wo 2013/@6167 A1 [N N0FV 0000 R0 00 00O

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

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
27 June 2013 (27.06.2013)

=

wiPO | PCT

(10) International Publication Number

WO 2013/096167 Al

(51)

21

(22)

(25
(26)
(30)

(63)

(71)

(71)

International Patent Classification:
HO02J 7/04 (2006.01)

International Application Number:

(72) Inventors. TERRY, Stephen, C; 5004 Berkley Drive,

H02J 17/00 (2006.01)

Mckinney, TX 75070 (US). BROHLIN, Paul; 6004 Rath-
bone Drive, Parker, TX 75002 (US).

PCT/US20 12/070021 (74) Agents. FRANZ, Warren, L. et a; Texas Instruments In-

International Filing Date:

17 December 2012 (17.12.2012)

Filing Language: English
Publication Language: English
Priority Data:

13/334,700 22 December 201 1(22.12.201 1) us

Related by continuation (CON) or continuation-in-part

(CIP) to earlier application:
us
Filed on

Applicant: TEXAS INSTRUMENTS

13/334,700 (CON)
22 December 201 1(22.12.201 1)

INCORPOR-

ATED [US/US]; P. O. Box 655474, Mail Station 3999,

Dalas, TX 75265-5474 (US).

corporated, Deputy General Patent Counsel, P. O. Box
655474, Mail Station 3999, Dallas, TX 75265-5474 (US).

(81) Designated States (unless otherwise indicated, for every

kind d national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
ZM, ZW.

(84) Designated States (unless otherwise indicated, for every

Applicant (for JP only): TEXAS INSTRUMENTS JA-
PAN LIMITED [JP/JP]; 24-1, Nishi-Shinjuku 6-chome,

Shinjuku-ku, Tokyo 160-8366 (JP).

kind d regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, Sz, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

[Continued on next page]

(54) Title: INDUCTIVELY COUPLED CHARGER

100
™ 130 190 170
VREG CURRENT REGULATION | VI-LOAD |
» BATTERY
SENSE SWITCH
p
140
lI—SENSE /
INDUCTIVELY CHARGE |
COUPLED CONTROLLER
CHARGING i
CIRCUIT VO-REF
110
LOOP
CONTROLLER
» FEEDBACK 150
194

(57) Abstract: A device (100) includes a charge controller (140) to regulate a battery output voltage based on an input voltage and
an input current received from a charging circuit (110). A loop controller (150) monitors the input voltage and the input current to
generate afeedback signal (194) to adjust the input voltage to the charge controller.



w o 2013/096167 Ai I 11r. 10wt Wil Ll i Mino 041

TR), OAPI (BF, BJ CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to applyfor and be granted
apatent (Rule4.17(H))

as to the applicant's entitiement to claim the priority of
the earlier application (Rule 4.17(Hi))

Published:

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

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



WO 2013/096167 PCT/US2012/070021

INDUCTIVELY COUPLED CHARGER

BACKGROUND

[0001] Inductive chargers utilize an electromagnetic field to transfer energy. A charging
station sends energy through inductive coupling to an electrical device, which stores the energy
in batteries, for example. Inductive chargerstypically use afirst induction coil to provide an
alternating electromagnetic field from within a charging base station, and a second induction coil
in aportable device that receives power from the electromagnetic field and convertsit back into
electrical current to charge the battery. The two induction coils in proximity combine to form an
electrical transformer.

SUMMARY

[0002] An inductively coupled charger isprovided. In one example, adeviceis provided
that includes a charge controller to regulate abattery output voltage based on an input voltage
and an input current received from a charging circuit. A loop controller can be provided that
monitors the input voltage and the input current to generate a feedback signal to adjust the input
voltage to the charge controller.

[0003] In another example, a device includes a charge controller to regulate a battery
based on an input voltage and an input current received from acharging circuit. A first loop
controller monitors the input voltage to generate afirst feedback signal to adjust the input
voltage to the charge controller. A second loop controller monitors the input current to generate
a second feedback signal to adjust the input voltage to the charge controller.

