wo 2014/051865 A2 I} I A1 00O OO A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/051865 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

3 April 2014 (03.04.2014) WIPOIPCT
International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
HO02J 5/00 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. e DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
International Application Number: HN, HR, HU, ID, IL. IN, IS, JP, KE, KG, KN, KP, KR,
PCT/US2013/054623 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
13 August 2013 (13.08.2013) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
Filing Language: English TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
Publication Language: English ZW.
Priority Data: (84) D.esignated. States (unle.ss othefﬂwise indicated, for every
13/625,976 25 September 2012 (25092012) Us kind Of regzonal protection avazlable): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
Applicant: MOTOROLA MOBILITY LLC [US/US]; UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
600 North US Highway 45, Libertyville, Illinois 60048 TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
US). EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Inventors: HOWARD, Jason N.; 515 Kings Count Court, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
Alpharetta, Georgia 30004 (US). HANLEY, Michael G.,; TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
pharetla, Lieorgl: . : KM, ML, MR, NE, SN, TD, TG).
945 Springtime Drive, Lawrenceville, Georgia 30043 (US). ? ? P e
Published:

Agents: CUNNINGHAM, Garry et al; 600 North Us
Highway 45, Libertyville, IL 60048 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: METHODS AND SYSTEMS FOR RAPID WIRELESS CHARGING

302
\ 301
/

) 1
'
N i Cell § 194
304 i—‘?lPass Eiemt.!— Battery " -’
\ ¥ ! ! 305

Control
Circuit

300

/;ductively Coupled
307 Powyer Power
/ Supply
308
310

FIG. 3

(57) Abstract: A system (300) and method (400) for
wireless charging are provided. A control circuit (304)
charges one or more cells (301) in a secondary wireless
charging circuit (308) that receives power wirelessly
from a primary (312). The control circuit determines the
state of charge and temperature of the cells. The control
circuit then calculates a current limit as a function of a
combination of the state of charge, input voltage to the
control circuit for the wireless controller, FET power
dissipation and the temperature and adjusts a wireless
power control device (305) in the secondary such that its
current limit is set to the state of charge current limit.
Different temperature limits can be used for different
states of charge such that the cells can be charged at
higher temperatures at low states of charge than at high-
er states of charge.
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Methods and Systems for Rapid Wireless Charging

BACKGROUND

TECHNICAL FIELD

This invention relates generally to charging cells of batteries, and more
particularly to wirelessly charging cells of batteries.

BACKGROUND ART

Portable electronic devices, such as cellular telephones, laptop computers, tablet
computers, pagers, and two-way radios for example, derive their portability from batteries having
rechargeable cells. These batteries allow these devices to slip the surly bonds of power supplies
tethered to walls and to travel wirelessly with users wherever they may go. A typical battery
disposed within one of these devices may be charged and discharged hundreds of times over its
lifetime. This is particularly true due to the daily reliance people increasingly place upon their
personal devices.

It is known that the rechargeable batteries of many devices can be recharged
wirelessly. To wit, induction-charging systems are commonly found in devices like portable
motorized toothbrushes. Similarly, portable wireless communication devices and other battery-
powered devices can utilize a rechargeable battery that can be recharged wirelessly. Such devices
are popular due to the convenience afforded to a user by working without a wired connection.
With wireless charging, the user need not connect plugs to sockets to charge a battery.
Additionally, the user is able to more quickly remove the device from the charger after the battery
has been charged.

While wireless charging offers an increased convenience, design issues can limit
the rate at which the cells of a battery can effectively be charged. For example, thermal

limitations of the system can extend the charging time or terminate charging prematurely.
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It would be advantageous to have an improved wireless charging system.
BRIEF DESCRIPTION OF THE DRAWINGS
The accompanying figures, where like reference numerals refer to identical or
functionally similar elements throughout the separate views and which together with the detailed
description below are incorporated in and form part of the specification, serve to further illustrate
various embodiments and to explain various principles and advantages all in accordance with the
present invention.
FIG. 1 illustrates a prior art wireless [see para [021]] charging system.
FIG. 2 illustrates thermal charging termination associated with a prior art charging
system.
FIG. 3 illustrates one explanatory wireless charging system configured in accordance
with one or more embodiments of the invention.
FIG. 4 illustrates one explanatory method of wirelessly charging the cells of a battery in
accordance with one or more embodiments of the invention.
FIG. 5 illustrates an explanatory dual temperature threshold charging termination
configured in accordance with one or more embodiments of the invention.
FIG. 6 illustrates one explanatory system for wirelessly charging the cells of a battery in
accordance with one or more embodiments of the invention.
FIGS. 7-10 illustrate another explanatory method of wirelessly charging the cells of a
battery configured in accordance with one or more embodiments of the invention.
Skilled artisans will appreciate that elements in the figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. For example, the dimensions
of some of the elements in the figures may be exaggerated relative to other elements to help to

improve understanding of embodiments of the present invention.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Before describing in detail embodiments that are in accordance with the present
invention, it should be observed that the embodiments reside primarily in combinations of method
steps and apparatus components related to wirelessly charging cells of a battery. Any process
descriptions or blocks in flow charts should be understood as representing modules, segments, or
portions of code that include one or more executable instructions for implementing specific
logical functions or steps in the process. Alternate implementations are included, and it will be
clear that functions may be executed out of order from that shown or discussed, including
substantially concurrently or in reverse order, depending on the functionality involved.
Accordingly, the apparatus components and method steps have been represented where
appropriate by conventional symbols in the drawings, showing only those specific details that are
pertinent to understanding the embodiments of the present invention so as not to obscure the
disclosure with details that will be readily apparent to those of ordinary skill in the art having the
benefit of the description herein.

It will be appreciated that embodiments of the invention described herein may be
comprised of one or more conventional processors and unique stored program instructions that
control the one or more processors to implement, in conjunction with certain non-processor
circuits, some, most, or all of the functions controlling processors and control devices to
wirelessly charge one or more cells as described herein. The non-processor circuits may include,
but are not limited to, a radio receiver, a radio transmitter, signal drivers, clock circuits, power
source circuits, and user input devices. As such, these functions may be interpreted as steps of a
method to perform wireless charging, voltage regulation, current regulation, and thermal cell
management. Alternatively, some or all functions could be implemented by a state machine that
has no stored program instructions, or in one or more application specific integrated circuits
(ASICs), in which each function or some combinations of certain of the functions are

implemented as custom logic. Of course, a combination of the two approaches could be used.
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Thus, methods and means for these functions have been described herein. Further,
it is expected that one of ordinary skill, notwithstanding possibly significant effort and many
design choices motivated by, for example, available time, current technology, and economic
considerations, when guided by the concepts and principles disclosed herein will be readily
capable of generating such software instructions and programs and ICs with minimal
experimentation.

