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(54) POWER RECEIVING APPARATUS AND NON-CONTACT POWER TRANSMISSION 
APPARATUS

(57) This power receiving device is capable of receiv-
ing alternating current power in a wireless manner from
a power supply device. The power receiving device in-
cludes a secondary coil, a variable load, a first impedance
conversion unit, a second impedance conversion unit, a
fixed load, and a switch. The secondary coil is capable
of receiving the alternating current power from a primary
coil. The variable load has the impedance thereof varied
corresponding to the power value of power inputted
thereto. Each of the first and the second impedance con-
version units is provided between the secondary coil and
the variable load, and has the impedance thereof config-
ured so as to be variable. The fixed load has the same
impedance irrespective of the power value of power in-
putted thereto. The switch receives power by means of
the secondary coil, and performs switching between the
fixed load, and the second impedance conversion unit
and the variable load, to which the alternating current
power is outputted from the first impedance conversion

unit.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a power receiv-
ing device and a wireless power transfer apparatus.

BACKGROUND ART

[0002] In the prior art, a known wireless power transfer
apparatus using no power cords and no transfer cables
uses, for example, magnetic field resonance. For exam-
ple, patent document 1 describes a wireless power trans-
fer apparatus that includes a power supply device having
an alternating current power supply and a primary reso-
nance coil. The resonance coil receives alternating cur-
rent power from the alternating current power supply. The
wireless power transfer apparatus also includes a power
receiving device that includes a secondary resonance
coil capable of performing magnetic field resonance with
the primary resonance coil. The power supply device
transfers alternating current power to the power receiving
device through magnetic field resonance performed by
the primary resonance coil and the secondary resonance
coil. The alternating current power, which is received by
the power receiving device, is used to charge a battery
arranged in the power receiving device.

PRIOR ART DOCUMENT

PATENT DOCUMENT

[0003] Patent Document 1: Japanese Laid-Open Pat-
ent Publication No. 2009-106136

SUMMARY OF THE INVENTION

PROBLEMS THAT ARE TO BE SOLVED BY THE IN-
VENTION

[0004] In such a wireless power transfer apparatus as
describe above, the transfer efficiency may easily de-
crease, for example, when a variable load, such as a
battery, is arranged and the impedance varies in accord-
ance with the value of input power, or when the two coils
are displaced.
[0005] This problem is not limited to a transfer appa-
ratus that transfers power in a wireless manner using
magnetic field resonance and also applies to a transfer
apparatus that transfers power in a wireless manner us-
ing electromagnetic induction.
[0006] It is an object of the present invention to provide
a power receiving device that limits decreases in the
transfer efficiency and a wireless power transfer appa-
ratus that includes the power receiving device.

MEANS FOR SOLVING THE PROBLEM

[0007] To achieve the above object, one aspect of the
present invention is a power receiving device that is ca-
pable of receiving alternating current power in a wireless
manner from a power supply device including a primary
coil that receives the alternating current power. The pow-
er receiving device includes a secondary coil, a variable
load, a first impedance conversion unit, a second imped-
ance conversion unit, a fixed load, and a switch. The
secondary coil is capable of receiving the alternating cur-
rent power from the primary coil. The variable load has
impedance that varies in accordance with a value of input
power. The first impedance conversion unit is arranged
between the secondary coil and the variable load and
configured to have a variable impedance. The second
impedance conversion unit is arranged between the sec-
ondary coil and the variable load and configured to have
a variable impedance. The fixed load is arranged sepa-
rately from the variable load and has a fixed impedance
regardless of the value of input power. The switch switch-
es an output destination, to which the alternating current
power received by the secondary coil is output from the
first impedance conversion unit, to the fixed load or to
the second impedance conversion unit and the variable
load.
[0008] In the above configuration, when the imped-
ance of the first impedance conversion unit is variably
controlled, the output destination, to which the alternating
current power received by the secondary coil is output
from the first impedance conversion unit, is set to the
fixed load. Thus, the impedance of the first impedance
conversion unit may be variably controlled without taking
into consideration variations in the impedance of the var-
iable load. This simplifies variable control of impedance
in correspondence with displacement of the coils.
[0009] Additionally, under a situation in which the im-
pedance of the variable load may vary, the output desti-
nation, to which the alternating current power received
by the secondary coil is output from the first impedance
conversion unit, is set to the variable load. Thus, varia-
tions in the impedance of the variable load may be coped
with by variably controlling the impedance of the second
impedance conversion unit.
[0010] Thus, displacement of the coils and variations
in the impedance of the variable load are both coped
with, thereby limiting decreases in the transfer efficiency.
[0011] Preferably, when the impedance of the first im-
pedance conversion unit is variably controlled, the switch
switches the output destination, to which the alternating
current power received by the secondary coil is output
from the first impedance conversion unit, to the fixed load.
After variable control of the impedance of the first imped-
ance conversion unit is completed, the switch switches
the output destination, to which the alternating current
power received by the secondary coil is output from the
first impedance conversion unit, to the second imped-
ance conversion unit and the variable load.
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[0012] In the above configuration, when the imped-
ance of the first impedance conversion unit is variably
controlled, the output destination, to which the alternating
current power is output from the first impedance conver-
sion unit, is the fixed load. Thus, the impedance of the
first impedance conversion unit may be variably control-
led without taking into consideration variations in the im-
pedance of the variable load. After the first impedance
conversion unit is variably controlled, the output destina-
tion, to which the alternating current power is output from
the first impedance conversion unit, is set to the second
impedance conversion unit and the variable load. Thus,
the impedance of the second impedance conversion unit
may be variably controlled if the impedance of the vari-
able load varies, thereby decreasing the need to variably
control the impedance of the first impedance conversion
unit. This appropriately copes with displacement of the
coils and variations in the impedance of the variable load.
[0013] It is preferable to provide a wireless power
transfer apparatus that includes the power receiving de-
vice and a power supply device that includes an alternat-
ing current power supply, which is capable of outputting
alternating current power, and the primary coil, which re-
ceives the alternating current power.
[0014] In the above configuration, the wireless power
transfer apparatus appropriately copes with displace-
ment of the coils and variations in the impedance of the
variable load.
[0015] It is preferable to further provide a power supply
control unit. The alternating current power supply is ca-
pable of outputting large alternating current power and
small alternating current power, the values of which are
relatively large and small, respectively. When the imped-
ance of the first impedance conversion unit is variably
controlled, the power supply control unit controls the al-
ternating current power supply so that the alternating cur-
rent power supply outputs the small alternating current
power. After variable control of the impedance of the first
impedance conversion unit is completed, the power sup-
ply control unit controls the alternating current power sup-
ply so that the alternating current power supply outputs
the large alternating current power.
[0016] In the above configuration, the small alternating
current power is output while the impedance of the first
impedance conversion unit is variably controlled. This
decreases power loss during variable control of the im-
pedance of the first impedance conversion unit. Thus,
the impedance of the first impedance conversion unit
may be variably controlled with low power consumption.
[0017] It is preferable to further provide a variable con-
trol unit. The power supply device includes a third imped-
ance conversion unit. The third impedance conversion
unit is configured to have a variable impedance and ar-
ranged between the alternating current power supply and
the primary coil. When the output destination, to which
the alternating current power received by the secondary
coil is output from the first impedance conversion unit, is
set to the fixed load, the variable control unit variably

