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(57) Abstract: A coil unit performs at least one of transmission and reception of electric power using electromagnetic resonance
between the coil unit and a primary resonance coil disposed to face the coil unit. The coil unit includes a secondary resonance coil
(110A, HOB) that includes a plurality of coils, and that electromagnetically resonates with the primary resonance coil. A first coil
among the plurality of coils is disposed in a manner such that a magnetic field generated by the first coil has a phase opposite to a
phase of a magnetic field generated by at least one coil other than the first coil among the plurality of coils, with respect to a plane
that faces the primary resonance coil.



10

15

20

25

30

35

WO 2011/135424 PCT/IB2011/000869

COIL UNIT, NON-CONTACT POWER TRANSMISSION DEVICE,
NON-CONTACT POWER RECEPTION DEVICE,
NON-CONTACT POWER SUPPLY SYSTEM, AND VEHICLE

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention relates to a coil unit, a non-contact power transmission
device, a non-contact power reception device, a non-contact power supply system, and
a vehicle. More particularly, the invention relates to a coil structure that reduces
leakage electromagnetic fields that occur when electric power is supplied in a

non-contact manner using electromagnetic resonance.

2. Description of the Related Art

[0002]  Electrically-driven vehicles, such as electric vehicles and hybrid
vehicles, have received much attention, as environmentally-friendly vehicles. Each
of the electrically-driven vehicles is provided with a motor that generates drive power
for driving the vehicle, and a rechargeable power storage device that stores electric
power to be supplied to the motor. . The hjbrid vehicles include a vehicle provided
with an internal combustion engine that serves as a power source, in addition to the
motor; and a vehicle provided with a fuel cell that serves as a DC power source for
driving the vehicle, in addition to the power storage device.

[0003]  Among hybrid vehicles, there is a known hybrid vehicle provided with
a power storage device that is charged with electric power supplied from a power
source outside the vehicle, like the electric vehicles. For example, a so-called
“plug-in hybrid vehicle” is known. In the plug-in hybrid vehicle, the power storage
device is charged with electric power supplied from a power source at home, by
connecting a power source outlet provided in a house to a charging port provided in the
vehicle using a charging cable.

[0004] On the other hand, wireless power transmission has recently received
attention as a power transmission method without using a power source cord or a
power transmission cable. Three technologies are known as wireless power
transmission technologies that are prevailing. The three technologies include a
technology in which power is transmitted using electromagnetic induction, a

technology in which power is transmitted using electromagnetic waves, and a
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technology in which power is transmitted using a resonance method.

[0005] Among them, the resonance method is a non-contact power
transmission technology in which paired resonators (for example, paired resonance
coils) resonate with each other in an electromagnetic field (near field), and thus, power
is transmitted via the electromagnetic field. The resonance method makes it possible
to transmit great electric power, that is, several kW of electric power over a relatively
long distance (for example, several meters).

[0006] Japanese Patent Application Publication No. 2009-106136
(JP-A-2009-106136) describes a charging system in which electric power is
transmitted to a vehicle from a power source outside the vehicle in a non-contact
manner using the resonance method, and a power storage device provided in the
vehicle is charged with the electric power.

[0007] Electromagnetic noise for other electrical devices may be caused due
to the electromagnetic field generated around a coil unit including the resonance coil.
For example, noise may be caused in a radio or the like due to the electromagnetic
field. Also, when a conductor is disposed in the electromagnetic field, the conductor
may be heated due to electromagnetic induction caused by the electromagnetic field,
and accordingly, devices may malfunction due to temperature increase.

[0008]  Therefore, when electric power is transmitted using the resonance
method, it is desirable to shield, as much as possible, leakage electromagnetic fields
generated in directions other than a direction in which electric power is transmitted and
received.

[0009] In order to shield the leakage electromagnetic fields, shields may be
disposed around a coil case in which the coil unit is housed. In this case, it may be
necessary to reduce the size of the shields taking into account a space where the coil |

case 1is to be provided in the vehicle.

SUMMARY OF INVENTION
[0010]  The invention provides a coil unit, a non-contact power transmission
device, a non-contact power reception device, a non-contact power supply system, and
a vehicle, which reduce leakage electromagnetic fields that occur when electric power
is supplied in a non-contact manner using a resonance method.
[0011] A first aspect of the invention relates to a coil unit that performs at
least one of transmission and reception of electric power using electromagnetic

resonance between the coil unit and a primary resonance coil disposed to face the coil
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unit. The coil unit includes a secondary resonance coil that includes a plurality of
coils, and that electromagnetically resonates with the primary resonance coil. A first
coil among the plurality of coils is disposed in a manner such that a magnetic field
generated by the first coil has a phase opposite to a phase of a magnetic field generated
by at least one coil other than the first coil among the plurality of coils, with respect to
a plane that faces the primary resonance coil.

[0012] The first coil may be disposed adjacent to at least one coil other than
the first coil among the plurality of coils, on a plane perpendicular to a direction of the
magnetic field generated by the first coil.

[6013] The first coil may be disposed in a manner such that the magnetic field
generated by the first coil has the phase opposite to the phase of the magnetic field
generated by the at least one coil other than the first coil among the plurality of coils,
which is adjacent to the first coil. ‘

[0014] The number of the plurality of coils may be an even number. The
number of the plurality of coils may be two.

[0015] The plurality of coils may further include a second coil. The first
coil and the second coil may be disposed in a manner such that a direction of winding
of the first coil is opposite to a direction of winding of the second coil when the first
coil and the second coil are seen from the primary resonance coil. The first coil may
be connected to the second coil so that a direction of an electric current flowing
through the first coil is opposite to a direction of an electric current flowing through
the second coil, when the first coil and the second coil are seen from the primary
resonance coil.

[0016] The plurality of coils may further include a second coil. The first
coil and the second coil may be disposed in a manner such that a direction of winding
of the first coil is the same as a direction of winding of the second coil when the first
coil and the second coil are seen from the primary resonance coil. The first coil may
be connected to the second coil so that a direction of an electric current flowing
through the first coil is opposite to a direction of an electric current flowing through
the second coil, when the first coil and the second coil are seen from the primary
resonance coil.

[0017] The plurality of coils may have the substantially same reactance.
The plurality of coils may be connected in series to each other.

[0018] The plurality of coils may be connected in parallel to each other. The

coil unit may further include a capacitor connected to both ends of the secondary
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resonance coil.

[0019] The coil unit may further include an electromagnetic induction coil
configured to perform at least one of transmission of electric power to the secondary
resonance coil and reception of electric power from the secondary resonance coil,
using electromagnetic induction. The electromagnetic induction coil may be
magnetically coupled with at least one of the plurality of coils.

[0020]  The plurality of coils may be separate coils that are not connected to
each other. The coil unit may further include an electromagnetic induction coil
configured to perform at least one of transmission of electric power to the secondary -
resonance coil and reception of electric power from the secondary resonance coil,
using electromagnetic induction. The electromagnetic induction coil may be
magnetically cbupled with at least one of the plurality of coils.

[0021] The electromagnetic induction coil may be disposed in a manner such
that the electromagnetic induction coil is magnetically coupled with a magnetic field
generated in the same direction as a direction of axes around which the plurality of
coils are wound. ‘

[0022] The electromagnetic induction coil may be disposed in a manner such
that the electromagnetic induction coil is magnetically coupled with a magnetic field
genérated in a direction orthogonal to a direction of axes around which the plurality of
coils are wound.

[0023] The coil unit may further include a plurality of electromagnetic
induction coils corresponding to the respective plurality of coils. The plurality of
electromagnetic induction coils may be configured to perform at least one of
transmission of electric power to the corresponding coils and reception of electric
power from the corresponding coils, using electromagnetic induction.

[0024] The plurality of electromagnetic induction coils may be connected in
series to each other. The plurality of electromagnetic induction coils may be
connected in parallel to each other. l

[0025] The coil unit may further include capacitors corresponding to the
respective plurality of coils. Each of the capacitors may be connected to both ends of
a corresponding one of the plurality of coils.

[0026] A second aspect of the invention relates to a non-contact power
reception device that receives electric power from a power transmission device in a
non-contact manner. The power transmission device faces the non-contact power

reception device. The non-contact power reception device includes a resonance coil
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that includes a plurality of coils, and that is configured to receive electric power from
the power transmission device using electromagnetic resonance between the resonance
coil and the power transmission device. A first coil among the plurality of coils is
disposed in a manner such that a magnetic field generated by the first coil has a phase
opposite to a phase of a magnetic field generated by at least one coil other than the first
coil among the plurality of coils, with respect to a plane that faces the power
transmission device.

