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(57) Abstract: Charge storage devices (e.g., batteries or supcrcapacitors) need to be charged from time to time. In an apparatus, to
&= protect a charge storage device as well as the supply used to charge it, the apparatus typically includes power loop control circuitry.
& One approach to implementing the power loop control employs a temperature sensor in combination with soft start circuitry in
order to protect the circuitry from a rapidly increasing temperature when charge current increases. The soft start circuitry allows for
controlled step-wise increase and regulation of the current. The approach preferably allows for selecting the number and resolution
of such incremental steps. Various embodiments of the invention include devices and methods for controlling power and may take
a into account temperature in step-wise regulation of the charge current.
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SUPPLY POWER CONTROL WITH SOFT START

FIELD OF THE INVENTION
[0001]The present invention relates generally to power management of system loads and
charge storage devices and more specifically to managing power as a function of temperature with

an application such as regulating charge current to-a.power source.

BACKGROUND

[0002] Power control is the practice of limiting and regulating power where, in onc
instance, power stays.below a predetermined power limit. As power is a function of current and
voltage, power control can include current control. The typical purpose-of current control is to
protect the circuit generating or transmitting-the current (e.g., the power supply) from harmful
effects due to, for example, a short circuit. When using:a power:source to charge an ideal charge
storage device, €.g.,.an ideal capacitor, the current approaches:infinity. Figure 1 illustrates such
ideal charge current with reference to a desired current limit. Even in a real capacitor, the current
surge needed to charge the capacitor may be larger than the power supply can produce. Unless the
real capacitor:is.current limited; current surge may blow a fuse. If‘a battery is used as the power
source, the battery may see almost a short circuit because of the initial surge in charge current to the

load. Furtheérmore, the temperature tends to:rise quickly once the charge current starts to flow.

[0003] Therefore, there is a need for improved design of power control devices. One
desired aspect of such design might be to substantially increase the capability of controlling the
temperature as the charge current starts to flow, including limiting the charge power in order 10

reduce and regulate the temperature in.a controlled manner.

SUMMARY

[0004] The present invention is based, in part, on the foregoing observations and in
accordance with its purposc various embodiments of the.invention include devices and methods for
controlling power. Generally, the various implementations of a device for controlling power take
into account temperature as-a charge storage device is being charged. Various implementations.of
a device for controlling power can use a temperature sensor integrated with a soft-start component.
The soft start component allows for controlling the power-in incremental steps. As a possible

alternative to the aforementioned designs, which may be inflexible, of {imited use, or both, various
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implementations may use an integrated circuit (IC) or a number of discrete components that are
typically flexible and efficient in controlling current and thus power. To illustrate, a number of

examples are provided below.

[0005]According to one embodiment, a device for controlling power comprises: a pass
element.and a power loop control circuit. The power loop control circuit-includes a soft start
controller and a soft start component. The soft start controller is-adapted to produce a control
signal corresponding to incremental steps of a-charge current.through the pass element. The soft
start componént is adapted to manage charge-current increases in incremerital steps up to a current

limit in response to the.control signal.

[0006}in such device, the control signal may include one or more control bits. The soft start
component may include one or more current switches adapted to turn ON and OFF in response to
the control signal. Such current switches may include transistors. The soft start.controller may
include a comparator and logic circuitry. The logic circuitry may include a counter. The
comparator may be adapted to produce a-logic signal (e.g., an UP/DN signal) for prompting the
logic circuitry to incréase-and decrease the incremental steps (e.g., prompting the counter to count
up and down between an upper and a lower limit). The logic circuitry may be adapted to adjust the
control signal when increasing and decreasing the incremental steps. The counter may, for
example, be adapted 1o adjust the control bits when counting up and down. The counter may be
adapted to count only down if it reaches the upper limit and to count only up if it-reaches the lower
limit. The soft start controller may also include-a constant current source operatively coupled to the

comparator.

[0007] The device may also include a temperature sensor-operatively coupled to the soft start
controller. The temperature sensor may be-adapted to produce a sensor signal in response to which
the comparator produces a logic signal (¢.g., an UP/DN signal). Moreover, the device may include
a zero coefficient temperature voltage reference. The comparator may be operatively connected to
the temperature. sensor and to the zero coefficient temperature voltage reference and adapted to
produce the logic signal in response thereto. The temperature sensor may include one or more
temperature sensitive elements operatively coupled in series with each other. Each temperature
sensitive element may have a forward voltage drop that is inversely proportional to its absolute
temperature. Collectively, the temperature sensitive elements maintain a predetermine temperature
level by regulating the charge current between the incremental steps. The temperature sensitive
elements may include a bipolar junction diode, .a thermistor; or a transistor or a combination of one

ormore thereof., The temperature sensor may be incorporated, in full or in part, within the power
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loop control circuit.of the device.

[0008] The device may further include a.current limit controller with current limit detector
operatively.coupled to the:pass-clement. The current limit detector is operative to detcct the current
limit and to manage the charge current by limiting-it-to at or below the current limit. In such
device, the power loop control.circuit may be adé_zp‘t‘ed to regulate the charge current once it is at or
about the current limit such that the: pOWer»di‘ssipated'across the pass element does not exceed the
predetermined power limit. ‘The power loop control circuit may also be adapted to produce the
regulated charge current to a charge storage device, a system load, or both. The pass element may
include one or more transistors including one or more of a bipolar junction transistor (BJT), a
junction field effect transistor (JFET), a metal oxidesemiconductor FET (MOSFET), and an

insulated gate bipolar transistor (1GBT).

[0009]In one implementation:of the device, one or more of the soft start controller and the
soft start.coniponent may be implemented using a microcontroller. The microcontroller may be
operatively connected at its-input 10 an-analog-to-digital converter (ADC) and at its output toa
digital-to-analog converter (DAC). Stich device may further comprise a temperature schsor
operatively coupled to the ADC of the. microcontroller. The DAC may then be operatively coupled

to the pass element.

[00010}According to another embodiment, a method for controlling power comprises:
increasing a charge current through.a pass-element in incremental steps up to a current limit,
regulating the charge current once:it is at or about the current limit, and outputting the increased
and regulated charge-current:to a'charge storage dev‘ice,_ a system load, or both. Increasing the
charge current is performed by producing a control signal in a soft start controller. Regulating the

charge current is performed in a power loop control circuit.

