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WIRELESS ENERGY TRANSKFER

FIELD OF THE INVENTION

[0001] The present mvention relates to wireless energy

transier, particularly, but not exclusively, to wireless energy
transier between a supply source and a recerving component.

BACKGROUND OF THE INVENTION

[0002] It 1s common practice for a portable electronic
device, for example a mobile telephone or a laptop computer,
to be powered by a rechargeable chemical battery. Generally
speaking, such a battery 1s releasably connected to the body of
a portable device.

[0003] The use of a battery for supplying power to a por-
table electronic device 1s not ideal because the energy storage
capacity of a chemical battery 1s limited. As such, 1t 1s nec-
essary for the chemical battery to be recharged at regular
intervals.

[0004] In order to provide a means for recharging the bat-
tery, the portable device 1s normally supplied with a charging,
means for allowing electrical energy to flow from a mains
power supply to the rechargeable battery. The charging means
1s usually 1n the form of a charger unit, which conventionally
comprises an electrical plug for connecting to a mains power
supply socket and an electrical cable for connecting the elec-
trical plug to the portable device.

[0005] This 1s disadvantageous because, 11 there 1s no con-
venient mains power supply socket, as 1s the case in most
outdoor and public environments, the rechargeable battery
will run out of power and the portable device will need to be
switched off.

[0006] The use of such a charger umit 1s further disadvan-
tageous 1n that 1t requires a physical connection between the
portable device and a mains power supply socket. This
severely restricts the movement of the portable device during
charging, thereby negating the portability of the device.
[0007] Another type of charger unit makes use of the prin-
ciple of conventional, short-range inductive coupling, which
involves the transfer of energy from a primary inductor 1n a
charger unit to a secondary inductor 1n the portable device.
Such charger units are commonly used, for example, for
charging rechargeable batteries 1n electric toothbrushes.
[0008] Chargers utilising this type of conventional induc-
tive coupling are able to transfer power wirelessly and hence
do not require a physical connection between the mains sup-
ply and the portable device. However, the maximum distance
over which effective power transier can be achieved 1s limited
to distances of the same order of magmtude as the physical
dimensions of the inductors. For portable electronic devices,
the dimensions of the inductor are limited by the size of the
portable electronic device. Accordingly, 1n general, at dis-
tances of anything greater than a few centimetres, the effi-
ciency ol energy transier between primary and secondary
inductors 1s too small for this type of power transfer to be
viable.

[0009] Therefore, as with the electrical cable discussed
above, power transier using conventional inductive coupling
requires the charger unit and the portable device to be 1n very
close proximity, meaning that the movement of the portable
device 1s severely restricted.

[0010] In addition to the above problems associated with
recharging, the use of a chemical battery as a power supply
presents a number of further disadvantages. For example,
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rechargeable chemical batteries have a limited lifespan and
tend to experience a decrease in theirr maximum storage
capacity as they get older. Furthermore, chemical batteries
are relatively heavy, meaning that the inclusion of a chemical
battery 1n a portable device generally adds a significant per-
centage to the device’s overall weight. If the device’s reliance
on the chemical battery could be reduced, then it would be
possible for portable electronic devices such as mobile tele-
phones to become significantly lighter.

SUMMARY OF THE INVENTION

[0011] According to a first example of the invention, there
1s provided an apparatus comprising monitoring circuitry
configured to momitor a resonant frequency of a supply
source, a recetving component, and a control unit configured
to vary a resonant frequency of said receirving component,
wherein the apparatus 1s configured to vary the resonant fre-
quency of said receiving component 1in dependence of the
resonant frequency of said supply source

[0012] Thereceiving component ofthe apparatus described
in the immediately preceding paragraph may be adapted to
receive energy wirelessly from the supply source by resonant
inductive coupling.

[0013] Thereceiving component ofthe apparatus described
in either of the immediately preceding paragraphs may com-
prise an adaptive receiving component having a variable reso-
nant frequency.

[0014] The apparatus described 1n any of the three 1mme-
diately preceding paragraphs may be configured to match the
resonant frequency of said recewving component with the
resonant frequency of said supply source.

[0015] A voltage may be induced 1n the receving compo-
nent of the apparatus described 1n any of the four immediately
preceding paragraphs by a magnetic ficld generated by the
supply source, and the control unit may be configured to vary
the resonant frequency of the recerving component to match
the resonant frequency of the supply source.

[0016] The apparatus described in any of the four immedi-
ately preceding paragraphs may further comprise a plurality
of electrical components, and the apparatus may be config-
ured to supply electrical energy to at least one of these elec-
trical components.

[0017] The apparatus described 1n the immediately preced-
ing paragraph may further comprise a battery for supplying
clectrical energy to at least one of the electrical components
when energy 1s not being recerved from the supply source.

[0018] The apparatus described 1n any of the preceding
paragraphs may comprise a portable electronic device.

[0019] The apparatus described 1n any of the preceding
paragraphs may comprise a mobile telephone, personal digi-
tal assistant (PDA) or laptop computer.

