequency is set on the low frequency side (f(Low
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load Ry, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device
10.

[0085]

Further, the power-source frequency was set in the peak band on the High frequency
side (f(High P)). When the R = 50Q, the input impedance Zi, = 170.5Q. When the R
= 100Q, the input impedance Z;, = 172.2Q. When the R| = 200€, the input impedance
Zin = 181.9Q. From these results, it is understood that the input impedance Zi, of the
entire wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set on the high frequency side (f(High
P)), the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced with an increase in the load Ry, thus reducing the power
consumption in the wireless power transmission apparatus 1 including the target device

10.
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[0086]

In Example 4, measurement was conducted while simulating load fluctuation in the
load impedance Z, within a range of 50Q to 200Q2 by switching the load of the target
device 10 among three values that are 50Q, 100€2, and 200Q. With the maximum value
of 200Q2 at the range of load fluctuation, the input impedance Z;, of the wireless power
transmission apparatus 1 including the target device 10 exhibited two peak bands (see
the resulting curve of 200Q in the graph of FIG. 13B showing the input impedance
with respect to the power-source frequency). Further, in Example 4, the input
impedance Zj, of the wireless power transmission apparatus 1 including the target
device 10 with respect to the power-source frequency exhibited only one peak band
with the loads of 50Q and 100€2, when the distance d12 between the power-supplying
coil 21 and the power-supplying resonator 22 and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 were both set to 10 mm
(see FIG. 13B).

[0087]

(Comparative Example)

In Comparative Example, the distance d12 between the power-supplying coil 21 and
the power-supplying resonator 22 was set to 5 mm, and the distance d34 between the
power-receiving resonator 32 and the power-receiving coil 31 was set to 5 mm. The
value of the variable resistor (R.) was switched among three values; 50Q2, 1002, and
200Q. With these conditions, the value of the input impedance Zi, of the wireless
power transmission apparatus 1 including the variable resistor (corresponding to the
target device 10), with respect to the power-source frequency of the power (see FIG.
14B). The table in FIG. 14C collectively shows: measurement values in cases of setting

the power-source frequency of AC power supplied to the power-supplying module 2 in
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the peak band (f(Low P)) on the low frequency side (inphase resonance mode: 12.53
MHz); measurement values in cases of setting the power-source frequency to the
resonance frequency fO (resonance frequency 12.63 MHz); and measurement values in
cases of setting the power-source frequency in the peak band (f(High P)) on the high
frequency side (antiphase resonance mode: 12.73 MHz). It should be noted that
Comparative Example conducted measurement of the transmission characteristic
“S21” with respect to the power-source frequency of the power, in the power-supplying
resonator 22 and the power-receiving resonator 32 (solid line 150), as well as the
transmission characteristic “S21” in the power-supplying coil 21, the power-supplying
resonator 22, the power-receiving resonator 32, and the power-receiving coil 31 (solid
line 155), as shown in FIG. 14A. The measurement results are shown in FIG. 14A.
[0088]

As shown in FIG. 14B, the power-source frequency was set to the resonance frequency
fO. When the R = 50Q, the input impedance Zi, = 565.5Q. When the R = 100, the
input impedance Zj, = 485.9Q. When the R = 200Q, the input impedance Zi, =
387.1Q. From these results, it is understood that the input impedance Zi, of the entire
wireless power transmission apparatus 1 drops with an increase in the load R,.
Therefore, when the power-source frequency is set to the resonance frequency f0, the
input current to the wireless power transmission apparatus 1 including the target device
10 increases with an increase in the load R, thus increasing the power consumption in
the wireless power transmission apparatus 1 including the target device 10.

[0089]

Then, the power-source frequency was set in the peak band on the low frequency side
(f(Low P)). When the R = 50Q, the input impedance Zj, = 241.7Q. When the R =

100Q, the input impedance Zij, = 241.6Q2. When the R; = 2002, the input impedance
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Zin = 247.1Q. From these results, it is understood that the input impedance Zi, of the
entire wireless power transmission apparatus 1 indicated substantially the same values
even with an increase in the load R.. This means that the input current to the wireless
power transmission apparatus 1 including the target device 10 result in little change
even when the load Ry rises, if the power-source frequency is set in the peak band on
the low frequency side (f(Low P)).

