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(57) Abstract: Power management and power transfer
systems within the transmit and receive portions of an in-
ductive charging system. An inductive charging system
includes a transmit coil (105) and a receive coil (110).
The receive coil (110) is coupled to inductive charging
circuitry (120). The inductive charging circuitry (120) in-
cludes circuitry to convert AC output from the receive
coil (110) to DC useful to charge a battery (140). The in-
ductive charging circuit is electrically connected to a
power management unit (130). The power management
unit (130) includes processing circuitry to intelligently
determine how to distribute power output from the in-
ductive charging circuit (120) to the battery (140). The
charge monitoring circuit (150) is coupled to a ground
controller (160). The ground controller (160) couples the
charge monitoring circuit (150) to the circuit ground
(170) only when the ground controller (160) is in an on
state. The ground controller (160) may receive a signal
(180) to enter the on state from the inductive charging
circuit (120).



WO 2015/034782 A3 IIWAIK 00T 0 A 0 A A

Published: (88) Date of publication of the international search report:
11 June 2015

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

25

WO 2015/034782 PCT/US2014/053482

POWER MANAGEMENT FOR INDUCTIVE CHARGING SYSTEMS

Cross-Reference to Related Application

[0001] This Patent Cooperation Treaty patent application claims priority to U.S. Provisional
Patent Application No. 61/873,256, filed on September 3, 2013, entitled “Power Management for
Inductive Charging Systems,” which is incorporated by reference as if fully disclosed herein.

Technical Field

[0002] This disclosure relates to electromagnetic inductive power transfer, and in particular to
adaptive power control systems for maximizing the efficiency of power transfer.

Backaround

[0003] Many electronic devices include one or more rechargeable batteries that require external
power to recharge from time to time. Often, these devices may be charged using the same or
similar connection type, for example via universal serial bus (“USB”). However, despite having
common connection types, multiple devices often require separate power supplies with different
power outputs. These separate power supplies are burdensome to use, store, and transport

from place to place. As a result, the benefits of device portability are substantially limited.

[0004] Furthermore, charging cords may be unsafe to use in certain circumstances. For
example, a driver of a vehicle may become distracted attempting to plug an electronic device
into a vehicle charger. In another example, a charging cord may present a tripping hazard if left
unattended.

[0005] To account for these and other shortcomings of portable electronic devices, some
devices include an inductive recharging system. The user may simply place the device on an
inductive charging surface in order for the battery to be recharged. However, due to extra
circuitry within the portable electronic device required to support the inductive charging system,
battery life of the device may be undesirably reduced. For example, to maintain or reduce the
form factor of the device, the battery may be reduced in size or capacity. In another example,
the inductive charging system may present a load to the battery when the system is not in use,
reducing battery life. Accordingly, although inductively charged devices may be more
convenient for the user, they may need to be recharged more often.
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[0006] Therefore, there may be a present need for a method of delivering useful power to a
portable device that does not require a separate power supply and does not itself deplete the

battery of the portable electronic device.

[0006A] Reference to any prior art in the specification is not an acknowledgment or suggestion
that this prior art forms part of the common general knowledge in any jurisdiction or that this
prior art could reasonably be expected to be understood, regarded as relevant, and/or combined
with other pieces of prior art by a skilled person in the art.

Summary

[0006B] According to a first aspect of the invention there is provided an adaptive power control
system for an electromagnetic induction power transfer apparatus comprising: a wireless signal
receiver; an alternating current power supply having an operating frequency; a power-
transmitting inductor coupled to the power supply; and a current monitor coupled to the power-
transmitting inductor and configured to determine a load of the power-fransmitting inductor;
wherein a first modification of the operating frequency of the power supply is provided in
response to the load; and a second modification to the operating frequency of the power supply,
overriding the first modification for a selected timeout period, is provided in response to a
feedback signal received by the wireless signal receiver, the feedback signal sent at an interval

from a portable electronic device proximate to the power-transmitting inductor.

[0006C] According to a second aspect of the invention there is provided a method of modifying
power output of an electromagnetic induction power transfer apparatus comprising: determining
a load on a power-transmitting inductor supplied with an alternating current at an operating
frequency; modifying the operating frequency of a power supply in response to the determined
load; receiving a feedback signal, the feedback signal received at an interval from a portable
electronic device proximate to the power-transmitting inductor; and modifying the operating
frequency of the power supply, overriding the first modification for a selected timeout period in
response to the feedback signal.

[0006D] According to a third aspect of the invention there is provided a transmitter of a wireless
power transfer system, the transmitter comprising: a transmit coil coupled to a power source: a
load monitor coupled to the transmit coil and configured to measure current through the transmit
coil; and a power transfer control circuit coupled to the load monitor and configured to: set an
operational frequency of the power source; perform an initial modification of the operational
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frequency in response to a signal from the load monitor corresponding to a change in current
through the transmit coil; and perform a subsequent modification of the operating frequency,
overriding the initial modification for a timeout period, in response to a feedback signal received

from a portable electronic device.

[0006E] According to a fourth aspect of the invention there is provided a method of controlling
power transfer from a transmitter of an inductive charging station, the method comprising:
setting an initial operational frequency of an alternating current power source coupled to a
transmit coil, the initial operating frequency corresponding to a first power requirement of a
portable electronic device; monitoring current through the transmit coil; providing a first
modification to the initial operational frequency upon determining that current through the
transmit coil has changed; initiating a selected timeout period after providing the first
modification to the initial operating frequency; receiving a signal from a portable electronic
device before the selected timeout period expires, the signal corresponding to a second power
requirement of the portable electronic device; overriding the first modification to the initial
operational frequency upon determining that the first modification does not correspond to the
second power requirement; and providing a second modification to the initial operational
frequency, the second modification of the initial operating frequency corresponding to the

second power requirement.