Embodiments of the invention are now described in detail. Referring to the
drawings, like numbers indicate like parts throughout the views. As used in the description herein
and throughout the claims, the following terms take the meanings explicitly associated herein,
unless the context clearly dictates otherwise: the meaning of ““a,” “an,” and “the” includes plural
reference, the meaning of “in” includes “in” and “on.” Relational terms such as first and second,
top and bottom, and the like may be used solely to distinguish one entity or action from another
entity or action without necessarily requiring or implying any actual such relationship or order
between such entities or actions. Also, reference designators shown herein in parenthesis indicate
components shown in a figure other than the one in discussion. For example, talking about a
device (10) while discussing figure A would refer to an element, 10, shown in figure other than
figure A.

Turning now to FIG. 1, illustrated therein is one embodiment of a prior art wireless
battery charging system 100. The battery charging system 100 of FIG. 1 is configured to
wirelessly charge one or more cells 101 disposed within a battery 102 by way of a charger 103
that receives inductive power from a power supply 104. The power supply 104 includes a primary
coil 114 that is configured to wirelessly deliver power via induction to the charger 103. For
example, the primary coil 114 can be electromagnetically coupled to a secondary coil 115
disposed in the charger 103. The charger 103 can be disposed within the battery 102 or within an
electronic device coupled to the battery 102, and provides power through electrical contacts

117,118 to the cell 101.
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The primary coil 114 and the secondary coil 115 each include a plurality of turns.
A voltage is induced in the secondary coil 115 due to a magnetic field generated by the primary
coil 114. In accordance with Faraday’s law the voltage induced in the secondary coil 115 is
proportional to the level of magnetic flux flowing in the secondary coil 115 and the number of
turns in the secondary coil 115. The secondary coil 115 can include one or more taps to provide
direct electrical connections to turns on the secondary coil 115.

The secondary coil 115 is coupled to an alternating current to direct current
(AC/DC) converter 116. The AC/DC converter 116 converts alternating currents and voltages
received by the secondary coil 115 to direct currents and voltages that can be used to charge the
cell 101. The charger 103 then feeds the direct current to the battery 102 so that the cell 101 can
be charged.

The charger 103 includes a control circuit 105 configured to control the amount of
charging current that flows to the battery 102. The control circuit 105 does this with a current
control circuit 107. The current control circuit 107 includes a sense resistor 109, a field effect
transistor (FET) 110 and a diode 111. The control circuit 105 can determine suitable currents for
charging the cell 101 by reading data stored in a memory 108 of the battery 102. The control
circuit 105 can also measure the temperature of the cell 101 by measuring a voltage between a
thermistor 113 disposed within the battery 102 and a pull-up resistor 119.

In operation, when the charger 103 is receiving power from the power supply 104,
charging current flows through the charger 103. The control circuit 105 monitors the amount of
charging current being transferred to the battery 102 with the sense resistor 109. The voltage
applied to the battery 102 is sensed from the electrical contacts 117,118.

During the charging process, in addition to monitoring charging current and
charging voltage, the control circuit 105 monitors the temperature of the cell 101 disposed within

the battery 102. This is due to thermal limitations for the cell 101 that are set by the manufacturer.
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If the temperature rises above a predetermined threshold, the control circuit 105 must reduce the
amount of current to avoid compromising the reliability of the cell 101.

Turning now to FIG. 2, illustrated therein is a graph 200 illustrating how this
works. The control circuit (105) initially charges the cell (101) with a direct current 201. This
causes the temperature 202 of the cell (101) to rise.

During charging, the temperature 202 can peak 204 and exceed the manufacturer’s
maximum temperature threshold 205. The control circuit (105) must then decrease 206 the
charging current 201 to reduce 207 the charging temperature 202 below the manufacturer’s
maximum temperature threshold 205. This reduction in charging current 201 delays the
application of charging current and causes the amount of time required to charge the cell (101) to
greatly increase. The longer charging time is thus problematic.

While the series impedance of the cell (101) is one source of heat resulting in the
ris¢ in temperature 202, there are actually several sources of heat in a wireless charging system.
For example, heat dissipated in the primary coil (114) gets transferred across the wireless
interface to the secondary coil (115) and can cause an increase in the temperature 202. Similarly,
heat is generated in the secondary coil (115) due to current flowing through the secondary coil
(115). This can affect the temperature 202 of the cell (101). Further, heat dissipated in the current
control circuit (107) can cause the temperature 202 of the cell (101) to rise.

The fact that the primary coil (114) and secondary coil (115) are major heat
generators makes thermal issues more problematic in wireless charging systems than in
conventional wired charging systems. Specifically, in wireless charging systems, as charging
current 201 is increased, the temperature 202 increases sharply due to the inherent inefficiencies
of the primary coil (114) and the secondary coil (115). This makes management of the charging

current far more difficult in wireless systems. The temperature limitations of prior art wireless
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charging systems greatly extend the overall charge time. These long charge times offset much of
the convenience offered by wireless charging platforms.

Embodiments of the present invention work to overcome the deficiencies of prior
art systems by basing the charging current limit upon the state of charge of the cells, the
temperature of the cells, or combinations thereof. Embodiments of the invention further control
the amount of power being delivered from the primary coil to the secondary coil by adjusting the
current limit of the secondary’s power management system as a function of the state of charge of
the cells throughout the charging process. For instance, in one embodiment, two distinct
predetermined thermal limits for a cell are used to increase charging efficiency. Higher currents
are applied to charge the cell to a higher temperature when the state of charge is low, and lower
currents arc applied when the state of charge is high. A lower temperature threshold is therefore
used when charging at higher states of charge. Illustrating by example, the maximum permitted
cell temperature for low state of charge charging may be 60 degrees centigrade, while the
maximum permitted cell temperature at higher states of charge may be only 45 degrees
centigrade. This “multi-tiered” temperature thresholding method accommodates faster charging
during times when higher temperatures can be tolerated without compromising reliability, while
returning to lower temperature, slower charging when thermal management becomes more
important, i.¢., at higher states of charge. The use of multiple state of charge thresholds results in
faster overall charging than, for instance, the system of FIGS. 1 and 2.

In one embodiment, to employ the multi-tiered thermal management approach of
methods described herein, a control circuit operable with one or more cells in a rechargeable
battery that is configured to determine the state of charge of the cell(s), a voltage applied to the
cell(s), a current flowing through the cell(s), and a temperature of the cell(s), implements the
multi-tiered thermal management approach by adjusting the current limit of a wireless power
control device. The use of this control device allows commonly available, off-the-shelf, wircless

power control devices to be used in accordance with embodiments of the invention without
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customization. The control device, in one embodiment, is effectively able to artificially adjust the
current limit of the wireless power control device to make the wireless control device think that
the cell(s) are in a different state of charge than they actually are. This provides the ability to
charge at higher currents at lower states of charge, and vice versa, without the need of a complex,
expensive wireless power control device.

