SPECI FI CATI ON
W RELESS PONER TRANSM SSI ON DEVI CE AND METHCOD FOR CONTROLLI NG

PONER SUPPLY FOR W RELESS PONER TRANSM SSI ON DEVI CE

TECHNI CAL FI ELD

[ 0001]

The present invention relates to a wreless power
transm ssion apparatus configured to supply power from a
power - suppl ying nodule connected to a power source to a
power - recei vi ng nodul e by neans of resonance phenonenon, and
relates to a supply power control nmethod for such a wirel ess

power transm Ssion apparatus.

BACKGROUND ART

[ 0002]

Port abl e el ectroni c devi ces such as | aptop PCs, tabl et PCs,
digital caneras, nobile phones, portable gam ng devices,
ear phone-type nusi c pl ayers, w rel ess headsets, heari ng ai ds,
recorders, which are portabl e whil e bei ng used by the user are
rapidly increasing in recent years. Many of these portable
el ectroni c devi ces have therein arechargeabl e battery, which
requi res periodical charging. To facilitate the work for
charging the rechargeable battery of an el ectronic device,
there are an increasing nunber of devices for charging

rechargeabl e batteries by using a power-suppl yi ng technol ogy



(Wreless power transm ssion technology perform ng power
transm ssion by varying the magnetic field) that perforns
W rel ess power transm ssion between a power -suppl yi ng nodul e
and a power -recei vi ng nodul e nounted i n an el ectroni c devi ce.

[ 0003]

As a Wi rel ess power transm ssi on technol ogy, there have been
known, for exanple, a technology that perforns power
transm ssion by neans of el ectromagnetic induction between
coils (e.g. see PTL 1), a technology that perforns power
transm ssi on by neans of resonance phenonenon (magnetic field
resonant state) between resonators (coils) provided to the
power - suppl ying device (power-supplying nodule) and the
power - r ecei vi ng devi ce (power-receiving nodul e)(e.g. see PTL
2).

[ 0004]

For exanple, to perform wreless power transm ssion by
coupling magnetic fields wutilizing resonance phenonenon
(magnetic fieldresonant state) betweenthe resonators (coils)
of the power-suppl yi ng nodul e and t he power -r ecei vi ng nodul e,
t he power-receiving nodul e needs to be brought close to the
power - suppl ying nodule so that they are within a distance
(power - suppl i abl e region) that enabl es power supplying from
t he power - suppl yi ng nodul e to the power-receiving nodule. In
this process of use, there is a problem that power is

continuously supplied to the power-supplying nodul e, even if



t he power - suppl yi ng nodul e and t he power -recei vi ng nodul e are
not within the power-suppliable region, so as to prepare for
pl acenent of the power-receiving nodule wthin the
power - suppl i abl e region, i.e., power is wasted (there wll be
a |l arge amount of power consunmed for standing-by).

[ 0005]

A suggested neasure to address this issue is to provide the
power -recei ving nodul e or the power-supplying nodule wwth a
detector (sensor and the |like) to detect changes caused by
arrangi ng t he power - suppl yi ng nodul e and t he power-recei vi ng
nmodule within the power-suppliable region, and to start
supplying power to the power-supplying nodule using the
detection result fromthe detector as a trigger.

[ 0006]

For exanple, PTL 3 describes a power supply system having
astructureinwhichadetector (current/voltage detector 113)
is provided to a power-supplying device (power-supplying
nmodul e) of a power-supplying system an inpedance is derived
based on t he val ue of current/vol t age neasur ed by t he det ect or,
and variation in this inpedance (an anmount of increase inthe
i npedance and the |i ke: see paragraph [0047] and the like) is
conpared with a pre-set threshold val ue to determ ne whet her
t he power-supplying device (power-supplying nodule) and a
secondary end devi ce (power-receiving nodule) are within the

power - suppl i abl e regi on.



[ 0007]

Wth the provision of the detector to determ ne whether the

power - suppl yi ng nodul e and the power-receiving nodule are

wi thin the power-suppliable region, it is surely possible to

prevent wasteful power consunption by stopping power supply

t ot he power - suppl yi ng nodul e, whent he power - suppl yi ng nodul e

and the power-receiving nodule are determ ned as not to be

within the power-suppliable region.
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determning whether or not the power-supplying device
(power -supplying nodule) and the secondary end device
(power -recei vi ng nodul e) arew t hi na power-suppliabl eregion.

[ 0010]

I n vi ewof the above probl em the present i nvention, focusing
on t he phase of ani nput i npedance of t he power - suppl yi ng nodul e
or the power-receiving nodule, provides a wreless power
transm ssi on apparatus configured so that the phase of the
i nput i npedance vari es dependi ng on whet her a power - suppl yi ng
nmodule and a power-receiving nodule are wthin a
power - suppl i abl e regi on, and that enabl es determ nation of
whet her to conduct power supply by detecting the variationin
t he phase, thus preventing waste power consunption while the

nodul es are not within the power-suppliable region.

TECHNI CAL SCLUTI ON

[ 0011]

An aspect of the present i nventionto achi evethe above obj ect
isawrel ess power transm ssi on appar atus confi guredto supply
power froma power -suppl yi ng nodul e connected t o a power source
to a power-receiving nodul e by neans of resonance phenonenon,
wher ei n:

t he power-suppl yi ng nodul e incl udes

a phase detector configured to detect the phase of an i nput

i npedance, and



a control device configured to control power to be supplied
to the power-supplyi ng nodul e;

wher ei n t he power - suppl yi ng nodul e and t he power-recei vi ng
nodul e are each set sothat atransm ssion characteristicwth
respect to a power-source frequency of the power supplied to
t he power-suppl yi ng nodul e has a doubl e-hunp characteristic
such that a peak occurs in a power-source frequency band | ower
t han a resonance frequency of the power-supplying nodul e and
t he power-receiving nodule, and in a power-source frequency
band hi gher than the resonance frequency; and

wherei nthe control devi ce determ nes whet her t o suppl y power
to the power-supplying nodul e, based on a difference between
phases of the input inpedances in a standby state and in a
power - suppl yi ng state, the standby state beingastateinwhich
power is not supplied fromthe power-supplying nodule to the
power -recei ving nodule, the power-supplying state being a
state in which power is supplied from the power-supplying
nodul e to the power-receiving nodul e, and the phases being
detected by the phase detector.

[ 0012]

Traditionally, power - suppl yi ng nmodul e and t he
power - r ecei vi ng nodul e have been set so that the transm ssion
characteristic of the power-supplying nodule and the
power - r ecei vi ng nodul e has a si ngl e- hunp characteristic, thus

causi ng the peak val ue of the transm ssion characteristic to



occur nearby the resonance frequency. In this case, the power
transm ssi on efficiency fromthe power-supplying noduletothe
power-receiving mnodule is maximzed by setting the
power - source frequency to a resonance frequency.

Thi s setting however does not cause a di fference between t he
phase of the i nput i npedance in the standby state and that in
t he power-supplying state, since the power-source frequency
is set to the resonance frequency.

For this reason, the power-supplying nodule and the
power-receiving nodule are set so that the transm ssion
characteristic of the power-supplying nodule and the
power - r ecei vi ng nodul e has a doubl e- hunp characteristic, thus
causi ng t he peak val ues of the transm ssion characteristicto
occur in a band other than the resonance frequency. This way,
thereis adifference between the phase of the i nput i npedance
in the standby state and that in the power-supplying state,
since the power-supplying nodule and the power-receiving
nodul e are used with t he setting of the power-source frequency
near by t he peak i n a band ot her than the resonance frequency.
Further, the control devi ce determ nes whet her to supply power
to t he power-suppl yi ng nodul e, based on the difference in the
phase det ected by t he phase det ect or, whi ch enabl es reducti on
of power consunption in the standby state.

[ 0013]



Anot her aspect of the present inventionis the w rel ess power
transm ssi on apparatus adapted so that the power-supplying
nmodul e and the power-power-receiving nodule conprise a
power - suppl ying coil, a power-supplying resonator, a
power - r ecei vi ng resonat or, and a power - power -recei ving coi |,
respectively,

The power-supplying coil is constituted by an RL circuit
including a resistor Ry and a coil L.

The power-supplying resonator is constituted by an RLC
circuit whose elenents include a resistor R, a coil L, and
a capacitor G.

The power-receiving resonator is constituted by an RLC
circuit whose elenents include a resistor Rs, a coil Ls, and
a capacitor Gs.

The power-receiving coil is constituted by an RL circuit
including a resistor Ry and a coil L.

[ 0014]

In the above structure, the power-supplying nodul e and the
power - recei vi ng nodul e i ncl ude t he power-suppl ying coil, the
power - suppl yi ng resonat or, t he power -receivi ng resonat or, and
the power-receiving coil, respectively. Further, it 1is
possible to structure the power-supplying coil and the
power-receiving coil, with a relatively sinple RL circuit.

[ 0015]



Anot her aspect of the present inventionis the w rel ess power
transm ssi on apparatus adapted so that the power-supplying
nmodul e and the power-power-receiving nodule conprise a
power - suppl ying coil, a power-supplying resonator, a
power - r ecei vi ng resonat or, and a power - power -recei ving coi |,
respectively,

t he power-supplying coil is constituted by an RLC circuit
including a resistor R, a coil Li;, and a capacitor G,

t he power-supplying resonator is constituted by an RLC
circuit whose elenents include a resistor R, a coil L, and
a capacitor G,

the power-receiving resonator is constituted by an RLC
circuit whose elenents include a resistor Rs, a coil Ls, and
a capacitor G, and

the power-receiving coil is constituted by an RLC circuit
whose el enents include aresister Ry, acoil Ly, and a capaci tor
C; (however, when the power-supplying coil is an RLC seri al
circuit, at least one of relations Kj» # Ky3 and f1 # f0 is
satisfied, where Ki2is acouplingcoefficient betweenthe coil
L, and the coil Ly, Kys is a coupling coefficient between the
coil L, and the coil Ls, aflis a resonance frequency of the
power - suppl ying coil, and fO is a resonance frequency of the
power - suppl yi ng resonat or and t he power -recei vi ng resonat or).

[ 0016]



In the above structure, the power-supplying nodul e and the
power - recei vi ng nodul e i ncl ude t he power-suppl ying coil, the
power - suppl yi ng resonat or, t he power -receivi ng resonat or, and
the power-receiving coil, respectively. Further, it 1is
possible to structure the power-supplying coil and the
power-receiving coil, with an RLC circuit. As described
structuring the power-supplying coil and t he power-receiVving
coil with an RLC circuit increases the nunber of factors
vari abl e i ndesi gni ng, and achi eves hi gher freedomi n desi gni ng
(vari ablefactorsfor enablingthetransm ssioncharacteristic
of the power-supplying nodul e and t he power-recei vi ng nodul e
havi ng a doubl e-hunp characteristic is increased).

