DESCRI PTI ON

Title of Invention

W RELESS PONER TRANSM SSI ON DEVI CE, METHOD FOR CONTROLLI NGHEAT
CENERATED BY W RELESS PONER TRANSM SSI ON DEVI CE, AND PRODUCT| ON

METHOD FOR W RELESS PONER TRANSM SSI ON DEVI CE

Technical Field

[ 0001]

The present inventionrelatestoawrel ess power transm ssion
apparatus, and a thermal control nethod and a manufacturing

met hod for the wirel ess power transm ssion apparat us.

Background Art
[ 0002]

Portabl e el ectroni c devices such as | aptop PCs, tablet 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 devi ce
and a power -receiving devi ce nounted i n an el ectroni c devi ce.

[ 0003]

Exanpl es of such a wireless power transm ssion technol ogy
i ncludes: a technology that perforns power transm ssion by
means of el ectromagneti c i nducti on between coils (e.g. see PTL
1) and a technol ogy that perforns power transm ssi on by neans
of resonance phenonena (magnetic fi el dresonant state) between
resonat ors provided to the power-suppl yi ng device (coil) and
t he power-receiving device (e.g. see PTL 2).

[ 0004]

Further, a constant current/constant vol tage chargi ng system
i s known as t he syst emof char gi ng arechargeabl e battery (e.g.,
lithiumion secondary battery). However, in cases of charging
a lithium 1ion secondary battery wth a constant
current/constant vol tage chargi ng system in awreless power
transm ssion apparatus that perforns the wreless power
transm ssion, the val ue of i nput current tothe wirel ess power
transm ssion apparatus varies wth an increase in the |oad
i npedance of a power-supplied el ectronic device (rechargeabl e
battery, stabilizer circuit, charging circuit, and the |ike)
i ncluding the rechargeable battery, when transition occurs

fromconstant current charging to constant voltage chargi ng.



[ 0005]

This variation in the value of input current to the wirel ess
power transm ssion apparatus causes variation in the power
consuned i nthe wirel ess power transm ssi on appar at us, | eadi ng
to variation in the anount of heat generated in the entire
W rel ess power transm ssion apparatus. An increase in the
anount of heat generated in the wirel ess power transm ssion
apparatus shortens the Ilife of electronic conponents
structuring the wirel ess power transm ssion apparatus.

[ 0006]

To address t he above-descri bed i ssue, a concei vabl e approach
is to separately provide an adjuster or the like to enable
adjustnment of the input current to the wreless power
transm ssi on apparatus or input inpedance Z, of the wirel ess
power transm ssion apparatus, when transition occurs fromthe

constant current charging to the constant voltage charging.
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[ 0008]

However, consideringthat thenobility, conpactness, and cost
cutting are required for portable electronic devices, it is
i nconveni ent to separately provide an adj uster, because doi ng
so wll increase the nunber of conponents.

[ 0009]

I n ot her words, the adjustnent of the val ue of input current
to the wireless power transm ssion apparatus at a tine of
transition fromthe constant current charging to the const ant
vol tage charging is done without additional device, in the
W rel ess power transm ssi on appar at us ( power - suppl yi ng devi ce
and power-receiving device) used for portable electronic
devi ces.

[ 0010]

It isthereforeanobject of thepresent i nventionistoprovide
athermal control nmethod and the |l i ke to enabl e control of heat
generation in the wirel ess power transm ssion apparatus, by
enabling adjustnent of the value of input current to the
W rel ess power transm ssion apparatus, w thout a need of an
additional device, at atine of transition fromthe constant
current charging to the constant voltage chargi ng.

Techni cal Sol ution
[ 0011]
An aspect of the present i nvention to achi eve the above obj ect

is athermal control nmethod for a wirel ess power transm ssion



apparatus which supplies power, by nmeans of resonance
phenonmenon, from a power-supplyi ng nodul e having at | east a
power - suppl ying coil and a power-supplying resonator to a
power-receiving nodule having at |east power-receiving
resonator and a power-receiving coil, and connected to a
power - suppl i ed el ectroni c device having a secondary battery
rechargeabl e wth a use of a constant current/constant vol t age
chargi ng system conpri sing:

setting variabl e paraneters configuring the power-supplying
nmodul e and the power-receiving nodule so that a val ue of
transm ssion characteristic relative to a drive frequency of
the power supplied to the power-supplying nodule has a
doubl e-hunp characteristic has a peak in a lower drive
frequency band than a resonance frequency in the
power - suppl yi ng nodul e and t he power-recei vi ng nodul e, and a
peak in a higher drive frequency band than the resonance
frequency, thereby

enabling control of heat generation in the wreless power
transm ssi on apparatus, by adjusting the drive frequency to
set a variation tendency in input inpedance values of the
W reless power transm ssion apparatus to adjust variation
tendency of the input current to the wreless power
transm ssi on apparatus, at atinme of constant vol t age chargi ng
[ 0012]

In the above nethod for cases where a wreless power



t ransm ssi on apparatus configured to supply power by neans of
resonance phenonenon is used to charge a secondary battery
rechargeabl e wth a use of a constant current/constant vol t age
charging system variable paraneters configuring the
power - suppl yi ng nodul e and t he power-recei ving nodule in the
W rel ess power transm ssi on apparatus are set sothat theval ue
of transm ssion characteristic with respect to the drive
frequency of the power suppliedto the power-supplying nodul e
has a doubl e- hunp characteristic having a peakinalower drive
frequency band than a resonance frequency in the
power - suppl yi ng nodul e and t he power-recei vi ng nodul e, and a
peak in a higher drive frequency band than the resonance
frequency. This enables control of heat generation in the
w rel ess power transm ssi on apparatus, by adjusting the drive
frequency of power supplied to such a wreless power
transm ssi on apparatus with the doubl e-hunp characteristic,
to set the variation tendency in the input inpedance val ues
of the wirel ess power transm ssion apparatus thus adjusting
the variation tendency in the input current to the wirel ess
power transm ssion apparatus, at a tinme of constant voltage
char gi ng.

[ 0013]

Anot her aspect of the present inventionisthethernmal control
met hod for a wirel ess power transm ssion apparatus, adapted

so that the drive frequency of the power supplied to the



power - suppl yi ng nodul e i s set to a band correspondi ng t o a peak
val ue of thetransm ssioncharacteristicoccurringinthel ower
drive frequency band than the resonance frequency in the
power - suppl yi ng nodul e and t he power -r ecei vi ng nodul e, and t he
i nput inpedance value of the wreless power transm ssion
apparatus at a tinme of constant voltage charging is adjusted
to have a tendency to rise.

[ 0014]

I nthe above net hod, the drive frequency of the power supplied
to the power-supplying nodule is set to a band correspondi ng
to a peak val ue of the transm ssion characteristic occurring
inthelower drive frequency band t han t he resonance frequency
i n the power-suppl yi ng nodul e and t he power -recei vi ng nodul e.
This way, the input inpedance value of the w rel ess power
transm ssi on apparatus at atinme of constant vol tage chargi ng
isadjustabletohave atendencytorise. Thisreducestheinput
current tothe wirel ess power transm ssi on apparatus, at atine
of const ant vol t age char gi ng, consequent |y reduci ng generation
of heat in the wireless power transm ssion apparatus.

[ 0015]

Anot her aspect of the present inventionisthethernmal control
met hod for a wirel ess power transm ssion apparatus, adapted
so that the drive frequency of the power supplied to the
power - suppl yi ng nodul e i s set to a band correspondi ng t o a peak

value of the transm ssion characteristic occurring in the



hi gher drive frequency band than the resonance frequency in
t he power - suppl yi ng nodul e and t he power -r ecei vi ng nodul e, and
t he i nput i npedance val ue of the wirel ess power transm ssion
apparatus at a tine of constant voltage charging i s adjusted
to have a tendency to rise.