controls the impedance of the first impedance conversion
unit and the impedance of the third impedance conver-
sion unit.
[0018] In the above configuration, under a situation in
which the output destination, to which the alternating cur-
rent power received by the secondary coil is output from
the first impedance conversion unit, is the fixed load, var-
iable control is performed on the impedance of the first
impedance conversion unit and the impedance of the
third impedance conversion unit. Thus, variable control
may be performed on the impedances of the two imped-
ance conversion units without taking into consideration
variations in the impedance of the variable load. This
simplifies variable control of the impedances of the two
impedance conversion units.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019]

Fig. 1 is a circuit diagram of one embodiment of a
wireless power transfer apparatus according to the
present invention.
Figs. 2A and 2B are conceptual diagrams each illus-
trating the relative position of a power transmitter
and a power receiver of Fig. 1.
Fig. 3 is a circuit diagram of one example of a wireless
power transfer apparatus.

EMBODIMENTS OF THE INVENTION

[0020] A wireless power transfer apparatus (wireless
power transfer system) according to the present inven-
tion will now be described.
[0021] As shown in Fig. 1, a wireless power transfer
apparatus 10 includes a ground-side device 11 located
on the ground and a vehicle-side device 21 installed in
a vehicle. The ground-side device 11 corresponds to a
power supply device (primary device). The vehicle-side
device 21 corresponds to a power receiving device (sec-
ondary device).
[0022] The ground-side device 11 includes a high fre-
quency power supply 12 (alternating current power sup-
ply), which is capable of outputting high frequency power
(alternating current power) of a predetermined frequen-
cy. The high frequency power supply 12 is configured to
be capable of converting power, which is received from
the system power, to high frequency power and output-
ting the converted high frequency power.
[0023] High frequency power output from the high fre-
quency power supply 12 is transferred in a wireless man-
ner to the vehicle-side device 21 and input to a load 22
arranged in the vehicle-side device 21. More specifically,
the wireless power transfer apparatus 10 includes a pow-
er transmitter 13 (primary resonance circuit) arranged in
the ground-side device 11 and a power receiver 23 (sec-
ondary resonance circuit) arranged in the vehicle-side
device 21, which function to transfer power between the
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ground-side device 11 and the vehicle-side device 21.
[0024] The power transmitter 13 and the power receiv-
er 23, which have the same structure, are configured to
be capable of performing magnetic field resonance. More
specifically, the power transmitter 13 includes a reso-
nance circuit formed by a primary coil 13a and a primary
capacitor 13b, which are connected in parallel. The pow-
er receiver 23 includes a resonance circuit formed by a
secondary coil 23a and a secondary capacitor 23b, which
are connected in parallel. The power transmitter 13 and
the power receiver 23 are set to have the same reso-
nance frequency.
[0025] In this configuration, when the power transmit-
ter 13 (primary coil 13a) receives high frequency power
from the high frequency power supply 12, the power
transmitter 13 and the power receiver 23 (secondary coil
23a) perform magnetic field resonance. Consequently,
the power receiver 23 receives some of the energy from
the power transmitter 13. That is, the power receiver 23
receives high frequency power from the power transmit-
ter 13.
[0026] When the power receiver 23 receives high fre-
quency power, the high frequency power is input to the
load 22. The load 22 incudes a rectifier (rectifying unit)
and a vehicle battery (power storage device). The recti-
fier, which rectifies high frequency power to direct current
power, includes a semiconductor element (diode) that is
driven when a predetermined threshold voltage is ap-
plied. The rectified direct current power is input to the
vehicle battery. The high frequency power received by
the power receiver 23 is used to charge the vehicle bat-
tery.
[0027] The ground-side device 11 includes a power
supply controller 14, which controls the ground-side de-
vice 11 including the high frequency power supply 12.
Additionally, the vehicle-side device 21 includes a vehi-
cle-side controller 24, which is capable of performing
wireless communication with the power supply controller
14. The wireless power transfer apparatus 10, for exam-
ple, starts and stops transferring power in accordance
with information exchanged between the controllers 14,
24. The controllers 14, 24 each correspond to a "variable
control unit". The power supply controller 14 corresponds
to a "power supply control unit".
[0028] The vehicle-side device 21 includes a detection
sensor 25 that detects the state of charge of the vehicle
battery. The detection sensor 25 transmits detection re-
sults to the vehicle-side controller 24. This allows the
vehicle-side controller 24 to acknowledge the state of
charge of the vehicle battery.
[0029] The wireless power transfer apparatus 10 in-
cludes a plurality of impedance converters 31 to 33.
Namely, the wireless power transfer apparatus 10 in-
cludes a first impedance converter 31, a second imped-
ance converter 32, and a third impedance converter 33.
The first impedance converter 31 serves as a third im-
pedance conversion unit arranged in the ground-side de-
vice 11 between the high frequency power supply 12 and