[0027] A third aspect of the invention relates to a non-contact power
transmission device that transmits electric power to a power reception device in a
non-contact manner. The power reception device faces the non-contact power
transmission device. The non-contact power transmission device includes a
resonance coil that includes a plurality of coils, and that is configured to supply electric
power, which has been supplied from a power source device, to the power reception
device using electromagnetic resonance between the resonance coil and the power
reception device. A first coil among the plurality of coils is disposed in a manner
such that a magnetic field generated by the first coil has a phase opposite to a phase of
a magnetic field generated by at least one coil other than the first coil among the
plurality of coils, with respect to a plane that faces the power reception device.

[0028] A fourth aspect of the invention relates to a non-contact power supply
system for non-contact transmission of electric power. The non-contact power supply
system includes a power transmission device; and a power reception device that faces
the power transmission device, and that receives electric power from the power
transmission device. The power transmission device includes a resonance coil that
includes a plurality of coils, and that is configured to supply electric power, which has
been supplied from a power source device, to the power reception device using
electromagnetic resonance between the resonance coil and the power reception device.
A first coil among the plurality of coils is disposed in a manner such that a magnetic
field generated by the first coil has a phase opposite to a phase of a magnetic field
generated by at least one coil other than the first coil among the plurality of coils, with
respect to a plane that faces the power reception device.

[0029] A fifth aspect of the invention relates to a non-contact power supply
system for non-contact transmission of electric power. The non-contact power supply
system includes a power transmission device that transmits electric power that has
been supplied from a power source device; and a power reception device that faces the

power transmission device. The power reception device includes a resonance coil
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that includes a plurality of coils, and that is configured to receive electric power from ]
the power transniission device using electromagnetic resonance between the resonance
coil and the power transmission device. A first coil among the plurality of coils is
disposed in a manner such that a magnetic field generated by the first coil has a phase
opposite to a phase of a magnetic field generated by at least one coil other than the first
coil among the plurality of coils, with respect to a plane that faces the power
transmission device.

[0030] A sixth aspect of the invention relates to a non-contact power supply
system for non-contact transmission of electric power. The non-contact power supply
system includes a power transmission device; and a power reception device that faces
the power transmission device. The power transmission device includes a primary
resonance coil that includes a plurality of power transmission coils, and that is
configured to supply electric power, which has been supplied from a power source
device, to the power reception device using electromagnetic resonance between the
primary resonance coil and the power reception device. A first transmission coil
among the plurality of power transmission coils is disposed in a manner such that a
magnetic field generated by the first transmission coil has a phase opposite to a phase
of a magnetic field generated by at least one coil other than the first transmission coil
among the plurality of power transmission coils, with respect to a plane that faces the
power reception device. The power reception device includes a secondary resonance
coil that includes a plurality of power reception coils, and that is configured to receive
electric power from the power transmission device using electromagnetic resonance
between the secondary resonance coil and the primary resonance coil. A first
reception coil among the plurality of power reception coils is disposed in a manner
such that a magnetic field generated by the first reception coil has a phase opposite to a
phase of a magnetic field generated by at least one coil other than the first reception
coil among the plurality of power reception coils, with respect to a plane that faces the
power transmission device.

[0031]  The plurality of power transmission coils and the plurality of power
reception coils may be disposed in a manner such that a magnetic field generated by
each of the power transmission coils has the same phase as a phase of a magnetic field
generated by a corresponding one of the power reception coilS, which faces the power
transmission coil.

[0032]  The plurality of power transmission coils and the plurality of power

reception coils have the substantially same shape.
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[0033] A seventh aspect of the invention relates to a non-contact power
supply system in which electric power is transmitted and received in a non-contact
manner. The non-contact power supply system includes a first transmission device;
and a second transmission device that faces the first transmission device. The first
transmission device includes a primary resonance coil that includes a plurality of first
power transmission reception coils, and that is configured to receive electric power
from the second transmission device and to transmit electric power from the first
transmission device using electromagnetic resonance between the primary resonance
coil and the second transmission device. A first coil among the plurality of first
power transmission reception coils is disposed in a manner such that a magnetic field
generated by the first coil has a phase opposite to a phase of a magnetic field generated
by at least one coil other than the first coil among the plurality of first power
transmission reception coils, with respect to a plane that faces the second transmission
device. The second transmission device includes a secondary resonance coil that
includes a plurality of second power transmission reception coils, and that is
configured to receive electric power from the first transmission device and to transmit
electric power from the second transmission device using electromagnetic resonance
between the secondary resonance coil and the first transmission device. A second coil
among the plurality of second power transmission reception coils is disposed in a
manner such that a magnetic field generated by the second coil has a phase opposite to
a phase of a magnetic field generated by at least one coil other than the second coil
among the plurality of second power transmission reception coils, with respect to a
plane that faces the first transmission device.

[0034]  An eighth aspect of the invention relates to a vehicle that receives
electric power in a non-contact manner from a power transmission device which is
outside the vehicle, and which faces the vehicle. The vehicle includes a power
reception device; a power storage device that is charged with electric power received
by the power reception device; and a drive device configured to generate drive power
for driving the vehicle, using the electric power supplied from the power storage
device. The power reception device includes a resonance coil that includes a plurality
of coils, and that is configured to receive electric power from the power transmission
device using electromagnetic resonance between the resonance coil and the power
transmission device. A first coil among the plurality of coils is disposed in a manner
such that a magnetic field generated by the first coil has a phase opposite to a phase of

a magnetic field generated by at least one coil other than the first coil among the
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plurality of coils, with respect to a plane that faces the power transmission device.
[0035]  According to the above-described aspects of the invention, it is
possible to provide the coil unit, the non-contact power transmission device, the
non-contact power reception device, the non-contact power supply system, and the
vehicle, which reduce leakage electromagnetic fields that occur when electric power is

supplied in the non-contact manner using the resonance method.

BRIEF DESCRIPTION OF DRAWINGS

[0036] The foregoing and further objects, features and advantages of the
invention will become apparent from the following description of example
embodiments with reference to the accompanying drawings, wherein like numerals are
used to represent like elements and wherein:

FIG. 1 is a diagram showing the entire configuration of a non-contact power
supply system;

FIG. 2 is a diagram used to explain the principle of power transmission using a
resonance method;

FIG.3 is a diagram showing a relation between a distance from an electric current
source (magnetic current source) and electromagnetic field intensity;

FIG. 4 is a schematic diagram showing a coil unit in a vehicle shown in FIG. 1;

FIG. 5 is a schematic diagram showing a first example of a coil unit according to
an embodiment of the invention;

FIG. 6 is a schematic diagram showing a second example of the coil -unit
according to the embodiment of the invention;

FIG. 7 is a schematic diagram showing a third example of the coil unit according
to the embodiment of the invention;

FIG. 8 is a schematic diagram showing a ‘fourth example of the coil unit
according to the embodiment of the invention;

FIG. 9 is a schematic diagram showing a fifth example of the coil unit according
to the embodiment of the invention;

FIG. 10 is a schematic diagram showing a sixth example of the coil unit
according to the embodiment of the invention;

FIG. 11 is a diagram used to explain an example of the size of an electric field
related to an electromagnetic field that remains at a point due to electromagnetic fields
generated when electric currents flow through two coils;

FIG. 12 is a graph showingvan example of the size of an electric field generated at
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each of points in each of the case where electric currents having the same phase flow
through two coils, and the case where electric currents having phases opposite to each
other flow through the two coils; '

FIG. 13 is a diagram showing an example in which the coil unit according to the
embodiment is used in each of a power supply device and a power reception device;

FIG. 14 is a diagram showing a first example of arrangement in the coil unit
according to the embodiment; '

FIG. 15 is a diagram showing a second example of arrangement in the coil unit
according to the embodiment; .

FIG. 16 is a diagram showing a third example of arrangement in the coil unit
according to the embodiment;

FIG. 17 is a diagram showing the entire configuration of the non-contact power
supply system when the coil unit according to the embodiment is used in each of a
vehicle and a power supply device;

FIG. 18 is a diagram showing the entire configuration of the non-contact power
supply system when the coil unit according to the embodiment is used in the vehicle;

FIG. 19 is a diagram showing the entire configuration of the non-contact power
supply system when the coil unit according to the embodiment is used in the power
supply device; and

FIG. 20 is a diagram showing an example of a circuit of the non-contact power
supply system in which electric power is transmitted in two directions between a

vehicle and a power supply device.