[ 0016]

I nthe above net hod, the drive frequency of the power supplied
to the power-supplying nodule is set to a band correspondi ng
to a peak val ue of the transm ssion characteristic occurring
i nthe higher drive frequency bandthantheresonance frequency
i n the power-suppl yi ng nodul e and t he power -recei vi ng nodul e.
This way, the input inpedance value of the wrel ess power
transm ssi on apparatus at atinme of constant vol tage chargi ng
isadjustabletohave atendencytorise. Thisreducestheinput
current tothe wirel ess power transm ssi on apparatus, at atine
of const ant vol t age char gi ng, consequent |y reduci ng generati on
of heat in the wireless power transm ssion apparatus.

[ 0017]

Anot her aspect of the present inventionisthethernmal control
met hod for a wirel ess power transm ssion apparatus, adapted
so that the drive frequency of the power supplied to the
power - suppl ying nodule is set to a band corresponding to a
val | ey bet ween peak val ues of the transm ssion characteristic
occurring in the |lower drive frequency band and the higher

frequency band than the resonance frequency in the



power - suppl yi ng nodul e and t he power -r ecei vi ng nodul e, and t he
i nput inpedance value of the wreless power transm ssion
apparatus at a tinme of constant voltage charging is adjusted
to have a tendency to stay the sane or fall.

[ 0018]

I nthe above net hod, the drive frequency of the power supplied
to the power-supplying nodule is set to a band correspondi ng
to valley between peak values of the transm ssion
characteristicoccurringinthelower drive frequency band and
t he hi gher frequency band than t he resonance frequency in the
power - suppl yi ng nodul e and t he power-receiving nodule. This
way, the input inpedance value of the wreless power
transm ssi on apparatus at atinme of constant vol tage chargi ng
is adjustabl e to have atendency to stay the sane or fall. This
mai ntai ns or reduces the input current to the wrel ess power
transm ssi on apparatus, at atinme of constant vol t age chargi ng

[ 0019]

Anot her aspect of the present inventionis a wreless power
transm ssi on appar at us adj ust ed by t he above-descri bed t her nal
control nmethod for a wirel ess power transm ssion apparatus.

[ 0020]

The above-described w rel ess power transm ssion apparatus
enabl es control of heat generation by adjusting the drive
frequency of power suppliedto the power-supplying nodule. In

ot her words, control of heat generation in a wreless power



transm ssion apparatus is possible without a need of an
addi tional conponent in the wreless power transm ssion
appar at us.

[ 0021]

Anot her aspect of the present invention to achieve the above
object is a manufacturing nethod for a wreless power
transm ssion apparatus which supplies power, by neans of
resonance phenonenon, froma power-suppl yi ng nodul e havi ng at
| east a power-supplying coil and a power-suppl yi ng resonat or
to a power-receiving nodul e having at | east power-receivVving
resonator and a power-receiving coil, and connected to a
power - suppl i ed el ectroni c device having a secondary battery
rechargeabl e wth a use of a constant current/constant vol t age
chargi ng system conpri sing:

setting vari abl e paraneters configuring the power-supplying
nmodul e and the power-receiving nodule so that a val ue of
transm ssion characteristic relative to a drive frequency of
the power supplied to the power-supplying nodule has a
doubl e-hunp characteristic has a peak in a lower drive
frequency band than a resonance frequency in the
power - suppl yi ng nodul e and t he power-recei vi ng nodul e, and a
peak in a higher drive frequency band than the resonance
frequency, thereby

enabling control of heat generation in the wreless power

transm ssi on apparatus, by adjusting the drive frequency to
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set a variation tendency in input inpedance values of the
W rel ess power transm ssion apparatus at a tinme of constant
vol tage charging to adjust variation tendency of the input
current to the wirel ess power transm ssion apparat us.

[ 0022]

The above-described nethod enables manufacturing of a
W rel ess power transm ssion apparatus that all ows control of
heat generation by adjusting the drive frequency of power
supplied to the power-supplying nodule. In other words, a
W rel ess power transm ssion apparatus capabl e of controlling
heat generation therein is possible wthout a need of an
additional conponent in the wreless power transm ssion
appar at us.

Advant ageous Effects

[ 0023]

There is provided a thernmal control nethod and the like to
enable control of heat generation in the wreless power
transm ssi on apparatus, by enabling adjustnment of the val ue
of i nput current tothe w rel ess power transm ssi on appar at us,
wi t hout a need of an addi tional device, at atine of transition
fromthe constant current charging to the constant voltage

char gi ng.

Brief Description of Draw ngs

[ 0024]
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[FIG 1] FIG lisaschenatic explanatorydi agramof aw rel ess
power transm ssion apparat us.

[FIG 2] FIG 2 is an explanatory diagram of an equival ent
circuit of the wireless power transm ssion apparatus.

[FIG 3] FIG 3is agraphindicatingcharging characteristic
of alithiumion secondary battery.

[FIG 4] FIG 4(A) is agraphindicatingcurrent val ues i nput
to the lithiumion secondary battery and those input to the
W rel ess power transm ssion apparatus, at a tine of constant
current/constant voltage charging. FIG 4(B) is a graph
indicatingvariationinthe tenperatures of the wirel ess power
transm ssi on apparatus, at atime of constant current/constant
vol t age chargi ng.

[FIG 5] FIG 5 is an expl anatory di agramindi cating rel ati on
of transm ssion characteristic “S21" to a drive frequency.

[FIG 6] FIG 6is agraphshowi ngarelationof input i npedance
Zin to a drive frequency.

[FIG 7] FIG 7 is agraph show ng neasurenent results rel ated
to Measurenent Experinent 1.

[FIG 8] FIG 8is agraph show ng neasurenent results rel ated
to Measurenent Experinent 2.

[FIG 9] FIG 9is agraph show ng neasurenent results rel ated
to Measurenent Experinent 3.

[FIG 10] FIG 10 is an expl anat ory di agramof a manuf acturi ng

met hod of a wirel ess power transm ssion appar at us.
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[FIG 11] FIG 11 is a flowhart explaining a nmethod for
designing a wreless headset and a charger, including the

W rel ess power transm ssion apparat us.

Descri ption of Enbodi nents
[ 0025]

( Enmbodi nent)

The follow ng describes an enbodi nent of a w rel ess power
transm ssion apparatus, a thermal control nethod and
manufacturing nmethod for the wreless power transm ssion
apparatus related to the present invention. First, awreless
power transm ssion apparatus 1 used in the present enbodi nent
is descri bed.

[ 0026]

(Structure of Wreless Power Transm ssion Apparatus 1)

The wreless power transm ssion apparatus 1 includes: a
power - suppl yi ng nodul e 2 havi ng a power - suppl ying coil 21 and
a power - suppl yi ng resonator 22; and a power-receivi ng nodul e
3 having a power-receiving coil 31 and the power-receivVving
resonator 32, as showmn in FIG 1. The power-supplying coil 21
of the power-supplying nodule 2 is connected to an AC power
source 6 having an oscillation circuit configured to set the
drive frequency of power suppliedtothe power-supplying nmodul e
2 to a predeterm ned val ue. The power-receiving coil 31 of the

power-receiving nmodule 3 is connected to a lithium ion
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secondary battery 9 via a charging circuit 8 configured to
prevent overcharge and a stabilizer circuit 7 configured to
rectify the AC power received. It should be noted that, inthe
present enbodi nent, the stabilizer circuit 7, the charging
circuit 8 andthe lithiumion secondary battery 9 correspond
to a power-supplied electronic device 10.