the power transmitter 13. The second impedance con-
verter 32 and the third impedance converter 33 are ar-
ranged in the vehicle-side device 21 between the power
receiver 23 and the load 22. The second impedance con-
verter 32 corresponds to a "first impedance conversion
unit". The third impedance converter 33 corresponds to
a "second impedance conversion unit". The second im-
pedance converter 32 is connected to the power receiver
23. The third impedance converter 33 is connected to
the load 22.
[0030] The first impedance converter 31 includes a re-
versed-L-type LC circuit formed by a first inductor 31 a
and a first capacitor 31 b. The second impedance con-
verter 32 includes an L-type LC circuit formed by a sec-
ond inductor 32a and a second capacitor 32b. The third
impedance converter 33 includes a reversed-L-type LC
circuit formed by a third inductor 33a and a third capacitor
33b.
[0031] The inventors have found that the real part of
impedance from an output terminal of the power receiver
23 (secondary coil 23a) to the load 22 contributes to
transfer efficiency between the power transmitter 13 and
the power receiver 23. More specifically, the inventors
have found that the real part of the impedance from the
output terminal of the power receiver 23 to the load 22
includes a specific resistance Rout that increases the
transfer efficiency to be relatively higher than other re-
sistances. In other words, the inventors have found that
the real part of the impedance from the output terminal
of the power receiver 23 to the load 22 includes the spe-
cific resistance Rout (second resistance) that increases
the transfer efficiency to be higher than a predetermined
resistance (first resistance).
[0032] More specifically, if a virtual load X1 were to be
arranged at an input terminal of the power transmitter 13,
the specific resistance Rout would be √(Ra1xRb1),
where the resistance of the virtual load X1 is represented
by Ra1, and the resistance from the power receiver 23
(more specifically, output terminal of the power receiver
23) to the virtual load X1 is represented by Rb1.
[0033] Based on the above findings, the second im-
pedance converter 32 and the third impedance converter
33 impedance-convert the impedance ZL of the load 22
so that the impedance from the output terminal of the
power receiver 23 to the load 22 (impedance of the input
terminal of the second impedance converter 32) ap-
proaches (preferably, equals to) the specific resistance
Rout.
[0034] The value of high frequency power output from
the high frequency power supply 12 is dependent on im-
pedance from an output terminal of the high frequency
power supply 12 to the load 22, that is, impedance of an
input terminal of the first impedance converter 31.
[0035] In this configuration, under a situation in which
the impedance from the output terminal of the power re-
ceiver 23 to the load 22 is close to the specific resistance
Rout, the first impedance converter 31 impedance-con-
verts impedance Zin from the input terminal of the power
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transmitter 13 to the load 22 so that the high frequency
power supply 12 outputs high frequency power of a de-
sired value. For example, the high frequency power sup-
ply 12 may output power having a value that is needed
for direct current power, which is input to the vehicle bat-
tery of the load 22, to have a value that is suitable for
charging. The power output from the high frequency pow-
er supply 12 and having such a value is referred to as
high frequency power of the value suitable for charging.
Then, impedance from the output terminal of the high
frequency power supply 12 to the load 22 (impedance of
the input terminal of the first impedance converter 31)
that allows the high frequency power supply 12 to output
the high frequency power of the value suited for charging
is referred to as a input impedance suited for charging
Zt. In this case, the first impedance converter 31 imped-
ance-converts the impedance Zin from the input terminal
of the power transmitter 13 to the load 22 so that the
impedance from the output terminal of the high frequency
power supply 12 to the load 22 becomes the input im-
pedance suited for charging Zt. The input impedance
suited for charging Zt corresponds to "predetermined im-
pedance".
[0036] The specific resistance Rout is determined by
the configurations of the power transmitter 13 and the
power receiver 23 (shapes and inductances of the coils
13a, 23a, capacitances of the capacitors 13b, 23b, and
the like) and the relative position of the power transmitter
13 and the power receiver 23. Thus, the specific resist-
ance Rout varies when the power transmitter 13 and the
power receiver 23 are displaced from a predetermined
reference position, that is, when the relative position of
the power transmitter 13 and the power receiver 23 var-
ies.
[0037] Examples of variations in the relative position
of the power transmitter 13 and the power receiver 23
are shown in Figs. 2A and 2B. In Fig. 2A, the power trans-
mitter 13 and the power receiver 23 are displaced from
a reference position that is defined by a position where
the entire power transmitter 13 is opposed to the entire
power receiver 23. In Fig. 2B, the distance between the
power transmitter 13 and the power receiver 23 may vary
in accordance with how the vehicle-side device 21 is in-
stalled in a vehicle, variations in height of vehicles, and
the like.
[0038] The impedance of the vehicle battery in the load
22 varies in accordance with the value of input direct
current power. That is, the load 22 is a variable load 22
having the impedance ZL that varies (changes) in ac-
cordance with the value of the input power.
[0039] Such variations in the specific resistance Rout
and the impedance ZL of the variable load 22 may de-
crease the transfer efficiency or cause failure to obtain
high frequency power of the desired value. To solve this
problem, the wireless power transfer apparatus 10 in-
cludes a structure that follows (copes with) variations in
the relative position of the power transmitter 13 and the
power receiver 23 and variations in the impedance ZL of