[0020] According to a second example of the invention,
there 1s provided an apparatus comprising means for detect-
ing a presence of a supply source, means for monitoring a
resonant frequency of said supply source, and means for
varying a resonant frequency of a receiving component in
dependence of the resonant frequency of said supply source.

[0021] According to a third example of the invention, there
1s provided an apparatus comprising a receiving component
having wvariable resonance characteristics for receiving
energy wirelessly from a supply source, wherein the reso-
nance characteristics of the recerving component may be
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varied to match resonance characteristics ol the supply source
to increase the efliciency at which energy 1s received from the
supply source.

[0022] The apparatus described 1in the immediately preced-
ing paragraph may further comprise monitoring circuitry for
detecting and monitoring the resonance characteristics of the
supply source.

[0023] Thereceiving component of the apparatus described
in either of the two immediately preceding paragraphs may
comprise an adaptive recerving component having variable
resonance characteristics and the apparatus may further com-
prise a control unit configured to automatically vary the reso-
nance characteristics of the adaptive recerving component to
match the resonance characteristics of the supply source.

[0024] The apparatus described 1n any of the three imme-
diately preceding paragraphs may further comprise one or
more electrical components and the recerving component
may be coupled to power supply circuitry to supply power to
at least one of these electrical components.

[0025] The apparatus described 1in the immediately preced-
ing paragraph may further comprise a battery for supplying
clectrical energy to at least one of the electrical components
when energy 1s not being recerved from the supply source.

[0026] The apparatus described in any of the five immedi-
ately preceding paragraphs may comprise a portable elec-
tronic device.

[0027] The apparatus described 1n any of the six immedi-
ately preceding paragraphs may comprise a mobile tele-
phone, personal digital assistant (PDA) or laptop computer.

[0028] According to a fourth example of the invention,
there 1s provided a system comprising a supply source, and an
apparatus comprising monitoring circuitry configured to
monitor a resonant frequency of the supply source, a receiv-
ing component, and a control unit configured to vary a reso-
nant frequency of said recerving component, wherein the
apparatus 1s configured to vary the resonant frequency of said
receiving component in dependence of the resonant fre-
quency of said supply source.

[0029] According to a fifth example of the invention, there
1s provided a method comprising detecting a presence of a
supply source, monitoring a resonant frequency of said sup-
ply source, and varying a resonant frequency of a recerving,
component in dependence of the resonant frequency of said
supply source.

[0030] The method described 1in the immediately preceding
paragraph may further comprise matching the resonant fre-
quency of said receiving component with the resonant fre-
quency of said supply source.

[0031] The method described 1n eitther of the two 1immedi-
ately preceding paragraphs may further comprise receiving
energy wirelessly at the recerving component from the supply
source by resonant inductive coupling.

[0032] The receving component of the method described
in any of the three immediately preceding paragraphs may
comprise an adaptive recerving component having a variable
resonant frequency and the method may further comprise
inducing a voltage 1n the adaptive receiving component using
a magnetic field generated by the supply source, and varying
the resonant frequency of the adaptive receiving component
to match the resonant frequency of the supply source.

[0033] The method described 1n any of the four immedi-
ately preceding paragraphs may further comprise supplying
clectrical energy to an electrical apparatus.
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[0034] The method of the immediately preceding para-
graph may further comprise supplying energy to at least one
component of an electrical device from a battery when energy
1s not being received at the recerving component from the
supply source.

[0035] The method of the paragraph six paragraphs above
this one may further comprise recerving energy at the receiv-
ing component from the supply source by resonant inductive
coupling, and supplying energy received by resonant induc-
tive coupling to at least one component of an electrical device.
[0036] According to a sixth example of the invention, there
1s provided a computer program stored on a storage-medium
which, when executed by a processor, 1s arranged to perform
a method comprising detecting a presence of a supply source,
monitoring a resonant frequency of said supply source, and
varying a resonant frequency of a receiving component in
dependence of the resonant frequency of said supply source.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] Inorder that the invention may be more fully under-
stood, embodiments thereof will now be described by way of
illustrative example with reference to the accompanying
drawings 1n which:

[0038] FIG.11sadiagram showing a flow of energy from a
teeding device to a portable electronic device.

[0039] FIG. 21sacircuit diagram of primary and secondary
RLC resonator circuits with coupling coefficient K.

[0040] FIG. 3 1s a circuit diagram of an equivalent trans-
former circuit for the first and second RLC resonator circuits

shown 1n FIG. 2.

[0041] FIG. 4 1s a circuit diagram of a reduced circuit of the
equivalent transformer circuit shown in FIG. 3.

[0042] FIG. 5 shows the impedances of the individual com-
ponents of the equivalent transformer circuit shown in FIG. 3.
[0043] FIG. 6 1s a graphical illustration of the relationship

between the efliciency of power transier between two reso-
nators and the difference between the resonators’ resonant

frequencies.

[0044] FIG. 7 1s an 1illustration of a wireless transier of
energy from a feeding device to a portable electronic device at
mid-range using conventional inductive coupling.

[0045] FIG. 8 1s an 1illustration of a wireless transter of
energy from a feeding device to a portable electronic device at
mid-range using resonant inductive coupling.

