DESCRIPTION

Title of Invention: WIRELESS POWER TRANSMISSION DEVICE
Technical Field

[0001]

The present invention relates to a wireless power transmission
apparatus configured to supply power from a power-supplying
modulle to a power-receiving module utilizing a resonance
phenomenon.

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 have
rapidly increased iIn 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 of such an electronic device,
there are an increasing number of devices for charging
rechargeable batteries by using a power-supplying technology
that performs wireless power transmission between a
power-supplying module and a power-receiving module mounted
in the electronic device (wireless power transmission
technology performing power transmission by varying the

magnetic field).



[0003]

As a wireless power transmission technology, there have been
known, Tfor example, a technology that performs power
transmission by means of electromagnetic induction between
coils (e.g. see Patent Literature 1), a technology that
performs power transmission by coupling magnetic fields by
means of a resonance phenomenon (magnetic field resonant state)
between resonators (coils) provided to the power-supplying
device (power-supplying module) and the power-receiving device
(power-receiving module)(e.g. see Patent Literature 2).
[0004]

For example, to performwireless power transmission by coupling
magnetic fFields utilizing resonance phenomenon (magnetic field
resonant state) between the resonators (coils) of the
power-supplying module and the power-receiving module, the
power-receiving module needs to be brought close to the
power-supplying module so that they are within a distance
(power-suppliable region) that enables power supply from the
power-supplying module to the power-receiving modulle. 1T,
during such usage, a metal foreign object i1s placed in the
vicinity of the power-supplying module, the metal foreign
object i1s influenced by the magnetic field, and an eddy current
IS induced. IT an eddy current i1s Induced, excessive heat may
occur in the metal foreign object and/or the power-supplying

module.



[0005]

A suggested measure to address this issue is to provide a
detector (sensor and the like) to the power-supplying module
or the power-receiving module to detect various changes caused
by arranging the power-supplying module and the
power-receiving module within the power-suppliable region, and
to determine whether there is a metal foreign object in the
vicinity of the power-supplying module based on a detection
result from the detector.

[0006]

For example, Patent Literature 3 describes that a detector
(current/voltage detector 113) is provided to a
power-supplying device (power-supplying module) of a
power-supplying system, an impedance is obtained based on the
value of current/voltage measured by the detector, and
variation in this impedance (an amount of increase iIn the
impedance and the like: see paragraph [0048] and the like) 1is
compared with a pre-set threshold value to determine whether
there 1s a foreign object (metal foreign object).

Citation List

Patent Literature

[0007]
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Patent Literature 2: Japanese Unexamined Paten Publication No.
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6289572013

Summary of Invention

Technical Problem

[0008]

However, there is a possibility that the variation in impedance
is not explicitly observed depending on the type or size of
the foreign object (metal foreign object).

[0009]

Thus, in the present invention, attention is paid to a magnetic
field space which has a lower magnetic field strength than that
of nearby portions and which is formed by a resonance phenomenon
occurring between a power-supplying modulle and the
power-receiving module during power supply, and there is
provided a wireless power transmission apparatus capable of
determining whether there i1s an anomaly in power supply by
detecting a magnetic field strength in a space where the above
magnetic field space i1s formed.

Solution to Problem

[0010]

According to an aspect of the iInvention to solve the above
problem, there is provided a wireless power transmission
apparatus including: a power-supplying module configured to
supply power to a power-receiving module by means of a resonance

phenomenon which is established between the power-supplying



modulle and the power-receiving module so that a magnetic field
space having a lower magnetic field strength than that of nearby
portions is formed;

a magnetic field detector which is disposed at a position where
the magnetic field space is formed and which is configured to
detect the magnetic field strength; and

a determination control device configured to determine whether
there is an anomaly in power supply to the power-receiving
modulle based on a value of the magnetic field strength detected
by the magnetic field detector.

[0011]

With the above structure, a magnetic field generated around
the power-supplying module and a magnetic field generated
around the power-receiving module cancel each other out when
power is supplied from the power-supplying module to the
power-receiving modulle utilizing the resonance phenomenon, and
thereby the magnetic field space having a lower magnetic field
strength than that of nearby portions is formed in the vicinity
of the power-supplying module and the power-receiving module.
The magnetic field strength of the magnetic field i1s detected
using the magnetic field detector disposed in the magnetic
field space, and based on the value of the detected magnetic
field strength, an anomaly In power supply is detected. Thus,
it is possible to achieve safe power supply while preventing

an increase iIn size of the wireless power transmission



apparatus.

[0012]

According to another aspect of the invention, the wireless
power transmission apparatus 1is arranged so that the
determination control device is configured to stop power supply
to the power-supplying module when determining that there is
an anomaly in the power supply.

[0013]

With the above structure, when an anomaly in power supply is
detected, power supply to the power-supplying module is stopped,
and thereby occurrence of malfunction due to abnormal power
supply is prevented.

[0014]

According to another aspect of the i1nvention, the wireless
power transmission apparatus further includes a reporting
device configured to give a report to an outside, and is arranged
so that when the determination control device determines that
there i1s an anomaly in the power supply, the determination
control device controls the reporting device to report the
anomaly In the power supply.

[0015]

With the above structure, when an anomaly In power supply is
detected, the anomaly i1s reported to the outside using the
reporting device.

[0016]



According to another aspect of the invention, the wireless
power transmission apparatus 1is arranged so that: the
power-supplying module and the power-receiving module
respectively include at least a power-supplying resonator and
a power-receiving resonator which resonate with each other at
a predetermined resonance frequency; and

a power-source frequency of a power source is set to a frequency
higher than the resonance frequency so that current in the
power-supplying resonator and current In the power-receiving
resonator flow In directions opposite to each other during
power supply by means of the resonance phenomenon from the
power-supplying resonator to the power-receilving resonator.
[0017]

In the above-described structure, the coupling coefficient
indicating the strength of coupling between the
power-supplying resonator and the power-receiving resonator
iIs Increased when the magnetic field space having a lower
magnetic field strength than that of nearby portions is formed.
When a transmission characteristic "'S21" (which is an iIndex
of the power transmission efficiency in the power transmission
from the power-supplying module to the power-receiving module)
i1s analyzed while the coupling coefficient i1s high as above,
the analyzed waveform of the transmission characteristic ""S21"
has separate peaks; one on the low frequency side and another

on the high frequency side. By setting a power-source frequency



of the power source to the frequency on the high frequency side,
the current In the power-supplying resonator and the current
in the power-receiving resonator flow in directions opposite
to each other. With this, as the magnetic field generated on
the inner circumference side of the power-supplying module
(inside with respect to a radial direction of the module) and
the magnetic field generated on the inner circumference side
of the power-receiving module cancel each other out, the
influence of the magnetic fields is reduced, and thereby the
magnetic field space having a lower magnetic field strength
than that of nearby portions is formed on the 1nner
circumference side of the power-supplying resonator. Further,
the magnetic Tield detector 1is disposed on the 1nner
circumference side of the power-supplying resonator where the
magnetic Field space 1s formed, and thereby, the space on the
inner circumference side of the power-supplying resonator is
effectively utilized, leading to downsizing of the wireless
power transmission apparatus.

[0018]

According to another aspect of the i1nvention, the wireless
power transmission apparatus 1s arranged so that: the
power-supplying module and the power-receiving module
respectively include at least a power-supplying resonator and
a power-receiving resonator which resonate with each other at

a predetermined resonance frequency; and



a power-source frequency of a power source is set to a frequency
lower than the resonance frequency so that current in the
power-supplying resonator and current In the power-receiving
resonator flow in a same direction during power supply by means
of the resonance phenomenon from the power-supplying resonator
to the power-receiving resonator.

[0019]

In the above-described structure, the coupling coefficient
indicating the strength of coupling between  the
power-supplying resonator and the power-receiving resonator
iIs Increased when the magnetic field space having a lower
magnetic field strength than that of nearby portions is formed.
When the transmission characteristic ""'S21" (which is an 1ndex
of the power transmission efficiency in the power transmission
from the power-supplying module to the power-receiving module)
is analyzed while the coupling coefficient i1s high as above,
the analyzed waveform of the transmission characteristic ""S21"
has separate peaks; one on the low frequency side and another
on the high frequency side. By setting a power-source frequency
of the power source to the frequency on the low frequency side,
the current i1n the power-supplying resonator and the current
in the power-receiving resonator flow in the same direction.
With this, as the magnetic field generated on the outer
circumference side of the power-supplying module and the

magnetic field generated on the outer circumference side of



the power-receiving module cancel each other out, the influence
of the magnetic fields is reduced, and thereby the magnetic
field space having a lower magnetic field strength than that
of nearby portions is formed on the outer circumference side
of the power-supplying resonator. Further, the magnetic field
detector is disposed on the outer circumference side of the
power-supplying resonator where the magnetic field space is
formed, and thereby, the space on the outer circumference side
of the power-supplying resonator is effectively utilized,
leading to downsizing of the wireless power transmission
apparatus.

[0020]

According to another aspect of the i1nvention, the wireless
power transmission apparatus iIs arranged so that the magnetic
field detector i1s a Hall-effect magnetic sensor.

[0021]

In the above structure, the Hall-effect magnetic sensor is used
as the magnetic field detector. This makes i1t possible to detect
the magnetic field strength with high accuracy and to downsize
the wireless power transmission apparatus because the
Hall-effect magnetic sensor is small in size.

[0022]

According to another aspect of the i1nvention, the wireless
power transmission apparatus is arranged so that the magnetic

field detector is a coil.
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[0023]

In the above structure, the coil i1s used as the magnetic field
detector, and thereby the production cost of the wireless power
transmission apparatus is reduced. It is possible to change
the size of the coil (such as the diameter, thickness, number
of turns, and wire diameter of the coil) to some extent. This
enables the size of the coil to be adjusted depending on the
size of and/or the space iIn the wireless power transmission
apparatus.

[0024]

According to another aspect of the invention, the wireless
power transmission apparatus 1s arranged so that: the
power-supplying resonator includes a coil; and

the magnetic field detector is disposed between a central axis
of the coil and an inner circumferential surface of the coil,
and closer to the i1nner circumferential surface of the coil
rather than the central axis of the coil.

[0025]

With the above structure, the sensitivity to detect the
magnetic field strength i1s enhanced by disposing the magnetic
Tield detector closer to the 1nner circumferential surface of
the coil of the power-supplying resonator rather than the coil
central axis of the power-supplying resonator, as compared with
the case where the magnetic field detector is disposed at a

position along the coil central axis of the power-supplying
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resonator.