[0007] This application provides techniques for delivering useful power to a portable electronic
device that does not deplete the battery of the portable electronic device. Certain embodiments
described herein may relate to or take the form of an adaptive power control system for
controlling and optimizing an electromagnetic induction power transfer. In certain embodiments,
the adaptive power control system may include a wireless signal receiver, an alternating current
power supply operated at a selected frequency and/or duty cycle, a power-transmitting inductor
such as a coil, that may be coupled to the power supply, and a current monitor coupled to the
power-transmitting inductor. The current monitor may be configured to determine the current
load of the power-transmitting inductor. When the current monitor detects that the current load

of the inductor has changed, the operating frequency of the power supply may be changed.

[0008] For example, in certain embodiments, the operating frequency may be increased in
order to reduce the power transmitted from the power-transmitting inductor. In other
embodiments, the frequency may be decreased in order to increase the power transmitted from

the power-transmitting inductor. In other examples, the operating frequency may be decreased

-2a-
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in order to supply lower power or may be increased to supply greater power. In addition, the
operating frequency of the power supply may be changed in response to a signal received from
the wireless signal receiver. In certain embodiments, the power supply may be turned off in
response to a current load below a current load minimum threshold. In another example, the
power supply may be turned off and/or disconnected from an associated power source if a
signal is not received from the wireless signal receiver. In other words, if the wireless signal

receiver does not affirmatively transmit the signal, the power-transmitting inductor may operate

- as though the wireless signal receiver is not present. In this manner, the wireless signal receiver

may effectively ‘cloak’ its presence by selectively disabling one or more communication circuits
adapted to send signals to the power-transmitting inductor.

[0009] In further embodiments, modification of the operating frequency of the power supply in
response to the current load may occur substantially simultaneously with changes in current

load. In this way, when the current load changes, the operating frequency of the power-
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transmitting coil may be rapidly changed to compensate. In some embodiments, the amount of
change may be fixed below a certain maximum per change or a certain maximum for a fixed
time period. For example, increases or decreases in power transmitted may be limited to a
certain amount per microsecond.

[0010] In other embodiments, the signal received from the wireless signal receiver may be a
feedback signal sent at an interval from a portable electronic device inductively proximate the
power-transmitting inductor. For example, the feedback signal may include information about
the real-time current requirements of the portable electronic device. For example, if the portable
electronic device is operating in a charge-only mode, the real-time power requirements may be
less than if the portable electronic device is charging at the same time the device is being
operated by a user.

[0011] In other embodiments, the feedback signal may include identifying information regarding
the portable electronic device. Such identifying information may include the expected power
requirements of the portable electronic device. For example, the portable electronic device may
require a known voltage and amperage. These known values may not necessarily change with
changes in the operational modes of the device, although in some embodiments, these known
values may change. Accordingly, the portable electronic device may include the expected, but
not necessarily real-time, power requirements of the device within the signal sent to the wireless
receiver.

[0012] In further embodiments, modification of the operating frequency of the power supply in
response to the feedback signal sent from the portable electronic device may override any
modification of the operating frequency of the power supply in response to the current load. For
example if an electrically conductive material is placed inductively proximate the power-
transmitting inductor, eddy currents may be induced within the material which may measurably
increase the current load on the power-transmitting inductor. In such a circumstance, the load
increase, and corresponding change in frequency of the power supply, as seen by the current
monitor is not a result of a power requirement increase of a portable electronic device. Thus,
when a feedback signal sent from the portable electronic device does not include power
information that matches the current power output of the power-transmitting inductor, the

feedback signal may override the previous change in frequency.
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[0013] In certain other embodiments, a change in the power requirements of the portable
electronic device may increase the current load on the power-transmitting inductor before a
signal may be sent from the portable electronic device to the wireless signal receiver noting the
change. In this circumstance, the current monitor may note the increase in the current load on
the power-transmitting inductor and correspondingly adjust the operational frequency of the
power supply. Thereafter, a feedback signal may be received by the wireless signal receiver
confirming that the power requirements of the portable electronic device have increased. In this
and similar embodiments, power requirement changes of the portable electronic device are
respected immediately, and are not dependent upon an affirmative signal from the portable

electronic device itself.

[0014] In other embodiments, once a modification of the operating frequency of the power
supply, in response to the current load, is overridden by a modification of the operating
frequency of the power supply in response to the feedback signal, subsequent modification of
the operating frequency of the power supply in response to a subsequent change in current load
may be ignored for a select timeout period. In certain cases, this select timeout period may be
less than the interval of the feedback signal or, in other cases, the select timeout period may be
greater than the interval of the feedback signal. One may appreciate that the timeout period

may vary from embodiment to embodiment.

[0015] In certain embodiments, a portable electronic device inductively proximate the power-
transmitting inductor may include a surge protection circuit, such as a capacitor, operative to
prevent damage to the portable electronic device as a result of an increase in power transmitted
by the power-transmitting inductor. For example if the power-transmitting inductor increases the
power it transmits, there may be a power surge in the power-receiving circuitry of the portable
electronic device. Including a capacitor or other surge protection circuitry may prevent damage
to the portable electronic device as a result of an unexpected increase in the power by the
portable electronic device.