[0046] FIG. 9 1s a schematic diagram of a portable elec-
tronic device, including a reactance and monitoring circuitry.
[0047] FIG. 10 1s a schematic diagram showing compo-
nents of a wireless power transier apparatus in a portable
clectronic device.

[0048] FIG. 11 1s a schematic diagram showing an adaptive
receiving component in a wireless power transier apparatus
ol a portable electronic device.

[0049] FIG. 12 15 a flow diagram showing steps associated

with the mitiation of wireless power transier by resonant
inductive coupling.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

(L]
By

ERRED

[0050] Referring to FIG. 1, a feeding device 100 comprises
a supply source 110 for supplying power wirelessly to a
portable electronic device 200. The supply source 110 com-
prises a primary reactance, for example comprising a primary
inductor 111, adapted to receive an electrical current from an
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clectrical circuit 112. The electrical circuit 112 may be
optionally connected to a power supply, for example com-
prising a mains power supply 300, for supplying electrical
current to the electrical circuit 112. The primary inductor 111
has an1inductance L, ,, Q-factor Q,,, and resonant frequency

fD(l 11)

[0051] As will be understood by a skilled person, a flow of
clectrical current through the primary inductor 111 causes a
magnetic field 400 to be created around the primary inductor
111. As 1s shown by FIG. 1, the magnetic field 400 created
around the inductor 111 penetrates the exterior of the feeding
device 100, meaming that the effects of the magnetic fiecld 400
may be experienced in the surrounding environment. For
instance, the magnetic field 400 may be used to induce a
voltage 1n a recerving component comprising a secondary
reactance, such as a secondary inductor in an electrical
device. This 1s the principle upon which wireless energy
transter through conventional short-range inductive coupling,
1s based. However, efficient wireless energy transier by such
conventional short-range inductive coupling 1s limited to dis-
tances of the same order of magnitude as the physical dimen-
s1ons of the mnductors involved 1n the energy transfer.

[0052] As i1s fully described below, the portable electronic
device 200 1s adapted to receive energy wirelessly by an
alternative type of inductive coupling. This alternative type of
inductive coupling will be referred to as resonant inductive
coupling.

[0053] Using resonant inductive coupling, is it possible to
cificiently transfer energy over longer distances than over
those possible with conventional inductive coupling. This
means that resonant inductive coupling provides a greater
degree of freedom and flexibility than conventional inductive
coupling when used for the transier of energy. As 1s described
in more detail below, resonant inductive coupling 1s based on
inductive coupling in which the resonant frequency 1, of a
supply source and the resonant frequency 1, of a receiving
component are equal to one another.

[0054] More specifically, 1f the resonant frequency f, asso-
ciated with a primary reactance, for example the resonant
trequency 1,,,,, associated with the inductor 111 in the teed-
ing device 100, 1s equal to the resonant frequency 1, associ-
ated with a secondary reactance, for example a receiving
component comprising a secondary inductor i a portable
clectronic device 200, placed 1n a magnetic field generated by
the primary reactance, eificient wireless energy transier
between the primary and secondary reactances can be
achieved at longer ranges than 1s possible with conventional
inductive coupling.

[0055] For example, wireless energy transier with an eifi-
ciency of tens of percent may be achieved by resonant induc-
tive coupling over distances at least one order of magnitude
greater than the physical dimensions of the inductors being
used for the transfer.

[0056] A general example of wireless energy transfer
between two inductors by resonant inductive coupling 1s
given below.

[0057] Referring to FIG. 2, there are shown primary and
secondary RLC resonator circuits 500, 600. The primary
RLC circuit 500 comprises a first inductor (L) 510, a first
capacitor (C,) 520 and a first resistor (R ;) 530. The secondary
RLC circuit 600 comprises a second inductor (L,) 610, a
second capacitor (C,) 620 and a second resistor (R,) 630. In
this example, L,=L, and C,=C.,,.
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[0058] The primary RLC circuit 500 1s connected to a
power source, comprising a time-dependent current source
(17257 A1) 540. The time-dependency of the current source
540 1s such that the current may take the form of a sine wave,
tuned to the resonant frequency

1 1

f{] — —
QJT\{Ll Cl Q?T\/Lz CZ

of both the first and second RLC circuits 500, 600.

[0059] The second RLC circuit 600 1s connected to a load,
represented in FIG. 2 as a DC current source (1, ,,) 640. The
current from the DC current source 640 1s zero when energy

1s not being transierred between the first and second RLC
circuits 500, 600.

[0060] The Q-values associated with the first and second
resonator circuits 500, 600 are represented by the first and
second resistors 530, 630. As 1s explaimned in more detail
below, the magnitude of the (Q-values of the resonator circuits
500, 600 1s proportional to the efliciency of energy transfer
between the circuits 500, 600.

[0061] In this general example, the inductors 510, 610 are
separated by a distance approximately one order of magni-
tude greater than the physical dimensions of the inductors
510, 610 themselves. At this range, the coupling coellicient K
between the inductors 510, 610 1s small, for example 0.001 or
less, meaning that any attempt to transier energy between the
resonator circuits 500, 600 by conventional inductive cou-
pling would be extremely 1neflicient.

