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PROGRESSIVE START-UP CIRCUIT FOR 
ACTIVATING A CHARGE PUMP 

FIELD OF THE INVENTION 

[0001] The present invention relates to DC/DC power 
supply controllers, and more particularly to regulated charge 
pump poWer converters for integrated poWer management 
systems. 

BACKGROUND 

[0002] Advances in electronics technology have enabled 
the design and cost-effective fabrication of portable elec 
tronic devices. Thus, usage of portable electronic devices 
continues to increase both in the number of products avail 
able and the types of products. Examples of the broad 
spectrum of portable electronic devices include pagers, 
cellular telephones, music players, calculators, laptop com 
puters, and personal digital assistants, as Well as others. 

[0003] The electronics in a portable electronic device 
generally require direct current (DC) electrical poWer. Typi 
cally, 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 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 required by the device. In 
addition, some portions of the electronics may operate at a 
different voltage level than other portions, requiring differ 
ent energy source voltage levels. Also, batteries are unable 
to respond quickly to rapid ?uctuations in current demand. 

[0004] 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. Inter 
posed 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, 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. 

[0005] 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 
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. 

[0006] 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 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. 

[0007] The poWer converter 20 may also regulate the 
output voltage VOUT, keeping it close to the desired output 
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voltage level and reducing rapid ?uctuations that may cause 
detrimental noise or cause undesirable performance of the 
load device 14. Such ?uctuations may occur due to changes 
in demand, induced noise from external electromagnetic 
sources, characteristics of the energy source 12, and/or noise 
from other components in the poWer supply 16. 

[0008] Although poWer converters 20 provide many ben 
e?ts, existing poWer converters 20 also place undesirable 
performance constraints on portable electronic devices 10. 
The speci?c attributes of generally knoWn poWer converters 
20 are discussed beloW along With the types of constraints 
generally encountered. 

[0009] Many generally knoWn poWer converters 20 are 
optimiZed for a speci?c energy source 12 and a speci?c load 
demand from the load device 14. The poWer converter 20 
may not accommodate, or only accommodate inef?ciently, 
variations in the voltage and current characteristics of the 
energy source 12 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, generally knoWn 
poWer converters 20 have a design that Will only operate 
Within a narroW range of input voltages, output voltages and 
poWer capacities. 

[0010] Additionally, as Will be discussed beloW With 
regard to FIG. 2, some poWer converters 20 achieve an 
acceptably regulated output voltage VOUT only through 
inef?cient voltage regulators. 

[0011] 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 converter 20 
may undesirably oscillate about the nominal output voltage 
VOUT. This voltage ripple VRIP is de?ned as the range of the 
oscillations about the nominal output voltage VOUT and may 
impair or preclude proper operation of the load device 14. 

[0012] Therefore, existing poWer converters 20 do not 
ef?ciently provide on demand the required poWer to a load 
device, nor adjust to variations in the energy source and load 
device to provide a stable VOUT. 

[0013] 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 compa 
rable to the output voltage demands of the load device 14, 
Which are 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 signi?cant, 
degrading or precluding operation of the poWer converter 
20. 

[0014] One implication of requiring an input voltage of 
greater than one volt is that an otherWise desirable single cell 
battery, or an alternative source of poWer, may be inappro 
priate as an energy source 12 for the device 10. For example, 
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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 signi?cant 
amount, and perhaps a majority of, their stored energy, 
Which is retrievable only at a sub-one volt level. Conse 
quently, 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 signi?cant amount of 
charge or “life” still left in them. Achieving additional 
service life by incorporating additional batteries into the 
device 10 increases the siZe and Weight of the device 10. 

[0015] Therefore, many existing poWer converters do not 
operate (or operate desirably) With a sub-one volt input 
voltage. 

[0016] Furthermore, even if a poWer converter 20 can 
continuously operate at a 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 con 
verter 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 continu 
ously operated once the minimum start-up input voltage is 
reached, thus consuming poWer, in order to enhance the 
amount of energy that is retrieved from the energy source 12. 

[0017] 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 over 
coming the additional input voltage requirement at start-up 
and in shortening the period of time required for the poWer 
converter 20 to reach its 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 ef?ciency 
of the poWer converter 20. 

[0018] Therefore, existing poWer converters 20 are gen 
erally incapable of starting With a sub-one volt input voltage, 
nor ef?ciently provide for start-up With a greater than one 
volt input voltage. 

[0019] Another draWback to the existing poWer converters 
20 is that they cannot efficiently provide the output voltage 
required With sub-micron integrated circuits. Integrated cir 
cuit 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 tech 
nologies (0.5 Zm and less) typically provide for devices that 
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 devel 
oped for providing these reduced operating voltages. 