In one embodiment, a method of adjusting the wireless power control device of a
secondary in a wireless charging circuit for one or more cells, that is in communication with a
primary of the wireless charging circuit, includes the control circuit first determining a state of
charge of the cell(s). As will be shown below, state of charge can be determined in a variety of
ways. However, in a simple embodiment, experimental testing has shown that measuring the cell
voltage, charging current, cell temperature, or combinations thereof, provide a sufficiently
accurate approximation of the state of charge to substantially decrease the overall charging time.

Once the control circuit determines the state of charge, it compares the state of
charge to a predetermined threshold. Using voltage as a determinant of state of charge for
explanation, for a single, lithium-based cell having an operating voltage range of about 2.7 volts
to 4.2 volts, the control circuit may determine whether the voltage was less than or equal to 3.8
volts, or alternatively above this threshold. In other cells, the operating voltage has a range of
about 2.5 volts to about 4.35 volts. In these cells, the control circuit may determine whether the
voltage was less than or equal to about 4.0 volts, or alternatively above this threshold. Regardless
of cell type or absolute limit, where the state of charge is equal to or below the selected threshold,
the control circuit may determine that the cell is in the “low state of charge” condition. Where
above this threshold, the control circuit may determine that the cell is in the “high state of charge
threshold.”

When the state of charge is low, the control circuit may adjust the wireless power
control circuit such that its current limit is increased. This can include calculating a low state of

charge current limit that, in some embodiments, is higher than a high state of charge current limit
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would be. The control circuit can then deliver a current limit adjustment input to the wireless
power control device to set the current limit to the low state of charge current limit. This allows
the cell to charge at a relatively high temperature. The control circuit monitors the low state of
charge temperature threshold and, should the temperature reach this threshold, readjusts the
wireless power control circuit to a lower current limit.

The control circuit then continues to monitor state of charge. Once the control
circuit determines that the state of charge is above the predetermined state of charge threshold,
which is 3.8 volts in this illustrative example, the control circuit calculates a high state of charge
current limit based upon the state of charge. In one or more embodiments, the state of charge is a
function of the temperature of the cell(s), the voltage of the cell(s), and the charging current.

Once the high state of charge current limit is determined, the control circuit
delivers another current limit adjustment input to the wireless power control device. This input
sets the current limit of the wireless power control device to the high state of charge current limit.
The high state of charge current limit will be less than the low state of charge current limit to
ensure that the lower temperature threshold is maintained. The input causes the wireless power
control device to reduce the voltage being applied to the cell(s) in an effort to ensure that the high
state of charge temperature threshold is not breached. It serves another purpose as well, which is
maintaining pass elements coupled in series with the cell to operate in a constant current mode.
When those pass elements operate in a constant current mode, the power dissipation therein is
reduced. Thus, embodiments of the invention not only decrease overall charge time, but reduce
power dissipation in non-cell components as well. The operation described above will be more
readily understood in the discussion of the figures that follow.

Turning now to FIG. 3, illustrated therein is a schematic block diagram of one
embodiment of a system 300 for wireless charging configured in accordance with one or more
embodiments of the invention. The system 300 includes a host device 314 that includes a battery

302 having one or more cells 301 disposed therein. Examples of host devices include portable
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electronic devices, such as mobile telephones, smart phones, tablet computers, laptop computers,
gaming devices, multimedia devices, and so forth. Alternatively, the host device 314 can be a
standalone device that is simply configured to charge the battery 302, one example of which is a
wireless charging station. The cell or cells 301 can be any energy storage device. For example,
the cell or cells 301 can be made from any rechargeable cell technology including, but not limited
to, nickel-cadmium, nickel-metal hydride, and lithium ion technologies. In one or more
embodiments the cell 301 comprises a single, lithium-based rechargeable cell, such as a lithium-
ion or lithium-ion-polymer cell configured to be charged to 4.2 or 4.35 volts and discharged to
2.7 volts.

A control circuit 304 and a wireless power control device 305 provide the
functional control for the host device 314. The control circuit 304 is responsible for performing
the various functions of the device, while the wireless power control device 305 is tasked
primarily with managing the amount of power 306 being transferred across a wireless charging
interface 307. One suitable example for the wireless power control device 305 is the bq51011
integrated wireless power receiver solution manufactured by Texas Instruments.

The wireless power control device 305 is operable with a secondary coil 309
disposed in the secondary wireless charging circuit 308. The secondary coil 309 is magnetically
coupled with a primary coil 310 disposed in a primary charging system 312. The primary coil 310
has its own primary power control device 311, which is operable with the primary coil 310. One
example of a suitable primary power control device 311 is the bq500210 wireless power
transmitter manager manufactured by Texas Instruments.

The wireless power control device 305 communicates with the primary power
control device 311 to control the amount of power 306 being transferred from the primary coil
310 to the secondary coil 309. In one embodiment, the wireless power control device 305 delivers
feedback in the form of an error signal 313 to the primary power control device 311. The error

signal 313 provides a difference in an amount of power being received at the secondary coil 309
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from a desired amount of power, thereby providing an instruction to the primary power control
device 311 to increase or decrease the amount of power 306 being transferred. Other data can be
included in the error signal 313, including authentication data, control data, power data, power
usage data, and so forth. While error signals are one method of communicating data, it will be
clear to those of ordinary skill in the art having the benefit of this disclosure that other methods
can be used as well.

Power 306 received by the secondary coil 309 is then rectified and regulated by the
wireless power control device 305 so that it can be used to charge the cell 301 at the direction of
the control circuit 304. In one embodiment, the control circuit 304 provides feedback to adjust
and control the wireless power control device 305 based upon the state of charge of the cell 301.

The control circuit 304 can be any of a number of different devices. For example,
the control circuit 304 can be configured as a microprocessor, a group of processing components,
one or more Application Specific Integrated Circuits (ASICs), programmable logic, or other type
of processing device. The control circuit 304 can process and execute executable software code to
perform the various functions of the charging the battery 302. A storage device (not shown), such
as a memory module, can store the executable software code used by the control circuit 304 for
operation. The storage device can be integrated into the control circuit 304 or may be a separate
component.

