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CHARGE PUMP WITH
TEMPORALLY-VARYING ADIABATICITY

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a reissue application of U.S. applica-
tion Sev. No. 15/460,596, filed Mar. 16, 2017, now U.S. Pat.
No. 10,162,376, which 1s a continuation of U.S. application
Ser. No. 14/719,813, filed on May 22, 2015, which claims
the benefit of the priority date of U.S. application Ser. No.
14/0277,716, filed on Sep. 16, 2013, 1ssued as U.S. Pat. No.
9,041,459 on May 26, 2015, the contents of which are

hereby incorporated by reference 1n their entirety

BACKGROUND

This invention relates to adiabatic power conversion, and
in particular to configuration and control for partial adiabatic
operation of a charge pump.

Various configurations of charge pumps, including Series-
Parallel and Dickson configurations, rely on alternating
configurations of switch elements to propagate charge and
transier energy between the terminals of the charge pump.
Energy losses associated with charge propagation determine
the efliciency of the converter.

Referring to FI1G. 1, a single-phase Dickson charge pump
100 1s 1llustrated 1n a step-down mode coupled to a low-
voltage load 110 and a high-voltage source 190. In the
illustrated configuration, generally the low-voltage load 110
1s driven (on average) by a voltage that 1s %5 times the
voltage provided by the source and a current that 1s five
times the current provided by the high-voltage source 190.
The pump 1s driven 1n alternating states, referred to as state
one and state two, such that the switches 1llustrated 1in FIG.
1 are closed 1n the indicated states. In general, the duration
of each state 1s half of a cycle time T and the corresponding
switching frequency of the charge pump 100 1s equal to the
inverse of the cycle time T.

FIGS. 2A-B illustrate the equivalent circuit in each of
states two and state one, respectively, illustrating each
closed switch as an equivalent resistance R. Capacitors C1
through C4 have a capacitance C. In a first conventional
operation of the charge pump 100, the high-voltage source
190 1s a voltage source, for example, a twenty-five volt
source, such that the low-voltage load 100 1s driven by five
volts. In operation, the voltage across the capacitors C1
through C4 are approximately five volts, ten volts, fifteen
volts, and twenty volts, respectively.

One cause of energy loss 1n the charge pump 100 relates
the resistive losses through the switches (1.e., through the
resistors R 1 FIGS. 2A-B). Referring to FIG. 2A, during
state two, charge transfers from the capacitor C2 to the
capacitor C1 and from the capacitor C4 to the capacitor C1.
The voltages on these pairs of capacitors equilibrate assum-
ing that the cycle time T 1s sufliciently greater than the time
constant of the circuit (e.g., that the resistances R are
sufliciently small. Generally, the resistive energy losses 1n
this equilibration are proportional to the time average of the
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square of the current passing between the capacitors and
therefore passing to the low-voltage load 110. Similarly,

during state one, the capacitors C3 and C2 equilibrate, the
capacitor C4 charges, and the capacitor C1 discharges, also
generally resulting in a resistive energy loss that 1s propor-
tional to the time average of the square of the current passing
to the low-voltage load 110.

For a particular average current passing to the load 110,
assuming that the load presents an approximately constant
voltage, 1t can be shown than the resistive energy loss
decreases as the cycle time T 1s reduced (i.e., switching
frequency 1s increased). This can generally be understood by
considering the impact of dividing the cycle time by one-
half, which generally reduces the peak currents in the
equilibration by one half, and thereby approximately
reduces the resistive energy loss to one quarter. So the
resistive energy loss 1s approximately inversely proportional
to the square of the switching frequency.

However, another source of energy loss relates to capaci-
tive losses 1n the switches, such that energy loss grows with
the switching frequency. Generally, a fixed amount of charge
1s lost with each cycle transition, which can be considered to
form a current that 1s proportional to the switching fre-
quency. So this capacitive energy loss 1s approximately
proportional to the square of the switching frequency.

Therefore, with a voltage source and load there an optimal
switching frequency that minimizes the sum of the resistive
and capacitive energy losses, respectively reduced with
increased frequency and increased with increased frequency.

SUMMARY

Patent Publication WO 2012/151466, published on Nov.
8, 2012, describes configurations in which the source and/or
load comprise regulating circuits. In particular, in FIGS. 1
and 2A-B, the load 110 can effectively comprise a current
sink rather than present a constant voltage 1n an example of
what 1s referred to as “adiabatic” operation of a charge
pump. If the current sink accepts constant current, then the
currents illustrated 1n FIG. 2A effectively remain substan-
tially constant values during the 1llustrated state. Therefore,
the resistive power loss 1s lower than the resistive loss 1n the
voltage driven case discussed 1n the Background, and also
substantially independent of the cycle time T. In situations 1n
which the load sinks a pulsed current, then for a particular
average current, the resistive energy loss generally increases
as the duty cycle of the current decreases (and the peak
current increases). There 1s a range of low duty cycles 1n
which the resistive losses with a pulsed current exceed the
losses for the same average current that would result from
the charge pump driving a relatively constant output voltage,
for example, across a large output capacitor.