[ 0027]

The power-supplying coil 21 plays a role of supplying power
obtained fromthe AC power source 6 to the power-supplying
resonat or 22 by neans of el ectromagnetic i nduction. As shown
in FIG 2, the power-supplying coil 21 is constituted by an
RLC circuit whose elenents include a resistor R, a coil Ly,
and a capacitor G. Thecoil L;is fornmedby w ndi ng once a copper
wire material (coated by an insulation film with its coi
diameter set to 15 mmd. The total impedance of a circuit element
constituting the power-supplyingcoil 21i1s Z;. Inthe present
enbodi ment, the Z; is the total inpedance of the RLC circuit
(circuit element) constituting the power-supplying coil 21,
whi ch includes the resistor Ry, the coil Li, and t he capacitor
Ci. Further, thecurrent that flows inthe power-supplyingcoil
21 is I1. It should be noted that the current |I; is the sane
as the input current |i, to the wirel ess power transm ssion
apparat us 1.

[ 0028]

The power -recei ving coil 31 plays rol es of receivingthe power

14



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 lithiumion secondary battery 9 via the
stabilizer circuit 7 and the charging circuit 8. As shown in
FIG 2, the power-receiving coil 31, simlarly to the
power - suppl ying coil 21, isconstituted by an RLCcircuit whose
el ements include aresistor Rq, a coil L4, and a capacitor GC,.
The coil Ls is fornmed by wi ndi ng once a copper wire materi al
(coated by an insulation film wthits coil dianeter set to
11 mm¢. The total impedance of a circuit element constituting
t he power-receiving coil 31is Z4. Inthe present enbodi nent,
the Z, is the total inpedance of the RLC circuit (circuit
el ement) constituting the power-receiving coil 31, which
includes the resistor Ry, the coil L4, and the capacitor GC,.
The total inpedance of the power-supplied electronic device
10 connected to the power-receiving coil 31 is Z. Further,
the current that flows in the power-receiving coil 31 is Iyg4.
The total inpedance of the power-supplied electronic device
10 expressed as Z may be replaced with R, for the sake of
conveni ence.

[ 0029]

As shown in FIG 2, the power-supplying resonator 22 is
constituted by an RLCcircuit whose el enents i ncl ude a resi stor

R,, a coil L, and a capacitor G, Further, as shown in FIG
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2, the power-receiving resonator 32 is constituted by an RLC
circuit whose elenents include a resistor Rs, a coil Lz 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 magnetic 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 (tunedto aresonance frequency).
The total inpedance of a circuit element constituting the
power - suppl yi ng resonator 22 is Z,. I nthe present enbodi nent,

the Z, is the total inpedance of the RLC circuit (circuit

el enment) constitutingthe power-supplyingresonator 22, which
includes the resistor R,, the coil L, and the capacitor GC,.

The total inpedance of a circuit element constituting the
power -recei ving resonator 32is Zs. I nthe present enbodi nent,

the Z; is the total inpedance of the RLC circuit (circuit

el ement) constitutingthe power-receivingresonator 32, which
includes 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.

[ 0030]

In the RLCcircuit 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

16



from (Formula 1) below, where the inductance is L and the
capacity of capacitor is C In the present enbodi nent, the
resonance frequency of the power-supplying coil 21, the
power - suppl yi ng resonat or 22, t he power-receivingcoil 31, and

the power-receiving resonator 32 is set to 970 MHz.

f=—""
2~/ LC

..... (Formula 1)

[ 0031]

The power -supplying resonator 22 is a sol enoid coil nmade of
a copper wire material (coated by aninsulationfilm withits
coil diameter being 15 mm¢. The power-receiving resonator 32
is a solenoid coil nade of a copper wire material (coated by
an insulation film) with its coil diameter being 11 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. The power - suppl yi ng resonat or 22 and t he
power - recei vi ng resonator 32 may be aspiral coil or asol enoid
coil as long as it is a resonator using a coil.

[ 0032]

The di stance between the power-supplying coil 21 and the
power - suppl yi ng resonator 22 is denoted as d12, the di stance
between the power-supplying resonator 22 and the

power-receiving resonator 32 is denoted as d23, and the
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di stance between the power-receiving resonator 32 and the
power-receiving coil 31 is denoted as d34 (See FIG 1).

[ 0033]

Further, as shown in FIG 2, a nutual inductance between the
coil L; of the power-supplying coil 21 and the coil L, of the
power - suppl yi ng resonator 22 is M, 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 Kjz, a coupling coefficient between the coil L,
andthecoil Lzis denoted as K3, a couplingcoefficient between
the coil Ls and the coil Ls is denoted as Kaa,

[ 0034]

It should be noted that the resistance val ue, inductance,
capacity of capacitor, and the coupling coefficients K, Kos,
Kssinthe Ry, L;, and C, of the RLCcircuit of t he 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, Ls, C4 oOf
the RLCcircuit of the power-receiving coil 31 are paraneters
vari abl e at the stage of desi gning and manufacturing, and are

preferably set so as to satisfy the relational expression of
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(Formula 4) which is described |ater.

[ 0035]

FIG 1 shows at its bottoma circuit diagramof the wrel ess
power transm ssion apparatus 1 (including: the stabilizer
circuit 7, thechargingcircuit 8 andthelithiumionsecondary
battery 9) having the structure as described above. In the
figure, theentire wrel ess power transm ssion apparatus 1is
shown as a single input inpedance Z, Further, the voltage
applied to the wreless power transm ssion apparatus 1 is
i ndi cat ed as voltage Vin, and the current i nput tothe wirel ess
power transm ssion apparatus 1 is indicated as current |[,.

[ 0036]

To be nore specific about the input inpedance Z, of the
W rel ess power transm ssion apparatus 1, the structure of the
W rel ess power transm ssion apparatus 1 is expressed in an
equi valent circuit as showmmin FIG 2. Based on t he equi val ent
circuit inFIG 2, theinput i npedance Z, of the wirel ess power
transm ssion apparatus 1 is expressed as the (Fornula 2).

7 =7+ (oM. )
Z2+ (a)MZS)Z
7 (oM,
Z+Z

M12=|<12\/ 1L2 MZSZKS\/ 2]:‘3 M34=K4\ 3:[‘4

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

..... (Formul a 2)
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[ 0037]

Further, the inpedance Z;, Z,, Zs3, 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).

/ =R ] coLl——1
wC,
: 1
/=R T]loL ——
wC,
: 1
/=R T)loL ——
wC,
: 1
/=R T]loL ——
wC,
Z =R,
..... (Formul a 3)
[0038]

| ntroducing the (Formula 3) into the (Formula 2) nakes the

(Formul a 4).

Zln=R1+j(le L j+ (@M, )
C, Rﬁj(mLz L j+ (M, ) :
C. R.ﬁj(wLa j+ (M, )
G, R4+j(wL4 L J+RL
wC,
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..... (Formul a 4)

[ 0039]

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. Then, the power received by the
power -receiving resonator 32 is supplied to the lithiumion
secondary battery 9 thus <charging the sanme via the
power-receiving coil 31, the stabilizer circuit 7, and the
charging circuit 8.

[ 0040]

(Thermal Control Method for A Wreless Power Transm ssion
Appar at us)

The follow ng describes a thermal control nethod for the
W rel ess power transm ssion apparatus 1, basedonthestructure
of the wirel ess power transm ssion apparatus 1

[ 0041]

First described is the mechani smof tenperature increases in
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the wirel ess power transm ssion apparatus 1 and its counter
measur e, based on the charging characteristic of the |ithium
i on secondary battery 9 at the tine of charging, the lithium
i on secondary battery 9 bei ngatarget for suppl yi ng power usi ng
the wirel ess power transm ssion apparatus 1 of the present
enbodi ment .