[0016] Embodiments described herein may also relate to or take the form of an adaptive power
system for a portable electronic device. Certain embodiments of the described power system
may include a battery, a power-receiving inductor having at least an idle state and a receiving
state, a power conversion controller coupled to the power receiving inductor, a power
management controller coupled to the power conversion controller and the battery, a charge
monitor coupled to the battery and the power conversion controller, and a ground connection
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controller. In certain cases, when the power-receiving inductor is in the idle state, the ground
connection controller may disconnect the charge monitor entirely from circuit ground. In this
manner, all circuits connected through the ground connection controller do not complete a
circuit to ground and thus do not present a load to the battery of the portable electronic device.
In other cases, when the power-receiving inductor is in the receiving state, the ground
connection controller may connect the charge monitor directly to circuit ground such that the

charge monitor may perform its function.

[0017] In certain embodiments, the power conversion controller comprises a rectifier and
voltage regulator. In this manner, the power conversion controller may receive alternating
current and may output regulated direct current. In certain embodiments, the power conversion
controller may also include a voltage comparator between the present voltage of the battery and
the present voltage output from the voltage regulator. In this manner, the power conversion
controller may determine whether the voltage of the battery is low enough to require recharging
or in the alternative, whether the voltage of the battery is high enough to be considered fully
charged. In certain cases, when the battery is considered fully charged, the power conversion
controller may shut down.

[0018] In certain other embodiments, the power management controller may include at least a
charging state and a direct operation state. For example, the charging state may include the
power management controller coupling the power conversion controller to the battery for
charging the battery. On the other hand, the direct operation state may include the power
management controller coupling the power conversion controller to circuitry of the portable
electronic device such that the portable electronic device may be operated without drawing
power from the battery. In this manner, the portable electronic device may be exclusively or
substantially operated by power received from the power-receiving inductor.

[0019] In further embodiments, the ground connection controller may be a switch circuit for
controlling an electrical connection to ground. In certain cases, the ground controller may be a
solid state or mechanical relay. In other cases, the ground controller may be a field effect
transistor (“FET"). One may appreciate that a ground connection controller may take a number
of forms.

[0020] Further embodiments described herein may relate to or take the form of a method of
controlling an inductive charging system within a portable electronic device having a battery.
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Such embodiments may start by determining whether the portable electronic device is
inductively proximate a power transmitter. In the event that the portable electronic device is
inductively proximate a power transmitter, a direct connection to ground of the inductive
charging system may be provided. In the event that the portable electronic device is not
inductively proximate a power transmitter, a direct connection to ground of the inductive
charging system may be removed. In related embodiments, determining that the portable
electronic device is inductively proximate a power transmitter includes monitoring a voltage

across a power receiving inductor within the portable electronic device.

[0021] In further related embodiments, providing a direct connection to ground includes setting
a ground connection controller to an on state. Similarly, removing a direct connection to ground
includes setting the ground connection controller to an off state. In some cases, setting the state
of the ground connection controller is directly related to the voltage across the power receiving
inductor. For example, when the voltage across the power receiving inductor is below the select
magnitude, the ground connection controller is set to an off state. Similarly, when the voltage
across the power receiving inductor is above the select magnitude, the ground connection

controller is set to an on state.

[0022] Further embodiments described herein may relate to or take the form of a method of
modifying power output of an electromagnetic induction power transfer transmission circuit. The
process may begin by determining a current load on a power-transmitting inductor supplied with
an alternating current at a frequency, adjusting the frequency in response to the determined
current load, receiving a signal of power required, and modifying the adjusted frequency in
response to the received signal.

[0023] In further related embodiments, adjusting the frequency in response to the current load
may include increasing the frequency to reduce the power output from the power-transmitting
inductor or, in the alternative, decreasing the frequency to increase the power output from the

power-transmitting inductor.

[0024] In further embodiments, other mutable properties of the power-transmitting inductor may
be augmented in response to changes in current load detected by the current monitor. For
example, the voltage applied to the power-transmitting inductor may be increased in response
to a detected increase in load. In a related example, the voltage applied to the power-
transmitting inductor may be reduced in response to a detected decrease in the load. The rate
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of increase or decrease in applied voltage may be fixed or, in alternate embodiments, the rate of
change of the voltage may be variable. Further, one may appreciate that any mutable property
of the power-transmitting inductor may have an effect on power transmission efficiency such
that changing the property as a function of detected current load may result in a more efficient

energy transfer.

[0025] In still further embodiments, multiple mutable properties of the power-transmitting
inductor may be augmented in response to changes in current load detected by a current
monitor. For example, both voltage and frequency applied to a power-transmitting inductor may
be changed in response to a single detected change in current load. In many examples,
mutable properties of the power-transmitting inductor can be changed or modified in any
number of ways. For example, voltage applied to the power-transmitting inductor can be
changed before or after the frequency and/or duty cycle is selected or applied. In another
example, duty factor control can be applied to a power-transmitting inductor to adjust the

voltage applied to the power transmitting inductor.

[0026] In still further embodiments, augmentation of the mutable properties of the power-
transmitting inductor may be done to maximize power received by a power-receiving inductor,
and not for efficiency reasons. For example, in certain embodiments, a portable electronic
device may be powered completely by power received from a power-transmitting inductor. In
such a case, a battery within an inductively proximate portable electronic device may not
support or otherwise power the portable electronic device at all. Instead, the purpose of
augmenting frequency or voltage or other mutable properties of the power-transmitting inductor

may be to respond instantaneously to changes in system joad.

[0026A] As used herein, except where the context requires otherwise, the term "comprise" and
variations of the term, such as "comprising”, "comprises" and "comprised", are not intended to

exclude further features, components, integers or steps.

Brief Description of the Drawings

[0027] Reference will now be made to representative embodiments illustrated in the
accompanying figures. It should be understood that the following descriptions are not intended
to limit the embodiments to one preferred embodiment. To the contrary, it is intended to cover
alternatives, modifications, and equivalents as may be included within the spirit and scope of the

described embodiments as defined by the appended claims.
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[0028] FIG. 1 is a signal flow diagram in accordance with an embodiment of the present
disclosure showing a ground connection controller in an on state.