[0026]

According to another aspect of the invention, the wireless
power transmission apparatus is arranged so that the magnetic
field detector is disposed at a position along the inner
circumferential surface of the coil.

[0027]

With the above structure, the sensitivity to detect the
magnetic field strength is further enhanced by disposing the
magnetic Tield detector at a position along the 1nner
circumferential surface of the coil of the power-supplying
resonator.

[0028]

According to another aspect of the i1nvention, the wireless
power transmission apparatus iIs arranged so that: each of the
power-supplying resonator and the power-receiving resonator
includes a coil; and

the magnetic fTield detector 1s disposed on an 1nner
circumference side of the coil of power-supplying resonator,
and closer to a facing portion of the coil of the power-supplying
resonator which faces the coil of the power-receiving resonator
than the other portion of the coil of the power-supplying
resonator which does not face the coil of the power-receiving
resonator.

[0029]

12



With the above structure, the sensitivity to detect the
magnetic field strength is further enhanced by disposing the
magnetic Field detector on the inner circumference side of the
coil of the power-supplying resonator, and closer to the facing
portion of the coil of the power-supplying resonator which
faces the coil of the power-receiving resonator than the other
portion thereof which does not face the coil of the
power-receiving resonator, as compared with the case where the
magnetic field detector is disposed closer to the other portion
which does not face the coil of the power-receiving resonator.
[0030]

According to another aspect of the i1nvention, the wireless
power transmission apparatus iIs arranged so that the magnetic
field detector is disposed at a position on a plane defined
by the facing portion of the coil of the power-supplying
resonator which faces the coil of the power-receiving
resonator.

[0031]

With the above structure, the sensitivity to detect the
magnetic field strength i1s further enhanced by disposing the
magnetic field detector at a position on the plane defined by
the facing portion of the coil of the power-supplying resonator
which faces the coil of the power-receiving resonator.
[0032]

According to another aspect of the invention, the wireless

13



power transmission apparatus 1is arranged so that: the
power-supplying resonator includes a coil;

the magnetic field detector is a Hall-effect magnetic sensor
configured to detect the magnetic field strength by using Hall
effect to a thin plate-like semiconductor included therein;
and

the Hall-effect magnetic sensor is disposed so that the thin
plate-like semiconductor is oriented orthogonal to a direction
of the central axis of the coil of the power-supplying resonator,
on an inner circumference side of the coil of the
power-supplying resonator.

[0033]

With the above structure, the sensitivity to detect the
magnetic Tfield strength 1is enhanced by disposing the
Hall-effect magnetic sensor so that the thin plate-like
semiconductor i1s oriented orthogonal to the direction of the
central axis of the coil of the power-supplying resonator, on
the inner circumference side of the coil of the power-supplying
resonator.

Advantageous Effects of Invention

[0034]

Paying attention to a magnetic field space which has a lower
magnetic field strength than that of nearby portions and which
is formed by a resonance phenomenon occurring between a

power-supplying module and the power-receiving modulle during
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power supply, there is provided a wireless power transmission
apparatus capable of determining whether there is an anomaly
in power supply by detecting a magnetic field strength iIn a
space where the above magnetic field space is formed.

Brief Description of Drawings

[0035]

[FIG. 1] FIG.1 is an explanatory diagram of a charger having
a power-supplying module mounted therein and awireless headset
having a power-receiving module mounted therein.

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

[FIG. 3] FIG. 3 i1s an explanatory diagram illustrating the
wireless power transmission apparatus, iIn the form of an
equivalent circuit.

[FI1G. 4] FIG. 4 i1s an explanatory diagram 1llustrating a case
where a transmission characteristic S21 between resonators has
two peaks.

[FI1G. 5] FIG. 5 1s an explanatory diagram of the wireless power
transmission apparatus connected to a network analyzer.
[FIG. 6] FIG. 6 is a magnetic fTield vector diagram iIn an
antiphase resonance mode.

[FI1G. 7] FIG. 7 is amagnetic field vector diagram in an inphase
resonance mode.

[FI1G. 8] FIG. 8 is an explanatory diagram illustrating a state

where normal charging is performed between the power-supplying
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modulle and the power-receiving module (normal charging state).
[FIG. 9] FIG. 9 is an explanatory diagram illustrating the
charger in a standby state.

[FI1G. 10] FIG. 10 is an explanatory diagram illustrating a state
where a metal foreign object is placed in the vicinity of the
charger (abnormal state).

[FIG. 11] FIG. 11 is a block diagram of the wireless power
transmission apparatus (in the normal charging state) used in
measurement experiments.

[FIG. 12] FIG. 12 is a block diagram of the wireless power
transmission apparatus (in the standby state) used iIn the
measurement experiments.

[FIG. 13] FIG. 13 1s a block diagram of the wireless power
transmission apparatus (in the abnormal state) used iIn the
measurement experiments.

[FIG. 14] FIG. 14 is an explanatory diagram of detection
voltages detected by a Hall-effect magnetic sensor.

[FIG. 15] FIG. 15 is a table showing measurement results of
Measurement Experiment 1.

[FIG. 16] FIG. 16 is an explanatory diagram of detection
voltages detected by a magnetism detecting coil.

[FIG. 17] FIG. 17 is a table showing measurement results of
Measurement Experiment 2.

[FIG. 18] FIG. 18 is a fTlowchart describing a power-supply

operation flow executed by a determination control device.
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[FIG. 19] FIG. 19 is an explanatory diagram of the wireless
power transmission apparatus (in the standby state) used iIn
Measurement Experiments 4 and 5.

[FIG. 20] FIG. 20 is an explanatory diagram of the wireless
power transmission apparatus (in the normal charging state)
used In Measurement Experiments 4 and 5.

[FIG. 21] FIG. 21 is an explanatory diagram of the wireless
power transmission apparatus (in the abnormal state) used in
Measurement Experiments 4 and 5.

[FIG. 22] FIG. 22 1i1s an explanatory diagram illustrating
positions where the Hall-effect magnetic sensor is disposed.
[FIG. 23] FIG. 23 is an explanatory diagram illustrating
upright and flat orientations of the Hall-effect magnetic
sensor.

[FIG. 24] FIG. 24 i1s a graphical representation showing
measurement results of Measurement Experiment 3.

[FIG. 25] FIG. 25 i1s a graphical representation showing
measurement results of Measurement Experiment 3.

[FIG. 26] FIG. 26 1i1s a graphical representation showing
measurement results of Measurement Experiment 3.

[FIG. 27] FIG. 27 1is a graphical representation showing
measurement results of Measurement Experiment 4.
Description of Embodiments

[0036]

The Tfollowing describes a wireless power transmission

17



apparatus 1 of the present invention, which is used for wireless
power transmission.

[0037]

(Embodiment)

The wireless power transmission apparatus 1 is configured to
form a magnetic field space G1 (G2) having a lower magnetic
field strength than that of nearby portions, and the apparatus
1 includes, as essential components, a power-supplying module
2 including a power-supplying resonator 22, and a
power-receiving module 3 including a power-receiving resonator
32. In this embodiment, a charger 101 having the
power-supplying module 2 mounted therein and awireless headset
102 having the power-receiving module 3 mounted therein will
be described, as an example of the wireless power transmission
apparatus 1. FIG. 1 1llustrates the charger 101 and the wireless
headset 102 at the time of charging. FIG. 2 1s a block diagram
il lustrating the structure of the wireless power transmission
apparatus 1. FIG. 3 1s an explanatory diagram illustrating the
power-supplying module 2 and the power-receiving module 3, In
the form of an equivalent circuit.

[0038]

(Structures of Charger 101 and Wireless Headset 102)

As shown 1n FIG. 1 and FIG. 2, the charger 101 includes the
power-supplying module 2 having a power-supplying coil 21 and

the power-supplying resonator 22. The wireless headset 102
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includes: an earphone speaker unit 102a; and the
power-receiving module 3 having a power-receiving coil 31 and
the power-receiving resonator 32.

[0039]

The power-supplying coil 21 of the power-supplying module 2
IS connected to a power source circuit 5 structured by an
oscillation circuit (e.g., an inverter circuit) and the like.
The oscillation circuit is configured to set a power-source
frequency of the power to be supplied from an outside power
source 6 to the power-supplying module 2 to a predetermined
value. On an inner circumference side of the power-supplying
resonator 22, disposed i1s a magnetic fTield detector 11
configured to detect a magnetic field strength. The magnetic
field detector 11 is connected to a determination control
device 4. The determination control device 4 i1s connected to
the power source circuit 5. The determination control device
4 is also connected to a reporting device 12.

[0040]

The power-receiving coil 31 of the power-receiving module 3
IS connected to a secondary battery 9 via a stabilizer circuit
7 configured to rectify AC power received and a charging circuit
8 configured to prevent overcharge. As shown in FIG. 2, the
stabilizer circuit 7, the charging circuit 8, and the secondary
battery 9 are disposed on the inner circumference side of the

power-receiving resonator 32, where the later-described
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magnetic field space Gl is formed. Further, as shown in FIG.
1 and FIG. 2, the stabilizer circuit 7, the charging circuit
8, and the secondary battery 9 of the present embodiment
constitute a power-supplied device 10 which is the final
destination of the supplied power. The power-supplied device
10 i1s used to collectively indicate the devices of the final
destination to which the power-receiving module 3 is connected.
A set of the power-supplying module 2 and the power-receiving
modulle 3 is the wireless power transmission apparatus 1.
[0041]

The charger 101 has a not-shown accommodation groove for
accommodating the wireless headset 102, which has a shape
corresponding to the shape of the wireless headset 102. When
the wireless headset 102 1Is accommodated in the accommodation
groove of the charger 101, the wireless headset 102 is
positioned In such a manner that the power-supplying module
2 of the charger 101 and the power-receiving module 3 of the
wireless headset 102 face each other.

[0042]

The power-supplying coil 21 plays a role of supplying power
obtained from the power source 6 via the power source circuit
5, to the power-supplying resonator 22 by means of
electromagnetic induction. As shown 11n FIG. 3, the
power-supplying coil 21 is constituted by an RLC circuit whose

elements include a resistor R;, a coil L;, and a capacitor C;.
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As the coil L;, a solenoid coil is used. 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 RLC circuit (circuit element) constituting the
power-supplying coil 21, which includes the resistor R;, the
coil L;, and the capacitor C;. Further, the current that flows
in the power-supplying coil 21 is I;.