[00011}In such method, increasing the charge current may be. based on a resolution of the
incremental steps. The resolution may be related to the control signal and, in this instance, it may
be related to a number of one-or.more control bits of the control signal, Increasing the charge
current may include various actions. It may include sensing a temperature of the:power loop
control circuit. It may also include:maintaining-a predetermined temperature level at the power
loop control.circuit by regulating the charge current between the incremental'steps. It may further
include increasing and decreasing the charge current by turning ON and OFF -one.or-more current
switches with the soft start controller-in response:tothe produced control signial. Regulating may
include detecting the:current limit and controlling the charge current to maintain it-at or below the

current limit.
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[00012]According to yet another embodiment, a device for controlling power comprises a
pass element and a power loop control circuit. The power loop control circuit includes a soft start
controller and a soft start component. The soft:start:controller includes an output for a control
signal corresponding to incremental steps of the current through the pass element. The soft start
component is adapted to manage current increases in incremental steps up 1o a current limit in
accordance with adjustments in the control signal. The current limit.is associated with a

predetermined power-limit value of power dissipated across the pass element.

{00013]In such device; the control signal may likewise include one or more control bits.
The soft start controller may include logic circuitry ‘adapted to produce the adjustable-control signal
at the output. The soft start.controller may also include a comparator and a constant current source
operatively coupled to the comparator. The soft start component may include one or more current

switches with turn ON and OFF states responsive 1o the control signal.

[00014]This device may-also include a temperature sensor operatively coupled to the soft
start controller and adapted to produce a sensor signal in response to-which the comparator may
produce an UP/DN signal for adjusting the control signal. The device may further include a voltage
reference. The comparator may be-operatively connected to the temperature sensor and voltage
reference and adapted to produce the UP/DN signal. Furthermore, the device may include a current
limit controller with current limit detector operatively coupled to'the pass element.and operative to

detect the current limitand to manage the current by limiting it to at or below.the current limit.

[00015]1n.such device, the soft start.controller, the soft start component, or both, may be
implemented using a:microcontroller. The microcontrolier may be:operatively coupled at its input
to an ADC:and at its.output to-a DAC. The device may also include a temperature sensor. The
ADC may be operatively coupled to the temperature sensor. The DAC may be operatively coupled
to the pass element. The power loop control circuit may be adapted to.regulate the current once it
is at or about the current limit such that the power dissipated across the pass element does not
exceed the predetermined power limit value. The power loop control circuit may be adapted to

produce the regulated current for a charge storage. device, a system load, or both.

{00016]In these embodiments,various possible attributes may be present. The current-may be
a.charge current. The current limit-may be associated with a predetermined power limit value of
power dissipated across the pass element. The number of control bits may be related to the number
of incremental steps, a predetermined resolution with which the soft start controller allows the
charge current to approach the current limit, or both. The current switches-may include transistors.

The device maybe embodied in an [C or as a functional-block'in an IC. The IC may be divided

4
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into die areas, and each die area may be adapted fordevices of'a different scale. A temperature
sensor may be placed on a die area-where a heat source including the pass element is present. Such

IC may also be adapted for use in-a.mobile device.

[00017] These-and other embodiments, features, aspects and advantages of the present
invention will become better understood from the description herein, appended claims, and

accompanying drawings as hereafter described.

BRIEF DESCRIPTION.OF THE DRAWINGS

[00018] The accompanying drawings, which are.incorporated in and constitute a part of this
specification, illustrate various-aspects of the invention and; together with the description, serve to
explain its principles. Wherever convenient, the same reference numbers will be used throughout
the drawings to refer to the same or like elements.

[00019]Figure 1 is-a diagram illustrating ideal charge current with reference to a desired
current limit.

[00020]Figure 2 is.a block diagram of a conventional charge power control scheme.

[00021]Figure 3A is a diagram illustrating the.common temperature behavior over time of a
pass element and surrounding components once charging starts.

[00022]Figures 3B and 3C are diagrams illustrating digital and analog soft start behavior,
respectively, according to exemplary embodiments of the invention.

[00023]Figure 4 is a structural diagram of a charge power control device on an integrated

chip (IC) die, according to one embodiment of the invention.

[00024]Figure 5 is'a block diagram of a charge power control scheme, according to one

embodiment of the invention.

[00025]Figure-6 is.a block diagram of-another charge power control scheme, according to

one embodimeit of the invention.

[00026]Figure 7 is adiagram with circuit details.of a temperature sensor and of a soft start

controller, according to-one embodiment of the invention.

[00027)Figure 8 i5'a diagram of a charge power control scheme, including circuit details of

a pass element, according to-one embodiment of the invention.

[00028]Figure 9 is a diagram of the charge power control scheme of Figure 8, including
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circuit details of a soft start component and a pass element, according to one embodiment of the

invention.

[00029]Figure 10 is a block diagram of another charge power control scheme, according to

one embodiment of the invention.

[00030]Figure 11 is a diagram illustrating a charge current level through a pass element

regulated according to one embodiment of the invention.

DETAILED DESCRIPTION

[00031]Charge storage devices such as those used in mobile devices (e.g., batteries or
supercapacitors) tend to provide energy that lasts a limited period of time. From time to time, they
therefore need to be charged using a supply. During such charging, the temperature may rise
rapidly as current flows to the charge storage device. It may therefore be of interest to limit the

amount of power, and thus current, flowing to the charge storage device to control the temperature.

[00032]Figure 2 is a block diagram of a conventional charge power control scheme 200.
This scheme 200 includes a supply 202, a pass element 204, and a charge storage device 206.
Generally, a pass element is a controlled variable resistance device in series with a source of direct
current (DC).power {e.g., supply 202). A pass clement may be driven by an amplified error signal
and is operative to increase its resistance when the output current is to be lowered and to decrease
its resistance when the output current is to be raised. In Figure 2, the voltage across the pass
element 204 is the resistive value, R, multiplied by the current, 1, flowing through the pass clement
204, such current being the error signal amplified by R. The voltage, V, across the charge storage
device 206 is the difference between the voltage, Vs, from the supply 202 and Rxl. As the supply
202 is turned on, the current to the charge storage device 206 may increase rapidly (see Figure 1).
Additionally, as shown in Figure 3A, the temperature of the pass element 204 and surrounding
components tends to rise rapidly once charging starts. It may be advantageous to limit the current,
I, flowing to the charge storage device 206 and the temperature in order to protect components of

the charge power scheme 200 from potential damage.