[0062] FIG. 3 shows an equivalent transformer circuit for
the first and second RLC resonator circuits 500, 600. When
the frequency of the time-dependent current source 340 1s not
equal to the resonant frequency 1, of the second RLC resona-
tor circuit 600, the second resonator circuit 1s bypassed due to
negligible inductance LK. As such, very little or no power 1s
transferred to the load. However, when the conditions for
resonant inductive coupling are met, this situation is reversed
as 1s explained below.

[0063] A first condition for energy transier by resonant
inductive coupling 1s that the Q-values (represented by the
resistors 530, 630) of the resonator circuits 500, 600 are very
high, for example one hundred or more. A second condition
for energy transier by resonant inductive coupling is that the
resonant frequencies 1, of the circuits 500, 600 are equal to
one another. When these conditions are met, and current 1s
supplied by the current source 540 at

1
fo = :
2nv L Cy

current 1n the first inductor 510 1s routed via the second
inductor 610. Under these conditions, the inductance LK 1n
the equivalent transformer circuit shown 1 FIG. 3 1s tuned
with the secondary resonator circuit. As such, the equivalent
transformer circuit shown in FIG. 3 can be reduced to the
circuit of a single electrical resonator, as shown by FIG. 4.
There 1s no limit on the number of secondary resonator cir-
cuits which could receive current from a primary resonator
circuit in this way.
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[0064] Theimpedances of the individual components of the
equivalent transformer circuit shown 1n FIG. 3 are shown 1n
FIG. 5. The impedance Z of the reduced circuit can thus be
calculated as follows:

Jﬁ LK - Zsemndm}f

7=
g wLK + Zser:andary

[0065] Assuming the Q-value of the secondary resonator
circuit 600 1s high, 7 may be written as:

secondary

ZSE’EDHdGI‘jF = ﬁML(l - K)+ 1 /ﬁmc

GoLK - (jowl(l — K)+ 1/ jwC)

LK + (joL(1 = K) + 1/ jwC)
jwLK - (jowl(l — K) = jwl)

~ JwLK + (joL{(l = K) — jol)
GWLK - (= jwLK)

jwLK — joLK

".1Z1—0 as the conditions for resonant inductive coupling
are reached.

[0066] In this way, a secondary resonator circuit may be
tuned so as to receive energy by resonant inductive coupling
from any primary resonator circuit.

[0067] FIG. 6 1llustrates a general relationship between the
eificiency of wireless energy transfer v through inductive
coupling between primary and secondary reactances sepa-
rated by a distance one order of magnitude larger than the
physical dimensions of the reactances. The efficiency of wire-
less energy transier m 1s plotted on the vertical axis using a
logarithmic scale, and the difference 1n resonant frequency 1,
between the reactances 1s plotted on the horizontal axis. This
relationship 1s applicable to, for example, wireless energy
transier between the primary inductor 111 of the feeding

device 100 and a secondary inductor 211 of a portable device
200 shown 1n FIG. 7.

[0068] As can be seen, the efficiency of wireless energy
transier n between the reactances 1s at a maximum when the
resonant frequencies f, associated with the reactances are
equal to one another. Moreover, the efficiency of wireless
energy transier n between the reactances decreases markedly
as the difference between the resonant frequencies 1, associ-
ated with the reactances increases. Accordingly, as discussed
above, 1n order to transfer energy at the maximum possible
elficiency 1t i1s preferable for the reactances to have resonant
frequencies 1, which are as close to each other as possible.
I[deally, the resonant frequencies 1, should be identical.

[0069] In addition, as previously discussed, the efliciency
of energy transier between primary and secondary reactances
1s proportional to the magmtude of the QQ-values associated
with the reactances; for a high efficiency of energy transfer,
the magnitude of the Q-values should be large. For example,
in the case of the primary and secondary inductors 111, 211
discussed above 1n relation to the transier of energy from the
teeding device 100 to the portable device 200, efficient energy
transter may be achieved with Q-values Q,,,, Q,,, 1n the
order o1 100. Furthermore, the relative difference between the
resonant frequencies 1, ;y, f5,,,associated with the induc-
tors 111, 211 should be less that the reciprocal of their asso-
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ciated Q-values. At relative differences greater than the recip-
rocal of the Q-values, the efficiency of energy transier

decreases by 1/Q".

[0070] FIGS. 7 and 8 1llustrate the difference between con-
ventional inductive coupling and resonant inductive coupling
when the distance between reactances, for example the pri-
mary and secondary inductors 111, 211, 1s one order of mag-
nitude greater than the reactances’ physical dimensions.
Referring to FI1G. 7, with conventional inductive coupling, 1.¢.
when the difference between the resonant frequencies asso-
ciated with the inductors 111, 211 is outside of the limits
discussed above, only a negligible amount of energy in the
magnetic field 400 1s passed from the primary inductor 111 to
the secondary inductor 211 1n the portable device 200. In
contrast, referring to FIG. 8, when the resonant frequencies 1,
associated with the inductors 111, 211 are matched, energy 1s
able to tunnel by resonant inductive coupling from the pri-
mary inductor 111 1n the feeding device 100 to the secondary
inductor 211 1n the portable electronic device 200 via the
magnetic field 400.

