
WO 02/19508 PCT/US01/26661  MULTIPLE OUTPUT DYNAMICALLY REGULATED CHARGE
PUMP POWER CONVERTER  5 CROSS REFERENCE TO RELATED APPLICATIONS This
application claims the benefit of, and hereby incorporates by  reference in
its entirety, the commonly owned U.S. Provisional Application, Serial  No.
60/141,119 that was filed on 25 June 1999 by Dragan D. Nebrigic, Milan M.
Jevtitch, Vig Sherrill, Nicholas Busko, Peter Hansen, and William Milam:
entitled  io " BATTERY HAVING BUILT-IN DYNAMICALLY-SWITCHED CAPACITIVE
POWER CONVERTER."  FIELD OF THE INVENTION The present invention relates to
DC/DC power supply controllers, and  15 more particularly to regulated
charge pump power converters for integrated  power management systems.
BACKGROUND  Advances in electronics technology have enabled the design and
cost- 2o effective fabrication of portable electronic devices. Thus, usage
of portable electronic devices continues to increase both in the number of
products available  and the types of products. Examples of the broad
spectrum of portable  electronic devices include pagers, cellular
telephones, music players, calculators,  laptop computers, and personal
digital assistants, as well as others. 25 The electronics in a portable
electronic device generally require direct  current (DC) electrical power.
Typically, one or more batteries are used as an  energy source to provide
this DC electrical power. Ideally, the energy source  would be perfectly
matched to the energy requirements of the portable electronic  device.
However, most often the voltage and current from the batteries is 30
unsuitable for directly powering the electronics of the portable electronic
device.  For example, the voltage level from the batteries may differ from
the voltage level  1 WO 02/19508 PCT/US01/26661  required by the device. In
addition, some portions of the electronics may operate  at a different
voltage level than other portions, requiring different energy source  



voltage levels. Also, batteries are unable to respond quickly to rapid
fluctuations  in current demand. 5 The typical arrangement is shown in FIG.
1 for a portable electronic device  10 that includes an energy source 12,
such as the one or more batteries, and a  load device 14, such as the
electronics that require electrical power. Interposed  between the energy
source 12 and the load device 14 is a power supply 16 that  may perform a
number of functions. For example, a power converter 20, io depicted as
integral to the power supply 16, provides the necessary changes to  the
power from the energy source 12 to make it suitable for load device 14.
The power supply 16 may also perform functions other than power conversion.
For example, protecting the energy source 12, load device 14 and/or  power
converter 20 from damage by a sustained high electrical current may is
require electrically disconnecting the energy source 12 from the rest of
the  portable electronic device 10. As another example, the power converter
20  may require assistance during start-up. Regarding the types of power
conversion required, the power converter 20  may "step up" (i.e., boost) or
"step down" the voltage. That is, the converter 20  20 may increase or
decrease the output voltage VOUT provided to the load device 14 with
respect to the input voltage Vs from the energy source 12. The power
converter 20 may also store an amount of energy to satisfy a brief spike or
increase in demand by the load device 14 that the energy source 12 is
unable to  provide. 25 The power converter 20 may also regulate the output
voltage VOUT,  keeping it close to the desired output voltage level and
reducing rapid  fluctuations that may cause detrimental noise or cause
undesirable performance  of the load device 14. Such fluctuations may occur
due to changes in demand,  induced noise from external electromagnetic
sources, characteristics of the 3o energy source 12, and/or noise from
other components in the power supply 16.  2 WO 02/19508 PCT/US01/26661
Although power converters 20 provide many benefits, existing power
converters 20 also place undesirable performance constraints on portable  



electronic devices 10. The specific attributes of generally known power
converters 20 are discussed below along with the types of constraints
generally  s encountered. Many generally known power converters 20 are
optimized for a specific  energy source 12 and a specific load demand from
the load device 14. The  power converter 20 may not accommodate, or only
accommodate inefficiently,  variations in the voltage and current
characteristics of the energy source 12 io and/or the load device 14. For
example, some types of power converters 20  cannot provide an output
voltage VOUT that is higher than the input voltage Vs  and/or their
efficiency is related to how close the input voltage Vs is to the  required
output voltage VOUT. In addition, some power converters 20 are  incapable
of providing medium power levels such as 0.5 - 1.0 W. Moreover, 15
generally known power converters 20 have a design that will only operate
within  a narrow range of input voltages, output voltages and power
capacities.  Additionally, as will be discussed below with regard to FIG.
2, some power converters 20 achieve an acceptably regulated output voltage
VouT only through  inefficient voltage regulators. 20 In other instances,
voltage regulation by the power converter 20 is  inadequate for the needs
of the load device 14. For example, the nominal output  voltage VOUT may
vary due to variations in the input voltage Vs, variations in the
temperature of the power converter or the output current drawn by the load
device 14. Also, even if VOUT is at an acceptable nominal output level, the
power 25 converter 20 may undesirably oscillate about the nominal output
voltage VouT  This voltage ripple VRIP is defined as the range of the
oscillations about the  nominal output voltage VOUT and may impair or
preclude proper operation of the  load device 14. Therefore, existing power
converters 20 do not efficiently provide on  3o demand the required power
to a load device, nor adjust to variations in the  energy source and load
device to provide a stable VouT 3 WO 02/19508 PCT/US01/26661  Furthermore,
existing power converters 20 do not operate with low input 



voltage levels, such as a sub-one volt input voltage Vs. The existing power
converters 20 usually require an operational bias voltage that is typically
comparable to the output voltage demands of the load device 14, which are 5
generally greater than one volt. Also, a certain amount of noise is
superimposed  on the input voltage Vs by external and internal sources.
When the input voltage  level Vs is low, this noise may become relatively
significant, degrading or  precluding operation of the power converter 20.
One implication of requiring an input voltage of greater than one volt is
io that an otherwise desirable single cell battery, or an alternative
source of power,  may be inappropriate as an energy source 12 for the
device 10. For example,  the nominal voltage supplied by certain
electrochemical batteries or alternative  sources of power may be below one
volt, or have a voltage characteristic that  decreases as their stored
charge decreases. Such batteries have a significant 15 amount, and perhaps
a majority of, their stored energy, which is retrievable only  at a sub-one
volt level. Consequently, the service life of the battery in a portable
electronic device 10 is limited by the inability of the device to operate
with a sub- one volt input voltage Vs from the battery. As a result,
batteries are discarded  with a significant amount of charge or "life"
still left in them. Achieving additional 20 service life by incorporating
additional batteries into the device 10 increases the  size and weight of
the device 10. Therefore, many existing power converters do not operate (or
operate  desirably) with a sub-one volt input voltage. Furthermore, even if
a power converter 20 can continuously operate at a  25 sub-one volt input
voltage VS, generally a higher input voltage level (i.e. over 1  volt) is
required to start the power converter 20. That is, the converter requires a
higher input voltage at the start-up phase than is necessary for continuous
operation (e.g., 0.4 V higher). Therefore, the power converter 20 must be
continuously operated once the minimum start-up input voltage is reached,
thus 30 consuming power, in order to enhance the amount of energy that is
retrieved  from the energy source 12. 4 WO 02/19508 PCT/US01/26661  



For the start-up phase, an external start-up circuit (such as a Schottky
diode) is often added to the existing power converters 20. The start-up
circuit  assists in overcoming the additional input voltage requirement at
start-up and in  shortening the period of time required for the power
converter 20 to reach its 5 designed output voltage. However, generally
known start-up circuits are usually  not capable of operating at sub-one
volt input voltage. Also, having to use an  external start-up circuit
limits the ability to miniaturize the power converter 20. In  addition,
external start-up circuits tend to dissipate power even when the power
converter 20 is not in a start-up condition, thereby reducing the
efficiency of the  io power converter 20. Therefore, existing power
converters 20 are generally incapable of starting  with a sub-one volt
input voltage, nor efficiently provide for start-up with a greater  than
one volt input voltage. Another drawback to the existing power converters
20 is that they cannot  15 efficiently provide the output voltage required
with sub-micron integrated circuits.  Integrated circuit design in portable
electronic devices 10 is moving toward circuits with lower operating
voltages. For example, current fabrication  capabilities for Complementary
Metal Oxide Semiconductor (CMOS) based on  sub-micron technologies (0.5 m
and less) typically provide for devices that 20 operate at 3.0-3.3 V. The
projected technology development for reducing the  feature size of such
integrated circuits will mean further reducing this operating  voltage, and
thus power supplies and power converters will have to be developed  for
providing these reduced operating voltages. For example, trends in
microprocessor design highlight the need and the  25 advantages of power
supplies that operate at'the lower operating voltages. The  feature size of
the integrated circuit components of a microprocessor is reduced  to
increase functionality at a reduced cost. Thus, one chip may contain the
circuitry of a number of chips and discrete components. Smaller feature
size  also allows for the microprocessor to perform its functions more
quickly. With  30 smaller features, digital switching may be performed more
quickly. Since switched components tend to generate heat in proportion to
the rate in which  5 



WO 02/19508 PCT/US01/26661  they are switched, more densely packed and more
quickly switched components  make heat dissipation a limiting constraint on
the design of the microprocessor.  The increased switching also means that
each feature may act as a Radio Frequency (RF) antenna, emitting
Electromagnetic Interference (EMI) to adjacent  5 features. Reducing the
operating voltage of the microprocessor accommodates  the reduction in
feature size, the increased switching and the heat dissipation.  Still
further, as mentioned, the heat generated by the features is typically
proportional to the operating frequency; however, the heat generated is
also  quadratically related to the operating voltage, that is, reducing the
operating io voltage by half reduces the heat generated to a quarter. Thus,
the resultant  trend in lower operating voltage can be seen by typical
microprocessors using 5  V in 1990, 3.3 V in 1995, 1.8-2.4 V in 1998,
1.2-2.4 V in 2000, and 1 V or less  expected thereafter. As the feature
size becomes smaller, the current carrying capability of 15 each feature is
also reduced. Consequently, a lower operating voltage provides  for
reducing this current so that the feature does not fail. Still further, the
distance between features is reduced, and thus the  amount of insulating
material between the features is reduced. Consequently, a  lower operating
voltage avoids a breakdown through the thinner insulating 20 material
between features that would cause microprocessor failure. Therefore, a
significant need exists for a power converter that may provide  an output
voltage VOUT that addresses the lower operating voltages required by
smaller and faster integrated circuits and microprocessors. More
particularly, it is  desirable that the power converter may advantageously
generate regulated 25 output voltage VOUT in the range of 0.8-1.6V. Still
another drawback to existing power converters 20 is that they are not
suitable for the desired level of miniaturization in portable devices and
are not  appropriate for embedded applications, even considering integrated
circuit  structures such as Silicon On Insulator (SOI) and Silicon On Metal
(SOM). In 30 some instances, miniaturization is not possible due to the
number of discrete  external components necessary that are not amenable to
integrated circuit 



6 WO 02/19508 PCT/US01/26661  fabrication. These components thus require a
printed circuit board (PCB), hybrid  or multi-chip module (MCM) design
wherein the size and expense of such  fabrication is higher than for an
entirely integrated circuit. In addition, the efficiency of generally known
power converters 20 results  5 in an amount of heat generation that is not
suitable for further miniaturization.  Therefore, existing power converters
20 cannot be fabricated as an integrated circuit, especially embedded with
a load device 14. Another drawback to conventional power converters is that
they may emit  undesirable amounts of electromagnetic interference (EMI)
that must be io controlled by distancing and/or shielding the load device
14. The EMI may be  from an inductor incorporated into the power converter
20, or the result of  reducing the feature size of the circuits in the
power converter 20. When seeking  to reduce the size of discrete components
through use of smaller components,  the energy storage and transfer
capability is necessarily also reduced. 15 Therefore, a higher operating
frequency is required to transfer an equivalent  amount of power. However,
the higher operating frequency also results in EMI  that is detrimental to
the portable electronic device 10. Moreover, the portable  electronic
device 10 itself generally has federally mandated limits on RF emissions
that may be exceeded by a sufficiently high operating frequency.  20
Therefore, it is also desirable that the power converter 20 should
advantageously generate minimal amounts of heat or radiated energy (EMI) to
the load device 14, and thus be suitable for being embedded on the same
integrated circuit or module. Many of the above described problems are
compounded in devices  25 requiring multiple voltage levels. For example,
portable wireless  telecommunication devices include processing, memory,
transmission, and  display functions that by necessity operate at different
voltages. Many of these  elements require voltage regulation and low EMI in
order to perform satisfactorily.  Moreover, it is typically desirable to
extend battery life and to provide for small 3o device size. 