[00033)Accordingly, various embodiments of the invention include devices and methods for
limiting power to a charge storage device in order to control current, temperature, or both during
charging. A charge power control scheme may include temperature control combined with a soft

start component to ease the temperature transient in.a controlled manner. Figures 3B and 3C are
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diagrams illustrating digital and analog soft start behavior, respectively, according to exemplary

cmbodiments of the invention.

[00034]1n a digital soft start implementation, the operation of which is illustrated in Figure
3B, 2n steps divide the charge current into-incremental steps. Each step produces a different
voltage from a soft start component in the charge power control scheme. The soft start component
increases the level of current, preferably slowly, e.g., step-wise. With n =3, 4, 5, 6, etc., the digital

soft start component may: include 27, or, 8, 16, 32, 64, etc. incremental steps.

|00035] The soft siart component allows the temperature to increase gradually, easing the
temperature transient. Essentially, a digital soft start component allows the temperature to increase
in a quantized controlled manner. Combining soft start-with the temperature control enables the
step-wise controlling of the current level. An analog soft start component yields substantially
similar performance as that of the digital soft start component, except that the changes are typically

smooth rather than step-wise incremental. Analog.soft start is shown in Figure 3C.

[00036]One configuration of a charge power control scheme utilizes a temperature sensor
for thermal cycling. Figure4 is a structural diagram of a.charge power control device implemented
on an integrated chip, (IC) die 400, according to one embodiment of the invention. The IC die area
may be divided into-areas 402a- h. Each die area 402a — h'may be adapted for devices.of a
different scale (i.e:, size). As will be described with reference'to Figures 6~ 10, the charge power
control scheme may include-control circuitry. adapted to limit the charge current. Such circuitry
may.be implemented using transistors of different scales. The transistors may be placed in'the
different die areas 402a —h. The IC die 400 may furtherinclude one or multiple bond wires in 406
and one or multiple bond wires out 408:coupled to opposite sides of the die areas 402a - h. The
bond wires 406, 408 are adapted to provide interconnections between the 1C die 400 and external
components. The IC die 400 may further include a temperature sensor 404 placed in a dic area 402
that is heated, ¢.g., a die-arca 402¢ in which a heat source-may be present. Specifically, the silicon
area carrying components that dissipate power tends to-heat.up. In the charge power control
device, the area 402¢ where charge power is dissipated is sensitive to the temperature rise.
Therefore, a temperature sensor 404 is located at or substantially near the area most sensitive to the
heat.(i.e., 402¢).

[00037] The temperature sensor may. cooperate with control ¢citcuitry to limit the charge

power. One.approach to limiting power flowing to a charge storage device is to-use'a power loop

control circuit. Figure 5 is a block diagram of a-charge power control scheme.500, according to
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one embodiment of the invention. The charge power control scheme 500 includes a charge power
control device 502 that interfaces between-a power source for supplying charge power, i.e., a

supply 504, a charge storage device 506, a system load: 512, or both.

{00038} The supply 504 may comprise any power source, such as a battery, chemical fuel
cell, DC power supply, or any other energy storage system. The system load 512:may comprise
any device capable of drawing current in operation. Examples of system loads 512 include a
PCMCIA card and a camera flash LED.

[00039]The charge power control device 502 may be implemented as a supercapacitor or
ultracapacitor charge [C, one example of which is illustrated in Figure 4. As implemented, the
charge power control device 502 includes a power loop control circuit 508 and a-pass element 510.
The pass element 510 may include multiple pass element components. Examples of pass element
components include transistors,-such as bipolar junction transistors (BJTs), junction field effect
transistors (JFETs), metal oxide semiconductor FETs (M.OSFETS)‘,; and insulated gate bipolar
transistors (IGBTs). The charge power control device 502 controls power dissipation across the
pass element 510-and, in turn, charge power to the charge storage device 506 and current to the
system load 512. The elements of the power loop control circuit 508 are described in further detail

with reference to Figures 6 - 10.

(00040] The charge storage device 506 operates as an energy reservoir adapted to supply
high levels of power such as burst power. Examples of charge storage devices 506 include boost
converters and energy storage devices such as supercapacitors. Generally, a boost converter is a
voltage step-up converter that is often regarded as a switching mode power supply. Energy storage
devices, unlike boost converters, are based-on charge storage and may bc used as a power source.
A supercapacitor is a type of high-cnergy storage device designed to be charged and recharged
repeatedly and to provide instantaneous high discharge currents with rapid recharge between
discharge operations. The charge storage-device 506 may also include a combination of boost
‘converter, supercapacitor, and any other type of energy storage device. In this embodiment, the
charge storage device 506 includes a supercapacitor comprising two capacitors, C1 and C2, coupled
in series and two resistors, R1.and R2, coupled in series with each other and in parallel withthe

capacitors Cl, €2,

[00041]In operation, the charge power control scheme 500 limits the power dissipation
across the pass element 510 to a level at or below a set power fimit value. Assume that the power
limit value is 2 Watt, i.e., that the 1C package can tolcrate a power of 2 Watt. However, the initial
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power dissipation may tend to be higher. The supply 504 ay supply a voltage of 4.5 V. Power,
P, is computed as voltage, ¥, multiplied by.current, 1, or P = ¥ x I.. The power may be, for
example, 4.5 W (P =4.5 Volt x 1.0 Ampere = 4.5 Watt). [f so, the power should be limited to
below the power limit value of 2 W. Limiting the power may-be achieved by limiting the current
using the power loop control circuit 508. The power loop control circuit 508 may, for example,
regulate. the current so that the total power does not exceed 2 Watt. Such regulation may include
cycling the current ON/OFF with temperature variations. Such regulation 1ﬁay further include

regulating the current level.