In one aspect, 1n general, operation of a charge pump 1s
controlled to optimize power conversion efliciency by using
an adiabatic mode with some operating characteristics and a
non-adiabatic mode with other characteristics. The control 1s
implemented by controlling a configurable circuit at the
output of the charge pump.

In another aspect, 1n general, operation of a charge pump
1s controlled so that resistive power losses are minimized by
using an adiabatic mode with relatively high duty cycle (1.e.,
relatively high output current) and using a non-adiabatic
mode with relative low duty cycle (e.g., relatively low
output current). In some examples, mode 1s selected by
selectively 1introducing a compensation capacitor at the
output of the charge pump to present a substantially constant
voltage.
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In another aspect, 1n general, an apparatus a charge pump
and a controller coupled to the charge pump. The charge
pump has a plurality of switch elements arranged to operate
in a plurality cycles, with each cycle being associated with
a different configuration of the switch elements. The switch
clements are configured to provide charging and discharging
paths for a plurality of capacitive elements. The controller
has an output for controlling timing of the cycles of the
charge pump and one or more sensor inputs for accepting
sensor signals charactering operation of the charge pump
and/or operation of peripheral circuits coupled to the charge
pump. The controller 1s configured adjust the timing of the
cycles of the charge pump according variation of the one or
more sensor inputs within cycles of operation of the charge
pump.

In another aspect, in general, an apparatus includes a
switched capacitor charge pump configured to provide a
voltage conversion between terminals including a high volt-
age terminal and a low voltage terminal. The apparatus also
includes a compensation circuit coupled to a first terminal of
the charge pump for driving a load by the charge pump, the
compensation circuit providing a capacitance configurably
couplable to the first terminal of the charge pump. A
controller 1s coupled to charge pump and the configurable
circuit, and has an output for configuring the compensation
circuit, and one or more sensor mputs for accepting sensor
signals charactering operation of the charge pump and/or
operation of peripheral circuits coupled to the charge pump.
The controller 1s configured to configure the compensation
circuit according to the sensor signals to aflect etliciency of
power conversion between a power source coupled to the
charge pump and the load coupled to the charge pump via
the configurable circuit.

Aspects may include one or more of the following fea-
tures.

The controller 1s configured to couple a selected capaci-
tance to the first terminal to optimize an efliciency of the
power conversion.

The one or more sensor signals include a sensor signal
that characterizes time variation of a current passing to or
from the charge pump via the compensation circuit. In some
examples, the sensor signal characterizes a duty cycle of a
pulsed current passing to or from the charge pump. In some
examples, this current passing to or from the charge pump
via the compensation circuit 1s a current passing between the
compensation circuit and a peripheral coupled to the charge
pump via the compensation circuit.

The one or more sensor signals include a sensor signal
that characterizes a voltage at at least one of the terminals of
the charge pump and at the peripheral circuit coupled to the
charge pump.

The one or more sensor signals include a sensor signal
that characterizes switching frequency of the charge pump.

The controller 1s configured to determine an operating
mode from the sensor signals, and to determine the configu-
ration of the compensation circuit according to the deter-
mined mode.

The controller 1s configured to i1dentily at least a mode
having fast switching limit operation of the charge pump and
a pulsed current load, and increase the capacitance coupled
to the first terminal 1 said mode.

The controller 1s configured to i1dentily at least a mode
having slow switching limit operation of the charge pump
and a pulsed current load with a duty cycle less than a
threshold duty cycle, and increase the capacitance coupled to
the first terminal in said mode.
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The apparatus further includes a peripheral circuit that
includes a regulator coupled to the compensation circuit.
The regulator provides a current-based load via the com-
pensation circuit to charge pump. The controller 1s config-
ured to determining a configuration of the compensation
circuit according to an efliciency of power conversion per-
formed by the charge pump. In some examples, the regulator
comprises a Buck converter. In some examples, the charge
pump comprises a Series-Parallel charge pump. In some
examples, the charge pump comprises a Dickson charge
pump.

In another aspect, in general, a method 1s directed to
power regulation using a charge pump coupled to a load
using a compensation circuit coupled to a terminal of the
charge pump. The method includes configuring a capaci-
tance provided by the compensation circuit to a first terminal
of the charge pump. The capacitance 1s selected according to
the sensor signals to aflect efliciency of power conversion
between a power source coupled to the charge pump and the
load coupled to the charge pump via the configurable circuat.

The method may include acquiring the sensor signals. The
sensor signals may characterize one or more a time variation
of a current passing to or from the charge pump wvia the
compensation circuit, a duty cycle of a current passing
between the compensation circuit and a peripheral circuit, a
voltage at the first terminal of the charge pump, and a
voltage at the peripheral circuit coupled to the charge pump.

One advantage of one or more embodiments is that
cllicient operation 1s maintained in varying operating modes
of the power converter.

Another advantage of one or more embodiments 1s that a
controller does not have to be preconfigured for a particular
use of a charge pump and can adapt to the circuit 1n which
the pump 1s embedded without further configuration. For
example, the controller can adapt to the size of pump
capacitors used, type of regulator coupled to the pump,
switching frequency of the pump and/or regulator, etc.