7 WO 02/19508 PCT/US01/26661  Therefore, various of the existing types of
power converters 20 are inappropriate for addressing one or more of the
drawbacks noted above and for  satisfying needs in the industry and market
place. As such, it is desirable to  improve upon the power converter
technology to address various drawbacks 5 noted above.  SUMMARY  The
invention overcomes the above-noted and other deficiencies of the prior art
by providing an apparatus and method for a dynamically controlled,  to
intrinsically regulated power converter that efficiently transfers power
from an  energy source as demanded by a load device. In particular, in one
aspect consistent with the invention, a dynamic  controller operates a
capacitive power output stage to pump charge at a rate to  maintain an
output voltage VOUT across a load capacitor CL. More particularly, 1s the
dynamic controller discharges a fly capacitor CF, into the load capacitor
CL  when the output voltage VOUT drops below a reference voltage VREF.
Therefore,  operating at a level corresponding to the demand of the load
enhances the  efficiency of the power converter. Furthermore, the output
voltage VOUT is  intrinsically regulated in that charge is transferred at a
rate to maintain a 20 predetermined voltage level. Therefore, an
inefficient downstream voltage  regulator is not needed. In another aspect
consistent with the invention, a power converter is  operable with a
sub-one volt input voltage Vs by advantageously incorporating  low control
threshold switches in the dynamic controller and the capacitive power  25
output stage. In yet another aspect consistent with the invention, a power
converter is  operable with a sub-one volt input voltage from a discharged
condition by utilizing  a progressive startup switch that charges a startup
capacitor when the dynamic  controller is off. Once charged, the startup
capacitor in turn closes a power 30 switch in the output stage to provide
charge to the load capacitor CL until the load  8 



WO 02/19508 PCT/US01/26661  capacitor CL is sufficiently charged for the
dynamic controller to assume control  of the power output stage. In yet a
further aspect consistent with the invention, a power converter  provides a
predetermined output voltage, either increased or decreased (stepped  5 up
or down) with respect to the input voltage. The power converter may
flexibly provide an output voltage with intrinsic regulation insensitive to
factors such as  the input voltage and temperature so that a predetermined
low output voltages,  for example 0.8-1.6 V or lower, are efficiently
provided. In yet an additional aspect consistent with the invention, an
integrated  1o power converter provides efficient and regulated power
conversation, and thus  generates little heat. In particular, the
integrated power converter has inherently  low EMI emission by being
capacitance only, without an inductor. Furthermore,  the integrated power
converter mitigates EMI emissions during low capacity  demand by switching
more slowly. The lack of an inductor enables some 15 applications to be
further miniaturized by having no external components by  incorporating
integrated circuit capacitors. For these reasons, in some  applications the
integrated power converter may advantageously be embedded  in an integrated
circuit with a load device. In addition, in some applications the
integrated power converter is adapted for low input and/or low output
voltage. 20 These and other objects and advantages of the present invention
shall be  made apparent from the accompanying drawings and the description
thereof.  BRIEF DESCRIPTION OF THE FIGURES The accompanying drawings, which
are incorporated in and constitute a  25 part of this specification,
illustrate embodiments of the invention, and, together  with the general
description of the invention given above, and the detailed  description of
the embodiments given below, serve to explain the principles of the
present invention. FIGURE 1 is a top-level block diagram of a portable
electronic device  30 incorporating a power supply with a power converter.
9 WO 02/19508 PCT/US01/26661  



FIGURE 2 is a top-level block diagram of an oscillator-controlled power
converter (open-loop charge pump). FIGURE 3 is a top-level block diagram of
a dynamically controlled,  intrinsically regulated power converter. 5
FIGURE 4 is one embodiment of a circuit for a power output stage for the
power converter of FIG. 3. FIGURE 5 is another embodiment of a circuit for
a power output stage for  the power converter of FIG. 3. FIGURE 6 is a
voltage plot of boundary conditions for the maximum load  io condition for
the power output stage of FIG. 5. FIGURE 7 is a top-level block diagram of
an embodiment of a dynamically  controlled power converter. FIGURE 8 is a
flow diagram for the operation of the power converter of  FIG. 7. 15 FIGURE
9 is a flow diagram for the start-up operation of FIG. 8.  FIGURE 10 is a
flow diagram for the dynamic operation of FIG. 8.  FIGURE 11 is an
embodiment of a circuit for a power output stage for the  power converter
of FIG. 7. FIGURE 12 is an embodiment of a power controller circuit for the
power  20 converter of FIG. 7. FIGURE 13 is an embodiment of a voltage
reference circuit for the power  controller of FIG. 12. FIGURE 14 is an
embodiment of a comparator circuit for the power  controller of FIG. 12. 25
FIGURE 15 is a more detailed circuit for the comparator circuit of FIG. 14.
FIGURE 16 is an embodiment of a timing controller circuit for the power
controller of FIG. 12. FIGURE 17 is an illustrative timing diagram for the
timing control circuit of  FIG. 16. 30 FIGURE 18 is an embodiment of a
multiple-output power converter  integrated circuit component including
integral capacitive elements. 10 



WO 02/19508 PCT/US01/26661  FIGURE 19 is a block diagram of the
multi-output power converter of FIG.  18. FIGURE 20 is an embodiment of one
of the power output stages of the  multi-output power converter of FIG. 19.
5 FIGURE 21 is an embodiment of an output controller of the multi-output
controller of FIG. 19. FIGURE 22 is a circuit diagram for the output
controller of FIG. 22.  FIGURE 23 is a circuit for the power up signal
referenced in FIG. 22.  FIGURE 24 is a pin-out diagram for the multi-output
power converter of  io FIGS. 19-23. DETAILED DESCRIPTION OF INVENTION
POWER CONVERSION 15 The operation and advantages of dynamic control of a
charge pump in  accordance with the principles of the invention is best
understood by considering  alternative power conversion techniques in
existing power converters. For example, a linear regulator is one type of
existing power converter.  Linear regulators have an efficiency that is
directly proportional to the ratio of the  20 input voltage Vs to the
output voltage VOUT. Thus, an input voltage V8 that is twice the required
output voltage VOUT would result in about half of the power  from an energy
source 12 being inefficiently consumed by the power converter  20. Due to
the lower efficiency and resulting heat generation, linear regulators
require a heat sink that often complicates or precludes integration into
low profile 25 packages such as those complying with the PCMCIA
specification standard.  Moreover, linear regulators generally require two
discrete capacitors, further  limiting reductions in size. Furthermore,
linear regulators cannot step-up the  input voltage Vs and thus are
inappropriate for certain applications. For example, a small portable
electronic device 10 such as a hearing aid may benefit from an  30
inexpensive, single-cell alkaline battery that provides a voltage of
0.8-1.4 V. 11 WO 02/19508 PCT/US01/26661  However, the load device 14, in
this case the electronics of the hearing aid, may  



require 3.0 V. Linear regulators are unsuitable for such an application.
Inductor-based power converters and capacitance-only ("charge pump")  power
converters are each capable of stepping up or stepping down an input 5
voltage Vs. Such designs generally require 1.5 - 3.3 V input voltage VS and
provide an output voltage VOUT from 1.8 - 5.0 V, with the delivered current
between 10 - 200 mA continuous. With these designs, sub-one volt input
voltages or output voltages are generally not possible. Moreover, output
power in the 200-500 mW range are also generally not available, except
through io approaches such as placing multiple power converters 20 in
parallel to combine  their respective outputs, and thus the power consumed
by the combination  increases. Inductor-based power converters are
typically chosen over capacitance- only charge pump power converters for
low power applications (e.g., up to 200  15 mW) since they are relatively
efficient compared to a charge pump design. Also, the desired output
voltage VOUT is easier to achieve than with charge pumps.  Specifically,
the output voltage VoUT is proportional to the inductance value of the
inductor multiplied by the derivative of the electrical current (di/dt).
Consequently, higher operating frequency and/or higher electrical current
levels  20 at the input generally do not directly affect the achieved
output voltage.  However, inductor-based power converters generally require
a non-linear ferrite  coil or ferrite bead for the inductor, and also
require external resistors and  capacitors. Thus, inductor-based power
converters are not readily further  miniaturized. The inductor is also a
"noisy" component that generates 25 undesirable EMI. With reference to FIG.
2, one generally known capacitance-only power  supply 16, is shown
incorporating an oscillator-controlled power converter 20 (or  "open loop
charge pump") and a downstream voltage regulator 22. The energy  source 12,
such as a battery, is shown as part of supply 16 for illustrative 30
purposes. Such a design does have an advantage of avoiding the integration
problems and EMI problems of using an inductor. 12 WO 02/19508
PCT/US01/26661  



Open-loop control indicates that the oscillator-controlled power converter
20 does not advantageously use feedback to help adjust its output. Dynamic
(or  closed-loop) control by contrast is generally used when improved
control is  needed. For example, cooking by timing is an open-loop control
method, 5 requiring periodic checks to avoid under cooking or over cooking.
Thus, cooking  with a temperature probe is an example of dynamic,
closed-loop control, insuring  that the food reaches the desired
temperature, even with variations in weight of  the food or in the cooking
energy (e.g., oven heat or microwave energy). However, open-loop charge
pumps 20 are inefficient and do not provide  io output currents above 200
mA except by adding together multiple charge pumps  in parallel to achieve
the desired output current. The result, although capable of  providing
increased current, is inefficient. This requirement of cascading multiple
charge pumps is a result of the power switches M1-M4 used that act as
series  resistors ("parasitic resistance") when on. At high input current
levels, the 15 resulting parasitic resistance makes for very inefficient
operation since the power  consumed by the circuit is a function of the
square of the input current multiplied  by the parasitic resistance of the
switches. Thus, generally achieved efficiencies  are in the range of
30-90%, with the higher efficiencies achieved when the charge pump is
operating at its designed maximum capacity to service a 20 maximum demand
by the load device. At lower demand levels, the charge pump  further incurs
power losses when switching between states unnecessarily. In addition,
another disadvantage of oscillator-based power converters 20  is that most
require about three external capacitors, which prevents integration  and
miniaturization of the circuit. 25 The power converter 20 of FIG. 2 (or
"open-loop charge pump") includes  an output stage 24 and an oscillator
controller 26. The basic principle upon  which the open loop charge pump 20
is based is the alternating of the output  stage 24 between a charge phase
and discharge (or pump) phase in response to  the oscillator controller 26.
The timing of the switching between the phases is 30 predetermined and
typically based on the anticipated peak demand at the load  device. 13 



WO 02/19508 PCT/US01/26661 Types of power output stages 24 include
inverting and noninverting  versions as well as those with various numbers
of capacitive components for  transferring and storing electrical charge. A
noninverting output stage 24 is  depicted in FIG. 2 with a switch matrix
28, one fly capacitor CF, and one load (or 5 storage) capacitor CL. The
switch matrix 28 may be an integrated circuit whereas  generally known fly
and load capacitors CF, CL are discrete components. The  switch matrix 28,
responsive to the oscillator controller 26, couples the energy  source 12,
fly capacitor CF and load capacitor CL into the charge configuration  and
the discharge configuration. 10 Specifically, the switch matrix 28 includes
four power switches M1-M4.  The first power switch M1 closes in response to
a charge switch signal S1 from  the oscillator controller 26, electrically
coupling a positive terminal 30 (input  voltage Vs) of the energy source 12
to a first terminal 31 of the fly capacitor CF.  The second power switch M2
closes in response to a discharge switch signal S2 15 from the oscillator
controller 26, electrically coupling the first terminal 31 of the fly
capacitor CF to a first terminal 32 (VIN-r) of the load capacitor CL. A
third power  switch M3 closes in response to the charge switch signal S1,
electrically coupling  a reference terminal 33 of the energy source 12 to a
second terminal 34 of the fly  capacitor CF. The fourth power switch M4
closes in response to the discharge 20 switch signal S2, electrically
coupling the second terminal 34 of the fly capacitor  CF to the positive
terminal 30 of the energy source 12. In operation, the oscillator
controller 26 turns on the charge switch signal  S1 closing the first and
third power switches M1, M3, while turning off the  discharge switch signal
S2 opening the second and fourth power switches M2, 25 M4. Thus, the load
capacitor CL provides the unregulated output voltage, (or  intermediate
voltage VINT) and is electrically disconnected from the fly capacitor  CF
and the energy source 12. Also, the fly capacitor CF is electrically placed
in  parallel to the energy source 12 and is thus charged to a fly capacitor
voltage  that is less than or equal to the input voltage V8 of the energy
source 12. The 3o amount of charge transferred to the fly capacitor CF will
depend on several  factors including whether the fly capacitor CF was fully
discharged, the amount of  