[00042]Specifically, in operation, the voltage across the.charge storage device 506, i.c., at
terminal A, may ramp up as the charge storage device 506 is charging. Initially the voltage drop
across the-charge storage device 506 (i.¢., capacitors C1, C2) may be.zero Vol i.e., the voltage at
terminal A may be 0 V. Thus, before it is charged, the charge storage device 506 may behave like a
shortcircuit to ground. Correspondingly, the charge current.may be initially high, and the voltage
across the.pass element 510'may be high. The resulting power dissipated across the pass element
510 may likewise-be high. When the voltage reaches, for example; 0.5 V, if the current i 0.5 A,
then the power may be 2°'W (comiputed as (4.5 - 0.5) V x-0.5 A = 2 W) across the pass element 510.
The power across the pass element 510 may be monitored, and the charge power control device 502
may regulate the current to maintain the power at or below the power limit value of 2 Watt. That
is, the charge power control device 502 may start controlling the current when the power
dissipation across the pass element 510 reaches 2 Watt. As the voltage at terminal A increases, the
voltage difference across the pass element 510 may decrease and may allow for a higher charge
current. In one-example, when the voltage at point A reaches 1.5V, the voltage across the pass
clement 510 may equal 3 V. (4.5 - 1.5'V). The charge power control device 510 may-allow the
current to increase up to the maximum while-maintaining the power at or below the power limit

value. Thus, the current may be allowed to increase to 0.66 A (2°W/3 V =10.66 A).

[00043]In another example, when the voltage at terminal A reaches 2.5 V, the charge power
control device 502 may allow the current to increase to 1 A (2 W /(4.5 -2.5) V=1 A). Asshown
in Figure 1, the higher the current; the faster the charge; provided that the power does not exceed
the power limit value. Thus; the charge power control device 502 inay maintain the power at or
below the power limit value of 2 Watt by increasing the current as the power across the pass
element 510 decreases and as the voltage across the charge storage device 506 (at terminal A)
increases. Hence, with the charge power control device 502, the charge current is limited and

regulated, protecting the power source (or battery, i.e., the supply 504).

9
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[00044]Figure 6 isa block diagram of another charge power control scheme 600, according
to one embodiment of the invention. The scheme 600 includes.a supply 604, a charge power
control device 602, a'temperature sensor 612, the.charge storage device 506, and the system load
512. The charge power control device 602 includes a power loop control circuit 608 having current
limit detection and control c_apa'bility: apass-element 610, and a current limit converter 630. The
current limit converter 630 is operative to convert voltage to current. The supply;604 and
temperature sensor 612 are both operatively coupled to the power loop control circuit 608, which in
turn is coupled to the current limit.converter 630 and to the pass element 610. The pass element

610 may be coupled to the charge storage device 506, the system load 512, or both.

[00045) The power loop control circuit 608 includes a soft start-controller 614, a soft start
component 616, current limit controller 618 with a current limit detector 620, and a supply 632.
The soft start controller 614 is operatively coupled to the temperature sensor 612, to the soft start.
component 616 and to the.supply 632. The soft start component 616 is operatively coupled to the
current limit controller 618. The current limit controller 618 is operatively coupled, via-the current

limit converter 630, to the pass €lement 610.

[00046] The power loop control circuit 608 is adapted to regulate the current-that is
delivered to one or more ¢lements of the charge power control device 602. The purpose of
regulating the current.is to protect the.charge power control device 602 from harmful effects due to
a short circuit event; overheating; or similar problem. The current limit controller 618 regulates the
current relative to-a predetermined upper current limit. It includes the current limit detector 620,
which is operative-to detect the'level of the current limit-and to communicate such current limit to
the current limit controller 618. Various current limit detectors and current limit controllers would
be familiar 1o a person of skill in the art. Exemplary implementations thereof are illustrated in

Figures 8 and 9. However, any device capable of detecting and managing current may be used.

[00047] The soft:start controller 614 and the current limit controller 618 are adapted to
cooperate inlimiting the current.. Essentially, the current limit controller 618 is adapted to detect
the current limit and to regulate the current to be reduced to and thereafter be maintained
substantially-at or.below-the current limit. The soft start controller 614 is adapted to aid in
regulating the current as current charging starts by regulating the.current in incremental current
steps (digital or-analog). Thus, in operation, the soft start controller 614 regulates the current by
allowing it to be increased incrementally until the.current substantially reaches the current limit. At
such time, the current limit controller 618 regulates the current to be maintained substantially at or

below the current limit.

10
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{00048]1n this instance, the soft start-controller 614 includes a constant current source 628,
a comparator 622 having two inputs-and an output, and logic circuitry 624. The constant current
source-628 is operatively coupled to, and adapted to receive current from, the supply 632. The
constant current source 628 is also operatively, at its output, the temperature sensor 612 and to the
comparator 622. The constant current source 628 is operative to supply current that flows through
the temperature sensor 612 and produces voltage relative to the temperature at-one input of the
comparator 622. The constant current source 628 may be any current source or system capable of
delivering and/or absorbing a substantially constant current. The.other input of the comparator 622
is coupled to-a temperature controlled voltage source, Vggp: The voltage at terminal B tends to
decrease with temperature. The comparator 622 is adapted to-compare-the voltages-at its inputs and
to output to the logic circuitry 624 a:signal, UP/DN, in response to the comparison. At its output,
the:comparator 622 is coupled.to the.logic circuitry 624, which is adapted to-increase and decrease
the-current-increment steps. In one embodiment; the logic circuitry 624 includes a'counter 624. In
such embiodiment, the.counter'624 i§ operative to courit up.and down between an upper and a lower
limit based on the UP/DN signal. The logic-circuitry 624 is further adapted to output a control
signal 626 to the soft start component-616. The soft start component 616 is adapted to receive such
control signal 626 and to regulate the-current, and thus the power, incrementally as shown in
Figures 3B and 3C. The soft start component 616 includes one or more current switches (SW1,
SW2, SW3, etc.), which may be opened or closed in response to the control signal 626. The soft
start component 616 provides a gradually changing charge current until such current reaches the
current limit value detected by the current limit controller 618. The charge power control device
602 thus allows for charge power to increase gradually and subject to limits rather than as a power
surge. The constant current source 628, the comparator 622, the logic circuitry 624 and the soft
start:component: 616 are described in further detail with referenceto Figures 7 - 10. In some
embodiments, the temperature sensor 612 -may be external to the charge power control device 602,
as illustrated in Figure 6. In other embodiments, all or part of the temperature sensor 612 may be
part of the charge power coritrol device-602 (as illustrated in Figure 4).