[0004] In yet another example, amethod isprovided. The method includes controlling a
battery voltage and current via an inner control loop based on an input voltage and an input
current received from a charging circuit. This includes employing atransmitter controller to
control the input voltage and the input current in the charging circuit. The method includes
employing afirst outer control loop to monitor the input voltage and to generate a first feedback

signal to adjust the input voltage to the charge controller. The method a so includes employing a
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second outer control loop to monitor the input current and to generate a second feedback signal
to adjust the input voltage to the inner control loop.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. lillustrates an example of an inductively coupled charger device.

[0006] FIG. 2illustrates an example of an inductively coupled charger device that
employs asingle outer loop controller to control battery load voltage and current.

[0007] FIG. Sillustrates an example of an inductively coupled charger device that
employs two outer loop controllers to control battery load voltage and current.

[0008] FIG. 4 illustrates an example transmitter and receiver circuit that can be utilized
as part of an inductively coupled charger device.

[0009] FIG. 5illustrates an example method for charging abattery viainductively
coupled charging.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0010] FIG. 1illustrates an example of an inductively coupled charger device 100. The
inductively coupled charger device 100 (also referred to as charger device) provides multiple
levels of closed-loop voltage, current, and/or temperature control to efficiently control operations
of the charger (e.g., wireless cell phone battery charger). The charger device 100 can include an
inductively coupled charging circuit 110 (also referred to as charging circuit) that supplies
regulated DC power shown asVREG. The charging circuit 110 can include atransformer (not
shown) to wirelessly transmit power and can include atransmitter controller (not shown) to
control voltage supplied to the transformer. An example of the charging circuit will be described
below with respect to FIG. 4. The regulated voltage VREG can be sensed via current sense
circuit 130 which supplies current 1-SENSE to a charge controller 140 and loop controller 150
that act in conjunction to control aload voltage and current VI-LOAD supplied to abattery 170.
The charge controller 140 receives areference voltage VO-REF from the loop controller 150
while monitoring | SENSE and VI-LOAD. The charge controller 140 controls the load voltage
and current VI-LOAD via aregulation switch 190 that supplies both voltage and current to
charge the battery 170.
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[0011] Asan example, the charge controller 140 acts as an inner-loop controller for the
output voltage and current VI-LOAD whereas the loop controller 150 acts as an outer-loop
controller that controls input voltages generated at the charging circuit 110 via feedback 194.
Thus, the charge controller 140 and loop controller 150 cooperate with the transmitter controller
in the charging circuit 110 to control the output voltage and current VI-LOAD in a closed-loop
manner. Asshown, the loop controller 150 monitors current from | SENSE and voltage VREG
to generate the feedback 194 to the charging circuit 110.

[0012] Aswill be described below with respect to FIG. 3, a second loop controller (not
shown) can be added to the charger device 100 to provide additional controls for more efficient
generation and control of VI-LOAD at the battery 170. For example, one controller can be
dedicated to monitor VREG and generate feedback 194 whereas the second controller can
monitor | SENSE and generate a second feedback (not shown) to the charging circuit aswill be
illustrated and described with respect to FIG. 3.

[0013] The charge controller 140 can include discrete devices configured to respond to
both current and voltage feedback from | SENSE and the loop controller 150 to control VI-
LOAD viathe regulation switch 190. The loop controller 150 can include aprocessor to execute
acontrol algorithm and can include other elements such as an analog-to-digital converter (ADC)
(e.g., can be an integrated processor and ADC among other circuit components in the loop
controller). The control algorithm can be employed as a globa control loop that couples the
transmitter and receiver (shown below with respect to FIG. 4), where the transmitter refers to the
primary side of the inductively coupled charging circuit 110 and the receiver refers to the
secondary side of the charging circuit. In one example, the receiver can monitor and control
substantially any variable (e.g., rectifier voltage, output current, and so forth). The receiver can
calculate the % difference between the measured control variable, and the target value for the
control variable, and sends this value to the transmitter (e.g., %Error = 100 x (Desired - Actual)/
Desired). Upon receiving the % error message via feedback 194, the transmitter can execute a
local PID (proportional-integral-derivative) loop which can move acontrol variable and attempt

to shift the measured peak primary current by the % error value calculated by the receiver. This
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can change the power delivered to the receiver, and thus can drive the receiver control variable
closer to its target value.