[ 0017]

Furt her, anot her aspect of the present inventionis a supply
power control net hod of aw rel ess power transm ssi on appar at us
configured to supply power from a power-supplying nodul e
connectedtoapower sourcetoapower-receiVving nodul e by neans
of resonance phenonenon, wherein

t he power-suppl yi ng nodul e incl udes

a phase detector configured to detect the phase of an i nput
i npedance, and

a control device configured to control power to be supplied
to the power-supplyi ng nodul e;

wher ei n t he power - suppl yi ng nodul e and t he power-recei vi ng

nmodul e are each set so that a transm ssion characteristicwith
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respect to a power-source frequency of the power supplied to
t he power-suppl yi ng nodul e has a doubl e- hunp characteristic
such that a peak occurs in a drive frequency band | ower than
a resonance frequency of the power-supplying nodule and the
power -recei ving nodule, and in a drive frequency band hi gher
t han the resonance frequency, the nethod conprising the step
of

the control device determ ning whether to supply power to
t he power-supplying nodul e, based on a difference between
phases of the input inpedances in a standby state and in a
power - suppl yi ng state, the standby state beingastateinwhich
power is not supplied fromthe power-supplying nodule to the
power -recei ving nodule, the power-supplying state being a
state in which power is supplied from the power-supplying
nodul e to the power-receiving nodul e, and the phases being
detected by the phase detector.

[ 0018]

Traditionally, power - suppl yi ng nmodul e and t he
power - r ecei vi ng nodul e have been set so that the transm ssi on
characteristic of the power-supplying nodule and the
power - r ecei vi ng nodul e has a si ngl e- hunp characteristic, thus
causi ng the peak val ue of the transm ssion characteristic to
occur nearby the resonance frequency. In this case, the power

transm ssion efficiency fromthe power-supplyingnoduletothe

11



power-receiving nodule is maximzed by setting the
power - source frequency to a resonance frequency.

Thi s setting however does not cause a di fference between t he
phase of the i nput i npedance in the standby state and that in
t he power-supplying state, since the power-source frequency
is set to the resonance frequency.

For this reason, with the nethod, the power-supplyi ng nodul e
and t he power -recei vi ng nodul e are set sothat thetransm ssion
characteristic of the power-supplying nodule and the
power - r ecei vi ng nodul e has a doubl e- hunp characteristic, thus
causi ng t he peak val ues of the transm ssion characteristicto
occur in a band other than the resonance frequency. This way,
thereis adifference between the phase of the i nput i npedance
in the standby state and that in the power-supplying state,
since the power-supplying nodule and the power-receiving
nodul e are used with the setting of the power-source frequency
near by t he peak i n a band ot her than the resonance frequency.
Furt her, the control devi ce determ nes whet her to supply power
to t he power-suppl yi ng nodul e, based on the difference in the
phase det ected by t he phase det ect or, whi ch enabl es reducti on
of power consunption in the standby state.

ADVANTAGEQUS EFFECTS
[ 0019]
There is provided a wireless power transm ssion apparatus

configured so that the phase of the input inpedance varies

12



depending on whether a power-supplying nodule and a
power -recei ving nodul e are within a power-suppliabl e regi on,
and that enables determ nation of whether to conduct power
supply by detectingthevariationinthe phase, thus preventing
wast e power consunption while the nodules are not within the

power - suppl i abl e regi on.

DESCRI PTI ON OF THE DRAW NGS
[ 0020]

[FIG 1] FIG 1 is an explanatory di agramof a charger with
a power - suppl yi ng nodul e nount ed t herei nand a wi r el ess headset
havi ng a power-receiving nodul e nount ed t herein.

[FIG 2] FIG 2 is a block diagram of a wreless power
transm ssi on appar at us.

[FIG 3] FIG 3 is an explanatory diagramof the wirel ess
power transm ssion apparatus in a standby state.

[FIG 4] FIG 4 is an explanatory diagramillustrating the
w rel ess power transm ssion apparatus in the power-supplying
state, in the formof equivalent circuit.

[FIG 5] FIG5 is an explanatory diagramillustrating the
W rel ess power transm ssion apparatus in the standby state,
in the formof equivalent circuit.

[FIG 6] FIG 6 is an explanatory diagram indicating
relation of transmssion characteristic “S21” to a

power - sour ce frequency.

13



[FIG 7] FIG 7(A) isagraphrelatedto Conparative exanpl e
1, show ng analysis results of the input inpedance Z, with
respect to the power-source frequencies in the standby state
and the power-supplying state. FIG 7(B) is a graph rel ated
t o Conparati ve exanpl e 1, show ng anal ysi s resul ts of t he phase
of the input inpedance Z, with respect to the power-source
frequenci esinthestandby state andthe power-supplyingstate

[FIG 8] FIG 8(A) isagraphrelatedto Exanple 1, show ng
anal ysi s results of the i nput i npedance Zi, wth respect tothe
power -source frequencies in the standby state and the
power - suppl ying state. FIG 8(B) is agraphrelatedto Exanpl e
1, show ng anal ysi s resul ts of t he phase of the i nput i npedance
ZinwWmthrespect tothe power-source frequencies inthe standby
state and the power-supplying state.

[FIG 9] FIG9 is an explanatory diagram illustrating
W rel ess power transm ssi on apparat usesrel atedto Conparative
exanple 2 and Exanple 2, in the formof equivalent circuit.

[FIG 10] FIG 10(A) is a graph related to Conparative
exanpl e 2, showi ng anal ysis results of the input inpedance Z,
with respect to the power-source frequencies in the standby
state and the power-supplying state. FIG 10(B) is a graph
related to Conparative exanpl e 2, show ng anal ysi s resul ts of
the phase of the input inpedance Z, wth respect to the
power -source frequencies in the standby state and the

power - suppl yi ng state.
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[FIG 11] FIG 11(A) isagraphrelatedto Exanpl e 2, show ng
anal ysis results of the input i npedance Zi, wth respect tothe
power-source frequencies in the standby state and the
power - suppl ying state. FIG 11(B) isagraphrel atedto Exanpl e
2, showi ng anal ysi s resul ts of the phase of the i nput i npedance
Zinwmthrespect tothe power-source frequencies inthe standby
state and the power-supplying state.

[FIG 12] FIG 12(A) isagraphrel atedto Exanpl e 3, show ng
anal ysi s results of the i nput i npedance Zi, wth respect tothe
power -source frequencies in the standby state and the
power - suppl ying state. FIG 12(B) isagraphrel atedto Exanpl e
3, showi ng anal ysi s resul ts of the phase of the i nput i npedance
ZinwWmthrespect tothe power-source frequencies inthe standby
state and the power-supplying state.

[FIG 13] FIG 13(A) isagraphrelatedto Exanpl e 4, show ng
anal ysi s results of the input i npedance Zi, wth respect tothe
power-source frequencies in the standby state and the
power - suppl ying state. FIG 13(B) isagraphrel atedto Exanpl e
4, showi ng anal ysi s resul ts of the phase of the input i npedance
Zinwmthrespect tothe power-source frequencies inthe standby
state and the power-supplying state.

[FIG 14] FIG 14 is a flowhart expl ai ni ng a power - supply

operation fl ow executed by the control device.

DESCRI PTI ON OF EMBODI MENTS
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[ 0021]

The foll owm ng describes an enbodi nrent of a wirel ess power
transm ssi on apparatus used in wireless power transm ssion,
and power - suppl yi ng met hod f or the wi rel ess power transm ssi on
apparatus, according to the present invention.

[ 0022]

As a wirel ess power transm ssion apparatus 1, the present
enbodi nent deals wth a charger 101 havi ng a power-suppl yi ng
nodul e 2 and a wirel ess headset 102 having a power-receiving
nodul e 3, as shown in FIG 1.

[ 0023]

(Structure of Wreless Power Transm ssion Apparatus 1)

As shownin FIG 1, the wirel ess power transm ssi on appar at us
1includes acharger 101 and a wi r el ess headset 102. The char ger
101 includes: a power-supplying nodule 2 having a
power - suppl ying coil 21 and a power-supplying resonator 22,
a phase detector 4, and a control device 5 as shown in FIG
2. The wirel ess headset 102 i ncl udes: an ear phone speaker unit
102a, a power-recei Vvi ng nodul e 3 havi ng a power -recei vi ng coi |
31 and a power-receiving resonator 32, a stabilizer circuit
7 that rectifies an AC power received, a charging circuit 8
configured to prevent overcharges, and a secondary battery 9
(l'ithiumion secondary battery andthe |li ke)(parts as an audi o
equi pnent is omtted). The power-supplying nodule 2 is

connected, via the control device 5, to an AC power source 6
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(an external power supply source 61, an oscillation circuit
62) that supplies power to the power-supplying nodule 2. The
power -recei ving nodule 3 is connected to a secondary battery
9viathe stabilizer circuit 7 and the charging circuit 8. For
t he sake of conveni ence, thedrawingsillustratethestabilizer
circuit 7, the charging circuit 8, and the secondary battery
9 outside the power-receiving nodule 3; however, these are
actually disposed on the inner circunference side of the
sol enoid power-receiving coil 31 and the power-receiving
resonator 32. Further, as shown in FIG 1 and FIG 2, the
stabilizer circuit 7, thechargingcircuit 8, andthe secondary
battery 9 of the present enbodinent are a power-supplied
el ectronic device 10 which is the final destination of the
suppl i ed power. The power-supplied el ectronic device 10is a
termcollectively referring to all the devices connected to
t he power-receiving nodule 3, where the power is supplied.

[ 0024]

The charger 101 has a not-shown accommodati on groove for
accommodating the wi re, whi ch has a shape correspondingtothe
wi rel ess headset 102. By accommodating the w rel ess headset
102 to this accommodating groove of the charger 101, the
W rel ess headset 102 is positioned in such a manner that the
power -supplying nodule 2 of the charger 101 and the
power - r ecei vi ng nodul e 3 of the wi rel ess headset 102 face each

ot her.

17



[ 0025]

The power -suppl ying coil 21 plays a rol e of supplying power
obtained fromthe AC power source 6 to the power-supplying
resonat or 22 by neans of el ectronmagnetic induction. As shown
in FIG 4, the power-supplying coil 21 is constituted by an
RL circuit whose el enents include aresistor R, and a coil L;j.
The coil Ly is fornmed by wi ndi ng once a copper wire materi al
(coated by an insulation film wthits coil dianeter set to
15 mm¢. The total impedance of a circuit element constituting
t he power-supplying coil 21is Z;. Inthe present enbodi nent,
thezZyisthetotal i npedanceof theRLcircuit (circuit el ement)
constituting the power-supplying coil 21, which includes the
resistor R, and the coil L;. Further, the current that flows
in the power-supplying coil 21 is I;.

[ 0026]

The power -recei vingcoil 31 playsrol es of recei vingthe power
havi ng been transmtted as a magnetic field energy fromthe
power - suppl yi ng resonat or 22 to t he power -recei vi ng r esonat or
32, by neans of el ectromagnetic i nduction, and supplying the
power received to the secondary battery 9 via the stabilizer
circuit 7 and the charging circuit 8. As shownin FIG 4, the
power-receivingcoil 31, simlarlytothe power-supplyingcoil
21, is constituted by an RL circuit whose el enents include a
resistor Ry and a coil Ls. The coil Lsis formed by wi ndi ng once

a copper wire material (coated by aninsulationfilm withits
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coil diameter set to 15 mm¢. The total impedance of a circuit
el ement constituting the power-receivingcoil 31is Z4. Inthe
present enbodinent, the Z, is the total inpedance of the RL
circuit (circuit elenent) constituting the power-receiving
coil 31, which includes the resistor R; and the coil Ls. The
t ot al i npedance of t he power-suppliedel ectronic device 10 (the
stabilizer circuit 7, thechargingcircuit 8, andthe secondary
battery 9) connected to the power-receiving coil 31 is Z.
Further, the current that flows in the power-receiving coi
3lis |4 The total i npedance of the power-suppliedelectronic
devi ce 10 expressed as Z. may be replaced with R, for the sake
of conveni ence.