[0043]

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 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, i1s constituted by an RLC circuit whose elements include
a resistor R4, a coil Ls, and a capacitor C,. As the coil L4,
asolenoidcoil 1sused. The total impedance ofacircuitelement
constituting the power-receiving coil 31 1s Z;. In the present
embodiment, the Z, i1s the total impedance of the RLC circuit
(circuit element) constituting the power-receiving coil 31,
which includes the resistor R4, the coil L;, and the capacitor
C4. The total impedance of the power-supplied device 10 (the
stabilizer circuit 7, the charging circuit 8, and the secondary

battery 9) connected to the power-receiving coil 31 is Z..
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Further, the current that flows in the power-receiving coil
31 is 1,. However, as shown in FIG. 3, the total load impedance
of the power-supplied device 10 (the stabilizer circuit 7, the
charging circuit 8, and the secondary battery 9) connected to
the power-receiving coil 31 is implemented in the form of a
resistor R_ (corresponding to Z,) for the sake of convenience.
[0044]

As shown in FIG. 3, the power-supplying resonator 22 1is
constituted by an RLC circuit whose elements include a resistor
R., 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 Rz, a coil L3, and
a capacitor Cz;. 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 i1n a resonance frequency band. The total Impedance of
a circuit element constituting the power-supplying resonator
22 1s 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 Ry,
the coil L,, and the capacitor C,. The total iImpedance of a
circuit element constituting the power-receiving resonator 32

iIs Z3. In the present embodiment, the Z; is the total impedance
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of the RLC circuit (circuit element) constituting the
power-receiving resonator 32, which includes the resistor Rs,
the coil Lz, and the capacitor Cs;. Further, the current that
flows in the power-supplying resonator 22 is I,, and the current
that flows iIn the power-receiving resonator 32 is Is.
[0045]

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 O which is derived
from (Formula 1) below, where the inductance is L and the
capacity of capacitor is C.

[Equation 1]

e
27a~NLC ... (Formula 1)

[0046]

As each of the power-supplying resonator 22 and the
power-receiving resonator 32, a solenoid coil is used. The
resonance frequency of the power-supplying resonator 22 and
that of the power-receiving resonator 32 are matched with each
other. Each of the power-supplying resonator 22 and the
power-receiving resonator 32 may be a spiral coil or a solenoid
coil as long as it 1s a resonator using a coil.

[0047]

The distance between the power-supplying coil 21 and the

power-supplying resonator 22 is d12, the distance between the
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power-supplying resonator 22 and the power-receiving resonator
32 is d23, and the distance between the power-receiving
resonator 32 and the power-receiving coil 31 is d34 (see FIG.
5).

[0048]

Further, as shown in FIG. 3, the mutual inductance between the
coil L; of the power-supplying coil 21 and the coil L, of the
power-supplying resonator 22 is Mi;, the mutual inductance
between the coil L, of the power-supplying resonator 22 and
the coil L3 of the power-receiving resonator 32 is My3, and the
mutual inductance between the coil L3 of the power-receiving
resonator 32 and the coil L, of the power-receiving coil 31
IS M. Further, in the power-supplying module 2 and the
power-receiving module 3, a coupling coefficient between the
coil L; and the coil L, 1s denoted as K;», a coupling coefficient
between the coil L, and the coil L; is denoted as Ky, and a
coupling coefficient between the coil Lz and the coil L; is
denoted as Kaia-

[0049]

In the present embodiment, the magnetic field detector 11 is
disposed on the 1nner circumference side of the power-supplying
resonator 22, for which the solenoid coil is used, of the
power-supplying module 2. This is where the later-described
magnetic field space G1 is formed. As the magnetic field

detector 11, a Hall-effect magnetic sensor is used. A change
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in measured voltage can be regarded as a change In the magnetic
field strength (because the measured voltage is proportional
to the magnetic field strength). As the magnetic field detector
11, a coil (e.g., a solenoid coil) may be used.

[0050]

The determination control device 4 1is structured by, for
example, a microcomputer, a storage device, and the like. The
determination control device 4 has a function of determining
whether there 1is an anomaly 1In power supply to the
power-receiving module based on the value of the voltage
detected by the magnetic Tfield detector 11. Then, the
determination control device 4 controls the power source
circuit 5 so as to stop the power supply to the power-supplying
modulle 2 when determining that there is an anomaly In the power
supply. To be more specific, when determining that there is
an anomaly i1n the power supply, the determination control
device 4 transmits a control signal to control the power source
circuit 5, thereby to stop the power supply to the
power-supplying module 2.

[0051]

Further, the determination control device 4 transmits a
detection signal to the power source circuit 5 after a
predetermined time interval (this predetermined time interval
is freely settable). Upon reception of the detection signal,

the power source circuit 5 temporarily supplies power to the
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power-supplying module 2, for a short time. With this, power
is temporarily supplied to the power-supplying module 2, to
create a magnetic field in the vicinity of the power-supplying
resonator 22, which enables the magnetic field detector 11 to
detect the magnetic field strength.

[0052]

The reporting device 12 is not limited as long as It is
configured to report the state of the wireless power
transmission apparatus 1 to the outside. Examples of the
reporting device 12 include an alarm, an LED lamp, a display,
and the Ulike. When the determination control device 4
determines that there i1s an anomaly in the power supply, the
anomaly i1n the power supply is reported to the outside by the
reporting device 12. For example, if the alarm is employed,
the anomaly 1s reported by warning sound. If the LED lamp 1is
employed, the anomaly 1s reported by turning on and/or blinking
the lamp in a warning color. If the display i1s employed, the
anomaly i1s reported by displaying a warning message on the
display.

[0053]

With the wireless power transmission apparatus 1 (the
power-supplying module 2 and the power-receiving module 3),
a magnetic field resonant state (resonance phenomenon) 1is
created between the power-supplying resonator 22 and the

power-receiving resonator 32. The magnetic field resonant
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state created by having the power-supplying resonator 22 and
the power-receiving resonator 32 resonate with each other
enables power to be transmitted from the power-supplying
resonator 22 to the power-receiving resonator 32 as magnhetic
field energy. Thus, the power is transmitted wirelessly from
the charger 101 having the power-supplying module 2 to the
wireless headset 102 having the power-receiving module 3, and
the secondary battery 9 provided in the wireless headset 102
is charged.

[0054]

(Formation of Magnetic Field Space)

In the present embodiment, the magnetic field space Gl with
weakened magnetic field strength is formed to decrease the
strength of the magnetic field generated inside and around the
power-supplying module 2 and the power-receiving module 3.
Specifically as shown in FIG. 2, 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 the resonance phenomenon,
the magnetic field space G1 having a lower magnetic field
strength than that of nearby portions is formed in the vicinity
of the power-supplying resonator 22 and the power-receiving
resonator 32. The reason why the magnetic field space Gl is
formed is to arrange the stabilizer circuit 7, the charging

circuit 8, the secondary battery 9, and the like, which are
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desired to have less influence of the magnetic field, in this
magnetic Field space G1 having a lower magnetic field strength
than that in nearby portions. Thereby, occurrence of eddy
current attributed to the magnetic field iIs restrained or
prevented. This restrains negative effects due to generation
of heat, to the stabilizer circuit 7, the charging circuit 8,
the secondary battery 9, and the like.

[0055]

To form the magnetic field space G1, G2, setting is made so
that: a graphical representation showing a transmission
characteristic “S21” between the power-supplying resonator 22
and the power-receiving resonator 32 relative to the
power-source frequency has two peak portions, as shown in FIG.
4; and the power-source frequency of the power supplied to the
power-supplying module corresponds to either one of the two
peak portions. In the present embodiment, as shown in FIG. 2,
to form the magnetic field space G1 between the power-supplying
resonator 22 and the power-receiving resonator 32, the
power-source frequency iIs set so as to correspond to the higher
peak portion (f (High P)) which is on the higher frequency side
between the two peak portions. If, It is desired to form the
magnetic field space G2 outside the power-supplying resonator
22 and the power-receiving resonator 32 (see FIG. 7), the
power-source frequency is set to correspond to the lower peak

portion (f (Low P)) which is on the lower frequency side between
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the two peak portions.

[0056]

The transmission characteristic "'S21” is formed of signals
measured by a network analyzer 110 (e.g., E5061B produced by
Agilent Technologies, Inc., see FIG. 5) connected to the
wireless power transmission apparatus 1 (the power-supplying
modulle 2 and the power-receiving module 3), and is indicated
in decibel. The greater the value is, the higher the power
transmission efficiency is. Further, the power transmission
efficiency means a ratio of the power output to an input terminal
112 to the power supplied from an output terminal 111 to the
power-supplying module 2, while the wireless power
transmission apparatus 1 i1s connected to the network analyzer
110.

[0057]

Specifically, as shown in FIG. 5, using the network analyzer
110, the transmission characteristic 'S21" between the
power-supplying resonator 22 and the power-receiving resonator
32 relative to the power-source frequency is analyzed for
various power-source frequencies of the AC power supplied to
the power-supplying resonator 22. In this regard, as shown in
the graphical representation of FIG. 4, the horizontal axis
indicates the power-source frequency of the AC power output
from the output terminal 111, and the vertical axis iIndicates

the transmission characteristic '"'S21" . Now, In measurement for
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the  transmission characteristic  “S21~ between  the
power-supplying resonator 22 and the power-receiving resonator
32, if coupling between the power-supplying coil 21 and the
power-supplying resonator 22 is strong, it influences the
coupling state between the power-supplying resonator 22 and
the power-receiving resonator 32, which makes it impossible
to accurately perform measurement for the transmission
characteristic “S21” between the power-supplying resonator 22
and the power-receiving resonator 32. Therefore, the distance
d12 between the power-supplying coil 21 and the power-supplying
resonator 22 has to be kept so that: the power-supplying
resonator 22 is fully excited; a magnetic field is generated
by the power-supplying resonator 22; and the coupling between
the power-supplying coil 21 and the power-supplying resonator
22 1s as weak as possible. For the same reason, the distance
d34 between the power-receiving resonator 32 and the
power-receiving coil 31 has to be kept so that: the
power-receiving resonator 32 is fully excited; a magnetic field
IS generated by the power-receiving resonator 32; and the
coupling between the power-receiving resonator 32 and the
power-receiving coil 31 i1s as weak as possible. Further,
setting is made so that the analyzed waveform obtained by
analyzing the transmission characteristic “S21” between the
power-supplying resonator 22 and the power-receiving resonator

32 has the two peak portions as shown in FIG. 4: the lower peak
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portion (f (Low P)) formed on the lower frequency side; and
the higher peak portion (f (High P)) formed on the higher
frequency side.