14 WO 02/19508 PCT/US01/26661  time the oscillator controller 26 leaves the
fly capacitor CF in the charge  configuration, the electrical
characteristics of the fly capacitor CF, and the input  voltage Vs. For
simplicity, it will be assumed that the fly capacitor CF achieves a  full
charge and thus the fly capacitor voltage VF is equal to Vs at the end of
the 5 charge phase. The oscillator controller 26 will then switch at a
predetermined time to a  discharge configuration by turning off charge
switch signal S1, opening the first  and third power switches M1, M3, and
turning on discharge switch signal S2,  closing the second and fourth power
switches M2, M4. Thus, the fly capacitor io voltage VF (here assumed to be
Vs) is added to the input voltage Vs of the  energy source 12 by placing
the fly capacitor CF in additive electrical series with  the energy source
12. The combination is electrically coupled across the load  capacitor CL.
Thus, during the discharge phase, the intermediate voltage VINT at  the
first terminal 31 of the load capacitor CL is charged to approach 15
approximately twice the input voltage Vs. Again, the amount of charge
transferred to the load capacitor CL will  depend on a number of factors
such as the predetermined duration of the  discharge phase, the electrical
characteristics of the load capacitor CL, the  amount of charge in the fly
capacitor CF and load capacitor CL at the beginning of 20 the discharge
phase, the input voltage VS, and the amount of power being drawn  from the
load capacitor CL by a load device 14 at VOUT Consequently,. the actual
intermediate voltage VINT is typically 1.6 to 1.9  times the input voltage
VS for each fly capacitor CF. Achieving greater increases  requires
multiple fly capacitors CF, each electrically coupled in parallel with the
25 energy source 12 during the charge phase and all electrically coupled in
series  with the energy source during discharge phase. Thus, the resulting
achievable  intermediate voltage VINT is disadvantageously limited to
certain ranges  predetermined by the input voltage Vs and the number of fly
capacitors CF. The downstream voltage regulator 22 is made necessary to
limit, typically  3o by stepping down, the unregulated intermediate voltage
VINT from the oscillator- 



based power converter 20 to the desired regulated output voltage VOUT. 15
WO 02/19508 PCT/US01/26661  Typically, the voltage regulator 22 compares
the unregulated intermediate  voltage VINT to a reference voltage VREF from
a voltage reference 38 to determine  the output VOUT. The voltage regulator
22 is downstream in that it is functionally  separate and subsequent to the
oscillator-controlled power converter 20, rather 5 than integral aspect of
the power converter 20. Consequently, the capacitance-only power supply 16
consumes electrical  energy from the switching of the switch matrix 28, the
constantly operating  oscillator controller 26, as well as the power
consumed by the voltage regulator  22. The power consumption by the voltage
regulator 22 is especially to disadvantageous when using the prior art
capacitance-only power supply 16 to  step down (decrease) the output
voltage VOUT with respect to the input voltage  Vs. The oscillator-based
power converter 20 only steps up the input voltage Vs.  Consequently, the
voltage regulator,22, in stepping down the intermediate voltage VINT,
consumes more power.  15 DYNAMIC CONTROL IN A POWER CONVERTER In reference
to existing power converter 20 discussed above, one  embodiment of the
invention is now described. Referring to FIG. 3, a power  20 converter 40
is depicted in block diagram form, illustrating dynamic control of power
transfer from an energy source 12 to a load device 14 coupled to the
output voltage VOUT across output terminals 42, 43 in accordance with one
aspect of the invention. The power converter 40 is dynamically controlled
in that  it adapts to the demands from the load device 14, even with
variations in the 25 input voltage VS, and the transfer and storage
characteristics of the power  converter 40. The power converter 40 is
intrinsically voltage regulated in that the amount  of charge transferred
does not only correspond to the demand, but the rate of  charge transfer is
controlled so that the output voltage VOUT remains within an 3o accepted
range. This is generally referred to as remaining within an acceptable  



voltage ripple VRIP. Thus, the regulation is not performed at a later
stage, thereby  16 WO 02/19508 PCT/US01/26661  eliminating the added
complexity and power consumption of a typical separate  voltage regulator
22, as discussed with regard to FIG. 2. The power converter 40 includes a
power output stage 44 that transfers  the charge to the load device 14 and
a power controller 46 coupled to the power  5 output stage 44 to
responsively command the appropriate amount of charge to  be transferred.
In one embodiment, the power output stage 44 is a capacitive charge  pump,
incorporating a load capacitor CL across the output terminals 42, 43. The
load capacitor CL stores electrical charge and provides the output voltage
VouT in 1o relation to its stored charge. The power output stage 44 also
incorporates a fly  capacitor CF for transferring charge from the energy
source 12 to the load  capacitor CL. Capacitors for the load capacitor CL
and fly capacitor CF may  advantageously be chosen for low internal
resistance so that the power converter  40 may have reduced power
consumption. The power output stage 44 includes 15 a switch matrix 48
coupled to the fly capacitor CF, load capacitor CL, and energy  source 12
for configuring the power output stage 44 between a charge phase  and a
discharge (or pump) phase, as is common with charge pumps. More
particularly, during the charge phase, the switch matrix 48 is adapted to
couple  the fly capacitor CF in parallel electrically to the energy source
12 to charge the 20 fly capacitor CF. Also during the charge phase, the
load capacitor CL provides  power to the load device 14 and is electrically
uncoupled from the energy source  12 and the fly capacitor CF. During the
discharge phase, the switch matrix 48 is adapted to discharge  the "stacked
up" voltages of the energy source 12 and fly capacitor CF placed  25 into
electrical series with the load capacitor CL as discussed above. Thus, the
power output stage 44 may charge the load capacitor to an output voltage
VOUT  higher than the input voltage Vs of the energy source 12. It will be
appreciated that in some applications the power output stage 44  is capable
of stepping down (decreasing) the input voltage Vs with the same 



30 configuration as shown in FIG. 3. The switch matrix 48 may be switched
so that  only the fly capacitor CF alone with its fly capacitor voltage VF
is coupled across  17 WO 02/19508 PCT/US01/26661  the load capacitor CL
during the discharge phase. Typically the fly capacitor CF  has a smaller
storage capacity than the load capacitor. Thus, each discharge  phase is
insufficient alone to overcharge the load capacitor, especially given the
dynamic control to be discussed in more detail below. By contrast,
conventional 5 power converters 20 are configured in advance for stepping
up the output voltage  by configuring the fly capacitor CF and energy
source 12 to couple in series  during the discharge phase. Altering the
configuration in advance to step down  with only the fly capacitor CF
coupling during the discharge phase fails to achieve  the flexibility of
having a dynamic controller 50 capable of reconfiguring as 1o needed to
achieve the desired output voltage VOUT Therefore, since the power
converter 40 is capable of stepping down the  input voltage as well as
stepping up (increasing) the input voltage, the inefficient  downstream
voltage regulator 22, described above in the oscillator-controlled  power
converter 20 in FIG. 2, is not required. 15 In addition, the power output
stage 44 may be inverting or noninverting,  with respect to whether the
output voltage has an opposite algebraic sign to the  input voltage Vs. For
example, a 2.2 V input voltage Vs may be converted to a  -1.6 V output
voltage VOUT. Generally, noninverting embodiments are illustrated  below
for clarity, although one skilled in the art, having the benefit of the
instant  20 disclosure, should recognize application to inverting power
converters 40. Multi-loop power controller 46 comprises a dynamic
controller 50, a  voltage reference 52, and an environmental controller 64
to advantageously  control the power output stage 44. A first control loop
56 is formed by the output  voltage VOUT from output terminal 42 being
provided as feedback to the dynamic 25 controller 50. The dynamic
controller 50 commands the switch matrix 48 to  transfer additional charge
from the energy source 12 to the load capacitor CL in  response to the
output voltage VOUT being below a predetermined value VREF.  The dynamic
controller 50 makes the determination of whether VOUT is below a  



predetermined value in comparison to a reference voltage VREF from voltage
3o reference 52. One suitable VREF may be provided by the energy source 12
if it is  sufficiently voltage stable to simplify the voltage reference 52
(e.g., lithium 18 WO 02/19508 PCT/US01/26661  batteries are voltage
stable). Thus, the voltage reference 52 may then be  provided by a voltage
divider or multiplier of the input voltage Vs to achieve the  desired
reference voltage VREF. For certain applications of the invention, the
first control loop 56 alone is  5 sufficient for dynamic control of the
power transfer of the power converter 40 to  achieve a regulated output
voltage VOUT. In addition to the first control loop 56, the multi-loop
power  controller 46 may further include a second control loop 58. In the
second control  loop 58, the charge on the fly capacitor CF is sensed as a
fly capacitor voltage VF 1o by the dynamic controller 50. Thus, any
discharge of the fly capacitor CF upon  demand may be predicated upon the
fly capacitor CF first reaching an optimum  state of charge, approximately
80%. The optimum state of charge exists  because undercharging the fly
capacitor CF results in unnecessary switching  losses and overcharging the
fly capacitor CF unnecessarily limits the rate of 15 power transfer.
Regarding unnecessary switches losses, dynamic control of the switch
matrix 48 achieves efficiency in part as described with the first control
loop by  remaining in the discharge phase until more charge is needed
(i.e., VOUT drops  below VREF). Oscillator-based charge pumps 20, by
contrast, are switched at a 20 fixed rate even when not necessary.
Additional efficiency in the dynamic control  of the switch matrix 48 is
realized by remaining in the charge phase long enough  for the fly
capacitor CF to acquire a significant amount of charge. For example,
charging to 40% rather than 80% of full charge would require that the
operating  frequency would double to transfer the same power. Power
switches M1-M4 25 dissipate power in relation to this increased operating
frequency. Consequently,  the second control loop 58 senses the voltage
level of the fly capacitor CF to  avoid undercharging during the charge
phase, and thus avoid unnecessary  



switching losses. Optimizing the charge on the fly capacitor CF also
includes avoiding  30 overcharging. Capacitors are characterized by their
rate of charging as a  function of time. Specifically, as capacitors
approach a fully charged condition, 19 WO 02/19508 PCT/US01/26661  their
rate for accepting additional charge decreases. Thus, the initial amount of
charge acquired by the capacitor takes less time than a later similar
amount of  charge. For example, it would take less time to charge the fly
capacitor CF twice  to 45% than to charge the fly capacitor CF once to 90%,
even though the same s amount of charge would be accepted by the fly
capacitor CF. Consequently,  leaving the switch matrix 48 in the charge
phase for a period of time longer than  required to achieve the optimum
level of charge of the fly capacitor CF misses an  opportunity to transfer
more power. It should be appreciated that the optimum level of charge may
be io determined empirically and/or analytically as would be apparent to
those skilled  in the art. In combination with one or more other control
loops 56, 58 discussed  above, the power converter 40 may advantageously
include a forward control  loop 60 whereby one or more parameters of the
energy source 12 are provided 1s to the dynamic controller 50. One use of
the forward control loop 60 would  include disabling (i.e., interrupting
output current to the output terminals 42, 43)  and/or bypassing (i.e.,
directly coupling the energy source 12 to the output  terminals 42, 43) the
power converter 40 due to unsafe conditions or  performance limiting
conditions sensed in the energy source 12. For example, a 20 low input
voltage may indicate inadequate remaining charge in the energy source  12
to warrant continued operation of the power converter 40. As another
example, the electrical current drawn from the energy source 12 may be too
high  for sustained operation. Thus, a protection circuit may be included
in the power  converter 40 for interrupting output current to the output
terminals 42, 43 based  25 upon control loop 60. As yet an additional
example, a large demand by the load device 14 may  



warrant continued operation of the power converter 40 in parallel to a
direct  coupling of the energy source 12 to the output terminals 42, 43.
This may be  especially true when the input voltage Vs and desired output
voltage VOUT are 3o approximately the same. An increased output current IL
is achievable by having  two paths providing current to output terminals
42, 43. 20 WO 02/19508 PCT/US01/26661  As a further example, the fly
capacitor voltage VF (second control loop 58), and the input voltage Vs
(forward control loop 60) may indicate that the power  converter 40 is
discharged and is in a start-up condition. This start-up condition  may
advantageously warrant use of a rapid progressive start-up circuit, an 5
example being described below. In combination with one of the other control
loops 56, 58, and 60,  the power controller 46 may further include an
adaptive control loop 62, as  represented by an environmental controller
64. The environmental controller 64  senses a control parameter 66 and
provides a command 68 to the dynamic io controller 50 for altering the
predetermined value for the output voltage VOUT. For  example, the
environmental controller 64 may sense that the dynamic controller  50 has
become unstable, and in response thereto, may provide a signal to drive
the dynamic controller 50 to a stable output condition. More particularly,
the  environmental controller 64 may be adapted to sense an unstable
operating 15 condition of the power converter 40, such as the instantaneous
output voltage  and current each approaching a constant value. The
environmental controller 64  may then adjust the predetermined value to
drive the power converter 40 to a  stable operating condition. Moreover,
such altering of the predetermined value  may include resetting of the
dynamic controller 50 to a stable initial condition. 20 As another example,
the adaptive control loop 62 may include a control  signal Sc that is input
to the environmental controller 64 whereby the dynamic  controller 50 can
be made to respond to changes in a load device 14 (e.g., CPU,  volatile
memory, analog-to-digital converter, digital-to-analog converter) or to
other parameters. The load device 14 may advantageously perform better with
25 an adjusted output voltage VouT from the power converter 40. As another