[0090]

Further, the power-source frequency was set in the peak band on the High frequency
side (f(High P)). When the R = 50Q, the input impedance Zi, = 347.3Q. When the R
= 100Q, the input impedance Zi, = 338.0Q2. When the R = 20092, the input impedance
Zin = 333.6Q. From these results, it is understood that the input impedance Zi, of the
entire wireless power transmission apparatus 1 rises with an increase in the load R,.
Therefore, when the power-source frequency is set in the peak band on the high
frequency side (f(High P)), the input current to the wireless power transmission
apparatus 1 including the target device 10 increases with an increase in the load Ry,
thus increasing the power consumption in the wireless power transmission apparatus 1
including the target device 10.

[0091]

In Comparative Example, measurement was conducted while simulating load
fluctuation in the load impedance Z, within a range of 50Q to 200Q2 by switching the
load of the target device 10 among three values that are 50Q, 100Q2, and 200Q. With
the maximum value of 200Q at the range of load fluctuation, the input impedance Zi,
of the wireless power transmission apparatus 1 including the target device 10 exhibited
only one peak band (see the resulting curve of 200Q2 in the graph of FIG. 14B showing

the input impedance with respect to the power-source frequency). It should be noted
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the input impedance Z;, of the wireless power transmission apparatus 1 including the
target device 10 with respect to the power-source frequency also exhibited only one
peak band, when the load was set to 50Q and 100Q2 (see FIG. 14B).

[0092]

As described above, when Examples 1 to 4 and Comparative Example are compared
with one another, it is understood that the input impedance Zj, of the entire wireless
power transmission apparatus 1 rises with an increase in the load R, by carrying out
setting so that the transmission characteristic “S21” with respect to power-source
frequency of power, in the power-supplying resonator 22 and the power-receiving
resonator 32, has two peak bands; setting the power-source frequency of power to be
supplied to the power-supplying module 2 to a power-source frequency band
corresponding to any of the two peak bands of the transmission characteristic “S21”
(set to f(Low P) or f(High P)); and carrying out setting so that, when the load in the
target device 10 is at its maximum value within its load fluctuation range (200Q in
Examples 1 to 4), the input impedance Z, of the wireless power transmission
apparatus 1 including the target device 10, with respect to at least the power-source
frequency of the power has two peak bands. Therefore, when the power-source
frequency is set in the peak band on the high frequency side (f(High P)) or on the low
frequency side (f(LowP)), the input current to the wireless power transmission
apparatus 1 including the target device 10 is reduced with an increase in the load Ry,
thus reducing the power consumption in the wireless power transmission apparatus 1
including the target device 10.

[0093]

Further, based on Examples 1 to 4 and Comparative Example, when the power-source

frequency is set to the resonance frequency f0, the input impedance Z;, of the entire
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wireless power transmission apparatus 1 drops, and the input current to the wireless
power transmission apparatus 1 including the target device 10 increases, with an
increase in the load Ry, thus increasing the power consumption in the wireless power
transmission apparatus 1 including the target device 10. This shows that the
power-source frequency of power to be supplied to the power-supplying module 2 with
respect to the transmission characteristic “S21” needs to be set to a power-source
frequency band corresponding to any of the two peak bands (f(High P) or f(Low P)) of
the transmission characteristic.

[0094]

(Effects)

With the above structure, the value of the input impedance Zj, of the entire wireless
power transmission apparatus 1 including the target device 10 is varied according to
the fluctuation tendency of the load of the target device 10, when the load of the target
device 10 is varied. For example, when the load of the target device 10 rises, it is
possible to raise the value of input impedance of the entire wireless power transmission
apparatus 1 including the target device 10. Thus, when the load of the target device 10
rises, the input current to the wireless power transmission apparatus 1 including the
target device 10 is reduced. This enables reduction of the power consumption when the
load of the target device 10 is increased.