[ 0027]

As shown in FIG 4, the power-supplying resonator 22 is
constituted by an RLCcircuit whose el enents i ncl ude aresi stor
R,, a coil L, and a capacitor G, Further, as shown in FIG
4, the power-receiving resonator 32 is constituted by an RLC
circuit whose elenents include a resistor Rs, a coil Ls, and
a capacitor GC;. The power-supplying resonator 22 and the
power - r ecei vi ng resonat or 32 each serves as aresonance circuit
and plays arole of creating a nmagnetic field resonant state.
The magnetic field resonant state (resonance phenonenon) here
i's a phenonenon in which two or nore coils resonate with each
ot her at aresonance frequency. Thetotal i npedance of acircuit

el ement constituting the power-supplying resonator 22 is Z.
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In the present enbodinent, the Z, is the total inpedance of
the RLC circuit (circuit elenment) <constituting the
power - suppl yi ng resonator 22, which i ncludes the resistor R,
the coil Ly, and the capacitor C. In the present enbodi nent,
the Z; is the total inpedance of the RLC circuit (circuit
el ement) constitutingthe power-receivingresonator 32, which
i ncludes the resistor R;, the coil L;, and the capacitor GCs.
Further, the current that flows in the power-supplying
resonator 22 is Il and the current that flows in the
power -recei ving resonator 32 is |s.

[ 0028]

In the RLC circuit which is the resonance circuit in each
of the power-supplying resonator 22 and the power-receiving
resonator 32, the resonance frequency is f which is derived
from (Formula 1) below, where the inductance is L and the
capacity of capacitor is C In the present enbodi nent, the
resonance frequency (f0) of the power-supplying resonator 22

and the power-receiving resonator 32 is set to 1 VHz

ZﬁVLC ..... (Formula 1)

[ 0029]

The power -suppl ying resonator 22 is a sol enoid coil nade of
a copper wire material (coated by aninsulationfilm withits
coil diameter being 15 mm¢. The power-receiving resonator 32

is a solenoid coil nmade of a copper wire material (coated by
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an insulation film) with its coil diameter being 15 mm¢. The
resonance frequency of the power-supplying resonator 22 and
t hat of the power-receivingresonator 32 are matched wit h each
ot her, as descri bed above. The power-supplying resonator 22
and the power-receiving resonator 32 may be a spiral coil or
a solenoid coil as long as it is a resonator using a coil.

[ 0030]

In regard to the above, the distance between the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
is denoted as d12, the distance between the power-supplying
resonator 22 and the power-receiving resonator 32 i s denoted
as d23, and t he di stance bet ween t he power-recei vi ng r esonat or
32 and t he power-receiving coil 31is denoted as d34 (see FIG
1).

[ 0031]

Further, as shownin FIG 4, a nutual inductance between t he
coil L; of the power-supplying coil 21 and the coil L, of the
power - suppl yi ng resonator 22 is My, a mutual inductance
between the coil L, of the power-supplying resonator 22 and
the coil Lz of the power-receiving resonator 32 is M3, and a
mut ual i nductance between the coil Ls of the power-receiving
resonator 32 and the coil Ls of the power-receiving coil 31
is My. Further, inthe wireless power transm ssion appar at us
1, a coupling coefficient between the coil L; and the coil L;

is denoted as Kj», a coupling coefficient between the coil L;
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and the coil Lz is denoted as Kzs3, and a coupling coefficient
between the coil Ls and the coil Ly is denoted as Kasa.

[ 0032]

FIG 4 shows at its bottoma circuit diagramof the wirel ess
power transm ssion apparatus 1 (including: the stabilizer
circuit 7, the charging circuit 8, and the secondary battery
9). Inthe figure, the entire power-supplying nodul e 2 and t he
power-receiving nodule 3 (the stabilizer circuit 7, the
charging circuit 8, and the secondary battery 9) structuring
the w rel ess power transm ssionapparatus 1is shown as asingle
i nput inpedance Z,. Further, the voltage applied to the
W rel ess power transm ssion apparatus 1isindicatedasvoltage
Vin, and the current input to the wireless power transm ssion
apparatus 1 is indicated as current |

[ 0033]

To be nore specific about the input inpedance Z, of the
W rel ess power transm ssion apparatus 1, the structure of the
W reless power transm ssion apparatus 1 is expressed in an
equi valent circuit as showmmin FIG 4. Based on t he equi val ent
circuit inFIG 4, theinput i npedance Z, of the wirel ess power

transm ssion apparatus 1 is expressed as the (Fornula 2).
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R G
o (M, )

Z+
(oM, )
T4z,

M, =k, ,LL, M _ =k LL M =k LL,

(kij is a coupling coefficient between L; and L;)

..... (Formul a 2)

[ 0034]

Further, the inpedance Z;, Z,, Z3, Z4, and Z  of the
power - suppl yi ng coi |l 21, the power-suppl yi ng resonator 22, the
power -recei ving resonator 32, and t he power-receiving coil 31
inthe wirel ess power transm ssion apparatus 1 of the present

enbodi ment are expressed as the (Fornula 3).

Z=R TjoL
Z—R 17wl

Z=R+jwL—

Z=—R 1iol
7—R
..... (Formul a 3)
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[ 0035]

It should be noted that the resistance val ue, inductance,
capacity of capacitor, and the coupling coefficients K, Kps,
Kss in the Ry and L;of the RL circuit of the power-supplying
coil 21, the R, L, and G of the RLC circuit of the
power - suppl yi ng resonator 22, the R;, L3, and G of the RLC
circuit of the power-receiving resonator 32, the Ry and L, of
the RL circuit of the power-receiving coil 31 are set as
paraneters variable at the stage of designing and
manuf act uri ng.

[ 0036]

The phase detector 4 provided to the charger 101 detects an
i nput i npedance Z, of the wreless power transm ssion
apparatus 1, and detects the phase of the input inpedance Z,
based on the i nput i npedance Z, detected. For exanple, as the
phase detector 4, a current detector and a vol tage detector
are used to detect the current I, input and the voltage Vi,
applied to the wreless power transm ssion apparatus 1,
respectively. Then the i nput i npedance Z, is derived based on
the voltage Vi, and the current I, (see Forrmul a 4), and detects
t he phase of the i nput i npedance Z, based on t he i nput i npedance

Z, derived.

..... (Formul a 4)
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[ 0037]

For t he need of reduci ng t he power consunptioninthewreless
power transm ssi on apparatus 1, t he phase detector 4 preferably
perfornms detection of the phase of the input inpedance Z, at
apredeterminedtineintervals, instead of perform ngthe sane
all the tine.

[ 0038]

Al t hough the control device 5w | be detailed later, it has
a function of determ ni ng whet her to performpower supply from
t he ACpower source 6tothe power-suppl yi ng nodul e 2, accordi ng
to variation in the phase of the input inpedance Z, detected
by the phase detector 4. Wien the control device 5 detern nes
not to performpower supply, it shuts of f t he power supply from
the AC power source 6 to the power-supplying nodule 2.
Specifically, a threshold value is set between the phase of
t he i nput inpedance Z, in the power-supplying state and t hat
in the standby state. Then, transition is made from the
power - suppl ying state to the standby state (power supply from
t he AC power source 6 to t he power-supplying nodule 2 is shut
off), or fromthe standby state to the power-supplying state
(power supply fromthe ACpower source 6 tothe power-supplying
nmodule 2 is started/resuned), when the input inpedance Z,
exceeds the threshold. It should be noted that the control
device 5 is structured by, for exanple, a mcro conputer

st orage device, and the |ike.
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[ 0039]

As shown in FIG 1 and FIG 4, the power-supplying state is
a st at e where power i s suppliedfromthe power-suppl yi ng nodul e
2 to the power-receiving nodul e 3. This power-supplying state
may be expressed as the period in which the power-supplying
resonator 22 of the power-supplying nodule 2 and the
power -recei vi ng resonator 32 of the power-receiving nodule 3
are in a magnetic field resonant state. Further, the
power - suppl ying statei s astate wherethe di stance d23 bet ween
the power-supplying resonator 22 and the power-receiving
resonator 32 is such that the power-supplying resonator 22 and
t he power-receiving resonator 32 are cl osely di sposed (wthin
t he power-suppliable region). In the present enbodi nent, the
power -supplying state is a state in which the rechargeabl e
battery 9 in the wrel ess headset 102 is being charged.

[ 0040]

On the ot her hand, as shownin FIG 3 and FIG 5, the standby
state is a state where power is not supplied from the
power - suppl yi ng nodul e 2t o t he power-recei ving nodul e 3. Thi s
standby state nay be expressed as the period in which the
power - suppl yi ng resonator 22 of the power-supplying nodul e 2
and the power-receiving resonator 32 of the power-receiving
nmodul e 3 are not in a magnetic field resonant state. Further,
the standby state is a state where the di stance d23 bet ween

the power-supplying resonator 22 and the power-receiving
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resonator 32 is such that the power-suppl yi ng resonat or 22 and
the power-receiving resonator 32 are disposed so that the
magnetic field resonant state does not occur. In the present
enbodi nent, the standby state is a state in which the
rechargeabl e battery 9inthe wirel ess headset 102 i s not bei ng
char ged.

[ 0041]

For exanpl e, where the phase of the input inpedance Z, in
t he power - suppl ying stateis 29 degrees, andthat i nthe standby
state is 88 degrees (see Exanple 1 below), the threshold is
set at 58 degrees between t hese phases. Wen t he val ue of the
phase det ect ed by t he phase det ector 4 changes froma | owval ue
(29 degrees) to a highval ue (88 degrees), beyondthethreshol d
val ue of 58 degrees, the control device 5 determ nes t here has
beenatransitionfromthe power-supplyingstatetothe standby
state, and shuts off the power supply fromthe AC power source
6 to the power-suppl yi ng nodule 2. On t he ot her hand, when t he
val ue of the phase detected by the phase detector 4 changes
fromt he hi gh val ue (88 degrees) tothe | owval ue (29 degrees),
over the threshol d val ue of 58 degrees, the control device 5
determ nes there has been atransition fromthe standby state
to the power-supplying state, and starts/resunes the power
supply fromt he AC power source 6 to t he power - suppl yi ng nodul e
2.

[ 0042]
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Wth the wirel ess power transm ssion apparatus 1, when the
resonance frequency of the power-supplying resonator 22 and
t he resonance frequency of the power-receiving resonator 32
match with each other, a nmagnetic field resonant state is
created between the power-supplying resonator 22 and the
power -recei ving resonator 32. Wien a magnetic field resonant
state i s created between t he power-suppl yi ng resonator 22 and
t he power-receiving resonator 32 by having these resonators
resonating wth each other, power is transmtted fromthe
power - suppl yi ng resonat or 22 to t he power -recei vi ng r esonat or
32 as magnetic field energy. If the power supply fromthe AC
power source 6 to the power-supplying nodule 2 is all owed by
the control device 5. the power istransmtted wirelessly from
t he charger 101 having the power-supplying nodule 2 to the
W rel ess headset 102 havi ng t he power -recei vi ng nodul e 3, and
the rechargeable battery 9 in the wireless headset 102 is
char ged.