{00049]Figure 7 is.a diagram with circuit details of a-temperature sensor 712 and of a soft
start controller 714, according to one embodiment of the invention. The temperature sensor 712

and the soft start.controller 714 are operatively. coupled to each other at a terminal B.

[00050]In one embodiment, the temperature sensor 712 comprises ‘One-or more temperature
sensitive-¢lements D1 - D3 opératively coupled in series with each other (not shown). The

temperature sensitive elements D1 - D3 are typically adapted to allow current to flow in one
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direction (normal ON position) and to prevent current from flowing in the opposite direction.
Examples of temperature sensitive elements D1 - D3 include bipolar junction diodes, thermistors,
transistors, and any other temperature sensitive devices that exhibit inverse proportionality
characteristics. When a temperature sensitive clement D1 - D3 operates in the normal ON position,
the forward voltage drop, Vy, is inversely proportional to its absolute temperature. In operation,
collectively, the combination of temperature sensitive elements D1 - D3 regulates the output
current (i.e., the charge current flowing to the charge storage device) to maintain a certain
temperature level. Regulating may include increasing the output current one or more incremental
steps followed by decreasing the output current one or'more incremental steps as illustrated in
Figure 3B. The soft start controller 714 in cooperation with the soft start component (e.g., soft start
component 616) initially increase this current-level slowly to-a-current limit value. The current
limit controller 618 thereafier maintains the current and thus the power level at or below a

predetermined power limit value.

[00051}In this example, the soft start controller 714 comprises a comparator 722 and logic
circuitry 724. The comparator 722 is operatively coupled, at terminal B, to the temperature sensor
712. The comparator 722 may include two inputs and an output. One of the inputs may be an on
the chip (OTC) input operatively coupled to terminal B and adapted to receive the voltage at
terminal B. The voltage at terminal B tends to decrease with temperature. Another one of the
inputs may be a Vygr input adapted to'receive a bandgap reference voltage. A bandgap reference
voltage may be a zero temperature coefficient voltage reference. Generally, a component
exhibiting a zero temperature coefficient of resistivity changes: from negative to positive values at
an absolute zero temperature (i.e., at zero Kelvin). Thus, the zero temperature voltage reference

does not vary with temperature in-a typical charge power control scheme.

[00052] The comparator 722 is adapted to compare the voltages (i.e., Vggr and the voltage at
terminal B) applied at its inputs-and to output a signal, UP/DN, for commanding the logic circuitry
724 to increase or decrease the charge current. In one embodiment, the logic circuitry 724 includes
a counter 724 adapted to count up:or down. Such counter 724 may be adapted to receive the
UP/DN signal and to count up and down between an upper and a lower limit and to count only
down if it reaches the upper limit. Likewise, the counter 724 may be adapted to count only up if it
reaches the lower limit. The counter 724 may further be adapted to output a control signal 726.
The control signal 726 may include control bits (e.g., BITO — BIT 5). The number of bits in the
control signal 726 may depend on a desired resolution of current steps, such as the resolution of the

incremental steps shown in Figure 3B. In general, the resolution tends to increase with increases in
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the number of temperature sensitive-elements included in the temperature sensor 712.

[00053] The counter 724 is also adapted to receive a clock signal CLK, which controls the

timing of the counting up or down. The counter 724 can be reset in response to a RESET signal.

[00054]For example, based on the voltages applied to its inputs, the comparator 722 may
determine that the current should be increased and output an UP signal. At the next CLK signal,
the counter 724 may, in response to the UP signal, count up one or more steps, provided that the
upper limit has not been reached. The counter 724 then outputs control bits 726 which may include
a change to the state of one or more of the bits.. For example, BIT4 may be asserted (or BIT2
negated). Upon receipt of the asserted BIT4, the soft start component (not shown) may switch one
of its current switches, ¢.g., SW4, to an ON state, allowing current to flow through that current
switch which in turn may increase the charge current. Negated BIT2 may cause SW2 to switch to
an OFF state and to cut off current flow through it, reducing the current somewhat (i.e., producing
current decrease with an UP count). Similarly, in:response to a DN signal, the counter 724 may
count down one or more steps (provided' that it'has'not reached its-lower limit) and may output
control bits 726 that command the soft start component to switch one or more current switches OFF
$0 as to decrease the charge current.. Returning to the first example, if the.counter 724 has already
reached its upper limit, the counter 724 may output the same control bits 726 in response to an UP
signal. The control bits 726 may not be changed until the counter 724 receives a DN signal from
the comparator 722. In some embodiments, the upper and/or lower limit of the co'umcr 724 may be
determined by or otherwise related to the current limit, for example, the current limit detected by

the current limit controller 618.

[00055])Figure 8 is a.diagram of a charge power control scheme 800, including circuit
details of a pass element 802, according to one embodiment of the invention. This embodiment
includes the temperature:sensor 612, the soft start controller 614, the soft start component 616, the
current limit controller 618, the current limit detector 620 (here illustrated delineated scparately
from the current limit controller 618), the current limit converter 630, the pass element 802, the
charge storage device 506, and the system load 512. The pass element 802 includes current
switches T10 and T 11, an operational amplifier 804, and a resistor, Rs. The temperature sensor
612, the soft start controller 614, the soft start component 616, the current limit controller 618, the
current limit detector 620, the current limit converter 630, the charge:storage device 506, and the
system load 512 may-each be substantially similar to their respective corresponding element in

Figures 5 - 7.