[0058]

The above-described analyzed waveform of the transmission
characteristic “S21” between the power-supplying resonator 22
and the power-receiving resonator 32 having the two separate
peak portions respectively on the lower frequency side and the
higher frequency side is realized by: adjusting the distance
d23 between the power-supplying resonator 22 and the
power-receiving resonator 32; and/or adjusting variable
parameters constituting the power-supplying resonator 22 and
the power-receiving resonator 32. Such variable parameters
include: the resistance value, 1inductance, capacity of
capacitor, and coupling coefficients Ky; In the R, L, and C;
of the RLC circuit of the power-supplying resonator 22, and
the R3, L3, and C3; of the RLC circuit of the power-receiving
resonator 32.

[0059]

When, on an assumption that the analyzed waveform of the
transmission characteristic “S21” between the power-supplying
resonator 22 and the power-receiving resonator 32 has the two
peak portions, the power-source frequency of the AC power
supplied is set to the higher peak portion (f (High P)) formed

on the higher frequency side, the power-supplying resonator
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22 and the power-receiving resonator 32 are resonant with each
other iIn antiphase, and the current (22A) 1iIn the
power-supplying resonator 22 and the current (32A) in the
power-receiving resonator 32 flow in directions 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 1i1nner 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 that in positions
not on the inner circumference side of the power-supplying
resonator 22 and the power-receiving resonator 32 (e.g., the
magnetic field strength on the outer circumference side of the
power-supplying resonator 22 and the power-receiving resonator
32) is formed on the 1inner circumference side of the
power-supplying resonator 22 and the power-receiving resonator
32, as the influence of the magnetic fields i1s reduced. Note
that the resonance state 1i1n which the current in the
power-supplying resonator 22 and the -current 1iIn the
power-receiving resonator 32 flow in directions opposite to
each other i1s referred to as an antiphase resonance mode.
[0060]

Meanwhile, when, on the assumption that the analyzed waveform

of the transmission characteristic ““S21” between the
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power-supplying resonator 22 and the power-receiving resonator
32 has the two peak portions, the power-source frequency of
the AC power supplied is set to the lower peak portion (f (Low
P)) formed on the lower frequency side, the power-supplying
resonator 22 and the power-receiving resonator 32 are resonant
with each other iIn inphase, and the current (22A) in the
power-supplying resonator 22 and the current (32A) in the
power-receiving resonator 32 flow in the same direction, as
shown in FIG. 7. As a result, as shown in the magnetic field
vector diagram in FIG. 7, 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 that In positions not on the outer
circumference side of the power-supplying resonator 22 and the
power-receiving resonator 32 (e.g., the magnetic Tield
strength on the inner circumference side of the power-supplying
resonator 22 and the power-receiving resonator 32) is formed
on the outer circumference side of the power-supplying
resonator 22 and the power-receiving resonator 32, as the
influence of the magnetic fields is reduced. Note that the
resonance state iIn which the current in the power-supplying
resonator 22 and the current in the power-receiving resonator

32 both flow in the same direction is referred to as an inphase
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resonance mode.

[0061]

(Detection of Magnetic Field Strength Utilizing Formation of
Magnetic Field Space)

As described above, iIn the wireless power transmission
apparatus 1 having the above structure, the power-supplying
resonator 22 and the power-receiving resonator 32 create the
magnetic field resonant state, and thereby the magnetic field
space Gl1, G2 is formed when wireless power transmission iIs
performed. That is to say, the magnetic field space G1, G2 is
formed in the situation where charging is possible from the
charger 101 to the secondary battery 9 included in the wireless
headset 102.

[0062]

Thus, in the present application, the magnetic field detector
11 is disposed at the position where the magnetic field space
G1l, G2 is formed, to detect the magnetic field strength at this
position, and based on this, determined is which of the
following states occurs: the state where normal charging is
performed from the charger 101 to the secondary battery 9
included in the wireless headset 102 (normal charging state);
the state where the charger 101 is in the standby state (standby
state); and the state where an anomaly occurs in the charging
from the charger 101 to the secondary battery 9 included in

the wireless headset 102 (abnormal state).
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[0063]

Specifically, as shown in FIG. 8, a magnetic field strength
range for the normal charging from the charger 101 to the
secondary battery 9 included in the wireless headset 102 is
predetermined by preliminarily measuring the magnetic field
strength in this state at the position where the magnetic field
space G1 is formed (where the magnetic field detector 11 is
disposed). When the magnetic field strength detected by the
magnetic field detector 11 falls within the above range, it
is determined that the normal charging is performed. Further,
as shown in FIG. 9, a magnetic field strength range for the
standby state where charging from the charger 101 to the
secondary battery 9 included in the wireless headset 102 is
not performed is predetermined by preliminarily measuring the
magnetic field strength iIn this state at the position where
the magnetic field space G1 1s formed (where the magnetic field
detector 11 is disposed). When the magnetic field strength
detected by the magnetic field detector 11 falls within the
above range, i1t i1s determined that the apparatus iIs In the
standby state for charging.

[0064]

When the magnetic field strength detected by the magnetic field
detector 11 falls within neither the range for the normal
charging nor the range for the standby state, it is determined

that the abnormal state occurs regarding the charging from the
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charger 101 to the secondary battery 9 included in the wireless
headset 102. If, for example, as shown in FIG. 10, a metal

foreign object (such as a coin, nail, paper clip, and key) is
placed in the vicinity of the power-supplying module 2, the
metal foreign object is influenced by the magnetic field, to

induce an eddy current. If such an eddy current occurs,

excessive heat may occur in the metal foreign object and/or
the power-supplying module 2. Thus, i1t should be determined

that an anomaly occurs regarding charging from the charger 101
to the secondary battery 9 included in the wireless headset
102. Thus, by using the characteristic that if a metal foreign
object i1s placed i1n the vicinity of the power-supplying module
2 the magnetic field strength 1s weakened compared with that
in the standby state due to the influence to the magnetic field

around the power-supplying module 2 by the metal foreign object,
it 1s determined that a metal foreign object i1s placed iIn the
vicinity of the power-supplying module 2 and that the abnormal

state occurs regarding the charging when the magnetic field

strength detected by the magnetic field detector 11 falls
within neither the range for the normal charging nor the range
for the standby state.

[0065]

(Measurement Experiment)

Referring to Measurement Experiments 1 and 2, the following

describes the magnetic field strengths in the normal charging
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state, the standby state, and the abnormal state.

[0066]

In the wireless power transmission apparatus 1 used 1in
Measurement Experiments 1 and 2, the power-supplying coil 21
iIs constituted by an RLC circuit whose elements include a
resistor R;, a coil L;, and a capacitor C;. For the coil L,,
copper wire material having a wire diameter of 0.2 mm is used,
and the coil diameter i1is set to 9 mm¢. Further, the
power-supplying resonator 22 is constituted by an RLC circuit
whose elements include a resistor Ry, a coil L, and a capacitor
C,. For the coil L,, copper wire material having a wire diameter
of 0.2 mm 1s used, and adopted i1s a solenoid coil with its coil
diameter of 9 mm¢p. Further, the power-receiving resonator 32
IS constituted by an RLC circuit whose elements include a
resistor Rz, a coil L3z, and a capacitor C;. For the coil Lgs,
copper wire material having a wire diameter of 0.1 mm is used,
and adopted is a solenoid coil with its coil diameter of 8 mmd.
Further, the power-receiving coil 31 is constituted by an RLC
circuit whose elements include a resistor R,, a coil L, and
a capacitor C4. For the coil L,, copper wire material having
a wire diameter of 0.1 mm i1s used, and the coil diameter is
set to 8 mm¢. Furthermore, on the inner circumference side of
the power-supplying coil 21 and the power-supplying resonator
22, a cylindrical magnetic member having a thickness of 450

um was disposed to further weaken the magnetic field strength
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of the to-be-formed magnetic field space G1 (to make the change
in the measured magnetic field strength more prominent). In
the same way, on the 1inner circumference side of
power-receiving resonator 32 and the power-receiving coil 31,

a cylindrical magnetic member having a thickness of 450 um was

disposed. The values of Ry, Rz, Rz, and R4 in the wireless power
transmission apparatus 1 used In Measurement Experiments 1 and
2weresetto2Q, 2.3Q,1.8Q, and1.2Q, respectively. Further,

the values of L;, L., L3, and Ly were set to 11 uH, 15 uH, 7.7

wH, and 4.1 pH. Further, the values of Ci, C, C3, and C; were
set to 2.3 nF, 1.68 nF, 3.3 nF, and 6.2 nF, respectively. The
resonance frequency of the power-supplying resonator 22 and
that of the power-receiving resonator 32 was 1 MHz.

[0067]

(Measurement Experiment 1)

In Measurement Experiment 1, as shown in FIG. 11 to FIG. 13,

a Hall-effect magnetic sensor 11A (made by Allegro Microsystems,
LLC, A1324LUA, linear sensor) was disposed on the inner
circumference side of the power-supplying resonator 22, and
output voltages of the Hall-effect magnetic sensor 11A in the
normal charging state, the standby state, and the abnormal

state are measured using an oscilloscope (made by Agilent
Technology, MSO-X3054A) connected to the Hall-effect magnetic
sensor 11A. A change iIn the measured output voltage can be

regarded as a change in the magnetic field strength because
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the output voltage of the Hall-effect magnetic sensor 11A is
proportional to the magnetic field strength.