-7a-
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[0029] FIG. 2 is a signal flow diagram in accordance with an embodiment of the present

disclosure showing a ground connection controller in an off state.

[0030] FIG. 3 is a process flow diagram showing method of controlling an inductive charging
system within a portable electronic device having a battery.

[0031] FIG. 4 is a schematic diagram of a sample embodiment of the present disclosure,
showing a ground connection controller as a portion of the inductive charging circuitry of a
portable electronic device.

[0032] FIG. 5 is a schematic diagram of a sample embodiment of the present disclosure,
showing a current load monitor connected to the transmit coil of an induction charging system.

[0033] FIG. 6 is a process flow diagram showing method of controlling the transmit power of an

inductive charging system.

[0034] The use of the same or similar reference numerals in different drawings indicates similar,
related, or identical items.

Detailed Description

[0035] Embodiments described herein relate to power management and power transfer
optimization within both the transmit and receive portions of an inductive charging system. An
inductive charging system may include an inductive charging station to transmit power and a
portable electronic device to receive power. Portable electronic devices may include media
players, media storage devices, personal digital assistants, tablet computers, cellular
telephones, laptop computers, smart phones, styluses, global positioning sensor units, remote
control devices, health monitoring devices, wearable devices, sports accessory devices, electric
vehicles, home appliances, medical devices and the like.

[0036] Certain embodiments may take the form of power management systems within a
portable electronic device. For example, when a portable electronic device is placed inductively
proximate an inductive charging station, the portable electronic device may activate inductive
charging circuitry. Such circuitry may include a power-receiving inductor or, in other words, a

power receiving coil.
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[0037] A receive coil included within a portable electronic device may be complemented by a
transmit coil included as a portion of an inductive charging station. When the portable electronic
device is placed inductively proximate the charging station, a mutual inductance between the
transmit coil and the receive coil may be created. In other words, current flow within the transmit

coil may induce a voltage across the leads of the receive coil through electromagnetic induction.

[0038] The quality of the mutual inductance or inductive coupling may be substantially affected
by many factors including the relative alignment of the transmit coil and the receive coil and the
distance between the two. One may appreciate that for increased power transfer between the
transmit and the receive coil, the coils should be close together and aligned along a mutual axis.
One may further appreciate that electromagnetic induction requires the current supplied to the
transmit coil to change as a function of time. Often, alternating current is supplied at a frequency
selected based upon the geometry and number of turns of the transmit coil and receive coil. In
certain embodiments, the frequency selected for the alternating current supplied to the transmit
coil may be approximately 150kHz. In other embodiments, the frequency selected may be
greater than or less than 150kHz.

[0039] Further embodiments of power management systems within portable electronic devices
may include a power conversion controller, designed to account for many of the issues
described above. For example, an imprecise alignment of the receive and transmit coils may
result in only a small amount of power transferred between the two. Accordingly, a power
conversion controller may include a voltage monitor such that if the voltage output from the
receive coil is too low, other circuitry within the portable electronic device, such as battery
charging circuitry, may be disabled. Similarly, a power conversion controller may activate
battery charging circuitry if the voltage output from the receive coil is sufficiently high.

[0040] The power conversion controller may also include a bridge rectifier, or other alternating
to direct current converter. The power conversion controller may also include a voltage

regulator. In this manner high frequency alternating current output from the receive coil may be
converted to direct current at a voltage useful to charge a battery within the portable electronic

device.

[0041] In certain embodiments, the voltage monitor may also include a voltage comparator
between the voltage of the battery and the voltage output from the voltage regulator. One may
appreciate that in this configuration, when the battery voltage drops below the regulator’'s output
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voltage, the battery may need to be charged. Alternately, if the battery voltage is higher than the
regulator’'s output voltage, the battery does not need to be charged.

[0042] As noted above, the power conversion controller enables the portable electronic device
to intelligently receive and utilize power when the portable electronic device is inductively
proximate the transmit coil. However, when the portable electronic device is removed from the
electromagnetic influence of the transmit coil, the power conversion controller circuitry does not
serve any function. As a result, the unused circuitry may constitute a resistive load on a battery
within the portable electronic device. This resistive load may cause the battery to drain at an
accelerated rate.

[0043] To account for the power drain from inductive charging circuitry in a non-charging state,
certain embodiments may include a ground connection controller. A ground connection
controller may prevent a particular circuit, sub-circuit, or circuit element from connecting to
ground. Without a connection to ground, a circuit or sub-circuit is not electrically complete and
thus does not exhibit any resistive load or power drain. Accordingly, a ground connection
controller coupled to the power conversion controller, or portions of the power conversion
controller, may selectively remove the connection to ground, effectively disabling the circuitry
without the risk of unintended power loss.

[0044] The ground connection controller may be a switch circuit for controlling an electrical
connection to ground. In certain cases, the ground controller may be a physical switch. In such
an embodiment, a normally open switch may be positioned such that the switch closes only

when the receive coil is in a position to inductively couple to a transmit coil.

[0045] In another embodiment, the ground connection controller may be a solid state or
mechanical relay. In such an embodiment, when the ground connection controller is powered
on, a connection to ground may be formed. In certain embodiments, the relay may be powered
from the alternating current output from the receive coil. In this manner, the relay will connect to
ground only when the receive coil is producing current or, in other words, when the receive coil

is in the presence of a transmit coil.