[0014] For purposes of simplification of explanation, in the present example, different
components of the device 100 are illustrated and described as performing different functions.
However, one of ordinary skill in the art will understand and appreciate that the functions of each
of the described components can be performed by one or more different components, or the
functionality of several components can be combined and executed on a single component.
[0015] FIG. 2illustrates an example of an inductively coupled charger device 200 that
employs asingle outer loop controller 204 to control battery load voltage and current. The
charger device 200 includes an inductively coupled charging circuit 210 that generates a
regulated DC output voltage VREG. A current sense circuit 220 supplies voltage and current to
aregulation switch 224 that in turn controls voltage and current delivered to abattery 230. A
charge controller 234 controls the regulation switch 224. The charge controller 234 includes an
amplifier 240 to monitor sensor signal I-SENSE from current sense 220 and an amplifier 244
that monitors battery output voltage. The charge controller 234 includes a current source 250
(e.g., charge pump) that biases the regulation switch 224. Output from amplifiers 240 and 244
are logically OR'd via diodes 260 and 264, respectively to control the regulation switch 224 at
the output of the current source 250. A resistor 270 can be employed to establish areference
voltage that is proportional to I-SENSE generated by current sense 220. The reference voltage
can be utilized as areference to amplifier 240 and as an input reference to outer loop controller
and ADC 274.

[0016] The amplifier 240 can monitor various switched inputs at 280 and can include a
charging reference signal input 1-1, apre-charging reference signal input 1-2, or athermal-
charging reference signal input 1-3, for example, to facilitate control of the regulation switch 224.
The inputs a 280 sense current, such as can be converted to voltages for comparison with |-
SENSE reference voltage 270 at amplifier 240. The loop controller can include an analog to
digital converter (ADC) and can monitor | SENSE and VREG in addition to an externa

reference voltage VREF to bias the internal workings of the loop controller and ADC. A



WO 2013/096167 PCT/US2012/070021

feedback signal 290 can be generated by the loop controller 204, wherein such feedback can be
provided as adigital signa that can be communicated via inductive primary and secondary
elements of the inductively coupled charging circuit 210. As shown, avoltage input signal 294
connected to the battery output voltage can be processed by the loop controller 204. The loop
controller 204 measures input voltage VREG and the battery output voltage and drives the input
voltage above the output voltage by a suitable amount to operate the regulation switch 224 in
saturation.

[0017] In an example, the charge controller 234 can be alinear charge controller utilizing
input current sense 220. As shown, two analog loops can be OR'd together at the output of
current source 250, where one analog loop can regulate current via amplifier 240 and one analog
loop can regulate voltage via amplifier 244. The device 200 can provide awireless control loop
to connect areceiver to atransmitter (inside inductively coupled charging circuit 210), wherein
the receiver sends commands to the transmitter via feedback 290 to control the receiver input
voltage.

[0018] As an example, the wireless control loop can operate as follows: the loop
controller 204 and ADC can monitor the input voltage, output (battery) voltage, and output
current. The loop controller can send feedback 290 to the transmitter in the charging circuit 210
to control the rectifier voltage (see FIG. 4 below) to the desired value. If the charge controller
234 isin current regulation, then the loop controller 204 can send digital packets via feedback
290 to control the rectifier voltage to be above the battery voltage by a given margin that can
hold the regulation switch 224 (e.g., FET) in saturation when VDS (voltage drain to source) is
greater than VDSAT (drain saturation voltage). In this case, the internal analog loop of the
charge controller 234 sets the value of the output current to the battery 230. Similarly, in apre-
charge or thermal fold-back condition, the internal analog loop of the charge controller 234 can
set the output current, and the wireless loop thus should control the input voltage to hold the
regulation switch 224 in saturation. When voltage regulation is active, then the wireless loop