[0020] For example, trends in microprocessor design high 
light the need and the 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 
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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 
smaller features, digital sWitching may be performed more 
quickly. Since sWitched components tend to generate heat in 
proportion to the rate in Which 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 
features. Reducing the operating voltage of the micropro 
cessor 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 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. 

[0021] As the feature siZe becomes smaller, the current 
carrying capability of each feature is also reduced. Conse 
quently, a loWer operating voltage provides for reducing this 
current so that the feature does not fail. 

[0022] 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 
material betWeen features that Would cause microprocessor 
failure. 

[0023] Therefore, a signi?cant 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 output voltage VOUT in 
the range of 0.8-1.6V. 

[0024] Still another draWback to existing poWer convert 
ers 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 cir 
cuit structures such as Silicon On Insulator (SOI) and 
Silicon On Metal (SOM). In some instances, miniaturiZation 
is not possible due to the number of discrete external 
components necessary that are not amenable to integrated 
circuit 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. 

[0025] In addition, the ef?ciency of generally knoWn 
poWer converters 20 results in an amount of heat generation 
that is not suitable for further miniaturiZation. 

[0026] Therefore, existing poWer converters 20 cannot be 
fabricated as an integrated circuit, especially embedded With 
a load device 14. 

[0027] Another draWback to conventional poWer convert 
ers is that they may emit undesirable amounts of electro 
magnetic interference (EMI) that must be controlled by 
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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. 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 gen 
erally has federally mandated limits on RF emissions that 
may be exceeded by a sufficiently high operating frequency. 

[0028] Therefore, it is also desirable that the poWer con 
verter 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. 

[0029] 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 of 
the draWback noted above. 

SUMMARY 

[0030] The invention overcomes the above-noted and 
other de?ciencies of the prior art by providing an apparatus 
and method for a dynamically controlled, intrinsically regu 
lated poWer converter that efficiently transfers poWer from 
an energy source as demanded by a load device. 

[0031] 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, 
the dynamic controller discharges a ?y 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 predetermined voltage 
level. Therefore, an inefficient doWnstream voltage regulator 
is not needed. 

[0032] 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 capaci 
tive poWer output stage. 

[0033] 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 progres 
sive startup sWitch that charges a startup capacitor When the 
dynamic controller is off. Once charged, the startup capaci 
tor in turn closes a poWer sWitch in the output stage to 
provide charge to the load capacitor CL until the load 
capacitor CL is sufficiently charged for the dynamic control 
ler to assume control of the poWer output stage. 

[0034] In yet a further aspect consistent With the inven 
tion, a poWer converter provides a predetermined output 
voltage, either increased or decreased (stepped up or doWn) 
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With respect to the input voltage. The poWer converter may 
?exibly provide an output voltage With intrinsic regulation 
insensitive to factors such as the input voltage and tempera 
ture so that a predetermined loW output voltages, for 
example 0.8-1.6 V or loWer, are efficiently provided. 

[0035] In yet an additional aspect consistent With the 
invention, an integrated poWer converter provides efficient 
and regulated poWer conversation, and thus generates little 
heat. In particular, the integrated poWer converter has inher 
ently 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 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 embed 
ded 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. 

[0036] These and other objects and advantages of the 
present invention shall be made apparent from the accom 
panying draWings and the description thereof. 

BRIEF DESCRIPTION OF THE FIGURES 

[0037] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, 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. 

[0038] FIG. 1 is a top-level block diagram of a portable 
electronic device incorporating a poWer supply With a poWer 
converter. 

[0039] FIG. 2 is a top-level block diagram of an oscillator 
controlled poWer converter (open-loop charge pump). 

[0040] FIG. 3 is a top-level block diagram of a dynami 
cally controlled, intrinsically regulated poWer converter. 

[0041] FIG. 4 is one embodiment of a circuit for a poWer 
output stage for the poWer converter of FIG. 3. 

[0042] FIG. 5 is another embodiment of a circuit for a 
poWer output stage for the poWer converter of FIG. 3. 

[0043] FIG. 6 is a voltage plot of boundary conditions for 
the maximum load condition for the poWer output stage of 
FIG. 5. 

[0044] FIG. 7 is a top-level block diagram of an embodi 
ment of a dynamically controlled poWer converter. 

[0045] FIG. 8 is a flow diagram for the operation of the 
poWer converter of FIG. 7. 

[0046] FIG. 9 is a flow diagram for the start-up operation 
of FIG. 8. 