Other features and advantages of the invention are appar-
ent from the following description, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a single-phase 1:5 Dickson charge pump;

FIGS. 2A-B are equivalent circuits of the charge pump of
FIG. 1 1n two states ol operation;

FIGS. 3 and 4 are circuits having a switchable compen-
sating circuit coupled to the charge pump:;

FIG. 5 1s a circuit for measuring a charge pump current;

FIG. 6 1s a schematic 1llustrating charge transier during
one cycle of the charge pump illustrated 1n FIG. 4;

FIGS. 7A-C are graphs of output voltage of the charge
pump 1illustrated 1n FIG. 4 at different output current and
switching frequency conditions; and

FIG. 8 1s a single-phase series-parallel charge pump.

DESCRIPTION

As 1ntroduced above, as one example, a charge pump 100
illustrated 1n FIG. 1 may be operated 1n an “adiabatic” mode
in which one or both of a low-voltage peripheral 110 and a
high-voltage peripheral 190 may comprise a current source.
For example, Patent Publication WO 2012/151466, pub-
lished on Nov. 8, 2012, and incorporated herein by refer-
ence, describes configurations in which the source and/or
load comprise regulating circuits. In particular, in FIGS. 1
and 2A-B, the low-voltage load 110 can effectively comprise
a current source rather than a voltage source 1n an example
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of what 1s referred to as “adiabatic™ operation of a charge
pump. If the current source maintains a constant current
from the charge pump, then currents illustrated in FIG. 2A
maintain substantially constant values during the 1llustrated
state. Therefore, the resistive losses in the switches through
which the current passes are lower than the resistive loss in
the voltage load case, and also substantially independent of
the switching frequency and the cycle time T. As in the
voltage driven case, there capacitive losses 1n the switches
grow with 1ncreasing switching frequency, which suggests
that lowering the switching frequency is desirable. However,
other factors, which may depend on internal aspects of the
charge pump, voltage or current characteristics at the ter-
minals of the charge pump, and/or internal aspects of the
peripheral elements, such as the source and/or load, may
limit the cycle time (e.g., impose a lower limit on the
switching frequency).

Referring to FIG. 3, 1n a first mode of operation, a load
320 can be considered to comprise a constant current source
312 with an output current 10. In some implementations, the
load 320 also includes an output capacitor, which for the
analysis below can be considered to be small enough such
that current passing to the load 320 can be considered to be
substantially constant. As introduced above with reference
to FIGS. 2A-B, the charge transfer between capacitors in the
charge pump 100 during the alternating states of operation
of the charge pump 100 are therefore substantially constant
in the adiabatic mode of operation.

Continuing to refer to FIG. 3, a compensation circuit 340
1s 1ntroduced between the charge pump 100 and the load
320. A switch 344 1s controllable to selectively introduce a
compensation capacitor 342 to the output of the charge
pump 100.

Various factors can aflect the efliciency of the power
conversion illustrated 1n FIG. 3, including the voltage of an
input voltage source 392, the switching frequency of the
charge pump 100, and the output current 10 (or somewhat
equlvalently the mput or output current of the charge pump
100). The efficiency 1s also dependent on whether or not the
compensation capacitor 342 1s coupled to the output path via
the switch 344. As a general approach, a controller 350
accepts inputs that characterize one or more factors that
aflect efliciency and outputs a control signal that sets the
state of the switch 344 according to whether efliciency 1s
expected to be mmproved introducing the compensation
capacitor versus not. A further discussion of logic imple-
mented by the controller 350 1s provided later 1n this
Description.

Referring to FIG. 4, in another example, a configuration
of a charge pump 100 has a regulator 320 coupled via a
compensation circuit 340 to the low-voltage terminal of a
charge pump 100, and a voltage source 392 coupled to the
high-voltage terminal of the charge pump 100. The regulator
320 (also referred to below generally interchangeably as a
“converter’”) 1llustrated 1n FIG. 4 1s a Buck converter, which
consists of switches 322, 324, an inductor 326, and an output
capacitor 328. The switches open and close (1.e., present
high and low impedance, respectively) in alternating states,
such that the switch 322 1s open when then the switch 324
1s closed, and the switch 322 is closed when the switch 324
1s open. These switches operate at a frequency than can be
lower, higher, or equal to the switches 1n the charge pump
100, with a duty cycle defined as the fraction of time that the
switch 322 in the regulator 320 1s closed. A preferred
embodiment 1s when the switching frequency of the charge
pump 100 1s lower than the regulator 320. However, 1n the
case the charge pump 100 1s at a higher frequency than the
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regulator 320, the charge-pump 100 1s disabled when the
regulator 320 1s ofl (low duty cycle) and the charge-pump
100 1s enabled when the regulator 320 1s on.

