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WIRELESS CHARGING SYSTEM

BACKGROUND OF THE INVENTION

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application 61/079,301 filed on Jul. 9, 2008,
which is herein incorporated by reference in its entirety.
[0002] The present invention relates to wireless power sup-
ply systems, and more particularly to a system for wirelessly
charging an electronic device.

[0003] With continued growth in the use of battery-oper-
ated portable electronic devices, there are increasing con-
cerns about the problems associated with conventional bat-
tery chargers. Battery-operated portable electronic devices
are often provided with a battery charger foruse in recharging
the batteries. Many conventional battery chargers include a
power cord that plugs into a power input port on an electronic
device. The design of the battery charger, including power
specifications and plug configuration, typically varies from
device to device such that a battery charger of one device is
not likely to operate properly in charging the batteries of
another device. Accordingly, a user with multiple electronic
devices is required to maintain and store a variety of different
battery chargers. The cords of conventional corded battery
chargers are unsightly and have a tendency to become tangled
both alone and with cords of other chargers. Corded chargers
are also relatively inconvenient because a user is required to
plug and unplug the cord each time the device is charged.
[0004] To overcome these and other problems associated
with corded battery chargers, there is a growing trend toward
the use of wireless charging systems for charging batteries in
portable electronic devices. Wireless charging systems offer a
number of advantages. For example, they eliminate the
unsightly mess created by a collection of charger cords and
eliminate the need for users to plug and unplug the device
from the charger.

[0005] Although wireless charging systems can be a
marked improvement over wired chargers, they continue to
suffer from some inconveniences. For example, due to limi-
tations inherent in their nature of batteries, conventional bat-
tery chargers charge at a relatively slow rate. As a result, a
device that has exhausted its battery must remain on the
charger for a relatively long period before it is capable of
further use. The inability to use a device for an extended
period while it remains on the charger can be a significant
inconvenience.

SUMMARY OF THE INVENTION

[0006] The present invention provides a battery-operated
remote control with a wireless charging system having an
inductive power supply and a secondary power circuit with a
charge storage capacitor and a charging subcircuit for charg-
ing the battery with the power stored in the charge storage
capacitor. In operation, the secondary power circuit wire-
lessly receives power from the inductive power supply and
rapidly charges the capacitor. The charging subcircuit charges
the battery with the power from the charge storage capacitor
at a rate appropriate for battery charging. Because power is
stored in the capacitor, battery charging can continue even
after the remote control is removed from the inductive power
supply.

[0007] In one embodiment, the charge storage capacitor is
electrically connected to the electronics of the remote control
such that the remote control can operate using power stored in
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the charge storage capacitor. The charge storage capacitor
may be a single supercapacitor or it may be a bank of multiple
capacitors, such as a series or parallel arrangement of super-
capacitors.

[0008] Inone embodiment, the charging system includes a
communication system for communicating charging infor-
mation from the secondary to the inductive power supply. The
charging information may include, among other things, oper-
ating parameters or data that permits the inductive power
supply to determine operating parameters. For example, the
secondary may indicate when the power supplied to the sec-
ondary power circuit is within an adequate range for charging
the capacitor, when the capacitor is fully charged or when the
capacitor needs additional charging.

[0009] Inoneembodiment, the secondary includes a charg-
ing circuit connecting the capacitor and the battery. The
charging circuit may be nothing more than an electrical con-
nector that connects the battery and the capacitor. Alterna-
tively, the charging circuit may be a more complicated charg-
ing circuit, such as an appropriate diode to prevent the battery
from leaking power into the capacitor or a charge control
circuit incorporated into an integrated circuit.

[0010] In an alternative embodiment, the present invention
is incorporated into a simple analog charging system. In this
embodiment, the secondary supplies power to the capacitor
until the capacitor reaches a predetermined voltage. Once the
capacitor reaches that voltage, a charging switch is opened to
open the current path from the secondary to the capacitor. The
circuit remains open until the voltage of the capacitor falls
back belong the predetermined value, for example, after a
sufficient amount of the power in the capacitor has been
depleted in charging the battery.

[0011] In another aspect, the present invention provides a
method for rapidly charging the battery of a remote control.
The method includes the general steps of: 1) generating an
electromagnetic field with an inductive power supply, 2) posi-
tioning a remote device with a secondary power circuit in the
electromagnetic field to induce electrical power within the
secondary power circuit, 3) rapidly charging a charge storage
capacitor in the secondary power circuit with the induced
power and 4) charging the battery of the remote device with
the power stored in the charge storage capacitor.

[0012] In one embodiment, the method includes the steps
of: 1) sending charge information from the secondary power
circuit to the inductive power supply and 2) adjusting opera-
tion of the inductive power supply based on the charge infor-
mation received from the secondary power circuit. In one
embodiment, the inductive power supply adjusts its operating
frequency based on the charge information. In another
embodiment, the inductive power supply adjusts duty cycle in
based on the charge information. In another embodiment, the
inductive power supply adjusts input rail voltage based on the
charge information.

[0013] The present invention provides a simple and effec-
tive wireless recharging system suitable for remote control
systems and other battery-operated electronic devices.
Because the charge storage capacitor charges much more
quickly than a conventional rechargeable battery, the charge
storage capacitor can be much more rapidly charged than the
battery. As aresult, the present invention allows the secondary
power circuit to quickly store sufficient power to operate the
electronic device for at least a short period. Further, the com-
munication system allows the inductive power supply to
adapt its operating parameters, such as operating frequency
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and/or duty cycle, to provide efficient operation. Additionally,
the communication system facilitates interoperability by per-
mitting compatible remote devices to identify themselves to
the inductive power supply and to initiate inductive charging.
[0014] These and other objects, advantages and features of
the invention will be more fully understood and appreciated
by reference to the description of the current embodiment and
the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 is a schematic representation of a remote
control incorporating a rapid charging system in accordance
with an embodiment of the present invention.