DETAILED DESCRIPTION OF EMBODIMENTS

[0037]  Hereinafter, an embodiment of the invention will be described in detail
with reference to the drawings. The same and corresponding portions in the drawings
will be denoted by the same reference numerals, and the description thereof will not be
repeated.

[0038] FIG. 1 is a diagram showing the entire configuration of a basic
non-contact power supply system. As shown in FIG. 1, the non-contact power supply
system includes a vehicle 100 and a power supply device 200.

[0039] The vehicle 100 includes a secondary resonance coil 110, a secondary
electromagnetic induction coil 120, a rectifier 130, a DC-DC converter 140, a power
storage device 150, a Power Control Unit (hereinafter, referred to as “PCU”) 160, a
motor 170, and a vehicle Electronic Control Unit (ECU) 180.
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[0040] The configuration of the vehicle 100 is not limited to the configuration
shown in FIG. 1, as long as the vehicle 100 is a vehicle driven by a motor. Examples
of the vehicle 100 include a hybrid vehicle including a motor and an internal
combustion engine, a fuel cell vehicle including a fuel cell, and an electric vehicle.

[0041] The secondary resonance coil 110 is provided, for example, at a lower
portion of a vehicle body. The secondary resonance coil 110 is an LC resonator
whose both ends are not connected to anything. When the secondary resonance coil
110 resonates with a primary resonance coil 240 of the power supply device 200 via an
electromagnetic field, the secondary resonance coil 110 receives electric power from
the power supply device 200. The capacitance component of the secondary
resonance coil 110 is the parasitic capacitance of the coil. A capacitor (not shown)
may be additionally connected to the both ends of the secondary resonance coil 110 in
order to obtain a predetermined electrostatic capacitance. |

[0042] The number of turns of the secondary resonance coil 110 is
appropriately set so that, for example, a Q value indicating resonance strength between
the primary resonance coil 240 of the power supply device 200 and the secondary
resonance coil 110 becomes large (for example, the Q value becomes larger than 100)
and « indicating the degree of coupling between the primary resonance coil 240 and
the secondary resonance coil 110 becomes large, based on, for example, a distance
between the primary resonance coil 240 and the secondary resonance coil 110, and the
resonance frequency of the primary resonance coil 240 and the secondary resonance
coil 110.

[0043] The secondary electromagnetic induction coil 120 is installed
coaxially with the secondary resonance coil 110. The secondary electromagnetic
induction coil 120 is magnetically coupled with the secondary resonance coil 110 by
electromagnetic induction. The secondary electromagnetic induction coil 120 takes
out electric power received by the secondary resonance coil 110 using the
electromagnetic induction, and outputs the electric power to the rectifier 130.

[0044] The rectifier 130 rectifies the alternating-current power (AC power)
taken out by the secondary electromagnetic induction coil 120, and outputs
direct-current power (DC power) to the DC-DC converter 140. The DC-DC
converter 140 converts the voltage level of the electric power rectified by the rectifier
130 to the voltage level of the power storage device 150, and outputs the electric power,
whose voltage level has been converted, to the power storage device 150. When

electric power is received from the power supply device 200 while the vehicle 100 is
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traveling, the DC-DC converter 140 may convert the voltage level of the electric power
rectified by the rectifier 130 to a system voltage level, and may directly supply the
electric power, whose voltage level has been converted, to the PCU 160. The DC-DC
converter 140 does not necessarily need to be provided. After the AC power taken
out by the secondary electromagnetic induction coil 120 is rectified by the rectifier 130,
the DC power may be directly provided to the power storage device 150.

[0045] The power storage device 150 is a DC power source that is
rechargeable. The power storage device 150 is configured to include a secondary
battery such as a lithium ion secondary battery or a nickel-hydrogen secondary battery.
The power storage device 150 stores the electric power supplied from the DC-DC
converter 140, and regenerative electric power generated by the motor 170. The
power storage device 150 supplies the stored electric power to the PCU 160. A
capacitor with a large capacitance may be employed as the power storage device 150.
Any device may be employed as the power storage device 150, as long as the device
serves as an electric power buffer that temporarily stores the electric power supplied
from the power supply device 200 and the regenerative electric power supplied from
the motor 170, and supplies the stored electric power to the PCU 160.

[0046] The PCU 160 drives the motor 170 using the electric power output

from the power storage device 150 or the electric power directly supplied from the

" DC-DC converter 140. The PCU 160 converts the regenerative electric power (AC

power) generated by the motor 170 to DC power, and outputs the DC power to the
power storage device 150 to charge the power storage device 150. The motor 170 is
driven by the PCU 160, and thus, the motor 170 generates drive power for driving the
vehicle 100, and outputs the drive power to drive wheels. The motor 170 generates
electric power using kinetic energy received from the drive wheels (and received from
an engine (not shown) when the vehicle 100 is a hybrid vehicle). The motor 170
outputs the generated regenerative electric power to the PCU 160.

[0047] The vehicle ECU 180 includes a Central Processing Unit (CPU), a
memory device, and an input/output buffer, although none of them are shown in FIG. 1.
The vehicle ECU 180 receives signals from sensors and the like, and outputs control
signals to devices. In addition, the vehicle ECU 180 performs controls over the
vehicle 100 and the devices. The controls are not limited to controls performed by
software, and the controls may be performed by hardware (an electronic circuit) for
exclusive use. In FIG. 1, the vehicle ECU 180 is configured to control the travel of

the vehicle 100 and the reception of electric power from the power supply device 200.
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However, the configuration of the control device in the embodiment of the invention is
not limited to this configuration. That is, the vehicle 100 may include control devices
provided separately for respective devices or respective functions. For example, the
vehicle 100 may include a power reception ECU that mainly controls the reception of
electric power.

[0048] The vehicle ECU 180 controls the DC-DC converter 140 when electric
power is supplied from the power supply device 200 to the vehicle 100. For example,
the vehicle ECU 180 controls a voltage, which has been input from the rectifier 130 to
the DC-DC converter 140, to a predetermined target voltage, by controlling the
DC-DC converter 140.  Also, when the vehicle 100 is traveling, the vehicle ECU 180
controls the PCU 160 based on the traveling state of the vehicle and the State of
Charge (SOC) of the power storage device 150.

[0049] The power supply device 200 includes an AC power source 210, a
high-frequency power driver 220, a primary electromagnetic induction coil 230, and
the primary resonance coil 240.

[0050] The AC power source 210 is a power source outside the vehicle. For
example, the AC power source 210 is a commercial power source. The
high-frequency power driver 220 converts electric power received from the AC power
source 210 to high-frequency electric power, and supplies the high-frequency electric
power to the primary electromagnetic induction coil 230. The frequency of the
high-frequency electric power generated by the high-frequency power driver 220 is, for
example, 1 MHz to several tens of MHz.

[0051] The primary electromagnetic induction coil 230 is installed coaxially
with the primary resonance coil 240.  The primary electromagnetic induction coil 230
is magnetically coupled with the primary resonance coil 240 by electromagnetic
induction. The primary electromagnetic induction coil 230 supplies the
high-frequency electric power, which has been supplied from the high-frequency
power driver 220, to the primary resonance coil 240.

[0052]  The primary resonance coil 240 is installed, for example, at a position
near a ground surface. The primary resonance coil 240 is an LC resonator whose
both ends are not connected to anything, as well as the secondary resonance coil 110.
When the primary resonance coil 240 resonates with the secondary resonance coil 110
of the vehicle 100 via the electromagnetic field, the primary resonance coil 240
transmits electric power to the vehicle 100. The capacitance component of the

primary resonance coil 240 is the parasitic capacitance of the coil. As in the case of
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the secondary resonance coil 110A, a capacitor (not shown) may be additionally
connected to both ends of the primary resonance coil 240.

[0053] The number of turns of the primary resonance coil 240 is
appropriately set so that, for example, the Q value becomes large (for example, the Q
value becomes larger than 100) and the coupling degree k becomes large, based on, for
example, the distance between the primary resonance coil 240 and the secondary
resonance coil 110 of the vehicle 100, and the resonance frequency of the primary
resonance coil 240 and the secondary resonance coil 110.