In general, the regulator 320 operates at 1ts highest power
clliciency when 1t operates at its highest duty cycle. In some
examples, a controller of the regulator (not shown) adjusts
the duty cycle 1n a conventional manner to achieve a desired
output voltage VO. During the cycles of the regulator 320 1n
which the switch 322 is closed, the current passing from the
charge pump 100 to the regulator 320 1s effectively constant,
equal to the current through the inductor 326. Assuming that
the switching frequency of the regulator 320 1s substantially
higher than the switching frequency of the charge pump 100,
the charge pump 100 can be considered to be driven by a
pulsed current source with an average current equal to the
duty cycle times the inductor current.

Note that as introduced above, 1n situations in which the
regulator 320 sinks a pulsed current, then for a particular
average current, the resistive energy loss generally increases
as the duty cycle of the current decreases, approximately
inversely with the duty cycle. There i1s a range of low duty
cycles, and thereby high peak current relative to the average
current, 1n which the resistive losses with a pulsed current
exceed the losses for the same average current that would
result from the charge pump 100 driving a relatively con-
stant output voltage, for example, across a large output
capacitor. Therefore, for a selected range of low duty cycles,
the controller 350 closes the switch 344 and introduces a
relatively large compensation capacitor 342 at the output of
the charge pump 100. The result 1s that the charge pump 100
1s presented with a substantially constant voltage, and there-
fore operates 1 a substantially “non-adiabatic” mode.
Theretore, the controller 350 1s eflectively responsive to the
output voltage because the duty cycle 1s approximately
proportional to the output voltage. Thereby operating the
charge pump 100 1n an adiabatic mode at high output voltage
and 1n a non-adiabatic mode at low output voltage; and
switches between the adiabatic and non-adiabatic modes at
a threshold duty cycle to maintain an optimum ethiciency of
the overall power conversion.

Examples of control logic implemented 1n the controller
350 1n configurations such as those illustrated 1n FIGS. 4 and
5 can be under 1n view of the following discussion.

In general, a charge pump can operate in one ol two
unique operating conditions, or in the region in between
them. In a slow switching limit (SSL) regime the capacitor
currents in the charge pump have the time to settle to their
final values and capacitor voltages experience significant
change 1n magnitude from beginning to end of a cycle of the
charge pump operation. In the fast switching limit (FSL)
regime, the capacitors do not reach equilibrium during a
cycle of the charge pump operation, for instance, due to a
combination of one or more of high capacitances, high
switching frequency, and high switch resistances.

Another factor relates to the capacitance at the output of
the charge pump 100, which 1n the circuits of FIG. 4 can be
increased by closing the switch 344 to add the compensation
capacitor 342 to the output. For small output capacitance,
the output current of the charge pump 100 1s eflectively set
by the pulsed current characteristic of the regulator 320. As
discussed above, for a given average current, the resistive
power losses 1n the pulsed current case are approximately
inversely proportional the duty cycle.

For large output capacitance, the RMS of the output
current of the charge pump 100 15 effectively determined by
the equilibration of the internal capacitors of the charge
pump 100 with the compensation capacitor 342 and the
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regulator 320. For a given average current, this resistive
power loss 1s approximately inversely proportional to the
square of the peak-to-peak voltage across the internal
capacitors in the charge pump 100.

Four combinations of FSL/SSL and constant/pulsed 10
modes of operation are possible. In some examples, each of
these four modes 1s aflected 1n different ways based on the
addition of a compensation capacitor 342 as shown 1n FIGS.

3 and 4.

Case one: In FSL mode, with constant output current 10
as 1n FIG. 3, introduction of the compensation capacitor 342
does not substantially aflect conversion etliciency.

Case two: In FSL mode with pulsed output current as in
FIG. 4, efliciency increases when the compensation capaci-
tor 342 1s introduced, thereby reducing the RMS current
seen by the charge pump 100.

Case three: In SSL mode, with constant output current 10
as 1n FIG. 3, efliciency generally increases without intro-
duction of the compensation capacitor 342, thereby yielding
adiabatic operation.

Case four: In SSL mode, with pulsed load current as in
FIG. 4, efliciency depends on the relation between the
average output current, the duty cycle, and how far the
charge pump 100 1s operating from the SSL/FSL boundary.
For example, at low duty cycle, efliciency generally
increases with introduction of the compensation capacitor
342, thereby yielding non-adiabatic operation. In contrast, at
high duty cycle, efliciency generally increases without intro-
duction of the compensation capacitor 342, thereby yielding
adiabatic operation. Furthermore, when the charge pump
100 1s 1n SSL mode, the farther from the SSL/FSL boundary,
the lower the duty cycle at which the efliciency trend
reverses.

Depending on the relative values of charge pump capaci-
tors, switch resistances and frequency, it 1s possible that the
charge pump operate in a regime between FSL and SSL. In
this case, there 1s effectively a transition point between case
four and case two at which the compensation capacitor 1s
introduced according to the overall efliciency of the con-
version. As described above, knowledge of the average
charging current and 1ts duty cycle 1s necessary 1n case four

for determiming 11 introduction of the compensation capaci-
tor will improve efliciency.

In some implementations, the controller 350 does not
have access to signals or data that directly provide the mode
in which the power conversion 1s operating. One approach
1s Tor the controller to receive a sensor signal that represents
the input current of the charge pump, and infer the operating,
mode from that sensor signal.