example, the output control signal Sc may be a reconfiguration control
signal,  such as for selecting a desired inverting or noninverting mode or
predetermined  output voltage VOUT. As yet another example, a protective
function (e.g.,  bypassing, disabling, or altering the output voltages) may
be dictated by the Sc 30 command to preclude damaging a load device 14. For
example, the load device  21 WO 02/19508 PCT/US01/26661  14 may fail under
high current, and thus, limits may be imposed to preclude this  occurrence.
Depending upon the type of switch matrix 48 that is utilized in the
invention, various control signals are generated by the dynamic controller
50 for  s the switch matrix 48, as represented by switch signals S1, S2,
and S3 to SN, as will be discussed in more detail below. It should be
appreciated that the fly capacitor CF and the load capacitor CL  are
illustrative of charge storage and transfer components and may represent
discrete capacitors or integrated circuit capacitor arrays. 10 Moreover,
due to the flexibility of the dynamic controller 50, the fly  capacitor CF
and load capacitor CL may include various levels of storage  capability,
such as with small capacitors (e.g., ceramic, chip thick film, tantalum,
polymer) and large capacitors (e.g., ultra-capacitors, pseudo-capacitors,
double- layer capacitors). The amount of capacitance is reflective of the
amount of 15 storage capability. Thus, providing the same amount of energy
transfer requires  either that small doses of charge be transferred from a
small fly capacitor QF with  a high operating frequency or that larger
doses of charge be transferred more  slowly. Thus, the power converter 40
is flexible in that the same dynamic  controller 50 may control various
power output stages 44, as will be discussed in 20 more detail with regard
to FIG. 5. In particular, unlike the prior art oscillator- controlled power
converter 20, the dynamic controller 50 may operate in the low  operating
frequency range appropriate for power output stages 44 incorporating
ultra-capacitors, as will be discussed. It should further be appreciated
that the energy source 12 may include  25 various electrical charge storage
or generating devices such as one or more  



electrochemical cells (e.g., a battery), photovoltaic cells, a
direct-current (DC)  generator (e.g., a wrist watch charged by a motion-
powered generator in  combination with a rechargeable battery), and other
applicable power sources. As another example, power converters 40
consistent with the invention  30 may be used advantageously in electronic
devices powered by other power  supplies. For example, a device receiving
its power from a standard alternating 22 WO 02/19508 PCT/US01/26661
current (AC) wall plug generally transforms the AC power into direct
current (DC)  power for electronic portions of the device. The DC power
provided may be  unsuitable for all or portions of the electronics without
further adjustment and  regulation. For example, a microprocessor may be
operating at 2.2 V whereas 5 input/output electronics may operate at 5 V.
Consequently, a power converter 40  in accordance with the invention may be
used to step-down the input voltage to  the microprocessor. CAPACITIVE
CHARGE PUMP OUTPUT STAGE  10 With reference to FIG. 4, one suitable charge
pump power output stage 44  is shown for the embodiment of the invention
illustrated as power converter 40 of  FIG. 3. The power output stage 44 is
configurable to be both inverting and noninverting. Four switches M1, M2,
M3, M4 are used to switch the energy  1s source 12, such as a DC source,
and a suitable fly capacitor CF between a  charge phase and a discharge
phase with respect to a load capacitor CL, as was described for FIG. 2.
Specifically, switches M1 and M3 close in response to  switch signal S1,
whereby M1 couples the positive terminal 30 (input voltage Vs)  of the
energy source 12 to the first terminal 31 of the fly capacitor CF and M3 20
couples a second terminal 34 of the fly capacitor CF to ground. Switches M2
and  M4 are open during the charge phase. During the discharge phase,
switch signal S1 is removed, opening  switches M1 and M3. Then, the input
voltage Vs of the energy source 12 and the  fly capacitor CF are placed
into series arrangement by switches M2 and M4 25 closing in response to
switch signal S2. Thus, the first terminal 31 of CF is  



available for coupling to the load capacitor CL via switch M2 and the
second  terminal 34 of the capacitor CF is coupled to the positive terminal
30 (VS) of the  energy source 12 via switch M4. Reconfiguration switch
signals S3 and S4 control in what sense the series  30 combination of fly
capacitor CF and energy source 12 are placed across load  capacitor CL so
that the power output stage 44 may be operated in either 23 WO 02/19508
PCT/US01/26661  inverting or noninverting mode. A noninverting mode means
that the output  voltage Vour is provided at the positive output terminal
42 (Vour) and negative  output terminal 43 (Vour) is generally referenced
to ground. An inverting mode  means that the output voltage Vour is
provided at the negative output terminal 43 5 (Vour) and is of the opposite
algebraic sign as the input voltage Vs of the energy  source 12'. The
positive output terminal 42 (Vour+) is then generally referenced  to
ground. The (positive polarity) first terminal 32 of the load capacitor CL
is  electrically coupled to the positive output terminal 42 (VouT+). The
(negative  polarity) second terminal 35 of the load capacitor CL is
electrically coupled to the  to negative output terminal 43 (Vour )
Noninverting mode is performed with the power output stage 44 by closing
reconfiguration switches M5 and M8 with signal S3 and opening
reconfiguration  switches Mand M7 with signal S4. Overlap in the commands
of signals S3 and  S4 is avoided to prevent either switch M5 or M8 being
closed simultaneously with  15 either switch M6 or M7, to thereby prevent
inadvertently shorting the load capacitor CL. Thus, noninverting mode
results in a first, (positive polarity) first  terminal 32 of the load
capacitor being coupled by the closing of switch M5 to the  first terminal
31 of the fly capacitor CF via switch M2. The (negative-polarity)  second
terminal 35 of the load capacitor CL is referenced to by the closing of 20
switch M8. Inverting mode is performed with the power output stage 44 by
opening  reconfiguration switches M5 and M8 with signal S3 and closing
reconfiguration  switches M6 and M7 with signal S4. Thus, the load
capacitor CL, in addition to  being coupled to the output terminals 42, 43
as before, has its first terminal 32 



25 referenced to ground by the closing of switch M7, and thus positive
output  terminal 42 (Vour+) is referenced to ground. The second terminal 35
of the load  capacitor CL is coupled by the closing of switch M8 to the
first terminal 31 of the  fly capacitor CF via switch M2. It should be
appreciated that reconfiguring a power output stage 44 allows  30 for one
circuit to selectably provide both a noninverting or an inverting output
voltage at the same output terminals 42, 43. Thus, a fully integrated
linear power 24 WO 02/19508 PCT/US01/26661  supply based on the
reconfigurable power output stage 44 would allow replacing  both 78XX
(noninverting) and 79XX (inverting) microchips (e.g., packaged in TO- 220,
TO-3, S08-TSOP-8, SOT23, SOT223, etc., types of packaging) with only  one
microchip. Replacing two types of devices with one advantageously allows 5
for more economical manufacturing and simplifies inventory control. In
addition, the environmental controller 64 of the power converter 40 may
automatically configure the power output stage 44 for the appropriate mode,
inverting or noninverting, based on an external parameter Sc or internal
parameter 66. Thus, more flexibility is provided for a portable electronic
device l0 10 during the design process or during operation by incorporating
a power  controller 46 readily reconfigured to the desired mode. For
example, power  controller 46, controlling the power output stage 44, may
respond to sensed  parameters such as the polarity of a discrete component
load capacitor CL to  initiate configuring switches M5-M8. Alternatively,
reconfigurable switches M5 15 M8 may comprise pins of the microchip that
may be externally closed. It should further be appreciated that various
other power output stages 44  consistent with the invention may be used.
For example, two or more fly  capacitors CF may be each charged in parallel
to the energy source 12 and then  additively placed in series to gain
greater step-up voltage capability. In addition, 20 a power converter 40
may further include a hybrid inverting and noninverting  arrangement
wherein one portion of the power converter 40 provides a
dynamically-controlled, intrinsically voltage regulated positive output
voltage,  reference to ground, at the positive output terminal 42.
Simultaneously, another  



portion of the power converter 40 provides a dynamically controlled,
intrinsically 25 voltage regulated negative output voltage, referenced to
ground, at the negative  output terminal 43. It should be appreciated that
another switch matrix 48 consistent with the  invention may reconfigurably
step down the output voltage VOUT, in either  noninverted or inverted form.
For example, when stepping down (decreasing) 30 the output voltage VOUT
with respect to the input voltage VS, the fly capacitor CF  alone may be
coupled across the load capacitor CL. Consequently, a power 25 WO 02/19508
PCT/US01/26661  converter 40 configured to step down the voltage may
permanently couple the  second terminal 34 of the fly capacitor CF to
ground, or be reconfigured by  keeping switch M3 closed and switch M4 open,
regardless of whether in charge  or discharge phase. Thus, during the
charge phase, the fly capacitor CF is 5 coupled electrically across the
energy source 12 so that it is charged. During the  discharge phase, the
fly capacitor CF only (i.e., without energy source 12) is  coupled
electrically across the load capacitor CL. As an additional example, other
modifications would allow for inverting the  input voltage Vs when the
magnitude of the output voltage VOUT is less than the  to magnitude of the
input voltage Vs (0 > VouT > -VS). Instead of switching the load capacitor
CL as shown in FIG. 4, the load capacitor CL has its first terminal 32
electrically coupled to ground and to the positive output terminal VOUT+
42. The  second terminal 35 of the load capacitor CL is electrically
coupled to the negative  output terminal VOUT 43. During the charge phase,
the fly capacitor CF is 15 charged across the energy source 12 as described
above. During the discharge  phase, the fly capacitor CF alone is coupled
across the load capacitor CL as  described above for a noninverting step
down configuration. Since the positive  output terminal VOUT+ 42 is
electrically coupled to ground, the negative output  terminal Vou1 43 will
be dynamically controlled. 20 ANALYSIS OF DYNAMICALLY CONTROLLED CHARGE
PUMP  Referring to FIG. 5, one embodiment of a charge pump power output  



stage 44 (or "charge pump") is shown for use with the power converter of
FIG. 3. 25 The power output stage 44 is operated in two phases: charge and
discharge,  (i.e., pump) as described above for the oscillator-controlled
power converter 20 of  Fig. 2. The power output stage 44 is coupled between
the energy source 12 that  provides an input voltage Vs, and the load
device 14 that accepts a current load  IL. Unlike Fig. 2, no voltage
regulator 22 is depicted. The power output stage 44 30 is configured with
load capacitor CL, fly capacitor CF, and four power switches  M1-M4 as
described above for Fig. 2. In order to illustrate the advantages of  26 WO
02/19508 PCT/US01/26661  dynamically controlling a charge pump in
accordance with one aspect of the  invention, the following analytical
derivation describes how the power output  stage 44 may be efficiently
switched. The power controller 46 divides the  operation of the charge pump
into two phases: charge and discharge. Thus, the 5 terms "charge" and
"discharge" refer to the fly capacitor CF. During the charge  phase, the
input voltage Vs charges the fly capacitor CF, and the load capacitor'  CL
supplies power to the load. During the discharge phase, charge flows from
the fly capacitor CF to both the load and load capacitor CL. Thus, the
terms  "charge" and "discharge" refer to the fly capacitor CF. Two
parameters affect the  io operation of the charge pump: 1. P- - The
fraction of the input voltage Vs to which the fly capacitor  CF is charged,
where 0< s < Vs. 2. TDIS - The minimum amount of time that the fly
capacitor CF is discharged  15 to boost the output voltage VOUT The
boundary conditions for the power output stage 44 that must be  satisfied
to supply the maximum load current IL are shown in FIG. 6. The output
voltage VOUT drops as the fly capacitor CF is charged during the charge
phase. 20 At the end of the following discharge phase, enough electrical
charge must be  transferred to increase the load voltage VOUT back to the
reference voltage VREF.  For purposes of this analysis, it is assumed that
the power switches M1-M4 and storage capacitors CF, CL will operate from an
initially discharged condition  (i.e., VOUT = 0, VF = 0) at time (t) =0,
regardless of how low the input voltage Vs is  