[0047] FIG. 10 is a flow diagram for the dynamic opera 
tion of FIG. 8. 

[0048] FIG. 11 is an embodiment of a circuit for a poWer 
output stage for the poWer converter of FIG. 7. 

[0049] FIG. 12 is an embodiment of a poWer controller 
circuit for the poWer converter of FIG. 7. 
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[0050] FIG. 13 is an embodiment of a voltage reference 
circuit for the power controller of FIG. 12. 

[0051] FIG. 14 is an embodiment of a comparator circuit 
for the poWer controller of FIG. 12. 

[0052] FIG. 15 is a more detailed circuit for the compara 
tor circuit of FIG. 14. 

[0053] FIG. 16 is an embodiment of a timing controller 
circuit for the poWer controller of FIG. 12. 

[0054] FIG. 17 is an illustrative timing diagram for the 
timing control circuit of FIG. 16. 

DETAILED DESCRIPTION OF INVENTION 

POWER CONVERSION 

[0055] 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. 

[0056] For example, a linear regulator is one type of 
existing poWer converter. Linear regulators have an ef? 
ciency that is directly proportional to the ratio of the input 
voltage VS to the output voltage VOUT. Thus, an input 
voltage VS that is tWice the required output voltage VOUT 
Would result in about half of the poWer from an energy 
source 12 being inef?ciently consumed by the poWer con 
verter 20. Due to the loWer ef?ciency and resulting heat 
generation, linear regulators require a heat sink that often 
complicates or precludes integration into loW pro?le pack 
ages such as those complying With the PCMCIA speci?ca 
tion standard. Moreover, linear regulators generally require 
tWo discrete capacitors, further limiting reductions in siZe. 
Furthermore, linear regulators cannot step-up the input volt 
age VS and thus are inappropriate for certain applications. 
For example, a small portable electronic device 10 such as 
a hearing aid may bene?t from an inexpensive, single-cell 
alkaline battery that provides a voltage of 0.8-1.4 V. HoW 
ever, the load device 14, in this case the electronics of the 
hearing aid, may require 3.0 V. Linear regulators are unsuit 
able for such an application. 

[0057] Inductor-based poWer converters and capacitance 
only (“charge pump”) poWer converters are each capable of 
stepping up or stepping doWn an input 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 approaches such as placing multiple poWer convert 
ers 20 in parallel to combine their respective outputs, and 
thus the poWer consumed by the combination increases. 

[0058] Inductor-based poWer converters are typically cho 
sen over capacitance-only charge pump poWer converters 
for loW poWer applications (e.g., up to 200 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. Speci?cally, 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 
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electrical current levels 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 con 
verters are not readily further miniaturiZed. The inductor is 
also a “noisy” component that generates undesirable EMI. 

[0059] 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 purposes. Such a design does have 
an advantage of avoiding the integration problems and EMI 
problems of using an inductor. 

[0060] 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, requiring periodic checks to avoid under 
cooking or over cooking. Thus, cooking With a temperature 
probe is an example of dynamic, closed-loop control, insur 
ing 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). 

[0061] HoWever, open-loop charge pumps 20 are inef? 
cient and do not provide 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 inef?cient. 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 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 ef?ciencies are in the range of 30-90%, 
With the higher ef?ciencies achieved When the charge pump 
is operating at its designed maximum capacity to service a 
maximum demand by the load device. At loWer demand 
levels, the charge pump further incurs poWer losses When 
sWitching betWeen states unnecessarily. 

[0062] In addition, another disadvantage of oscillator 
based poWer converters 20 is that most require about three 
external capacitors, Which prevents integration and minia 
turiZation of the circuit. 

[0063] 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 predetermined and typically 
based on the anticipated peak demand at the load device. 

[0064] 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 ?y capacitor 
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CF, and one load (or storage) capacitor CL. The switch 
matrix 28 may be an integrated circuit Whereas generally 
knoWn ?y and load capacitors CF, CL are discrete compo 
nents. The sWitch matrix 28, responsive to the oscillator 
controller 26, couples the energy source 12, ?y capacitor CF 
and load capacitor CL into the charge con?guration and the 
discharge con?guration. 

[0065] Speci?cally, the sWitch matrix 28 includes four 
poWer sWitches M1-M4. The ?rst 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 ?rst terminal 
31 of the ?y capacitor CF. The second poWer sWitch M2 
closes in response to a discharge sWitch signal S2 from the 
oscillator controller 26, electrically coupling the ?rst termi 
nal 31 of the ?y capacitor CF to a ?rst terminal 32 (VINT) 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 ?y capacitor CF. The fourth poWer sWitch 
M4 closes in response to the discharge sWitch signal S2, 
electrically coupling the second terminal 34 of the ?y 
capacitor CF to the positive terminal 30 of the energy source 
12. 