the variable load 22. The structure will now be described.
[0040] Referring to Fig. 1, the impedance converters
31 to 33 each have a constant (impedance) including a
real part (resistance) and an imaginary part (reactance),
at least one of which is variable (adjustable). In the
present embodiment, as shown in Fig. 1, the capacitors
31 b to 33b of the impedance converters 31 to 33 each
have a variable capacitance. The constant (impedance)
may also be referred to as a conversion ratio, an induct-
ance, or a capacitance.
[0041] When the power transmitter 13 and the power
receiver 23 are located at the reference position, and the
high frequency power supply 12 outputs high frequency
power used for charging, the constant of the second im-
pedance converter 32 in an initial state has such a value
that converts the impedance from the input terminal of
the third impedance converter 33, which has the constant
in an initial state, to the variable load 22 to the specific
resistance Rout. Also, when the power transmitter 13 and
the power receiver 23 are located at the predetermined
reference position, and the high frequency power supply
12 outputs the charging high frequency power, the con-
stant of the first impedance converter 31 in an initial state
is set to a value that converts the impedance Zin from
the input terminal of the power transmitter 13 to the var-
iable load 22 to the input impedance suited for charging
Zt.
[0042] A primary measurement device 41, which
serves as a measurement unit, is arranged between the
high frequency power supply 12 and the power transmit-
ter 13, more specifically, between the high frequency
power supply 12 and the first impedance converter 31.
The primary measurement device 41, which is electrically
connected to the power supply controller 14, measures
a voltage waveform and a current waveform and trans-
mits a measurement result to the power supply controller
14 in response to a request from the power supply con-
troller 14.
[0043] A secondary measurement device 42, which
serves as a measurement unit, is arranged between the
power receiver 23 and the variable load 22, more spe-
cifically, between the power receiver 23 and the second
impedance converter 32. The secondary measurement
device 42, which is electrically connected to the vehicle-
side controller 24, measures a voltage waveform and a
current waveform and transmits a measurement result
to the vehicle-side controller 24 in response to a request
from the vehicle-side controller 24. The controllers 14,
24 variably control the constants of the impedance con-
verters 31 to 33 based on the measurement results of
the measurement devices 41, 42, respectively.
[0044] A fixed resistor (fixed load) 51 is arranged be-
tween the second impedance converter 32 and the third
impedance converter 33. The fixed resistor 51 has re-
sistance (impedance) that is constant regardless of the
value of input high frequency power. The vehicle-side
device 21 includes a relay 52. The relay 52 serves as a
switch that switches so that a connected subject of the
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second impedance converter 32 switches between the
fixed resistor 51 and the third impedance converter 33
connected to the variable load 22. The connected subject
of the second impedance converter 32 functions as an
output destination to which the high frequency power re-
ceived by the power receiver 23 is output from the second
impedance converter 32.
[0045] In a charging sequence in which the vehicle bat-
tery is charged, the controllers 14, 24 variably control the
constants of the impedance converters 31 to 33 and con-
trol the relay 52, respectively. The charging sequence
will now be described in detail. The controllers 14, 24
conduct the charging sequence while exchanging infor-
mation with each other.
[0046] By exchanging information, the controllers 14,
24 check that the vehicle is located where the vehicle
can be charged, more specifically, the power transmitter
13 and the power receiver 23 are located where magnetic
field resonance can be performed.
[0047] Subsequently, the vehicle-side controller 24
controls the relay 52 to set the connected subject of the
second impedance converter 32 to the fixed resistor 51.
[0048] The power supply controller 14 controls the high
frequency power supply 12 so that the high frequency
power supply 12 outputs predetermined high frequency
power (small alternating current power) used for adjust-
ments.
[0049] Subsequently, the controllers 14, 24 acknowl-
edge the measurement results of the measurement de-
vices 41, 42, respectively. Then, the controllers 14, 24
each determine whether or not there is a defect in the
power transfer. For example, the controllers 14, 24 each
determine whether or not the transfer efficiency is higher
than or equal to a predetermined threshold efficiency.
[0050] When the transfer efficiency is lower than the
threshold efficiency, the impedance from the output ter-
minal of the power receiver 23 to the variable load 22
may be deviated from the specific resistance Rout. In this
case, the vehicle-side controller 24 variably controls the
constant of the second impedance converter 32 so that
the impedance approaches the specific resistance Rout.
In this case, the specific resistance Rout is determined,
for example, by using various types of parameters (e.g.,
value of power and power factor) derived from the voltage
waveform and the current waveform measured by the
secondary measurement device 42.
[0051] When determining that the transfer efficiency
has become equal to the threshold efficiency or higher
due to the variable control performed on the constant of
the second impedance converter 32, the power supply
controller 14 determines whether or not the value of high
frequency power output from the high frequency power
supply 12 (the value of high frequency power measured
by the primary measurement device 41) equals to the
value of the high frequency power used for adjusting.
When the value of the high frequency power output from
the high frequency power supply 12 is deviated from the
value of the adjusting high frequency power, the imped-