[ 0043]

(Needs of Preventing Wasteful Power Consunption in Standby
State)

Next, based on the concept of the standby state and the
power - suppl yi ng st at e descri bed above, the fol | ow ng descri bes
t he needs of preventing the wasteful power consunptioninthe
standby state, in the power transm ssion by nmeans of the

W reless power transmssion. To perform wreless power
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transm ssi on by coupling magnetic fields utilizing resonance
phenonmenon (magnetic field resonant state) between the
power - suppl yi ng resonat or 22 and t he power -r ecei vi ng r esonat or
32 of the power-supplying nodule 2 and the power-receiving
nmodul e 3, t he power-recei vi ng nodul e 3 needs t o be brought cl ose
to the power-supplying nodule 2 so that they are within a
di stance (power-suppliable region) that enables power
supplying from the power-supplying nodule 2 to the
power -recei vingnodule3(seeFIG 1andFIG 4). Inthisprocess
of use, power is continuously suppliedto the power-supplying
nodule, even if the power-supplying nodule and the
power -recei ving nodule are not within the power-suppliable
regi on (standby state), so as to prepare for placenent of the
power-receiving nodule within the power-suppliable region
(power - suppl ying state).

As the result, power consunption in the power-supplying
module 2 in the standby state is wasted.

For this reason, there is a need of shutting off the power
supply fromt he AC power source 6 to t he power - suppl yi ng nodul e
2 in the standby state.

Inthestructure of the present enbodi nent, t he w rel ess power
transm ssion apparatus 1 is set so that there wll be a
difference in the phase of the i nput i npedance Z,to w rel ess
power transm ssion apparatus 1 in the power-supplying state

and that in the standby state, and that when the state is
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determ ned as to be the standby state based on the difference
in the phase, power supply fromthe AC power source 6 to the
power - suppl ying nodule 2 is shut off.

[ 0044]

(Setting of Difference in Phase of |nput |npedance Z,)

To realize the setting that causes a difference between the
phase of the input inpedance Z, to the wreless power
transm ssion apparatus 1 in the power-supplying state and the
phase of the input inpedance Z, to the wreless power
transm ssion apparatus 1 in the standby state, the present
enbodi nent adopts a setting such that the transm ssion
characteristic “S21” of the wreless power transm ssion
apparatus 1 with respect to the power-source frequency of the
power supplied to the wirel ess power transm ssion apparatus
1 has a doubl e-hunp characteristic. To realize the wreless
power transmi ssion apparatus 1 having a double-hunmp
characteristic, theresistance val ue, i nductance, capacity of
capacitor, and the coupling coefficients Ki;, Ky3, Kss in the
R, and Liof the RL circuit of the power-supplying coil 21, the
R,, Lz, and G of the RLCcircuit of the power-suppl yi ngresonat or
22, the Rs, L3, and G of the RLCcircuit of the power-receiving
resonator 32, the R and Ls of the RL circuit of the
power -receiving coil 31 are adjusted.

[ 0045]

(Doubl e- hunp Characteristic)
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The transm ssion characteristic "S21” is signals neasured
by a net wor k anal yzer (E5061B pr oduced by Agi | ent Technol ogi es,
Inc. and the |like) connected to the power-supplying nodule 2
and t he power-recei ving nodule 3, and i s indicated in decibel.
The greater the value, the higher the power transm ssion
efficiency. The transm ssion characteristic “S21” relativeto
the power-source frequency of the power supplied to the
power - suppl yi ng nodul e 2 and t he power -recei vi ng nodul e 3 may
have either single-hunp or double-hunp characteristic,
dependi ng on the strength of coupling (magnetic coupling) by
the magnetic field between the power-supplying nodule 2 and
t he power-recei ving nodul e 3. The singl e-hunp characteristic
means the transm ssion characteristic “S21” relative to the
power - sour ce frequency has a single peak which occurs in the
resonance frequency band (f0) (See dotted line 51 FIG 6). The
doubl e-hunp characteristic on the other hand neans the
transm ssioncharacteristic“S21” relativetothe power-source
frequency has two peaks, one of the peaks occurring in a
power - sour ce frequency band | ower t han t he resonance frequency
(fL), and the ot her occurringin a power-source frequency band
hi gher than the resonance frequency (fH) (See solid line 52
inFIG 6). The doubl e-hunp characteristic, tobe norespecific
means that the reflection characteristic “S11” neasured with
t he networ k anal yzer connected to t he power-suppl yi ng nodul e

2 and the power-receiving nodul e 3 has two peaks. Therefore,
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even if the transm ssion characteristic “S21” relative to the
power - source frequency appears to have a single peak, the
transm ssion characteristic *“S21” has a doubl e-hunmp
characteristicif thereflectioncharacteristic“S11” neasured
has two peaks.

[ 0046]

In a wreless power transmssion apparatus 1 (the
power - suppl ying nodul e 2 and the power-receiving nodul e 3)
having the single-hunp characteristic, the transm ssion
characteristic *“S21” is maximzed (power transm ssion
efficiency is maxi m zed) when the power-source frequency is
at the resonance frequency fo, as i ndi cated by the dotted |ine
51 of FIG 6.

[ 0047]

On the other hand, in the wreless power transm ssion
apparatus 1 (the power-supplying nodule 2 and the
power - r ecei vi ng nodul e 3) havi ng a doubl e- hunp characteristic,
the transm ssion characteristic “S21” is maximzed in a
power - source frequency band (fL) |lower than the resonance
frequency fo, and i n power-source frequency band (fH) higher
t han t he resonance frequency fo, asindicated by thesolidline
52 of FIG 6.

[ 0048]

It should be noted that, in general, if the di stance between

a power - suppl yi ng resonat or 22 and a power -recei vi ng r esonat or
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32 is the sanme, the maxinmum value of the transm ssion
characteristic “S21” having the doubl e-hunp characteristic
(the val ue of the transm ssion characteristic “S21” at fL or
fH is lower than the value of the maxi mum value of the
transm ssion characteristic “S21” having the single-hunp
characteristic(valueof thetransm ssioncharacteristic?®S21”
at fo) (See graph in FIG 6).

[ 0049]

For exanple, when the transm ssion characteristic “S21”
i ndi cates a doubl e-hunp characteristic, if the power-source
frequency of the AC power supplied to the power-supplying
nodul e 2 i s set to frequency band nearby a peak (fL) occurring
inalower frequency band t han t he resonance frequency fo, the
power - suppl yi ng resonat or 22 and t he power -r ecei vi ng r esonat or
32 are resonant wth each other in inphase, and the current
in the power-supplying resonator 22 and the current in the
power -recei ving resonator 32 both flowin the sanme direction.
As the result, as shown in the graph of FIG 6, the val ue of
the transm ssion characteristic “S21” i s nmade rel atively high
(see solid line 52), even if the power-source frequency does
not match with the resonance frequency of the power-supplying
resonator 22 and the power-receiving resonator 32, although
the value still may not be as high as that of the transm ssion
characteristic “S21” in wreless power transm ssion

apparatuses in general aimng at maximzing the power
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transm ssion efficiency (see dotted line 51). Note that the
resonance state in which the current in the power-supplying
resonator 22 and the current in the power-receiving resonator
32 both flowin the sane direction is referred to as i nphase
resonance node.

[ 0050]

Further, inthe inphase resonance node, because t he magnetic
field generated on the outer circunference side of the
power - suppl yi ng resonat or 22 and t he magnetic fi el d gener at ed
on the outer circunference side of the power-receiving
resonat or 32 cancel each other out, the magnetic field spaces
each having a |l ower magnetic field strength than the magnetic
field strengths in positions not on the outer circunference
sides of the power-supplying resonator 22 and the
power-receiving resonator 32 (e.g., the magnetic field
strengths on the inner circunference sides of the
power - suppl yi ng resonat or 22 and t he power -r ecei vi ng r esonat or
32) are formed on the outer circunference sides of the
power - suppl yi ng resonat or 22 and t he power -r ecei vi ng r esonat or
32, as the influence of the magnetic fields is | owered. \Wen
a stabilizer circuit 7, a charging circuit 8, a rechargeable
battery 9, and the |i ke desired to have | ess i nfluence of the
magnetic field is placed in this magnetic field space,

occurrence of Eddy Current attributed to the magnetic field
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is restrained or prevented. This restrains negative effects
due to generation of heat.

[ 0051]

On the other hand, for exanple, when the transm ssion
characteristic “S21” i ndi cates a doubl e-hunp characteristic,
i f the power-source frequency of the AC power supplied to the
power - suppl yi ng nodul e 2 i s set to frequency band near by a peak
(fH occurring in a higher frequency band than the resonance
frequency fo, the power-supplying resonator 22 and the
power -recei ving resonator 32 are resonant with each other in
anti phase, and the current in the power-supplying resonator
22 and the current in the power-receiving resonator 32 flow
indirections opposite to each other. As the result, as shown
in the graph of FIG 6, the value of the transm ssion
characteristic “S21” is made rel atively high (see solid line
52), even if the power-source frequency does not match with
t he resonance frequency of the power-supplying resonator 22
and t he power -recei vi ng resonator 32, al t hough the val ue still
may not be as high as that of the transm ssion characteristic
“S21” in wireless power transm ssion apparatuses in general
aimng at maxim zing the power transm ssion efficiency (see
dotted line 51). Note that the resonance state in which the
current in the power-supplying resonator 22 and the current
i nthe power-receivingresonator 32flowindirections opposite

to each other is referred to as anti phase resonance node.
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[ 0052]

Further, in the antiphase resonance node, because the
magnetic field generated on the inner circunference side of
the power-supplying resonator 22 and the magnetic field
generated on the inner circunference side of t he
power -receiving resonator 32 cancel each other out, the
magnetic field spaces each having a lower magnetic field
strength than the magnetic field strengths in positions not
on the inner circunference side of the power-supplying
resonator 22 and the power-receiving resonator 32 (e.g., the
magnetic field strengths on the outer circunference side of
t he power-supplying resonator 22 and the power-receiving
resonator 32) are fornmed on the outer circunference sides of
the power-supplying resonator 22 and the power-receiving
resonat or 32, astheinfluenceof themgneticfieldsis!|owered.
When a stabilizer circuit 7, a charging circuit 8, a
rechargeabl e battery 9, and the like desired to have |ess
i nfl uence of themagneticfieldisplacedinthismgneticfield
space, occurrence of Eddy Current attributed to the nmagnetic
field is restrained or prevented. This restrains negative
effects due to generation of heat. Further, sincethe magnetic
field space fornmed in this anti phase resonance node i s forned
on the inner circunference side of the power-supplying
resonat or 22 and t he power-recei ving resonator 32, assenbling

the el ectronic conponents such as the stabilizer circuit 7,
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the charging circuit 8, the rechargeable battery 9, and the
like within this space nmakes t he power - suppl yi ng nodul e 2 and
the power-receiving nodule 3 thensel ves nore conpact, and
i nproves the freedomin designing.