[0095]

Further, the above structure allows a setting that achieves two peak bands in the
transmission characteristic “S21” with respect to the power-source frequency of power
in the power-supplying resonator 22 and the power-receiving resonator 32, and two
peak bands in the input impedance Z;, of the wireless power transmission apparatus 1,

by mutually adjusting element values of circuit elements constituting the
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power-supplying module 2 and the power-receiving module 3.

[0096]

The above structure allows a setting that achieve two peak bands in the transmission
characteristic “S21” with respect to the power-source frequency of power in the
power-supplying resonator 22 and the power-receiving resonator 32 and two peak
bands in the input impedance Z;, of the wireless power transmission apparatus 1 with
respect to the power-source frequency of the power, by varying the values of the
coupling coefficients ki, ko3, kss between coils constituting the power-supplying
module 2 and the power-receiving module 3.

[0097]

Further, the above structure enables adjustment of the coupling coefficients ki, ka3, K4
between coils of the power-supplying module 2 and the power-receiving module 3, by
varying the distances between coils. As such, the adjustment is possible with a simple
designing of varying the distances between coils.

[0098]

Further, in the above structure, the power-source frequency of the power supplied to
the power-supplying module 2 is set to a frequency band corresponding to a peak band
(f(High P)), out of the two peak bands of the transmission characteristic “S21”, on the
high frequency side. This enables formation of a magnetic field space G1 between the
power-supplying resonator 22 and the power-receiving resonator 32, the magnetic field
space G1 having a magnetic field strength smaller than the strength of the nearby
magnetic field.

[0099]

Further, in the above structure, the power-source frequency of the power supplied to

the power-supplying module 2 is set to a frequency band corresponding to a peak band
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(f(Low P)), out of the two peak bands of the transmission characteristic “S21”, on the
low frequency side. This enables formation of a magnetic field space G2 outside the
power-supplying resonator 22 and the power-receiving resonator 32, the magnetic field
space G2 having a magnetic field strength smaller than the strength of the nearby
magnetic field.

[0100]

(Manufacturing Method)

Next, the following describes with reference to FIG. 1 and FIG. 15 a design method
(design process) which is a part of manufacturing process of the wireless power
transmission apparatus 1. In the following description, an RF headset 102 and a
charger 101 are described as a portable device having the wireless power transmission
apparatus 1 (see FIG. 1).

[0101]

(Design Method)

First, as shown in FIG. 15, a power reception amount in the power-receiving module 3
is determined based on the capacity of the lithium ion secondary battery 9, and the
charging current required for charging the lithium ion secondary battery 9 (S1).

[0102]

Next, the distance between the power-supplying module 2 and the power-receiving
module 3 is determined (S2). The distance is the distance d23 between the
power-supplying resonator 22 and the power-receiving resonator 32, while the RF
headset 102 having therein the power-receiving module 3 is placed on the charger 101
having therein the power-supplying module 2, i.e., during the charging state. To be
more specific, the distance d23 between the power-supplying resonator 22 and the

power-receiving resonator 32 is determined, taking into account the shapes and the
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structures of the RF headset 102 and the charger 101.

[0103]

Further, based on the shape and the structure of the RF headset 102, the coil diameters
of the power-receiving coil 31 in the power-receiving module 3 and the coil of the
power-receiving resonator 32 are determined (S3).

[0104]

Further, based on the shape and the structure of the charger 101, the coil diameters of
the power-supplying coil 21 in the power-supplying module 2 and the coil of the
power-supplying resonator 22 are determined (S4).

[0105]

Through the steps of S2 to S4, the coupling coefficient K,z and the power transmission
efficiency between the power-supplying resonator 22 (coil L;) of the wireless power
transmission apparatus 1 and the power-receiving resonator 32 (coil Lj3) are
determined.