[0071] For the purposes of simplicity and clarity, the above
example discusses the transfer of energy from a primary
inductor 111 to a single secondary inductor 211. However,
alternatively, energy can be transierred from the primary
inductor 111 to a plurality of secondary inductors 211 all
being associated with the same resonant frequency 1, poten-
tially enabling multiple portable devices 200 to receive
energy wirelessly from a single feeding device 100.

[0072] In this way, feeding devices 100 are able to supply
energy to portable electronic devices 200 over mid-ranges,
for example several metres, in environments 1in which 1t 1s not
convenient to mstall mains power sockets. As an example, 1n
a similar manner to the installation of wireless LANS in cafes
and restaurants, a network 700 of feeding devices 100 could
be 1nstalled throughout a public space to provide members of
the public with a power supply for their portable electronic
devices 200. Such a public space could be, for example, a
cafe, restaurant, bar, shopping mall or library. Alternatively,
teeding devices may be installed in private spaces such as, for
example, the interior of a person’s car or home.

[0073] Inorderto maximise the potential of such a network
700 of feeding devices 100, 1t 1s preferable that the feeding
devices 100 have the capacity to supply energy to as many
portable devices 200 as possible. One way 1n which this could
be achieved 1s to implement a degree of standardization 1n the
properties of the reactances, for example the primary and
secondary inductors 111, 211, used in the feeding devices 100
and portable electronic devices 200. In particular, 1t would be
preferable 1f the resonant frequency 1, associated with the
primary reactance in each feeding device 100 of the network
700 was the same. This would enable manufacturers of por-
table devices 200 and other electrical devices to equip their
devices with secondary reactances associated with the same
standardized resonant frequency 1.

[0074] A skilled person will appreciate, however, that due
to manufacturing tolerances, the mass production of induc-
tors to a degree of accuracy in which all the inductors are
associated with exactly the same resonant frequency 1, may
be difficult to achieve. This will lead to variations in both the
resonant Irequencies 1, of feeding devices 100, and to varia-
tions 1n the resonant frequencies 1, of portable devices 200.
Furthermore, even 1f feeding devices 100 and portable
devices 200 can be manufactured with identical resonant
frequencies 1, 1n free space, the resonant frequencies 1, of
cach individual unit will be affected when 1n use by other
inductors in the unit’s surrounding environment. The amount
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by which the resonant frequency of each unit 1s altered wall
depend on the number and proximity of other inductors.

[0075] Thus, even when attempts have made to standardize
the resonant frequencies 1, of feeding devices and portable
devices, manufacturing 111tolerances and environmental con-
ditions still have the potential to cause problems for energy
transier by resonant inductive coupling.

[0076] One way to alleviate this problem 1s to provide por-
table electronic devices 200 with a wireless energy transier
apparatus 210 for altering the resonant frequency 1, associ-
ated with their secondary inductors 211 post-manufacture 1n
dependence of the properties of a nearby feeding device 100.
This provides portable electronic devices 200 with the ability

to tune their mductor’s resonant frequency 1, to match that
associated with the primary inductor 111 1n a nearby feeding
device 100 and thus receive energy wirelessly by resonant
inductive coupling.

[0077] An exemplary embodiment of a portable electronic
device 200 adapted to receive energy wirelessly by resonant
inductive coupling 1s given below. Referring to FIG. 9, the
portable electronic device 200 comprises a wireless energy
transfer apparatus 210, comprising a power supply umt
(PSU), for receiving energy from a magnetic field and sup-
plying electrical energy to electrical components 240 of the

portable device 200. Alternatively, as discussed below, elec-

trical energy may be supplied to a rechargeable chemical
battery 250 of the portable electronic device 200.

[0078] In the example discussed below, the magnetic field
will be referred to 1n the context of the magnetic field 400
created by current flowing through the primary inductor 111
in a feeding device 100. However, a skilled person will appre-
ciate that the magnetic field could alternatively correspond to
a magnetic field created by another feeding device, or any
other suitable magnetic field source.

[0079] The wireless energy transier apparatus 210 1s con-
trolled by a microcontroller 220 and comprises a receiving,
component 211a, comprising at least one reactance, for
receiving energy wirelessly from the magnetic field 400 by
resonant inductive coupling. In this example, the receiving
component 211a comprises a secondary inductor 211. The
inductor 211 1s associated with an inductance L, ,, Q-factor
Q,,;, and resonant frequency {;,,,,,. The microcontroller 220
may be integrated into the energy transier apparatus 210.

[0080] The wireless energy transier apparatus 210 further
comprises monitoring circuitry 230 configured to detect a
magnetic field 400 created by the primary inductor 111 1n the
teeding device 100, as 1s described 1n more detail below.
Upon detecting the magnetic field 400, the monitoring cir-
cuitry 230 and microcontroller 220 are further configured to
detect and monitor the resonant frequency 1, ,,,, associated
with the primary inductor 111.