As an example, a sensor signal determined as a voltage
across the switch at the high voltage terminal of the con-
verter (e.g., the switch between source [109] /90 and the
capacitor C4 1n FIG. 1) can be used to represent the current
because when the switch 1s closed, the voltage 1s the current
times the switch resistance.

An alternative circuit shown 1n FIG. 5 provides a scaled
version of the mput current IIN. The mput switch 510, with
closed resistance R 1s put 1n parallel with a second switch
with closed resistance kR, for example, fabricated as a
CMOS switch where the factor k depends on the geometry
of the switch. When the switches are closed the differential
amplifier 530 controls the gate voltage of a transistor 540
such that the voltage drop across the two switches are equal,
thereby yielding the scaled input current IIN/k, which can be
used to form a sensor mput signal for the controller.
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The sensed input current can be used to determine
whether the compensation capacitor should be switched 1n,
for example, according to a transition between case four and
case two described above.

One possible method for determining the operation mode
of the charge pump 100 consists of taking two or more
measurements of the mput current IIN and establishing that
the difference between the values of consecutive samples 1s
substantially zero for SSL mode, or 1s above a pre-deter-
mined threshold for FSL mode.

Another method 1s to measure the difference 1n the voltage
of a capacitor in the charge pump 100. Once the mput
current IIN i1s known, the controller 350 can infer the
operating mode based upon the voltage ripple on the capaci-
tor over a full cycle. Note that the controller 350 does not
necessarily know the particular sizes of capacitors that are
used in the charge pump 100, for example, because the
capacitors are discrete capacitors that are not predetermined.
However, the capacitor values can be inferred from knowl-
edge of the current, voltage ripple, and frequency, thereby
allowing the controller 350 to determine whether the charge
pump 100 1s operating in the FSL or SSL mode. The
controller 350 can then select adiabatic or non-adiabatic
charging by controlling the switch 344 to selectively intro-
duce the compensation capacitor 342.

Other controller logic 1s used 1n other implementations.
For example, an alternative 1s for the controller to measure
elliciency given by:

N=VO/(N*VIN)

where M 1s the efhiciency, VO 1s the measured converter
output voltage, VIN 1s the measured converter input voltage,
and N 1s the charge pump conversion ratio.

The controller directly measures the effect of selecting
adiabatic vs. non-adiabatic charging on converter efliciency
by comparing the average value of the output voltage VO
over a complete charge pump cycle.

Other controller logic uses combinations of the
approaches described above. For instance, the controller can
confirm that the assessment of charge pump operating mode
and estimation of efliciency increase by changing the charge
pump charging mode.

A traditional method for operating the charge pump 100
1s at a fixed frequency in which the switching occurs
independently of the load requirement (1.¢., the switches 1n
FIG. 1 operate on a fixed time period). Referring to FIG. 6,
during one cycle of the switching of the charge pump 100,
a current I1 discharges from the capacitor C1 and a current
IP discharges other of the capacitors 1n the charge pump 100.
For a particular intermediate current IX, the longer the cycle
time T, the larger the drop in voltage provided by the
capacitor C1. A consequence of this 1s that the switching
frequency generally limits the maximum intermediate cur-
rent IX because the switching frequency for a particular load
determines the extent of voltage excursions, and in some
cases current excursions (1.e., deviations, varation), at vari-
ous points and between various points within the charge
pump 100 and at 1ts terminals. For a particular design of
charge pump 100, or characteristics of load and/or source of
the charge pump 100, there are operational limits on the
EXCUrsions.

Referring to FIGS. 7TA-C, the intermediate voltage VX of
the charge pump 100 1s shown in various current and timing
examples. Referring to FIG. 7A, at a particular intermediate
current IX, the intermediate voltage VX generally follows a
saw-tooth pattern such that it increases rapidly at the start of
cach state, and then generally falls at a constant rate.
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Consequently, the rate of voltage drop depends on the output
current 10. At a particular output current IO and switching
time, a total ripple voltage o results, and a margin over the
output voltage VO 1s maintained, as illustrated in FIG. 7A.
(Note that the graphs shown 1in FIGS. 7A-B do not neces-
sarily show certain features, including certain transients at
the state transition times, and related to the high frequency
switching of the regulator 320; however these approxima-
tions are suflicient for the discussion below).

Referring to FIG. 7B, 1n the output current 10 in the
circuit 1n FIG. 4 increases, for instance by approximately a
factor of two, the ripple of the intermediate voltage VX
increases, and the minimum intermediate voltage VMIN
decreases and therefore for a constant output voltage VO the
margin (1.¢. across inductor 316) in the regulator 320
decreases. However, 11 the voltage margin decreases below
a threshold (greater than zero), the operation of the regulator
320 1s impeded.

Referring to FIG. 7C, to provide the regulator 320 with a
suflicient voltage margin voltage the switching frequency
can be increases (and cycle time decreased), for example, to
restore the margin shown i FIG. 7A. Generally, 1n this
example, doubling the switching frequency compensates for
the doubling of the output current 10. However more
generally, such direct relationships between output current
IO or other sensed signals and switching frequency are not
necessary.