[0068]

In Measurement Experiment 1, as shown in FIG. 14, the output
voltage of the Hall-effect magnetic sensor 11A was measured
under a voltage of DC 5V. When power supply is not performed
from the power source 6 to the power-supplying module 2 under
this condition, the output voltage measured by the magnetic
field detector 11 was 2.5 V (see FIG. 14) because no magnetic
field is generated. As for the value of the output voltage to
be measured, an amplitude Vp-p was regarded as a detection
voltage p-p, as shown in FIG. 14. The input power supplied to
the power-supplying module 2 was set with a power-source
frequency of 1080 kHz, a voltage of 5V, and a current of 0.25
A. For measurement in the abnormal state, a copper piece of
5mm x 5mm x 0.5 mm, an aluminum piece of 5 mm x 5 mm x 0.5
mm, a copper piece of 10 mm x 10 mm x 0.5 mm, and an aluminum
piece of 10 mmx 10 mm x 0.5 mm were used as metal foreign objects.
As shown 1n FIG. 13, for each of the metal foreign objects,
the output voltage was measured for each of the cases where:
the object i1s placed at a distance of 3 mm from the
power-supplying resonator 22 (d23 = 3 mm); and the object is
placed at a distance of 2 mm from the power-supplying resonator
22 (d23 = 2 mm). For measurement in the normal charging state,

the output voltage was measured for each of the cases where:
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the distance d23 between the power-supplying resonator 22 and
the power-receiving resonator 32 is 3 mm; and the distance d23
IS 2 mm.

[0069]

The measurement results are shown in FIG. 15. According to the
measurement results, the detection voltage p-p in the standby
state is 94.6 mV, which is the highest (the magnetic field
strength is the highest.) The detection voltage p-p in the
normal charging state under the condition of d23 = 3 mm (in
the state where the magnetic field space G1 is formed) is 83.5
mV, which is the lowest (the magnetic field strength is the
lowest.) The detection voltage p-p in each case of the abnormal
state (the copper piece of 5mm x 5 mm x 0.5 mm, the aluminum
piece of 5 mm x 5 mm x 0.5 mm, the copper piece of 10 mm x 10
mm X 0.5 mm, and the aluminum piece of 10 mm x 10 mm x 0.5 mm
are placed) under the condition of the distance of 3 mm from
the power-supplying resonator 22 (d23 = 3 mm) is lower than
that 1n the standby state and higher than that in the normal
charging state. The same is applied to each of the cases under
the condition of the distance d23 = 2 mm. The results show that,
in the normal charging state, because the magnetic field space
G1 having a lower magnetic field strength than that of nearby
portions is formed in the wireless power transmission apparatus
1 as shown in FIG. 11, the detection voltage p-p measured by

the Hal l-effect magnetic sensor 11A in the magnetic field space
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Gl is the lowest. The results show that, if a metal foreign
object is placed in the vicinity of the power-supplying module
2 to create the abnormal state, the magnetic field around the
power-supplying modulle 2 is influenced by the metal foreign
object, and thereby the magnetic field strength is lowered than
that in the standby state.

[0070]

(Measurement Experiment 2)

In Measurement Experiment 2, a magnetism detecting coil 11B
is disposed on the 1inner circumference side of the
power-supplying resonator 22, and output voltages of the
magnetism detecting coil 11B in the normal charging state, the
standby state, and the abnormal state were measured using the
oscilloscope (made by Agilent Technology, MS0-X3054A)
connected to the magnetism detecting coil 11B. The change in
the measured output voltage can be regarded as the change in
the magnetic field strength because the output voltage of the
magnetism detecting coil 11B is proportional to the magnetic
field strength. The magnetism detecting coil 11B i1s an RL
circuit (R = 1.22 Q, L = 5 pH). For a coil portion thereof,
copper wire material having a wire diameter of 0.12 mm i1s used,
and its coil diameter is set to 5 mm¢.

[0071]

In Measurement Experiment 2, as for the value of the measured

output voltage, an amplitude Vp-p is regarded as a detection
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voltage p-p, as shown in FIG. 16. The input power supplied to
the power-supplying module 2 was set with a power-source
frequency of 1080 kHz, a voltage of 5V, and a current of 0.25
A. For measurement in the abnormal state, in the same manner
as In Measurement Experiment 1, a copper piece of 5 mm x 5 mm
X 0.5 mm, an aluminum piece of 5 mm x 5 mm x 0.5 mm, a copper
piece of 10 mm x 10 mm x 0.5 mm, and an aluminum piece of 10
mm X 10 mm x 0.5 mm were used as metal foreign objects. For
each of the metal foreign objects, the output voltage was
measured for each of the cases where: the object is placed at
a distance of 3 mm from the power-supplying resonator 22 (d23
= 3 mm); and the object i1s placed at a distance of 2 mm from
the power-supplying resonator 22 (d23 = 2 mm). For measurement
in the normal charging state, the output voltage was measured
for each of the cases where: the distance d23 between the
power-supplying resonator 22 and the power-receiving resonator
32 1s 3 mm; and the distance d23 i1s 2 mm.

[0072]

The measurement results are shown in FIG. 17. According to the
measurement results, the detection voltage p-p in the standby
state i1s 2.74 V, which 1s the highest (the magnetic field
strength i1s the highest.) The detection voltage p-p in the
normal charging state under the condition of d23 = 3 mm (in
the state where the magnetic field space G1 is formed) is 1.86

V, which i1s the lowest (the magnetic field strength is the
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lowest). The detection voltage p-p In each case of the abnormal
state (the copper piece of 5 mm x 5 mm x 0.5 mm, the aluminum
piece of 5mm x 5 mm x 0.5 mm, the copper piece of 10 mm x 10
mm X 0.5 mm, and the aluminum piece of 10 mm x 10 mm x 0.5 mm
are placed) under the condition of the distance of 3 mm from
the power-supplying resonator 22 (d23 = 3 mm) is lower than
that in the standby state and higher than that in the normal
charging state. The same is applied to each of the cases under
the condition of the distance d23 = 2 mm. The above shows that
in the normal charging state, because the magnetic field space
G1l having a lower magnetic field strength than that of nearby
portions is formed in the wireless power transmission apparatus
1, the detection voltage p-p measured by the magnetism
detecting coil 11B in the magnetic field space G1 i1s the lowest.
The above also shows that, 1T a metal foreign object i1s placed
in the vicinity of the power-supplying module 2 to create the
abnormal state, the magnetic field around the power-supplying
module 2 1s influenced by the metal foreign object, and thereby
the magnetic field strength i1s lowered than that in the standby
state.

[0073]

(Power-Supply Operation Flow of Wireless Power Transmission
Apparatus 1)

The TfTollowing describes a power-supply operation in the

wireless power transmission apparatus 1, in consideration of
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the above-described structure of the wireless power
transmission apparatus 1 and the like. Specifically, the
following describes the power-supply operation Tflow
(processing) mainly executed by the determination control
device 4 in the wireless power transmission apparatus 1, with
reference to FIG. 18.

[0074]

First, the determination control device 4 executes a
predetermined boot process such as initialization (S1).
[0075]

Then, the determination control device 4 determines whether
a predetermined period of time has elapsed (S2). When the
predetermined period of time has not elapsed (S2: NO), the
determination control device 4 waits until the predetermined
period of time has elapsed.

[0076]

When the predetermined period of time has elapsed (S2: YES),
the determination control device 4 transmits a detection signal
to the power source circuit 5 (S3).

[0077]

In the processes S2 and S3, the determination control device
4 transmits the detection signal to the power source circuit
5 with an interval of the predetermined period of time (the
length of the predetermined period of time is freely settable).

Upon reception of the detection signal, the power source
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circuit 5 temporarily performs power supply to the
power-supplying module 2, for a short time. With this, power
is temporarily supplied to the power-supplying module 2, to
create a magnetic field in the vicinity of the power-supplying
resonator 22, which enables the detection of the output voltage
(detection voltage) of the Hall-effect magnetic sensor 11A
(detection of the magnetic field strength). Regarding the
predetermined period of time set in S2, if the period is too
short, power consumption required for the detecting operation
is increased, while if the period is too long, accuracy in terms
of time in detection is lowered. Thus, the period of time has
to be determined iIn view of these regards.

[0078]

Power i1s thus temporarily supplied to the power-supplying
modulle 2, to create a magnetic field in the vicinity of the
power-supplying resonator 22, and then, the detection voltage
of the Hall-effect magnetic sensor 11A i1s measured (S4).
[0079]

Then, the determination control device 4 determines whether
the detection voltage measured In S4 falls within the magnetic
field strength range for the standby state (S5). Referring to
the measurement results of the Measurement Experiment 1 (see
FIG. 15), for example, the detection voltage corresponding to
the magnetic field strength in the standby state is 94.6 mV,

and therefore “detection voltages not less than 94.6 mV” is
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stored In a storage device or the like in advance as the magnetic
field strengths in the range for the standby state. Then, when
the process of S5 is executed, the data indicating that the
magnetic field strengths in the range for the standby state
are not less than 94.6 mV is referred to.

[0080]

Then, when the detection voltage measured in S4 falls within
the magnetic TfTield strength range for the standby state
(magnetic field strengths not less than 94.6 mV in the example
of Measurement Experiment 1) (S5: YES), it is determined that
the wireless power transmission apparatus 1 is in the standby
state (S6). This is the state where the wireless headset 102
iIs not In the vicinity of the charger 101 (not within the
rechargeable range), as shown In FIG. 12.

[0081]

Then, when 1t 1s determined that the apparatus is in the standby
state (S6), the determination control device 4 turns off the
power supply to the power-supplying module 2 (S7). To be more
specific, the determination control device 4 transmits a
control signal to the power source circuit 5 to control the
power source circuit 5, thereby to stop the power supply to
the power-supplying module 2. With this, power consumption in
the standby state i1s reduced.

[0082]

Meanwhile, when the detection voltage measured in S4 does not

46



fall within the magnetic field strength range for the standby
state (the range of the magnetic field strengths not less than
94.6 mV in the example of Measurement Experiment 1) (S5: NO),
the determination control device 4 determines whether the
detection voltage measured in S4 falls within the magnetic
field strength range for the normal charging state (S8).
Referring to the measurement results of Measurement Experiment
1 (see FIG. 15), for example, the detection voltage
corresponding to the magnetic field strength in the normal
charging state is 83.5 mV, and therefore “detection voltages
not more than 83.5 mV” iIs stored In a storage device or the
like In advance as the magnetic field strengths In the range
for the normal charging state. Then, when the process of S8
IS executed, the data indicating that the magnetic fTield
strengths in the range for the normal charging state are not
more than 83.5 mV is referred to.