[0066] In operation, the oscillator controller 26 turns on 
the charge sWitch signal S1 closing the ?rst and third poWer 
sWitches M1, M3, While turning off the discharge sWitch 
signal S2 opening the second and fourth poWer sWitches M2, 
M4. Thus, the load capacitor CL provides the unregulated 
output voltage, (or intermediate voltage VINT) and is elec 
trically disconnected from the ?y capacitor CF and the 
energy source 12. Also, the ?y capacitor CF is electrically 
placed in parallel to the energy source 12 and is thus charged 
to a ?y capacitor voltage that is less than or equal to the input 
voltage VS of the energy source 12. The amount of charge 
transferred to the ?y capacitor CF Will depend on several 
factors including Whether the ?y capacitor CF Was fully 
discharged, the amount of time the oscillator controller 26 
leaves the ?y capacitor CF in the charge con?guration, the 
electrical characteristics of the ?y capacitor CF, and the 
input voltage VS. For simplicity, it Will be assumed that the 
?y capacitor CF achieves a full charge and thus the ?y 
capacitor voltage VF is equal to VS at the end of the charge 
phase. 

[0067] The oscillator controller 26 Will then sWitch at a 
predetermined time to a discharge con?guration by turning 
off charge sWitch signal S1, opening the ?rst and third poWer 
sWitches M1, M3, and turning on discharge sWitch signal S2, 
closing the second and fourth poWer sWitches M2, M4. 
Thus, the ?y capacitor voltage VF (here assumed to be V5) 
is added to the input voltage VS of the energy source 12 by 
placing the ?y 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 ?rst 
terminal 31 of the load capacitor CL is charged to approach 
approximately tWice the input voltage VS. 

[0068] 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 ?y capacitor CF and load capacitor CL at the 
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beginning of the discharge phase, the input voltage V5, and 
the amount of poWer being draWn from the load capacitor CL 
by a load device 14 at VOUT. 

[0069] Consequently, the actual intermediate voltage VINT 
is typically 1.6 to 1.9 times the input voltage VS for each ?y 
capacitor CF. Achieving greater increases requires multiple 
?y capacitors CF, each electrically coupled in parallel With 
the 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 ?y 
capacitors CF. 
[0070] The doWnstream voltage regulator 22 is made 
necessary to limit, typically by stepping doWn, the unregu 
lated intermediate voltage VINT from the oscillator-based 
poWer converter 20 to the desired regulated output voltage 
VOUT. 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-con 
trolled poWer converter 20, rather than integral aspect of the 
poWer converter 20. 

[0071] Consequently, the capacitance-only poWer supply 
16 consumes electrical energy from the sWitching of the 
sWitch matrix 28, the constantly operating oscillator con 
troller 26, as Well as the poWer consumed by the voltage 
regulator 22. The poWer consumption by the voltage regu 
lator 22 is especially 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. 

DYNAMIC CONTROL IN A POWER 
CONVERTER 

[0072] In reference to existing poWer converter 20 dis 
cussed above, one embodiment of the invention is noW 
described. Referring to FIG. 3, a poWer 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 termi 
nals 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 input voltage V5, and the transfer and 
storage characteristics of the poWer converter 40. 

[0073] 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 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 
eliminating the added complexity and poWer consumption of 
a typical separate voltage regulator 22, as discussed With 
regard to FIG. 2. 

[0074] The poWer converter 40 includes a poWer output 
stage 44 that transfers the charge to the load device 14 and 
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a power controller 46 coupled to the poWer output stage 44 
to responsively command the appropriate amount of charge 
to be transferred. 

[0075] 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 relation to its stored charge. The poWer output stage 
44 also incorporates a ?y capacitor CF for transferring 
charge from the energy source 12 to the load capacitor CL. 
Capacitors for the load capacitor CL and ?y 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 a sWitch 
matrix 48 coupled to the ?y capacitor CF, load capacitor CL, 
and energy source 12 for con?guring 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 ?y capacitor CF in parallel electrically to the energy 
source 12 to charge the ?y 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 ?y capacitor CF. 

[0076] During the discharge phase, the sWitch matrix 48 is 
adapted to discharge the “stacked up” voltages of the energy 
source 12 and ?y capacitor CF placed 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. 