[0016] FIGS. 2A-2E are diagrams of an inductive power
supply circuit.

[0017] FIGS. 3A-3B are diagrams of a secondary power
circuit.

[0018] FIG. 4 is a flow chart of the operating method of the

inductive power supply circuit.

[0019] FIG.5 is a flow chart of the operating method of the
secondary power circuit.

[0020] FIG. 6 is a representative power/frequency curve for
an embodiment of the present invention.

[0021] FIG. 7 is a representation of an amplitude-modu-
lated signal carrying data.

[0022] FIG. 8 is a representation of data encoded using
differential bi-phase encoding.

[0023] FIG. 9 is a representation of a data packet.

[0024] FIG. 10 is a schematic representation of a bank of
capacitors in series.

[0025] FIG. 11 is a schematic representation of a bank of
capacitors in parallel.

[0026] FIG. 12 is a schematic representation of an alterna-
tive embodiment of the secondary power circuit.

[0027] FIGS. 13A-D are illustrations of another alternative
embodiment.
[0028] FIGS. 14A-B are diagrams of another embodiment

of a secondary power circuit.

DESCRIPTION OF THE CURRENT
EMBODIMENT

[0029] 1. Overview.

[0030] A remote control system 10 having an inductive
charging system in accordance with an embodiment of the
present invention is shown in FIG. 1. The system generally
includes an inductive power supply 12 and a battery-operated
remote control 14. The inductive power supply 12 generates
an electromagnetic field capable of wirelessly transmitting
power to the remote control 14. The remote control 14
includes a secondary power supply circuit 60 capable of
receiving power and delivering it in a usable form when in the
presence of an appropriate electromagnetic field. The power
induced in the secondary circuit 60 is rapidly stored in a
charge storage capacitor 72. The power stored in the charge
storage capacitor 72 is used to charge the battery 100 over an
extended timeframe suitable for battery charging. Accord-
ingly, power can be quickly stored in the charge storage
capacitor 72 and used to continue to charge the battery 100
even after the remote control 14 is removed from the inductive
power supply 12. In some applications, the power stored in
the charge storage capacitor 72 may be used to provide a
short-term source of power for the remote control 14. For
example, in some applications, the remote control 14 may be
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capable of drawing power directly from the charge storage
capacitor 72. In such embodiments, the remote control 14 can
be charged sufficiently to function much more quickly than
would be required if the system relied solely on battery charg-
ing.

[0031] II. Structure.

[0032] As noted above, the remote control system 10
includes an inductive power supply 12 that produces an elec-
tromagnetic field capable of inducing electrical power in an
appropriate remote device, such as the remote control 14.
Although described in connection with a specific inductive
power supply 12, the present invention is configurable for use
with essentially any inductive power supply capable of con-
veying the necessary power. Referring now to FIG. 1, the
inductive power supply 12 of the illustrated embodiment
generally includes a controller 32 and a tank circuit 34. The
controller 32 of this embodiment is capable of supplying
power to the tank circuit 34 at different operating frequencies,
which allows the controller 32 to vary the power provided to
the remote control 14. In alternative embodiments, the con-
troller 32 may be capable of varying the duty cycle instead of,
or in addition to, the operating frequency. The tank circuit 34
of this embodiment is a series resonant tank circuit having a
primary coil 16 and a capacitor 38. The tank circuit 34 may
alternatively be other forms of resonant and non-resonant
tank circuits, such as parallel resonant tank circuits. The
inductive power supply 12 of this embodiment receives
power from an external DC power supply 22. The external DC
power supply 22 may be a conventional DC power supply
capable of receiving 110V AC input and providing output
power at 19V DC.

[0033] A circuitdiagram ofaninductive power supply 12 in
accordance with an embodiment of the present invention is
shown in FIGS. 2A-E. Although not shown in FIGS. 2A-E,
the inductive power supply 12 receives power at VIN from an
external DC power supply 22 (See FIG. 1). The inductive
power supply 12 generally includes controller 32, memory
40, power supply 42, clock 44, IRDA subcircuit 46, port 48,
driver electronics 50a-b, FETs 52a-b, primary coil 16, tank
capacitor 38, current sense transformer subcircuit 54, LED 56
and LED power subcircuit 58. Power supply 42 provides DC
power for the controller 32 and other components of the
circuit, and may be a conventional DC/DC power supply that
converts VIN to the appropriate DC voltage, VCC. Output of
the power supply 42 may be provided to the controller 32
through an arrangement of filtering capacitors 43, if desired.
Memory 40 may be used to store, among other things, the
operating program and operating parameters of the inductive
power supply 12. Memory 40 may be any suitable memory,
but in the illustrated embodiment is 64 k of conventional
EEPROM. The circuit may include an external clock 44 to
provide improved accuracy over the internal RC constant
clock integrated into the controller 32. The external clock 42
may be a conventional crystal oscillator clock. The controller
32 outputs control signals to a driver circuit 51 that controls
the timing of the switching circuit 53. The driver circuit 51
includes driver electronics 50a-b, and the switching circuit 53
includes FETs 52a-b. The timing of the control signals to the
driver electronics 50a-b controls the timing of FETs 52a-b
and consequently the operating frequency of the tank circuit
34. More specifically, the control signals are amplified by the
driver electronics 50a-b to a magnitude sufficient to operate
the FETs 52a-b. The controller 32 produces control signals
that alternately open and close the FETs 524-5 to alternately
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connect the tank circuit 34 to VIN or ground at the desired
operating frequency. The controller 32 may vary the timing of
the control signals to vary the operating frequency and/or
duty cycle of the inductive power supply 12.