[0046] In other cases, the ground controller may be a field effect transistor (“FET”). In certain
embodiments, the FET may be an n-channel enhancement mode FET. One may appreciate a
conductive channel does not exist between the source and drain of such a transistor until a
sufficient positive voltage at the gate with respect to the source is applied. In other words, if
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there is zero voltage at the gate of the FET, the source and drain will be electrically
disconnected. On the other hand, if a positive voltage is present at the gate, the source and
drain will be electrically connected. In this and related embodiments, the source may be
connected to ground, with the drain connected to the power conversion controller. The gate may
be connected to the output of a voltage rectifier coupled to the receive coil such that the voltage
necessary to electrically connect the source to drain is provided by the receive coil itself. In this
manner, the FET will connect the power conversion controller to ground, enabling the controller,

only when the receive coil is in the presence of a transmit coil.

[0047] One may further appreciate that the techniques described herein may be applied to any
circuitry within the portable electronic device. For example, other circuit elements or sub-circuits
may be grounded or disconnected from ground selectively based on the presence or absence of
voltage output from the receive coil.

[0048] Further, one may appreciate that a ground connection controller need not be limited to
the embodiments above.

[0049] Other embodiments described herein may take the form of power management systems
within an inductive charging station. For example, when a portable electronic device is placed
inductively proximate an inductive charging station, the inductive charging station may activate
inductive power transfer circuitry. Such circuitry may include a power-transmitting inductor or, in
other words, a power transmitting coil coupled to a power source outputting alternating current
at a selected frequency.

[0050] As described above, a power transmitting coil may inductively couple with a power
receiving coil. Upon coupling, the transmit coil will experience an increased load. Accordingly,
when the power requirements of a portable electronic device change, the load experienced by
the transmit coil may also change. To account for changes in power requirements of various
portable electronic devices or different operational modes of a single portable electronic device,
the inductive power transfer circuitry may include a current monitor. The current monitor may be
positioned across a resistor of known resistance within a circuit providing power to the transmit
coil. In this manner, the current load through the transmit coil may be knowable at any given
time.

[0051] In certain embodiments, the output from the current monitor may be used to control the
selected frequency of the output of the power source. For example, in certain embodiments
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more power may be transferred at lower frequencies than at higher frequencies. Accordingly, if
the current monitor determines that the loading of the transmit coil has increased, the frequency
of the output of the power source may be lowered in order to transmit more power. In the
alternative, if the current monitor determines that the loading of the transmit coil has decreased,
the frequency of the output of the power source may be raised in order to transmit less power.

In this manner, the inductive charging station may enjoy increased power efficiency by not
transmitting more power than is required of a device coupled with the transmit coil. In still further
embodiments, other mutable properties of the output of the power source may be changed as a
result of detected changes in loading of the transmit coil. For example, the voltage applied to the
transmit coil may be increased or decreased in response to increases or decreases in load

applied to the transmit coil.

[0052] In certain embodiments, the power output from the inductive charging station may be at
least partially controlled or influenced by periodic reports from the portable electronic device
itself. For example, a portable electronic device may include a wireless transmitter configured to
transmit information to an inductive charging station. Such information may include identifying
information, authentication information, or power state information. Power state information may
include current or future power requirements, time estimations until a battery is fully charged,
the current charge of the battery, or other power related information. The portable electronic
device may send periodic updates, once or more per second. The wireless transmitter may be
of any suitable technology such as, for example, Wi-Fi, RF, Bluetooth, near field communication
(“NFC”), or infrared. In certain embodiments, the wireless transmitter may be an existing

component of the portable electronic device, such as a camera flash or a display.

[0053] An inductive charging station may include a receiver to receive signals sent from an
inductively coupled portable electronic device. The station may interpret these signals in order
to augment, adjust or otherwise change the frequency of the output of the power source. For
example, if the portable electronic device sends a signal that it requires 5 volts at 1 amp, the
frequency of the output of the power source may be a different value than if the portable
electronic device sends a signal that it requires 3 volts at 1 amp. In other embodiments, the
inductive charging station may interpret the signals received by the receiver to augment, adjust,
or otherwise change other mutable properties of the output of the power source. For example, if
the portable device sends a signal that it requires 5 volts at 1 amp, the voltage of the output of
the power source may be increased to a value different than that if the portable electronic
device sends a signal that it requires 3 volts at 1 amp.
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[0054] In further embodiments, the inductive charging station may use a combination of
information received from the portable electronic device and information measured from the
current monitor to dynamically, intelligently, and rapidly adjust the output of the power source.
For example, the current monitor may note an increased load on the transmit coil hundreds of
milliseconds before the next update signal is received from the portable electronic device. In
such a case, the current monitor may increase the power output immediately and upon
confirmation that the power requirements of the portable electronic device have increased at the
next signal, retain the newly-determined higher power transmission frequency. In the alternative,
if the current monitor notes an increased load that is not confirmed upon receipt of the next
signal from the portable electronic device, the power transmission frequency may be re-set to a

previous value.

[0055] In certain embodiments, the portable electronic may include a surge protection circuit,
such as a capacitor, operative to prevent damage to the portable electronic device as a result of
an increase in power transmitted by the transmit coil. For example, if the transmit coil increases
the power it transmits, there may be a power surge in the power-receiving circuitry of the
portable electronic device. Including a capacitor or cther surge protection circuitry may prevent
damage to the portable electronic device as a result of an unexpected increase in the power by
the portable electronic device.