[ 0042]

In the present enbodi nent, the lithiumion secondary battery
9 is used as one of the power-supplied el ectronic devices 10
to which the power is supplied. To charge the lithiumion
secondary battery 9, a constant current/constant voltage
charging systemis used in general. In this charging of the
[ithiumion secondary battery 9 with the use of the constant
current/constant voltage charging system the lithium ion
secondary battery 9is charged by a constant current (l.) (CC.
Constant Current) for a while after charging is started, as
in the charging characteristic of the [ithiumion secondary
battery 9 shownin FIG 3. Then, the vol tage (Vcn) to be applied
to the lithium ion secondary battery 9 rises up to a
predeterm ned upper limt voltage (4.2 V in the present
enbodi nent), while the charging by the constant current. \Wen
t he vol tage (V.n) reaches the upper Iimt voltage, charging by
a constant voltage is perforned (CV: Constant Voltage), while
the upper limt voltage is maintained. Wien the chargi ng by

the constant voltage (CV) is perforned, the value of current

22



(lcnh) input tothelithiumionsecondarybattery 9is attenuat ed.
The chargingis conpl et ed when t he val ue of the current reaches
a predet erm ned val ue, or when apredetermnedtineis el apsed.

[ 0043]

In cases of charging the lithiumion secondary battery 9 by
means of t he constant current/constant vol t age char gi ng system
usi ng the wirel ess power transm ssi on apparatus 1, the current
value (l¢y) input to the Iithiumion secondary battery 9 is
attenuat ed, but thecurrent valuel;,input tothew rel ess power
transm ssion apparatus 1is the sane, whenthereistransition
from constant current charging (CC) to constant voltage
charging (CV), asshowninFI G 4(A) whichisagraphindicating
the current values (l¢) input to the lithiumion secondary
battery 9 and the current values |, input tothe w rel ess power
transm ssion apparatus 1, at a time of const ant
current/constant vol tage chargi ng.

[ 0044]

On the other hand, as shown in FIG 4(B) which is a graph of
variation in the tenperatures of the wreless power
transm ssion apparatus 1, at a time of const ant
current/constant voltage charging, the tenperature of the
W rel ess power transm ssion apparatus 1 rises, when there is
transition from constant current charging (CC to constant
vol tage charging (CV).

This is thought to be attributed to the follow ng reason.
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Nanel y, the di fference between the current |, and the current
| cn during the constant voltage charging (CV) (see D2 of FIG
4(A)) is wider spread than the difference between the current
lin and the current |., during the constant current charging
(CC (See D1 of FIG 4(A)). The difference in the above two
differences (i.e., D2 - Dl) is consuned in the form of heat
generation in the wreless power transm ssion apparatus 1,
consequently givingarisetothe tenperature of the wirel ess
power transm ssion apparatus 1.

[ 0045]

An increase in the anount of heat generated in the wireless
power transm ssi on apparatus 1 shortensthelife of el ectronic
conponents structuring the wreless power transm ssion
apparat us 1.

[ 0046]

In view of the above, in constant current/constant voltage
charging of the lithiumion secondary battery 9 using the
W rel ess power transm ssion apparatus 1, there is a need of
restrainingthe anmount of heat generated inthe w rel ess power
transm ssion apparatus 1 when transition occurs from the
constant current charging (CC) to constant voltage charging
(CV), thereby restraining an increase in the tenperature of
the wirel ess power transm ssion apparatus 1

[ 0047]

Supposi ng that the voltage Vinis applied to let the current

24



lin flowin the wirel ess power transm ssion apparatus 1 for t
sec., thethermal energy J (anount of heat generated) generated
inthe wirel ess power transm ssion apparatus 1is derived from

the (Formula 5) (Joule's |aw).

J=1 xV xt(sec)

..... (Formul a 5)
[ 0048]
The (Forrmula 6) is arel ational expression of the current |,
based on the voltage Vi, and i nput i npedance Z ,(see al so FI G

1),

..... (Formul a 6)
[ 0049]
Since, in the present enbodi nent, the voltage Vi, applied to
the wirel ess power transm ssion apparatus 1 is kept constant
(effective value in the present enbodinent is 5V) by the AC
power source 6, substituting (Formula 6) to the (Fornula 5)

will lead to a relational expression of the (Fornula 7).

2

V
J=—" xt(sec
- xt(se0)
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..... (Formula 7)

[ 0050]

Based on the (Formula 7), it is understood that, if the val ue
of the i nput i npedance Z,at atinme of constant vol tage chargi ng
i sincreased, the anount of heat generatedinthewrel ess power
transm ssion apparatus 1 (the thermal energy J occurring in
the wirel ess power transm ssion apparatus 1) when transition
occurs fromthe constant current charging (CC) to constant
voltage charging (CV) is restrained, which consequently
restrain an increase inthe tenperature of the wirel ess power
transm ssi on apparatus 1.

[ 0051]

(Setting of Variation Tendency in Input I|npedance Z, in
Const ant Vol t age Char gi ng)

In the present enbodinent, to raise the value of the input
i npedance Z, at a tinme of constant voltage charging (CV) in
cases of perform ngconstant current/constant vol t age chargi ng
of thelithiumionsecondary battery 9 usingthe wi rel ess power
transm ssi on apparatus 1, vari abl e paraneters configuringthe
power - suppl yi ng nodul e 2 and t he power - r ecei vi ng nodul e 3 such
as the resistance val ue, inductance, capacity of capacitor,
and the coupling coefficients Kj;, Kyz, Kss in the R, L3, and
C. of the RLCcircuit of the power-supplying coil 21, the Ry,
L,, and G of the RLCcircuit of the power-supplying resonator

22, the Rs, L3, and Gs of the RLCcircuit of the power-receiving
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resonator 32, and the Ry, L4, C of the RLC circuit of the
power-receiving coil 31 are suitably set so that the
| at er-described transm ssion characteristic “S21" of the
W rel ess power transm ssion apparatus 1 relativeto the drive
frequency of the power supplied to the wreless power
transm ssion apparatus 1 is nade double-hunp. Wth the
doubl e- hunp transm ssi on characteristic “S21" of the wirel ess
power transm ssion apparatus 1 relativetothedrive frequency
of the power supplied to the wreless power transm ssion
apparatus 1, t he anount of heat generatedinthe wirel ess power
transm ssion apparatus 1is controlled by adj usting the drive
frequency of power suppliedtothe wirel ess power transm ssion
apparatus 1toset thevariationtendencyintheinput i npedance
val ues of the wirel ess power transm ssion apparatus 1, at the
time of constant voltage charging.

[ 0052]

(Measur enment Experinment)

The followi ng describes, with reference to Measurenent
Experiments 1to 3, variationtendenciesresultingintheinput
i npedance val ue of the wrel ess power transm ssion appar at us
1 at the time of constant vol tage chargi ng, by adjusting the
drive frequency of the power supplied to the wirel ess power
transm ssi on appar at us 1, whi |l e t he transm ssi on
characteristic “S21" of the wreless power transm ssion

apparatus 1 relative to the drive frequency of the power to
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the wirel ess power transm ssion apparatus 1 i s doubl e-hunp.