In general, a number of embodiments adapt the switching,
frequency of the charge pump 100 or determine the specific
switching time instants based on measurements within the
charge pump 100 and optionally 1n the low-voltage and/or
high-voltage peripherals coupled to the terminals of the
charge pump 100.

In a feedback arrangement shown 1n FIG. 4, the controller
350 adapts (e.g., 1n a closed loop or open loop arrangement)
the switching frequency. For any current up to a maximum
rated current with a fixed switching frequency, the charge
pump 100 generally operates at a switching frequency lower
than (1.e., switching times greater than) a particular mini-
mum frequency determined by that maximum rated current.
Therefore, when the current 1s below the maximum, capaci-
tive losses may be reduced as compared to operating the
charge pump 100 at the minimum switching frequency
determined by the maximum rated current.

One approach to implementing this feedback operation 1s
to monitor the intermediate voltage VX and adapt operation
of the charge pump to maintamn VMIN above a fixed
mimmum threshold. One way to adapt the operation of the
charge pump 100 1s to adapt a frequency for the switching
of the charge pump 100 1n a feedback configuration such that
as the minimum intermediate voltage VMIN approaches the
threshold, the switching frequency 1s increased, and as it
rises above the threshold the switching frequency 1s reduced.
One way to set the fixed minimum threshold voltage 1s as the
maximum (e.g., rated) output voltage VO of the regulator
320, plus a minimum desired margin above that voltage. As
introduced above, the minimum margin (greater than zero)
1s required to allow a suilicient voltage differential (VX-—
VO) to charge (1.e., increase 1ts current and thereby store
energy 1n) the inductor 326 at a reasonable rate. The mini-
mum margin 1s also related to a guarantee on a maximum
duty cycle of the regulator 320.

A second approach adapts to the desired output voltage
VO of the regulator 320. For example, the regulator 320 may
have a maximum output voltage VO rating equal to 3.3
volts. With a desired minimum margin of 0.7 volts, the
switching of the charge pump 100 would be controlled to
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keep the intermediate voltage VX above 4.0 volts. However,
if the converter 1s actually being operated with an output
voltage VO of 1.2volts, then the switching frequency of the
charge pump 100 can be reduced to the point that the
intermediate voltage VX 1falls as low as 1.9 volts and still
maintain the desired margin of 0.7 volts.

In a variant of the second approach, rather than monitor-
ing the actual output voltage VO, an average of the voltage
between the switches 312, 314 may be used as an estimate
of the output voltage VO.

In yet another varnant, the switching frequency of the
charge pump 100 1s adapted to maintain the intermediate
voltage VX below a threshold value. For example, the
threshold can be set such that the intermediate voltage VX
lowers or rises a specific percentage below or above the
average ol the intermediate voltage VX (e.g. 10%). This
threshold would track the intermediate voltage VX. Simi-
larly, a ripple relative to an absolute ripple voltage (e.g. 100
mV) can be used to determine the switching frequency.

Note also that the voltage ripple on the output voltage VO
depends (not necessarily linearly) on the voltage ripple on
the intermediate voltage VX, and 1in some examples the
switching frequency of the charge pump 100 1s increased to
reduced the ripple on the output voltage VO to a desired
value.

Other examples measure variation in internal voltages in
the charge pump 100, for example, measuring the ripple
(e.g., absolute or relative to the maximum or average) across
any of the capacitors C1 through C4. Such ripple values can
be used instead of using the ripple on the intermediate
voltage VX in controlling the switching frequency of the
charge pump 100. Other internal voltages and/or currents
can be used, for example, voltages across switches or other
circuit elements (e.g., transistor switches), and the switching
frequency can be adjusted to avoid exceeding rated voltages
across the circuit elements.

In addition to the desired and/or actual output voltages or
currents of the regulator 320 being provided as a control
input to the controller 350, which adapts the switching
frequency of the charge pump 100, other control inputs can
also be used. One such alternative 1s to measure the duty
cycle of the regulator 320. Note that vanation in the inter-
mediate voltage VX allects vanation in current in the Buck
converter’s inductor 326. For example, the average of the
intermediate voltage VX 1s generally reduced downward
with reducing of the switching frequency of the charge pump
100. With the reduction of the average output voltage VO,
the duty cycle of the regulator 320 generally increases to
maintain the desired output voltage VO. Increasing the duty
cycle generally increases the efliciency of a Buck converter.
So reducing the switching frequency of the charge pump 100
can increase the efliciency of the regulator 320.

It should be understood that although the various signals
used to control the switching frequency may be described
above separately, the switch frequency can be controlled
according to a combination ol multiple of the signals (e.g.,
a linear combination, nonlinear combination using maxi-
mum and minimum functions, etc.). In some examples, an
approximation of an etliciency of the charge pump 1s opti-
mized.