[0056] FIG. 1 is a signal flow diagram in accordance with an embodiment of the present
disclosure showing a ground connection controller within a portable electronic device 100 in an
on state. Shown is a transmit coil 105 and a receive coil 110. The receive coil 110 is coupled to
inductive charging circuitry 120. The inductive charging circuitry 120 may include circuitry to
convert alternating current output from the receive coil 110 to direct current useful to charge a
battery 140. The inductive charging circuit may be electrically connected to a power
management unit 130. The power management unit 130 may include processing circuitry to
intelligently determine how to distribute power output from the inductive charging circuit 120 to
the battery 140. For example, in certain embodiments, the power management unit 130 may
determine that the battery 140 is not charged to full capacity. The power management unit 130
may direct power from the inductive charging circuit 120 to the battery 140 so that the battery
140 may be charged. In another embodiment, the power management unit 130 may determine
that the battery 140 is already charged. In such a circumstance, the power management unit
130 may direct power from the inductive charging circuit 120 to other portions of the portable
electronic device 100 so that the battery 140 is not depleted.
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[0057] FIG. 1 also shows a charge monitoring circuit 150. The charge monitoring circuit may
accept input from both the inductive charging circuit 120 and the battery 140. In certain
embodiments, the charge monitoring circuit 150 includes a comparator to determine whether the
voltage of the battery 140 or the voltage output from the inductive charging circuit 120 is higher.
In certain cases, if the voltage of the battery 140 is higher than the voltage of the inductive
charging circuit 120, then charge monitoring circuit 150 may direct the inductive charging circuit
120 to enter an idle state. In other embodiments where the voltage of the battery 140 is less
than the voltage output from the inductive charging circuit 120 output, the charge monitoring
circuit 150 may place the inductive charging circuit 120 into a power-converting state, described

in further detail below.

[0058] The charge monitoring circuit 150 may be coupled to a ground controller 160. The
ground controller 160 may be coupled in an on mode to the circuit ground 170. The ground
controller 160 may couple the charge monitoring circuit 150 to the circuit ground 170 only when
the ground controller 160 is in an on state. The ground controller 160 may receive a signal 180
(e.g., voltage) to enter the on state from the inductive charging circuit 120.

[0059] FIG. 2 is a signal flow diagram in accordance with an embodiment of the present
disclosure showing a ground connection controller in an off state. FIG. 2 illustrates a receive coil
110 outside of the presence of a transmit coil. Because the receive coil 110 is outside the
presence of any inductive source, there is no voltage induced at 110, and thus the inductive
charging circuit 120 does not receive any power as input. As with FIG. 1, shown are the power
management system 130, the battery 140, the charge monitoring circuit 150 and the ground
controller 160. However, because there is no voltage present across the receive coil 110, there
is no activation signal 180 (not shown) sent to the ground controller 160. Accordingly, the
ground controller 160 is not connected to circuit ground 170. Because the ground controller 160
is not connected to ground 170, the charge monitoring circuit 150 is also disconnected from
ground 170. As a result, there is no complete circuit, from the battery 140 to ground through the
power management unit 130, the charge monitoring circuit 150, or the inductive charging circuit
120.

[0060] FIG. 3 is a process flow diagram showing method of controlling an inductive charging
system within a portable electronic device having a battery. The process may begin at 300, with
the initial state of the transmit circuitry. Next at 305, the system will determine whether or not

transmit circuitry is present.
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[0061] If transmit circuitry is not present, the process may continue at 310, in which inductive
charging circuitry is disconnected. At 315, power monitoring circuitry may be disconnected. At
320, power management circuitry may be disconnected. Thereafter, the process may cycle to
325, a loop that determines whether the state of the transmit circuitry has changed.

[0062] In the alternative, if transmit circuitry is present at 305, the process may continue
at 330 in which inductive charging circuitry is connected. At 335, power monitoring
circuitry may be connected. At 340, power management circuitry may be connected.
Thereafter, the process may continue to 345 which may determine whether the battery
should be charged. If the battery should be charged, the process may continue to 350. If
the battery should not be charged (i.e., the battery is already fully charged), the process
may continue to 355. Thereafter, the process may cycle to 325, a loop that determines
whether the state of the transmit circuitry has changed. At 325, the method may
determine whether the state, or presence, of transmit circuitry has changed. In one
example, a state change may be that the transmit circuitry was previously present but is
no longer present (e.g., a device was inductively proximate a transmit coil but then
removed). In another example, a state change may be that no transmit circuitry was
detected previously, but that transmit is currently present (e.g., a device was placed
inductively proximate a transmit coil). If the state does not change, 325 may wait until a

change occurs.

[0063] One may appreciate that although many embodiments are disclosed above, that
the operations presented in FIG. 3 are meant as exemplary and accordingly are not
exhaustive. One may further appreciate that alternate operation order, or a process with

fewer or additional steps, may be appropriate to practice the disclosed method.

[0064] FIG. 4 is a partial schematic diagram of a sample embodiment of the present
disclosure, showing a ground connection controller as a portion of the inductive
charging circuitry of a portable electronic device 400. External the portable electronic
device 400 is transmit coil 405. The transmit coil 405 is positioned inductively proximate
the receive coil 410. As with the embodiment shown in FIG. 1, the receive coil 410 is
coupled to inductive charge circuitry 420, in this case illustrated as an integrated circuit.

One may appreciate that although the inductive charge circuitry 420 is presented as a
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single element, the function of the inductive charge circuit 420 may be performed by
either discrete components, analog components, and/or one or more individual
integrated circuits. The inductive charge circuitry 420 is coupled to a power
management unit 430, which itself is coupled to a battery 440. A comparator circuit 450
is coupled between the battery 440 and the inductive charging circuitry 420. Lastly, the
ground connection controller 460 is shown connecting the comparator circuit 450 to

ground.