[0106]

Based on the power reception amount in the power-receiving module 3 determined in
S1 and on the power transmission efficiency determined through S2 to S4, the
minimum power supply amount required for the power-supplying module 2 is
determined (S5).

[0107]

Then, a range of the design values of the transmission characteristic “S21” with respect
to the power-source frequency in the power-supplying resonator 22 and the
power-receiving resonator 32 is determined, taking into account the power reception
amount in the power-receiving module 3, the power transmission efficiency, and the

minimum power supply amount required to the power-supplying module 2 (S6).
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[0108]

Further, setting values are determined such that, when the load in the target device 10;
i.e., the stabilizer circuit 7, the charging circuit 8, and the lithium ion secondary battery
9 is at its maximum value within its possible load fluctuation range, the input
impedance Zj, of the wireless power transmission apparatus 1 including the target
device 10, with respect to the power-source frequency of the power has at least two
peak bands(S7).

[0109]

With a design such that, when the load in the target device 10 is at its maximum value
within its load fluctuation range, the input impedance Zj, of the wireless power
transmission apparatus 1 including the target device 10, with respect to the
power-source frequency of the power has at least two peak bands, the degree of
freedom is improved as compared with a case of designing such that the input
impedance Zj, of the wireless power transmission apparatus 1 including the target
device 10 with respect to the power-source frequency, for the entire load fluctuation
range (or for some range within the load fluctuation range) predictable in the target
device 10.

[0110]

Then, final parameters related to the power-supplying coil 21, the power-supplying
resonator 22, the power-receiving resonator 32, and the power-receiving coil 31 are
determined so as to satisfy the design values determined in S5 and S7 (S8). The
parameters related to the power-supplying coil 21, the power-supplying resonator 22,
the power-receiving resonator 32, and the power-receiving coil 31 include: the
resistance value, inductance, capacity of capacitor, and the coupling coefficients Kj,

Kz, Ks4 in the Ry and L; of the RL circuit of the power-supplying coil 21, the Ry, Ly,
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and C, of the RLC circuit of the power-supplying resonator 22, the Rs, L3, and Cs of
the RLC circuit of the power-receiving resonator 32, and the R4 and L4 of the RLC
circuit of the power-receiving coil 31; the distance d12 between the power-supplying
coil 21 and the power-supplying resonator 22; and the distance between the
power-receiving resonator 32 and the power-receiving coil 31. It should be noted that
when an RLC circuit is adopted as the power-supplying coil 21 and the
power-receiving coil 31, the capacity of the capacitor in each RLC circuit also serves
as a parameter variable at the stage of designing and manufacturing.

[0111]

(Other Embodiments)

Although the above description of the manufacturing method deals with an RF headset
102 as an example, the method is applicable to any devices in which load fluctuation
takes place; e.g., tablet PCs, digital cameras, mobile phone phones, earphone-type
music player, hearing aids, and sound collectors.

[0112]

Although the above description deals with a wireless power transmission apparatus 1
configured to perform power transmission by means of magnetic coupling using a
resonance phenomenon (magnetic field resonant state) between resonators (coils)
provided to a power-supplying module 2 and a power-receiving module 3, the present
invention is applicable to a wireless power transmission apparatus 1 configured to
perform power transmission by using electromagnetic induction between coils.

[0113]

Further, although the above description assumes the wireless power transmission
apparatus 1 is mounted in a portable electronic device, the use of such an apparatus is

not limited to small devices. For example, with a modification to the specifications
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according to the required power amount, the wireless power transmission apparatus 1
iIs mountable to a relatively large system such as a wireless charging system in an
electronic vehicle (EV), or to an even smaller device such as a wireless endoscope for
medical use.