[0077] It Will be appreciated that in some applications the 
poWer output stage 44 is capable of stepping doWn (decreas 
ing) the input voltage VS With the same con?guration as 
shoWn in FIG. 3. The sWitch matrix 48 may be sWitched so 
that only the ?y capacitor CF alone With its ?y capacitor 
voltage VF is coupled across the load capacitor CL during the 
discharge phase. Typically the ?y capacitor CF has a smaller 
storage capacity than the load capacitor. Thus, each dis 
charge phase is insuf?cient alone to overcharge the load 
capacitor, especially given the dynamic control to be dis 
cussed in more detail beloW. By contrast, conventional 
poWer converters 20 are con?gured in advance for stepping 
up the output voltage by con?guring the ?y capacitor CF and 
energy source 12 to couple in series during the discharge 
phase. Altering the con?guration in advance to step doWn 
With only the ?y capacitor CF coupling during the discharge 
phase fails to achieve the ?exibility of having a dynamic 
controller 50 capable of recon?guring as needed to achieve 
the desired output voltage VOUT. 

[0078] 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. 

[0079] 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 
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skilled in the art, having the bene?t of the instant disclosure, 
should recogniZe application to inverting poWer converters 
40. 

[0080] 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 ?rst control loop 56 is formed by 
the output voltage VOUT from output terminal 42 being 
provided as feedback to the dynamic 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 reference 52. One suitable VREF 
may be provided by the energy source 12 if it is suf?ciently 
voltage stable to simplify the voltage reference 52 (e.g., 
lithium batteries are voltage stable). Thus, the voltage ref 
erence 52 may then be provided by a voltage divider or 
multiplier of the input voltage VS to achieve the desired 
reference voltage VREF. 

[0081] For certain applications of the invention, the ?rst 
control loop 56 alone is sufficient for dynamic control of the 
poWer transfer of the poWer converter 40 to achieve a 
regulated output voltage VOUT. 
[0082] In addition to the ?rst 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 ?y capacitor CF is sensed as a ?y capacitor voltage VF 
by the dynamic controller 50. Thus, any discharge of the ?y 
capacitor CF upon demand may be predicated upon the ?y 
capacitor CF ?rst reaching an optimum state of charge, 
approximately 80%. The optimum state of charge exists 
because undercharging the ?y capacitor CF results in unnec 
essary sWitching losses and overcharging the ?y capacitor 
CF unnecessarily limits the rate of poWer transfer. 

[0083] Regarding unnecessary sWitches losses, dynamic 
control of the sWitch matrix 48 achieves efficiency in part as 
described With the ?rst 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 ?xed rate even When not neces 

sary. Additional ef?ciency in the dynamic control of the 
sWitch matrix 48 is realiZed by remaining in the charge 
phase long enough for the ?y capacitor CF to acquire a 
signi?cant 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 dissipate poWer in relation 
to this increased operating frequency. Consequently, the 
second control loop 58 senses the voltage level of the ?y 
capacitor CF to avoid undercharging during the charge 
phase, and thus avoid unnecessary sWitching losses. 

[0084] OptimiZing the charge on the ?y capacitor CF also 
includes avoiding overcharging. Capacitors are character 
iZed by their rate of charging as a function of time. Speci? 
cally, as capacitors approach a fully charged condition, 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 ?y capacitor CF tWice to 



US 2001/0033501 A1 

45% than to charge the ?y capacitor CF once to 90%, even 
though the same amount of charge Would be accepted by the 
?y 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 ?y capacitor 
CF misses an opportunity to transfer more poWer. 

[0085] It should be appreciated that the optimum level of 
charge may be determined empirically and/or analytically as 
Would be apparent to those skilled in the art. 

[0086] 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 
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 termi 
nals 42, 43) the poWer converter 40 due to unsafe conditions 
or performance limiting conditions sensed in the energy 
source 12. For example, a 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 upon control loop 60. 

[0087] 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 approximately the same. An increased 
output current IL is achievable by having tWo paths provid 
ing current to output terminals 42, 43. 

[0088] As a further example, the ?y 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 pro 
gressive start-up circuit, an example being described beloW. 

[0089] 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 environ 
mental controller 64. The environmental controller 64 
senses a control parameter 66 and provides a command 68 
to the dynamic controller 50 for altering the predetermined 
value for the output voltage VOUT. For example, the envi 
ronmental controller 64 may sense that the dynamic con 
troller 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 environmen 
tal controller 64 may be adapted to sense an unstable 
operating 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. 