[ 0053]

(Conpar ati ve Exanpl es and Exanpl es)

To realize the setting that causes a difference between the
phase of the input inpedance Z, to the wreless power
transm ssion apparatus 1 in the power-supplying state and the
phase of the input inpedance Z, to the wreless power
transm ssion apparatus 1 in the standby state, the foll ow ng
describes, withreferenceto conparative exanpl es and exanpl es,
a setting is preferably such that the transm ssion
characteristic “S21” of the wreless power transm ssion
apparatus 1 with respect to the power-source frequency of the
power supplied to the wirel ess power transm ssion apparatus
1 has a doubl e- hunp characteristic. Using the power-supplying
nodul e 2 and t he power -recei vi ng nodul e 3 of vari ous settings,
t he fol | ow ng conpar ati ve exanpl es and exanpl es shows anal yses
results of an input inpedance Z, wth respect to the
power - source frequency in the standby state (O f), an input
i npedance Zi,with respect tothe power-source frequency inthe
power - suppl yi ng state (On), the phase of the input inpedance
Zin Wth respect to the power-source frequency i n the standby

state (Of), and the phase of the input inpedance Z, with
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respect to the power-source frequency i n the power-supplying
state (On). It shoul d be noted t hat t he anal yses wer e conduct ed
withavariableresister 11 (R) substitutingfor thestabilizer
circuit 7, thechargingcircuit 8, andthe rechargeabl e battery
9, inthe follow ng conparative exanpl es and exanpl es.

[ 0054]

Further, the analysis in Conparative Exanple 1 deals with
acasewherethetransm ssioncharacteristic“S21” withrespect
to the power-source frequency of the power to the
power - suppl yi ng nodul e 2 and t he power-receiving nodule 3 in
t he power-supplying state has a single-hunp characteristic.
Further, the anal yses in Conparative Exanple 2 and Exanpl es
1to 4 deal with a case where the transm ssion characteristic
“S21” wWith respect to the power-source frequency of the power
t ot he power - suppl yi ng nodul e 2 and t he power -recei vi ng nodul e
3 in the power-supplying state has a double-hunp
characteristic.

[ 0055]

(Conpar ative Exanple 1)

As shown in FI G 4, apower-supplying nodul e 2 of the wirel ess
power transm ssion apparatus 1 rel ated to Conparative Exanpl e
1 includes a power-supplying coil 21 and a power-supplying
resonator 22. On the other hand, the power-receiving nodul e
3includes apower-receivingresonator 32 and a power-recei ving

coil 31. The values of R, R, R;;, R, in the wireless power
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transm ssi on apparatus 1 used i n Conparative Exanple 1 are al |
set to 0.5Q. Further, the values of Ip, L2, L3, Ls were set to
4.5 uH. The R. of the power-supplied el ectronic devices 10 was
100Q. The resonance frequency of the power-supplying resonator
22 and that of the power-receiving resonator 32 was 1.0 MHz.
The coupl i ng coefficients Ki2 and K4 were 0. 3, and t he coupling
coefficient Kys was 0.03 (it should be noted that these are
val ues of couplingcoefficientsinthe power-supplyingstate).
Further, as nenti oned above, the wi rel ess power transm ssion
apparatus 1rel ativeto Conparative exanpl e 1 has a si ngl e- hunp
characteristic.

[ 0056]

In the standby state, the input inpedance of the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodul e 2 was Zj,, as shown i n
FIG 5. In the power-supplying state, the input inpedance of
t he power - suppl yi ng coil 21 and t he power - suppl yi ng r esonat or
22 constituting the power-supplying nodule 2 and that of the
power -recei ving resonator 32 and t he power-receiving coil 31
constituting the power-receiving nodule 3 were Z,, as shown
in FIG 4.

[ 0057]

Inrelation to the wirel ess power transm ssion apparatus 1
in Conparative Exanple 1, FIG 7(A) shows anal ysis results of

the input inpedance Z, with respect to the power-source
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frequency of the power in the standby state (O f: Broken |ine
in FIG 7(A)) and the input inpedance Z, wth respect to the
power - source frequency of the power in the power-supplying
state (On: solidlinein FIG 7(A)). Fromthe results, it is
understood that the input inpedance Z, is nmaxi mzed both in
the standby state and the power-supplying state, by setting
t he power-source frequency to the resonance frequency fo (1
MHz: maxi m zing the power transm ssion efficiency).

[ 0058]

Inrelation to the wirel ess power transm ssion apparatus 1
in Conparative Exanple 1, FIG 7(B) shows anal ysis results of
the phase of the input inpedance Z, wth respect to the
power - sour ce frequency of the power inthe standby state (O f:
Brokenlinein FIG 7(B)) and t he phase of the i nput i npedance
Zin With respect to the power-source frequency of the power in
the power-supplying state (On: solid line in FIG 7(B)).
Accordingtotheresults, withthe wirel ess power transm ssi on
appar atus 1 havi ng a si ngl e-hunp characteristic, the phase of
t he i nput i npedance Z, in the power-supplying state (On) was
19 degrees, and that inthe standby state (O f) was 11 degrees,
at the resonance frequency fo that nmaximzes the power
transm ssion efficiency. Inthis case, it i s understood that,
al though thereis aslight difference between t he phase of the
i nput i npedance Z, in the power-supplying state and that in

t he standby state, the differenceis small andis not suitable
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for use in determ nation by the control device 5. Technically
speaking, sincethereis aslight difference between t he phase
of theinput i npedance Z,inthe power-supplyingstate andt hat
inthe standby state, it is possibletodetect this difference.
However, sincethedifferenceinthephasesissnmall, detecting
such a di fference necessitates a highly accurate detector and
a highly accurate control device (to prevent mal functions).
Therefore, the above case is not preferable in terns of the
cost performance related to the wirel ess power transm ssion
apparatus 1.

[ 0059]

(Exanpl e 1)

As shown in FI G 4, apower-supplying nodul e 2 of the wirel ess
power transm ssion apparatus 1 related to Exanple 1 incl udes
a power - suppl ying coil 21 and a power - suppl yi ng resonat or 22,
as in the case of Conparative Exanple 1. Further, simlarly
t o Conpar ati ve Exanpl e 1, t he power-recei vi ng nodul e 3 i ncl udes
a power -receiving resonator 32 and a power-receiving coil 31.
The coupling coefficient Ky;sinthew rel ess power transm ssion
apparatus 1 used in Example 1 is set to 0.3Q (the rest of the
settings are the sane as Conparative Exanple 1). Wth the
setting of the coupling coefficient Kys to 0.3, the wirel ess
power transm ssion apparatus 1 related to Exanple 1 is set to
have a doubl e- hunp characteristic.

[ 0060]
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In the standby state, the input inpedance of the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodul e 2 was Zj,, as shown i n
FIG 5. In the power-supplying state, the i nput i npedance of
t he power - suppl yi ng coil 21 and t he power - suppl yi ng resonat or
22 constituting the power-supplying nodule 2 and that of the
power -recei ving resonator 32 and t he power-receiving coil 31
constituting the power-receiving nodule 3 were Z,, as shown
in FIG 4.

[ 0061]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanmple 1, FIG 8(A) shows analysis results of the input
i npedance Zi,with respect tothe power-source frequency of the
power inthe standby state (O f: Brokenlinein FIG 8(A)) and
the input inpedance Z, with respect to the power-source
frequency of the power inthe power-supplying state (On: solid
linein FIG 8(A)). Fromthe results, it is understood that
t he peak occurs at the power-source frequency to becone the
i nphase resonance node (fL: 0.88 Miz) or the antiphase
resonance node (fH 1.19 MHz), in the power-supplying state.

[ 0062]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanmple 1, FIG 8(B) shows analysis results of the phase
of the input inpedance Z, with respect to the power-source

frequency of the power in the standby state (O f: Broken |ine
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in FIG 8(B)) and the phase of the input inpedance Z, with
respect to the power-source frequency of the power in the
power - suppl ying state (On: solid line in FIG 8(B)).

[ 0063]

According to the results, wth the wreless power
transm ssi on appar at us 1 havi ng a doubl e- hunp characteristic,
t he phase of t hei nput i npedance Z,i nthe power-suppl yingstate
(On) was 29 degrees, and that in the standby state (O f) was
88 degrees, inthe inphase resonance node (fL) that maxi m zes
t he power transm ssionefficiency. Inthiscase, thedifference
between the phase of the input inpedance Z, in the
power - suppl ying state and that in the standby state is 59
degrees. Thus, when the threshold value i s set to 58 degr ees,
for exanple, there will be a large difference (29 degrees)
bet ween the threshold value (58 degrees) and the phase (29
degrees) of input inpedance Z, in the power-supplying state
(On). Therefore, the control device 5is able to accurately
cause a transition from the power-supplying state to the
standby state (a small difference in the phases |ikely causes
incorrect detection; i.e., therewill bevariationandthelike
of the detected val ues of phases, due to the accuracy of the
phase detector 4). Simlarly, therewi || be alarge difference
(adifference of 30degrees) inthethreshol dval ue (58 degr ees)
and the phase (88 degrees) of the input inpedance Z, in the

standby state (off), the control device5is abletoaccurately
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cause a transition from the standby state to the
power - suppl yi ng st ate.

[ 0064]

Since the di fference bet ween t he phase of the i nput i npedance
Zininthe power-supplying state and that in the standby state
islarge, thereis no need of adopting a highly accurate phase
detector 4 or a highly accurate control device 5. Therefore,
t he above-structureis preferableinternms of cost performance
of the wirel ess power transm ssion apparatus 1

[ 0065]

Meanwhi le, with the wrel ess power transm ssion apparatus
1 havi ng a doubl e- hunp characteristic, the phase of the i nput
i npedance Z, i nthe power-supplyingstate (On) was 26 degr ees,
and that in the standby state (Of) was 87 degrees, in the
anti phase resonance node (fH) that naximzes the power
transm ssion efficiency. Inthis case, the difference between
t he phase of t hei nput i npedance Z,i nthe power -suppl yi ngstate
and that in the standby state is 61 degrees. Therefore, as in
t he case of the inphase resonance node, the control device 5
isabletoaccuratelycausetransitionfromthe power-supplying
state to the standby state.

[ 0066]

(Conpar ati ve Exanpl e 2)

In the wirel ess power transm ssion apparatus 1 related to

Conparative Exanple 2, the power-supplying coil 21 of the
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power - suppl yi ng nodule 2 was constituted by an RLC seri al
circuit whose elenents include a resistor R, a coil L;, and
a capacitor C, as showmminFIG 9, and t he power-receiving coil
31 of the power-receiving nodule 3 was constituted by an RLC
serial circuit whose elenents include a resistor Ry, a coil
Ly, and a capacitor C,. The other structures are the sanme as
those in Exanple 1. The resonance frequency (fl1l) of the
power - suppl yi ng coil 21, and the resonance frequency (f4) of
t he power-receiving coil 31 were both 1.0 MHz. The resonance
frequency (f0) of the power-supplying resonator 22 and t hat
of the power-receiving resonator 32 were 1.0 MHz (f1 = f0).
Further, the coupling coefficients Kjz, Ky3, K3s were set to 0.3
(K2 = Kp3). Further, the wirel ess power transm ssi on appar at us
lrelativeto Conparative exanple 2is set to have a doubl e- hunp
characteristic.