[0083]

Then, when the detection voltage measured in S4 falls within
the magnetic field strength range for the normal charging state
(magnetic field strengths not more than 83.5 mV in the example
of Measurement Experiment 1) (S8: YES), i1t is determined that
the wireless power transmission apparatus 1 is in the normal
charging state (S9). This i1s the state where the wireless
headset 102 is in the vicinity of the charger 101 (within the

rechargeable range), as shown in FIG. 11.
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[0084]

Then, when it is determined that the apparatus is in the normal
charging state (S9), the determination control device 4 turns
on the power supply to the power-supplying module 2 (S10). To
be more specific, the determination control device 4 transmits
a control signal to the power source circuit 5 to control the
power source circuit 5, thereby to start the power supply to
the power-supplying module 2.

[0085]

Meanwhile, when the detection voltage measured in S4 does not
fall within the magnetic field strength range for the normal
charging state (the range of the magnetic field strengths not
more than 83.5 mV in the example of Measurement Experiment 1)
(S8: NO), the determination control device 4 determines that
the wireless power transmission apparatus 1 is in the abnormal
state (S11). That is to say, 1t is estimated that a metal foreign
object i1s placed i1n the vicinity of the charger 101, as shown
in FIG. 13.

[0086]

When it Is determined that the apparatus is iIn the abnormal
state (S11), the determination control device 4 executes a
reporting process of reporting, to the outside, an anomaly iIn
the power supply, using the reporting device 12 (S12). For
example, if an alarm is employed as the reporting device 12,

the anomaly is reported by warning sound. If an LED lamp is
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employed, the anomaly is reported by turning on and/or blinking
the lamp in a warning color. If a display is employed, the
anomaly is reported by displaying a warning message on the
display.

[0087]

Then, after the reporting process of S12, the determination
control device 4 turns off the power supply to the
power-supplying module 2 (S§7).

[0088]

After the completion of the process of S7 or S10, the routine
returns back to the process of S2. Thus, at intervals of the
predetermined time, the state of the wireless power
transmission apparatus 1 is monitored: which state occurs among
the standby state, the normal charging state, or the abnormal
state.

[0089]

(Advantageous Effects)

With the above structure, the magnetic field generated around
the power-supplying module 2 and the magnetic field generated
around the power-receiving module 3 cancel each other out when
power i1s supplied from the power-supplying module 2 to the
power-receiving module 3 utilizing resonance phenomenon, and
thereby the magnetic field space G1, G2 having a lower magnetic
field strength than that of nearby portions is formed in the

vicinity of the power-supplying module 2 and the
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power-receiving module 3. The magnetic field strength 1is
detected using the magnetic field detector 11 disposed iIn the
magnetic field space Gl1, G2, and based on the value of the
detected magnetic field strength, an anomaly in power supply
(abnormal state) is detected. Thus, i1t is possible to achieve
safe power supply while preventing an increase in size of the
wireless power transmission apparatus 1.

[0090]

In addition, when an anomaly in power supply (abnormal state)
is detected, power supply to the power-supplying module 2 is
stopped, and thereby occurrence of malfunction due to abnormal
power supply iIs prevented.

[0091]

Moreover, when an anomaly in power supply (abnormal state) is
detected, the abnormal state is reported to the outside using
the reporting device 12.

[0092]

Further, in the above-described structure, the coupling
coefficient indicating the strength of coupling between the
power-supplying resonator 22 and the power-receiving resonator
32 1s increased when the magnetic field space G1 having a lower
magnetic field strength than that of nearby portions is formed.
When the transmission characteristic ""'S21" (which is an 1ndex
of the power transmission efficiency in the power transmission

from the power-supplying module 2 to the power-receiving module
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3) is analyzed while the coupling coefficient is high as above,
the analyzed waveform of the transmission characteristic ""S21"
has separate peaks; one on the low frequency side and another
on the high frequency side. By setting the power-source
frequency to the frequency on the high frequency side, the
current in the power-supplying resonator 22 and the current
in the power-receiving resonator 32 flow in directions opposite
to each other. With this, as the magnetic field generated on
the inner circumference side of the power-supplying module 2
and the magnetic field generated on the inner circumference
side of the power-receiving module 3 cancel each other out,
the influence of the magnetic fields is reduced, and thereby
the magnetic field space G1 having a lower magnetic field
strength than that of nearby portions is formed on the inner
circumference side of the power-supplying resonator 22.
Further, the magnetic field detector 11 is disposed on the 1nner
circumference side of the power-supplying resonator 22 where
the magnetic field space G1 is formed, and thereby, the space
on the inner circumference side of the power-supplying
resonator 22 is effectively utilized, leading to downsizing
of the wireless power transmission apparatus 1.

[0093]

Furthermore, i1n the above structure, the Hall-effect magnetic
sensor 11A is used as the magnetic field detector 11. This makes

it possible to detect the magnetic field strength with high
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accuracy and to downsize the wireless power transmission
apparatus 1 because the Hall-effect magnetic sensor 11A is
small in size.

[0094]

In the meantime, when the magnetism detecting coil 11B is used
as the magnetic field detector 11, the production cost of the
wireless power transmission apparatus 1 is reduced. As for the
magnetism detecting coil 11B, it is possible to change its size
(such as the diameter, thickness, number of turns, and wire
diameter of the coil) to some extent. This enables the size
of the coil to be adjusted depending on the size of and/or the
space In the wireless power transmission apparatus 1.
[0095]

(Arrangement to Enhance Sensitivity in Detection of Magnetic
Field Strength)

The TfTollowing describes an arrangement to enhance the
sensitivity iIn the detection of the magnetic field strength.
As described above, the change In the measured output voltage
of the Hall-effect magnetic sensor 11A or the like can be
regarded as the change in the magnetic field strength because
the output voltage is proportional to the magnetic field
strength. Concerning the magnetic field strength in each of
the normal charging state, the standby state, and the abnormal
state, 1.e., the output voltage of the magnetic field detector

such as the Hall-effect magnetic sensor 11A, the higher the
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voltage is, the higher the detection accuracy is. Assuming that
the output voltage of the magnetic field detector such as the
Hall-effect magnetic sensor 11A varies depending on the
location of the magnetic field detector, it is desired to
dispose the magnetic field detector such as the Hall-effect
magnetic sensor 11A at a location where the output voltage is
high. In view of the above, the following describes where of
the wireless power transmission apparatus 1 capable of forming
the above magnetic field space is preferable to dispose the
magnetic Field detector such as the Hal l-effect magnetic sensor
11A.

[0096]

To be more specific, with reference to Measurement Experiment
3, described i1s where 1s preferable to dispose the Hall-effect
magnetic sensor 11A inside the coils of the power-supplying
coil 21 and the power-receiving resonator 32. Further,
referring to Measurement Experiment 4, also described is in
which orientation of the Hal l-effect magnetic sensor 11A should
be disposed.

[0097]

(Measurement Experiment)

As shown i1n FIG. 19, 1n the wireless power transmission
apparatus 1 used In Measurement Experiments 3 and 4, the
power-supplying coil 21 is constituted by an RLC circuit whose

elements include a resistor R;, a coil L;, and a capacitor C;.
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For the coil L;, copper wire material having a wire diameter
of 0.12 mm is used, and the coil diameter is set to 11 mmd.
The power-supplying resonator 22 is constituted by an RLC
circuit whose elements include a resistor R;, a coil L, and
a capacitor C,. For the coil L, copper wire material having
a wire diameter of 0.12 mm is used, and adopted is a solenoid
coil with its coil diameter of 11 mm¢. Further, as shown in
FIG. 20, the power-receiving resonator 32 is constituted by
an RLC circuit whose elements include a resistor Rz, a coil
L;, and a capacitor Cz;. For the coil Lz, copper wire material
having a wire diameter of 0.1 mm is used, and adopted is a
solenoid coil with its coil diameter of 9 mm¢. The
power-receiving coil 31 is constituted by an RLC circuit whose
elements include a resistor R4, a coil Ls, and a capacitor C,.
For the coil L4, copper wire material having a wire diameter
of 0.1 mm is used, and the coil diameter is set to 9 mm¢. On
the 1nner circumference side of the power-supplying coil 21
and the power-supplying resonator 22, a cylindrical magnetic
member 23 having a thickness of 450 um was disposed to further
weaken the magnetic field strength of the to-be-formed magnetic
field space G1 (to make the change in the measured magnetic
field strength more prominent). In the same way, on the inner
circumference side of the power-receiving resonator 32 and the
power-receiving coil 31, a cylindrical magnetic member 33

having a thickness of 450 um was disposed. The values of Ri,
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R2, R3, and R; in the wireless power transmission apparatus 1
used in Measurement Experiments 3 and 4 were set to 1.9 Q, 2.5
Q, 1.7 Q, and 2 Q, respectively. Further, the wvalues of 11,
L,, L3, and Ly were set to 12.5 upH, 18.8 uH, 7 uH, and 5.5 uH.
Further, the values of C;, C,, C3, and C, were set to 2 nF, 1.33
nF, 3.6 nF, and 4.7 nF, respectively. The resonance frequency
of the power-supplying resonator 22 and that of the
power-receiving resonator 32 was 1 MHz.

[0098]

Further, as shown in FIG. 19, in the power-supplying module
2, the power-supplying coil 21 is formed in a solenoid shape
with a thickness of 3 mm in a direction of i1ts coil central
axis direction (““coil central axis direction”). Meanwhile, the
power-supplying resonator 22 is formed in a solenoid shape with
a thickness of 3.5 mm in the coil central axis direction. The
distance between the power-supplying coil 21 and the
power-supplying resonator 22 isset to 3.5mm in the coil central
axis direction, as shown in FIG. 19.

[0099]

Further, as shown in FIG. 20, the distance d23 between the
power-supplying resonator 22 and the power-receiving resonator
32 is set to 3 mm in the normal charging state.

[0100]

Furthermore, as shown in FIG. 21, as a metal foreign object

60 for creating the abnormal state, used are: a circular copper
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plate having diameter of 9 mm¢ and a thickness of 0.5 mm; and
a cylindrical zinc-air battery having a diameter of 11.6 mm¢
and a thickness of 5.4 mm. The distance 23 between the
power-supplying resonator 22 and the metal foreign object 60
IS set to 3 mm.

[0101]

(Measurement Experiment 3)

In Measurement Experiment 3, as shown in FIG. 19 to FIG. 21,
in the wireless power transmission apparatus 1 where the
standby state (FIG. 19), the normal charging state (FIG. 20),
and the abnormal state (FIG. 21) are created, the Hall-effect
magnetic sensor 11A (made by Allegro Microsystems, LLC,
A1324LUA, linear sensor) was disposed at different positions
on the i1nner circumference side of the power-supplying coil
21 and the power-supplying resonator 22, and the output voltage
of the Hall-effect magnetic sensor 11A was measured using an
oscilloscope (made by NF CORPORATION, GDS2064) connected to
the Hall-effect magnetic sensor 11A.