[0090] As another example, the adaptive control loop 62 
may include a control signal Sc that is input to the environ 
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mental 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 an adjusted 
output voltage VOUT from the poWer converter 40. As 
another example, the output control signal Sc may be a 
recon?guration 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 command to preclude damaging 
a load device 14. For example, the load device 14 may fail 
under high current, and thus, limits may be imposed to 
preclude this occurrence. 

[0091] 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 the sWitch matrix 
48, as represented by sWitch signals S1, S2, and S3 to SN, as 
Will be discussed in more detail beloW. 

[0092] It should be appreciated that the ?y capacitor CF 
and the load capacitor CL are illustrative of charge storage 
and transfer components and may represent discrete capaci 
tors or integrated circuit capacitor arrays. 

[0093] Moreover, due to the ?exibility of the dynamic 
controller 50, the ?y capacitor CF and load capacitor CL may 
include various levels of storage capability, such as With 
small capacitors (e.g., ceramic, chip thick ?lm, tantalum, 
polymer) and large capacitors (e.g., ultra-capacitors, pseudo 
capacitors, double-layer capacitors). The amount of capaci 
tance is re?ective of the amount of storage capability. Thus, 
providing the same amount of energy transfer requires either 
that small doses of charge be transferred from a small ?y 
capacitor CF With a high operating frequency or that larger 
doses of charge be transferred more sloWly. Thus, the poWer 
converter 40 is ?exible in that the same dynamic controller 
50 may control various poWer output stages 44, as Will be 
discussed in 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. 

[0094] It should further be appreciated that the energy 
source 12 may include 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. 

[0095] As another example, poWer converters 40 consis 
tent With the invention may be used advantageously in 
electronic devices poWered by other poWer supplies. For 
example, a device receiving its poWer from a standard 
alternating 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 micro 
processor may be operating at 2.2 V Whereas 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. 
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CAPACITIVE CHARGE PUMP OUTPUT STAGE 

[0096] 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 con?gurable to be both inverting 
and noninverting. Four sWitches M1, M2, M3, M420 are 
used to sWitch the energy source 12, such as a DC source, 
and a suitable ?y capacitor CF betWeen a charge phase and 
a discharge phase With respect to a load capacitor CL, as Was 
described for FIG. 2. Speci?cally, 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 ?rst terminal 31 of the ?y capacitor CF and 
M3 couples a second terminal 34 of the ?y capacitor CF to 
ground. SWitches M2 and M4 are open during the charge 
phase. 
[0097] 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 ?y capacitor CF 
are placed into series arrangement by sWitches M2 and M4 
closing in response to sWitch signal S2. Thus, the ?rst 
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. 

[0098] Recon?guration sWitch signals S3 and S4 control 
in What sense the series combination of ?y capacitor CF and 
energy source 12 are placed across load capacitor CL so that 
the poWer output stage 44 may be operated in either invert 
ing or noninverting mode. A noninverting mode means that 
the output voltage VOUT is provided at the positive output 
terminal 42 (VOUT+) and negative output terminal 43 
(VOUT_) is generally referenced to ground. An inverting 
mode means that the output voltage VOUT is provided at the 
negative output terminal 43 (VOUT_) and is of the opposite 
algebraic sign as the input voltage VS of the energy source 
12. The positive output terminal 42 (VOUT+) is then gener 
ally referenced to ground. The (positive polarity) ?rst ter 
minal 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 negative output terminal 43 
(VOUT—) 
[0099] Noninverting mode is performed With the poWer 
output stage 44 by closing recon?guration sWitches M5 and 
MS with signal S3 and opening recon?guration sWitches M6 
and M7 With signal S4. Overlap in the commands of signals 
S3 and S4 is avoided to prevent either sWitch M5 or MS 
being closed simultaneously With either sWitch M6 or M7, 
to thereby prevent inadvertently shorting the load capacitor 
CL. Thus, noninverting mode results in a ?rst, (positive 
polarity) ?rst terminal 32 of the load capacitor being coupled 
by the closing of sWitch M5 to the ?rst terminal 31 of the ?y 
capacitor CF via sWitch M2. The (negative-polarity) second 
terminal 35 of the load capacitor CL is referenced to by the 
closing of sWitch M8. 

[0100] Inverting mode is performed With the poWer output 
stage 44 by opening recon?guration sWitches M5 and MS 
with signal S3 and closing recon?guration 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 ?rst terminal 32 referenced to ground by the closing of 
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sWitch M7, and thus positive output terminal 42 (VOUT+) is 
referenced to ground. The second terminal 35 of the load 
capacitor CL is coupled by the closing of sWitch M8 to the 
?rst terminal 31 of the ?y capacitor CF via sWitch M2. 