[0034] Inthe illustrated embodiment, the primary coil 16 is
a coil of wire, such as Litz wire. The characteristics of the
primary coil 16 (e.g. wire size, wire type, number of turns,
shape of coil) will vary from application to application to
achieve the desired functionality. The primary coil 16 may be
essentially any component capable of generating a magnetic
field. For example, the primary coil 16 may be replaced by a
printed circuit board coil or a stamped coil.

[0035] The tank capacitor 38 of the illustrated embodiment
is selected to have a capacitance that, when coupled with the
primary coil 16, provides the tank circuit with a resonant
frequency at or near the anticipated range of operating fre-
quencies. The characteristics of the tank capacitor 38 may
vary from application to application, as desired.

[0036] The current sense transformer subcircuit 54 is
coupled to the tank circuit 34 to provide a signal to the
controller 32 that is indicative of the current within the tank
circuit 34. In the illustrated embodiment, the current sense
transformer subcircuit 54 includes a current sense trans-
former 55 the output of which is passed through a variety of
conditioning and filtering components, as shown in FIGS.
2A-E, before it reaches the controller 32. The output of the
current sense transformer subcircuit 54 may be used by the
controller 32 to demodulate data signals carried on the elec-
tromagnetic field (as described in more detail below), as well
as to identify fault conditions, such as excessive current draw.
In the event of a fault condition, the controller 32 may take
remedial action, for example, by shutting off the system or
varying its operating parameters in an effort to resolve the
fault condition.

[0037] The illustrated embodiment includes an optional
IRDA subcircuit 46 and an optional programming port 48.
The IRDA subcircuit 46 and port 48 are alternatives for pro-
gramming and upgrading the controller 32. The IRDA sub-
circuit 46 permits the controller 32 to be programmed or
upgraded using conventional IRDA communications, while
the port 48 allows the controller 32 to be programmed or
upgraded through a plugged-in connection.

[0038] The remote control 14 is a battery-operated remote
control that includes a secondary power circuit 60 that
receives power from the inductive power supply 12 and uses
the power to rapidly charge a charge storage capacitor 72. For
example, in one embodiment, the remote control 14 may be a
television remote control for wirelessly changing the channel
of a television. The secondary power circuit 60 utilizes the
power stored in the charge storage capacitor 72 to charge the
battery 100 of the remote control 14 over an appropriate
timeframe. In the illustrated embodiment, the secondary
power circuit 60 generally includes a secondary coil 62, a
rectifier 64, a charging switch 66, a current sense amplifier
subcircuit 68, a voltage sense subcircuit 70, a charge storage
capacitor 72, a VCC regulator subcircuit 74, a voltage boost
subcircuit 76, a switch driver subcircuit 78, a controller 80, a
communications subcircuit 82, a temperature sense subcir-
cuit 84 and an A/D voltage reference subcircuit 86. In the
illustrated embodiment, the secondary coil 62 is a generally
conventional center-tapped coil of wire, such as Litz wire.
The characteristics of the secondary coil 62 (e.g. wire size,
wire type, number of turns, shape of coil) will vary from
application to application to achieve the desired functionality.
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The secondary coil 62 may be essentially any component in
which a voltage is induced in the presence of a magnetic field,
such as the field generated by the inductive power supply 12.
For example, the secondary coil 62 may be replaced by a
printed circuit board coil or a stamped coil. The rectifier 64
rectifies the AC power induced in the secondary coil 62 to
provide DC power. The rectifier 64 may be essentially any
circuitry capable of converting AC power into DC power, but
in the illustrated embodiment is a full-wave rectifier having
two diodes 88a-b. The charging switch 66 is operable to
selectively control the supply of DC power from the rectifier
64 to the charge storage capacitor 72. The charging switch 66
may be a FET that is opened and closed by operation of switch
driver subcircuit 78. The switch driver subcircuit 78 may be
essentially any driver capable of controlling operation of the
charging switch 66. In the illustrated embodiment, the switch
driver subcircuit 78 cooperates with the voltage boost subcir-
cuit 76 to operate the charging switch 66. The switch driver
subcircuit 78 of the illustrated embodiment 78 includes a
transistor 90 that is actuated by a control signal from control-
ler 80. When the transistor 90 closes, the output of the voltage
boost subcircuit 76 drops to ground, thereby opening the
charging switch 66. In the illustrated embodiment, the voltage
boost subcircuit 76 is a conventional voltage doubler that
converts the AC voltage from the secondary coil 62 to ahigher
DC voltage. The output of the voltage boost subcircuit 76 is
used by the switch driver subcircuit 78 to operate the charging
switch 66. The current sense amplifier subcircuit 68 measures
the current being applied to the charge storage capacitor 72.