[0065] The comparator circuit 450 may include an operational amplifier with inputs
connected to at least two separate voltages. In certain embodiments, the voltage
sources used as input to the comparator may be the voltage out of at least two voltage
dividers. In the simplest case, voltage out of a voltage divider is the midpoint between
two resistors, one connected to ground and another connected to a voltage source. The
comparator circuit as illustrated includes two voltage dividers including four resistors
(two resistors for each voltage divider). One may appreciate that the values of the
resistors may vary from embodiment to embodiment. For example, in one embodiment,
each resistor may have the same resistance value. In another embodiment, the
resistors of each voltage divider may have the same resistance value, but each voltage
divider may have resistors having different values. In further embodiments, one or more
resistors within each voltage divider may be a mechanically or electrically variable

resistor, capable of being tuned.

[0066] As illustrated, one voltage divider of the comparator circuit 450 may extend from
the output of the inductive charging circuitry 420 to the ground connection controller
460. The midpoint of this voltage divider may be connected to an input of the
operational amplifier. A second voltage divider of the comparator circuit 450 may extend
from the positive terminal of the battery 440 to the ground connection controller 460.
The midpoint of this voltage divider may also be connected to a secondary input of the
operational amplifier. The output of the operational amplifier of the comparator circuit

450 may be coupled to the inductive charging circuitry 420.
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[0067] Other embodiments described herein may take the form of a method of modifying
one or more mutable properties of the power output of an electromagnetic induction
power transfer transmission circuit. In one example, the selected mutable property of
the power output may be the frequency of the output. The process may begin by
determining a current load on a power-transmitting inductor supplied with an alternating
current at a frequency, adjusting the frequency in response to the determined current
load, receiving a signal of power required, and modifying the adjusted frequency in
response to the received signal.

[0068] FIG. 5 is a schematic diagram of a sample embodiment of the present disclosure,
showing a current load monitor 515 connected to the transmit coil 505 of an induction
charging system 500. One portion of the inductive charging system 500 includes the
inductive power transmitter 512, which is positioned inductively proximate the inductive
power receiver 514 such that a transmit coil 505 is positioned inductively proximate a
receive coil 510. The power transmitting coil 505 may inductively couple with a power
receiving coil 510. Upon coupling, the transmit coil 505 will experience an increased
load, or in other words will draw additional load itself. Accordingly, when the power
requirements of the inductive power receiver 514 change, the load experienced by the
transmit coil 505 may also change. The current monitor 515 may be positioned across
a resistor of known resistance within a circuit providing power to the transmit coil 505. In
this manner, the current load through the transmit coil may be knowable at any given

fime.

[0069] Knowing the current load may be useful to determine whether efficiency of the
inductive power transmitter 512 may be increased. For example, in one embodiment, an
inductive power transmitter 512 requiring additional current (i.e., additional load) may
simply draw additional current itself transmitting additional power at the same
operational frequency as before the load increased. In another example, the inductive
power transmitter 512 may change its operational frequency. By changing the
operational frequency up or down, the transmit coil 505 may more efficiently transmit

power.
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[0070] Accordingly, output from the current load monitor 515 may be used in order to
augment, in real-time, the operational frequency of the power transmitter 512. In one
example, if load increases along the transmit coil 505, the current load monitor 515 may
signal the inductive power transmitter 512 to reduce the operational frequency of the
transmit coil 505 in order to more efficiently transmit the additional power required by
the inductive power receiver 514. In another example in which load decreases along the
transmit coil 505, the current load monitor 515 may signal the inductive power
transmitter 512 to increase the operational frequency of the transmit coil 505 in order to
more efficiently transmit the lower power required by the inductive power receiver 514.
As noted with respect to other embodiments described herein, other mutable properties
of the power transmitter 512 may be changed in response to variations in loading of the

transmit coil 505.

[0071] FIG. 6 is a process flow diagram showing method of controlling the transmit power of an
inductive charging system. The process may begin in which the system begins monitoring the
current load of the transmit coil. Next, the system may determine at 605 whether the current
load has changed. If the current load has changed, the system may determine whether the
system load has increased or decreased at operation 610. If the system load has increased,
then the process may continue to 620 in which the system may adjust the transmit frequency to
increase the transmitted power. In the alternative, if the change registered at 605 was that the
current load decreased, the process may continue to 615 in which the system may adjust the
transmit frequency to decrease transmitted power. In the case of either step 615 or 620, the
system may continue to step 625 in which the system may wait for the next load report sent
from a power-receiving device. If the received report confirms the change at 630 previously
made at 620 or 615, the process may cycle back to 605. In the alternative, if the received report
does not confirm the change at 630 previously made at 620 or 615, the process may continue to
635 where the transmit frequency is re-set. Thereafter, the process may cycle back to 605.

[0072] One may appreciate that, although many embodiments are disclosed above, the
operations presented in FIG. 6 are meant as exemplary and accordingly are not exhaustive.
One may further appreciate that alternate step order, or a process with fewer or additional steps
may be appropriate to practice the disclosed method.
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[0073] This disclosure relates to power management and power transfer optimization within the
transmit and receive portions of an inductive charging system. An inductive charging system
may include an inductive charging station to transmit power and a portable electronic device to
receive power. Embodiments may take the form of power management systems within an
inductive charging station including load-based transmit frequency or voltage adjustments and
power management systems within portable electronic devices which conserve power by

disconnecting circuits from ground when those circuits are in an idle state.

[0074] One may appreciate that although the disclosure above is described at least in part with
respect to electronic schematic diagrams, the numerous features, aspects and functionality
described in one or more of the individual embodiments are not limited to the particular
schematic with which they are described or illustrated. Accordingly, elements illustrated in
electronic schematic diagrams are not meant to be exhaustive of the elements which may be
desired, required, or otherwise included in alternate, related, or similar embodiments

contemplated herein.