[0054]  FIG. 2 is a diagram used to explain the principle of electric power
transmission using a resonance method.  As shown in FIG. 2, in the resonance method,
when two LC resonators having the same eigen frequency resonate with each other in
an electromagnetic field (near field) in the same manner as the manner in which two
tuning forks resonate with each other, electric power is transmitted from one coil to the
othér coil via the electromagnetic field. '

[0055] More specifically, a primary electromagnetic induction coil 320 is
connected to a high-frequency power source 310, and high-frequency electric power at
1 MHz to several tens of MHz is supplied to a primary resonance coil 330 that is
magnetically coupled with the primary electromagnetic induction coil 320 by
electromagnetic induction. The primary resonance coil 330 is an LC resonator that
resonates due to the inductance and the parasitic capacitance of the coil itself (and the
capacitance of a capacitor when the capacitor is connected to the coil). The primary
resonance coil 330 resonates with a secondary resonance coil 340 that has the same
resonance frequency as that of the primary resonance coil 330, via an electromagnetic
field (near field). As a result, energy (electric power) is transferred from the primary
resonance coil 330 to the secondary resonance coil 340 via the electromagnetic field.
The energy (electric power) that has been transferred to the secondary resonance coil
340 is taken out by a secondary electromagnetic induction coil 350 that is magnetically
coupled with the secondary resonance coil 340 by electromagnetic induction, and the
energy (electric power) is supplied to a load 360. In the resonance method, electric
power is transmitted when the Q value indicating the resonance strength between the
primary resonance coil 330 and the secondary resonance coil 340 is larger than 100.

[0056] The corresponding relation between FIG. 1 and FIG. 2 will be
described. The AC power source 210 and the high-frequency power driver 220
correspond to the high-frequency power source 310 in FIG. 2. The primary

electromagnetic induction coil 230 and the primary resonance coil 240 in FIG. 1
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correspond to the primary electromagnetic induction coil 320 and the primary
resonance coil 330 in FIG. 2, respectively. The secondary resonance coil 110 and the
secondary electromagnetic induction coil 120 in FIG. 1 correspond to the secondary
resonance coil 340 and the secondary electromagnetic induction coil 350 in FIG. 2,
respectively. The rectifier 130 to the motor 170 in FIG. 1 collectively correspond to
the load 360 in FIG. 2.

[0057] FIG. 3 is a diagram showing a relation between a distance from an
electric current source (magnetic current source) and electromagnetic field intensity.
As shown in FIG. 3, the electromagnetic field is composed of three components. A
curve k1 indicates the component that is inversely proportional to the distance from the
wave source, and is referred to as “a radiation magnetic field”. A curve k2 indicates
the component that is inversely proportional to the square of the distance from the
wave source, and is referred to as “an induction electromagnetic field”. A curve k3
indicates the component that is inversely proportional to the cube of the distance from
the wave source, and is referred to as “a static electromagnetic field”.

[0058] “The static electromagnetic field” is a region where the
electromagnetic field intensity sharply decreases as the distance from the wave source
increases. In the resonance method, energy (electric power) is transmitted using a
near field (an evanescent field) where “the static electromagnetic field” is dominant.
That is, paired resonators (for example, paired LC resonators) having the same eigen
frequency reéonate with each other in the near field where “the static electromagnetic
field” is dominant. Thus, energy (electric power) is transmitted from one of the
resonators (the primary resonance coil) to the other resonator (the secondary resonance
coil). “The static electromagnetic field” does not transmit energy to a far area.
Therefore, in the resonance method, energy is transmitted with less energy loss, as
compared to when using an electromagnetic field where energy (electric power) is
transmitted by “the radiation electromagnetic field” that transmits energy to a far area.

[0059] FIG. 4 is a schematic diagram showing a coil unit in the vehicle 100 in
FIG. 1. A coil unit in the power supply device 200 has the same configuration as the
configuration of the coil unit in the vehicle 100, and therefore, the description thereof
will not be repeated.

[0060]  As shown in FIG. 4, a coil unit 125 includes a bobbin 115, a capacitor
116, and the secondary resonance coil 110 and the secondary electromagnetic
induction coil 120 that are shown in FIG. 1.

[0061] The coil material of the secondary resonance coil 110 is wound around
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the bobbin 115. The both ends of the secondary resonance coil 110 are connected to
the capacitor 116, and thus, the LC resonator is configured. The capacitor 116 may
be provided in the inside of the bobbin 115 in order to reduce the size of the coil unit
125.  The capacitor 116 does not necessarily need to be provided. When a desired
capacitance component is obtained using the parasitic capacitance of the secondary
resonance coil 110, the both ends of the secondary resonance coil 110 are not
connected to anything.

[0062]  The coil material of the secondary electromagnetic induction coil 120
is wound around the bobbin 115 that is cylindrical and has an insulation property.
The secondary electromagnetic induction coil 120 is disposed coaxially with the
secondary resonance coil 110. Both ends of the secondary electromagnetic induction
coil 120 are formed in, for example, a box shape, and are disposed outside a coil case
(not shown) in which the coil unit 125 is housed. Thus, both ends of the secondary
electromagnetic induction coil 120 are connected to a load. The secondary
electromagnetic induction coil 120 takes out electric power received by the secondary
resonance coil 1 10, using electromagnetic induction.

[0063] When the secondary resonance coil 110 electromagnetically resonates

with the primary resonance coil 240 of the power supply device 200 (refer to FIG. 1),

~which faces the secondary resonance coil 110, the secondary resonance coil 110

receives electric power from the supply device 200. Electric power is transmitted
between the secondary resonance coil 110 and the secondary electromagnetic induction
coil 120 by electromagnetic induction.

[0064] In electric power transmission using the resonance method, energy
(electric power) is transmitted via the electromagnetic field as described above.
Therefore, when electric power is supplied, the electromagnetic field is formed around
the coil unit. _

[0065] Electromagnetic noise for other electrical devices may be caused due
to the electromagnetic field generated around the coil unit. For example, noise may
be caused in a radio or the like due to the electromagnetic field. Also, when a
conductor is disposed in the electromagnetic field, the conductor may be heated due to
electromagnetic induction caused by the electromagnetic field. In this case, devices
may malfunction due to temperature increase caused by the electromagnetic induction.

[0066]  Particularly, in the case where electric power is supplied to the vehicle
as shown in FIG. 1, the power supply device is usually installed outdoors, and therefore,

the above-described influence on a surrounding area may become problematic.
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Further, because great electric power is transmitted, a large electric current flows
through the coil, and accordingly, the intensity of the generated electromagnetic field is
high.

[0067] Thus, it is desirable to shield, as much as possible, so-called leakage
electromagnetic fields that occur in directions other than the direction in which electric
power is transmitted and received between the power supply device 200 and the
vehicle 100, in order to reduce the above-described influence. In order to achieve this
purpose, shields produced using an electromagnetic shielding material may be installed
on surfaces of the coil case (not shown) in which the coil unit is housed, except a
surface that faces in the direction in which electric power is transmitted and received.

[0068] However, in the case where the coil unit is provided in the vehicle, the
coil unit is disposed, for example, at the lower portion of the vehicle body as shown in
FIG. 1, and when the leakage electromagnetic fields are to be completely shielded by
the shields, the size of the coil case is increased by installing the shields. Accordingly,
in a small-sized vehicle such as a compact car, it may be difficult to secure an
installation site where the coil unit is to be installed. |

[0069] Accordingly, in the coil unit in the embodiment, the resonance coil,
which occupies a large portion of the coil unit, is constituted by a plurality of coils that
are connected in series to each other. In addition, the plurality of coils are disposed
adjacent to each other on a plane that is parallel to the surface through which electric
power is transmitted and received. Further, the coils are oriented so that the
electromagnetic fields, which are generated by the coils adjacent to each other, have
phases opposite to each other. The resonance coil may be constituted by a plurality of
coils that are connected in parallel to each other.

[0070] By configuring the coil unit in the above-described manner, the size of
each coil (more specifically, the length of each coil in the direction of a central axis
around which the coil is wound) is decreased, and accordingly, the height of the entire
coil unit is decreased. That is, the coil unit whit a decreased thickness is provided.
Further, it is possible to reduce at least a portion of the electromagnetic fields that leak
to the surrounding area, by disposing the coils in a manner such that the
electromagnetic fields, which are generated by the coils adjacent to each other, have
phases opposite to each other. As a result, it is possible to reduce the electromagnetic
fields generated in the surrounding area when electric power is transmitted. Thus, it
is expected to reduce restrictions on the site where the coil unit is to be installed.