[0039] The secondary power circuit 60 includes current
sense and voltage sense circuitry. One embodiment of a sec-
ondary power circuit is illustrated in FIGS. 3A-B. These
subcircuits provide input for a variety of operations, but are
used primarily to control the amount of power applied to the
charge storage capacitor 72 during charging and to determine
when the charge storage capacitor 72 is fully charged. The
current sense amplifier subcircuit 68 of the illustrated
embodiment is a generally conventional subcircuit having an
operational amplifier that, in effect, measures the voltage
drop across resistor 92. The output of the current sense ampli-
fier subcircuit 68 is supplied to the controller 80. The voltage
sense subcircuit 70 measures the voltage applied to the charge
storage capacitor 72. The voltage sense subcircuit 70 may be
any circuitry capable of providing an output indicative of the
voltage applied to the capacitor. In the illustrated embodi-
ment, the voltage sense subcircuit 70 includes a FET 94 for
selectively disabling the subcircuit 70 when the charge stor-
age capacitor 72 is not being charged. This prevents extra
power drain from the charge storage capacitor 72 through the
voltage sense subcircuit 70 when the charge storage capacitor
72 is not being charged. The voltage sense subcircuit 70 also
includes a voltage divider for scaling the voltage to a range
suitable for input to the controller 80.

[0040] The charge storage capacitor 72 may be a single
capacitor or abank of capacitors. For example, FIG. 10 shows
a plurality of capacitors 72a-c arranged in series. As another
example, FIG. 11 shows a plurality of capacitors 72a-c
arranged in parallel. The characteristics of the charge storage
capacitor 72 may vary from application to application
depending in large part on power needs and packaging con-
straints. In the illustrated embodiment, charge storage capaci-
tor 72 is a supercapacitor, ultracapacitor or electrochemical
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double layer capacitor. In some applications, the charge stor-
age capacitor 72 may be one or more conventional electro-
Iytic capacitors.

[0041] As noted above, the secondary power circuit 60
includes a VCC regulator subcircuit 74 to provide DC voltage
atalevel appropriate for operating the controller 80 and other
components. The VCC regulator subcircuit 74 may be essen-
tially any subcircuit capable of providing the desired DC
output.

[0042] The secondary power circuit 60 includes an A/D
voltage reference subcircuit 86. This subcircuit 86 may be
essentially any subcircuit capable of producing a stable ref-
erence voltage. In the illustrated embodiment, the A/D volt-
age reference subcircuit 86 includes an IC 93 for generating
the reference voltage. Alternatively, if the VCC regulator
subcircuit 74 is configured to provide a voltage that is suffi-
ciently stable, the A/D voltage reference subcircuit 86 may be
eliminated.

[0043] The secondary power circuit 60 may also include a
temperature sense subcircuit 84 that monitors the temperature
within the secondary circuit and provides a temperature read-
ing to the controller 80. The controller 80 may disable the
secondary power circuit 60 when the temperature reading
exceeds a predetermined value.

[0044] The secondary power circuit 60 is coupled to a bat-
tery 100 by a charging circuit 102. In use, the battery 100
provides power to the remote control functions of the remote
control 14. The charging circuit 102 may be essentially any
circuit capable of charging the battery 100 using the power
stored in the charge storage capacitor 72. In one embodiment,
the charging circuit 102 is simply electrical connectors that
connect the battery to the charge storage capacitor 72 and to
ground. In another embodiment, the charging circuit 102
includes a diode positioned between the charge storage
capacitor 72 and the battery 100. In yet another embodiment,
the charging circuit 102 may include a battery charging IC. A
variety of battery charging ICs are commercially available.
For example, lithium-ion charging ICs are commercially
available to charge the battery 100 in accordance with a
conventional lithium-ion charging profile.

[0045] As described in more detail below, the communica-
tions subcircuit 82 is designed to produce data communica-
tions carried on the electromagnetic field. In general, the
communications subcircuit 82 communicates by selectively
applying a load to the secondary coil in a pattern representa-
tive of the data. In the illustrated embodiment, the communi-
cations subcircuit 82 includes a FET 96 and a communication
load in the form of resistor 98. In operation, the controller 80
selectively actuates FET 96 to apply and remove the resistor
98. The presence or absence of this load is conveyed to the
primary circuit through reflected impedance, which in turn
affects the current in the tank circuit. For example, an
increased load in the secondary circuit typically results in an
increase in the current in the tank circuit. If the load of the
communication subcircuit is significant enough, the primary
circuit will be able to distinguish the presence or absence of
the communication subcircuit load in the secondary circuit by
monitoring the current in the tank circuit. The “on” and “off”
patterns of the communication circuit load can be used to
create a binary data stream that is recognizable by the primary
circuit, as described in more detail below. Although the illus-
trated embodiment includes a communication system that
transmits data over the electromagnetic field, the system 10
may include alternative communication systems, such as
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communications systems that do not communicate over the
electromagnetic field. For example, the system may utilize an
external communication system, such as Bluetooth, WiFiora
second pair of electromagnetic coils.

[0046] III. Operation.