[0101] It should be appreciated that recon?guring a poWer 
output stage 44 alloWs 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 supply based on the recon?gurable poWer output 
stage 44 Would alloW replacing both 78XX (noninverting) 
and 79XX (inverting) microchips (e. g., packaged in TO-220, 
TO-3, SO8-TSOP-8, SOT23, SOT223, etc., types of pack 
aging) With only one microchip. Replacing tWo types of 
devices With one advantageously alloWs for more economi 
cal manufacturing and simpli?es inventory control. 

[0102] In addition, the environmental controller 64 of the 
poWer converter 40 may automatically con?gure the poWer 
output stage 44 for the appropriate mode, inverting or 
noninverting, based on an external parameter Sc or internal 
parameter 66. Thus, more ?exibility is provided for a 
portable electronic device 10 during the design process or 
during operation by incorporating a poWer controller 46 
readily recon?gured 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 con?guring 
sWitches M5-M8. Alternatively, recon?gurable sWitches 
M5-M8 may comprise pins of the microchip that may be 
externally closed. 

[0103] It should further be appreciated that various other 
poWer output stages 44 consistent With the invention may be 
used. For example, tWo or more ?y 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, 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 posi 
tive output voltage, reference to ground, at the positive 
output terminal 42. Simultaneously, another portion of the 
poWer converter 40 provides a dynamically controlled, 
intrinsically voltage regulated negative output voltage, ref 
erenced to ground, at the negative output terminal 43. 

[0104] It should be appreciated that another sWitch matrix 
48 consistent With the invention may recon?gurably step 
doWn the output voltage VOUT, in either noninverted or 
inverted form. For example, When stepping doWn (decreas 
ing) the output voltage VOUT With respect to the input 
voltage VS, the ?y capacitor CF alone may be coupled across 
the load capacitor CL. Consequently, a poWer converter 40 
con?gured to step doWn the voltage may permanently 
couple the second terminal 34 of the ?y capacitor CF to 
ground, or be recon?gured by keeping sWitch M3 closed and 
sWitch M4 open, regardless of Whether in charge or dis 
charge phase. Thus, during the charge phase, the ?y capaci 
tor CF is coupled electrically across the energy source 12 so 
that it is charged. During the discharge phase, the ?y 
capacitor CF only (i.e., Without energy source 12) is coupled 
electrically across the load capacitor CL. 

[0105] As an additional example, other modi?cations 
Would alloW for inverting the input voltage VS When the 
magnitude of the output voltage VOUT is less than the 
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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 ?rst 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 ?y capacitor CF is charged 
across the energy source 12 as described above. During the 
discharge phase, the ?y capacitor CF alone is coupled across 
the load capacitor CL as described above for a noninverting 
step doWn con?guration. Since the positive output terminal 
VOUT+42 is electrically coupled to ground, the negative 
output terminal VOUT_43 Will be dynamically controlled. 

ANALYSIS OF DYNAMICALLY CONTROLLED 
CHARGE PUMP 

[0106] 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. 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 V5, and the load device 14 that 
accepts a current load IL. Unlike FIG. 2, no voltage regu 
lator 22 is depicted. The poWer output stage 44 is con?gured 
With load capacitor CL, ?y capacitor CF, and four poWer 
sWitches M1-M4 as described above for FIG. 2. In order to 
illustrate the advantages of 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 ef?ciently sWitched. The poWer 
controller 46 divides the operation of the charge pump into 
tWo phases: charge and discharge. Thus, the terms “charge” 
and “discharge” refer to the ?y capacitor CF. During the 
charge phase, the input voltage VS charges the ?y capacitor 
CF, and the load capacitor CL supplies poWer to the load. 
During the discharge phase, charge ?oWs from the ?y 
capacitor CF to both the load and load capacitor CL. Thus, 
the terms “charge” and “discharge” refer to the ?y capacitor 
CF. TWo parameters affect the operation of the charge pump: 

[0107] 1. e—The fraction of the input voltage VS to 
Which the ?y capacitor CF is charged, Where 0<e<VS. 

[0108] 2. TDIS—The minimum amount of time that 
the ?y capacitor CF is discharged to boost the output 
voltage VOUT. 

[0109] The boundary conditions for the poWer output 
stage 44 that must be satis?ed to supply the maXimum load 
current IL are shoWn in FIG. 6. The output voltage VOUT 
drops as the ?y capacitor CF is charged during the charge 
phase. 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. 

[0110] 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 or Whether a load device 14 is present. Furthermore, 
the analysis assumes a ?rst and second control loop 56, 58 
implementation Wherein the state of charge is monitored for 
both the load capacitor CL and ?y capacitor CF respectively. 
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Moreover, a load voltage VL across the load capacitor CL 
Will be used interchangeably With the output voltage VOUT. 