25 or whether a load device 14 is present. Furthermore, the analysis
assumes a first and second control loop 56, 58 implementation wherein the
state of charge  is monitored for both the load capacitor CL and fly
capacitor CF respectively.  Moreover, a load voltage VL across the load
capacitor CL will be used  interchangeably with the output voltage VOUT. 27
WO 02/19508 PCT/US01/26661  During startup, the power output stage 44 goes
through many charge discharge phases until the output voltage VOUT charged
on CL rises above a  predetermined value (desired output voltage), or
voltage reference, VREF. After  CL has been fully charged (i.e., VOUT >
VREF), the power output stage 44 will 5 remain in the discharge phase until
a load is applied, causing the output voltage  VOUT to fall below the
reference voltage VREF (VOUT < VREF), as depicted at the  left-most portion
of FIG. 6. A dead time delay TDEL occurs before a charge phase  is
initiated at time (t) = 0. The fly capacitor CF is charged until its
voltage VF  reaches a fraction of the input voltage E Vs at time (t) = a.
After CF has been to charged, the power output stage 44 returns to the
discharge phase for a  minimum period of time given by TDIS, beginning at
time (t) = b and ending at  time (t) = c. This minimum time TDIS provides
sufficient time for the discharge of  the fly capacitor CF. After this
minimum discharge time, the power output stage  44 remains in the discharge
phase while VouT > VREF. Since this analysis 15 illustrates a maximum power
capacity situation, VOUT is immediately below VREF  at the time (t) = c.
Thus, the reference voltage VREF has not been exceeded  during the
discharge phase, and the charge phase/discharge phase is performed  again.
A dead time delay TDEL between time (t) = a and time (t) = b occurs 20
between the charge and discharge phases with the switches M1-M4 all open to
eliminate any possibility of a momentary short circuit (i.e., an
intervening delay to  mitigate transconductance). For example, if switches
M1 and M2 are closed at  the same time, then the positive terminal 30 of
the energy source 12 is shorted to  the positive output terminal 42. If
switches M1 and M4 are closed at the same 25 time, the fly capacitor CF is
shorted, degrading performance and possibly causing  



damage due to heat generation. This analysis illustrates that an
opportunity exists to switch the switch matrix  at an optimal rate. First,
if the output voltage VOUT exceeds the reference voltage  VREF after the
minimum discharge time TDJS, an opportunity exists to remain in 30 the
discharge phase. Unnecessary (and thus inefficient) switching back to the
charge phase is delayed as appropriate. Similarly, sensing when the fly 28
WO 02/19508 PCT/US01/26661  capacitor CF is charged similarly avoids
unnecessary switching due to a charge  time TCHG that is too short or
avoids a missed opportunity to transfer more charge  when charge time TCHG
is too long. For applications utilizing a battery as an energy source 12,
the power 5 output stage 44 of the invention advantageously may satisfy
several performance  constraints over the lifetime of the battery while
maximizing battery efficiency.  Increasing the efficiency will extend the
service life of the battery. The  performance constraints include the
minimum value for the peak output load  current IL that can be supplied
without exceeding a limit on the allowable output 1o voltage ripple VR,P.
The output voltage ripple VRIP is the range of the fluctuation  of the
output voltage VOUT. A maximum acceptance value for the operating
frequency (i.e., rate of cycling between charge and discharge phases) is
also  required to minimize noise in audio applications. If the operating
frequency is too  high, charge consumed by the power output stage 44 will
reduce the efficiency of 15 the charge pump. Some of the objectives are
conflicting. For example, although  a high operating frequency reduces the
output voltage ripple VRIP, it also reduces  the efficiency of the power
output stage 44. Optimizing thus requires finding a  subset of parameters
for which the performance constraints can be met. If there  is adequate
margin, the design can then be optimized by selecting the values 20 within
this subset that maximize the efficiency of the design. This will provide
advantages for a power converter 40, such as increased battery life while
satisfying the output performance constraints. The following illustrates
optimizing  the power output stage 44 with power switches M1-M4 and typical
power  requirements. 



25 Starting with the equations for the circuit depicted in FIG. 5, the loop
currents and node voltages can be found as a function of the load current
IL and  fixed parameters during the charge and discharge cycles of the
power output  stage 44. The fixed parameters include the input voltage VS,
resistance of power  switches M1-M4, capacitance values CF and CL, and the
reference voltage VREF. 3o Although the input voltage Vs may change over
time, the worst case analysis  assumes that it is fixed at its lowest
expected value during its lifetime. Some of  29 WO 02/19508 PCT/US01/26661
the other fixed parameters are fixed in that they are selected for a given
design  (e.g., size of capacitors CF, CL, type of power switch M1-M4,
etc.). The variable  parameters are s and TDIS. By evaluating boundary
conditions, specific solutions  for the equations can be found. The
boundary conditions are selected such that 5 the load current IL is the
maximum possible for the current set of fixed and  variable parameters. The
solutions for the differential equations can then be  solved for the
maximum load current IL that can be supplied for a specific set of
parameters. By varying the parameters, the maximum load current IL over a
range of these values can be found. The maximum load current IL is a io
continuous function of the parameters. This implies that if the largest
value for  the maximum load current IL exceeds the minimum acceptable
value, a subset of  parameters will also satisfy this condition. The
efficiency of the power output  stage 44 can then be maximized over this
subset of parameter values, providing  efficiency while satisfying the
minimum performance constraints. 15 During the discharge phase, the voltage
across CF and CL are: VF = VFO CL VOUT (1 - e 'DISTDIS) - 1 ILt CL + CF CL
+ CF VL = VLO + CF Vora (1 - e ADISTDIS) - 1 I J CL + CF f CL + CF  where:
VOUT = (VS +VFO -VL0) CF C C ILRDIs 20 L + F  _ CL + CF 



'41S RDISCLCF and VFO and VLO are the initial fly capacitor voltage VFO and
load voltages VLO at  the start of the discharge cycle. When the fly
capacitor CF is being charged, the  load capacitor CL is being discharged.
During the charge phase, the voltage 25 across CF and CL are: 30 WO
02/19508 PCT/US01/26661  VF = VFO+(VS -VFO)(1-e ;'CHGTDHG 1 VL = VLO - 1
ILt  L  where: 1  ACHG = RCHGCF 5 The initial fly and load voltages VF, VL
are at the start of the charge phase. This set of four equations also has
four unknown values: VF, VL, IL, and  TCHG, and therefore will have a
unique solution (if one exists). The algorithm for  finding this solution
using the boundary conditions illustrated in FIG. 6 is as  follows. A
charge time TCHG is found by evaluating the following equation: 10 B(T +T +
2T ) O - A(1 - e~'CHTCHG) + CHG DIS DEL D + CTcHG  where: A=(1-E)VS  C )  B
= LC [(1 + E )VS - V,,_,, J(1 - e a'DISTD,S  L + F C=I- CF (1-e ;D,SsTD,S )
CL+CF  D = CL CF RDISCF (1- e`;LD,STD,S) + CL TDIS + 2CTDEL CL + CF CL + CF
CL + CF 



The value of TCHG that solves this equation must be constrained to be
greater  than zero to be valid. Solutions will not exist for all
combinations of the fixed and  15 variable parameters. With TCHG known, the
maximum load current IL for the current value of the  parameters is given
by: 31 WO 02/19508 PCT/US01/26661 CLCF IL +C [(1+E)VS -VREF ](1 E-~DISTDIS)
C /  L F [1 _ C +FC (1- E-~'D1STDIS )I(TCHG + ZTDEL) +  L F CL [ CF RDIS CF
(1- E-,I-TDIS) +TDIS  CL + CF CL + CF The voltage across the fly capacitor
VF at the end of the discharge phase is:  - VnEF} (1- E -~'DISTDIS) + VFO =
EVS - CL [(1 + O VS L + CF 1 C RDIS CF (1 - E DISTDIS) - (T +ZTDEL) (1- E
-a DISTDIS) - TDIS ] I L  CL + CF CL + CF CHG f The lowest voltage reached
by the load voltage VL at the beginning of the  5 discharge phase is: VLO _
Vref I L (TCHG + ZTDEL )  C L The difference between this and the reference
voltage VREF is the ripple VRIP: VRIP = VREF - VLO The operating frequency
(i.e., frequency of the voltage ripple) for this set of  to parameters is:
f TCHG + TDEL + 2TDEL The peak input voltage is also interesting to
evaluate, and can occur at either the  beginning of the charge phase, or
during discharge. Because the load current IL  is assumed to be constant,
the peak input current IS during discharge occurs at 



15 the beginning or end of this phase. The peak current during the entire
cycle is  the maximum of these values: 32 WO 02/19508 PCT/US01/26661  Is =
max{Icxc, IDISI " IDIS2 } Icxc = VS - VFo  Rchs  (1+E)Vs -VLo  I DISI =
Rais I = (1+ E)VV -VLo E_UDIS + CF (1- E-ATDIS )I  DIS2 RDIS CL + CF L
Referring to Table 1, the maximum load current IL, voltage ripple VRIP,
peak input current IL, and the operating frequency were evaluated as an
illustration for a combination of fixed parameters including the reference
voltage 5 VREF and the input voltage Vs at which the charge pump is
expected to operate  reliably, and the fly (CF) and load (CL) capacitance
values. In this illustration of a  power output stage 44, the resistance of
the capacitors CL, CF is ignored. The  time delay TDEL used to prevent all
switches M1-M4 from being closed at the  same time was fixed at 0.25 RSec.
Two time delays TDEL occur in each charge- lo discharge cycle. 33 WO
02/19508 PCT/US01/26661  Optimized Charge Pump CF = 22,uF, CL=220,uF,
Vref1.2 V, Vs=0.8V  Operating RCHG = RDIS (Q) Point 0.1 0.2 0.3  0.8490
0.8306 0.8214  TDIS (Sec) 1.8571 3.0204 3.9898  IL (mA) 838.17 447.09
306.12  Vrip (mV) 8.9955 7.1155 6.2130  



1 S (A) 2.8818 1.3580 0.8779  freq (kHz) 288.18 153.33 118.275  Table 1:
Charge Pump Operating Points for Moderate Capacitance Values. The series
resistances encountered during the charge (RCHG) and 5 discharge (RDIS)
phases have the most significant effect on the maximum current  capacity of
the power output stage 44, as shown by the three operating point  columns
in Table 1. Although larger fly (CF) and load (CL) capacitors improve this
capability, the amount of improvement is mitigated as their resistance
increases.  Increasing the capacitor values appears to have a greater
proportional effect on io reducing the output voltage ripple VRIP, rather
than the current capacity. What the analysis described above shows is that
a power output  stage 44 may be dynamically controlled to achieve a desired
output voltage VOUT  given that the output voltage is sensed as feedback.
34 WO 02/19508 PCT/US01/26661  Typical "electronic" capacitors (dielectric
between conductors, e.g., tantalum polymer), widely used in electronic
devices, are characterized by self  discharging within microseconds to
milliseconds, and having a cycle life of 1-10  million charge cycles. The
disadvantage of the short self-discharge time for 5 electronic capacitors
means that oscillator-based charge pumps 20 must operate  at duty cycles
that are between the rate in which the electronic capacitor can be  charged
and discharged and the rate at which the electronic capacitor will self-
discharge. Consequently, known oscillator controllers 26 for charge pump
output  stages 24 do not allow for charge pump operating frequencies in the
50-200 Hz 1o range. At lower demand levels, the charge pump would
advantageously operate  below '1 Hz. Consequently, known oscillator-based
charge pumps 20 cannot take  advantage of ultra-capacitors and similar high
storage devices that have self- discharge times measured in weeks or
months. An ultra-capacitor is an 15 electrochemical double layer capacitor
that stores energy electrostatically by  polarizing an electrolytic
solution. There is no chemical reaction involved in its  energy storage
physics. Consequently, the ultra-capacitor is extremely bi- 



directional (recoverable) and can thus be charged and discharged thousands
of  times, unlike comparable storage methods like electrochemical
batteries. An 20 example of a suitable ultra-capacitor is the PS-10
available from Maxwell(r)  Technologies, San Diego, California. It should
be appreciated that the term "ultra-capacitor" is meant to  encompass a
number of types of large capacitors generally characterized as  having a
high efficiency due to relatively low charge leakage. Thus, "ultra 25
capacitor" includes double layer electrolytic capacitors (often known as
super  capacitors, ultra capacitors, and power capacitors), as well as
pseudo capacitors.  In accordance with another aspect of the present
invention, charge pumps incorporating ultra-capacitors for the fly
capacitor CF and load capacitor CL are  capable of providing 5 W of
electrical power or more, for which rate an operating  30 frequency of
50-200 Hz would be appropriate. 35 WO 02/19508 PCT/US01/26661  The dynamic
controller 50 of one embodiment of the invention, as will be described in
more detail below, is capable of operating at the frequencies of the
oscillator-based charge pumps 20; however, the dynamic controller 50 is
also  capable of operating at extremely low operating frequencies.
Consequently, the 5 dynamic controller 50 may take advantage of the
additional storage capabilities  of ultra-capacitors. SUB-ONE VOLT POWER
CONVERTER 10 Referring to FIG. 7, one embodiment of a dynamically
controlled power  converter 40A in accordance with the principles of the
invention is depicted in a  top-level block diagram form. As will become
apparent in the discussion below,  this illustrative embodiment allows for
a step up or step down of an input voltage  Vs from an energy source 12 to
a regulated output voltage VOUT by dynamically 15 controlling the
noninverting charge pump power output stage 44A. The power  converter 40A
may also operate at an input voltage Vs below one (1) volt.  Specifically,
power switches M1-M4 adapted to respond to low threshold  switching signals
S1 and S2. Moreover, as will become apparent below, the  power converter
40A may readily be implemented as an integrated circuit and  