[ 0067]

In the standby state, the input inpedance of the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodule 2 was Z,. In the
power - suppl ying state, the input i npedance  of t he
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nmodule 2 and that of the
power -recei ving resonator 32 and t he power-receiving coil 31
constituting the power-receiving nodule 3 were Z,, as shown

in FIG 9.
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[ 0068]

Inrelation to the wirel ess power transm ssion apparatus 1
in Conparative Exanple 2, FIG 10(A) shows analysis results
of the input inpedance Z, with respect to the power-source
frequency of the power in the standby state (O f: Broken |ine
in FIG 10(A)) and the i nput i npedance Z,wth respect to the
power - source frequency of the power in the power-supplying
state (On: solidlineinFIG 10(A)). Fromthe results, it is
under st ood t hat t he peak occurs at the power-source frequency
to becone the inphase resonance node (fL: 0.88 MHiz) or the
anti phase resonance node (fH: 1. 19 MHz), i nt he power - suppl yi ng
state.

[ 0069]

Inrelation to the wirel ess power transm ssion apparatus 1
in Conparative Exanple 2, FIG 10(B) shows analysis results
of the phase of the input inpedance Z, with respect to the
power - sour ce frequency of the power in the standby state (O f:
BrokenlineinFIG 10(B)) and t he phase of the i nput i npedance
Zin With respect to the power-source frequency of the power in
t he power-supplying state (On: solid line in FIG 10(B)).

[ 0070]

According to the results, wth the wreless power
transm ssi on appar at us 1 havi ng a doubl e- hunp characteristic,
t he phase of t hei nput i npedance Z,i nthe power-suppl yingstate

(On) was 0 degree, and that in the standby state (Of) was 0
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degree, in the i nphase resonance node (fL) that maxi m zes t he
power transm ssion efficiency. In this case, there is no
di fference between t he phase of the input inpedance Z, in the
power - suppl yi ng state and t hat i nt he standby st ate. Meanwhi | e,
wth the wireless power transm ssion apparatus 1 having a
doubl e- hunp characteristic, the phase of the i nput inpedance
Zin in the power-supplying state (On) was 0 degree, and that
in the standby state (Of) was O degree, in the antiphase
resonance node (fH) that naximzes the power transm ssion
efficiency. In this case, there is no difference between the
phase of the i nput inpedance Z, in the power-supplying state
and that in the standby state. As shoul d be understood, there
w Il be no difference between the phase of the i nput i npedance
Zininthe power-supplying state and that in the standby state
neither in the inphase resonance node nor in the antiphase
resonance node, when the power-supplying coil 21 of the
power - suppl ying nodule 2 is constituted by an RLC serial
circuit whose elenents include a resistor R, a coil L;, and
a capacitor G, thecouplingcoefficient isset soastosatisfy
Kio = Ky, and the resonance frequency (fl) of the
power - suppl ying coil 21 and the resonance frequency (f0) of
the power-supplying resonator 22 and the power-receiving
resonator 32 is set so as to satisfy the relation of f1 = f0.

[0071]
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In view of the above, there is a need of setting to cause
a difference between the phase of the input inpedance Z, in
t he power-supplying state and that in the standby state both
i ntheinphase resonance node and t he anti phase r esonance node,
even when t he power-supplying coil 21 of the power-supplying
nmodul e 2 i s constituted by an RLCserial circuit whose el enents
include a resistor Ry, a coil L;, and a capacitor C. Such a
setting is described in Exanples 2 to 4 bel ow.

[ 0072]

(Exanpl e 2)

Simlarly to Conparative Exanple 2, in the wrel ess power
transm ssion apparatus 1 related to Exanple 2, the
power - suppl yi ng coil 21 of the power-supplying nodule 2 was
constituted by an RLC serial circuit whose el enents include
aresistor R, acoil L, and a capacitor C, as shown in FIG
9, and the power-receiving coil 31 of the power-receiving
nmodul e 3is constituted by an RLCserial circuit whose el enents
include aresistor Ry, a coil L4, and a capacitor C;. Further,
in Exanpl e 2, the coupling coefficient Ki; was set to 0.2, and
t he coupl i ng coefficients Koz and Kss were set to 0.3 (K2 # Ko3) .
The resonance frequency (f1) of the power-supplying coil 21,
and t he resonance frequency (f4) of the power-receiving coil
31 were both 1.0 MHz. The resonance frequency (f0) of the
power - suppl yi ng resonator 22 and t hat of the power-receiving

resonator 32were 1.0 MHz (f1=10). Further, thew rel ess power
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transm ssion apparatus 1 relative to Exanple 2 is set to have
a doubl e-hunp characteristic, as in the case of Conparative
Exanpl e 2.

[ 0073]

In the standby state, the input inpedance of the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodule 2 was Z,. In the
power - suppl ying state, the input i npedance  of t he
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nmodule 2 and that of the
power -recei ving resonator 32 and t he power-receiving coil 31
constituting the power-receiving nodule 3 were Z,, as shown
in FIG 9.

[ 0074]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanple 2, FIG 11(A) shows anal ysis results of the input
i npedance Zi,with respect tothe power-source frequency of the
power in the standby state (O f: Broken line in FIG 11(A))
and the input inpedance Z, with respect to the power-source
frequency of the power inthe power-supplyingstate (On: solid
lineinFIG 11(A)). Fromthe results, it is understood that
t he peak occurs at the power-source frequency to becone the
i nphase resonance node (fL: 0.88 Miz) or the antiphase
resonance node (fH 1.19 MHz), in the power-supplying state.

[ 0075]
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Inrelation to the wirel ess power transm ssion apparatus 1
in Exanple 2, FIG 11(B) shows analysis results of the phase
of the input inpedance Z, with respect to the power-source
frequency of the power in the standby state (O f: Broken |ine
in FIG 11(B)) and the phase of the input inpedance Z, with
respect to the power-source frequency of the power in the
power - suppl ying state (On: solid line in FIG 11(B)).

[ 0076]

According to the results, wth the wreless power
transm ssi on appar at us 1 havi ng a doubl e- hunp characteristic,
t he phase of t hei nput i npedance Z,i nthe power-suppl yi ngstate
(On) was -33 degrees, and that in the standby state (O f) was
-79 degrees, inthe inphase resonance node (fL) that nmaxi m zes
t he power transm ssionefficiency. Inthiscase, thedifference
between the phase of the input inpedance Z, in the
power - supplying state and that in the standby state is 46
degrees. Thus, for exanple, if the threshold value is set to
-56 degrees, there will be a large difference (a difference
of 23 degrees) between the threshold val ue (-56 degrees) and
the phase (-33 degrees) of the input inpedance Z, of the
power - suppl ying state (ON). Therefore, the control device 5
is able to accurately <cause a transition from the
power - suppl ying state to the standby state. Simlarly, there
will bealarge difference (a difference of 23 degrees) inthe

t hreshol d val ue (-56 degrees) and the phase (-79 degrees) of
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t he i nput i npedance Z,inthe standby state (off), the control
device 5 is able to accurately cause a transition fromthe
standby state to the power-supplying state.

[ 0077]

Since the di fference bet ween t he phase of the i nput i npedance
Zininthe power-supplying state and that in the standby state
islarge, thereis no need of adopting a highly accurate phase
detector 4 or a highly accurate control device 5. Therefore,
t he above-structureis preferableinterns of cost performance
of the wirel ess power transm ssion apparatus 1

[ 0078]

Meanwhile, with the wrel ess power transm ssion apparatus
1 havi ng a doubl e- hunp characteristic, the phase of the i nput
i npedance Z, i nthe power-supplyingstate (On) was 30 degr ees,
and that in the standby state (O f) was 82 degrees, in the
anti phase resonance node (fH) that naximzes the power
transm ssion efficiency. Inthis case, the difference between
t he phase of t hei nput i npedance Z,i nthe power-suppl yi ngstate
and that in the standby state is 52 degrees. Therefore, as in
t he case of the inphase resonance node, the control device 5
isabletoaccuratelycausetransitionfromthe power-supplying
state to the standby state.

[ 0079]

(Exanpl e 3)
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Simlarly to Exanple 2, in the wirel ess power transm ssion
apparatus 1 related to Exanple 3, the power-supplying coil 21
of t he power - suppl yi ng nodul e 2 was constitutedby an RLCseri al
circuit whose elenents include a resistor R, a coil L;, and
a capacitor G as shownin FIG 9, and the power-receiving coil
31 of the power-receiving nodule 3 is constituted by an RLC
serial circuit whose elenents include a resistor Ry, a coil
Ly, and a capacitor C;. Further, in Exanple 3, the coupling
coefficient Ki2 was set to 0.2, and the coupling coefficients
Koz and Kss were set to 0.3 (Kiz2 # Kz3). The resonance frequency
(f1) of the power-supplying coil 21, and the resonance
frequency (f4) of the power-receiving coil 31 were both 0.9
MHz. The resonance frequency (f0) of the power-supplying
resonat or 22 and t hat of the power-receiving resonator 32 were
1.0 MHz (fl1 # f0). Further, the wireless power transmission
apparatus 1l relative to Exanple 3is set to have a doubl e- hunp
characteristic, as in the case of Exanple 2.

[ 0080]

In the standby state, the input inpedance of the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodule 2 was Z,. In the
power - suppl ying state, the input i npedance  of t he
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodule 2 and that of the

power -recei ving resonator 32 and t he power-receiving coil 31
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constituting the power-receiving nodule 3 were Z,, as shown
in FIG 9.

[ 0081]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanmple 3, FIG 12(A) shows analysis results of the input
i npedance Zi,with respect tothe power-source frequency of the
power in the standby state (O f: Broken line in FIG 12(A))
and the input inpedance Z, with respect to the power-source
frequency of the power inthe power-supplying state (On: solid
lineinFIG 12(A)). Fromthe results, it is understood that
t he peak occurs at the power-source frequency to becone the
i nphase resonance node (fL: 0.88 Miz) or the antiphase
resonance node (fH 1.19 MHz), in the power-supplying state.

[ 0082]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanple 3, FIG 12(B) shows analysis results of the phase
of the input inpedance Z, with respect to the power-source
frequency of the power in the standby state (O f: Broken |line
in FIG 12(B)) and the phase of the input inpedance Z, with
respect to the power-source frequency of the power in the
power - suppl ying state (On: solid line in FIG 12(B)).

[ 0083]

According to the results, wth the wreless power
transm ssi on appar at us 1 havi ng a doubl e- hunp characteristic,

t he phase of t hei nput i npedance Z,i nthe power -suppl yi ngstate
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(On) was -15 degrees, and that in the standby state (O f) was
+72 degrees, inthe inphase resonance node (fL) that nmaxi m zes
t he power transm ssionefficiency. Inthiscase, thedifference
between the phase of the input inpedance Z, in the
power - suppl ying state and that in the standby state is 87
degrees. Thus, for exanple, if the threshold value is set to
+29 degrees, there will be a large difference (a difference
of 44 degrees) between the threshold val ue (+29 degrees) and
the phase (-15 degrees) of the input inpedance Z, of the
power - suppl ying state (ON). Therefore, the control device 5
is able to accurately <cause a transition from the
power - suppl ying state to the standby state. Simlarly, there
wll bealarge difference (a difference of 43 degrees) inthe
t hreshol d val ue (29 degrees) and t he phase (72 degrees) of the
i nput i npedance Z, in the standby state (off), the control
device 5 is able to accurately cause a transition fromthe
standby state to the power-supplying state.