[0047] Inthe illustrated embodiment, the method of opera-
tion of the inductive power supply 12 generally includes the
steps of: 1) determining when a compatible remote control is
present, 2) inductively transferring power once a compatible
remote control is present, 3) adjusting operation in response
to feedback from the remote control and 4) stopping inductive
power transfer once the remote control is charged. The illus-
trated method of operation includes a variety of optional steps
that may provide improved efficiency or improved perfor-
mance. The method of operation may vary from application,
as desired, including the elimination of optional steps.
[0048] The method of operation 200 of the inductive power
supply 12 of the illustrated embodiment will now be
described in connection with FIG. 4. To reduce the energy
consumed by the system 10 when a compatible remote con-
trol is not present, the inductive power supply 12 method of
operation includes a “pinging” process to determine when an
appropriate remote control 14 is present in the electromag-
netic field. As shown in FIG. 4, the inductive power supply
enters a ping state 202 by periodically applying a relatively
small amount of power to the tank circuit 34. The amount of
power in each ping is typically sufficient to enable a remote
control 14 with a depleted battery 100 to generate a feedback
signal to identify its presence within the electromagnetic
field. Alternatively, the ping may include a smaller amount of
power, and the power may accumulate in the charge storage
capacitor 72 or battery 100 over time to eventually provide
sufficient power for the remote control 14 to identify itself to
the inductive power supply 12. The nature and content of the
feedback signal and other communications are discussed in
more detail below. The inductive power supply 12 monitors
the current in the tank circuit 34 for communications from the
remote control 14 to determine when a compatible remote
control 14 is present 204. As noted above, the controller 32
monitors for communications via the current sense trans-
former subcircuit 54.

[0049] When a communication signal indicative of the
presence of a compatible remote control 14 is received, the
inductive power supply 12 begins inductive power transfer
206 at a specific start frequency. This start frequency may be
stored in memory within the inductive power supply 12 or it
may be communicated to the inductive power supply 12 by
the remote control 14, for example, within the feedback signal
generated by the remote control 14 in response to the ping.
[0050] The inductive power supply 12 continues inductive
power transfer at the start frequency for a specified period.
This period may be stored in memory within the inductive
power supply 12 or communicated to the inductive power
supply 12 by the remote control 14. For example, the length of
the period may be embedded within the feedback signal gen-
erated by the remote control 14 in response to the ping. If,
after the specified period has passed, the inductive power
supply 12 has not received a feedback signal from the remote
control 14, the inductive power supply 12 will adjust its
operating frequency to increase the power supplied to the
remote control 14. In the illustrated embodiment, the induc-
tive power supply 12 operates above the resonant frequency
of'the tank circuit 34 (See FIG. 6). Accordingly, reductions in
frequency will bring the inductive power supply 12 closer to
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resonance and increase the power provided to the remote
control 14, which can be seen in FIG. 6 by comparing the
power level at increasingly higher frequencies, A, B, C and D.
As a result, the inductive power supply 12 will reduce its
operating frequency 210 if no feedback signal is received by
the end of the delay period. In the power/frequency curve
illustrated in FIG. 6, frequency increases along the x axis as
you move in the positive X direction and power increases
along the y axis as you move in the positive y direction.

[0051] If, on the other hand, a feedback signal is received
from the remote control 14, the inductive power supply 12
analyzes the feedback signal to determine the content of the
signal. If the feedback signal directs the inductive power
supply 12 to stop charging 212, the inductive power supply 12
stops inductive power transfer 214 and returns to the ping
state 202.

[0052] If not, the inductive power supply 12 analyzes the
feedback signal and adjusts the inductive power supply 12 in
accordance with the communication. In the illustrated
embodiment, the system 10 attempts to supply a fixed amount
of power to the charge storage capacitor 72. As described in
more detail below, the secondary circuit 60 monitors the
power being applied to the charge storage capacitor 72 and
provides feedback signals that permit the inductive power
supply 12 to vary its operation to provide the desired power.
In this embodiment, the inductive power supply 12 increases
the power until the secondary circuit 60 indicates that the
power is at the desired level. The secondary circuit 60 then
provides a feedback signal that directs the inductive power
supply to stop increasing its power level. Because this
embodiment adjusts operating frequency to control power
level, the feedback signal essentially directs the inductive
power supply to stop decreasing its operating frequency. The
inductive power supply 12 increases 216 its operating fre-
quency and after a specified period of delay 217 returns to
step 208. The inductive power supply 12 will continue to
increase its operating frequency until the secondary circuit 60
stops providing a feedback signal indicating that the power is
at or above the desired charging level or that the charge
storage capacitor 72 is fully charged. The length of delay
between adjustments and the size of adjustments may vary
from application to application, as desired. These values may
be stored in the internal memory of the inductive power
supply 12 or communicated to the inductive power supply 12
by the remote control 14. For example, the delay may be
embedded within the feedback signal generated by the remote
control 14 in response to the ping.

[0053] As canbe seen, the feedback signals drive operation
of the inductive power supply 12 in this embodiment. If no
feedback signal is received, the inductive power supply 12
periodically and repeatedly decreases the operating fre-
quency (e.g. steps 208 and 210). If the feedback signal indi-
cates that the charging power is at the desired value, the
inductive power supply 12 periodically and repeatedly
increases the operating frequency (e.g. steps 208 and 216). If
the feedback signal indicates that the charge storage capacitor
72 is fully charged, the inductive power supply 12 stops
inductive power transfer 214 and returns to the ping state 202
(e.g. steps 208, 212 and 214). In this way, the inductive power
supply 12 remains in a low-power ping state until a compat-
ible remote control 14 (or other remote device) is present. The
inductive power supply 12 then inductively supplies power to
the remote control 14 adjusting its operating parameters to
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maintain a relatively constant power level based on feedback
from the remote control 14 until the capacitor is fully charged.

[0054] The method of operation 250 of the secondary
power circuit 60 is described primarily with reference to FI1G.
5. In general, the secondary power circuit 60 receives power
from the inductive power supply 12 and utilizes that power to
charge the charge storage capacitor 72. The secondary power
circuit 60 uses the power in the charge storage capacitor 72 to
charge the battery 100, and may make the power in the capaci-
tor available for use in operating the remote control 14. The
secondary power circuit 60 monitors the charging process and
transmits feedback signals to the inductively power supply 12
to control the operating parameters of the inductive power
supply 12.