[ 0053]

In the wirel ess power transm ssion apparatus 1 used in the
Measur enment Experinments 1 to 3, the power-supplying coil 21
is constituted by an RLC circuit whose elenents include a
resistor Ry, acoil L;, and acapacitor C;, andthe coil di aneter
is set to 15 mm¢p. Similarly, the power-receiving coil 31 is
constituted by an RLCcircuit whose el enents i ncl ude aresi stor
R;,, acoil L4, and a capacitor G4, and the coil dianeter is set
to 11 mm¢. Further, 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, and adopts a solenoid coil
with its «coil diameter set to 15 mm¢. Further, the
power -recei ving resonator 32 is constituted by an RLCcircuit
whose el enents i nclude aresistor R;, acoil L3, and a capacitor
C;, and adopts a solenoid coil with its coil dianeter set to
11 mm¢. The values of R;, R, R;, Ry in the wreless power
transm ssi on apparatus 1 used i n Measurenment Experinents 1to
3 are set to 0.65Q, 0.65Q, 2.47Q, and 2.3Q, respectively.
Further, the values of Li, L, L3, Ls are set to 3.1 uH, 3.1
uH, 18.4 pH, and 12.5 pH, respectively. Further, the coupling
coefficients Kz, Kz3, Kss are set to 0.46, 0.20, and 0.52,
respectively. The resonance frequency of the power-supplying
resonat or 22 and that of the power-receiving resonator 32 are

970 kHz.
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[ 0054]

Then, in Measurenent Experinents 1 to 3, the wirel ess power
transm ssion apparatus 1 is set as descri bed above so as to
achi eve t he doubl e- hunp characteristic. Then, the lithiumion
secondary battery 9 is charged (power is supplied) with the
drive frequency of the AC power to the power-supplyi ng nodul e
2 switched anong the | ater-described three states (see FIG
5 and FIG 6): i.e., an inphase resonance node (fL), an
anti phase resonance node (fH), and resonance frequency node
(f0). The current I;, and the input inpedance Z, are then
measured. It shoul d be noted that, i n Measurenment Experinents
1 to 3, neasurenent was conducted for the current |, and the
i nput i npedance Zi,, for achargingtine (mn.), wheretheinput
voltage from the AC power source 6 to the wreless power
transm ssion apparatus 1 is Vin = 5V.

[ 0055]

(Doubl e- hunp Characteristic)

In the Measurenent Experinents are used wreless power
transm ssion apparatus 1 with a double-hunp transm ssion
characteristic “S21" relative to the drive frequency of the
power supplied to the wirel ess power transm ssion apparatus
1. 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. andthelike) connectedtothe wi rel ess power transm ssion

apparatus 1, andisindicatedindecibel. The greater the val ue,
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t he hi gher t he power transm ssionefficiency. The transm ssion
characteristic “S21" of the wreless power transm ssion
apparatus 1 relative to the drive frequency of the power
supplied to the wrel ess power transm ssion apparatus 1 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
drive frequency has a si ngl e peak whi ch occurs intheresonance
frequency band (f0) (Seedottedline51FI G 5). The doubl e- hunp
characteristic on the other hand nmeans the transm ssion
characteristic “S21" relative to the drive frequency has two
peaks, one of the peaks occurring in a drive frequency band
| oner than the resonance frequency (fL), and the other
occurring in adrive frequency band hi gher than the resonance
frequency (fH) (See solidline 52 in FIG 5). The doubl e- hunp
characteristic, tobe nore specific, neansthat thereflection
characteristic “S11" neasured wth the network analyzer
connected to the wirel ess power transm ssion apparatus 1 has
two peaks. Therefore, evenif the transm ssion characteristic
“S21" relativeto the drive frequency appears to have a single
peak, the transm ssion characteristic “S21" has a doubl e- hunp
characteristicif thereflectioncharacteristic®“S11" neasured

has two peaks. It shoul d be noted that the power transm ssion
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efficiency is arate of power recei ved by the power-receiving
nodul e 3, relativetothe power suppliedtothe power-supplying
nodul e 2.

[ 0056]

In a wireless power transm ssion apparatus 1 having the
si ngl e-hunp characteristic, the transm ssion characteristic
“S21" is maximzed (power transmssion efficiency 1is
maxi m zed) when the drive frequency is at the resonance
frequency fO, as indicated by the dotted line 51 of FIG 5.

[ 0057]

On the other hand, inawreless power transm ssi on appar at us
1 having the doubl e-hunp characteristic, the transm ssion
characteristic “S21" is maxim zed in a drive frequency band
(fL) lower than the resonance frequency f0, and in a drive
frequency band (fH) higher than the resonance frequency fO,
as indicated by the solid line 52 of FIG 5.

[ 0058]

It should be noted that, in general, if the distance between
a power -suppl yi ng resonator and a power-receiving resonat or
is the sanme, the maxinmnum value of the transm ssion
characteristic “S21" having the doubl e-hunp characteristic
(the value 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"

31



at f0) (See graph in FIG 5).

[ 0059]

Specifically, in cases of doubl e-hunp characteristic, when
the drive frequency of the AC power to the power-supplying
nodul e 2 is set to the frequency fL nearby the peak on the | ow
frequency side (i nphase resonance node), the power-supplying
resonat or 22 and t he power-recei vi ng resonator 32 are resonant
with each other in inphase, and the current in the
power - suppl ying resonator 22 and the <current in the
power -recei ving resonator 32 both flowin the sane direction.
As the result, as shown in the graph of FIG 5, the val ue of
the transm ssion characteristic“S21" i s maderel atively high,
even if the drive frequency does not match with the resonance
frequency of the power-supplying resonator 22 of the
power - suppl yi ng nodul e 2 and t he power -recei vi ng resonat or 32
of the power-receiving nodul e 3, al though the value still may
not be as hi gh as that of the transm ssion characteristic *S21"
in wreless power transm ssi on apparatuses in general aimng
at maxi m zing the power transm ssion efficiency (see dotted
l[ine 51). It should be noted that the resonance state in which
the current inthe coil (power-supplying resonator 22) of the
power -supplying nodule 2 and the current in the coi
(power -recei ving resonator 32) of the power-receiving nodul e
3 both flowin the sane direction is referred to as i nphase

resonance node.
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[ 0060]

Further, in the i nphase resonance node, because t he nagnetic
field generated on the outer circunference side of the
power - suppl yi ng resonator 22 and t he magnetic field generated
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 hg r esonat or
32) are fornmed 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
is restrained or prevented. This restrains negative effects
due to generation of heat.

[ 0061]

On the other hand, in cases of doubl e-hunp characteristic,
when t he drive frequency of the ACpower to t he power-supplying

modul e 2 i1s set to the frequency fHnearby t he peak on t he si de
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of the high frequency side (antiphase resonance node), the
power - suppl yi ng resonat or 22 and t he power -r ecei vi hg r esonat or
32 resonate with each other in antiphase, and the current in
the power-supplying resonator 22 and the current in the
power -recei vi ng resonator 32 fl owopposite directions to each
other. Astheresult, as showmninthe graph of FIG 5, the val ue
of the transm ssion characteristic “S21" is made relatively
hi gh, even if the drive frequency does not match with the
resonance frequency of the power-suppl yi ng resonator 22 of t he
power - suppl yi ng nodul e 2 and t he power -recei vi ng resonat or 32
of the power-receiving nodul e 3, al though the value still may
not be as hi gh as that of the transm ssion characteristic *S21"
in wreless power transm ssi on apparatuses in general aimng
at maxi m zing the power transm ssion efficiency (see dotted
line 51). The resonance state in which the current in the coil
(power - suppl yi ng resonat or 22) of the power-supplying nodul e
2 and the current in the coil (power-receiving resonator 32)
of the power-receiving nodule 3 flow opposite directions to
each other is referred to as anti phase resonance node.

[ 0062]

Further, inthe anti phase resonance node, becauset he nagneti c
field generated on the inner circunference side of the
power - suppl yi ng resonator 22 and t he magnetic field generated
on the inner circunference side of the power-receiving

resonat or 32 cancel each other out, the magnetic field spaces
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each having a | ower 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 the
power - suppl yi ng resonat or 22 and t he power -r ecei vi ng r esonat or
32) are fornmed 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
is restrained or prevented. This restrains negative effects
due to generation of heat. Further, since the magnetic field
space fornmed in this anti phase resonance node i s fornmed on t he
i nner circunference side of the power-supplying resonator 22
and the power-receiving resonator 32, assenbling the
el ectroni c conponents such as the stabilizer circuit 7, the
charging circuit 8, the rechargeable battery 9, and the |ike
within this space nmakes the wreless power transm ssion
apparatus 1 itself nore conpact, and i nproves the freedomin
desi gni ng.