The control circuit 304 is operable to determine one or more of the following cell
parameters: the temperature of the cell 301, the voltage of the cell 301, the voltage applied to the
cell 301 (and sensed by the control circuit 304) by the secondary wireless charging circuit 308,
and the charging current being applied to the cell 301 by the secondary wireless charging circuit
308. The control circuit 304 is also operable to determine a state of charge of the cell 301. From
the state of charge, the control circuit 304 determines in which state of charge classification the
cell 301 should be. For example, in one embodiment there are two state of charge classifications:

a low state of charge classification and a high state of charge classification. In another

11
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embodiment, there are three state of charge classifications: low, medium, and high. It is
contemplated that any number of state of charge classifications could be employed depending
upon the resolution of charge control desired.

The control circuit 304 handles charging of the cell 301 differently in the various
state of charge classifications. As described above, in one embodiment different charging currents
and different temperature thresholds may be used for each state of charge. Thus, when the cell
301 is in a low state of charge, for example, a higher charging current resulting in a higher cell
temperature during charge may be used than when the cell 301 is in a high state of charge.

In one embodiment, once the state of charge classification is known, the control
circuit 304 can determine an appropriate state of charge current limit. The state of charge current
limit can be a function of the state of charge of the cell 301, the temperature of the cell 301, the
voltage being applied to the cell 301, the voltage sensed by control circuit 304, the charging
current, or combinations thereof. For example, if the state of charge is low, a higher current can
be selected. However, the value of the current limit may be adjusted to keep the temperature of
the cell 301 below the low state of charge temperature threshold. Additionally, the value of the
current limit may be adjusted to keep the voltage being applied to the cell’s charging circuit at a
level that ensures one or more pass elements remain in a constant current mode of operation. A
current limit is determined because it provides a simple way to control and/or adjust the wireless
power control device 305. Many off-the shelf wireless power control devices do not have data
inputs.

Once the state of charge current limit is determined, the control circuit 304 can
control the wireless power control device 305 by delivering a current limit adjustment input to a
current control terminal of the wireless power control device 305 to set the current limit to the
state of charge current limit. The wireless power control device 305 then alters the error signals
313 delivered to the primary power control device 311 based upon the new current limit.

Accordingly, by adjusting the current limit of the wireless power control device 305, the control

12
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circuit 304 is able to effectively control the amount of power 306 transferred across the wireless
charging interface 307 to implement its multi-tiered charge temperature threshold method, one
example of which is shown in FIG. 4.

Turning now to FIG. 4, illustrated therein is a method 400 of adjusting a wireless
power control device (305) disposed in a secondary wireless charging circuit (308) that is in
communication with a primary power control device (311) of a primary charging system (312)
configured in accordance with embodiments of the invention. The method 400 is suitable for
being configured as executable code for execution to control the control circuit (304) of FIG. 3,
for example.

At step 401, a control circuit (304) can determine the state of charge of one or more
cells (301). State of charge can be determined in a variety of ways. In one simple embodiment,
the state of charge of the cell (301) can be estimated by determining the voltage of the cell (301).
In another embodiment, the state of charge can be determined by considering combinations of
cell temperature, charge current and cell voltage. Other methods of determining state of charge
will be obvious to those of ordinary skill in the art having the benefit of this disclosure. For
example, state of charge can be determined by calculating the equivalent circuit parameters of a
cell’s resistance, inductance and capacitance by applying a pulse charge repeatedly to the cell.
These equivalent circuit parameters can then be compared to those of cells previously modeled in
the lab to determine an approximate state of charge. In other embodiments, the state of charge can
be estimated by applying pulse currents and measuring a cell’s voltage response after a delay. The
voltage response can be referenced to voltage curves that correlate the response to the state of
charge.

In yet other embodiments, methods of determining the state of charge of a cell
involve current-based measurements using coulomb integration, voltage-based measurements
based upon the resistance of the battery and a hysteresis voltage, and a combination of current-

based state of charge measurements and voltage-based state of charge measurements using

13



[051]

[052]

[053]

WO 2014/051865 PCT/US2013/054623

weighting factors. Commonly assigned US Pat. No. 7,098,666 to Patino, which is incorporated
herein by reference, discloses yet another method for determining a state of charge that includes
measuring a cell voltage when a charging circuit is on, again measuring the cell voltage when the
charging circuit is off, and calculating a difference between the measurements. Any of these (or
other) methods for determining state of charge can be used at step 401. For simplicity of
discussion, cell voltage will be used as an estimate of state of charge in the examples that follow.

At decision 402, the state of charge can be compared to a predetermined state of
charge threshold. Using voltage as a state of charge estimator for one illustrative single cell
lithium-ion cell having an operative range spanning from 2.7 to 4.2 volts, an example of a
predetermined state of charge threshold may be 3.8 volts. In another illustrative cell having an
operating voltage range of about 2.5 volts to about 4.35 volts, the predetermined state of charge
threshold may be about 4.0 volts. As noted above, multiple thresholds can be used instead of a
single threshold. In this example, when the cell voltage is 3.8 volts or lower, decision 402
indicates that the cell has a low state of charge. Where the cell voltage is above 3.8 volts, decision
402 indicates that the cell has a high state of charge.

Following the high state of charge path first, at step 403 a control circuit (304) can
calculate a high state of charge current limit. In one embodiment, this limit can be a function of
the state of charge only. In other embodiments, the limit can be a function of a combination of
factors, including state of charge, cell temperature, cell voltage, and charging currents. For
instance, in one embodiment the control circuit (304) can be configured to additionally determine
a current charging the cell (301). The calculation occurring at step 403 can therefore comprise
calculating the high state of charge current limit from both voltage and this determined current.
Other examples of how these factors can yield the high state of charge current limit will be shown
in more detail in FIGS. 7-10 below.

Once the high state of charge current limit is determined, step 403 can also include

adjustment of a wireless power control device (305). In one embodiment, step 403 comprises
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delivering a current limit adjustment input that includes the high state of charge current limit to
the wireless power control device (305). Where this occurs, as noted above the wireless power
control device (305) adjusts its error signal (313) being transmitted to the primary power control
device (311) due to the change in its perceived current limit. Accordingly, the current limit
adjustment input results in a reduction of the amount of power (306) being delivered across the
wireless charging interface (307). This can result in a reduction of a charging voltage received
from the secondary wireless charging circuit (308) being applied to the cell (301), which can
yield a variety of beneficial effects. A first beneficial effect is that the temperature of the cell
(301) can be held below a high state of charge temperature threshold while charging. A second
beneficial effect, which will become more apparent in the discussion of FIG. 8 is that one or more
pass elements, such as switches used to permit or prohibit charging and discharging current, can
be maintained in a constant current mode. Maintaining these devices in a constant current mode
reduces their power dissipation, and thus allows for a higher charging current while maintaining
the cell temperature below the high state of charge threshold.

In many embodiments, the high state of charge current limit will not be set only
once. Instead, the control circuit (304) will continue to monitor the state of charge of the cell and
will continue to update the high state of charge current limit as necessary. This can be done as a
function of increases in the temperature of the cell (301), increases in the state of charge of the
cell (301), other factors, or combinations thereof.