can set the rectifier voltage VREG to a constant level (eg., 5V).
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[0019] FIG. 3illustrates an example of an inductively coupled charger device 300 that
employs two outer loop controllers 304 and 306 to control battery load voltage and current.
Similar to the charger in FIG. 2, the charger device 300 includes an inductively coupled charging
circuit 310 that generates aregulated DC output voltage VREG. A sense circuit 320 supplies
voltage and current to aregulation switch 324 that in turn controls voltage and current delivered
to abattery 330. A charge controller 334 controls the regulation switch 324. The charge
controller 334 includes an amplifier 340 to monitor current | SENSE and an amplifier 344 that
monitors battery output voltage. The charge controller 334 includes a current source 350 (e.g.,
charge pump) that biases the regulation switch 324. Output from amplifiers 340 and 344 are
OR'd via diodes 360 and 364, respectively to control the regulation switch 324 &t the output of
the current source 350. A resistor 370 can be employed to establish areference voltage that is
proportional to current | SENSE. The reference voltage can be utilized as areference to
amplifier 340 and as an input reference to afirst outer loop controller 1304.

[0020] The amplifier 340 can monitor various switched current inputs a 380 and can
include a charging reference signal input 1-1, apre-charging reference signal input 1-2, or a
thermal-charging reference signal input 1-3, for example, to facilitate control of the regulation
switch 324 during different modes of operation. The inputs at 380 sense current, such as can be
converted to voltages for comparison with I-SENSE reference voltage 370 a amplifier 340. The
first outer loop controller 1304 can monitor VREG in addition to an external reference voltage
VREF 384 to bias the internal workings of the ADC. A first feedback signal 390 can be
generated by the loop controller, wherein such feedback can be provided as adigital signal that is
communicated via inductive primary and secondary elements of the inductively coupled
charging circuit 310. A voltage output signal 392 can be generated by the loop controller 1304
and employed as areference signal (e.g., signal to communicate the desired battery voltage level)
by the amplifier 344.

[0021] A's shown, the device 300 can include a second outer loop controller 2 a 306 to
monitor current | SENSE and monitor switched input currents 380 via voltage point 396 and

input 397. A second feedback 398 is provided to the charging circuit 310 representing control
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feedback for current. It isnoted that the first feedback 390 and the second feedback 398 could
aternatively be multiplexed into the same communications channel communicating back to the
inductively coupled charging circuit 310.

[0022] As shown, the loop controller of FIGS. 1and 2 can be segmented into an |-
channel controller represented as the second controller 306 and V-channel controller represented
asthe first controller 304. One difference in the charger 300 and the charger 200 depicted in the
example of FIG. 2 isin how the feedback messages at 390 and 398 are computed and sent. In
the charger of FIG. 2, the feedback can be sent to control the rectifier voltage to a certain level,
and to ensure the regulation switch stays in saturation. In the charger 300, the rectifier voltage
VREG can still be controlled while the voltage loop is active via amplifier 344. Additionally, the
output current can be controlled directly when the current loop is active via amplifier 340.

[0023] Asafurther example, in the charger 300, the output current to the battery 330 can
be controlled as follows: In general, the loop controller 2 a 306 can have a certain reference
voltage a 399 (e.g., 1.1V which isbelow analog loop regulation voltage). When the loop
controller 2 at 306 detects that the current has reached a defined regulation threshold, then it can
send messages to the transmitter to control the current to this level via feedback 398, irrespective
of the actual rectifier voltage.

[0024] In practice, the loop controlled by loop controller 306 may be attempting to
reduce the output current, thus to perform this function, the loop may have to reduce the rectifier
voltage. Since the loop controller 306 current threshold is generally below the analog current
regulation threshold, the regulation switch 324 should operate in triode-mode to reach this
operating point. This helps to ensure that for a given regulation switch RDS-ON parameter, for
example, the receiver should bemaximally efficient at any current regulation point.