The discussion above focuses on using the controller 350
to adjust the switching frequency of the charge pump 100 1n
relatively slow scale feedback arrangement. The various
signals described above as mputs to the controller 350 can
be used on an asynchronous operating mode in which the
times at which the charge pump 100 switches between
cycles 1s determined according to the measurements. As one
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example, during state one as illustrated 1n FIG. 6, the
intermediate voltage VX falls, and when VX-VO reaches a
threshold value (e.g., 0.7 volts), the switches 1n the charge
pump 100 are switched together from state one to state two.
Upon the transition to state two, the intermediate voltage VX 53
rises and then again begins to fall, and when VX-VO again
reaches the threshold value, the switches in the charge pump
100 are switched together from state two back to state one.

In some examples, a combination of asynchronous
switching as well as limits or control on average switching 10
frequency for the charge pump are used.

Unfortunately, as the mtermediate current IX decreases
the switching frequency of the charge pump 100 decreases
as well. This can be problematic at low currents because the
frequency could drop below 20 kHz, which 1s the audible 15
limit for human hearing. Therefore, once the frequency has
dropped below a certain limit, a switch 344 closes and
introduces a compensation capacitor 342. This forces the
converter mto non-adiabatic operation allowing the fre-
quency to be fixed to a lower bound (e.g. 20 kHz). Conse- 20
quently, the compensation capacitor 342 1s introduced when
either the duty cycle 1s low or when the output current 10 1s
low.

Note that the examples above concentrate on a compen-
sation circuit that permits selectively switching a compen- 25
sation capacitor of a certain fixed capacitance onto the
output of the charge pump. More generally, a wide variety
of compensation circuits can be controlled. One example 1s
a variable capacitor, which can be 1mplemented as a
switched capacitor bank, for example, with power of two 30
capacitances. The optimal choice of capacitance generally
depends on the combination of operating conditions (e.g.,
average current, pulsed current duty cycle, etc.) and/or
circuit configurations (e.g., type of regulators, sources, load,
pump capacitors), with the determining of the desired 35
capacitance being based on prior simulation or measurement
or based on a mechanism that adjusts the capacitance, for
instance, 1n a feedback arrangement. In addition, other forms
of compensation circuits, for example, mtroducing nduc-
tance on the output path, networks of elements (e.g., capaci- 40
tors, inductors).

Note that the description focuses on a specific example of
a charge pump. Many other configurations of charge pumps,
including Dickson pumps with additional stages or parallel
phases, and other configurations of charge pumps (e.g., 45
series-parallel), can be controlled according to the same
approach. In addition, the peripherals at the high and/or low
voltage terminals are not necessarily regulators, or neces-
sarily maintain substantially constant current. Furthermore,
the approaches described are applicable to configurations in 50
which a high voltage supply provides energy to a low
voltage load, or in which a low voltage supply provides
energy to a high voltage load, or bidirectional configurations
in which energy may flow in either direction between the
high and the low voltage terminal of the charge pump. It 55
should also be understood that the switching elements can be
implemented 1n a variety of ways, including using Field
Effect Transistors (FETs) or diodes, and the capacitors may
be integrated into a monolithic device with the switch
clements and/or may be external using discrete components. 60
Similarly, at least some of the regulator circuit may in some
examples be mtegrated with some or all of the charge pump
in an mtegrated device.

Implementations of the approaches described above may
be imtegrated mto an integrated circuit that includes the 65
switching transistors of the charge pump, either with dis-
crete/ofl-chip capacitors or integrated capacitors. In other
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implementations, the controller that determines the switch-
ing frequency of the charge pump and/or the compensation
circuit may be implemented in a different device than the
charge pump. The controller can use application specific
circuitry, a programmable processor/controller, or both. In
the programmable case, the implementation may include
soltware, stored 1n a tangible machined readable medium
(e.g., ROM, etc.) that includes 1nstructions for implementing
the control procedures described above.

It 1s to be understood that the foregoing description 1s
intended to illustrate and not to limit the scope of the
invention, which 1s defined by the scope of the appended
claims. Other embodiments are within the scope of the
following claims.

What 1s claimed 1s:

1. An apparatus comprising a switched-capacitor charge
pump configured to provide voltage conversion between first
and second terminals thereol, a compensation circuit
coupled to a first terminal of said charge pump, said com-
pensation circuit having a first configuration and a second
confliguration, wherein, 1n said first configuration, said {first
terminal of said charge pump couples to a capacitance,
wherein, 1n said second configuration, said capacitance 1s
decoupled from said first terminal of said charge pump, and
a controller circuit coupled to said charge pump and said
compensation circuit, said controller circuit comprising an
output for configuring said compensation circuit, and a first
sensor 1mput for accepting a first sensor-signal that, at least
in part, characterizes operation of a circuit selected from the
group consisting of said charge pump and a peripheral
circuit directly coupled to said charge pump, wherein said
controller circuit 1s configured to configure said compensa-
tion circuit based at least 1n part on said first sensor-signal
to promote efliciency of power conversion between a power
source coupled to said charge pump and a load coupled to
said charge pump via said compensation circuit.