[0071]  FIG 5 is a schematic diagram showing a coil unit according to the
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embodiment of the invention. FIG. 5 shows an example of the coil unit in the vehicle,
as well as FIG. 4, and shows the case where the resonance coil is constituted by two
coils. The configuration of the coil unit in the power supply device may be the same
as the configuration of the coil unit in the vehicle.

[0072]  As shown in FIG. 5, a coil unit 125A includes secondary resonance
coils 110A and 110B, bobbins 115A and 115B, the capacitor 116, and the secondary
electromagnetic induction coil 120.

[0073] The secondary resonance coils 110A and 110B are wound around the
bobbins 115A and 115B, respectively. One end of the secondary resonance coil 110A
and one end of the secondary resonance coil 110B are connected to-each other. The
other end of the secondary resonance coil 110A and the other end of the secondary
resonance coil 110B are connected to respective terminals of the capacitor 116.

Because one end of the secondary resonance coil 110A and one end of the secondary

~ resonance coil 110B are connected to each other, the other end of the secondary

resonance coil 110A and the other end of the secondary resonance coil 110B can be
regarded as both ends of the secondary resonance coils 110A and 110B. Thus, the
capacitor 116 is connected to both ends of the secondary resonance coils 110A and
110B. The capacitor 116 may be provided in the inside of one of the bobbins 115 A
and 115B. |

[0074] The secondary resonance coils 110A and 110B are disposed adjacent

~ to each other on a plane perpendicular to the direction of the central axes around which

the secondary resonance coils 110A and 110B are wound. That is, the secondary
resonance coils 110A and 110B are disposed adjacent to each other on a plane
perpendicular to the direction of the magnetic field that is generated by each of the
secondary resonance coils 110A and 110B at the central axis. In this case, the
directions of winding of the secondary resonance coils 110A and 110B, and the manner
in which the secondary resonance coils 110A and 110B are connected to each other are
set so that the electromagnetic fields, which are generated by the secondary resonance
coils 110A and 110B, have phases opposite to each other. More specifically, the
secondary resonance coils 110A and 110B are disposed in a manner such that the
electromagnetic fields generated by the secondary resonance coils 110A and 110B have
phases opposite to each other, with respect to a plane that faces the primary resonance
coil.

[0075] For example, the secondary resonance coil 110 in FIG. 4 is divided

into two coils (that is, the secondary resonance coils 110A and 110B), at a position near
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the substantially center portion of the secondary resonance coil 110 so that the
reactances of the two coils are substantially equal to each other, and the two coils are
disposed so that the directions of winding of the two coils are the same when the two
coils are seen from the power supply device. The end portions of the secondary
resonance coils 110A and 110B, which are closer to the power supply device than the
other end portions of the secondary resonance coils 110A and 110B, are connected to
each other, and the end portions of the secondary resonance coils 110A and 110B,
which are farther from the power supply device than the other end portions of the
secondary resonance coils 110A and 110B, are connected to each other through the
capacitor 116 so that the direction of the electric current flowing through the secondary
resonance coil 110A is opposite to the direction of the electric current flowing through
the secondary resonance coil 110B when the secondary resonance coils 110A and 110B
are seen from the power supply device. By disposing and connecting the secondary
resonance coils 110A and 110B in the above-described manners, the secondary
resonance coils 110A and 110B in FIG. 5 are generated.

[0076]  Next, the case where the electric current flows through the coils, for
example, in a direction shown by a solid arrow ARO in FIG. 5 will be assumed. In

this case, in the secondary resonance coil 110A, the electromagnetic field is generated

. in the direction shown by dashed lines ARI1, that is, the electromagnetic field is

generated in the direction from a lower position to an upper position in FIG. 5 at the
central axis around which the coil is wound. The secondary resonance coil 110B is
disposed adjacent to the secondary resonance coil 110A so that in the secondary
resonance coil 110B, the electromagnetic field is generated in the direction shown by
dashed arrows AR2, that is, the electromagnetic field is generated in the direction from
the upper position to the lower position in FIG. 5 at the central axis around which the
coil is wound.

[0077] The secondary electromagnetic induction coil 120 is disposed
concentrically with one of the secondary resonance coils 110A and 110B. FIG. 5
shows the example in which the secondary electromagnetic induction coil 120 is
disposed concentrically with the secondary resonance coil 110B.

[0078] With this configuration, a height H2 of the coils in FIG. 5 is smaller
than a height H1 of the coil in FIG. 4, as long as the coils are the resonance coils
having the same resonance frequency. Accordingly, it is possible to provide the coil
unit with a decreased thickness.

[0079] In the case where the resonance frequency is high, the number of turns
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of the resonance coil is small, and the thickness of the coil is made small as compared
to the diameter of the coil. Therefore, in this case, a large portion of the thickness of
the coil unit is constituted by the thickness of a shield case (not shown) for blocking
the leakage of the electromagnetic fields to the surrounding area. The shield case is
designed to encompass the electromagnetic fields generated by the coil. Therefore, as
the diameter of the coil becomes larger, the thickness of the shield case becomes larger.
Thus, it is possible to further reduce the thickness of the coil unit, by reducing the
winding radius of each coil when the coil is divided as shown in FIG. 5.

[0080] In FIG. 5, the secondary resonance coils 110A and 110B are disposed
in a manner such that the directions of winding of the secondary resonance coils 110A
and 110B are the same when the secondary resonance coils 110A and 110B are seen
from the power supply device. However, the secondary resonance coils may be
disposed in a manner such that the directions of winding of the secondary resonance
coils are opposite to each other, as in a coil unit 125B in FIG. 6, in which secondary
resonance coils 110A and 110C are disposed in a manner such that the directions of
winding of the secondary resonance coils 110A and 110C are opposite to each other.
In this case, the end portion of the secondary resonance coil 110A, which is closer to
the power supply device, is connected to the end portion of the secondary resonance
coil 110C, which is farther from the power supply device, and the end portion of the
secondary resonance coil 110A, which is farther from the power supply device, is
connected to the end portion of the secondary resonance coil 110C, which is closer to
the power supply device, through the capacitor 116. By connecting the secondary
resonance coils 110A and 110C in the above-described manner, the direction of the
electric current flowing through the sécondary resonance coil 110A is opposite to the
direction of the electric current flowing through the secondary resonance coil 110C,
when the secondary resonance coils 110A and 110C are seen from the power supply
device. Therefore, the electric magnetic fields, which are generated by the secondary
resonance coils 110A and 110C, have phases opposite to each other, as in the case
shown in FIG. 5.

[0081] The secondary resonance coils 110A and 110B in FIG. 5 may be
separate coils that are not connected to each other, as in a coil unit 125C shown in FIG.
7. In this case, in order to adjust the resonance frequency, the secondary resonance
coils 110A and 110B are provided with capacitors 117A and 117B, respectively. The
secondary electromagnetic induction coil for taking out electric power from the

secondary resonance coils 110A and 110B may be disposed in the same manner as the
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manner in which a secondary electromagnetic induction coil 120A in FIG. 7 is disposed,
that is, the secondary electromagnetic induction coil may be disposed in a manner such
that the secondary electromagnetic induction coil is coupled with the electromagnetic
fields that extend in the same direction as the direction of the axes around which the
secondary resonance coils 110A and 110B are wound. Also, the secondary
electromagnetic induction coil may be disposed in the same manner as the manner in
which a secondary electromagnetic induction coil 120B in a coil unit 125D in FIG. 8 is
disposed, that is, the secondary electromagﬁetic induction coil may be disposed in a
manner such that the secondary electromagnetic induction coil is coupled with the
electromagnetic field that extends in a direction orthogonal to the axes around which
the secondary resonance coils 110A and 110B are wound.

[0082] Further, a plurality of secondary electromagnetic induction coils
corresponding to the secondary resonance coils 110A and 110B may be provided.
The plurality of secondary electromagnetic induction coils may be connected in series
to each other, as in a coil unit 125E in FIG. 9, in which secondary electromagnetic
induction coils 120C are connected in series to each other. Also, the plurality of
secondary electromagnetic induction coils may be connected in parallel to each other,
as in a coil unit 125F in FIG. 10, in which secondary electromagnetic induction coils
120D are connected in parallel to each other.