20 thus be of small size and cost. The illustrative power converter 40A of
FIG. 7 includes a power controller  46A and the power output stage 44A
similar to one described above for FIG. 5.  The power controller 46A
includes a comparator 94 responsive to VouT dropping  below a reference
voltage VREF to generate a switching signal. Advantageously, 25 the
comparator 94 is further responsive to the voltage of the fly capacitor VF
and  the input voltage Vs for controlling the duration of the charge phase.
Specifically,  a comparator input switching circuit 98 enables the same
comparator 94 to be  used during both the charge and discharge cycles as
follows. During the charge phase, a predetermined fraction of the input
voltage sVs  30 is coupled to a first comparator input 100 via comparator
input switch M9 that  closes in response to charge cycle switch signal S1.
A Vs divider 102 interposed 36 WO 02/19508 PCT/US01/26661  between switch
M9 and the energy source 12 provides the predetermined  fraction  and the
resulting reductions of Vs. The fly capacitor voltage VF is  coupled to a
second comparator input 104 via comparator input switch M10 also  in
response to charge cycle switch signal S1. The comparator then generates a
5 switching signal when the fly capacitor voltage VF reaches a
predetermined  fraction of the input voltage FVs. During the discharge
phase, the reference voltage VREF is coupled to the  first comparator input
100 via comparator input switch M11 in response to  discharge cycle switch
signal S2. Also, a predetermined fraction of VouT io provided by VOUT
divider 108 is coupled to the second comparator input 104 by  comparator
input switch M12 in response to switch signal 52. With regard to the
scaling of various inputs to the comparator 94, it should  be apparent to
those skilled in the art that various combinations of scaling may  be
appropriate for specific applications. For instance, the illustrative
example is 15 based on a step up power converter configuration and a
voltage reference VREF  that is relatively low. Thus, the VOUT divider 108
allows scaling down the VOUT as  needed to use a single reference voltage
to achieve a range of desired output  voltages VOUT. In applications where
the VOUT is lower than the reference  



voltage, a VouT multiplier may be used instead or a divider used to scale
down 20 the output from the voltage reference 96 to a desired reference
voltage VREF.  Similarly, other variations would be apparent for step down
power converters.  Moreover, a second comparator may be used in addition to
comparator 94 if  necessary. The switching command from the comparator 94
is received by a timing  25 controller 112 for generating charge switch
signal S1 and discharge switch signal  S2. Advantageously interposed
between the comparator 94 and the timing  controller 112 is a delay 114 for
causing a hysteresis in switching for purposes  such as avoiding
unnecessary switching and to reduce the effects of EMI  emissions from
higher operating frequencies. 30 A bootstrap start-up circuit 116 is
depicted in FIG. 7 for initiating operation  of the power output stage 44A
when it is discharged and the dynamic controller  37 WO 02/19508
PCT/US01/26661  50A has not taken control of the power output stage 44A, as
will be described in  more detail with regard to FIG. 11. A start-up
circuit 116 is necessary for integrated circuit embodiments of  the present
embodiment in which semiconductors may latch to ground during a  5 cold
start (i.e., initially discharged load capacitor CO), preventing the
dynamic controller 50A from taking control of the power output stage 44A.
More  generally, the start-up circuit may shorten the time required during
a cold start  until operating at the desired output voltage VouT The
start-up circuit 116 is depicted as coupling the positive terminal 30 of
1o the energy source 12 to the first terminal 31 of the fly capacitor CF
rather than  directly to the first terminal 32 of the load capacitor CL.
However, due to a choice  of a normally closed switch M2, it should be
appreciated that the start-up circuit is  effectively coupled to the load
capacitor CL in start-up (cold start) situations, as is  discussed below.
15 A by-pass control circuit 118 included in the power controller 46A may
be  used during certain situations such as a transient high load beyond the
capacity  of the power converter 40A. The transient high load is
characterized by a 



decrease in the output voltage (voltage droop) that is of a predetermined
magnitude to require additional capacity. Thus, the by-pass circuit 118 may
20 compare VOUT to the reference voltage VREF. When a voltage droop is
detected  in VOUT, the by-pass circuit 118 may generate a by-pass switch
signal SB for by- pass switch MB that responds by coupling the positive
terminal 30 of the energy  source 12 directly to the output terminal 42.
Similarly, the by-pass circuit 118  may respond to an impending failure of
the power converter 40A due to low input 25 voltage wherein extending
service life is best served by removing the power  consumption of the power
converter 40A. Thus, the by-pass circuit 118 also  compares the input
voltage VS to the reference voltage VREF and operates switch  MB
accordingly. The operation of the power converter 40A of FIG. 7 is
illustrated in the flow  3o diagrams of FIGS. 8-10. Referring to FIG. 8,
the power converter operation 130  begins with the storage elements
discharged, and thus a start-up operation 132 38 WO 02/19508 PCT/US01/26661
is performed to prevent latch up to ground in integrated circuit
implementations,  as will be described in FIGS. 9 and 11. After start-up
operation 132, the power  converter operation 130 moves into a dynamic
operation 134, as will be  described with regard to FIG. 9. 5 Dynamic
operation 134 generally continues until interrupted, as  represented in
block 136 by a determination as to whether an output voltage  VOUT droop
has occurred, and if not, dynamic operation 134 continues. A voltage  droop
in VouT. is a drop in the output voltage VOUT indicating a large transient
load  that may exceed the capability of the power converter 40A. If in
block 136 VOUT to droop is detected, then a transient by-pass is performed
electrically coupling the  output terminals to the energy source for a
period of time (block 138) as  discussed above. In some applications
consistent with the invention, the  transient by-pass electrically
uncouples the power converter 40A from the energy source 12 and the output
terminals 42, 43. An advantage of uncoupling includes  15 avoiding
discharging of the power output stage 44A that would result in a  recovery
period after the transient ends. In other applications consistent with the



invention, the transient by-pass does not uncouple the power converter 40A
from  the energy source 12 and the output terminals 42, 43 so that the
power converter  40A contributes to providing the power demanded by the
load device 14. 20 If the output voltage still remains low (block 140),
then the by-pass may be  placed in a latched state (block 142). If in block
140 VOUT has recovered, then  another protective feature is performed in
block 144 by making a determination  as to whether a current overload
condition exists. For example, the energy  source may have a safety
limitation on the amount of current that can be 25 provided, perhaps for a
certain duration. Alternatively, the load device 14  drawing the output
current may be in a failure mode that is signaled to the power  converter
operation 130. Thus, if in current overload (block 144), the output
terminal is disconnected from the energy source (block 146). If, however,
in  block 144 there is no current overload, then in block 148, a
determination is 30 made as to whether or not the controller is off. This
represents situations where  the various protection measures may result in
a situation where the power 39 WO 02/19508 PCT/US01/26661  converter needs
to be restarted. Thus, if the controller is off (block 148), then the
power converter operation 130 returns to start-up operation (block 132),
else to  dynamic operation (block 134). It should be appreciated that a
sequential flow diagram is shown in FIG. 8  5 illustrates various
protection and modes that may be performed independently  and continuously
or that various combinations of protective features may be  included
consistent with the invention. Referring to FIG. 9, the start-up operation
132 referenced in FIG. 8 is  depicted in flow diagram form. An advantage of
this start-up operation 132 1o includes illustrating how a power converter
40A in accordance with the invention  may be started with less than one
volt of input voltage. This is especially  desirable for integrated circuit
applications wherein a discharged storage  capacitor, such as the load
capacitor CL, may otherwise result in an inoperative power controller 46A.
Moreover, the start-up operation 132 suggests use of the  15 invention as a
low output demand alternative charge pump wherein the power  



consumed by the overall power converter may be reduced. Typical
oscillator-based power converters 20 incorporate a bootstrap  external
large power Schottky diode electrically coupled from the energy source  12
to the load capacitor CL. The Schottky diode conducts when the load 20
capacitor voltage VL is low, to begin charging the load capacitor CL, as
well as  providing power to the load device 14. Without the additional
Schottky diode, the  load device 14 would tend to prevent the load
capacitor CL from charging due to  latch-to-ground tendencies of typical
integrated circuit switch matrices 48. Adding the Schottky diode prevents
desirable miniaturization of the  25 oscillator-controlled power converter
20. In addition, the Schottky diode  consumes power during normal operation
of the oscillator-controlled power  converter 20, thereby reducing
efficiency. Therefore, it is desirable to start the dynamically controlled
power  converter 40A without detrimentally affecting efficiency during
normal operation.  30 It is also desirable to do so in a way that may be
integrated with the power converter 40A without external components.  40 WO
02/19508 PCT/US01/26661  The start-up operation 132 begins with an initial
condition in block 150 that a load is already applied to the power
converter and in block 152 that an input  voltage is available to the power
converter. Then a determination is made as to  whether the power controller
is off and not controlling the power output stage 5 (block 154). If the
power controller is on (block 154), then a small start-up  capacitor CQPUMP
is floated (block 156) and start-up operation 132 is done.  If in block 154
the controller is off, then a start-up switch is closed to provide input
voltage Vs to the start-up capacitor CQPUMP (block 158) and the  start-up
capacitor CQPUMP is referenced to ground (block 160). When the start-up  io
capacitor CQPUMP is charged (block 162), it is discharged into a storage
capacitor  (e.g., load capacitor) (block 164) and the start-up circuit
including start-up capacitor CQPUMP is uncoupled from the switch matrix of
the power converter  (block 166). Then, the start-up operation 132 returns
to block 154 to see if this  start-up cycle was sufficient to activate the
controller and subsequent start-up  



is operation cycles repeat as necessary. Referring to FIG. 10, the dynamic
operation 134 referenced in FIG. 8 is  illustrated in flow diagram form.
First, the fly capacitor is switched into parallel  with the input voltage
Vs so that the fly capacitor may be charged (block 170).  When the fly
capacitor voltage VF exceeds some predetermined fraction of the 20 input
voltage Vs (e.g., 80% of Vs) (block 172), then the charge phase ends by
uncoupling the fly capacitor CF from being in parallel with the input
voltage Vs  (block 174) and delaying for a dead time delay TDEL (block
176). The discharge cycle then begins in block 177 by determining whether
the  dynamic operation 134 is for step up or step down operation. If
stepping up, then  25 during discharge phase, the fly capacitor voltage VF
is added to the input voltage Vs whereas, if stepping down, the fly
capacitor voltage VF is used alone. This  selection may be predetermined
and preset rather than being determined during  each phase of the dynamic
operation 134, although these additional  determinations advantageously
allow for adjusting the output voltage VOUT as 3o desired such as by
changing the reference voltage VREF.  41 WO 02/19508 PCT/US01/26661  Thus,
in block 177 a determination is made as to whether the reference voltage
VREF is less than the input voltage VS (i.e., stepping down operation). If
yes, then the fly capacitor CF alone is placed across the load capacitor CL
(block  178). Otherwise, the input voltage Vs and the fly capacitor CF are
placed in 5 series across the load capacitor CL (block 179). After either
block 178 or 179, a  minimum discharge time delay TDIS is then performed to
allow full discharge of  the fly capacitor CF without respect to the output
voltage VOUT (block 180). Then, the dynamic operation 134 waits in this
state while the output  voltage VouT is greater than the reference voltage
VREF (block 182). This is due  io to the non-compensated nature of the
comparator. If the amount of charge transferred during the preceding
charge/discharge cycle is insufficient to charge  the load capacitor CL for
VOUT to exceed VREF, another subsequent  charge/discharge cycle immediately
is needed. In other instances, the preceding  charge/discharge cycle is
sufficient. Thus, the dynamic operation 134 then may 



15 continue waiting for a period of time until the load device or
self-discharge of the  load capacitor discharges the load capacitor
sufficiently. When VOUT is not  greater than VREF, the fly capacitor CF is
uncoupled from the load capacitor CL  (block 184), which includes
uncoupling the input voltage VS from the load  capacitor CL if stepping up.
Then, another dead time delay TDEL is imposed 20 (block 186), and the cycle
repeats by returning to the charge phase of block 170.  It should be
appreciated that for clarity the aforementioned dynamic  operation 134
begins with charging the fly capacitor CF until such time as a  discharge
phase is warranted. In the illustrative embodiment, however, the  charge
phase is, in effect, a nested operation within the discharge phase. 25
Specifically, the power converter initiates and remains in a discharge
phase until  such time as additional charge is needed (e.g., VOUT drops
below VREF). Then a  charge phase is performed. As soon as completed, then
the discharge phase  begins again after the requisite described delays.
Thereafter, the power  converter 40A remains in the discharge state again
waiting for more needed 30 charge. 42 WO 02/19508 PCT/US01/26661  With
reference to FIG. 11, an integrated power output stage 44A for the power
converter 40A of FIG. 7 is advantageously illustrated by an integrated
circuit implemented with a 0.35 micron double salicide process (two metal,
two  poly salicide) utilizing MOSFET transistor switches capable of low
threshold (e.g., 5 sub-one volt) control, as described in the following
co-pending and commonly  owned application filed on March 22, 2000: U.S.
Serial No. 09/ , entitled  "Lateral Asymmetric Lightly Doped Drain MOSFET",
naming Ying Xu et al. (P&G  Case 7992), which is hereby incorporated by
reference. In addition to having a  low threshold control, the disclosed
MOSFET devices have a low on-resistance, 1o directly contributing to the
efficiency of the switch matrix 48 used in accordance  with the invention.
The power switches M1-M4, as well as the by-pass switch MB have  scaleable
current capability to the desired peak output current by incorporating  an
array of low-threshold MOSFET devices, although represented as a single 