[ 0063]

Further, when the transm ssion characteristic “S21" of the
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w rel ess power transm ssion apparatus 1 relative to the drive
frequency of the power supplied to the wreless power

transm ssi on apparatus 1 has the doubl e-hunp characteristic,

and when the drive frequency of the AC power to the
power - suppl ying nodule 2 is set to the i nphase resonance node
(fL) or the antiphase resonance node (fH), it is possible to
maxi m ze t he val ue of the input inpedance Z, of the wirel ess
power transm ssi on apparatus 1, whil e mai nt ai ni ng a hi gh power

transm ssion efficiency, as shown in FIG 6 (See solid |line
55). Further, when the drive frequency of the AC power to the
power - suppl yi ng nodul e 2i s set totheresonance frequency (f0),
it is possible to mnimze the value of the input inpedance
Zin of the wireless power transm ssion apparatus 1, as shown
in FIG 6 (See solid |ine 55). In Measurenent Experinents 1
to 3, the lithiumion secondary battery 9 is charged (power

is supplied) with the drive frequency of the AC power to the
power - suppl yi ng nodul e 2 switched anongthethreestates: i.e.,

an i nphase resonance node (fL), an anti phase resonance node
(fH), and resonance frequency node (f0). The current |;, and
t he i nput inpedance Z, are then neasured.

[ 0064]

In the present enbodinent, as long as the transm ssion
characteristic “S21" of the wreless power transm ssion
apparatus 1 relative to the drive frequency of the power

supplied to the wirel ess power transm ssion apparatus 1 has
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t he doubl e- hunp characteristic, the settings and conbi nati ons
of the variable parameters configuring the power-supplying
nodul e 2 and the power-receiving nodule 3 fall w thin design
matters and are freely nodifiable, the variable paraneters
including: the resistance value, inductance, capacity of
capacitor, and the coupling coefficients Ki, Ky3, Kss in the

R, Li, and C of the RLC circuit of the power-supplying coil
21, the R, Ly, and G of the RLCcircuit of the power-supplying
resonator 22, the R;, Lz, and G of the RLC circuit of the
power -recei ving resonator 32, and the Ry, L4, C of the RLC
circuit of the power-receiving coil 31.

[ 0065]

(Measurenment Experinent 1. Drive Frequency set in |Inphase
Resonance Mbde)

In  Measurenent Experi ment 1 wth the double-hunp
characteristic, the drive frequency of the AC power to the
power - suppl yi ng nodul e 2 was set to the frequency fL nearby
the peak on the | ow frequency side (inphase resonance node:
fL=870kHz). Then, theinput current |Ii,andtheinput i npedance
Zinrelativetothe chargingtinme (mn.) were neasured in this
setting. The neasurenent results areshowninFI G 7. It should
be noted that the input voltage Vi, was 5V (constant).

[ 0066]

Fromt he measurenent results shomninFIG 7, it is understood

t hat t he val ue of the i nput i npedance Z, has atendency torise,
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when there is transition fromconstant current charging (CC
to constant voltage charging (CV). It is further understood
t hat, whil et he val ue of the i nput i npedance Z, has t he t endency
torise, the value of the input current Input current |, has
a tendency to fall (See Fornmula 6).

[ 0067]

Thus, the followng is found from the above Measurenent
Experi ment 1. Nanel y, by setting the transm ssion
characteristic “S21" of the wreless power transm ssion
apparatus 1 relative to the drive frequency of the power
supplied to the wirel ess power transm ssi on apparatus 1 so as
to have the doubl e-hunp characteristic, and by setting the
drive frequency of the AC power to the power-supplyi ng nodul e
2tothe frequency fL nearby the peak onthe | owfrequency side
of the doubl e-hunp characteristic, it is possibleto causethe
val ue of the input inpedance Z, to have a tendency to rise,
when there is transition fromconstant current charging (CC
to constant voltage charging (CV). This reduces the input
current |Ii,to the wirel ess power transm ssion apparatus 1 at
atinme of constant voltage charging (CV), consequent!|y reducing
generationof heat inthew rel ess power transm ssi on appar at us
1.

[ 0068]

(Measurenment Experinent 2: Drive Frequency set in Antiphase

Resonance node)
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In  Measurenent Experi ment 2 wth the double-hunp
characteristic, the drive frequency of the AC power to the
power - suppl yi ng nodule 2 was set to the frequency fH nearby
t he peak on t he hi gh frequency si de (anti phase resonance node:
fH = 1070 kHz). Then, the input current 1;, and the i nput
i npedance Zin,relativetothechargingtinme (mn.) were neasur ed
inthis setting. The neasurenent results are shown in FIG 8.
It shoul d be noted that theinput vol tage Vi, was 5V (constant).

[ 0069]

Fromt he neasurenment results showmminFIG 8, it is understood
t hat t he val ue of t he i nput i npedance Z, has atendency tori se,
when there is transition fromconstant current charging (CC
to constant voltage charging (CV). It is further understood
that, whil ethe val ue of the i nput i npedance Z , has t he t endency
torise, the value of the input current Input current |, has
a tendency to fall (See Fornmula 6).

[ 0070]

Thus, the followng is found from the above Measurenent
Experi ment 2. Nanel y, by setting the transm ssion
characteristic “S21" of the wreless power transm ssion
apparatus 1 relative to the drive frequency of the power
supplied to the wirel ess power transm ssi on apparatus 1 so as
to have the doubl e-hunp characteristic, and by setting the
drive frequency of the AC power to the power-supplyi ng nodul e

2 to the frequency fH nearby the peak on the high frequency
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si de of the doubl e-hunp characteristic, it is possibletocause
t he val ue of the i nput i npedance Z,to have atendency tori se,
when there is transition fromconstant current chargi ng (CC
to constant voltage charging (CV). This reduces the input
current |Ii,to the wirel ess power transm ssion apparatus 1 at
atinme of constant voltage charging (CV), consequent!|y reducing
generationof heat inthew rel ess power transm ssi on appar at us
1.

[ 0071]

(Measurenment Experinent 3: Drive Frequency set to Resonance
frequency)

In  Measurenent Experi ment 3 wth the double-hunp
characteristic, the drive frequency of the AC power to the
power - suppl ying nodul e 2 was set to the resonance frequency
fO (resonance frequency: f0 =970 kHz). Then, the i nput current
lin and the input inpedance Z, relative to the charging tine
(mn.) were neasured inthis setting. The nmeasurenent results
are showmn in FIG 9. It should be noted that the i nput voltage
Vin was 5V (constant).

[ 0072]

Fromt he neasurenent results shomminFIG 9, it is understood
t hat t he val ue of t he i nput i npedance Z, has atendencytofall,
when there is transition fromconstant current charging (CC
to constant voltage charging (CV). It is further understood

that, whil e the val ue of the i nput i npedance Z, has t he t endency
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tofall, the value of the input current Input current |, has

a tendency to rise (See Fornmula 6).

[ 0073]

Thus, the followng is found from the above Measurenent
Experi ment 3. Nanel y, by setting the transm ssion
characteristic “S21" of the wreless power transm ssion
apparatus 1 relative to the drive frequency of the power
supplied to the wirel ess power transm ssi on apparatus 1 so as
to have the doubl e-hunp characteristic, and by setting the
drive frequency of the AC power to the power-supplyi ng nodul e
2 to the resonance frequency fO of the double-hunp
characteristic, it is possibleto cause the val ue of the input
i npedance Z, to have a tendency to fall, when there is
transition from constant current charging (CC to constant
vol tage charging (CV).