[0102]

As shown in FIG. 19, the Hall-effect magnetic sensor 11A 1is
a magnetic field detector in the shape of a thin plate having
a length of 3 mm, a width of 4 mm, and a thickness of 1.5 mm.
The sensor 11A 1incorporates therein a thin plate-like
semiconductor, and is configured to detect the magnetic field

strength by means of Hall effect to the thin plate-like
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semiconductor.

[0103]

A Tirst experiment of Measurement Experiment 3 will be
specified. In the wireless power transmission apparatus 1 where
the standby state (FIG. 19), the normal charging state (FIG.
20), and the abnormal state (FIG. 21) are created, the output
voltage of the Hall-effect magnetic sensor 11 was measured
while the Hall-effect magnetic sensor 11A in a flat orientation
(see Section B of FIG. 23) was moved along the coil central
axis (see Section A of FIG. 22) from a position of an outer
side portion (21A) of the power-supplying coil 21 toward the
power-receiving resonator 32. In other words, the output
voltage of the Hall-effect magnetic sensor 11A was measured
while the Hall-effect magnetic sensor 11A was moved along the
coil central axis of the solenoid coil included i1n the
power-supplying resonator 22 from the position (see 21A) where
the power-supplying resonator 22 does not face the
power-receiving resonator 32 during the power supply to another
position (of facing side portion 22A: see FIG. 19) where the
power-supplying resonator 22 faces the power-receiving
resonator 32. The measurement results are shown In Section A
of FIG. 24.

[0104]

Note that, as shown in Section B of FIG. 23, the Hall-effect

magnetic sensor 11A in the flat orientation means the
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Hall-effect magnetic sensor 11A oriented so that a plate
surface of the thin plate-like semiconductor incorporated in
the Hall-effect magnetic sensor 11A is orthogonal to the coil
central axis direction. Meanwhile, as shown in Section A of
FIG. 23, the Hall-effect magnetic sensor 11A in an upright
orientation means the Hal l-effect magnetic sensor 11A oriented
so that the plate surface of the thin plate-1ike semiconductor
incorporated in the Hall-effect magnetic sensor 11A is parallel
to the coil central axis direction.

[0105]

The horizontal axis h (mm) In each measurement result of FIG.
24 represents the distance in the coil central axis direction
from the position of the outer side portion (21A) of the
power-supplying coil 21 to the position of the facing side
portion 22A. The position of the outer side portion is defined
as a base point of “0O mm”, as shown in FIG. 19 to FIG. 21.
Meanwhile, the vertical axis represents the value of the output
voltage Vp-p (mV) of the Hall-effect magnetic sensor 11A. A
solid line connecting measured values iIndicated with squares
represents the output voltage of the Hall-effect magnetic
sensor 11A i1n the standby state. A solid line connecting
measured values indicated with triangles represents the output
voltage of the Hall-effect magnetic sensor 11A i1n the abnormal
state where the zinc-air battery is used as the metal foreign

object 60. A solid line connecting measured values indicated
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with rhombuses represents the output voltage of the Hal l-effect
magnetic sensor 11A in the abnormal state where the copper plate
is used as the metal foreign object 60. A solid line connecting
measured values indicated with circles represents the output
voltage of the Hall-effect magnetic sensor 11A in the normal
charging state.

[0106]

Now, a second experiment of Measurement Experiment 3 will be
described. In the wireless power transmission apparatus 1 where
the standby state (FIG. 19), the normal charging state (FIG.
20), and the abnormal state (FIG. 21) are created, the output
voltage of the Hall-effect magnetic sensor 11 was measured
while the Hall-effect magnetic sensor 11A i1n the flat
orientation (see Section B of FIG. 23) was moved along a coil
inner circumferential surface of the power-supplying resonator
22 (see Section C of FIG. 22) from the position of the outer
side portion (21A) of the power-supplying coil 21 toward the
power-supplying resonator 22. In other words, the output
voltage of the Hall-effect magnetic sensor 11A was measured
while the Hall-effect magnetic sensor 11A was moved along the
coil 1nner circumferential surface of the solenoid coil
included i1n the power-supplying resonator 22, from the position
(see 21A) where the power-supplying resonator 22 does not face
the power-receiving resonator 32 during the power supply to

the other position (the facing side portion 22A: see FIG. 19)

59



where the power-supplying resonator 22 faces the
power-receiving resonator 32. The measurement results are
shown in Section C of FIG. 24.

[0107]

The measurement results of Sections A and C of FIG. 24 show
that the output voltages of the Hall-effect magnetic sensor
11A moved along the coil inner circumferential surface of the
power-supplying resonator 22 (the case shown in Section C of
FIG. 24) are higher than those of the Hall-effect magnetic
sensor 11A moved along the coil central axis (the case shown
in Section A of FIG. 24). That is, detection of the output
voltage by the magnetic field detector such as the Hall-effect
magnetic sensor 11A i1s easier and the detection accuracy 1is
higher 1n the case where the Hall-effect magnetic sensor 1is
disposed closer to the coil i1nner circumferential surface of
the power-supplying resonator 22 than in the case where the
Hal l-effect magnetic sensor 11A is disposed at a position along
the coil central axis.

[0108]

The measurement results of Sections A and C of FIG. 24 also
show that In both cases, the output voltage of the Hall-effect
magnetic sensor 11A increases as the Hall-effect magnetic
sensor 11A is moved from the position of the outer side portion
21A of the power-supplying coil 21 (h=0 mm) to the position

of the facing side portion 22A of the power-supplying resonator
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22 (h=10 mm). The above shows that detection of the output
voltage by the magnetic field detector such as the Hall-effect
magnetic sensor 11A is easier and the detection accuracy 1is
higher in the case where the Hall-effect magnetic sensor 1is
disposed at the position closer to the facing side portion 22A
of the power-supplying resonator 22 than in the case where the
sensor is disposed at the position closer to the outer side
portion 21A of the power-supplying coil 21.

[0109]

According to the measurement results of Sections A and C of
FIG. 24, the output voltage measured by the Hall-effect
magnetic sensor 11A reaches the highest value at the location
of h=11 mm, that is the location where the Hall-effect magnetic
sensor 11A is 1 mm closer to the power-receiving resonator 32
than the facing side portion 22A of the power-supplying
resonator 22. Thus, 1T i1t 1s possible in terms of the structure
of the power-supplying module 2, the Hall-effect magnetic
sensor 11A may be disposed at the location which is a little
closer to the power-receiving resonator 32 than the facing side
portion 22A of the power-supplying resonator 22, to obtain the
greatest detection accuracy of the output voltage. However,
to achieve an intention of making the apparatus compact by
disposing the Hall-effect magnetic sensor 11A inside the coil
of the power-supplying resonator 22, the Hall-effect magnetic

sensor 11A should be disposed closer to the coil 1nner
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circumferential surface of the power-supplying resonator 22
and on a plane defined by the facing side portion 22A of the
power-supplying resonator 22 (h=10 mm).

[0110]

Now, a third experiment of Measurement Experiment 3 will be
described. In the wireless power transmission apparatus 1 where
the standby state (FIG. 19) is created, the output voltage of
the Hall-effect magnetic sensor 11 was measured while the
Hal l-effect magnetic sensor 11A in the flat orientation (see
Section B of FIG. 23) was moved in the coil central axis
direction along an axis at a distance of 2.5 mm from the coil
central axis to the coil inner circumferential surface (see
Section B of FIG. 22), from the position of the outer side
portion (21A) of the power-supplying coil 21 toward the
power-supplying resonator 22. The measurement result 1is
indicated by a soli1d line connecting measured values indicated
with triangles (“middle”) 1n FIG. 25. In FIG. 25, the
measurement result in the standby state in Section A of FIG.
24 (where the Hall-effect magnetic sensor 11A is disposed along
the coil central axis) is indicated by a solid line connecting
measured values iIndicated with circles (“center”). Further,
in FIG. 25, the measurement result in the standby state iIn
Section C of FIG. 24 (where the Hall-effect magnetic sensor
11A is disposed along the coil inner circumferential surface)

is indicated by a solid line connecting measured values
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indicated by squares (““center™).

[0111]

The measurement results of FIG. 25 show that the output voltage
measured by the Hall-effect magnetic sensor 11A increases as
the Hall-effect magnetic sensor 11A is moved from the position
along the coil central axis (see Section A of FIG. 22) toward
the coil inner circumferential surface of the power-supplying
resonator 22 (see Section C in FIG. 22) via the position which
iIs 2.5 mm distant from the coil central axis to the coil inner
circumferential surface (see Section B in FIG. 22). That is,
detection of the output voltage by the magnetic field detector
such as the Hall-effect magnetic sensor 11A is easier and the
detection accuracy is higher in the case where the Hall-effect
magnetic sensor 1is disposed closer to the coil 1inner
circumferential surface of the power-supplying resonator 22,
rather than the coil central axis.

[0112]

In FIG. 26, values each obtained by subtracting the output
voltage in the normal charging state measured iIn the first
experiment of Measurement Experiment 3 from the corresponding
output voltage iIn the standby state are indicated by a solid
line connecting values iIndicated with circles (“center”).
Similarly, values each obtained by subtracting the output
voltage in the normal charging state measured in the second

experiment of Measurement Experiment 3 from the corresponding
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output voltage in the standby state are indicated by a solid
line connecting values indicated with squares (“inner
circumference side”).