ance from the output terminal of the high frequency power
supply 12 to the variable load 22 may be deviated from
the input impedance suited for charging Zt. In this case,
the power supply controller 14 variably controls the con-
stant of the first impedance converter 31 based on the
measurement result of the primary measurement device
41 so that the impedance approaches the input imped-
ance suited for charging Zt. More specifically, the con-
stant of the first impedance converter 31 is variably con-
trolled after the constant of the second impedance con-
verter 32 is variably controlled.
[0052] Although the constants of the impedance con-
verters 31, 32 are variably controlled, the transfer effi-
ciency may be lower than the threshold efficiency or the
value of power output from the high frequency power
supply 12 may be deviated from the value of the adjusting
high frequency power. In such a case, there may be a
defect in the power transfer. Thus, the charging is termi-
nated, and such a condition is reported.
[0053] When there is no defect in the power transfer,
the power supply controller 14 controls the high frequen-
cy power supply 12 so that the high frequency power
supply 12 outputs the charging high frequency power
(large alternating current power) that has a larger value
than the adjusting high frequency power. Additionally,
the vehicle-side controller 24 controls the relay 52 to
change the connected subject of the second impedance
converter 32 to the third impedance converter 33.
[0054] Resistance Rx of the fixed resistor 51 and the
constant of the third impedance converter 33 in the initial
state are set so that the resistance (impedance) Rx of
the fixed resistor 51 approaches (preferably, conforms
to) the impedance from the input terminal of the third
impedance converter 33 to the variable load 22 when the
charging high frequency power is output. Thus, the im-
pedance at a location downstream of the output terminal
of the second impedance converter 32 may be un-
changed even when the relay 52 is switched.
[0055] Subsequently, the vehicle-side controller 24 pe-
riodically acknowledges the state of charge of the vehicle
battery during charging. When the state of charge of the
vehicle battery reaches a trigger changing amount, the
vehicle-side controller 24 notifies the power supply con-
troller 14 of such a condition. When receiving the notifi-
cation, the power supply controller 14 changes the value
of the high frequency power output from the high frequen-
cy power supply 12. The change in the value of power
varies the impedance ZL of the variable load 22 and de-
viates the impedance from the specific resistance Rout
from the output terminal of the power receiver 23 to the
variable load 22.
[0056] To cope with this case, the vehicle-side control-
ler 24 variably controls the constant of the third imped-
ance converter 33 so that the impedance from the output
terminal of the power receiver 23 to the variable load 22
is constant (specified resistance Rout) regardless of the
change in the value of power described above. More spe-
cifically, the vehicle-side controller 24 variably controls
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the constant of the third impedance converter 33 in ac-
cordance with variations in the impedance ZL of the var-
iable load 22 so that the impedance from the input ter-
minal of the third impedance converter 33 to the variable
load 22 is constant.
[0057] Then, the vehicle-side controller 24 determines
whether or not the state of charge of the vehicle battery
has reached a fully charged amount (trigger stopping
amount) based on the detection result of the detection
sensor 25. When the state of charge of the vehicle battery
reaches the fully charged state, the vehicle-side control-
ler 24 notifies the power supply controller 14 of such a
condition. When receiving the notification, the power sup-
ply controller 14 controls the high frequency power supply
12 to stop outputting high frequency power.
[0058] The operation of the present embodiment will
now be described.
[0059] The second impedance converter 32 performs
impedance conversion so that the impedance from the
output terminal of the power receiver 23 to the variable
load 22 becomes the specific resistance Rout. Thus, the
transfer efficiency is improved.
[0060] The first impedance converter 31 performs im-
pedance conversion so that the impedance from the out-
put terminal of the high frequency power supply 12 to the
variable load 22 becomes the input impedance suited for
charging Zt. Thus, high frequency power having the value
suitable for charging is supplied to the variable load 22.
[0061] When the constants of the impedance convert-
ers 31, 32 are variably controlled in accordance with var-
iations in the relative position of the coils 13a, 23a (de-
viation from the reference position), the connected sub-
ject of the second impedance converter 32 is switched
to the fixed resistor 51. Consequently, the constants of
the impedance converters 31, 32 may be variable con-
trolled without taking into consideration the variations in
the impedance ZL of the variable load 22.
[0062] After the constants of the impedance converters
31, 32 are variably controlled, the relay 52 switches the
connected subject of the second impedance converter
32 from the fixed resistor 51 to the third impedance con-
verter 33. Then, the constant of the third impedance con-
verter 33 is variably controlled when the value of high
frequency power output from the high frequency power
supply 12 is changed. In this case, the constant of the
second impedance converter 32 is not variably control-
led.
[0063] The present embodiment has the advantages
described below.

(1) The vehicle-side device 21 includes the second
impedance converter 32 and the third impedance
converter 33, each of which has a variable constant
(impedance). The second impedance converter 32
is connected to the power receiver 23. The third im-
pedance converter 33 is connected to the variable
load 22. The fixed resistor 51 is arranged separately
from the variable load 22. The relay 52 is arranged

so that the connected subject of the second imped-
ance converter 32 is switched to the fixed resistor
51 or to the third impedance converter 33 and the
variable load 22. When the constant of the second
impedance converter 32 is variably controlled, the
connected subject of the second impedance con-
verter 32 is set to the fixed resistor 51. Thus, the
constant of the second impedance converter 32 may
be variably controlled without taking into considera-
tion variations in the impedance ZL of the variable
load 22. This allows variable control to be easily per-
formed on the constant in correspondence with var-
iations in the relative position of the coils 13a, 23a.

[0064] More specifically, if the constant of the second
impedance converter 32 is variably controlled when the
second impedance converter 32 is connected to the third
impedance converter 33, high frequency power would
vary in value when input to the input terminal of the third
impedance converter 33. Thus, variable control would
need to be performed on the constant of the third imped-
ance converter 33 to correspond to variations in the im-
pedance ZL of the variable load 22. In other words, var-
iable control would need to be simultaneously performed
on the constant of the second impedance converter 32
and the constant of the third impedance converter 33.
This complicates the control. In this regard, the present
embodiment includes the fixed resistor 51 having the
constant resistance Rx. Thus, the constant of the second
impedance converter 32 may be variably controlled with-
out variably controlling the constant of the third imped-
ance converter 33. This allows variable control to be eas-
ily performed on the constant in correspondence with var-
iations in the relative position of the coils 13a, 23a.
[0065] After variable control of the constant of the sec-
ond impedance converter 32 is completed, the connected
subject of the second impedance converter 32 is set to
the third impedance converter 33, which is connected to
the variable load 22. Then, the constant of the third im-
pedance converter 33 is variably controlled in corre-
spondence with variations in the impedance ZL of the
variable load 22. Consequently, the variations in the im-
pedance of the variable load 22 may be followed (coped
with) without variably controlling the constant of the sec-
ond impedance converter 32. This appropriately follows
the variations in the relative position of the coils 13a, 23a
(displacement of the coils 13a, 23a) and the variations
in the impedance ZL of the variable load 22.
[0066] In particular, the impedance converter that fol-
lows variations in the relative position of the coils 13a,
23a (first impedance converter 31 and second imped-
ance converter 32) is separated from the impedance con-
verter that follows variations in the impedance ZL of the
variable load 22 (third impedance converter 33). This
avoids a situation in which one of the variations cannot
be followed when following the other variation. Thus, var-
iations in the relative position of the coils 13a, 23a and
variations in the impedance ZL of the variable load 22

11 12 



EP 2 905 874 A1

8

5

10

15

20

25

30

35

40

45

50

55

may both be followed.