For example, at step 404, where the cell temperature begins to approach the high
state of charge temperature limit, the high state of charge current limit may need to be changed.
Accordingly, step 404 can include recalculating the high state of charge current limit to reduce
the high state of charge current limit as a function of increases in the temperature.

As noted above, it can be desirable to maintain any pass elements coupled serially
with the cell in a constant current mode to reduce the amount of heat generated within the battery

(302). The control circuit (304) can accomplish this in one or more embodiments, by reducing the

15



[057]

[058]

WO 2014/051865 PCT/US2013/054623

voltage received at the charging circuit to a value slightly above that of the cell (301) so that little
or no power dissipation is required in any serial elements. Accordingly, step 405 can comprise
recalculating the high state of charge current limit to maintain the serial pass elements in a
constant current mode. In another embodiment, step 405 can also include determining an amount
of power dissipation occurring in the pass elements. Where the amount of power dissipation
exceeds a predetermined power dissipation threshold, step 405 can include decrementing the high
state of charge current limit and delivering another current limit adjustment input comprising the
high state of charge current limit after the decrementing to the wireless power control device.

Once the state of charge approaches the termination point where the cell (301) is
fully charged, the current may be reduced to a level that is too low for constant current operation
of the serial elements to continue. Accordingly, step 406 can comprise recalculating the high state
of charge current limit to reduce the high state of charge current limit to a level that permits or
causes the serial elements to enter a constant voltage mode. Charging then terminates at step 407.
In one embodiment, this termination of charging includes the cell (301) first reaching a
termination voltage, with a charge current tapering slowly to lower values, ¢.g., the charge
capacity divided by a predetermined factor, one example of which is 20.

Turning now to the low state of charge path, when the state of charge is below the
predetermined threshold as determined at decision 402, the control circuit (304) can calculate a
low state of charge current limit at step 409. As noted above, and as will be shown graphically in
FIG. 5 below, in one or more embodiments a tiered current and/or temperature threshold will be
used where the low state of charge temperature threshold, the low state of charge current limit, or
both, will be higher than their counterparts occurring when the cell (301) is in the high state of
charge. Thus, step 409 can result in a low state of charge current limit that is higher than the high
state of charge current limit calculated at step 403. Step 409 can also include delivering another
current limit adjustment input to the wireless power control device (305) to set the current limit of

the wireless power control device (305) to the low state of charge current limit. Where the low
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state of charge current limit is higher than the high state of charge current limit, step 409 can
cause the temperature of the cell (301) to rise above the predetermined high state of charge cell
temperature threshold. However, when using the tiered approach, the low state of charge current
limit will maintain the cell temperature below a predetermined low state of charge cell
temperature threshold being used.

As with the high state of charge path, in the low state of charge path it can be
desirable to maintain any pass elements coupled serially with the cell in a constant current mode
to reduce the amount of heat generated within the battery (302). The control circuit (304) can
accomplish this in one or more embodiments, by reducing the voltage received at the charging
circuit to a value slightly above that of the cell (301) so that little or no power dissipation is
required in any serial elements. Accordingly, step 410 can comprise recalculating the low state of
charge current limit to maintain the serial pass elements in a constant current mode.

Similarly, and perhaps more importantly, at step 411, where the cell temperature
begins to approach the low state of charge temperature limit, the low state of charge current limit
may need to be changed. Accordingly, step 411 can include recalculating the low state of charge
current limit to reduce the low state of charge current limit as a function of increases in the
temperature. The result of this recalculation is that multiple low state of charge current limits will
be employed.

Results of embodiments of the method described in FIG. 4 are shown graphically
in FIG. 5. Turning now to FIG. 5, illustrated therein is a graph 500 showing state of charge 501,
cell temperature 502, and charging current 503 being managed in accordance with the method of
FIG. 4.

As shown in the graph 500, different temperature thresholds are being employed
for different states of charge. A low temperature state of charge temperature threshold 504 is used

as an upper temperature limit when the cell (301) is in the low state of charge, and a high
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temperature state of charge temperature threshold 505 is used when the cell (301) is in the high
state of charge. As shown, the low temperature state of charge temperature threshold 504 is
higher than the high state of charge temperature threshold 505. Accordingly, the temperature of
the cell (301) is permitted to be higher during charging while the cell (301) is in the low state of
charge than when in the high state of charge.

Presuming that the cell (301) was initially in the low state of charge initially at
point 506, the method (400) of FIG. 4 would determine this state of charge at step (401), and
determine that the state of charge was lower than the predetermined state of charge threshold at
decision (402). Accordingly, at step (403) the low state of charge current limit would be
calculated. Further, the wireless power control device (305) would be adjusted to the low state of
charge current limit, which results in the cell (301) being charged at an initial current level shown
at point 507.

As shown in the graph 500, this causes both the cell temperature 502 to start rising
as shown at point 508. The method (400) could then perform the recalculations described at steps
(410,411) to continually adjust the low state of charge current limit as shown at points 509,510.
When the cell temperature 502 approaches the low state of charge temperature threshold 504, the
low state of charge current limit may be reduced significantly as shown in the graph 500.

Once the state of charge 501 transitions from the low state of charge to the high
state of charge at point 511, the maximum temperature at which the cell (301) is allowed to
charge changes to a lower value in this illustrative embodiment. Accordingly, the high state of
charge current limit will be calculated at step (403) and, as shown in the graph 500, will be lower
than the low state of charge current limit to maintain the cell temperature 502 below the high state
of charge temperature threshold 505. Steps (403,404,405,406,407) can then be executed as

described above to terminate charging as shown at portion 512 of the charging current 503.
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Turning now to FIG. 6, illustrated therein is a more detailed schematic diagram of a
system 600 for wireless charging configured in accordance with one or more embodiments of the
invention. While FIG. 3 above illustrated general block components, FIG. 6 provides a more
detailed view of one explanatory wireless charging circuit. For example, FIG. 6 includes not only
the cell 601, the control circuit 604, and the wireless power control device 605, but also multiple
pass elements 661,662,663 coupled serially with the cell 601 as well.

In addition to determining state of charge, state of charge current limits, and
making adjustments to the wireless power control device 605, the control circuit 604 can be
equipped with other features as well. Some of those features will be described now.

In the illustrative embodiment of FIG. 6, current flowing through the cell 601 is
monitored with sense nodes 668,677, Sense node 668 also serves as a voltage-sensing node for
determining the voltage at node 675. Sense nodes 668,677 are coupled to a current sense resistor
669. By determining a voltage across the current sense resistor 669, the control circuit 604 can
determine the charging current. While the use of a current sense resistor 669 is one device
suitable for determining the charging current, numerous other methods and circuits for
determining the charging current will be obvious to those of ordinary skill in the art having the
benefit of this disclosure.