[ 0074]

Thus, the followi ng is understood fromthe above Measur enent
Experiments 1 to 3. Nanely, by setting the transm ssion
characteristic “S21" of the wreless power transm ssion
apparatus 1 relative to the drive frequency of the power
supplied to the wirel ess power transm ssi on apparatus 1 so as
to have the doubl e- hunp characteristic, and by adjusting the
drive frequency of the AC power to the power-supplyi ng nodul e
2, it is possibleto set the variation tendencies of the input

i npedance Z;, of the wireless power transm ssion apparatus 1
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at atime of constant vol tage chargi ng, and adj ust the vari ati on
tendencies of the input current I, of the wreless power
transm ssion apparatus 1, consequently enabling control of
heat generation in the wirel ess power transm ssion apparatus
1. It shoul d be notedthat, based onthe Measur enent Experi nents
1to 3, if the drive frequency of the AC power supplied to the
power -supplying nodule 2 is set to a predeterm ned val ue
between the inphase resonance node fL and the resonance
frequency f0O, or between the resonance frequency f0 and the
anti phase resonance node fH, it is possible to maintain a
const ant val ue of the i nput i npedance Z, of the wirel ess power
transm ssion apparatus 1 at a tine of constant voltage
char gi ng.

[ 0075]

As descri bed her ei nabove, in the above net hod for cases where
aw rel ess power transm ssi on apparatus 1 confi guredto supply
power by neans of resonance phenonenon is used to charge a
lithiumion secondary battery 9 rechargeable with a use of a
constant current/constant voltage charging system variable
paranmeters configuring the power-supplying nodule 2 and the
power-receiving nodule 3 in the wirel ess power transm ssion
apparatus 1 are set so that the value of transm ssion
characteristicwthrespect tothedrive frequency of the power
supplied to the power-supplying nodule 2 has a doubl e- hunp

characteristic having a peak in a lower drive frequency band
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(fL) than a resonance frequency (f0) in the power-supplying
nodul e 2 and t he power -recei vi ng nodul e 3, and a peak i n a hi gher
drive frequency band (fH) than the resonance frequency (f0).
Thi s enabl es control of heat generationin the wirel ess power
transm ssion apparatus 1, by adjusting the drive frequency of
power suppliedtosuch awrel ess power transm ssi on appar at us
1 with the doubl e-hunp characteristic, to set the variation
t endency i n t he val ue of the i nput i npedance Z, of the wirel ess
power transm ssion apparatus 1 thus adjusting the variation
tendency in the input current |i, to the wreless power
transm ssion apparatus 1, at a tinme of constant voltage
char gi ng.

[ 0076]

Further, by setting the drive frequency of the power supplied
to the power-supplying nodule 2 to a band corresponding to a
peak value (fL) of the transm ssion characteristic occurring
inthelower drive frequency band t han t he resonance frequency
(f0) in the power-supplying nodule 2 and t he power-receiving
nmodul e 3, the val ue of the i nput inpedance Z, of the wi rel ess
power transm ssion apparatus 1 at a tinme of constant voltage
charging is adjusted to have a tendency to rise. This reduces
the input current |;, to the wreless power transm ssion
apparatus 1 at a tinme of constant voltage charging,
consequent |y reduci ng generation of heat inthe wirel ess power

transm ssi on apparatus 1.
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[ 0077]

Further, by setting the drive frequency of the power supplied
to the power-supplying nodule 2 to a band corresponding to a
peak value (fH) of the transm ssion characteristic occurring
i nthe higher drive frequency bandthantheresonance frequency
(f0) in the power-supplying nodule 2 and t he power-receiving
nmodul e 3, the val ue of the i nput i npedance Z, of the wi rel ess
power transm ssion apparatus 1 at a tine of constant voltage
charging is adjusted to have a tendency to rise. This reduces
the input current |;, to the wreless power transm ssion
apparatus 1 at a tinme of constant voltage charging,
consequent |y reduci ng generation of heat inthe wirel ess power
transm ssi on apparatus 1

[ 0078]

Further, by setting the drive frequency of the power supplied
to the power-supplying nodule 2 to a band corresponding to
val | ey between a peak value (fL) and a peak value (fH) of the
transm ssion characteristic occurring in the lower drive
frequency band and t he hi gher frequency band t han t he resonance
frequency (f0O) in the power-supplying nodule 2 and the
power - recei vi ng nodul e 3, the val ue of the i nput inpedance Z,
of the wireless power transm ssion apparatus 1 at a tinme of
constant voltage charging is adjusted to have a tendency to
staythesaneor fall. This maintainsor rai sestheinput current

lin to the wirel ess power transm ssion apparatus 1, at atinme
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of constant vol tage chargi ng.

[ 0079]

(Manuf acturing Met hod)

Next, the foll ow ng describes with reference to FIG 10 and
FIG 11 a design nethod (design process) which is a part of
manuf acturing process of the wreless power transm ssion
apparatus 1. Inthe follow ng description, a w rel ess headset
200 havi ng a ear phone speaker unit 200a, and a charger 201 are
described as a portable device having the wrel ess power
transm ssion apparatus 1 (see FIG 10).

[ 0080]

The wirel ess power transm ssion apparatus 1 to be desi gned
in the design nethod is nounted in a wirel ess headset 200 and
a charger 201 shownin FIG 10, inthe formof a power-receiving
modul e 3 (a power-receiving coil 31 and a power-receivVing
resonat or 32) and a power - suppl yi ng nodul e 2 (a power - suppl yi ng
coil 21 and a power - suppl yi ng resonat or 22), respectively. For
t he sake of convenience, FIG 10 illustrates the stabilizer
circuit 7, thechargingcircuit 8 andthelithiumionsecondary
battery 9 out si de t he power -recei vi ng nodul e 3; however, these
are actually di sposed on the inner circunference side of the
power-receiving coil 31 and the solenoid coil of the
power -recei ving resonator 32. That is, the wirel ess headset
200 includes the power-receiving nodule 3, the stabilizer

circuit 7, thechargingcircuit 8 andthelithiumionsecondary
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battery 9, and the charger 201 has a power-supplyi ng nodul e
2. Wiile in wuse, the power-supplying coil 21 of the
power - suppl ying nodule 2 is connected to an AC power source
6.

[ 0081]

(Desi gn Met hod)

First, as shown in FIG 11, a power reception anmount in the
power -recei ving nodule 3 i s determ ned based on the capacity
of thelithiumionsecondary battery 9, andthe chargi ngcurrent
requiredfor chargingthelithiumionsecondary battery 9 (S1).

[ 0082]

Next, the di stance between t he power-supplying nodule 2 and
t he power-receiving nodule 3 is determ ned (S2). The di stance
is the di stance d23 between t he power - suppl yi ng resonator 22
and the power-receiving resonator 32, while the wreless
headset 200 having therein the power-receiving nodule 3 is
pl aced on the charger 201 having therein the power-supplying
nmodul e 2, i.e., duringthe charging state. To be nore specific,
t he di stance d23 bet ween t he power - suppl yi ng resonat or 22 and
the power-receiving resonator 32 is determ ned, taking into
account the shapes and the structures of the wirel ess headset
200 and the charger 201

[ 0083]

Further, based on t he shape and the structure of the wirel ess

headset 200, the coil dianeters of the power-receiving coi
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31 in the power-receiving nodule 3 and the coil of the
power -recei ving resonator 32 are determ ned (S3).

[ 0084]

Further, based on the shape and the structure of the charger
201, the coil dianeters of the power-supplying coil 21 inthe
power - suppl yi ng nodul e 2 and the coil of the power-supplying
resonator 22 are determ ned ($4).

[ 0085]

Through the steps of S2 to S4, the coupling coefficient Ky
and the power transmssion efficiency between the
power - suppl yi ng resonator 22 (coil L) of the wirel ess power
transm ssi on apparatus 1 and t he power -recei vi ng resonat or 32
(coil L3) are determ ned.

[ 0086]

Based on the power reception anount in the power-receiving
nodule 3 determined in S1 and on the power transm ssion
efficiency determned through S2 to S4, the m ni num power
supply amount required for the power-supplying nodule 2 is
determ ned (S5).