15 transistor in FIG. 11. The MOSFET power switches M1-M4 are
advantageously  designed for low on-resistance and high off-resistance for
efficient operation of  the switch matrix 48, as described in the above
referenced application. Generally, n-type MOSFET devices are chosen for
being smaller to  fabricate, faster to switch, and normally off without a
gate voltage. In some 20 instances, p-type MOSFET switches are
advantageously used, however. First,  as will become more apparent below,
using a p-type power switch M2 between  the first terminal 31 of the fly
capacitor CF and the first terminal 32 of the load  capacitor CL allows for
a sub-one volt progressive start-up circuit 116 in  accordance with one
aspect of the invention that needs to only bias one power 25 switch M1 in
order to start the power converter 40A. The start-up circuit 116 includes a
p-type MOSFET startup switch MS  configured to activate the start-up
circuit 116 when the power output stage 44A is  discharged. The various
signals (e.g., S1, S2, S2N...) for controlling the  switching are discussed
further herein below. The drain of MS is coupled to the 30 input voltage Vs
and the gate and source are both coupled to the first terminal 31  of the
fly capacitor CF. The two power switches M3, M4 coupled to the second  43
WO 02/19508 PCT/US01/26661  terminal 34 of the fly capacitor CF are n-type
and thus open, so the fly capacitor  CF is floating in this situation.
However, the power switch M2 is a p-type transistor as mentioned and is
thus closed with the power controller 46A initially  unpowered in this
situation. Consequently, the start-up switch MS also has its  5 gate and
source coupled to VOUT that is initially zero. Thus the gate of start-up
switch MS is grounded, and the start-up switch MS begins to conduct the
input  voltage Vs to the load capacitor CL. However, the current capability
of this one small MOSFET is insufficient to  charge the load capacitor CL.
Therefore, the start-up switch MS is used indirectly  1o to close power
switch M1 so that the input voltage Vs will be provided to the load
capacitor CL. Specifically, the input voltage from the source of the
start-up switch  MS is coupled to the gate of n-type switch M13. Switch M13
is closed due to the  input voltage Vs from switch MS. When switch M13
closes, the input voltage Vs  



at the drain is passed to the source, which in turn is coupled to a first
terminal 15 190 of a start-up capacitor CQPUMP. The second terminal 192 of
the start-up  capacitor CQPUMP is coupled to a transistor pair M14, M15
configured to ground  the second terminal 192 of the start-up capacitor
CQPUMP when the power  controller 46A is inoperative. Otherwise, the
transistor pair M14, M15 is  configured to float the second terminal 192 of
the start-up capacitor CQPUMP. 20 Specifically, the second terminal 192 of
the start-up capacitor CQPUMP is coupled  to the drain of p-type switch M15
and to the source of n-type switch M14. Switch  M15 has its source grounded
and has its gate biased by a negative bias to open  switch M15 when the
power controller 46A is operating. Therefore, when the  power controller
46A is operating, the second terminal 192 of the start-up 25 capacitor
CQPUMP is disconnected from ground. Switch M14 has its drain coupled  to
the input voltage Vs and has its gated biased by a positive bias to close
switch  M14 when the power controller is operating. Referring to FIG. 12, a
circuit is shown that is suitable for the power  converter 40A of Fig. 7.
FIG. 12 illustrates one circuit embodiment for biasing the  30 comparator
94 to perform comparisons during the charge phase and during the discharge
phase. During the charge and discharge phases, the circuit will have  44 WO
02/19508 PCT/USO1/26661  previously been started and power controller 46A
will be operating for generating  the switching signals (e.g., S1, S2,
etc.). During the charge phase with S1  closing M9 and M10, input voltage
VS divider 102 reduces the input voltage Vs by  a predetermined fraction
(e.g., 80%) for comparison with the fly capacitor 5 voltage VF, as
discussed for FIG. 7. During the discharge phase with S2 closing  M11 and
M12, VOUT divider 108 scales the output voltage VOUT for the correct
comparison to the reference voltage from the voltage reference 96. FIG. 12
also illustrates that the timing controller 112 of the power  controller
circuit,46A provides a plurality of signals P_S2NB, P_S2NA, S2, S2N,  1o
P_S1, S1, S1 N, described in more detail below, to perform the equivalent
to the charge switch signal S1 and the discharge switch signal S2. This
plurality of  signals is required for the illustrative embodiment due to
the power switches M1- 



M4 requiring more current than the other switches, and power switches M2,
M4  are p-type and thus switch more slowly than n-type power MOSFET power
15 switches M1, M3. Certain delays are required in the signals to the
respective  gates in order to prevent transconductance wherein one or both
of M1, M3 is  closed at the same time as one or both of M2, M4. Referring
to FIG. 13, one embodiment of a voltage reference 96 is shown  and is
capable of sub-one volt input voltage Vs operation in accordance with an
20 aspect of the invention. A constant current circuit 200 powers a voltage
reference-to-rail circuit 202, isolating the voltage reference-to-rail
circuit 202 from  changes in the input voltage Vs. An output buffer 204
amplifies an unamplified  reference voltage from the voltage
reference-to-rail circuit 202. In order to  temperature compensate the
voltage reference-to-rail circuit 202, a parallel diode 25 array
Proportional to the Absolute Temperature (PTAT) circuit 206 biases the
circuit 202. Referring to FIGS. 14 and 15, one embodiment of a comparator
94 is  depicted for the power controller 46A of FIG. 7. Differential
amplifiers 206-210  are advantageously used since they are effective in
rejecting common-mode 30 signals. For example, common-mode signals may be
induced noise on the  inputs. Integrated circuit differential amplifiers
have relatively low output gain.  45 WO 02/19508 PCT/US01/26661  This has
implications in two ways: non-linearity in an input transistor and in
providing necessary current gain for later stages of the power controller
46A. For  providing some cancellation of input non-linearity, a three
differential amplifier  combination is depicted, wherein the first
differential amplifier 206 receives a V+ 5 input at its negative input and
V- at its positive input. A second differential  amplifier 208 receives V-
at its negative terminal and V+ at its positive terminal.  The output of
the first differential amplifier 206 is coupled to a negative terminal  of
a third differential amplifier 210 and the output of the second
differential amplifier 208 is coupled to a positive input of the third
differential amplifier 210.  io A fourth differential amplifier 212 is
configured as a voltage follower buffer to  increase the current of a
comparator switching signal (Out+, Out-) from the third  



differential amplifier 210. Referring to FIG. 16, one embodiment of a
timing controller circuit 112 is  depicted for the power controller 46A of
FIG. 7. Basically, the timing controller  15 circuit 112 is responsible for
performing the necessary individual switch commands to reconfigure the
power output stage 44A between charge and  discharge phases. In addition,
the timing controller circuit 112 for the power  controller 46A must
correctly phase paired switches and sequenced switches to  avoid certain
switch combinations. For example, neither of the charge phase 20 power
switches M1 and M3 should be closed at the same time as either of the
discharge phase power switches M2 and M4. Otherwise, a cross conduction (or
transconductance) occurs wherein, for example, the energy source 12 is
momentary shorted to the output terminal 42, as discussed above. Referring
to FIG. 17, a timing diagram for the timing controller circuit 112  25 is
depicted. Specifically, the S1 signal is the charge phase signal used
internally  by the dynamic controller 50. The S2 signal is the discharge
phase signal used  internally by the dynamic controller 50. The P_S2Nb
signal is a higher current  switch signal for a p-type MOSFET M2, delayed
with respect to the S2 signal to  prevent cross conduction, as well as
inverted from S2 due to p-type MOSFET M2 30 opened by a positive voltage.
The P_S2Na is a high power switch signal for a p- type MOSFET M4, delayed
with respect to the P_S2Nb. The P_S1 signal is a 46 WO 02/19508
PCT/US01/26661  higher current version of S1 for the power MOSFET switches
M1, M3. The S2N  signal is an inverted version of the S2 signal for the
start-up circuit 116,  specifically switch M14. The S1 N signal is an
inverted version of S1 for the start- up circuit 116, specifically switch
M15. 5 While the present invention has been illustrated by description of
several  embodiments and while the illustrative embodiments have been
described in  considerable detail, it is not the intention of applicants to
restrict or in any way  limit the scope of the appended claims to such
detail. Additional advantages and  modifications readily appear to those
skilled in the art. 10 For example, although dynamically controlling a
noninverting charge pump  



power output stage 44A has been discussed. Having the benefit of the
instant  disclosure, it would be apparent to those skilled in the art that
it would be  consistent with the invention to dynamically control an
inverting charge pump  power output stage. 15 A power converter 40A
consistent with the invention may be incorporated  in a wide range of
products. For example, a power converter 40A taking  advantage of the small
size achievable with integrated circuits and low power  consumption
properties described above may advantageously be incorporated  into a
battery package to enhance battery service life and energy and amplitude
20 on demand. Moreover, a power converter 40A consistent with the
invention, whether  incorporated inside an energy source 12 or in a load
device 14 utilizing an energy  source 12, would improve or enable a wide
range of portable electronic devices  10. For example, the reduction in
size and weight of an energy source 12 would 25 allow less intrusive
medical diagnostic, energy-delivery, or actuated medicine  delivery
devices, whether worn or implanted. In addition, portable electronic
currently powered by batteries or similar  energy sources 12 may be
improved by incorporating the power converter in  accordance with the
invention. In portable communication devices and portable 3o audio devices,
for instance, improved service life may be obtained through the  increased
efficiency, and performance may be enhanced by lowering the power  47 WO
02/19508 PCT/US01/26661  converter 40A operating frequency, and thus the
noise, when allowed to do so by  a decreased demand. Also, a largely or
fully integrated power converter 40A consistent with the  invention would
provide a sufficiently small efficient power supply for memories,  5 logic
circuits and other integrated devices. For example, the power converter 40A
may be embedded into a portion of an integrated circuit also containing a
memory, logic circuit or other integrated device. Furthermore, the aspects
of the invention related to dynamically adapting  to the input voltage,
especially with regard to a low input voltage, allow for 



io applications wherein the input voltage is volatile or otherwise
unsuitable for  generally known power converters. For example, photovoltaic
cells provide  power in relation to the surface area and the amount of
incident radiant energy.  Consequently, devices using photovoltaic cells
may often be inoperable due to  insufficient light, may have to limit
functionality to remain within the typical 15 amount of available power,
and/or have to increase the surface area devoted to  photovoltaic cells.
Thus, a power converter 40A may allow for smaller  photovoltaic cells and
use in a wider range of lighting conditions. As an additional further
example, a single fly capacitor CF and load  capacitor CL has been
illustrated for clarity. It should be appreciated by those  20 skilled in
the art that power converters 40A consistent with the invention may include
a plurality of fly capacitors CF and/or a plurality of load capacitors CL.
Moreover, the fly capacitor CF and/or load capacitor CL may comprise
various  storage devices for electrical and magnetic energy. As another
example, a power converter 40A consistent with the invention  25 may be
incorporated in a wide range of products. For example, a power  converter
40A taking advantage of the small size and low power consumption  (i.e.,
efficiency) properties described above may advantageously be incorporated
into a battery package to enhance battery service life and energy and
amplitude  on demand. Incorporating the power converter 40A would be
accomplished in 30 manner similar to that disclosed in the following
co-pending and commonly  owned applications all filed on April 2, 1998:
U.S. Serial No. 09/054,192, entitled  48 WO 02/19508 PCT/US01/26661
PRIMARY BATTERY HAVING A BUILT-IN CONTROLLER TO EXTEND  BATTERY RUN TIME,
naming Vladimir Gartstein and Dragan D. Nebrigic; U.S.  Serial No.
09/054,191, entitled BATTERY HAVING A BUILT-IN CONTROLLER  TO EXTEND
BATTERY SERVICE RUN TIME naming Vladimir Gartstein and 5 Dragan D.
Nebrigic; U.S. Serial No. 09/054,087, ENTITLED BATTERY HAVING  A BUILT-IN
CONTROLLER, naming Vladimir Gartstein and Dragan D. Nebrigic;  and U. S.
Provisional Application Serial No. 60/080,427, entitled BATTERY  HAVING A
BUILT-IN CONTROLLER TO EXTEND BATTERY SERVICE RUN  