[0081] The features of the monitoring circuitry 230 allow
the portable device 200 to wirelessly receive energy over
mid-range distances, for example distances at least one order
of magnitude greater than the physical dimensions of the
primary and secondary inductors 111, 211.

[0082] Referringto FIG. 10 in combination with FIG. 9, the
secondary inductor 211 of the wireless energy transter appa-
ratus 210 has a parasitic capacitance C and 1s connected to a
plurality of switched-mode power supplies (SMPSs) 212 via
a diode-bridge 213 and LC filter 214. The purpose of the LC
filter 214 1s to ensure that a constant reactive load 1s intro-
duced to the secondary inductor 211. If the inductor 211 were
to be loaded resistively, there would be a significant decrease
in the Q-value Q,,,, associated with the inductor 211, which
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would 1n turn significantly reduce the efficiency of the trans-
fer of energy from the feeding device 100, as previously
discussed.

[0083] The diode-bridge 213 and LC filter 214 also protect
the inductor 211 from direct exposure to the strongly time-
varying load presented by the SMPSs 212, which are config-
ured to supply power recerved from the magnetic field 400 to
various circuits of the portable electronic device 200. The
SMPSs 212 may be configured, for example, to supply power
to a rechargeable chemical battery 250 of the portable elec-
tronic device 200, as shown 1n FIG. 9, for recharging.

[0084] Alternatively the SMPSs 212 may be configured to
supply power directly to electrical components 240 of the
portable electronic device 200, with the chemical battery 2350
acting as a reserve power source. For example, the chemaical
battery 250 may be configured only to supply power to elec-
trical components 240 of the portable electronic device 200
when the wireless energy transier apparatus 210 1s not receiv-
ing power by resonant inductive coupling. If feeding devices
100 were to become widespread, the inclusion of the
rechargeable battery 250 1n the portable device 200 could
become unnecessary.

[0085] Referring to FIG. 11, 1n this example of the portable
clectronic device 200, the recerving component 2114 1s adap-
tive. This allows the resonance characteristics associated with
the secondary inductor 211 to be tuned to match the resonance
characteristics associated with the primary inductor 111 1n
the feeding device 100. This provides the degree of tuneabil-
ity necessary for the resonant frequency 1., associated
with the secondary inductor 211 to be varied, should the
resonant frequency 1,.,,, not be identical to that associated
with the primary inductor 111 in the feeding device 100.

[0086] Inmoredetail, as 1s shown by FIG. 11, the receiving
component 211a comprises the secondary inductor 211
optionally coupled to an array of capacitors 215, each capaci-
tor 215 having a different capacitance to each of the others.
For example, as shown by FIG. 11, the capacitors 215 may
comprise N capacitors with capacitances C,, C,/2, ... C,/2"""
1. Hach of the capacitors 215 may be optionally Coupled to the
secondary inductor 211 to aflect the capac1tance C,,,; of the
receiving component 211a, thereby varying the resonant fre-
quency fD(2 11y associated with the inductor 211 and providing
a mechanism for the portable device 200 to match the reso-
nant frequency 1, , associated with the secondary inductor
211 with the resonant frequency 1, ,,, associated with the
primary inductor 111 in the feeding device 100. It will be
appreciated that the resonant frequency 1,.,,, associated
with the secondary inductor 211 could alternatively be varied
by altering the inductance of the receiving component 211a.

[0087] Inthis implementation, as 1s shown by FIG. 11, the
array of capacitors 215 1s coupled to a control unit 216 1n the
microcontroller 220 for automatically controlling the capaci-
tance C,,, of the receiving component 211a 1n dependence of
a control signal from the monitoring circuitry 230. The micro-
controller 220 may comprise a memory and signal processing
means 217, for example including a microprocessor 218,
configured to implement a computer program for detecting
and monitoring the resonant frequency associated with the
primary inductor 111 through the monitoring circuitry 230
and analysing the control signal from the monitoring circuitry
230 to vary the resonant frequency associated with the sec-
ondary inductor 211 by connecting and disconnecting the
individual capacitors 215.

[0088] Inthis way, the control unit 216 1s able to adapt the
resonant frequency 1,.,,,, associated with the secondary
inductor 211 to make 1t equal to the resonant frequency £,
associated with the primary inductor 111, thereby 1nitiating
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resonant inductive coupling between the primary inductor
111 and the secondary inductor 211.

[0089] The monitoring circuitry 230 may be coupled to an
output from the LC filter 214 to detect signals from the sec-
ondary inductor 211 and thus to detect when the portable
clectronic device 200 1s 1n the presence of a magnetic field
400. For example, the output of the LC filter 214 may be
coupled to an mput of an AD converter 231, which may be
integrated 1nto the microcontroller 220, for sensing a voltage
induced 1n the secondary inductor 211 and for supplying
corresponding signals to the microcontroller 220 for calcu-
lating the resonant frequency associated with the primary
inductor 111. The resonant frequency associated with the
secondary inductor 211 may then be varied to match the
calculated resonant frequency of the primary inductor 111.