(2) When the constants of the impedance converters
31, 32 are variably controlled, the adjusting high fre-
quency power, which has a smaller value than the
charging high frequency power, is output. When var-
iable control of the constants of the impedance con-
verters 31, 32 is completed, the charging high fre-
quency power is output. This decreases power loss
that may occur when the constants of the impedance
converters 31, 32 are each variably controlled.
(3) The variable load 22 includes a rectifier. The rec-
tifier includes a diode that is driven when a threshold
voltage is applied. In this case, if the adjusting high
frequency power is output when the second imped-
ance converter 32 and the third impedance converter
33 are connected, the rectifier (diode) would not be
driven when the voltage input to the rectifier is lower
than the threshold voltage. In this case, the imped-
ance at a location downstream of the rectifier (im-
pedance of the vehicle battery) would not be reflect-
ed. Thus, appropriate variable control cannot be per-
formed on the constant of the second impedance
converter 32. However, an increase in the value of
the adjusting high frequency power is not desirable
since this would increase power loss. In particular,
the voltage of high frequency power input to the var-
iable load 22 varies in accordance with the relative
position of the coils 13a, 23a. Thus, if the value of
the adjusting high frequency power is set so that the
threshold voltage of the diode or a greater voltage
is input to the variable load 22 regardless of the rel-
ative position of the coils 13a, 23a, the value of the
adjusting high frequency power would increase.

[0067] In this regard, in the present embodiment, the
connected subject of the second impedance converter
32 is set to the fixed resistor 51, which does not have a
semiconductor element (e.g., diode), when the adjusting
high frequency power is output. Thus, the above problem
does not occur. This decreases the value of the adjusting
high frequency power, thereby decreasing power loss
resulting from the adjustment.

(4) The resistance Rx of the fixed resistor 51 and the
constant of the third impedance converter 33 in the
initial state are set so that the resistance Rx of the
fixed resistor 51 approaches the impedance from the
input terminal of the third impedance converter 33
to the variable load 22 when the charging high fre-
quency power is output. Thus, the impedance at a
location downstream of the output terminal of the
second impedance converter 32 may be unchanged
even when the connected subject of the second im-
pedance converter 32 is switched from the fixed re-
sistor 51 to the third impedance converter 33. This
decreases situations in which the constants of the
impedance converters 31, 32 need to be variably

controlled again when the relay 52 switches, thereby
simplifying the control.
(5) The inventors have found that the real part of the
impedance from the output terminal of the power re-
ceiver 23 to the variable load 22 includes the specific
resistance Rout that relatively increases the transfer
efficiency compared to other resistances. The sec-
ond impedance converter 32 performs impedance
conversion so that the impedance from the output
terminal of the power receiver 23 to the variable load
22 approaches the specific resistance Rout. This im-
proves the transfer efficiency.

[0068] The constant of the second impedance convert-
er 32 is variably controlled corresponding to the specific
resistance Rout, which varies in accordance with varia-
tions in the relative position of the coils 13a, 23a. This
allows high transfer efficiency to be maintained even
when the relative position of the coils 13a, 23a varies.

(6) The first impedance converter 31 impedance-
converts the impedance Zin from the input terminal
of the power transmitter 13 to the variable load 22
when the impedance from the output terminal of the
power receiver 23 to the variable load 22 is close to
the specific resistance Rout. More specifically, the
first impedance converter 31 performs impedance
conversion so that the impedance from the output
terminal of the high frequency power supply 12 to
the variable load 22 becomes the input impedance
suited for charging Zt. Thus, the vehicle battery may
be appropriately charged.

[0069] Additionally, the power supply controller 14 var-
iably controls the constant of the first impedance con-
verter 31 in accordance with displacement of the coils
13a, 23a. Thus, the impedance from the output terminal
of the high frequency power supply 12 to the variable
load 22 may become the input impedance suited for
charging Zt regardless of the displacement. More spe-
cifically, the power supply controller 14 variably controls
the constant of the first impedance converter 31 so that
the impedance from the output terminal of the high fre-
quency power supply 12 to the variable load 22 approach-
es a constant value regardless of variations in the relative
position of the coils 13a, 23a. This stabilizes the supply
of power.

(7) The impedance Zin from the input terminal of the
power transmitter 13 to the variable load 22 varies
in accordance with the constant of the second im-
pedance converter 32. Focusing on this point, the
constant of the first impedance converter 31 is var-
iably controlled after the constant of the second im-
pedance converter 32 is variably controlled. This
avoids unnecessary variable control.

[0070] More specifically, for example, if the constant
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of the second impedance converter 32 is variably con-
trolled after the constant of the first impedance converter
31 is variably controlled, the variable control performed
on the constant of the second impedance converter 32
would cause the impedance from the output terminal of
the high frequency power supply 12 to the variable load
22 to be deviated from the input impedance suited for
charging Zt. Consequently, variable control would need
to be performed again on the constant of the first imped-
ance converter 31.
[0071] In this regard, the present embodiment first var-
iably controls the constant of the second impedance con-
verter 32. This avoids the above problem, thereby sim-
plifying the control.
[0072] The above embodiment may be modified as fol-
lows.
[0073] Although the impedance converters 31 to 33
are each formed by an LC circuit in the embodiment,
there is no limit to such a configuration. For example, as
shown in Fig. 3, the first impedance converter 31 may be
replaced by a primary induction coil 61 having a variable
inductance. The primary induction coil 61 cooperates
with the primary coil 13a to form a transformer. Power
transfer between the primary induction coil 61 and the
power transmitter 13 is performed through electromag-
netic induction. In this case, it is preferred that the induct-
ance of the primary induction coil 61 be set so that the
primary induction coil 61 functions as the first impedance
converter 31.
[0074] In the same manner, the second impedance
converter 32 may be replaced by a secondary induction
coil 62 having a variable inductance arranged between
the power receiver 23 and the secondary measurement
device 42. The secondary induction coil 62 cooperates
with the secondary coil 23a to form a transformer. Power
transfer between the power receiver 23 and the second-
ary induction coil 62 is performed through electromag-
netic induction. In this case, it is preferred that the induct-
ance of the secondary induction coil 62 be set so that the
secondary induction coil 62 operates as the second im-
pedance converter 32.
[0075] At least one of the impedance converters 31 to
33 may be replaced by a transformer.
[0076] The first impedance converter 31 may imped-
ance-convert the impedance Zin from the input terminal
of the power transmitter 13 to the variable load 22 to
improve the power factor (reactance of a predetermined
impedance approaches zero).
[0077] Although the three impedance converters 31 to
33 are used in the embodiment, there is no limit to such
a configuration. For example, the first impedance con-
verter 31 may be omitted. Alternatively, the ground-side
device 11 may include an impedance converter, which
improves the power factor, other than the first impedance
converter 31.
[0078] Although the embodiment includes the third im-
pedance converter 33 having a variable constant, there
is no limit to such a configuration. The third impedance