[0075] Where components or modules of the invention are implemented in whole or in part
using software, in one embodiment, these software elements can be implemented to operate
with a computing or processing module capable of carrying out the functionality described with
respect thereto.

[0076] Although the disclosure above is described in terms of various exemplary embodiments
and implementations, it should be understood that the various features, aspects and
functionality described in one or more of the individual embodiments are not limited in their
applicability to the particular embodiment with which they are described, but instead can be
applied, alone or in various combinations, to one or more of the other embodiments of the
invention, whether or not such embodiments are described and whether or not such features
are presented as being a part of a described embodiment. Thus, the breadth and scope of the
present invention should not be limited by any of the above-described exemplary embodiments

but is instead defined by the claims herein presented.
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CLAIMS

We claim:

1. An adaptive power control system for an electromagnetic induction power

transfer apparatus comprising:
a wireless signal receiver;
an alternating current power supply having an operating frequency;
a power-transmitting inductor coupled to the power supply; and
a current monitor coupled to the power-transmitting inductor and configured to determine

a load of the power-transmitting inductor; wherein
a first modification of the operating frequency of the power supply is provided in

response to the load; and

a second modification to the operating frequency of the power supply, overriding
the first modification for a selected timeout period, is provided in response to a feedback signal
received by the wireless signal receiver, the feedback signal sent at an interval from a portable

electronic device proximate to the power-transmitting inductor.

2. The adaptive power control system of claim 1, wherein the power supply is

turned off in response to a load below a load minimum threshold.

3. The adaptive power control system of claim 1, wherein modification of the
operating frequency of the power supply in response to the load is substantially simultaneous

with changes in the load.

4, The adaptive power control system of claim 1, wherein the portable electronic
device includes a surge protection circuit operative to prevent damage to the portable electronic

device as a result of an increase in power transmitted by the power-transmitting inductor.

5. The adaptive power control system of claim 4, wherein the surge protection

circuit comprises a capacitor.

6. The adaptive power control system of claim 1, wherein the first modification is

limited to a selected maximum.

7. A method of modifying power output of an electromagnetic induction power

transfer apparatus comprising:
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determining a load on a power-transmitting inductor supplied with an alternating current
at an operating frequency;

modifying the operating frequency of a power supply in response to the determined load;

receiving a feedback signal, the feedback signal received at an interval from a portable
electronic device proximate to the power-transmitting inductor; and

modifying the operating frequency of the power supply, overriding the first modification
for a selected timeout period in response to the feedback signal.

8. The method of claim 7, wherein modifying the frequency in response to the load

comprises:

increasing the frequency to reduce the power output from the power-transmitting
inductor; and
decreasing the frequency to increase the power output from the power-transmitting

inductor.

9. The method of claim 7, wherein the feedback signal comprises the power

requirements of the portable electronic device.

10. The method of claim 9, wherein modifying the operating frequency in response to
the received feedback signal comprises adjusting the operating frequency such that power
transmitted to the portable electronic device matches the power requirements of the portable

electronic device.

11. The method of claim 8, wherein modifying the operating frequency in response to
the load is substantially simultaneous with changes in the load.

12. The method of claim 11, wherein modification in the operating frequency in

response to the load are limited to a select maximum.

13. The method of claim 7, wherein once a modification of the operating frequency in
response to the load is overridden by a modification of the operating frequency in response to -
the received feedback signal, a subsequent modification of the operating frequency in response

to a subsequent change in load is ignored for a select timeout period.

14. A transmitter of a wireless power transfer system, the transmitter comprising:

a transmit coil coupled to a power source;
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a load monitor coupled to the transmit coil and configured to measure current through
the transmit coil, and
a power transfer control circuit coupled to the load monitor and configured to:
set an operational frequency of the power source;
perform an initial modification of the operational frequency in response to a signal
from the load monitor corresponding to a change in current through the transmit coil; and
perform a subsequent modification of the operating frequency, overriding the
initial modification for a timeout period, in response to a feedback signal received from a

portable electronic device.

15. The transmitter of claim 14, wherein:

the signal is a first signal; and

the power transfer control circuit is configured to disable the power source in response to
a second signal from the load monitor corresponding to a determination that current through the

transmit coil is below a threshold.

16. The transmitter of claim 14, wherein the power transfer control circuit is
configured to disable the power source after the timeout period if the feedback signal is not

received.

17. The transmitter of claim 14, wherein the power transfer control circuit is
configured to retain the initial modification upon determining that the feedback signal confirms

the initial modification.

18. The transmitter of claim 14, wherein the selected timeout period is longer than an

interval at which the feedback signal is sent.

19. A method of controlling power transfer from a transmitter of an inductive charging
station, the method comprising:

setting an initial operational frequency of an alternating current power source coupled to
a transmit coil, the initial operating frequency corresponding to a first power requirement of a
portable electronic device,;

monitoring current through the transmit coil,
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providing a first modification to the initial operational frequency upon determining that
current through the transmit coil has changed,

initiating a selected timeout period after providing the first modification to the initial
operating frequency;,

receiving a signal from a portable electronic device before the selected timeout period
expires, the signal corresponding to a second power requirement of the portable electronic
device;

overriding the first modification to the initial operational frequency upon determining that
the first modification does not correspond to the second power requirement; and

providing a second modification to the initial operational frequency, the second
modification of the initial operating frequency corresponding to the second power requirement.

20. The method of claim 19, further comprising disabling the alternating current

power source in the absence of the signal.

21, The method of claim 19, further comprising restoring the initial operating
frequency of the alternating current power source if the signal is not received before the

selected timeout period expires.

22. The method of claim 19, wherein the first modification comprises increasing the

operational frequency.

23. The method of claim 19, wherein the second modification comprises decreasing

the operational frequency.
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