[0083]  Each of FIG. 5 to FIG. 10 shows the example in which the number of
turns of each coil is more than one, in order to explain the direction of winding of the
coil. However, each coil may be a single-turn coil whose number of turns is one, as
long as a desired resonance frequency is obtained.

[0084]  Next, electromagnetic fields generated around the coil unit with the
above-described configuration will be described with reference to FIG. 11 and FIG. 12.

[0085]  FIG. 11 is a diagram showing the configuration that serves as a basis
when calculating the size of an electric field related to an electromagnetic field that
remains at a point due to electromagnetic fields geﬁerated by electric currents flowing
through two coils.

[0086]  Asshown in FIG. 11, coils C1 and C2 are disposed on an X-Y plane in
a manner such that the center of the coil C1 is on an X axis at a distance B from an
original point in the positive direction of the X axis, and the center of the coil C2 is on
the X axis at the distance 8 from the original point in the negative direction of the X
axis. The specifications of the coil C1 are the same as those of the coil C2. For

example, the number of turns of the coil C1 is the same as that of the coil C2, the
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diameter of the coil C1 is the same as that of the coil C2, the direction of winding of
the coil C1 is the same as that of the coil C2, and the material of the coil C1 is the same
as that of the coil C2.

[0087] Electric field intensity E¢ at a point R1 on the X axis is calculated
when electric currents I1 and 12 flow through the coils C1 and C2, respectively.
Arrows in FIG. 11 show the positive directions of the electric currents I1 and 12.

[0088] FIG. 12 shows an example of calculation results in the case where each
of the values of the electric currents I1 and 12 is +o (that is, in the case where the
electromagnetic fields with the same phases are generated), and in the case where the
value of the electric current [1 is +a and the value of the electric current 12 is —o. (that
is, in the case where the electromagnetic fields with phases opposite to each other are
generated). '

[0089] In FIG 12, an abscissa axis indicates a distance between the original
point and the measurement point R1 on the X axis, in the form of a logarithm, and an
ordinate axis indicates the electric field intensity E¢ at the measurement point R1, in
the form of a logarithm. In FIG. 12, a dashed curve W10 indicates the electric field
intensity E¢ when the electromagnetic fields with the same phase are generated by the
coils C1 and C2. A solid curve W20 indicates the electric field intensity E¢p when the
electromagnetic fields with phases opposite to each other are generated by the coils C1
and C2.

[0090] It is evident that in an example shown in FIG. 12, the value of the
electric field intensity E¢ when the electromagnetic fields with phases opposite to each
other are generated is approximately one tenth of the value of the electric field
intensity E¢ when the electromagnetic fields with the same phase are generated.
Electric power generated due to the electric field intensity is proportional to the square
of the electric field intensity. Therefore, the value of the electric power when the
electromagnetic fields with phases opposite to each other are generated is
approximately -one hundredth of the value of the electric power when the
electromagnetic fields with the same phase are generated. Particularly, at a
sufficiently far point at which the distance 2p between the coils C1 and C2 is
negligible, it can be regarded that the electromagnetic fields with phases opposite to
each other are emitted from the substantially same position, and therefore, the electric
field intensity E¢ at the point is substantially zero.

[0091] In FIG. 11, a distance between each point on the Y axis and the coil C1

is equal to a distance between the point on the Y axis and the coil C2. Therefore, the
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electric field intensity E¢ at each point on the Y axis due to the electromagnetic fields
with phases opposite to each other is constantly zero theoretically. Accordingly, it is
possible to particularly reduce the electromagnetic field in a specific direction, by
appropriately adjusting the positions of the coils C1 and C2.

[0092] Thus, by using the coil unit that includes a plurality of resonance coils
that generate the electromagnetic fields with phases opposite to each other, it is
possible to reduce the leakage electromagnetic fields around the coil unit.
Accordingly, it is possible to reduce the electromagnetic shielding ability required of
the shields. This makes it possible to reduce the thickness of the shields, and to
reduce the size of the coil case. As a result, it is possible to further reduce the
restrictions on the site where the coil unit is to be installed, and to reduce the cost of
the coil unit and the cost of the coil case.

[0093] FIG. 13 is a diagram showing an example in which the coil unit shown
in FIG. 5 is used in each of the power supply device 200 and the vehicle 100 that
functions as a power reception device.

[0094]  The coil unit 125A in the vehicle 100 is the same as the coil unit 125A
shown in FIG. 5. Electric power taken out by the secondary electromagnetic
induction coil 120 is output to a load 105 including the rectifier 130 and the power
storage device 150.

[0095] A coil unit 245A in the power supply device 200 includes the primary
electromagnetic induction coil 230, bobbins 235A and 235B, primary resonance coils
240A and 240B, and a capacitor 236. The specifications of these elements, such as
the shapes, arrangement, sizes and connection configuration of these elements, may be
the same as those of the elements in the coil unit 125A provided in the vehicle 100.
In addition, the resonance coils may be installed in a manner such that the primary
resonance coil 240A faces the secondary resonance coil 110A, and the primary
resonance coil 240B faces the secondary resonance coil 110B. '

[0096] When electric power is supplied from a high-frequency power source
205 to the primary electromagnetic induction coil 230 in this situation, for example,
the electromagnetic fields in directions shown by arrows in FIG. 13 are generated, and
electric power is transmitted between the primary resonance coil 240A and the
secondary resonance coil 110A, and between the primary resonance coil 240B and the
secondary resonance coil 110B. The electromagnetic fields generated by the primary
resonance coil 240A and the secondary resonance coil 110A have the same phase, and

the electromagnetic fields generated by the primary resonance coil 240B and the
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secondary resonance coil 110B have the same phase.

[0097]  Although the case where the two resonance coils are provided in each
coil unit have been described, the number of the resonance coils is not limited two.

[0098]  FIG. 14 shows an example in which four resonance coils 111A to 111D
are provided. In each of FIG. 14 and FIGS. 15 and 16 described below, the direction
of winding of each resonance coil and the configuration of connection between the
resonance coils are not shown in detail. However, the plurality of resonance coils are
connected in series to each other, and the resonance coils, which face each other,
electromagnetically resonate with each other, in the entire coil unit.

{00991 In FIG. 14, the four resonance coils 111A to 111D are disposed, for
example, in a zigzag arrangement. That is, centers, around which the four resonance
coils 111A to 111D are wound, are positioned on a quadrangle. The electromagnetic
fields, which are generated by the coils disposed on one diagonal line of the
quadrangle (for example, the resonance coils 111A and 111D), have the same phase.
The electromagnetic fields, which are generated by the coils disposed on the other
diagonal line of the quadrangle (for example, the resonance coils 111B and 111C) have
the phase opposite to the phase of the electromagnetic fields generated by the
resonance coils 111A and 111D.

[0100] The electromagnetic fields, which are generated by the resonance coils
111A and 111B, may have the same phase, and the electromagnetic fields, which are
generated by the resonance coils 111C and 111D, may have the phase opposite to the
phase of the electromagnetic fields generated by the resonance coils 111A and 111B.
Also, the four resonance coils 111A to 111D may be disposed in a line in a manner
such that the electromagnetic fields, which are generated by each pair of the resonance
coils adjacent to each other, have phases opposite to each other.

[0101] FIG. 15 shows an example in which the coil unit includes six
resonance coils 111A to 111F. In this case as well, for example, the resonance coils
are disposed in a zigzag arrangement.

[0102] When an even number of resonance coils are disposed as shown in
FIG. 14 and FIG. 15, the number of the coils that generate the electromagnetic fields
with the same phase may be equal to the number of the coils that generate the
electromagnetic fields with the opposite phase. In this case, the coils with the same
shape can be disposed in a well-balanced arrangement.

[0103]  As in an example in FIG. 16, an odd number of resonance coils (three

coils in FIG. 16) may be disposed. FIG. 16 shows the example in which the coil unit
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includes resonance coils 112A to 112C. In this example, the resonance coils 112B
and 112C are disposed on respective sides of the resonance coil 112A disposed at a
center. The reactance of each coil, the number of turns of each coil, the direction of
winding of each coil, and the configuration of connection between the coils are
appropriately determined so that the electromagnetic fields, which are generated by the
resonance coils 112B and 112C, have the phase opposite to the phase of the
electromagnetic field generated by the resonance coil 112A, and the sum of the sizes of
the electromagnetic fields generated by the resonance coils 112B and 112C is equal to
the size of the electromagnetic field generated by the resonance coil 112A.