[ 0087]

Then, a range of the design val ues of the input inpedance Z,
inthe wirel ess power transmn ssion apparatus 1 is determ ned,
taking into account the power reception amunt in the
power - r ecei vi ng nodul e 3, the power transm ssion efficiency,

and the mninmm power supply anobunt required to the
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power - suppl yi ng nodule 2 (S6).

[ 0088]

Further, there is determ ned a range of design val ues of the
transm ssion characteristic “S21" of the wreless power
transm ssion apparatus 1 relative to the drive frequency of
t he power suppliedtothew rel ess power transm ssi on appar at us
1 having the doubl e-hunp characteristic (S7).

[ 0089]

Then, final paraneters related to the power-supplying coi
21, the power-supplying resonator 22, the power-receivVing
resonator 32, and the power-receiving coil 31 are determ ned
so as to satisfy the design values of the input inpedance Z,
and t he doubl e- hunp characteristic determ nedin S6 and S7 (S8) .
The paraneters related to the power-supplying coil 21, the
power - suppl yi ng resonator 22, the power-receiving resonator
32, and the power-receiving coil 31 include: the resistance
val ue, inductance, capacity of capacitor, and the coupling
coefficients K2, Koz, Ksainthe R, L;, and G of the RLCcircuit
of the power-supplying coil 21, the R, L;, and G of the RLC
circuit of the power-supplying resonator 22, the R;, L3, and
G of the RLCcircuit of the power-receiving resonator 32, and
the Ry, Ly, G, of the RLCcircuit of the power-receiving coi
31; the distance d12 between the power-supplying coil 21 and
t he power - suppl yi ng resonat or 22; and t he di st ance bet ween t he

power -recei ving resonat or 32 and t he power-receiving coil 31.
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[ 0090]

The above-descri bed nmanufacturing nmethod of the wreless
power transm ssion apparatus 1 including the above design
met hod enabl es manuf acturi ng of a wi rel ess power transm ssi on
apparatus 1 that allows control of heat generation in the
W rel ess power transm ssi on apparatus 1 by adj ustingthedrive
frequency of power supplied to the power-supplying nodul e 2.
In other words, a wireless power transm ssion apparatus 1
capabl e of controlling heat generation therein is possible
W t hout a need of an addi tional conponent inthe w rel ess power
transm ssi on apparatus 1

[ 0091]

(G her Enbodi nments)

Al t hough t he above description of the manufacturing nethod
deals wwth a wirel ess headset 200 as an exanpl e, the nethod
i s applicableto any devi ces havi ng a secondary battery; e.g.,
tablet PCs, digital caneras, nobile phones, earphone-type
musi ¢ pl ayer, hearing aids, and sound collectors.

[ 0092]

Furt her, al though the above description assunes the wirel ess
power transm ssion apparatus 1 is nmounted in a portable
el ectroni c devi ce, the use of such an apparatus is not limted
to small devices. For exanple, with a nodification to the
specifications according to the required power anmount, the

W reless power transm ssion apparatus 1 is nountable to a
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relatively | arge systemsuch as a wirel ess chargi ng systemin
an el ectronic vehicle (EV), or to an even snmal |l er devi ce such
as a wirel ess endoscope for nedical use.

[ 0093]

Al t hough t he above descri pti ons have been provi dedw thregard
to the characteristic parts so as to understand the present
invention nore easily, the invention is not limted to the
enbodi nents and the 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.
Furthernore, 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 thoseskilledintheart that the 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
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[ 0094]

1: Wreless Power Transm ssion Apparatus
2: Power - Suppl yi ng Modul e

3: Power - Recei vi ng Mdul e

6: AC power source

7: Stabilizer Circuit

8: Charging Circuit

9: Lithiumlon Secondary 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

200: Wrel ess Headset

201: Charger
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CLAI M5
1. A nmet hod of form ng an el ectronagneti c space, conpri sing
the step of,

a thermal control nmethod for a wirel ess power transm ssion
apparatus which supplies power, by nmeans of resonance
phenonmenon, from a power-supplyi ng nodul e having at | east a
power - suppl ying coil and a power-supplying resonator to a
power-receiving nodule having at |east power-receiving
resonator and a power-receiving coil, and connected to a
power - suppl i ed el ectroni c device having a secondary battery
rechargeabl e wth a use of a constant current/constant vol t age
charging system conpri sing:

setting vari abl e paraneters configuring the power-supplying
nmodul e and the power-receiving nodule so that a val ue of
transm ssion characteristic relative to a drive frequency of
the power supplied to the power-supplying nodule has a
doubl e-hunp characteristic has a peak in a lower drive
frequency band than a resonance frequency in the
power - suppl yi ng nodul e and t he power-recei vi ng nodul e, and a
peak in a higher drive frequency band than the resonance
frequency, thereby

enabling control of heat generation in the wreless power
transm ssi on apparatus, by adjusting the drive frequency to
set a variation tendency in input inpedance values of the

W rel ess power transm ssion apparatus at a tinme of constant
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vol tage charging to adjust variation tendency of the input

current to the wirel ess power transm ssion apparatus.

2. The net hod according to claim1, wherein,

the drive frequency of the power supplied to the
power - suppl yi ng nodul e i s set to a band correspondi ng to a peak
val ue of thetransm ssioncharacteristicoccurringinthel ower
drive frequency band than the resonance frequency in the
power - suppl yi ng nodul e and t he power -r ecei vi ng nodul e, and t he
i nput inpedance value of the wreless power transm ssion
apparatus at a tine of constant voltage charging i s adjusted

to have a tendency to rise.

3. The met hod according to claim1, wherein,

the drive frequency of the power supplied to the
power - suppl yi ng nodul e i s set to a band correspondi ng t o a peak
value of the transm ssion characteristic occurring in the
hi gher drive frequency band than the resonance frequency in
t he power - suppl yi ng nodul e and t he power -r ecei vi ng nodul e, and
t he i nput i npedance val ue of the wirel ess power transm ssion
apparatus at a tine of constant voltage charging i s adjusted

to have a tendency to rise.

4. The net hod according to claim1, wherein,

the drive frequency of the power supplied to the
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power - suppl ying nodule is set to a band corresponding to a
val | ey bet ween peak val ues of the transm ssion characteristic
occurring in the lower drive frequency band and the higher
frequency band than the resonance frequency in the
power - suppl yi ng nodul e and t he power -r ecei vi ng nodul e, and t he
i nput inpedance value of the wreless power transm ssion
apparatus at a tine of constant voltage charging i s adjusted

to have a tendency to stay the sane or fall.

5. A w reless power transm ssi on apparatus adj usted by the
thermal control nmethod for a wreless power transm ssion

apparatus according to any one of clains 1 to 4.

6. A manuf acturing nethod for a w rel ess power transm ssi on
apparatus which supplies power, by nmeans of resonance
phenonmenon, from a power-supplyi ng nodul e having at | east a
power - suppl ying coil and a power-supplying resonator to a
power-receiving nodule having at |east power-receiving
resonator and a power-receiving coil, and connected to a
power - suppl i ed el ectroni c device having a secondary battery
rechargeabl e wth a use of a constant current/constant vol t age
charging system the nethod conpri sing:

setting vari abl e paraneters configuring the power-supplying
nmodul e and the power-receiving nodule so that a val ue of

transm ssion characteristic relative to a drive frequency of
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the power supplied to the power-supplying nodule has a
doubl e-hunp characteristic has a peak in a lower drive
frequency band than a resonance frequency in the
power - suppl yi ng nodul e and t he power-recei vi ng nodul e, and a
peak in a higher drive frequency band than the resonance
frequency, thereby

enabling control of heat generation in the wreless power
transm ssi on apparatus, by adjusting the drive frequency to
set a variation tendency in input inpedance values of the
W rel ess power transm ssion apparatus at a tinme of constant
vol tage charging to adjust variation tendency of the input

current to the wirel ess power transm ssion apparatus.
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