[00056]1n this embodiment, the current switch T10 is a large scale transistor and the current
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switch T11 is a small scale transistor. T10:is scaled 1X and T11 is scaled 0.002X. Size matching
may be important to match transistor criteria, for transistor scaling (i.e., decreasing device
dimensions), and the like. Transistors of a particular scale (i.c., size) are typically laid out in the
same region on the IC die (e.g., on IC:die 400 of Figure 4). The transistors T10, T11 are
operatively coupled to each other, to the current limit controller 618, and via the current limit
converter 630 to the soft start component 616. The transistors T10 and T11 are operative to be
turned ON and OFF and to cause current switches (not shown) included in the soft start component
616 to be turned ON and OFF. The source of T10 is-operatively coupled to an inverting input of
the operational amplifier 804. The source of T11 is operatively coupled to a non-inverting input of

the operational amplifier 804.

[00057] When turned ON, the small scale transistor T11 is operative to.output a small scale
current, 1, to the non-inverting input of the operational amplifier 804. When turned ON, the large
scale transistor T10 is operative to output a large scale-current, loyr, to the inverting input of the
operational amplifier 804. The currents have a substantially fixed ratio between them determined
by the size ratio of T10 and T11. In the illustrated embodiment, that size ratio is 500 (1'/0.002 =

500). T10 is thus a current mirror to T11 and magnifies the small scale current by a factor of 500.

[00038]In the illustrated embodiment, Rg is connected between the inverting and the non-
inverting inputs of the operational amplifier 804. As described, the operational amplifier 804
receives ] at its non-inverting input and loyr at its inverting input. The differential input voltage to
the operational amplifier 804 is therefore Rg x (I - Iim). The operational-amplifier 804 is operative
to output a current responsive to the differential input voltage. Such output current is fed back to
the respective gates of T10 and T11. As noted with reference to Figure 2, gencrally, a pass element
is a controlled variable resistance device. It may be driven by an amplified error signal and be
operative to increase its resistance when the output current is to be lowered and to decrease its
resistance when the output current is to be raised. As may be seen from Figure 8, the error signal
may be the difference between currents I and loyr. The amplification of such error signal may be
performed via the gain of the operational amplifier 804 alone or in combination with the size ratio
of T10 and T11. Whether the output current is to be raised or lowered depends on the relationship
between the current limit, Iy v, flowing to the current limit converter 630 and the small scale

current, 1.

[00059]Briefly, if the small scale current, |, is greater than the current limit, Iy, the
operational amplifier 804 tries to reduce the current until I substantially equals 1. The reduction

may be obtained by turning OFF the small scale transistor. T11. If1is below 11, the operational
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amplifier 804 substantially maintains 1 at or below Iyv. Such maintaining may be obtained by

turning both transistors T10-and T11 ON, resulting in a higher current.

[00060}More specifically, if the small scale current, 1, is-greater than the current limit, lyim,
the balance of-current (i.c., | - Im) flows via Rgs. The differential input voltage to the operational
amplifier becomes (I - I;;m) X Rg; which triggers the operational amplifier 804 to reduce the current
until | substantially-equals I ;. The output current from the-operational amplifier 804 thus causes
the‘fransistor T11 to be turned OFF, which reduces the current output from T11. This reduction
may occur gradually or fast depending.on, at least in part, the gain of the operational amplifier 804.

In some embodiments; a faster turn-off may be advantageous.

[00061]If1 is:below Iy pm, the output current from the operational amplifier 804 may cause
T10 and T11 to be turned ON, thereby exhibiting low resistance and in turn increasing [. This may
cause | to be substantially maintained at or below Ipm. The value of loyr may be, for example, 500
x 1. The net effect is that the charge power control scheme 800 regulates the current to decrease 1o

Ium and to thereafter remiain substantially at or below I .

[00062] The resistor, Rs, may be a current sensing resistor adapted to translate current into a
voltage. In general, current:sensing resistors are designed for low resistance so as to minimize
power consumption. The calibrated resistance senses the current flowing through-it in‘the form of a
voltage drop, which may be detected and monitored by control circuitry (e.g., by the operational
amplificr 804).

[00063] Various configurations of the'embodiments disclosed hercin are possible. For
example, the current switches T10, T11 may-include transistors; such as FETs, such as JFETS,
MOSFETs, orany-combination thereof. The current switches may also include BJTS, in which
case the earlier reference to gate and source {the terms for N-channel FETs) corresponds to base
and emitter (theﬁ}terms,for NPN BJTs). The resistor, Rs, may include a resistor other than a.current
sensing resistof; however, in some configurations, this may result in less than optimal performance.
For example, the power consumption may-be less than optimally minimized, more components may

need to be used, or the like,

[00064]Figure 9'is a diagram of the charge power control scheme of Figure 8, including
circuit details of a soft start component.616 and a pass element 802, according to one embodiment
of the invention. This-embodiment includes the temperature sensor 612, the soft start controller
614, the current limit controller 618, the current limit detector 620, the soft start component 616,

the current converter 630, and the pass element 802.
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[00065]In this embodiment, the soft start component 616 includes switches SW1 — SWS for
controlling incremental cutrent steps of the soft start, operational.amplifier:902, current switches Tl
~T9, and a soft start resistor, Rss. The current switches T1 - T9-may be transistors. The
operational amplifier 902 is coupled, at one of its inputs, to the current limit detector 620 and at
another one of its inputs to a terminal C. The operational amplifier 902 is operative to receive the
current limit detected by the current limit detector 620 and to compare the received current limit
with the soft start current Igg, which is the sum of the currents 11 - I5. The soft start current is
further related to the output current, loyt, for example, by a factor dependent on the size ratios of

the current mirrors.

[00066]The soft start component 616 is operative to receive.the control signal 626 output
from the logic circuitry 624 (included in the soft start.control 614) and to change the state of onc or
more of the switches SW1 - SW5.in response thereto (ON/OFF). In.operation, for example, if only
current switch T1 is turned ON (i.e;, T2~ TS5 are turned OFF), current 11 will flow tothe gates of
current switches T6 and T7. This may cause current switches T6-and/or T7 to turn ON, which may
cause current to flow to the soft start controller-614: The current switch T7 is operatively coupled
to the. gates of current switches T8 and T9.. Current flowing from:current switch-T7 may turn ON
current switches. T8 and/or T9. Current may then flow from current switch T9 via the current limit

converter 630 to-the pass-element 802..