[0104]  For example, in the case where the resonance coil is divided into “n”
number of resonance coils, if an average power density per unit area is constant, the
diameter of each coil becomes approximately 1 / Jn. Because the distribution profile
of the magnetic field is also reduced, the height of the shields, that is, the height of the
coil unit also becomes 1 /+/n. Therefore, it is possible to provide the coil unit with
the decreased thickness. However, the spatial distribution of power transmission
efficiency also becomes 1 /. Therefore, the distance that electric power can be
transmitted (that is, a distance between a power transmission device and a power
reception device) is also reduced. Therefore, the number of coils is limited by the
design of the distance between the power transmission device and the power reception
device. |

[0105] FIG. 17 is a diagram showing the entire configuration of the
non-contact power supply system in FIG. 1 when the coil unit shown in FIG. 13 is used
in each of a power supply device and a vehicle.

[0106] In FIG. 17, in a vehicle 100A, the secondary resonance coils 110A and
110B in FIG. 13 are used instead of the secondary resonance coil 110 in the vehicle 100
in FIG. 1. In a power supply device 200A, the primary resonance coils 240A and
240B in FIG. 13 are used instead of the primary resonance coil 240 in the power supply
device 200 in FIG. 1.

[0107] FIG. 18 is a diagram showing the entire configuration of the
non-contact power supply system when the coil unit 125A in FIG. 13 is used in the
vehicle, and the coil unit 245A in FIG. 13 is not used in the power supply device. FIG.
19 is a diagram showing the entire configuration of the non-contact power supply
system when the coil unit 245A in FIG. 13 is used in the power supply device, and the
coil unit 125A in FIG. 13 is not used in the vehicle. The description of the elements
in FIG. 17 to FIG. 19 that are shown in FIG. 1 to FIG. 13 will not be repeated.
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[0108] In FIG. 18 and FIG:. 19, one of the vehicle and the power supply device
includes one resonance coil, and the other of the vehicle and the power supply device
includes two resonance coils. In these cases as well, it is possible to transmit electric
power using electromagnetic resonance, by making the resonance frequency of the
entire coil unit including the capacitor and the two resonance coils substantially equal
to the resonance frequency of the coil unit including the one resonance coil that faces
the two resonance coils.

[0109]  Further, recently, a so-called smart grid system has been examined.
In the smart grid system, a vehicle is regarded as one electric power supply device for
household use; a power storage device provided in the vehicle is charged with electric
power generated at home using a solar battery or the like; and electric power stored in
the power storage device in the vehicle is used at home, or is supplied to the system of
a commercial power source for sale.

[0110] When electric power can be transmitted in two directions between the
vehicle and the power supply device, that is, power can be transmitted from the vehicle
to the power supply device and from the power supply device to the vehicle in the
non-contact power supply system in the embodiment, the non-contact power supply
system in the embodiment may be used in the smart grid system.

[0111] FIG. 20 is a diagram showing an example of a circuit of the
non-contact power supply system in which electric power can be transmitted in two
directions between a vehicle and a power supply device. The description of the
elements in FIG. 20 that are shown in FIG. 17 to FIG. 19 will not be repeated.

[0112] As shown in FIG. 20, the non-contact power supply system, in which
electric power can be transmitted in two directions, includes a vehicle 100B and a
power supply device 200B. _

[0113] Basically, the vehicle 100B has the same configuration as the

‘configuration of the vehicle 100A in FIG. 17. However, in the vehicle 100B, an

inverter 130A, which can convert AC power to DC power, and can convert DC power
to AC power, is used instead of the rectifier 130 in FIG. 17, and a DC-DC converter
140A is used instead of the DC-DC converter 140 in FIG. 17.

[0114] For example, the inverter 130A is a full-bridge type inverter, and
includes switching elements Q11 to Q14, diodes D11 to D14, and a capacitor 131.
When the power storage device 150 is charged, the inverter 130A converts AC power,
which has been transmitted from the power supply device 200B by electromagnetic

resonance, to DC power. When electric power stored in the power storage device 150
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is supplied to the power supply device 200B, the inverter 130A converts DC power,
which has been supplied from the power storage device 150, to AC power.

[0115] For example, the DC-DC converter 140A is configured to include a
chopper circuit that steps up and steps down a voltage. The DC-DC converter 140A
is disposed between the power storage device 150 and the inverter 130A to convert a
voltage.

[0116] The power supply device 200B includes a power conditioner 215 and
an inverter 220A. The power conditioner 215 adjusts a DC voltage generated by a
solar battery 216, which is installed, for example, on the roof of a house, to a
predetermined voltage, and then, supplies the DC voltage. The power conditioner
215 converts AC power, which has been supplied from a commercial power source
210A, to DC power, and supplies the DC power to the inverter 220A. Also, the
power conditioner 215 converts DC power generated by the solar battery 216 or DC
power supplied from the power storage device 150 provided in the vehicle 100B via
the inverter 220A, to AC power, and supplies the AC power to the system of the
commercial power source 210A.

[0117] For example, the inverter 220A is a full-bridge type inverter, as well as
the inverter 130A in the vehicle 100B. Thus, the inverter 220A includes switching
elements Q1 to Q4, diodes D1 to D4, and a capacitor 221. The inverter 220A
converts DC power, which has been supplied from the power conditioner 215, to AC
power, and supplies the AC power to the primary electromagnetic induction coil 230.
The inverter 220A converts AC power, which has been transmitted from the vehicle
100B by electromagnetic resonance, to DC power, and supplies the DC power to the
power conditioner 215. ,

[0118] By forming this circuit, electric power supplied from a commercial

power source, or electric power generated using a solar battery can be transmitted by

~ electromagnetic resonance to charge the power storage device provided in the vehicle,

and in addition, electric power stored in the power storage device in the vehicle can be
transmitted by electromagnetic resonance to be used at home, or to be supplied to the
system of the commercial power source.

[0119] Thus, the embodiment of the invention that has been disclosed in the
specification is to be considered in all respects as illustrative and not restrictive. The
technical scope of the invention is defined by claims, aﬁd all changes which come
within the meaning and range of equivalency of the claims are therefore intended to be

embraced therein.
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CLAIMS:

1. A coil unit that performs at least one of transmission and reception of electric
power using electromagnetic resonance between the coil unit and a primary resonance
coil disposed to face the coil unit, the coil unit comprising

a secondary resonance coil that includes a plurality of coils, and that
electromagnetically resonates with the primary resonance coil, wherein

a first coil among the plurality of coils is disposed in a manner such that a
magnetic field generated by the first coil has a phase opposite to a phase of a magnetic
field generated by at least one coil other than the first coil among the plurality of coils,

with respect to a plane that faces the primary resonance coil.

2. The coil unit according to claim 1, wherein
the first coil is disposed adjacent to at least one coil other than the first coil
among the plurality of coils, on a plane perpendicular to a direction of the magnetic field

generated by the first coil.

3. The coil unit according to claim 2, wherein
the first coil is disposed in a manner such that the magnetic field generated by
the first coil has the phase opposite to the phase of the magnetic field generated by the at
least one coil other than the first coil among the plurality of coils, which is adjacent to the

first coil.

4. The coil unit according to any one of claims 1 to 3, wherein

the number of the plurality of coils is an even number.

5. The coil unit according to claim 4, wherein

the number of the plurality of coils is two.

6. The coil unit according to claim 5, wherein
the plurality of coils further include a second coil;
the first coil and the second coil are disposed in a manner such that a direction
of winding of the first coil is opposite to a direction of winding of the second coil when
the first coil and the second coil are seen from the primary resonance coil; and

the first coil is connected to the second coil so that a direction of an electric
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current flowing through the first coil is opposite to a direction of an electric current
flowing through the second coil, when the first coil and the second coil are seen from the

primary resonance coil.

7. The coil unit according to claim 5, wherein

the plurality of coils further include a second coil;

the first coil and the second coil are disposed in a manner such that a direction
of winding of the first coil is the same as a direction of winding of the second coil when
the first coil and the second coil are seen from the primary resonance coil; and

the first coil is connected to the second coil so that a direction of an electric
current flowing through the first coil is opposite to a direction of an electric current
flowing through the second coil, when the first coil and the second coil are seen from the

primary resonance coil.

8. The coil unit according to any one of claims 1 to 7, wherein

the plurality of coils have a substantially same reactance.