[0114]

Although the above descriptions have been provided with regard to the characteristic
parts so as to understand the present invention more easily, the invention is not limited
to the embodiments and the examples as described above and can be applied to the
other embodiments and examples, and the applicable scope should be construed as
broadly as possible. Furthermore, the terms and phraseology used in the specification
have been used to correctly illustrate the present invention, not to limit it. In addition, it
will be understood by those skilled in the art that the other structures, systems, methods
and the like included in the spirit of the present invention can be easily derived from
the spirit of the invention described in the specification. Accordingly, it should be
considered that the present invention covers equivalent structures thereof without
departing from the spirit and scope of the invention as defined in the following claims.
In addition, it is required to sufficiently refer to the documents that have been already
disclosed, so as to fully understand the objects and effects of the present invention.
Reference Signs List

[0115]

1. Wireless Power Transmission Apparatus

2. Power-Supplying Module

3. Power-Receiving Module

6. AC Power Source

7. Stabilizer Circuit
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8. Charging Circuit

9. Lithium lon Secondary Battery

10. Target Device (Device to be Powered)
21. Power-Supplying Coil

22. Power-Supplying Resonator

31. Power-Receiving Coil

32. Power-Receiving Resonator

101. Charger

102. RF Headset

G1, G2. Magnetic Field Space
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Claims:
1. A wireless power transmission apparatus, configured to
supply power from a power-supplying module to a power-receiving module by varying
a magnetic field, the power-supplying module comprising at least a power-supplying
resonator, the power-receiving module comprising at least a power-receiving resonator,
the power-receiving module connected to a device to be powered with variable load,
wherein

a transmission characteristic, of the power-supplying resonator and the
power-receiving resonator, with respect to the power-source frequency of the power
has two peak bands, and the power-source frequency of the power supplied to the
power-supplying module is set to a power-source frequency band corresponding to
either one of the two peak bands of the transmission characteristic, and

setting is carried out so that, when the load in the device to be powered is at its
maximum value within its load fluctuation range, the input impedance of the wireless
power transmission apparatus including the device to be powered, with respect to the

power-source frequency of the power has at least two peak bands.

2. The wireless power transmission apparatus according to claim 1, wherein
element values of a plurality of circuit elements constituting the
power-supplying module and the power-receiving module are used as parameters, and
the parameters are varied so that the transmission characteristic with respect to the
power-source frequency of the power in the power-supplying resonator and the
power-receiving resonator has two peak bands, and that the input impedance of the
wireless power transmission apparatus including the device to be powered with respect

to the power-source frequency of the power has two peak bands.
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3. The wireless power transmission apparatus according to claim 1, wherein
coupling coefficients between coils of the power-supplying module and the
power-receiving module are adjusted so that the transmission characteristic with
respect to the power-source frequency of the power in the power-supplying resonator
and the power-receiving resonator has two peak bands, and that the input impedance of
the wireless power transmission apparatus including the device to be powered with

respect to the power-source frequency of the power has two peak bands.

4. The wireless power transmission apparatus according to claim 3, wherein
the values of the coupling coefficients between the coils of the
power-supplying module and the power-receiving module are adjusted by varying

distances between the coils.

5. The wireless power transmission apparatus according to claim 1, wherein
the power-source frequency of the power supplied to the power-supplying
module is set to a frequency band corresponding to a peak band, out of the two peak

bands of the transmission characteristic, on the high frequency side.

6. The wireless power transmission apparatus according to claim 1, wherein
the power-source frequency of the power supplied to the power-supplying module is
set to a frequency band corresponding to a peak band, out of the two peak bands of the

transmission characteristic, on the low frequency side.

7. A manufacturing method of a wireless power transmission apparatus
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configured to supply power from a power-supplying module to a power-receiving
module by varying a magnetic field, the power-supplying module comprising at least a
power-supplying resonator, the power-receiving module comprising at least a
power-receiving resonator, the power-receiving module connected to a device to be
powered with variable load, the method comprising:

carrying out setting so that a transmission characteristic with respect to the
power-source frequency of the power, in the power-supplying resonator and the
power-receiving resonator, has two peak bands; and

carrying out setting so that, when the load in the device to be powered is at its
maximum value within its load fluctuation range, the input impedance of the wireless
power transmission apparatus including the device to be powered with respect to the

power-source frequency of the power has at least two peak bands.
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