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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 chargers typically use a first induction coil to provide an

alternating electromagnetic field from within a charging base station, and a second induction coil

in a portable device that receives power from the electromagnetic field and converts it 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 is provided. In one example, a device is provided

that includes a charge controller to regulate a battery 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 a charging circuit. A first loop

controller monitors the input voltage to generate a first 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, a method is provided. 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 a transmitter controller to

control the input voltage and the input current in the charging circuit. The method includes

employing a first 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 also includes employing a



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. 1 illustrates an example of an inductively coupled charger device.

[0006] FIG. 2 illustrates an example of an inductively coupled charger device that

employs a single outer loop controller to control battery load voltage and current.

[0007] FIG. 3 illustrates 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. 5 illustrates an example method for charging a battery via inductively

coupled charging.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0010] FIG. 1 illustrates 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 as VREG. The charging circuit 110 can include a transformer (not

shown) to wirelessly transmit power and can include a transmitter 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 I-SENSE to a charge controller 140 and loop controller 150

that act in conjunction to control a load voltage and current VI-LOAD supplied to a battery 170.

The charge controller 140 receives a reference voltage VO-REF from the loop controller 150

while monitoring I SENSE and VI-LOAD. The charge controller 140 controls the load voltage

and current VI-LOAD via a regulation switch 190 that supplies both voltage and current to

charge the battery 170.



[0011] As an 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. As shown, the loop controller 150 monitors current from I SENSE and voltage VREG

to generate the feedback 194 to the charging circuit 110.

[0012] As will 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 I SENSE and generate a second feedback (not shown) to the charging circuit as will 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 I SENSE and the loop controller 150 to control VI-

LOAD via the regulation switch 190. The loop controller 150 can include a processor to execute

a control 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 global 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 a control variable and attempt

to shift the measured peak primary current by the % error value calculated by the receiver. This



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. 2 illustrates an example of an inductively coupled charger device 200 that

employs a single 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

a regulation switch 224 that in turn controls voltage and current delivered to a battery 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 a reference

voltage that is proportional to I-SENSE generated by current sense 220. The reference voltage

can be utilized as a reference 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, a pre-charging reference signal input 1-2, or a thermal-

charging reference signal input 1-3, for example, to facilitate control of the regulation switch 224.

The inputs at 280 sense current, such as can be converted to voltages for comparison with I-

SENSE reference voltage 270 at amplifier 240. The loop controller can include an analog to

digital converter (ADC) and can monitor I SENSE and VREG in addition to an external

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



feedback signal 290 can be generated by the loop controller 204, wherein such feedback can be

provided as a digital signal that can be communicated via inductive primary and secondary

elements of the inductively coupled charging circuit 210. As shown, a voltage 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 a linear 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 a wireless control loop

to connect a receiver to a transmitter (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 is in 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 a pre-

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 (e.g., 5 V).



[0019] FIG. 3 illustrates 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 a regulated DC output voltage VREG. A sense circuit 320 supplies

voltage and current to a regulation switch 324 that in turn controls voltage and current delivered

to a battery 330. A charge controller 334 controls the regulation switch 324. The charge

controller 334 includes an amplifier 340 to monitor current I 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 at the output of

the current source 350. A resistor 370 can be employed to establish a reference voltage that is

proportional to current I SENSE. The reference voltage can be utilized as a reference to

amplifier 340 and as an input reference to a first outer loop controller 1 304.

[0020] The amplifier 340 can monitor various switched current inputs at 380 and can

include a charging reference signal input 1-1, a pre-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 at amplifier 340. The

first outer loop controller 1 304 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 a digital 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 1 304

and employed as a reference signal (e.g., signal to communicate the desired battery voltage level)

by the amplifier 344.

[0021] As shown, the device 300 can include a second outer loop controller 2 at 306 to

monitor current I 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



feedback for current. It is noted that the first feedback 390 and the second feedback 398 could

alternatively be multiplexed into the same communications channel communicating back to the

inductively coupled charging circuit 310.

[0022] As shown, the loop controller of FIGS. 1 and 2 can be segmented into an I-

channel controller represented as the second controller 306 and V-channel controller represented

as the first controller 304. One difference in the charger 300 and the charger 200 depicted in the

example of FIG. 2 is in 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] As a further example, in the charger 300, the output current to the battery 330 can

be controlled as follows: In general, the loop controller 2 at 306 can have a certain reference

voltage at 399 (e.g., 1.1V which is below 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 be maximally 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 a low value while concurrently driving VREG to a high value, which can



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

at 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 is to reduce input voltage at the transmitter, which

implies receiver power dissipation is reduced. Since the thermal loop operates in a manner that

power dissipation is monotonically reduced, this thermal control loop is substantially 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). An inductively coupled charging circuit as previously described in FIGS. 1-3 is represented

by dashed line 402. A transformer 404 couples energy between a transmitter 408 and receiver

410 that are employed to charge a battery 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 is received from the receiver 410 and can be developed across resistor 430. The receiver

410 can include a matching capacitor 434 which supplies secondary voltage from the transformer

404 to a rectifier 440 to generate rectified DC voltage VREG. The voltage VREG is supplied to

a charge controller 450 which regulates voltage and current to the battery 414 via analog controls

as previously described. A regulator smoothing capacitor can be provided at 454. As shown, a

loop controller 460 (e.g., loop controller 150 of FIG. 1) can be provided which supplies feedback

via transistors 464 and 470. Capacitors 474 and 480 can be employed to couple the feedback to



the secondary of the transformer 404. The feedback via transistors 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 is to be

understood and appreciated that the method is not 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. 5 illustrates an example method for charging a battery via inductively

coupled charging. Proceeding to 510, the method 500 includes controlling a battery 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 at 510. At 520, the method 500 includes

employing a transmitter 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 a first

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 a PID loop to control the input voltage and

the input current in the charging circuit, for example. The method 500 can also include utilizing

a regulation 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 also that many other embodiments

are possible, within the scope of the claimed invention.



CLAIMS

What is claimed is:

1. A method, comprising:

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;

controlling, via a transmitter, the input voltage and the input current in the charging

circuit;

monitoring the input voltage, via a first outer control loop, to generate a first 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 a PID (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 a regulation switch to control the

battery voltage.

4 . A device, comprising:

a charge controller configured to regulate a battery based on an input voltage and an input

current received from a charging circuit;

a first loop controller configured to monitor the input voltage to generate a first 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.



5 . The device of claim 4, the charging circuit further comprising a transmitter 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 a PID (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 a regulation switch that receives a regulated

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 a voltage 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, a pre-charging reference

signal, or a thermal-charging reference signal to control of the regulation switch.

11. A device, comprising:

a charge controller configured to regulate a battery output voltage based on an input

voltage and an input current received from a charging circuit; and

a loop controller configured to monitor the input voltage and the input current to generate

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



12. The device of claim 11, wherein the loop controller is a first 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 a first 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 a regulation switch that drives the battery output voltage..

16. The device of claim 15, wherein the regulation switch receives a regulated 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 a first amplifier to

monitor current and a second amplifier to monitor voltage, where outputs of the respective

amplifiers are connected in a wired-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, a pre-charging reference signal, or a thermal-

charging reference signal to facilitate control of the regulation switch.



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

converter to supply a reference voltage for the charge controller.
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