[0025] In some conventional battery chargers, thermal regulation can be implemented by
reducing the charge current regulation threshold in proportion to increasing die temperature of
the regulation switch, when the die temperature exceeds a certain threshold (e.g., 125°C), which
may be an inefficient and unstable means of operation. In practice, this type of control can drive

the output current to alow value while concurrently driving VREG to ahigh value, which can
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cause temperature to drop out of the thermal regulation region. This may cause the charge
current to return to its original value, which may cause the receiver to enter the thermal

regulation region in a subsequent cycle. In this manner, the receiver may oscillate in and out of
thermal regulation. In the device 300, such stability and efficiency problems are mitigated with a
thermal regulation loop provided by the second loop controller 306, and thus can suitably operate
a the thermal limit (e.g., maximum current) for a given system as described below.

[0026] Regarding thermal regulation, when the receiver temperature operates above the
thermal limit, the current regulation threshold can drop to reduce the charge current via
regulation switch 324. Since this voltage is also the reference voltage 397 for the I-channel
controller 306, however, the wireless loop can automatically send messages via feedback 398 to
the transmitter to reduce the charge current to reduce temperature. In general, the only manner
for the system to reduce charge current isto reduce input voltage at the transmitter, which
implies receiver power dissipation isreduced. Since the thermal loop operates in a manner that
power dissipation is monotonically reduced, thisthermal control loop is substantialy stable.
[0027] FIG. 4 illustrates an example transmitter and receiver circuit 400 that can be
utilized as part of an inductively coupled charger device, such as disclosed herein (e.g., FIGS. 1-
3). Aninductively coupled charging circuit as previously described in FIGS. 1-3 isrepresented
by dashed line 402. A transformer 404 couples energy between atransmitter 408 and receiver
410 that are employed to charge abattery 414. The transmitter 408 includes a controller 416
(e.g., PID controller) that drives power transistors 418 and 420 which in turn drive the primary
side of the transformer 404. An impedance matching capacitor 424 can be provided. Feedback
428 isreceived from the receiver 410 and can be developed acrossresistor 430. The receiver
410 can include amatching capacitor 434 which supplies secondary voltage from the transformer
404 to arectifier 440 to generate rectified DC voltage VREG. The voltage VREG is supplied to
acharge controller 450 which regulates voltage and current to the battery 414 via analog controls
as previously described. A regulator smoothing capacitor can be provided a 454. Asshown, a
loop controller 460 (e.g., loop controller 150 of FIG. 1) can be provided which supplies feedback
viatransistors 464 and 470. Capacitors 474 and 480 can be employed to couple the feedback to
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the secondary of the transformer 404. The feedback viatransistors 464 and 470 can correspond
to the feedback 290 shown in FIG. 2.

[0028] In view of the foregoing structural and functional features described above, an
example method will be better appreciated with reference to FIG. 5. While, for purposes of
simplicity of explanation, the method is shown and described as executing serially, it isto be
understood and appreciated that the method isnot limited by the illustrated order, as parts of the
method could occur in different orders and/or concurrently from that shown and described
herein. Such method can be executed by various components configured in an IC or a controller,
for example.

[0029] FIG. 5illustrates an example method for charging abattery via inductively
coupled charging. Proceeding to 510, the method 500 includes controlling abattery voltage and
current via an inner control loop (e.g., charge controller 140 of FIG. 1) based on an input voltage
and an input current received from a charging circuit a 510. At 520, the method 500 includes
employing atransmitter controller (e.g., controller 416 of FIG. 4) to control the input voltage and
the input current in the charging circuit. At 530, the method 500 includes employing a first outer
control loop (e.g., controller 304 of FIG. 3) to monitor the input voltage and to generate afirst
feedback signal to adjust the input voltage to the charge controller. At 540, the method 500
includes employing a second outer control loop (e.g., controller 306 of FIG. 3) to monitor the
input current and to generate a second feedback signal to adjust the input voltage to the inner
control loop. The transmitter controller can utilize aPID loop to control the input voltage and
the input current in the charging circuit, for example. The method 500 can aso include utilizing
aregulation switch to control the battery voltage.