[00067]The current switches T1 — T3 may be scaled. In-one cmbodiment, T1 may be scaled
1X, T2 scaled 2X, T3 scaled 4X, T4 scaléd 8X, and TS may be scaled 16X. In order to increase
resolution, in this embodiment, the control signal 626 comprises five control bits, BITO — BIT4,
cach control bit controlling one of the switches SW1 —SWS3. Generally, as the number of control
bits included in the control signal 626 increases, the resolution achievable in the incremental steps
of the charge current, loyr, output from the pass element 802 increases as well. If:the control signal
626 is (from most significant bit to least significant bit) 00001, i.c., BITO is high, current 11 will
flow to the gates of transistors T6 and T7 as SW1 is turned. ON. If instead the control signal 626 is
10000, current IS will flow to the soft start-controller 614 and to the source:of transistors T6 and
T7. In this example, with five control bits, IS may be thirty-two times greater than I1 (because 2=
32), based on the size ratio of T5 and T1. In another embodiment, the current switches T1 - T3
may be scaled differently, for example logarithmically, exponentially, or the like. The level of the
currents [1 - I5 may then be likewise related logarithmically, exponentially, etc. Other

combinations of current switches T1 — T3, switches SW1.— SWS5, or both are possible.

[00068]In the illustrated embodiment, current switches T6 and T7 form one current mirror
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and current switches T8 and T9 another current mirror. [n this embodiment, the soft start current,
Iss, flowing through the soft start resistor, Rgs, may need to be small by design. By including
multiple current mirrors, the current eventually output as oyr can be:successively increased. For
example, the size ratio between the scales of the current switches T8 and T9 may be higher than the
size ratio of T6-and T7.. The successive increase in size ratios between the current mirrors may be

lincar, logarithmic, exponential, or have any other relationship.

{00069]The cﬁarg'e current is thus controlled by the soft start.controller 614 and the soft
start component 616 and thereby increased in incremental'steps up‘to a current limit. "The charge
current is further controlled by the current-limit controller 618 so.as not to exceed the current limit.
The current limit is detected by the current limit detector 620 and is associated with-a
predetermined power limit value of power dissipated across the pass element 802. Collectively, the
elements of the charge power control scheme 900 cooperate to control the power and thus the
current flowing in-the pass element 802, which in turn regulates the charge current, lour, flowing to

the charge storage device, the system load, -or both (not shown)..

[00070]Figure 10 is:a block diagram of another charge power control scheme 1000,
according to one embodiment of the invention. This scheme 1000 includes the supply 504, the
temperature sensor 612, a charge power control device 1002, the charge storage device 506, and the
system Joad 512. In this embodiment, the charge power control device 1002 includes a power loop
control circuit 1008 implemented as a combination-of an analog-to-digital converter (A/D) 1004, a
microcontroller 1006, and a digital-to-analog converter (D/A) 1010. The microcontroller 1006 may
be any type of processor. The microcontroller 1006 is operative to output the control signal 626
(e.g., control bits 626) to the D/A 1010. The control signal 626 is operativeto.change the state of
the-soft start component switches:(e.g., SW1 - SWS of Figure 9) as well as current switches
included elsewhere in the charge power control scheme (e.g., T1 - T11),.and to, thereby, control

the current flowing through the pass element 1010.

[00071]Figure 11 is a diagram illustrating a charge current level, loyr, through a pass
element regulated according to-one embodiment of the invention. The voltage at the terminal B
may be the voltage at the temperature sensor and applied to input OTC of comparator 722 as

illustrated in Figure-7:

[00072]One or more elements of the-charge power control scheme, such as:the charge
power control device, may be implemented in a number of ways. An implementation may use
discrete components or, preferably, be embodied in an IC or as a functional block in an IC. Such

IC may further be adapted for use in a-mobile device. Examples of mobile devices include laptops,
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cell phones, digital cameras, personal digital assistants (PDAs), game boys, other battery-operated
toys, and the like.

[00073]1n sum, although the invention has been described in-considerable detail with reference
to certain preferred embodiments thereof, other embodiments are possible. Therefore, the spirit and

scope of the appended claims should not be limited.to the:description of the preferred embodiments

contained herein.
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CLAIMS

What is claimed is:

1. A device for controlling power, comprising:
a pass element adapted to conduct a charge current; and

a power loop control circuit-including a soft start controller and a soft start component, the
soft start controller being adapted to produce a control signal corresponding to incremental steps of
the charge current through the pass element and the soft start component being adapted to manage
charge current increases in incremental steps up to a.current limit in accordance with the control
signal, wherein the-current limit isassociated with a predetermined power limit value of power

dissipated across the pass element.
2. A device as in ¢laim 1, wherein the control signal includes one or more control bits.

3 A device as in claim 2, wherein a number of the one or more control bits is related to a

number of the incremental steps.

4, A device as in claim 2, wherein a number of the one or more control bits is related to a
predetermined resolution with which the soft start controller allows the charge current to approach

the current limit.

5. A device as in claim 1, wherein the soft start controller includes a comparator and logic
circuitry, the comparator being adapted to produce a logic signal for prompting the logic circuitry
to increase.and decrease the incremental steps, the logic circuitry being adapted to adjust the

control signal when increasing and decreasing the incremental steps.

6. A device as in claim $, wherein the logic circuitry includes a counter and wherein the
comparator is adapted to produce an UP/DN signal for prompting the counter to count up and

down, the counter being adapted to adjust the control signal when counting up and down.

7. A device as in claim 6, wherein the soft start controller further includes a constant current
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source operatively coupled to the comparator.

8. A device as in claim 3, further comprising a temperature sensor operatively coupled to the
soft start.controller and adapted to produce a.sensor signal in response to which the comparator

produces the logic. signal.

9. A device as in claim 8, further.comprising a:zero coefficient temperature voltage reference,
wherein the comparator is operatively connected to the temperature sensor and to the zero
coefficient temperature voltage reference andadapted to produce the logic signal.in response

thereto.

10. A device as in claim 8, wherein the temperature sensor includes one or more temperature

sensitive elements operatively coupled in series with each other.