Other components of the control circuit 604 include a temperature-sensing node
670. The temperature-sensing node 670 may be coupled to a thermistor 671 or other temperature-
sensing device to monitor the temperature of the cell 601. In so doing, the control circuit 604 can
determine whether the cell temperature (502) is being maintained beneath one of the
predetermined state of charge temperature thresholds.

The wireless power control device 605 has two AC input terminals 672,673 that are
coupled to the secondary coil (309) and that receive AC power from the primary of the wireless

charging system. A rectifier 678 then converts the AC power to DC power and provides a
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rectified voltage to a rectified voltage node 674. After identifying itself to the primary power
control device (311), the wireless power control device 605 begins sensing the power received
from the primary power control device (311) by monitoring the voltage at the rectified voltage
node 674. The wireless power control device 605 has an internally programmed desired voltage,
and determines the difference between the measured voltage at the rectified voltage node 674 and
the desired voltage and begins transmitting the error signals (313) to the primary power control
device (311) until the measured voltage at the rectified voltage node 674 reaches the desired
target.

The wireless power control device 605 controls a pass element 661, configured
here as a MOSFET that functions as a voltage regulator when the current being delivered to the
cell 601 is below the programmed current limit of the wireless power control device 605. The
current limit of many prior art wireless power control device is set by a resistor divider and
remains fixed. Accordingly, the pass element 661 either operates in a constant current mode by
remaining saturated or in a constant voltage mode by functioning as a voltage regulator. During
the constant current mode, the voltage at the rectified voltage node 674 will be above the voltage
at output voltage node 675 by only the current limit multiplied by the ON-resistance of the pass
element 661. However, in the constant voltage mode, the difference between the voltages at
rectified voltage node 674 and node 675 can be quite higher.

Embodiments of the present invention contemplate that there are multiple sources
of heat generation in the system 600 of FIG. 6. To begin, when the cell 601 is being charged, it
heats due to its internal series resistance. Each of the pass elements 661,662,663 can generate heat
as well. This is especially true when operating in a mode other than a constant current mode
where the pass elements 661,662,663 are fully saturated. Embodiments of the invention provide a
mechanism for the control circuit 604 can alter the current limit of the wireless power control
device 605 to not only allow the temperature of the cell 601 to rise higher at low states of charge

than at high states of charge, but also to maintain the pass elements 661,662,663 in their constant
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current modes as long as possible to mitigate heat generation within the system 600. As shown in
this embodiment the current limit used when the system is in the constant current mode is a
function of the voltage at node 675. This current limit causes the pass elements 661, 662, 663 to
remain in a collapsed state.

Adjustment of the wireless power control device can be accomplished in a variety
of ways. In the explanatory embodiment of FIG. 6, a data connection 676 is provided between the
control circuit 604 and the wireless power control device 605 that allows the control circuit 604 to
adjust the wireless power control device 605 by simply writing data comprising the adjusted
current limit to a memory of the wireless power control device 605. However, in other
embodiments, other adjustment controls can be used. These other adjustment controls can make it
simpler to implement embodiments of the invention with off-the-shelf components.

For example, in one embodiment where the current limit of the wireless power
control device 605 is established by a resistor divider, data connection 676 could be replaced by
an output of an amplifier configured to adjust the voltage of the resistor divider central node.
Similarly, the resistor divider could be replaced with a plurality of resistors each coupled to the
resistor divider central node via a switch. Thus, data connection 676 could be replaced by a
multiplexed control to actuate one or more of the switches to change the equivalent impedance of
one side of the resistor divider. Other communication and adjustment circuits will be obvious to
those of ordinary skill in the art having the benefit of this disclosure.

As described above, the control circuit 604 can determine the current limit to which
the wireless power control device should be adjusted in a variety of ways. In one embodiment, the
current limit can be determined only from the state of charge of the cell 601. In another
embodiment, the current limit can be based upon the state of charge of the cell 601 and the power
dissipation of the pass elements 661,662,663 in an effort to keep the heat generation of the pass
elements 661,662,663 low. In another embodiment, the current limit can be based upon the state

of charge of the cell 601 and the temperature of the cell 601, as temperature is an approximation
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of the heat generation of all components of the system. In another embodiment, the current limit
can be based upon the voltage at node 675. The control circuit 604 can compare temperature and
state of charge status to predefined tables in its memory to conclude whether the cell 601 is likely
generating more of the heat or whether the pass elements 661,662,663 are likely causing the
increase in temperature.

In one embodiment, the control circuit 604 is configured to determine a state of
charge of the cell 601, the temperature of the cell 601, and to calculate a state of charge current
limit as a function of a combination of the state of charge and the temperature. Once this limit is
calculated, the control circuit 604 is configured to adjust the wireless power control device 605
such that its current limit is set to the state of charge current limit. As noted above, in one or more
embodiments, the state of charge current limit will be higher when the state of charge of the cell
601 1s equal to or below a predetermined state of charge threshold, e.g., 3.8 volts, than when the
state of charge of the cell 601 is above the predetermined state of charge threshold. In one or
more embodiments, to accommodate the multi-tiered thermal control described above with
reference to FIG. 5, the state of charge current limit is configured to make the temperature of the
cell 601 higher when the state of charge is below a predetermined state of charge threshold than
when the state of charge is above the predetermined state of charge threshold.

To mitigate heat generation from components other than the cell 601, the control
circuit 604 can be configured to determine an amount of power dissipation in at least one of the
pass elements 661,662,663 coupled serially with the cell 601. When the state of charge is above a
predetermined state of charge threshold and when the amount of power dissipation is above a
predetermined power dissipation threshold, the control circuit 604 can be configured to reduce the
state of charge current limit. In another embodiment, the control circuit 604 can be configured to
reduce the state of charge current limit as a function of increases in the temperature of the cell
601, the pass elements 661,662,663, or combinations of these. As noted above, the control circuit

604 can use the data connection 676 to adjust the wireless power control device 605 by delivering
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data comprising the state of charge current limit to an input of the wireless power control device
605.

Turning now to FIGS. 7-10, illustrated therein is one explanatory method that can
be configured as executable code for the control circuit (604) of FIG. 6 to effect efficient wireless
charging in accordance with one or more inventions. For illustration, the values given will be for
a single lithium-ion cell. Further, it should be understood that the values are explanatory only, and
will change for different cell technologies. Thus, they do not limit the claims set forth below.