[0090] Alternatively, as shown by FIG. 9, the monitoring
circuitry 230 may comprise a separate coil 232 for supplying
induced voltage signals to the AD converter 231.

[0091] The monitoring circuitry 230 1s sensitive to very
small induced voltages, for example of the order of micro-
volts, and thus 1s configured such that 1t 1s able to detect a
magnetic field 400 even when the secondary inductor 211 1s
in a detuned state. The momitoring circuitry 220 1s thus able to
detect the presence of a primary inductor 111 even when then
the resonant frequency 1, associated with the primary
inductor 111 1s not equal to the resonant frequency {1, , set
for the secondary inductor 211 in the portable electronic

device 200.

[0092] As shown by FIG. 11, the wireless energy transier
apparatus 210 may include a memory 219 for storing fre-
quency values corresponding to resonant frequencies 1, in
different environments, such that the resonant frequency
associated with the secondary inductor 211 can be automati-
cally adjusted upon the portable electronic device 200 enter-
ing a particular environment. For example, such automatic
adjustment could be prompted by a control signal, recerved
through an aerial of the portable device 200, indicating that
the device 200 has entered a familiar environment. The
memory 219 may also be suitable for storing tuning values
between various life cycle states. The memory 219 may com-
prise non-volatile memory 1n order that the various resonant
frequency values 1, stored in the memory 219 are not lost
when the device 200 1s switched-oif.

[0093] Steps associated with the imitiation of a wireless
energy transier between a supply source 110, for example
comprising a primary inductor 111, and the portable elec-

tronic device 200 in the manner described above are shown in
FIG. 12.

[0094] Referring to FIG. 12, as described above, the first
step S1 1s to detect the presence of the supply source 110 by
detecting the presence of its associated magnetic field 400
from an induced voltage at the momitoring circuitry 230. The
supply source 110 may comprise a primary inductor 111 1n a
teeding device 100. The second step S2 1s to calculate and
monitor the resonant frequency of the supply source 110, and
the third step S3 1s vary the resonant frequency of the receiv-
ing component 211a, comprising the secondary inductor 211,
in dependence of the resonant frequency of the supply source
110. In order to mnitiate wireless energy transier with the
highest possible elliciency, the third step S3 1involves match-
ing the resonant frequency of the receiving component 211a
with the resonant frequency of the supply source 110. Upon
completing these steps, the fourth step S4 1s to recelve energy
wirelessly from the supply source 110 at the recerving com-
ponent 211a by resonant inductive coupling, and the fifth step
S5 15 to supply the energy to one or more components 240 of
the portable device 200.
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[0095] If wireless energy transier between the supply
source 110 and portable device 200 stops, for example
because the portable device 200 moves out of range, then, as
described above, the chemical battery 250 may be configured
to supply electrical energy to the components 240 of the
portable device 200 1n step S6. As shown by FIG. 12, 1n step
S7, the supply of electrical energy from the battery 250 1s
ceased when wireless energy transier by resonant inductive
coupling 1s reinitiated.

[0096] The above example discusses the use of an adaptive
receiving component 211a to vary the resonant frequency
associated with the secondary inductor 211 in a portable
clectronic device 200 so as to match the resonant frequency
associated with the secondary inductor 211 to a detected
resonant frequency associated with a primary inductor 111 in
a feeding device 100. However, it will be appreciated that an
adaptive component could alternatively be employed 1n a
teeding device 100 so as match the resonant frequency asso-
ciated with a primary inductor 1n the feeding device 100 to
that of a secondary inductor 1n a portable electronic device.

[0097] For example, a portable electronic device 200 may
be configured to supply a control signal to a feeding device
100 1n order to supply the feeding device 100 with the reso-
nance characteristics of the secondary inductor in the portable
clectronic device. The feeding device 100 would then be able
to match the resonant frequency associated with its primary
inductor to the resonant frequency associated with the sec-
ondary inductor 1n the portable device 200, thereby 1nitiating
wireless energy transfer by resonant inductive coupling.

[0098] Inanother alternative, the supply source of a feeding
device may comprise a primary inductor driven by an ampli-
fier, and the microcontroller of the portable electronic device
may be configured to match a resonant frequency of the
adaptive recerving component to a detected frequency of a
magnetic field associated with the supply source.

[0099] Inthe example discussed above, the portable device
200 comprises a mobile telephone or PDA. However, 1t will
be appreciated that the portable device may alternatively
comprise any number of other devices, for example a laptop
computer or digital music player. It will further be appreci-
ated that the invention 1s not limited to the supply of power to
portable electronic devices, but may be used for powering a
wide variety of other electrical devices. For example, a net-
work of feeding devices may be installed 1n the home for
supplying power to electric lamps and other household appli-
ances. The above-described embodiments and alternatives
may be used either singly or in combination to achieve the
elfects provided by the mvention.

1. An apparatus comprising:

monitoring circuitry configured to monitor a resonant ire-
quency of a supply source;

a rece1ving component; and

a control unit configured to vary a resonant frequency of
said receiving component, wherein the apparatus 1s con-
figured to vary the resonant frequency of said receiving
component 1n dependence of the resonant frequency of
said supply source.