[0055] The secondary power circuit 60 “awakens” in the
presence of the ping transmitted by the inductive power sup-
ply 12. Upon awakening, the secondary power circuit 60
sends 252 an identification signal back to the inductive power
supply 12. As described elsewhere, the secondary power cir-
cuit 12 creates feedback signals by selectively applying the
communication load 98 to the secondary coil 62. The con-
troller 80 selectively opens and closes FET 96 to create a data
stream on the electromagnetic field in accordance with the
communication protocol described in more detail below. In
the illustrated embodiment, data is transmit to the inductive
power supply 12 in data packets. Before generating a data
packet, the controller 80 disconnects the charge storage
capacitor 72 from the secondary coil 62. The secondary
power circuit 60 disconnects the charge storage capacitor 72
through switch driver subcircuit 78. The controller 80 outputs
a signal that closes transistor 90, thereby dropping the output
of the voltage boost subcircuit 76 to ground, which in turn
opens the charging switch 66. Once open, the charge storage
capacitor 72 is effectively isolated from the secondary coil 62
and the communication load 98. The charging switch 66 is
held open for a period sufficient to send the data packet. After
the data packet is sent, the charging switch 66 is again closed,
allowing power to flow to the charge storage capacitor 72. As
noted above, the inductive power supply 12 responds to the
identification signal by beginning inductive power supply.
[0056] While inductive power supply is ongoing, the sec-
ondary power circuit 60 periodically or continuously moni-
tors 254 the voltage of the charge storage capacitor 72 and
periodically or continuously monitors 256 the current being
applied to the capacitor 72. More specifically, the voltage
sense subcircuit 70 provides signal indicative of the voltage of
the charge storage capacitor 72 to the controller 80. If the
sensed voltage is at or above maximum capacity 258, the
secondary power circuit 60 sends a data packet 260 to the
inductive power supply 12 indicating that the charge storage
capacitor 72 is fully charged, which as discussed above
causes the inductive power supply to stop inductive power
transfer and return to the ping state. The charging switch 66 is
opened while the “fully charged” data packet is sent. If the
sensed voltage is not at or above the maximum capacity, the
controller 80 calculates the capacitor charging power 262
based on signals from the current sense amplifier subcircuit
68 and the voltage sense subcircuit 70. If the power is at or
above the desired charging power 264, the secondary power
circuit 60 sends a data packet 266 to the inductive power
supply 12 indicating that the power is at or above the desired
value. Again, the charging switch is opened while the data
packet is being sent. The “at charging power” data packet is
sent in accordance with the communications methodology
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discussed below. As noted above, the inductive power supply
12 responds to this data packet by increasing the operating
frequency of the inductive power supply 12, which should
move the operating frequency away from resonance and
reduce the power supplied to the secondary coil 62. The
secondary power circuit 60 will continue to periodically send
the “at charging power” signal for as long as the calculated
power remains at or above the predetermined charging power.

[0057] Once the charging power drops below the desired
threshold, the secondary power circuit 60 stops transmitting
the “at charging power” signal. The absence of this signal
causes the inductive power supply 12 to begin to periodically
and repeatedly decrease the operating frequency, thereby
serially increasing the capacitor charging power until it again
reaches the desired threshold. As can be seen, the secondary
power circuit 60 of the illustrated embodiment creates feed-
back signals that direct the inductive power supply 12 to
adjust operating parameters to maintain a desired capacitor
charging power and to stop inductive power transfer once the
charge storage capacitor 72 is fully charged.

[0058] Intheillustrated embodiment, the power supplied to
the secondary coil is varied through adjustments to the oper-
ating frequency of the power supplied to the tank circuit 34.
Operating frequency adjustment may, if desired, be replaced
by or supplemented with other mechanisms for varying
power. For example, the inductive power supply may be con-
figured to control the power by varying the duty cycle of the
signal applied to the tank circuit 34 (instead of or in addition
to varying the operating frequency). The input DC voltage rail
could be varied while the frequency is held constant.