9. The coil unit according to any one of claims 1 to 7, wherein

the plurality of coils are connected in series to each other.

10. The coil unit according to any one of claims 1 to 7, wherein

the plurality of coils are connected in parallel to each other.

11. The coil unit according to any one of claims 1 to 10, further comprising

a capacitor connected to both ends of the secondary resonance coil.

12. The coil unit according to any one of claims 1 to 11, further comprising
an electromagnetic induction coil configured to perform at least one of
transmission of electric power to the secondary resonance coil and reception of electric
power from the secondary resonance coil, using electromagnetic induction, wherein
the electromagnetic induction coil is magnetically coupled with at least one of

the plurality of coils.

13. The coil unit according to claim 1, wherein

the plurality of coils are separate coils that are not connected to each other.
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14. The coil unit according to claim 13, further comprising
an electromagnetic induction coil configured to perform at least one of
transmission of electric power to the secondary resonance coil and reception of electric
power from the secondary resonance coil, using electromagnetic induction, wherein
the electromagnetic induction coil is magnetically coupled with at least one of

the plurality of coils.

15. The coil unit according to claim 14, wherein
the electromagnetic induction coil is dispbsed in a manner such that the
electromagnetic induction coil is magnetically coupled with a magnetic field generated in

a same direction as a direction of axes around which the plurality of coils are wound.

16. The coil unit according to claim 14, wherein
the electromagnetic induction coil is disposed in a manner such that the
electromagnetic induction coil is magnetically coupled with a magnetic field generated in
a direction orthogonal to a direction of axes around which the plurality of coils are

wound.

17. The coil unit according to claim 13, further comprising
a plurality of electromagnetic induction coils corresponding to the respective
plurality of coils, wherein
the plurality of electromagnetic induction coils are configured to perfonﬁ at
least one of transmission of electric power to the corresponding coils and reception of

electric power from the corresponding coils, using electromagnetic induction.

18. The coil unit according to claim 17, wherein
the plurality of electromagnetic induction coils are connected in series to each

other.

19. The coil unit according to claim 17, wherein
the plurality of electromagnetic induction coils are connected in parallel to each

other.

20. The coil unit according to any one of 11 to 19, further comprising
capacitors corresponding to the respective plurality of coils, wherein each of

the capacitors is connected to both ends of a corresponding one of the plurality of coils.
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21. A non-contact power reception device that receives electric power from a
power transmission device in a non-contact manner, wherein the power transmission
device faces the non-contact power reception device, the non-contact power reception
device comprising

a resonance coil that includes a plurality of coils, and that is configured to
receive electric power from the power transmission device using electromagnetic
resonance between the resonance coil and the power transmission device, wherein

a first coil among the plurality of coils is disposed in a manner such that a
magnetic field generated by the first coil has a phase opposite to a phase of a magnetic
field generated by at least one coil other than the first coil among the plurality of coils,

with respect to a plane that faces the power transmission device.

22. A non-contact power transmission device that transmits electric power to a
power reception device in a non-contact manner, wherein the power reception device
faces the non-contact power transmission device, the non-contact power transmission
device comprising

a resonance coil that includes a plurality of coils, and that is configured to
supply electric power, which has been supplied from a power source device, to the power
reception device using electromagnetic resonance between the resonance coil and the
power reception device, wherein

a first coil among the plurality of coils is disposed in a manner such that a
magnetic field generated by the first coil has a phase opposite to a phase of a magnetic
field generated by at least one coil other than the first coil among the plurality of coils,

with respect to a plane that faces the power reception device.

23. A non-contact power supply system for non-contact transmission of electric

power, the non-contact power supply system comprising:

a power transmission device; and

a power reception device that faces the power transmission device, and that
receives electric power from the power transmission device, wherein

the power transmission device includes a resonance coil that includes a
plurality of coils, and that is configured to supply electric power, which has been supplied
from a power source device, to the power reception device using electromagnetic
resonance between the resonance coil and the power reception device; and

a first coil among the plurality of coils is disposed in a manner such that a
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magnetic field generated by the first coil has a phase opposite to a phase of a magnetic
field generated by at least one coil other than the first coil among the plurality of coils,

with respect to a plane that faces the power reception device.

24. A non-contact power supply system for non-contact transmission of electric

power, the non-contact power supply system comprising:

a power transmission device that transmits electric power that has been
supplied from a power source device; and

a power reception device that faces the power transmission device, wherein

the power reception device includes a resonance coil that includes a plurality of
coils, and that is configured to receive electric power from the power transmission device
using electromagnetic resonance between the resonance coil and the power transmission
device; and

a first coil among the plurality of coils is disposed in a manner such that a
magnetic field generated by the first coil has a phase opposite to a phase of a magnetic
field generated by at least one coil other than the first coil among the plurality of coils,

with respect to a plane that faces the power transmission device.

25. A non-contact power supply system for non-contact transmission of electric
power, the non-contact power supply system comprising:

a power transmission device; and

a power reception device that faces the power transmission device, wherein

the power transmission device includes a primary resonance coil that includes a
plurality of power transmission coils, and that is configured to supply electric power,
which has been supplied from a power source device, to the power reception device using
electromagnetic resonance between the primary resonance coil and the power reception
device;

a first transmission coil among the plurality of power transmission coils is
disposed in a manner such that a magnetic field generated by the first transmission coil
has a phase opposite to a phase of a magnetic field generated by at least one coil other
than the first transmission coil among the plurality of power transmission coils, with
respect to a plane that faces the power reception deviceé

the power reception device includes a secondary resonance coil that includes a
plurality of power reception coils, and that is configured to receive electric power from
the power transmission device using electromagnetic resonance between the secondary

resonance coil and the primary resonance coil; and
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a first reception coil among the plurality of power reception coils is disposed in
a manner such that a magnetic field generated by the first reception coil has a phase
opposite to a phase of a magnetic field generated by at least one coil other than the first
reception coil among the plurality of power reception coils, with respect to a plane that

faces the power transmission device.

26. The non-contact power supply system according to claim 25, wherein
the plurality of power transmission coils and the plurality of power reception
coils are disposed in a manner such that a magnetic field generated by each of the power
transmission coils has a same phase as a phase of a magnetic field generated by a

corresponding one of the power reception coils, which faces the power transmission coil.

27. The non-contact power supply system according to claim 25, wherein
the plurality of power reception coils and the plurality of power reception coils

have a substantially same shape.

28. A non-contact power supply system in which electric power is transmitted and
received in a non-contact manner, the non-contact powér supply system comprising:

a first transmission device; and

a second transmission device that faces the first transmission device, wherein

the first transmission device includes a primary resonance coil that includes a
plurality of first power transmission reception coils, and that is configured to receive
electric power from the second transmission device and to transmit electric power from
the first transmission device using electromagnetic resonance between the primary
resonance coil and the second transmission device;

a first coil among the plurality of first power transmission reception coils is
disposed in a manner such that a magnetic field generated by the first coil has a phase
opposite to a phase of a magnetic field generated by at least one coil other than the first
coil among the plurality of first power transmission reception coils, with respect to a
plane that faces the second transmission device;

the second transmission device includes a secondary resonance coil that
includes a plurality of second power transmission reception coils, and that is configured
to receive electric power from the first transmission device and to transmit electric power
from the second transmission device using electromagnetic resonance between the
secondary fesonance coil and the first transmission device; and

a second coil among the plurality of second power transmission reception coils
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is disposed in a manner such that a magnetic field generated by the second coil has a
phase opposite to a phase of a magnetic field generated by at least one coil other than the
second coil among the plurality of second power transmission reception coils, with

respect to a plane that faces the first transmission device.

29. A vehicle that receives electric power in a non-contact manner from a power
transmission device which is outside the vehicle, and which faces the vehicle, the vehicle
comprising:

a power reception device;

a power storage device that is charged with electric power received by the
power reception device; and

a drive device configured to generate drive power for driving the vehicle,
using the electric power supplied from the power storage device, wherein

the power reception device includes a resonance coil that includes a plurality
of coils, and that is configured to receive electric power from the power transmission
device using electromagnetic resonance between the resonance coil and the power
transmission device, wherein

~ a first coil among the plurality of coils is disposed in a manner such that a
magnetic field generated by the first coil has a phase opposite to a phase of a magnetic
field generated by at least one coil other than the first coil among the plurality of coils,

with respect to a plane that faces the power transmission device.
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