converter 33 may have a fixed constant. In this case, it
is preferred that the constant of the second impedance
converter 32 be variably controlled to follow variations in
the impedance ZL of the variable load 22. However, it is
preferred that the third impedance converter 33 has a
variable constant when focusing on the capability to ap-
propriately follow both of variations in the relative position
of the coils 13a, 23a and variations in the impedance ZL
of the variable load 22. Additionally, the first impedance
converter 31 may have a fixed constant.
[0079] The resistance Rx of the fixed resistor 51 may
have any value. In this case, the constant of the third
impedance converter 33 in the initial state may be set in
correspondence with the resistance Rx of the fixed re-
sistor 51 so that the impedance from the input terminal
of the third impedance converter 33 to the variable load
22 is equal to the resistance Rx of the fixed resistor 51
when the charging high frequency power is output. Alter-
natively, the constant of the third impedance converter
33 may have any value. In this case, the resistance Rx
of the fixed resistor 51 may be set in correspondence
with the constant of the third impedance converter 33.
[0080] Although the adjusting high frequency power
differs in value from the charging high frequency power
in the embodiment, there is no limit to such a configura-
tion. The adjusting high frequency power and the charg-
ing high frequency power may have the same value.
[0081] When the connected subject of the second im-
pedance converter 32 is set to the fixed resistor 51, the
high frequency power supply 12 may output the charging
high frequency power. In this condition, the constants of
the impedance converters 31, 32 may each be variably
controlled.
[0082] The embodiment determines whether or not the
high frequency power supply 12 outputs high frequency
power having a value that conforms to the value of the
adjusting high frequency power. Instead, it may be de-
termined whether or not the impedance from the output
terminal of the high frequency power supply 12 to the
variable load 22 conforms to the input impedance suited
for charging Zt (or whether the difference between the
two impedances is within an allowed range).
[0083] The impedance converters 31 to 33 may each
have any specific configuration without limitation to the
configuration of the above embodiment. For example, a
π-type or a T-type may be used.
[0084] The high frequency power supply 12 may output
high frequency power having any voltage waveform,
such as a pulse waveform or a sine waveform.
[0085] Although the power transmitter 13 and the pow-
er receiver 23 have the same resonance frequency in
the embodiment, there is no limit to such a configuration.
The power transmitter 13 and the power receiver 23 may
have different resonance frequencies within a range in
which power transfer can be performed.
[0086] Although the power transmitter 13 and the pow-
er receiver 23 have the same configuration in the em-
bodiment, there is no limit to such a configuration. The
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power transmitter 13 and the power receiver 23 may have
different configurations.
[0087] The capacitors 13b, 23b may be omitted from
the embodiment. In this case, magnetic field resonance
is performed using the parasitic capacitor of each of the
coils 13a, 23a.
[0088] Although magnetic field resonance is used to
achieve wireless power transfer in the embodiment, there
is no limit to such a configuration. Electromagnetic induc-
tion may be used.
[0089] Although the wireless power transfer apparatus
10 is applied to a vehicle in the embodiment, there is no
limit to such a configuration. The wireless power transfer
apparatus 10 may be applied to a different device. For
example, the wireless power transfer apparatus 10 may
be used to charge a battery of a cell phone.
[0090] Although the variable load 22 of the embodi-
ment includes the rectifier and the vehicle battery, there
is no limit to such a configuration. The variable load 22
may include a different electronic device.
[0091] Although the vehicle-side controller 24 controls
the relay 52 in the embodiment, there is no limit to such
a configuration. For example, the power supply controller
14 may control the relay 52. Additionally, the component
controlling the high frequency power supply 12 is not lim-
ited to the power supply controller 14 and thus may be,
for example, the vehicle-side controller 24. In the same
manner, any component may control each of the imped-
ance converters 31 to 33. For example, only one of the
controllers 14, 24 may control the impedance converters
31 to 33. Alternatively, a dedicated control unit other than
the controllers 14, 24 may be used.
[0092] The high frequency power supply 12 may be
omitted from the embodiment.
[0093] The power transmitter 13 may include a reso-
nance circuit, which is formed by the primary coil 13a and
the primary capacitor 13b, and a primary coupling coil,
which is coupled to the resonance circuit through elec-
tromagnetic induction. In this case, the resonance circuit
receives high frequency power from the primary coupling
coil through electromagnetic induction. In the same man-
ner, the power receiver 23 may include a resonance cir-
cuit formed by the secondary coil 23a and the secondary
capacitor 23b and a secondary coupling coil that is cou-
pled to the resonance circuit through electromagnetic in-
duction. The secondary coupling coil may be used to ex-
tract power from the resonance circuit of the power re-
ceiver 23.
[0094] The high frequency power supply 12 may be
one of an electric power source, a voltage source, and a
current source.
[0095] When an electric power source is employed as
the high frequency power supply 12, the impedance con-
verters 31 to 33 may be used to match impedance. More
specifically, the first impedance converter 31 impedance-
converts the impedance Zin from the input terminal of
the power transmitter 13 to the variable load 22 so that
the impedance from the output terminal of the high fre-