[ 0084]

Since the di fference bet ween t he phase of the i nput i npedance
Zininthe power-supplying state and that in the standby state
islarge, thereis no need of adopting a highly accurate phase
detector 4 or a highly accurate control device 5. Therefore,
t he above-structureis preferableinternms of cost performance
of the wirel ess power transm ssion apparatus 1

[ 0085]

54



Meanwhi le, with the wrel ess power transm ssion apparatus
1 havi ng a doubl e-hunp characteristic, the phase of the i nput
i npedance Z, i nthe power-supplyingstate (On) was 38 degr ees,
and that in the standby state (Of) was 86 degrees, in the
anti phase resonance node (fH) that naximzes the power
transm ssion efficiency. Inthis case, the difference between
t he phase of t hei nput i npedance Z,i nthe power-supplyingstate
and that in the standby state is 48 degrees. Therefore, as in
t he case of the inphase resonance node, the control device 5
isabletoaccuratelycausetransitionfromthe power-supplying
state to the standby state.

[ 0086]

(Exanpl e 4)

Simlarly to Exanple 2, in the wirel ess power transm ssion
apparatus 1 rel ated to Exanpl e 4, the power-supplying coil 21
of t he power - suppl yi ng nodul e 2 was constitutedby an RLCseri al
circuit whose elenents include a resistor R, a coil L;, and
a capacitor G as shownin FIG 9, and the power-receiving coil
31 of the power-receiving nodule 3 is constituted by an RLC
serial circuit whose elenents include a resistor Ry, a coil
Ly, and a capacitor C;. Further, in Exanple 4, the coupling
coefficients Kijz, Kz, and Kss were all set to 0.3 (Kiz = Kz3).
The resonance frequency (f1) of the power-supplying coil 21,
and t he resonance frequency (f4) of the power-receiving coi

31 were both 0.9 MHz. The resonance frequency (f0) of the
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power - suppl yi ng resonator 22 and t hat of the power-receiving
resonator 32 were 1.0 MHz (f1 # £0) . Further, the wireless power
transm ssion apparatus 1 relative to Exanple 4 is set to have
a doubl e-hunp characteristic, as in the case of Exanple 2.

[ 0087]

In the standby state, the input inpedance of the
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nodule 2 was Z,. In the
power - suppl ying state, the input i npedance  of t he
power - suppl yi ng coil 21 and t he power-suppl yi ng resonator 22
constituting the power-supplying nmodule 2 and that of the
power -recei ving resonator 32 and t he power-receiving coil 31
constituting the power-receiving nodule 3 were Z,, as shown
in FIG 9.

[ 0088]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanple 4, FIG 13(A) shows analysis results of the input
i npedance Zi, Wi th respect tothe power-source frequency of the
power in the standby state (O f: Broken line in FIG 13(A))
and the input inpedance Z, with respect to the power-source
frequency of the power inthe power-supplying state (On: solid
lineinFIG 13(A)). Fromthe results, it is understood that
t he peak occurs at the power-source frequency to becone the
i nphase resonance node (fL: 0.88 Miz) or the antiphase

resonance node (fH 1.19 MHz), in the power-supplying state.
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[ 0089]

Inrelation to the wirel ess power transm ssion apparatus 1
in Exanple 4, FIG 13(B) shows analysis results of the phase
of the input inpedance Z, with respect to the power-source
frequency of the power in the standby state (O f: Broken |ine
in FIG 13(B)) and the phase of the input inpedance Z, with
respect to the power-source frequency of the power in the
power - suppl ying state (On: solid line in FIG 13(B)).

[ 0090]

According to the results, wth the wreless power
transm ssi on appar at us 1 havi ng a doubl e- hunp characteristic,
t he phase of t hei nput i npedance Z,i nthe power-suppl yi ngstate
(On) was -13 degrees, and that in the standby state (O f) was
+81 degrees, inthe inphase resonance node (fL) that maxi m zes
t he power transm ssionefficiency. Inthiscase, thedifference
between the phase of the input inpedance Z, in the
power - supplying state and that in the standby state is 94
degrees. Thus, for exanple, if the threshold value is set to
34 degrees, there will be alarge difference (a difference of
47 degrees) between the threshol d val ue (34 degrees) and the
phase (-13 degrees) of the input inpedance Z, of the
power - suppl ying state (ON). Therefore, the control device 5
is able to accurately <cause a transition from the
power - suppl ying state to the standby state. Simlarly, there

will bealarge difference (a difference of 47 degrees) inthe
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t hreshol d val ue (34 degrees) and t he phase (81 degrees) of the
i nput i npedance Z, in the standby state (off), the control
device 5 is able to accurately cause a transition fromthe
standby state to the power-supplying state.

[ 0091]

Since the di fference bet ween t he phase of the i nput i npedance
Zininthe power-supplying state and that in the standby state
islarge, thereis no need of adopting a highly accurate phase
detector 4 or a highly accurate control device 5. Therefore,
t he above-structureis preferableinternms of cost performance
of the wireless power transm ssion apparatus 1.

[ 0092]

Meanwhile, with the wrel ess power transm ssion apparatus
1 havi ng a doubl e- hunp characteristic, the phase of the i nput
i npedance Z, i nthe power-supplyingstate (On) was 23 degr ees,
and that in the standby state (Of) was 76 degrees, in the
anti phase resonance node (fH) that mneaximzes the power
transm ssion efficiency. Inthis case, the difference between
t he phase of t hei nput i npedance Z,i nthe power-suppl yi ngstate
and that in the standby state is 53 degrees. Therefore, as in
t he case of the inphase resonance node, the control device 5
isabletoaccuratelycausetransitionfromthe power-supplying
state to the standby state.

[ 0093]
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As described in Conparative Exanple 2, there will be no
di fference between t he phase of the input inpedance Z, in the
power - suppl ying state and that in the standby state neither
in the i nphase resonance node nor in the anti phase resonance
node, when t he power-suppl yi ng coil 21 of the power-supplying
nmodul e 2 i s constituted by an RLCserial circuit whose el enents
includearesistor R, acoil L;, anda capacitor G, thecoupling
coefficient is set so as to satisfy a relation of K = Kps,
and t he resonance frequency (f1) of the power-supplying coi
21 and the resonance frequency (f0) of the power-supplying
resonator 22 and the power-receiving resonator 32 is set so
as to satisfy the relation of f1 = fO0.

However, as shoul d be understood fromExanpl e 2 and Exanpl e
3, it is possible to achieve a setting to cause a difference
between the phase of the input inpedance Z, in the
power - suppl ying state and that in the standby state both in
t he i nphase resonance node and t he anti phase resonance node,
even when t he power-supplying coil 21 is constituted by an RLC
serial circuit, as |ong as the coupling coefficient Kj; bet ween
the coil L; and the coil L, and the coupling coefficient Ky
bet ween the coil L, and the coil L; satisfies arelation of Kj
# Kos.

Furt her, as shoul d be understood fromExanpl e 3 and Exanpl e
4, it is possible to achieve a setting to cause a difference

between the phase of the input inpedance Z, in the
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power - suppl ying state and that in the standby state both in
t he i nphase resonance node and t he anti phase resonance node,
even when t he power-supplying coil 21 is constituted by an RLC
serial circuit, as long as the resonance frequency (f1) of the
power - suppl ying coil 21 and the resonance frequency (f0) of
the power-supplying resonator 22 and the power-receiving
resonator 32 satisfies a relation of f1 # f£O0.

It should be noted that, as described in Exanple 3, it is
al so possibletoachieveasettingtocauseadifference between
t he phase of t hei nput i npedance Z,i nthe power-supplyingstate
and that in the standby state both in the i nphase resonance
nmode and the anti phase resonance node, in cases where the
power - suppl ying coil 21is constituted by an RLCserial circuit
and where the relation of Ki» = Ky3 and the relation of fl #
fO are satisfied.

[ 0094]

(Power Supply On/Of Switching Control: Power-Supply
Operation Fl ow)

The follow ng describes an operation of power supply
(charging) the secondary battery 9 (supply power contro
met hod) using the wireless power transm ssion apparatus 1
havi ng t he structure descri bed herei nabove. Specifically, the
followng mainly describes, with reference to FIG 14, the
power - suppl y operation fl ow executed by the control device 5

inthe wirel ess power transm ssion apparatus 1. It should be

60



noted that the foll ow ng power-supply operation fl ow assunes
that the setting the wirel ess power transm ssion apparatus 1
is that described in the above Exanple 1 (inphase resonance
node) .

[ 0095]

The wi rel ess power transm ssion apparatus 1 of Exanpl e 1 has
a doubl e- hunp characteristic, and t he power-source frequency
of the AC power source 6 is set so as to be in the inphase
resonance node (0.88 MHz). Further, with the wirel ess power
transm ssi on apparatus 1 of Exanple 1, the phase of the i nput
i npedance Z, i nthe power-supplyingstate (On) was 29 degr ees,
andthat i nthe standby state (O f) was 88 degrees. Thethreshold
value is set to a value (58 degrees) between the phase (29
degrees) of input inpedance Z, in the power-supplying state
(On) and t he phase (88 degrees) of the input inpedance Z, in
t he standby state.

[ 0096]

First, the control device 5 receives the val ue of the phase
of the input inpedance Z, of the wirel ess power transm ssion
apparatus 1, which is detected by the phase detector 4 (S1).
Specifically, a storage device in the control device 5
successively stores the values of the phase of the input
i npedance Z, of the wirel ess power transm ssion apparatus 1,
whi ch val ues are detected at predeterm ned intervals.

[ 0097]
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Next, the control device 5 determnes if the value of the
phase of the input inpedance Z, of the wreless power
transm ssi on apparatus 1 detected i n S1 exceeds the threshol d
val ue of 58 degrees (S2). Specifically, when the val ues of
phases of the input inpedance Z, which are taken at two tine
poi nt s, respectively, wth a predetermned interval
t her ebet ween and whi ch are successively stored in the step of
S1, indicate a change froma value |ower than the threshold
of 58 degree to a val ue higher than the threshol d, or a change
froma val ue higher than the threshold to a val ue | ower than
t he t hreshol d, the control device 5 determ nes that the val ue
of the phase of the input inpedance Z, of the wreless power
transm ssi on apparatus 1 has changed to a val ue on the ot her
side of the threshold of 58 degrees.

[ 0098]

When t he val ue of the phase of the i nput i npedance Z, of the
W rel ess power transm ssion apparatus 1 is not determ ned as
to be changed to a value on the other side of the threshold
of 58 degrees (S2: NO, the process returns to Sl1.