2. The apparatus of claim 1, wherein said first sensor-
signal characterizes a voltage at said peripheral circuit.

3. The apparatus of claim 1, wherein said charge pump
comprises a capacitor, and wherein said first sensor-signal
characterizes a voltage across said capacitor.

4. The apparatus of claim 1, wherein at least some current
that passes from said charge pump to said compensation
circuit continues through to an inductor i said peripheral
circuit.

5. The apparatus of claim 1, wherein said controller
circuit comprises a second sensor mput for accepting a
second sensor-signal that, at least in part, characterizes
operation of said circuit.

6. The apparatus of claim 1, wherein said controller
circuit 1s configured to determine an operating mode at least
in part based on said first sensor-signal, and to determine
said configuration of said compensation circuit according to
said determined mode.

7. The apparatus of claim 1, wherein said first sensor-
signal characterizes a voltage at said first terminal.

8. The apparatus of claim 1, wherein said controller
circuit 1s configured to couple said first terminal to said
capacitance at times that optimize power-conversion eili-
ci1ency.

9. The apparatus of claim 1, wherein said first sensor-
signal characterizes said switching frequency of said charge
pump.

10. The apparatus of claim 1, wherein said {first sensor-
signal characterizes a voltage at said second terminal.

11. The apparatus of claim 1, wherein said charge pump
comprises a series-parallel charge pump.
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12. The apparatus of claim 1, wherein said first sensor-
signal characterizes a duty cycle of a pulsed current passing
to or from said charge pump.

13. The apparatus of claim 1, wherein said first sensor-
signal characterizes an average of a current passing to said
charge pump.

14. The apparatus of claim 1, wherein said peripheral
circuit comprises an inductor that 1s coupled to said com-
pensation circuit.

15. The apparatus of claim 1, wherein said peripheral
circuit 1s coupled between said compensation circuit and
said first terminal and wherein said peripheral circuit com-
prises an i1nductor, switches, and an output capacitor,
wherein control of said switches of said peripheral circuit
adjusts a voltage across said output capacitor.

16. The apparatus of claim 1, wherein said peripheral
circuit, which 1s coupled to said compensation circuit,
comprises a switch that alternates between being open and
being closed, wherein adjustment of a fraction of time
during which said switch 1s closed.

17. The apparatus of claim 1, wherein said peripheral
circuit 1s coupled between said compensation circuit and one
of said first and second terminals and wherein said periph-
eral circuit comprises an inductor that i1s selectively con-
nected to and disconnected from said compensation circuit.

18. The apparatus of claim 1, further comprising a regu-
lator, wherein said regulator 1s coupled to said compensation
circuit.

19. The apparatus of claim 1, wherein said compensation
circuit 1s coupled to a regulator that achieves a selected
output voltage by adjustment of a duty cycle thereof.

20. The apparatus of claim 1, further comprising a regu-
lator, wherein said regulator 1s coupled between said com-
pensation circuit and said high-voltage terminal.

21. The apparatus of claim 1, further comprising a regu-
lator, wherein said regulator 1s coupled between said com-
pensation circuit and said low-voltage terminal.

22. A method comprising carrying out voltage conversion,
wherein carrying out voltage conversion comprises receiv-
ing a sensor signal that characterizes, at least in part,
operation of a circuit that 1s selected from the group con-
sisting of a switched-capacitor charge pump that provides
voltage conversion between first and second terminals
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thereof and a peripheral circuit, wherein said peripheral
circuit 1s directly connected to said switched capacitor
charge pump, and based at least 1n part on said sensor signal,
causing a compensation circuit that 1s coupled to a first
terminal of said charge pump to transition between coupling,
and decoupling a capacitance from said first terminal, and
wherein causing said compensating circuit to transition
comprises causing said compensation circuit to transition at
times that promote efliciency of power conversion between
a power source coupled to said charge pump and a load
coupled to said charge pump via said compensation circuit.

23. An apparatus comprising a power converter, said
power converter comprising first and second terminals, said
power converter being configured to cause a second voltage
to be maintained at said second terminal i response to
presence ol a first voltage presented at said first terminal,
wherein said power converter further comprises a compen-
sation circuit, a controller circuit, a switching network, and
capacitors, wherein said switching network interconnects
said capacitors, wherein, as a result of transitioning between
first and second states thereof, said switching network
causes said capacitors to transition between corresponding
first and second arrangements, wherein as a result of a
transition, electrical charge propagates between said capaci-

tors, wherein said controller circuit 1s connected to receive,
from at least one of a first circuit and a second circuit,
information indicative of an extent to which said propaga-
tion of said electrical charge between said capacitors results
in energy loss, wherein said controller circuit 1s configured
to cause said compensation circuit to transition between a
first configuration and a second configuration based on said
information, said transition being one that reduces said
extent and that causes a capacitance of said compensation
circuit to be switched into or out of communication with said
first circuit, wherein said first circuit 1s a circuit that 1s
formed by said switching network and said capacitors, and
wherein said second circuit 1s a circuit that 1s directly
connected to a circuit that 1s formed by said capacitors and
said switching network.

24. The apparatus of claim 23, wherein said second circuit
comprises an nductor.
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