TIME, naming Dragan D. Nebrigic Milan M. Jevtitch, Vig Sherrill, Nick
Busko, to Peter Hansen, and William Millam. All of the aforementioned
applications are  hereby incorporated by reference in their entirety.
THREE-STATE CHARGE PUMP CONTROL In other versions consistent with the
invention as discussed herein,  dynamic control of a charge pump may
maintain the fly capacitor voltage and/or  15 the load capacitor voltage
within a predetermined voltage ripple band. The advantages of charging and
discharging the fly capacitor within a predetermined  voltage ripple
include enhancing efficiency. The fly capacitor is utilized within a
voltage region in which the rate of charge transfer and the internal losses
during  transfer are optimized. Switching losses are mitigated by
optimizing the charge 20 transfer during each charge/discharge cycle of the
fly capacitor. Similarly, one of  the advantages of maintaining the voltage
across the load capacitor within a  predetermined voltage ripple band is
for improved efficiency. The voltage ripple may be defined in terms of the
source voltage Vs (e.g.,  battery voltage VBAT), with two scaled thresholds
of the battery voltage used for  25 defining the fly capacitor voltage
ripple band (e.g., aVBAT, RVBAT) However, the  battery voltage VBAT
declines due to the internal resistance of the battery, especially during
peak loads and during the latter portions of the service life of  the
battery. Consequently, the fly capacitor voltage ripple band would also
become lower. Since the resistance in the switches M1-M4 and the ESR of the
30 capacitors CL and CF is low compared to the internal resistance of the
battery,  this voltage drop in the battery can cause stability problems in
the circuit. 49 WO 02/19508 PCT/US01/26661  Consequently, embodiments
consistent with aspects of the invention use a fixed  voltage reference to
avoid instability problems. However, there may be advantages to reducing
the fixed voltage  reference in response to a trend of reduced battery
voltage. For example, a  5 desired output voltage may become unachievable
at a given reduced battery voltage with a voltage doubling charge pump. In
response to sensing the  reduced battery voltage, an additional charge pump
stage or additional fly  



capacitor may be utilized to achieve the desired output voltage, while
reducing  the voltage thresholds used to trigger the charge/discharge
cycles. One way of to determining the trend in battery voltage is to sample
the battery voltage during a  no-load condition, such as during the time
delay between charge and discharge  cycles used to prevent cross-bar
currents. Referring to FIG. 18, a flow diagram illustrates the operation of
one circuit  for controlling the voltage ripple of the fly capacitor.
First, a determination is 15 made as to whether the fly capacitor is
charged to the maximum fly capacitor  voltage, i.e., VF > VF,MAX (block
200). If not, the fly capacitor is charged until the  maximum fly capacitor
voltage is reached (block 202). When the fly capacitor is  sufficiently
charged, the fly capacitor is uncoupled from the source voltage and  the
load capacitor (block 204) and is placed within what may be referred to as
a 20 wait state. This wait state becomes a third state of the charge pump
in addition  to the charge and discharge states. With the fly capacitor
charged and waiting to  be deployed, delay is avoided (i.e., the delay of
having to charge the fly capacitor  after the output voltage is sensed as
dropping too low). Thus, the power capacity  of the charge pump is
increased. In addition, in certain charge pump 25 configurations, it is
advantageous to have the load capacitor provide the output  voltage with
the source voltage and fly capacitor uncoupled (e.g., step-down
configuration). Therefore, the wait state incorporated in accordance with
one  aspect of the invention is advantageous in these regards. When the fly
capacitor is in the wait state, a determination is made in 3o block 206 as
to whether the output voltage is less than or equal to the reference
voltage, i.e., Vo <_ VREF. If the output voltage is not less than or equal
to the 50 WO 02/19508 PCT/US01/26661  reference voltage, the fly capacitor
is not necessarily needed at the output and  the controller remains in the
wait state (block 204). Once the output voltage does  drop to the reference
voltage or below (block 206), then the fly capacitor is  coupled to the
output and placed into a discharge state (block 208). The fly 5 capacitor
remains in the discharge state until a determination is made (block 210)
that the fly capacitor voltage VF is less than the minimum fly capacitor
voltage VF,  



MIN (block 210). Once discharged to the bottom of the fly capacitor voltage
ripple  band at this minimum fly capacitor voltage, then control passes
back to block 202  to recharge the fly capacitor and to be prepared for the
next charge-wait lo discharge cycle in accordance with the invention.
Although not depicted in FIG. 18, it should be appreciated that a further
determination could be made of both a maximum and minimum voltage
reference for the output voltage so that voltage ripple in the output
voltage could  be further controlled. Thus, further hysteresis in the
control could be employed.  15 MULTIPLE-OUTPUT POWER CONVERTER Another
embodiment of a power converter 230 is depicted in FIG. 19, a  block
diagram of a circuit for providing selectable different output voltage
levels.  For example, levels of 1.8 V, 2.5 V, 3.0 V, 3.3 V, and 5.0 V are
shown. It should  20 be appreciated that other voltage levels are
contemplated, such as lower voltages (e.g., 1.2 V, 1.5 V) as well as higher
voltage levels (e.g., 7.0 V). Each integral output stage 232a-232e for the
various voltage levels may  be a step-up or step-down charge pump power
output stage as described above,  with respective fly capacitors CF1-CF5
and load capacitors CL1-CL5. Five levels 25 and associated output stages
are shown in FIG. 19. The dynamic control for each output stage 232a-232e
is provided by a  multi-output controller 234. The multi-output controller
234 receives a bandgap  voltage reference 236 for scaling a reference
voltage VREF to the various  threshold levels necessary to control each
output stage 232a-232e. The multi 30 output controller 234 is also
responsive to an enable bus 238 to selectively turn  on each output stage
232a-232e. The multi-output controller 234 provides 51 WO 02/19508
PCT/US01/26661  charge and discharge switch signals to the respective
output stages 232a-232e  in accordance with the invention, depicted as a
signal bus 511-5 and S215, respectively. The multi-output controller 234
generates these charge/discharge  signals in response to fly capacitor
voltages VF1-VF5 and the five output voltages  5 (i.e., 1.8 VOUT - 5.0
VOUT). 



Referring to FIG. 20, a circuit for one example of the power output stages
232a-232e of FIG. 19 is shown, similar to that described for FIG. 5 above.
The  fly capacitor CF, which is coupled between nodes VnFLY-HIGH and
VnFLY-Low, and  the load capacitor CL , which is coupled from node VoN to
ground, are not shown. 10 The power MOSFETS M1A, M2A, M1 B, and M2B shown
in FIG. 20  correspond to switches M1, M2, M3 and M4 described above.
Additionally, a p- type MOSFET switch M3 couples the source voltage (VCC)
to the output when  the multi-output controller 234 is deactivated in order
to charge the load capacitors CL1-CL5 during start-up. The S3n signal would
be generated by the  15 multi-output controller 234 thereafter when the
output power stage 232a-232e is  being operated. As discussed above,
depending upon the type of MOSFET  used (e.g., p-type, n-type), the control
signals for some switches may be inverted  or delayed with respect to the
signals for other switches. (e.g. S1, S1 n, S2, S2n,  etc.) 20 Referring to
FIG. 21, a block diagram is depicted for an output controller  234a for one
channel or voltage level (e.g. 1.8V) of the multi-output controller  234.
The voltage ripple control of the fly capacitor voltage VF1 is accomplished
by switching between two scaled thresholds aVBAT, RVBAT based on the
battery  voltage VBAT being compared at comparator 250 to the fly capacitor
voltage VF. 25 The voltage ripple control of the output voltage Vo across
the respective load  capacitor is accomplished by switching between two
scaled thresholds aVREF,  RVREF based on the reference voltage VREF as
compared at comparator 252 to  the output voltage Vol. The results of the
switched comparisons are provided to  the switch logic and crossbar delays
circuit 254, which in turn produce the charge 3o and discharge signals S11
and S21. An input multiplexer (MUX) 256 controls the  switching between the
thresholds in response to whether the controller 234a is  52 WO 02/19508
PCT/US01/26661  currently in the charge or discharge mode. A signal S31
from the switch logic and  crossbar delays circuit 254 advantageously
allows for start-up, as described  above for FIG.20. Depending on the input
voltage or input voltages (VIN), one or more of the  



5 output stages 232a-232b may be permanently configured as step up (boost)
or  step down (buck) or reconfigurable step up / step down. For the latter,
the  output controller 234n includes a comparator 258 sensing whether the
battery  voltage VBAT is above or below the reference voltage VREF, with
the result  provided to both the input MUX 256 and switch logic and
crossbar delays circuit  10 254. Referring to FIG. 22, a logic diagram is
depicted for one embodiment of an  output controller, such as controller
234a of FIG. 21. In this version, the switched  comparisons are performed
by performing the comparisons with four comparators 261-264 continuously,
and by using downstream switching in a 15 switching logic control circuit
270, which outputs are passed to an output section  280. The S3_n output is
shown as a 50 msec delayed output from a three input  AND gate with inputs
of the power up (PUP) signal that is a filtered version of  the source
power VCC, of a comparison of the VoN.with the reference voltage 20 VREF,
and of a comparison of the reference voltage VREF with the source  voltage
(VCC). Thus, the start-up charging of the load capacitor CL using S3_n
will be shutoff 50 msec after the reference voltage stabilizes with respect
to the  source voltage (VCC) and output voltage VoN Referring to FIG. 23, a
power up circuit is depicted for producing the 25 power up (PUP) signal. In
particular, the source voltage VCC is provided to one  input of an AND
gate. The first and second inputs of the AND gate are coupled  via a
resistor R31. The second input is also coupled to ground by capacitor C1.
Consequently, PUP will go high after the source voltage VCC has stabilized
since  the second input sees a low-pass filtered version of the source
voltage VCC. 30 Referring to FIG. 24, a pin-out depiction of a
multiple-output power  converter 230 is shown. It should be appreciated
that the illustrative circuit  53 WO 02/19508 PCT/US01/26661  diagrams
above lend themselves to monolithic integrated circuit fabrication.
Consequently, a full multiple-output power converter 230 may be complete
within  a small volume IC package, with the capacitors incorporated as
described in the  



following pending and commonly owned application which was filed on 5
November 22, 1999 by Dragan D. Nebrigic, et. al.: U.S. Serial No.
60/166,823  entitled "ACTIVE PACKAGE FOR INTEGRATED CIRCUIT" which is
hereby  incorporated by reference herein in its entirety. The pin-out of
the FIG. 24 provides the advantages of separate input  power (VIN1-VIN5)
and separate power grounds (PWRGND) for each voltage  1o output. For
example, noise may be reduced by separating each stage more completely.
Moreover, removing input power to a given portion of the multiple- out
power converter 230, either permanently enhance efficiency by deactivating
control portions not being used. The enable pins (ENABLE1 - ENABLE5)
provide that programmable 15 deactivation of portions of the
multiple-output power converter 230 may be used  for intermittent
deactivation. For example, at the latter stages of the battery  service
life within an application such as a cell phone application, it may be
deemed important to maintain two of the five output voltage levels to
sustain  display functions, processing functions, and memory functions
while preventing 20 heavy power consumption such as used by transmitting
functions. Thereafter, at  a lower voltage level, only one of the five
output voltage levels may be sustained  for example to keep the memory from
being erased. Consequently, the multiple-output power converter 230 is
especially useful  in electronic devices where one or more of the following
requirements exist: (1)  25 efficient power conversion for reduced battery
consumption; (2) low Electromagnetic Interference (EMI) emission; (2) small
volume allotted to the  electronics and energy source; (3) economic
fabrication and assembly; (4)  regulated multiple voltage output levels;
(5) efficient operation over a wide range  in power demand. Examples of
electronic devices with these requirements 30 include portable cell or
satellite telephones, personal digital assistants (PDA) and  laptop
computers, and portable multimedia entertainment devices. With the 54 WO
02/19508 PCT/US01/26661  convergence of data processing and communication
devices, the need increases  for such multiple-output power converters 230.



It should be appreciated that power converters 230 consistent with  aspects
of the invention would vary in the number of output levels and their  5
interdependence for power and control according to the application. 55 WO
02/19508 PCT/US01/26661  WHAT IS CLAIMED IS: 1. A power converter
comprising: a power output stage including a load capacitor and a fly
capacitor,  the power output stage configured to receive an input voltage
from an energy  source and to provide an output voltage across output
terminals, the load  capacitor being electrically coupled across the output
terminals, the power output  stage further configured to switch between a
charge state and discharge state,  wherein the charge state includes the
fly capacitor being electrically in parallel to  the input voltage and
wherein the discharge state includes the fly capacitor being  electrically
coupled across the load capacitor; and a dynamic controller operably
coupled to the power output stage  and adapted to respond to the output
voltage across the load capacitor and to a  predetermined reference voltage
to transfer electrical charge from the energy  source to the load capacitor
by switching the fly capacitor to the charge state and  back to the
discharge state, the dynamic controller further adapted to respond to  a
fly capacitor voltage across the fly capacitor to switch the fly capacitor
from the  charge state thereby controlling a voltage ripple band of the fly
capacitor voltage. 2. The power converter of claim 1, wherein the dynamic
controller is  responsive to the fly capacitor voltage in comparison to a
maximum fly capacitor  voltage threshold and a minimum fly capacitor
voltage threshold. 3. The power converter of claim. 1, wherein the dynamic
controller is  responsive to the output voltage being above predetermined
threshold by  switching the fly capacitor to a wait state wherein the fly
capacitor is electrically  uncoupled from the energy source and the load
capacitor. 4. An electronic device including an energy source, a load
device, and  the power converter of claim 1 interposed between the energy
source and the  load device. 



56 WO 02/19508 PCT/US01/26661 5. The electronic device of claim 4, wherein
the electronic device  comprises one of a portable communication device, a
portable medical device  and a portable audio device. 6. A battery
including an energy source, the power converter of claim  1, and output
terminals, the output terminals adapted to electrically couple to a  load
device, the power converter interposed between the energy source and the
output terminals. 7. An integrated power converter including a plurality of
the  power converters of claim 1. 57 