[0059] As discussed above, the secondary power circuit 60
of the illustrated embodiment sends communications to the
inductive power supply 12 that are useful in controlling cer-
tain aspects of the operation of the inductive power supply 12.
The present invention may use essentially any communica-
tion system capable of providing communication from the
secondary power circuit 60 to the inductive power supply 12.
In the illustrated embodiment, communications are transmit
in the form of feedback signals that are carried on the elec-
tromagnetic field. This allows communications to pass from
the secondary coil 62 to the primary coil 16, thereby elimi-
nating the need for additional communications components.
Although the method for embedding communications into
the electromagnetic field may vary from application to appli-
cation, the communications system of the illustrated embodi-
ment uses digital bi-phase encoding and backscatter modula-
tion technology. In this application, data is modulated onto
the RF field by the secondary power circuit 60 by backscatter
modulation. This may be achieved through the communica-
tions subcircuit 82 by turning “on” and “off” a relatively
heavy load (resistor 98) to the secondary coil 62. Turning this
load “on” and “off” causes a change in the impedance of the
secondary power circuit 60, which is conveyed to the primary
coil 16 by reflected impedance. This change in reflected
impedance is detected on the inductive power supply side as
a change in current in the tank circuit 34. The increase in the
amplitude of the signal is illustrated by regions 120 and 122 in
FIG. 7. By monitoring current in the tank circuit 34, the
inductive power supply 12 can demodulate data signals car-
ried on the electromagnetic field. Accordingly, the commu-
nication subcircuit 82 creates an amplitude-modulated signal
that can be used to send data from the secondary power circuit
60 to the inductive power supply 12.
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[0060] The present invention may utilize essentially any
methodology for encoding data bits. In the illustrated
embodiment, the secondary power circuit 60 uses a differen-
tial bi-phase encoding technique to create data bits. The tech-
nique is transition based and an edge occurs at every clock
edge. Data bits are distinguished by the presence or absence
of a transition in the middle of a clock period. If a transition
occurs in the middle of a clock period, the data bit is a “1”*; if
not, the data bit is a “0.” Because the encoding technique is
transition based, it is polarity independent of the “0’s” and
“1’s” used by the data modulation. Data bytes may be format-
ted using a standard asynchronous serial format: 1 start bit, 8
data bits (LSB first), 1 odd parity bit, and 1 stop bit. In this
embodiment, the start bit is a “0” and the stop bitisa “1.” FIG.
8 is a representative illustration of data encoded using difter-
ential bi-phase encoding. In the illustrated embodiment, data
is sent from the secondary power circuit 60 to the inductive
power supply 12 in a packet format. A packet may consist of
a preamble, a header byte, payload bytes (optional) and a
check byte (See FIG. 9). Each byte may consist of 11 bits as
shown in FIG. 9. In this embodiment, the entire packet,
including preamble, is up to 31 bytes in length. The preamble
allows the inductive power supply to synchronize the incom-
ing data and permit accurate determination of the start bit of
the first byte of data. The preamble of this embodiment may
consist of at least 3 bits (in this case, all “1°s”), but may, in this
embodiment, be as long as 11 bits to allow a standard UART
to drive communications and send the preamble. The header
is a single byte that defines the type of packet. The packet type
field may be used to determine the length of the packet. The
payload includes the principal data communicated with the
packet. The packet type may dictate the contents and size of
the payload. The packet may include a check byte as a way to
validate the received data packet. A check byte may be
appended to the end of every packet to allow for error detec-
tion. The check byte may be generated by “Exclusive OR-
ing” all of the bytes from the header up to and including the
last of the payload bytes. In the illustrated embodiment, the
preamble is not included in the check byte calculation.
Although the present invention is described in detail with
respect to a specific communication system, the present
invention may utilize essentially any communication system
suitable for communicating data from the secondary power
circuit 60 to the inductive power supply 12.

[0061] In some applications, the communication system
may be eliminated altogether. For example, the present inven-
tion may be implemented in a simple analog circuit in which
charge control is carried out solely within the secondary
power circuit. Referring now to FIG. 12, an analog imple-
mentation of the secondary power circuit 60' may generally
include a secondary coil 62', a diode 64' (for rectification
purposes), a charging switch 66', a voltage sense subcircuit
70", a charge storage capacitor 72, a battery 100' and a charg-
ing circuit 102'. In operation, the secondary coil 62' induc-
tively receives power from an inductive power supply (not
shown). The induced power is rectified by diode 64'. The
rectified power may be applied to the charge storage capacitor
72" depending on the state of the charging switch 66'. The
charging switch 66' is opened and closed through operation of
voltage sense subcircuit 70'. When the charge storage capaci-
tor 72' is fully charged, the voltage sense subcircuit 70' opens
the charging switch 66' to essentially disconnect the charge
storage capacitor 72' from the secondary coil 62'. When the
charge storage capacitor 72' is not fully charged, the voltage
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sense subcircuit 70' closes the charging switch 66' to permit
further charging. The power in charge storage capacitor 72'is
applied to battery 100' via the charging circuit 102'. In the
illustrated embodiment, the charging circuit 102'is simply an
electrical connection from the charge storage capacitor 72' to
the battery 100"

[0062] Another exemplary embodiment of a secondary
power circuit is illustrated in the circuit diagram of FIGS.
14A-B. The circuitry is similar to that included in the second-
ary power circuit shown in FIGS. 3A-B. There are some
differences in components that have been used throughout the
circuit. For example, a different VCC regulator subcircuit 74'
that uses a microprocessor replaces the VCC regulator sub-
circuit used in the FIGS. 3A-B embodiment. Further, differ-
ent switching elements are used throughout the circuit, such
as in the charging switch 66' and the switch drive subcircuit
78'. Some components are located at different locations
within the secondary power circuit, for example the current
sense amplifier 68' is located on the opposite terminal of the
ultracapacitor in the FIGS. 14A-B embodiment. In the FIGS.
14A-B embodiment, the temperature sensor is eliminated
from the secondary power circuit. These differences are
largely a result of design choice and optimization for a spe-
cific application. Different components and circuit arrange-
ments may be appropriate in other embodiments.