[0111] During startup, the poWer output stage 44 goes 
through many charge-discharge phases until the output volt 
age 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 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 
?y capacitor CF is charged until its voltage VF reaches a 
fraction of the input voltage eVS at time (t)=a. After CF has 
been 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 suf?cient time for the dis 
charge of the ?y capacitor CF. After this minimum discharge 
time, the poWer output stage 44 remains in the discharge 
phase While VOUT>VREF. Since this analysis 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. 

[0112] A dead time delay TDEL betWeen time (t)=a and 
time (t)=b occurs betWeen the charge and discharge phases 
With the sWitches M1-M4 all open to eliminate any possi 
bility 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 time, the ?y capacitor CF is shorted, degrading per 
formance and possibly causing damage due to heat genera 
tion. 

[0113] 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 TDIS, an opportunity 
eXists to remain in the discharge phase. Unnecessary (and 
thus inef?cient) sWitching back to the charge phase is 
delayed as appropriate. Similarly, sensing When the ?y 
capacitor CF is charged similarly avoids unnecessary sWitch 
ing 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. 

[0114] For applications utiliZing a battery as an energy 
source 12, the poWer output stage 44 of the invention 
advantageously may satisfy several performance constraints 
over the lifetime of the battery While maXimiZing battery 
ef?ciency. Increasing the ef?ciency 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 voltage ripple VRIP. The output voltage ripple VRIP is 
the range of the ?uctuation 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 the 
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charge pump. Some of the objectives are con?icting. For 
example, although a high operating frequency reduces the 
output voltage ripple VRIP, it also reduces the ef?ciency of 
the poWer output stage 44. OptimiZing thus requires ?nding 
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 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 con 
straints. The folloWing illustrates optimiZing the poWer 
output stage 44 With poWer sWitches M1-M4 and typical 
poWer requirements. 

[0115] 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 ?xed parameters 
during the charge and discharge cycles of the poWer output 
stage 44. The ?xed parameters include the input voltage VS, 
resistance of poWer sWitches M1-M4, capacitance values CF 
and CL, and the reference voltage VREF. Although the input 
voltage VS may change over time, the Worst case analysis 
assumes that it is ?xed at its loWest expected value during its 
lifetime. Some of the other ?xed parameters are ?xed 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 e and TDIS. By evaluating boundary condi 
tions, speci?c solutions for the equations can be found. The 
boundary conditions are selected such that the load current 
IL is the maximum possible for the current set of ?xed and 
variable parameters. The solutions for the differential equa 
tions can then be solved for the maximum load current IL 
that can be supplied for a speci?c 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 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 ef?ciency 
of the poWer output stage 44 can then be maximiZed over 
this subset of parameter values, providing ef?ciency While 
satisfying the minimum performance constraints. 

[0116] During the discharge phase, the voltage across CF 
and CL are: 

CL l 

CF 
VOUT = (Vs + VFo — VLo) — C—ILRDIS L + CF 

A _ CL+CF 

DIS _ RDISCLCF 

[0118] and VFO and VLO are the initial ?y capacitor volt 
age VFO and load voltages VLO at the start of the discharge 
cycle. When the ?y capacitor CF is being charged, the load 
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capacitor CL is being discharged. During the charge phase, 
the voltage across CF and CL are: 

[0119] Where: 

1 
A = — 

CHG RCHGCF 

[0120] The initial ?y and load voltages VF, VL are at the 
start of the charge phase. 

[0121] 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 ?nding this 
solution using the boundary conditions illustrated in FIG. 6 
is as folloWs. A charge time TCHG is found by evaluating the 
folloWing equation: 

B(TcHc + TDIS + 2TDEL) 

[0122] Where: 

A=(1_€)VX 

[0123] 

L i 

B : mm +5WS _ VREF](1— e l1DISTDIS) 

CF 
C :1- — l- TADISTDIS 

CL + CF( ‘3 ) 

CL CF [A T CL 
D:——R C l— DISDIS T 

CL+CFCL+CF DIS F( ‘2 )+CL+CF 013+ 

ZCTDEL 

[0124] 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 ?xed and variable 
parameters. 

[0125] With TCHG knoWn, the maximum load current IL 
for the current value of the parameters is given by: 

I: 
L cL+cF 

— CF RDISCF(1_5TADISTDIS)+ This] 
CL + CF 

[0126] The voltage across the ?y capacitor VF at the end 
of the discharge phase is: 




