quency power supply 12 to the variable load 22 matches
output impedance of the high frequency power supply
12. In this case, such impedance that matches the output
impedance of the high frequency power supply 12 cor-
responds to "predetermined impedance".
[0096] Also, the second impedance converter 32 may
impedance-convert the impedance from the input termi-
nal of the third impedance converter 33 to the variable
load 22 so that the impedance from the output terminal
of the power receiver 23 to the variable load 22 matches
the impedance from the output terminal of the power re-
ceiver 23 to the high frequency power supply 12.
[0097] In this configuration, the primary measurement
device 41 measures reflected wave power that is directed
from the power transmitter 13 to the high frequency power
supply 12, and the secondary measurement device 42
measures reflected wave power that is directed from the
second impedance converter 32 to the high frequency
power supply 12. It is preferred that the controllers 14,
24 variably control the constants of the impedance con-
verters 31, 32, respectively, so that each piece of the
reflected wave power decreases. In this configuration, it
is also preferred that variable control is simultaneously
performed on the constants of the impedance converters
31, 32.
[0098] The ground-side device 11 may include two or
more impedance converters. Also, the vehicle-side de-
vice 21 may include three or more impedance converters.
[0099] The third impedance converter 33 may be re-
placed by a DC/DC converter arranged between the rec-
tifier and the vehicle battery and including a switching
element that periodically switches. In this case, the im-
pedance ZL of the variable load 22 is dependent on a
duty ratio of activation and deactivation of the switching
element. Thus, the impedance ZL of the variable load 22
may be set to be constant by adjusting the duty ratio in
accordance with the value of high frequency power out-
put from the high frequency power supply 12. In this case,
the vehicle battery corresponds to the "variable load".
The DC/DC converter corresponds to the "second im-
pedance conversion unit". The adjustment of the duty
ratio may be also referred to as an adjustment of the
impedance of the DC/DC converter. That is, high fre-
quency power received by the secondary coil 23a is input
to the "variable load", or the high frequency power is rec-
tified to direct current and input to the "variable load".
[0100] A DC/DC converter may be arranged in addition
to the third impedance converter 33. In this case, it is
preferred that the third impedance converter 33 has a
fixed constant, and the duty ratio of activation and deac-
tivation of the switching element in the DC/DC converter
is adjusted.

Claims

1. A power receiving device capable of receiving alter-
nating current power in a wireless manner from a
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power supply device including a primary coil that re-
ceives the alternating current power, the power re-
ceiving device comprising:

a secondary coil capable of receiving the alter-
nating current power from the primary coil;
a variable load having impedance that varies in
accordance with a value of input power;
a first impedance conversion unit arranged be-
tween the secondary coil and the variable load
and configured to have a variable impedance;
a second impedance conversion unit arranged
between the secondary coil and the variable
load and configured to have a variable imped-
ance;
a fixed load arranged separately from the vari-
able load and having a fixed impedance regard-
less of the value of input power; and
a switch that switches an output destination, to
which the alternating current power received by
the secondary coil is output from the first imped-
ance conversion unit, to the fixed load or to the
second impedance conversion unit and the var-
iable load.

2. The power receiving device according to claim 1,
wherein
when the impedance of the first impedance conver-
sion unit is variably controlled, the switch switches
the output destination, to which the alternating cur-
rent power received by the secondary coil is output
from the first impedance conversion unit, to the fixed
load; and
after variable control of the impedance of the first
impedance conversion unit is completed, the switch
switches the output destination, to which the alter-
nating current power received by the secondary coil
is output from the first impedance conversion unit,
to the second impedance conversion unit and the
variable load.

3. The power receiving device according to claim 1 or
2, wherein
the variable load includes a rectifying unit and a ve-
hicle battery,
the rectifying unit includes a diode and rectifies the
alternating current power received by the secondary
coil to direct current power, and
the vehicle battery is charged by receiving the direct
current power.

4. The power receiving device according to any one of
claims 1 to 3, wherein when the impedance of the
variable load varies, the impedance of the second
impedance conversion unit is variably controlled so
that impedance from an input terminal of the second
impedance conversion unit to the variable load is
constant.

5. The power receiving device according to any one of
claims 1 to 4, wherein
impedance from an output terminal of the secondary
coil to the variable load has a real part including a
specific resistance that increases transfer efficiency
to be relatively higher than another resistance, and
the first impedance conversion unit performs an im-
pedance-conversion so that the impedance from the
output terminal of the secondary coil to the variable
load approaches the specific resistance.

6. The power receiving device according to claim 5,
wherein the specific resistance is √(Ra13Rb1) when
a virtual load having a resistance of Ra1 is arranged
at an input terminal of the primary coil and resistance
from the secondary coil to the virtual load is repre-
sented by Rb1.

7. A wireless power transfer apparatus comprising:

a power supply device that includes an alternat-
ing current power supply, which is capable of
outputting alternating current power, and the pri-
mary coil, which receives the alternating current
power; and
the power receiving device according to any one
of claims 1 to 6.

8. The wireless power transfer apparatus according to
claim 7, further comprising a power supply control
unit, wherein
the alternating current power supply is capable of
outputting large alternating current power and small
alternating current power, the values of which are
relatively large and small, respectively,
when the impedance of the first impedance conver-
sion unit is variably controlled, the power supply con-
trol unit controls the alternating current power supply
so that the alternating current power supply outputs
the small alternating current power, and
after variable control of the impedance of the first
impedance conversion unit is completed, the power
supply control unit controls the alternating current
power supply so that the alternating current power
supply outputs the large alternating current power.

9. The wireless power transfer apparatus according to
claim 7 or 8, further comprising a variable control
unit, wherein
the power supply device includes a third impedance
conversion unit configured to have a variable imped-
ance,
the third impedance conversion unit is arranged be-
tween the alternating current power supply and the
primary coil,
when the output destination, to which the alternating
current power received by the secondary coil is out-
put from the first impedance conversion unit, is set
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to the fixed load, the variable control unit variably
controls the impedance of the first impedance con-
version unit and the impedance of the third imped-
ance conversion unit.

10. The wireless power transfer apparatus according to
claim 9, wherein the third impedance conversion unit
impedance-converts impedance from an input ter-
minal of the primary coil to the variable load so that
impedance from an output terminal of the alternating
current power supply to the variable load approaches
a predetermined impedance.

11. The wireless power transfer apparatus according to
claim 9 or 10, wherein the variable control unit vari-
ably controls the impedance of the third impedance
conversion unit after the variable control of the im-
pedance of the first impedance conversion unit is
completed.
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