[ 0099]

When t he val ue of the phase of the i nput i npedance Z, of the
W rel ess power transm ssion apparatus 1 is determned as to
be changed to a value on the other side of the threshold of
58 degrees (S2: YES), the control device 5 determ nes whet her

t he val ues of phases of the i nput i npedance Z,, which are taken
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at twotimepoints, respectively, wwthapredetermnedinterva
t her ebet ween and whi ch are successively stored in the step of
S1, indicate a change froma value | ower than the threshold
of 58 degree (i.e., power-supplying state) to a val ue hi gher
than the threshold (i.e., standby state) (S3).

[ 0100]

Wen it is determ ned that the val ues of phases of the i nput
i npedance Z;,, whicharetakenat twotinepoints, respectively,
with a predetermned interval therebetween and which are
successively stored in the step of S1, indicate a change from
a val ue | ower than the threshol d of 58 degree to a val ue hi gher
than the threshold (S3: YES), the control device 5 determ nes
that there was a transition fromthe power-supplying stateto
t he standby state, and power supply fromthe AC power source
6 to the power-supplying nodule 2 is shut off (S4). In short,
charging of the secondary battery 9 is ended. The fl ow ends
t hereafter.

[ 0101]

On the other hand, when it is determ ned that the val ues of
phases of the input inpedance Z, which are taken at two tine
poi nts, respectively, wth a predetermned interval
t her ebet ween and whi ch are successively stored in the step of
S1, does not indicate a change from a value |ower than the
threshol d of 58 degree to a val ue higher than the threshold

(S3: NO, in other words, the values of the phases indicate
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a change froma val ue hi gher thanthe thresholdto aval uel ower
t han the threshol d, the control device 5 determ nes that there
was atransition fromthe standby state to t he power-suppl yi ng
state, and power supply fromthe AC power source 6 to the
power - suppl ying nmodule 2 is started/resuned (S5). In short,
charging of the secondary battery 9 is started/resuned. The
fl ow ends thereafter.

[0102]

(Effects)

Wth the structure and net hod descri bed above, the wirel ess
power transm ssion apparatus 1 (the power-supplying nodul e 2
and the power-receiving nodule 3) are set so that the
transm ssion characteristic “S21” of the power-supplying
nmodul e and the power-receiving nodule has a doubl e-hunp
characteristic, thus causing the peak values of the
transm ssi on characteristic to occur in a band other than the
resonance frequency. This way, there is a difference between
t he phase of the input inpedance Z, in the standby state and
that in the power-supplying state, since the power-supplying
nmodul e and t he power -recei vi ng nodul e are used w ththe setting
(the i nphase resonance node or the anti phase resonance node)
of the power-source frequency nearby t he peak i n a band ot her
t han t he resonance frequency(f0). Further, the control device
5 determ nes whether to supply power to the power-supplying

nodul e 2, based on the difference in the phase detected by the
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phase det ect or 4, whi ch enabl es reducti on of power consunpti on
in the standby state.

[ 0103]

Wth the structure of Exanple 1, the power-supplying nodul e
2 and t he power -recei vi ng nodul e 3 i ncl ude t he power - suppl yi ng
coil 21, the power-suppl yi ng resonator 22, t he power-receiVving
resonator 32, and the power-receiving coil 31, respectively.
Therefore, it ispossibletostructurethe power-supplyingcoil
21 and the power-receiving coil 31, with a relatively sinple
RL circuit.

[ 0104]

Wth the structure of Exanple 2, the power-supplying nodul e
2 and t he power -recei vi ng nodul e 3 i ncl ude t he power - suppl yi ng
coil 21, the power-suppl yi ng resonator 22, t he power-receiVving
resonator 32, and the power-receiving coil 31, respectively.
Therefore, it ispossibletostructurethe power-supplyingcoil
21 and the power-receiving coil 31, with an RLC circuit. As
descri bed, structuring the power-supplying coil 21 and the
power-receiving coil 31 with an RLC circuit increases the
nunber of factors variable in designing, and achi eves hi gher
freedom in designing (variable factors for enabling the
transm ssion characteristic “S21” of the power-supplying
nodul e 2 and t he power -recei vi ng nodul e 3 havi ng a doubl e- hunp
characteristic is increased).

[ 0105]
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(G her Enbodi nments)

Al t hough t he above description deals with a charger 101 and
a W rel ess headset 102 as an exanpl e, the nethod i s applicable
t o any devi ces havi ng arechargeabl e battery; e.g., tabl et PCs,
digital caneras, nobile phones, earphone-type nusic player,
heari ng aids, and sound coll ectors.

[ 0106]

Further, in the above description deals with a case of a
power - suppl i ed electronic device 10 having a rechargeable
battery 9; however, it is possible to adopt, as the
power - suppl i ed el ectroni c devi ces 10, a machine that directly
consunes power for its operation.

[0107]

Further, although the above description assunmes the
power - suppl yi ng nodul e 2 and t he power-receiving nodule 3 are
mounted in a portable electronic device, the use of such an
apparatus is not limted to snall devices. For exanple, with
anodificationtothe specifications accordingtotherequired
power anount, the power-supplying nodule 2 and the
power -recei ving nodule 3 are nountable to a relatively |arge
system such as a wireless charging systemin an electronic
vehicle (EV), or to an even snall er device such as a wirel ess
endoscope for nedical use.

[ 0108]
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Al t hough the above descriptions have been provided with
regard to the characteristic parts so as to understand the
present invention nore easily, the invention is not limted
to t he enbodi nents and t he exanpl es as descri bed above and can
be applied to the other enbodinents and exanples, and the
appl i cabl e scope shoul d be construed as broadly as possi bl e.
Furthernmore, the terns and phraseology wused in the
specification have been used to correctly illustrate the
present invention, not tolimt it. In addition, it wll be
under st ood by those skilledintheart that t he ot her structures,
systens, nethods and the like included in the spirit of the
present i nvention can be easily derived fromthe spirit of the
invention described in the specification. Accordingly, it
should be considered that the present invention covers
equi val ent structures thereof w thout departing from the
spirit and scope of the invention as defined in the foll ow ng
clainms. In addition, it isrequired to sufficiently refer to
t he docunent s t hat have been al ready di scl osed, soastofully
under stand t he objects and effects of the present invention.
Ref erence Signs Li st

[ 0109]

1: Wreless Power Transm ssion Apparatus

2. Power - Suppl yi ng Modul e

3: Power - Recei vi ng Modul e

4: Phase detector
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5: Control device

6: AC power source

7: Stabilizer Circuit

8: Charging Circuit

9: Rechargeabl e Battery
10: Power - Supplied El ectronic Device
21: Power - Suppl yi ng Coi
22: Power - Suppl yi ng Resonat or
31: Power - Recei ving Coi
32: Power - Recei vi ng Resonat or
101: Charger

102: Wrel ess Headset
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CLAI M5
1. A W rel ess power transm ssion apparatus configured to
suppl y power froma power - suppl yi ng nodul e connect ed t o a power
source to a power-receiving nodule by neans of resonance
phenonmenon, wher ein:

t he power-suppl yi ng nodul e i ncl udes

a phase detector configured to detect the phase of an i nput
i npedance, and

a control device configured to control power to be supplied
to the power-supplyi ng nodul e;

wher ei n t he power - suppl yi ng nodul e and t he power-recei vi ng
nodul e are each set sothat atransm ssion characteristicwth
respect to a power-source frequency of the power supplied to
t he power-suppl yi ng nodul e has a doubl e- hunp characteristic
such that a peak occurs i n a power-source frequency band | ower
t han a resonance frequency of the power-supplying nodul e and
the power-receiving nodule, and in a power-source frequency
band hi gher than the resonance frequency; and

wherei nthe control devi ce det er mi nes whet her t o suppl y power
to the power-supplying nodul e, based on a difference between
phases of the input inpedances in a standby state and in a
power - suppl yi ng state, the standby state beingastateinwhich
power is not supplied fromthe power-supplying nodule to the
power -recei ving nodule, the power-supplying state being a

state in which power is supplied from the power-supplying
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nodul e to the power-receiving nodul e, and the phases being

detected by the phase detector.

2. Wreless power transm ssion apparatus, according to
claim1, wherein

t he power-supplying nodule and the power-power-receiving

nmodul e conprise a power-supplying coil, a power-supplying
resonat or, a power - r ecei Vi ng resonat or, and a
power - power -recei ving coil, respectively,

the power-supplying coil is constituted by an RL circuit

including a resistor Ry and a coil L,

t he power-supplying resonator is constituted by an RLC
circuit whose elenents include a resistor R, a coil Ly, and
a capacitor G,

the power-receiving resonator is constituted by an RLC
circuit whose elenents include a resistor Rs, a coil Ls, and
a capacitor G, and

the power-receiving coil is constituted by an RL circuit

including a resistor Ry and a coil Lg.

3. The wi rel ess power transm ssi on apparat us according to
claim1, wherein
t he power-supplying nodule and the power-power-receiving

nmodul e conprise a power-supplying coil, a power-supplying
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resonat or, a power - r ecei Vi ng resonat or, and a
power - power -recei ving coil, respectively,

t he power-supplying coil is constituted by an RLC circuit
including a resistor R, a coil Li, and a capacitor G,

t he power-supplying resonator is constituted by an RLC
circuit whose elenents include a resistor R, a coil Ly, and
a capacitor G,

the power-receiving resonator is constituted by an RLC
circuit whose elenents include a resistor Rs, a coil Ls, and
a capacitor G, and

the power-receiving coil is constituted by an RLC circuit
whose el enents include aresister Ry, acoil Ly, and a capaci tor
C; (however, when the power-supplying coil is an RLC seri al
circuit, at least one of relations Kj» # Kyz3 and f1 # f0 is
satisfied, where Ki2is acouplingcoefficient betweenthe coil
L, and the coil Ly, Kys is a coupling coefficient between the
coil L, and the coil Ls, aflis a resonance frequency of the
power - supplying coil, and fO is a resonance frequency of the

power - suppl yi ng resonat or and t he power -recei vi ng resonat or).

4. A supply power control nethod of a wreless power
transm ssion apparatus configured to supply power from a
power - suppl yi ng nodul e connected to a power source to a
power -recei ving nodule by neans of resonance phenonenon,

wher ei n
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t he power-suppl yi ng nodul e i ncl udes

a phase detector configured to detect the phase of an i nput
i npedance, and

a control device configured to control power to be supplied
to the power-supplyi ng nodul e;

wher ei n t he power - suppl yi ng nodul e and t he power-recei vi ng
nodul e are each set sothat atransm ssion characteristicwth
respect to a power-source frequency of the power supplied to
t he power-suppl yi ng nodul e has a doubl e- hunp characteristic
such that a peak occurs in a drive frequency band | ower than
a resonance frequency of the power-supplying nodule and the
power -recei ving nodul e, and in a drive frequency band hi gher
t han t he resonance frequency, the nethod conprising the step
of

the control device determ ning whether to supply power to
t he power-supplying nodul e, based on a difference between
phases of the input inpedances in a standby state and in a
power - suppl yi ng state, the standby state being astateinwhich
power is not supplied fromthe power-supplying nodule to the
power -recei ving nodul e, the power-supplying state being a
state in which power is supplied from the power-supplying
nodul e to the power-receiving nodul e, and the phases being

detected by the phase detector.
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