[0113]

The results of FIG. 26 show that each difference between the
output voltage in the standby state and that of the normal
charging state is larger iIn the case where the Hall-effect
magnetic sensor 11A i1s disposed at a position along the coil
inner circumferential surface of the power-supplying resonator
22 than in the case where the Hall-effect magnetic sensor 11A
isdisposed at a position along the coil central axis. The larger
the value obtained by subtracting the output voltage in the
normal charging state from the output voltage in the standby
state, the larger the difference between the output voltage
in the normal charging state and the output voltage in the
standby state i1s, and therefore, the possibility of erroneous
detection 1s decreased as compared with the case where the
difference between the output voltage in the normal charging
state and the output voltage in the standby state is smaller.
It can be said that, with this, detection of the output voltage
by the magnetic field detector such as the Hall-effect magnetic
sensor 11A is easier and the detection accuracy i1s higher.
[0114]

(Measurement Experiment 4)

Measurement Experiment 4 will be described. In the wireless
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power transmission apparatus 1 where the standby state (see
FIG. 19) is created, the output voltages of the Hall-effect
magnetic sensor 11A (made by Allegro Microsystems, LLC,
A1324LUA, Ilinear sensor) in different orientations with
respect to the coil central axis were measured using the
oscilloscope (made by NF CORPORATION, GDS2064) connected to
the Hall-effect magnetic sensor 11A. To be more specific,
measured were: the output voltage of the Hall-effect magnetic
sensor 11A in the upright orientation (Section A of FIG. 23)
and that of the Hall-effect magnetic sensor 11A in the flat
orientation (Section B of FIG. 23). The measurement results
are shown in FIG. 27. In FIG. 27, the measurement result of
the Hall-effect magnetic sensor 11A in the upright orientation
(Section A of FIG. 23) i1s indicated by a solid line connecting
measured values indicated with squares (“upright’). Meanwhile,
the measurement result of the Hall-effect magnetic sensor 11A
in the flat orientation (Section B of FIG. 23) i1s indicated
by a solid line connecting measured values iIndicated with
rhombuses (“flat™).

[0115]

The measurement results of FIG. 27 show that the output voltage
of the Hall-effect magnetic sensor 11A i1s higher in the case
where the Hall-effect magnetic sensor 11A is disposed in the
flat orientation than iIn the case where the Hall-effect

magnetic sensor 11A is disposed in the upright orientation.
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That is, detection of the output voltage by the magnetic field
detector such as the Hall-effect magnetic sensor 11A is easier
and the detection accuracy is higher in the case where the
Hall-effect magnetic sensor 11A 1is disposed in the flat
orientation than in the case where the Hall-effect magnetic
sensor 11A is disposed in the upright orientation.

[0116]

(Advantageous Effects)

According to the above, the sensitivity to detect the magnetic
field strength is enhanced by disposing the Hall-effect
magnetic sensor 11A closer to the inner circumferential surface
of the coil of the power-supplying resonator 22 rather than
the coil central axis of the power-supplying resonator 22, as
compared with the case where the Hall-effect magnetic sensor
11A 1s disposed at a position along the coil central axis of
the power-supplying resonator 22.

[0117]

The sensitivity to detect the magnetic field strength is
further enhanced by disposing the Hall-effect magnetic sensor
11A at a position along the inner circumferential surface of
the coil of the power-supplying resonator 22.

[0118]

The sensitivity to detect the magnetic field strength is
further enhanced by disposing the case where the Hall-effect

magnetic sensor 11A on the inner circumference side of the coil
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of the power-supplying resonator 22, and closer to the facing
portion (facing side portion 22A) of the coil of the
power-supplying resonator 22 which faces the coil of the
power-receiving resonator 32 than the other portion (21A)
thereof which does not face the coil of the power-receiving
resonator 32, as compared with the case where the Hall-effect
magnetic sensor 11A i1s disposed closer to the other portion
which does not face the coil of the power-receiving resonator
32.

[0119]

The sensitivity to detect the magnetic field strength is
further enhanced by disposing the Hall-effect magnetic sensor
11A at a position on a plane defined by the facing portion
(facing side portion 22A) of the coil of the power-supplying
resonator 22 which faces the coil of the power-receiving
resonator 32.

[0120]

The sensitivity to detect the magnetic field strength is
further enhanced by disposing the Hall-effect magnetic sensor
11A so that the plate surface of the thin plate-like
semiconductor incorporated in the sensor 11A is orthogonal to
the coil central axis direction (in the flat orientation), on
the inner circumference side of the coil of the power-supplying
resonator 22, as compared with the case where the sensor 11A

is disposed in the upright orientation.
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[0121]

(Other Embodiments)

Although the above description deals with the charger 101 and
the wireless headset 102 as an example, the disclosure is
applicable to any devices having a rechargeable battery, such
as tablet PCs, digital cameras, mobile phones, earphone-type
music player, hearing aids, and sound collectors.

[0122]

Further, the above description deals with a case where the
power-supplied electronic device 10 includes the secondary
battery 9; however, 1t 1iIs possible to adopt, as the
power-supplied devices 10, a machine that directly consumes
power for i1ts operation.

[0123]

Further, although the above description assumes the
power-supplying module 2 and the power-receiving module 3 are
mounted In a portable electronic device, the use of such an
apparatus is not limited to such small devices. For example,
with a modification to the specifications according to the
required power amount, the power-supplying module 2 and the
power-receiving module 3 are mountable to a relatively large
device 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.

[0124]
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While the above description deals with a case where the magnetic
field space G1 having a lower magnetic field strength than that
of nearby portions is formed on the inner circumference side
of the power-supplying resonator 22 as a result of reduction
of the influence of the magnetic fields, the magnetic field
space G2 may be formed as follows: when the analyzed waveform
of the transmission characteristic “S21” between the
power-supplying resonator 22 and the power-receiving resonator
32 has the two peak portions, the power-source frequency of
the AC power supplied is set to the lower peak portion (f (Low
P)) formed on the lower frequency side. Then the influence of
the magnetic fields i1s reduced, and as shown in FIG. 5, the
magnetic field space G2 having a lower magnetic field strength
than that In a position other than on the outer circumference
side of the power-supplying resonator 22 and the
power-receiving resonator 32 (e.g., than that on the inner
circumference side of the power-supplying resonator 22 and the
power-receiving resonator 32). In this case, the magnetic field
detector 11 is disposed in the space on the outer circumference
side of the power-supplying resonator 22, where the magnetic
field space G2 i1s formed.

[0125]

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
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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 1iIn the
specification have been used to correctly illustrate the
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 iInvention 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

[0126]

1: Wireless Power Transmission Apparatus

2: Power-Supplying Module

3: Power-Receiving Module

4: Determination Control Device

5: Power Source Circuit

6: Power Source

7: Stabilizer Circuit
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8: Charging Circuit

9: Rechargeable Battery

10:

11:

12:

21:

22:

31:

32:

101:

102:

G1,

Power-Supplied Device
Magnetic Field Detector
Reporting Device
Power-Supplying Coil
Power-Supplying Resonator
Power-Receiving Coil
Power-Receiving Resonator
Charger

Wireless Headset

G2: Magnetic Field Space
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CLAIMS

[Claim 1]

A wireless power transmission apparatus comprising:

a power-supplying module configured to supply power to a
power-receiving module by means of a resonance phenomenon which
is established between the power-supplying module and the
power-receiving module so that a magnetic field space having
a lower magnetic field strength than that of nearby portions
is formed;

a magnetic field detector which is disposed at a position where
the magnetic field space is formed and which is configured to
detect the magnetic field strength; and

a determination control device configured to determine whether
there i1s an anomaly in power supply to the power-receiving
modulle based on a value of the magnetic field strength detected
by the magnetic field detector.

[Claim 2]

The wireless power transmission apparatus according to claim
1, wherein the determination control device is configured to
stop power supply to the power-supplying module when
determining that there is an anomaly iIn the power supply.
[Claim 3]

The wireless power transmission apparatus according to claim
1, further comprising a reporting device configured to give

a report to an outside, wherein,

72



when the determination control device determines that there
is an anomaly in the power supply, the determination control
device controls the reporting device to report the anomaly in
the power supply.

[Claim 4]

The wireless power transmission apparatus according to claim
1, wherein:

the power-supplying module and the power-receiving module
respectively include at least a power-supplying resonator and
a power-receiving resonator which resonate with each other at
a predetermined resonance frequency; and

a power-source frequency of a power source 1s set to a frequency
higher than the resonance frequency so that current iIn the
power-supplying resonator and current in the power-receiving
resonator flow In directions opposite to each other during
power supply by means of the resonance phenomenon from the
power-supplying resonator to the power-receiving resonator.
[Claim 5]

The wireless power transmission apparatus according to claim
1, wherein:

the power-supplying module and the power-receiving module
respectively include at least a power-supplying resonator and
a power-receiving resonator which resonate with each other at
a predetermined resonance frequency; and

a power-source frequency of a power source i1s set to a frequency

73



lower than the resonance frequency so that current in the
power-supplying resonator and current iIn the power-receiving
resonator flow in a same direction during power supply by means
of the resonance phenomenon from the power-supplying resonator
to the power-receiving resonator.

[Claim 6]

The wireless power transmission apparatus according to claim
1, wherein the magnetic field detector is a Hall-effect
magnetic sensor.

[Claim 7]

The wireless power transmission apparatus according to claim
1, wherein the magnetic field detector is a coil.

[Claim 8]

The wireless power transmission apparatus according to claim
4, wherein:

the power-supplying resonator includes a coil; and

the magnetic field detector is disposed between a central axis
of the coil and an inner circumferential surface of the coil,
and closer to the i1nner circumferential surface of the coil
rather than the central axis of the coil.

[Claim 9]

The wireless power transmission apparatus according to claim
8, wherein the magnetic field detector is disposed at a position
along the inner circumferential surface of the coil.

[Claim 10]
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The wireless power transmission apparatus according to claim
4, wherein:

each of the power-supplying resonator and the power-receiving
resonator includes a coil; and

the magnetic Tfield detector 1is disposed on an 1nner
circumference side of the coil of power-supplying resonator,
and closer to a facing portion of the coil of the power-supplying
resonator which faces the coil of the power-receiving resonator
than the other portion of the coil of the power-supplying
resonator which does not face the coil of the power-receiving
resonator.

[Claim 11]

The wireless power transmission apparatus according to claim
10, wherein the magnetic field detector 1i1s disposed at a
position on a plane defined by the facing portion of the coil
of the power-supplying resonator which faces the coil of the
power-receiving resonator.

[Claim 12]

The wireless power transmission apparatus according to claim
4, wherein:

the power-supplying resonator includes a coil;

the magnetic fTield detector is a Hall-effect magnetic sensor
configured to detect the magnetic field strength by using Hall
effect to a thin plate-like semiconductor included therein;

and
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the Hall-effect magnetic sensor is disposed so that the thin
plate-like semiconductor is oriented orthogonal to a direction
of the central axis of the coil of the power-supplying resonator,
on an 1inner circumference side of the coil of the

power-supplying resonator.
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