Generally speaking, the method includes, at a secondary side of a wireless charging
system, and in a control circuit operable with one or more cells, determining a state of charge of
the one or more cells and a temperature of the one or more cells. When the state of charge is
greater than a state of charge threshold, the method includes calculating a high state of charge
current limit as a function of the state of charge and the temperature. Once this current limit has
been calculated, the method includes adjusting a current limit of a wireless power control device
to the high state of charge current limit. When the determined temperature rises, the method can
include reducing the high state of charge current limit.

The method can optionally include determining an amount of power dissipation in
at least one pass element coupled serially with the one or more cells. Where the amount of power
dissipation exceeds a predetermined power dissipation threshold, the method can include
reducing the high state of charge current limit sufficiently to permit the at least one pass element
to operate in a constant current mode while maintaining the temperature below a predetermined
high state of charge temperature threshold.

The method can optionally include measuring, with a current sensor operable with
a control circuit, a current charging the one or more cells and comparing the current to a
minimum constant current threshold. Where the current at charging the one or more cells is less

than the minimum constant current threshold, the method can include adjusting the high state of
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charge current limit, thereby causing the at least one pass element to operate in a constant voltage
mode. In one or more embodiments, the high state of charge current limit is configured to limit a
current charging the one or more cells such that the temperature does not exceed a predetermined
high state of charge cell temperature threshold.

When the state of charge is less than the state of charge threshold, the method can
include calculating a low state of charge current limit as a function of the state of charge and the
temperature and adjusting the current limit of the wireless power control device to the low state of
charge current limit, thereby causing the temperature to exceed the predetermined high state of
charge cell temperature threshold. The low state of charge current limit can configured to regulate
the current charging the one or more cells such that the temperature remains below a
predetermined low state of charge cell temperature threshold. In one illustrative embodiment, the
predetermined low state of charge cell temperature threshold is about 45 degrees centigrade and
the predetermined high state of charge cell temperature threshold is about 60 degrees centigrade.

Turning now to FIG. 7, the method starts at step 701. At step 702 the temperature
is measured. In one embodiment, this is the temperature of the cell. In another embodiment, this
is the temperature of the overall system. In yet another embodiment, this is the temperature of the
cell and at least one pass clement.

At step 703, the state of charge of the cell is determined in one of the methods
described above. At decision 704, it is determined whether the state of charge is above a
predetermined threshold or below. Where above, the method transitions to the high state of
charge path at step 706. Alternatively, the method transitions to the low state of charge path at
step 705. FIG. 8 illustrates the latter, while FIGS. 9-10 illustrate the former.

Turning to FIG. &, in this method, the temperature of the cell is continually
monitored. Decisions 801,802,803 compare the temperature to various thresholds. Decision 801

compares the temperature to a first low state of charge temperature threshold, which may be
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about 53 degrees centigrade. The number of decisions can be as desired by the designer
depending upon granularity of current limit setting. Decision 802 can compare the temperature to
another low state of charge temperature threshold, which may be 57 degrees centigrade. The final
decision 803 can compare the temperature to a maximum low state of charge temperature
threshold, which in one embodiment for a single lithium-ion cell may be 60 degrees centigrade.

Where the temperature is less than or equal to the first threshold as determined at
decision 801, the current limit can be set to a maximum low state of charge current limit at step
804. Where the temperature increases, such as determined at decision 802, the current limit can
be reduced at step 805. The same can be done at step 806. If the cell temperature exceeds the
maximum low state of charge temperature threshold, charging can be terminated step 807 and at
the same time, a charge complete message can be sent to the primary to disable power transfer,
thereby further reducing heating of the system. The process can repeat, returning to the decision
steps of FIG. 7 via step 701 until the cell reaches the high state of charge.

Turning now to FIGS. 9 and 10, once the cell transitions from low state of charge
to high state of charge, two things happen: first, cell temperature is monitored in FIG. 9 very
much like it was in FIG. 8 (albeit with different temperature thresholds as described above) for
the low state of charge. At the same time, charging current is monitored in FIG. 10. These figures
will be described separately, but can occur simultaneously as shown in the “To FIG. 10” step
shown in FIG. 9.

Beginning with FIG. 9, decisions 901,902,903 compare the temperature to various
thresholds. Decision 901 compares the temperature to a first high state of charge temperature
threshold, which will be lower than the low state of charge temperature threshold. One example
of such a threshold is about 41 degrees centigrade. As with FIG. 8, the number of decisions
employed can be selected by the designer as desired for a particular application. For example,
decision 902 can compare the temperature to another high state of charge temperature threshold,

which may be 43 degrees centigrade. The final decision 903 can compare the temperature to a
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maximum high state of charge temperature threshold, which in one embodiment for a single
lithium-ion cell may be 45 degrees centigrade.

[089] Where the temperature is less than or equal to the first threshold as determined at
decision 901, the current limit can be set to a maximum high state of charge current limit at step
904. Where the temperature increases, such as determined at decision 902, the current limit can
be reduced at step 905. The same can be done at step 906. If the cell temperature exceeds the
maximum high state of charge temperature threshold, the current limit can be set to zero at step
907 and the transmitter may be disabled. The process can repeat.

[090] The current monitoring is shown in FIG. 10. FIG. 10 also provides insight into the
control of a wireless power control device occurring in accordance with one or more
embodiments of the invention. At decision 1001, the current limit determined by the methods
shown in FIG 9 is compared to a programmed current limit set in a wireless power control device.
Where the calculated current limit is less than the programmed current limit, the current limit of
the wireless power control device is adjusted to the calculated current limit at step 1004.

[091] Where the calculated current limit is above the programmed current limit, the
method compares a minimum constant current permitted to maintain the pass elements in a
constant current mode and compares it to the calculated current limit of the wireless power
control device. Where the calculated current limit is below the minimum constant current limit,
an adjustment is made to set the current limit of the wireless power control device to place the
system in constant voltage mode.

[092] Where the calculated current limit is above the minimum constant current limit as
determined at decision 1002, the method considers both power dissipation in the pass elements
and the voltage delivered from the secondary of the wireless charging system at decision 1003. If
either the power dissipation of the pass elements is above a predetermined threshold or the

voltage delivered from the secondary is above a constant voltage threshold, the current limit of
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the wireless power control device is adjusted lower at step 1006. Otherwise, the method repeats
by starting again at step 701.

Where the calculated current limit is below the minimum constant current limit as
determined at decision 10002, the current limit of the wireless power control device is left at the
calculated current limit at step 1005 and continues through the constant voltage portion of the
charging cycle. The charge process is terminated when the appropriate charge completion
conditions have been achieved at step 1007. Executing the method shown in FIGS. 7-10 results
in a charging curve similar to that shown in FIG. 5. Said differently, the method described in
FIGS. 7- 10 yields results similar to that shown in FIG. 5.