2. An apparatus according to claim 1, wherein the receiving,
component 1s adapted to receive energy Tirelessly from the
supply source by resonant inductive coupling.

3. An apparatus according to claim 2, wherein the appara-
tus further comprises a plurality of electrical components, and
the apparatus 1s configured to supply electrical energy to at
least one of these electrical components.
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4. An apparatus according to claim 3, further comprising a
battery for supplying electrical energy to at least one of the
clectrical components when energy i1s not being recerved
from the supply source.

5. An apparatus according to claim 1, wherein the recerving
component comprises an adaptive recerving component hav-
ing a variable resonant frequency.

6. An apparatus according to claim 1, wherein the appara-
tus 1s configured to match the resonant frequency of said
receiving component with the resonant frequency of said
supply source.

7. An apparatus according to claim 1, wherein a voltage 1s
induced 1n the receiving component by a magnetic field gen-
erated by the supply source, and the control unit 1s configured
to vary the resonant frequency of the receiving component to
match the resonant frequency of the supply source.

8. An apparatus according to claim 1, wherein the appara-
tus comprises a portable electronic device.

9. An apparatus according to claim 1, wherein the appara-
tus comprises a mobile telephone.

10. An apparatus according to claim 1, wherein the appa-
ratus comprises a personal digital assistant (PDA).

11. An apparatus according to claim 1, wherein the appa-
ratus comprises a laptop computer.

12. An apparatus comprising:

means for detecting a presence of a supply source;

means for monitoring a resonant frequency of said supply
source; and

means for varying a resonant frequency of a receiving
component 1n dependence of the resonant frequency of
said supply source.

13. An apparatus comprising a receiving component hav-
ing variable resonance characteristics for receiving energy
wirelessly from a supply source, wherein the resonance char-
acteristics of the recerving component may be varied to match
resonance characteristics of the supply source to increase the
eificiency at which energy 1s recerved from the supply source.

14. An apparatus according to claim 13, further comprising
monitoring circuitry for detecting and monitoring the reso-
nance characteristics of the supply source.

15. An apparatus according to claim 13, wherein the receiv-
ing component comprises an adaptive receiving component
having variable resonance characteristics and the apparatus
turther comprises:

a control unit configured to automatically vary the reso-
nance characteristics of the adaptive recerving compo-
nent to match the resonance characteristics of the supply
source.

16. An apparatus according to claim 13, wherein the appa-

ratus further comprises one or more electrical components

and the receiving component 1s coupled to power supply
circuitry to supply power to at least one of these electrical

components.

17. An apparatus according to claim 16, further comprising
a battery for supplying electrical energy to at least one of the
clectrical components when energy i1s not being recerved
from the supply source.

18. An apparatus according to claim 13, wherein the appa-
ratus comprises a portable electronic device.
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19. An apparatus according to claim 13, wherein the appa-
ratus comprises a mobile telephone.
20. An apparatus according to claim 13, wherein the appa-
ratus comprises a personal digital assistant (PDA).
21. An apparatus according to claim 13, wherein the appa-
ratus comprises a laptop computer.
22. A system comprising;
a supply source; and
an apparatus comprising:
monitoring circuitry configured to momitor a resonant
frequency of the supply source;
a recelving component; and
a control unit configured to vary a resonant frequency of
said receving component, wherein the apparatus 1s
configured to vary the resonant frequency of said
receiving component in dependence of the resonant

frequency of said supply source.
23. A method comprising:
detecting a presence of a supply source;
monitoring a resonant frequency of said supply source; and

varying a resonant frequency of a recerving component 1n
dependence of the resonant frequency of said supply
source.

24. A method according to claim 23, further comprising:

matching the resonant frequency of said recerving compo-

nent with the resonant frequency of said supply source.

25. A method according to claim 23, further comprising:

receving energy wirelessly at the receiving component

from the supply source by resonant inductive coupling.

26. A method according to claim 23, wherein said receiving,
component comprises an adaptive recerving component hav-
ing a variable resonant frequency and the method further
COmprises:

inducing a voltage in the adaptive recerving component

using a magnetic field generated by the supply source;
and

varying the resonant frequency of the adaptive receiving

component to match the resonant frequency of the sup-
ply source.

27. A method according to claim 23, further comprising
supplying electrical energy to an electrical apparatus.

28. A method according to claim 23, further comprising:

recerving energy at the recerving component from the sup-

ply source by resonant inductive coupling;
supplying energy recerved by resonant inductive coupling
to at least one component of an electrical device; and

supplying energy to at least one component of an electrical
device from a battery when energy 1s not being recerved
at the recerving component from the supply source.

29. A computer program product comprising a computer-
readable medium having computer-readable program code
embodied 1n said medium, comprising:

a computer-readable program code configured to detect a

presence of a supply source;

a computer-readable program code configured to monitor a

resonant frequency of said supply source; and

a computer-readable program code configured to vary a

resonant frequency of a receiving component 1n depen-
dence of the resonant frequency of said supply source.
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