[0030] Those skilled in the art to which the invention relates will appreciate that
modifications may be made to the described examples, and aso that many other embodiments
are possible, within the scope of the claimed invention.
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CLAIMS
What isclamed is:

1 A method, comprising:

controlling abattery voltage and current via an inner control loop based on an input
voltage and an input current received from acharging circuit;

controlling, via atransmitter, the input voltage and the input current in the charging
circuit;

monitoring the input voltage, via afirst outer control loop, to generate afirst feedback
signal to adjust the input voltage to the charge controller; and

monitoring the input current, via a second outer control loop, to generate a second

feedback signal to adjust the input voltage to the inner control loop.

2. The method of claim 1, wherein the transmitter controller utilizes aPID (proportional-

integral-derivative) loop to control the input voltage and the input current in the charging circuit.

3. The method of claim 1, further comprising utilizing aregulation switch to control the
battery voltage.
4. A device, comprising:

acharge controller configured to regulate a battery based on an input voltage and an input
current received from acharging circuit;

afirst loop controller configured to monitor the input voltage to generate afirst feedback
signal to adjust the input voltage to the charge controller; and

a second loop controller configured to monitor the input current to generate a second

feedback signal to adjust the input voltage to the charge controller.

10
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5. The device of claim 4, the charging circuit further comprising atransmitter circuit and a
receiver circuit that inductively couples energy to the charge controller and the first and second

loop controllers.

6. The device of claim 5, the transmitter circuit executes aPID (proportional-integral-
derivative) algorithm to control voltages and currents based on the first feedback signal and
second feedback signal.

7. The device of claim 4, further comprising aregulation switch that receives aregulated

input voltage to regulate voltage and current at the battery.

8. The device of claim 7, further comprising a current source to bias the regulation switch.

9. The device of claim 7, wherein the charge controller further comprises a current sense
amplifier to monitor input current and avoltage sense amplifier monitor output voltage to control

the regulation switch.

10. The device of claim 9, wherein the current sense amplifier utilizes the input current as a
reference and compares the reference to a charging reference signal, apre-charging reference
signal, or athermal-charging reference signal to control of the regulation switch.

11. A device, comprising:

acharge controller configured to regulate a battery output voltage based on an input
voltage and an input current received from a charging circuit; and

aloop controller configured to monitor the input voltage and the input current to generate
afeedback signal to adjust the input voltage to the charge controller.

11
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12. The device of claim 11, wherein the loop controller is afirst loop controller, the device
further comprising a second loop controller to regulate the input current.

13. The device of claim 12, wherein the feedback signal is afirst feedback signal, the device
further comprising a second feedback signal that is generated by the second loop controller and

provided to the charging circuit to facilitate regulation of the battery output voltage.

14. The device of claim 13, wherein the charging circuit is configured to execute a control
algorithm to process the feedback signal and the second feedback signal to adjust the input
voltage to the charge controller.

15. The device of claim 12, wherein the second loop controller is employed to control die
temperature of aregulation switch that drives the battery output voltage..

16. The device of claim 15, wherein the regulation switch receives aregulated input voltage
and is controlled by the charge controller to regulate the battery output voltage.

17. The device of claim 16, the charge controller further comprising afirst amplifier to
monitor current and a second amplifier to monitor voltage, where outputs of the respective
amplifiers are connected in awired-OR configuration to control the regulation switch.

18. The device of claim 17, further comprising a current source to supply current to the
wired-OR configuration to facilitate control of the regulation switch.

19. The device of claim 17, wherein the first amplifier to monitor current receives at least one

input that includes a charging reference signal, apre-charging reference signal, or athermal-

charging reference signal to facilitate control of the regulation switch.

12



WO 2013/096167 PCT/US2012/070021

20. The device of claim 11, wherein the loop controller further comprises an anal og-to-digital

converter to supply areference voltage for the charge controller.

13
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