11. A device asin claim 10, wherein each temperature sensitive element has a forward voltage
drop that is inversely proportional to its:absolute temperature, and wherein, collcctively, the
temperature sensitive elements maintain apredetermined-temperature level by regulating the charge

current between the incremental steps:

12. A device as:in claim 10, wherein the temperature sensitive elements include a bipolar

junction diode, a thermistor, ora transistor, or a combination of one or more thereof.

13. A device as in claim 8, wherein the temperature sensor is incorporated, in full or in part,

within the power loop control circuit.

14. A device as in claim 6, wherein the counter is adapted to count up and down between an

upper limit and a lower limit.

15.  A-device as in-claim 14; wherein the counter is.further adapted to.count only-down if it

reaches the upper limit and to count only up if it reaches the lower limit.
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16.  Adevice as in claim. 1, wherein the soft start-component includes one or-more current

switches-adapted to turn ON and OFF in response to the control signal.

17. A device as in claim 15, wherein the one or more current switches include transistors.

18. A deviceas in claim 1, further comprising a current limit controller with current limit
detector operatively coupled to-the pass element.and operative to detect the.current limit and to

manage the charge current by limiting it to-at or below the current limit.

19. A device as.in claim 1, wherein the soft start-controller, the soft start component,.or both,

are implemented using a microcontroller.

20.  A-deviceasinclaim 19 further implemented wherein the microcontroller is operatively
connected at its-input to an-analog-to-digital converter (ADC) and at-its output to a digital-to-analog
converter (DAC).

21. A device as in claim 20, further comprising a temperature sensor, wherein the ADC is
operatively coupled to the temperature sensor and the DAC is operatively coupled to the pass

element.

22. A device as in claim 1, wherein the power loop control circuit is adapted to regulate the
charge current once it is at or about the current limit such that the power dissipated across the pass

element does not exceed the predetermined power limit value.

23. A device as in claim 22, wherein the power loop control circuit is adapted to produce the

regulated charge current for a-charge storage device, a system load, or both.

24, A device as in claim 1, wherein the pass element comprises one or more transistors
constructed as'a bipolar junction transistor (BJT), a junction field effect transistor (JFET), a- metal

oxide semiconductor FET (MOSFET), and an insulated gate bipolar transistor (IGBT).
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25.  Adeviceas in claim 1 embodied in an integrated circuit (IC)-or a functional block of an IC.

26. A device as in claim 25, wherein the IC is divided into die areas, cach dic area being

adapted for devices of a-different scale.

27. A device as in claim 26, wherein a temperature-sensor associated with the power-loop

control circuit is placed on a die arca-where a heat source‘including the pass element is present.

28. A method for controlling power, comprising:

increasing a charge-current through a pass element in incremental steps up to a current limit
by producing in a soft start controller a control signal, the current limit being associated with a

predetermined power limit value of power dissipated across the pass element;

\

rcgulating in a power loop control circuit the charge current once it is at or about the current
limit; and
outputting the increased then regulated charge current to a charge storage device, a system

load, or both.

29, A method as in claim 28, wherein-increasing the-charge current is based on a resolution of
the incremental steps, the control signal including one or more control bits and the resolution being

related to.a number. of the one or imore control bits.

30. A method as in claim 28, wherein increasing the charge current in incremental steps
includes sensing a temperature of the power loop-control circuit and maintaining a predetermined
temperature level at the power loop control circuit by regulating the charge current between the

incremental steps.

~

31. A method as in claim 28, wherein increasing the charge current in incremental steps
includes increasing and decreasing the charge current by turning ON and OFF one-or more current

switches with the soft start-controller in response to the produced control signal.
32. A method as in claim 28, wherein the regulating includes detecting the current limit and
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controlling the charge currént to maintain it at or below the current.limit.

33. A device for controlling power, comprising:
a'pass element adapted to conduct a current; and

a power loop control circuit including a soft start controller and a soft start component, the
soft start controller including an output for a control signal corresponding to-incremental steps of’
the current through the pass element, the control signal being adjustable, the soft start component
having being adapted-to.manage current-increases in incremental steps up to a current limit in
accordance ‘with adjustments in the control signal, the current limit being associated with a

predetermined power limit value of power dissipated across the pass element.

34. A device as in claim 33, wherein the control signal includes one or more control bits whose

number relates'to a number of the incremental steps.

35. A dévice as in claim 33, wherein the control signal includes one or more control bits whose
number relatestoia-predetermined resolution with which the soft start controller allows the current

to:approach the current limit.

36. A device as in claim 33, wherein soft start controller includes logic circuitry adapted to

produce the adjustable control signal at the output.

37. A device as in claim 36, wherein the soft start controller further includes a comparator and a

constant current source operatively coupled to-the comparator.

38. A device as.in-claim 36, further comprising a temperature sensor operatively coupled to the
soft start-controller and ‘adapted to produce:a sensor signal-in response:to which the comparator

produces.an UP/DN signal.-for adjusting the control signal.

39. A deviceas in claim 38, further comprising a voltage reference wherein the comparator is
operatively connected to the temperature-sensor-and voltage reference and is adapted to produce the
UP/DN.signal.
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40. A device as in claim 33, wherein the soft start component includes one or more current

switches with turn ON and OFF states responsive to the control signal.

41. A device as in claim 40, wherein the.one or more current switches include transistors.

42. A device as in claim 33, further comprising.a current limit controller with current limit
detector operatively coupled to the pass clement and operative to detect the current limit and to

manage the current by limiting it to at or below the current limit.

43, Adevice as in claim 33, wherein the soft start controller, the soft start component, or both,

are implemented using a microcontroller.

44, A device as in claim 43 further implemented wherein the microcontroller is operatively
connected at its input to an analog-to-digital converter (ADC) and at its output to a digital-to-analog
converter (DAC).

45. A device as in claim 44, further comprising a temperature sensor, wherein the ADC is
operatively coupled to the temperature sensor and the DAC is operatively coupled to the pass

¢lement.

46. A device as'in claim 33, wherein the power loop control circuit is adapted to regulate the
current once it is at or about the current limit such that the power dissipated across the pass element

does not exceed the predetermined power limit value.

47. A device as in claim 46, wherein the current is a charge current and wherein the power loop
control circuit is adapted to produce the regulated current for a charge storage device, a system

load, or both.
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