In the foregoing specification, specific embodiments of the present invention have
been described. However, one of ordinary skill in the art appreciates that various modifications
and changes can be made without departing from the scope of the present invention as set forth in
the claims below. Thus, while preferred embodiments of the invention have been illustrated and
described, it is clear that the invention is not so limited. Numerous modifications, changes,
variations, substitutions, and equivalents will occur to those skilled in the art without departing
from the spirit and scope of the present invention as defined by the following claims.
Accordingly, the specification and figures are to be regarded in an illustrative rather than a
restrictive sense, and all such modifications are intended to be included within the scope of
present invention. The benefits, advantages, solutions to problems, and any element(s) that may
cause any benefit, advantage, or solution to occur or become more pronounced are not to be

construed as a critical, required, or essential features or elements of any or all the claims.
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What is claimed is:

1. A method of adjusting a wireless power control device of a secondary of a wireless charging
circuit for one or more cells that is in communication with a primary of the wireless charging
circuit, comprising:

in a control circuit operable with the one or more cells, determining a state of charge of
the one or more cells, a temperature of the one or more cells, and a voltage received
from the secondary of the wireless charging circuit; and
when the state of charge is above a predetermined state of charge threshold:
calculating, in the control circuit, a high state of charge current limit based upon the state
of charge, the temperature, and the voltage received from the secondary of the
wireless charging circuit; and
delivering a current limit adjustment input comprising the high state of charge current
limit to the wireless power control device of the wireless charging circuit, the current
limit adjustment input resulting in a reduction of the voltage received from the
secondary of the wireless charging circuit, thereby maintaining both:
the temperature below a predetermined high state of charge cell temperature
threshold; and
one or more pass elements coupled serially with the one or more cells operating
in a constant current mode.

2. The method of claim 1, further comprising determining a current charging the one or more
cells, wherein the calculating further comprises calculating the high state of charge current
limit based upon the current.

3. The method of claim 1, wherein the calculating comprises recalculating the high state of charge
current limit to reduce the high state of charge current limit as a function of increases in the

temperature.
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4. The method of claim 3, further wherein the recalculating results in a recalculated high state of
charge current limit, further comprising delivering another current limit adjustment input
comprising the recalculated high state of charge current limit to the wireless power control
device.

5. The method of claim 1, wherein when the state of charge is below the predetermined state of
charge threshold:

calculating a low state of charge current limit that is greater than the high state of charge
current limit; and

delivering another current limit adjustment input comprising the low state of charge
current limit to the wireless power control device, thereby causing the temperature of
the one or more cells to rise above the predetermined high state of charge cell
temperature threshold while remaining below a predetermined low state of charge
cell temperature threshold.

6. The method of claim 1, further comprising:

determining an amount of power dissipation in one or more serial pass elements; and

where the amount of power dissipation exceeds a predetermined power dissipation
threshold, decrementing the high state of charge current limit and delivering another
current limit adjustment input comprising the high state of charge current limit after
the decrementing to the wireless power control device.

7. A system for wireless charging, comprising:

one or more cells;

one or more pass elements coupled serially with the one or more cells;

a control circuit operable with the one or more pass elements;

a temperature sensor, operable with the control circuit, and configured to sense a

temperature of the one or more cells; and

29



WO 2014/051865 PCT/US2013/054623

a secondary of a wireless power transfer system configured to deliver power to the one or
more cells and comprising a wireless power control device;
wherein the control circuit is configured to:
determine a state of charge of the one or more cells;
determine, with the temperature sensor, the temperature of the one or more cells;
calculate a state of charge current limit as a function of a combination of the state
of charge and the temperature; and
adjust the wireless power control device such that its current limit is set to the
state of charge current limit.

8. The system of claim 7, wherein the state of charge current limit is higher when the state of
charge of the one or more cells is below a predetermined state of charge threshold than when
the state of charge is above the predetermined state of charge threshold.

9. The system of claim 7, wherein the state of charge current limit is configured to make the
temperature of the one or more cells higher when the state of charge is below a predetermined
state of charge threshold than when the state of charge is above the predetermined state of
charge threshold.

10. The system of claim 7, wherein the control circuit is further configured to determine an
amount of power dissipation in at least one pass element coupled serially with the one or
more cells, wherein when the state of charge is above a predetermined state of charge
threshold and when the amount of power dissipation is above a predetermined power
dissipation threshold, the control circuit is configured to reduce the state of charge current
limit.

11. The system of claim 7, wherein the control circuit is configured to reduce the state of charge

current limit as a function of increases in the temperature of the one or more cells.
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12. The system of claim 7, wherein the control circuit is configured to adjust the wireless power
control device by delivering data comprising the state of charge current limit to an input of
the wireless power control device.

13. A method of wirelessly charging one or more cells of a battery, comprising:

at a secondary side of a wireless charging system, in a control circuit operable with the
one or more cells, determining a state of charge of the one or more cells and a
temperature of the one or more cells; and
when the state of charge is greater than a state of charge threshold:
calculating a high state of charge current limit as a function of the state of charge and
the temperature; and
adjust a current limit of a wireless power control device to the high state of charge
current limit.

14. The method of claim 13, further comprising reducing the high state of charge current limit
when the temperature rises.

15. The method of claim 14, further comprising determining an amount of power dissipation in at
least one pass element coupled serially with the one or more cells, and where the amount of
power dissipation exceeds a predetermined power dissipation threshold, reducing the high
state of charge current limit sufficiently to permit the at least one pass element to operate in a

constant current mode while maintaining the temperature below a predetermined high state of

charge temperature threshold.

16. The method of claim 15, further comprising:

measuring, with a current sensor operable with the control circuit, a current charging the

one or more cells;

comparing the current to a minimum constant current threshold; and
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where the current at charging the one or more cells is less than the minimum constant
current threshold, adjusting the high state of charge current limit, thereby causing the
at least one pass element to operate in a constant voltage mode.

17. The method of claim 13, wherein the high state of charge current limit is configured to limit a
current charging the one or more cells such that the temperature does not exceed a
predetermined high state of charge cell temperature threshold.

18. The method of claim 17, wherein when the state of charge is less than the state of charge
threshold, the control circuit is further configured to:

calculating a low state of charge current limit as a function of the state of charge and the
temperature; and
adjusting the current limit of the wireless power control device to the low state of charge

current limit, thereby causing the temperature to exceed the predetermined high state

of charge cell temperature threshold.
19. The method of claim 18, wherein the low state of charge current limit is configured to

regulate the current charging the one or more cells such that the temperature remains below a

predetermined low state of charge cell temperature threshold.
20. The method of claim 19, wherein the predetermined low state of charge cell temperature

threshold is about 45 degrees centigrade and the predetermined high state of charge cell

temperature threshold is about 60 degrees centigrade.
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