[0063] Although described in connection with a remote
control 14, the present invention is well suited for use in
connection with a wide variety of battery-powered electronic
devices. For example, the present invention may be incorpo-
rated into smart phones, cell phones, media players, personal
digital assistants and other portable electronic devices. The
present invention may also be incorporated into inductively-
charged implantable medical devices. For example, FIGS.
13A-D show an embodiment of the present invention incor-
porated into a battery-powered implantable medical device.
The present invention may be particularly beneficial in the
implantable medical device applications because it can dra-
matically reduce the amount of time a person must remain
stationary for battery charging purposes. The medical device
system 300 of this embodiment generally includes an
implantable medical device 302 (in this case, a pacemaker), a
hand-held inductive power supply 304 and a secondary power
circuit 306. As with the embodiments previously described,
the secondary power circuit 306 may include a secondary coil
308, a charge storage capacitor 310, a charging circuit (not
shown) and a battery 314. The secondary coil 308 may be
positioned just below the skin where it can readily receive
inductive power from an external inductive power supply. In
operation, the hand-held device 304 can be positioned by the
user over the secondary coil 308 to rapidly charge the embed-
ded charge storage capacitor 310. The power in the charged
charge storage capacitor 310 can be used to charge the battery
314 or to directly power the medical device 302. The medical
device system 300 may include a communication system, if
desired.

[0064] The above description is that of the current embodi-
ment of the invention. Various alterations and changes can be
made without departing from the spirit and broader aspects of
the invention.

1. A wireless charging system comprising:

an inductive power supply for supplying wireless power;
and

a remote device separable from said inductive power sup-
ply, wherein said remote device includes a secondary
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power circuit, a charge storage capacitor, a charging
subcircuit, and a battery, said secondary power circuit is
electrically connected to said charge storage capacitor
and said secondary power circuit is configured to receive
wireless power from said inductive power supply and
rapidly charge said charge storage capacitor, said charg-
ing subcircuit is electrically connected to said charge
storage capacitor and said battery, wherein said charging
subcircuit is configured to charge said battery with
power stored in said charge storage capacitor.

2. The wireless charging system of claim 1 wherein said
charging subcircuit is capable of charging said battery with
power stored in said charge storage capacitor when said sec-
ondary power circuit is removed from said inductive power
supply.

3. The wireless charging system of claim 1 wherein said
remote device is capable of operating using power stored in
said charge storage capacitor.

4. The wireless charging system of claim 1 wherein said
wireless charging system includes a communication system
for communicating at least one of when power supplied to
said secondary power circuit is within an adequate range for
charging said charge storage capacitor, when said charge
storage capacitor is fully charged, and when said charge stor-
age capacitor needs additional charging.

5. The wireless charging system of claim 1 wherein said
charging subcircuit prevents said battery from leaking power
into said charge storage capacitor.

6. The wireless charging system of claim 1 wherein said
charging subcircuit is configured to open the current path
from said secondary power circuit to said charge storage
capacitor in response to said charge storage capacitor reach-
ing a predetermined voltage.

7. A remote device for receiving wireless power from an
inductive power supply, said remote device comprising:

a secondary power circuit configured to receive wireless

power;

a charge storage capacitor electrically connected to said
secondary power circuit, wherein said secondary power
circuit is configured to rapidly charge said charge stor-
age capacitor;

a battery; and

a charging subcircuit electrically connected to said charge
storage capacitor and said battery, wherein said charging
subcircuit is configured to charge said battery with
power stored in said charge storage capacitor.

8. The remote device of claim 7 wherein said remote device
is capable of operating using power stored in said charge
storage capacitor.

9. The remote device of claim 7 wherein said remote device
includes a communication system for communicating at least
one of when power supplied to said secondary power circuit
is within an adequate range for charging said charge storage
capacitor, when said charge storage capacitor is fully charged,
and when said charge storage capacitor needs additional
charging.

10. The remote device system of claim 7 wherein said
charging subcircuit prevents said battery from leaking power
into said charge storage capacitor.

11. The remote device of claim 7 wherein said charging
subcircuit includes a charging switch to open the current path
from said secondary power circuit to said charge storage
capacitor in response to said charge storage capacitor reach-
ing a predetermined voltage.
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12. A method for rapidly charging the battery of a remote
device, said method comprising:

generating an electromagnetic field with an inductive

power supply;

positioning a remote device with a secondary power circuit

in the electromagnetic field to induce electrical power
within the secondary power circuit;

rapidly charging a charge storage capacitor in the second-

ary power circuit with the induced power; and
charging the battery of the remote device with the power
stored in the charge storage capacitor.

13. The method of claim 12 including:

sending charge information from the secondary power cir-

cuit to the inductive power supply; and

adjusting operation of the inductive power supply based on

the charge information received from the secondary
power circuit.

14. The method of claim 13 wherein said adjusting opera-
tion of the inductive power supply includes adjusting at least
one of the operating frequency, the duty cycle, and the input
rail voltage of the inductive power supply.

15. The method of claim 12 including:

in response to reaching a predetermined voltage in the

charge storage capacitor, opening a charging switch to
open the current path from the secondary power circuit
to the charge storage capacitor.

16. The method of claim 12 wherein charging the battery in
the remote device can continue even after the remote device is
removed from the inductive power supply.
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17. A method for rapidly charging a battery in a remote
device, said method comprising:

wirelessly receiving power from an inductive power sup-

ply;

rapidly charging a charge storage capacitor with power

using the wireless power received from the inductive
power supply;

charging the battery in the remote device with the power

stored in the capacitor at a rate appropriate for the bat-
tery.

18. The method of claim 17 including:

sending charge information from the remote device to the

inductive power supply; and

adjusting operation of the inductive power supply based on

the charge information received from the secondary
power circuit.

19. The method of claim 18 wherein said adjusting opera-
tion of the inductive power supply includes adjusting at least
one of the operating frequency, the duty cycle, and the input
rail voltage of the inductive power supply.

20. The method of claim 17 including:

in response to reaching a predetermined voltage in the
charge storage capacitor, opening a charging switch to
open the current path from the secondary power circuit
to the charge storage capacitor.
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