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POWER CONVERTER WITH CAPACITIVE becomes possible to integrate portions of the converter with 
ENERGY TRANSFER AND FAST DYNAMIC a microprocessor load in some cases . These opportunities 

RESPONSE arise from the ability to use fast , low - voltage , process 
compatible transistors in the power converter . At higher 

CROSS REFERENCE TO RELATED 5 input voltages and wider input voltage ranges , much lower 
APPLICATION switching frequencies ( on the order of a few MHz and 

below ) are the norm , due to the need to use slow extended 
This application is a continuation of U.S. application Ser . voltage transistors ( on die ) or discrete high - voltage transis 

No. 16 / 146,028 , filed Sep. 28 , 2018 , which is a continuation tors . This results in much lower control bandwidth , and 
of U.S. application Ser . No. 15 / 585,676 , filed May 3 , 2017 10 large , bulky passive components ( especially magnetics ) 
( now abandoned ) , which is a continuation of Ser . No. which are not suitable for integration or co - packaging with 
14 / 708,903 , filed May 11 , 2015 now U.S. Pat . No. 9,667 , the devices . 

139 , which is a continuation of U.S. application Ser . No. Another conversion approach that has received a lot of 
14 / 251,917 filed Apr. 14 , 2014 now U.S. Pat . No. 9,048,727 , attention for low - voltage electronics is the use of switched 
which is a continuation of U.S. application Ser . No. 13/599 , 15 capacitor ( SC ) based DC - DC converters . This family of 
037 filed Aug. 30 , 2012 now U.S. Pat . No. 8,699,428 , which converters is well - suited for integration and / or co - packaging 
is a continuation of U.S. application Ser . No. 13 / 487,781 passive components with semiconductor devices , because 
filed Jun . 4 , 2012 now U.S. Pat . No. 8,643,347 , which is a they do not require any magnetic devices ( inductors or 
continuation of application Ser . No. 12 / 437,599 filed May 8 , transformers ) . An SC circuit includes of a network of 
2009 now U.S. Pat . No. 8,212,541 , which claims the benefit 20 switches and capacitors , where the switches are turned on 
of U.S. Provisional Application No. 61 / 051,476 filed May 8 , and off periodically to cycle the network through different 
2008 under 35 U.S.C. $ 119 ( e ) all of which applications are topological states . Depending upon the topology of the 
hereby incorporated herein by reference in their entireties . network and the number of switches and capacitors , efficient 

step - up or step - down power conversion can be achieved at 
GOVERNMENT RIGHTS 25 different conversion ratios . An example of a step - down SC 

topology is shown in FIG . 1 , which has an ideal conversion 
This invention was made with Government support under ratio M = V.N = 2 . When switches Sai and SA2 are closed , the 

Grant No. SC001-0000000124 awarded by the Department capacitors are charged in series as illustrated in FIG . 1A , and 
of Defense . The Government has certain rights in this when switches Ski and SB2 are closed , the capacitors are 
invention . 30 discharged in parallel as illustrated in FIG . 1B . 

SC DC - DC converters have been described in prior art 
FIELD OF THE INVENTION literature for various conversion ratios and applications , and 

the technology has been commercialized . These types of 
The circuits and techniques described herein relate gen converters have found widespread use in low - power battery 

erally to power converters and more particularly to power 35 operated applications , thanks to their small physical size and 
converters having a capacitive energy transfer and a fast excellent light - load operation . 
dynamic response . There are , however , certain limitations of the switched 

capacitor DC - DC converters that have prohibited their wide 
BACKGROUND OF THE INVENTION spread use . Chief among these is the relatively poor output 

40 voltage regulation in the presence of varying input voltage 
The advent of portable electronics and low - voltage digital or load . The efficiency of switched capacitor converters 

circuitry has resulted in a need for improved DC - DC con drops quickly as the conversion ratio moves away from the 
verters . DC - DC converters that can provide a low voltage ideal ( rational ) ratio of a given topology and operating 
output ( < 2 V ) regulated at high bandwidth , while drawing mode . In fact , in many topologies the output voltage can 
energy from a higher , wide - ranging input voltage ( e.g. , 45 only be regulated for a narrow range of input voltages while 
typically about a 2 : 1 range ) are particularly useful for maintaining an acceptable conversion . Another disadvan 
supplying battery - powered portable electronics . The size , tage of early SC converters is discontinuous input current 
cost , and performance advantages of integration make it which has been addressed in some prior art approaches . 
desirable to integrate as much of the DC - DC converter as These new techniques , however , still suffer from the same 
possible , including control circuits , power switches , and 50 degradation of efficiency with improved regulation as pre 
even passive components . Moreover , it is often desirable , if vious designs . 
possible , to integrate the power converter or portions thereof One means that has been used to partially address the 
with the load electronics . limitations of switched - capacitor converters is to cascade a 
One common approach is the use of a switched - mode switched capacitor converter having a fixed step - down ratio 

power converter in which energy is transferred from the 55 with a linear regulator or with a low - frequency switching 
converter input to output with the help of intermediate power converter having a wide input voltage range to 
energy storage in the magnetic field of an inductor or provide efficient regulation of the output . Another approach 
transformer . Such magnetics based designs include synchro that has been employed is to use a switched - capacitor 
nous buck converters , interleaved synchronous buck con topology that can provide efficient conversion for multiple 
verters , and three - level buck converters . Designs of this type 60 specific conversion ratios ( under different operating modes ) 
can efficiently provide a regulated output from a variable and select the operating mode that gives the output voltage 
input voltage with high - bandwidth control of the output . that is closest to the desired voltage for any given input 

For magnetics - based designs operating at low , narrow voltage . None of these approaches , however , are entirely 
range input voltages , it is possible to achieve extremely high satisfactory in achieving the desired levels of performance 
switching frequencies ( up to hundreds of Megahertz ) , along 65 and integration . 
with correspondingly high control bandwidths and small A challenge , then , is to achieve the small size and ease of 
passive components ( e.g. , inductors and capacitors ) . It also integration often associated with SC - based power converters 
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while maintaining the high - bandwidth output regulation and current range is provided . The transformation stage provides 
high efficiency over a wide input voltage range associated power conversion at multiple distinct conversion ( or trans 
with magnetics - based designs . formation ) ratios as a function of input voltage . For 

example , the conversion ratio of the transformation stage 
SUMMARY OF THE INVENTION 5 may be selected from among the allowed set of conversion 

ratios to keep the intermediate voltage as close to a desired 
A converter circuit and related technique for providing reference voltage or as large as possible below some speci 

high power density power conversion includes a reconfigu fied voltage . In some cases , the transformation ratio of the 
rable switched capacitor transformation stage coupled to a transformation stage may also be selected based on a desired 
magnetic converter ( or regulation ) stage . One objective of 10 or actual system output voltage . For example , the reference 
the circuits and techniques described herein is to provide voltage for the intermediate voltage ( at the output of the 
high power density power conversion circuits which convert transformation stage ) may be set based on the desired output 
an input voltage to an output voltage . In some cases , the system voltage . In these designs , the conversion ( i.e. the 
circuit converts input voltages to output voltages which are transformation ) ratios are provided as a function of input 
lower than the input voltages and with a fast transient 15 voltage such that an intermediate voltage provided at an 
response . In some cases , the circuits and techniques can output of the transformation stage varies over a range of 
achieve high performance over a relatively wide input voltages which is smaller ( ratio ) than the range of voltages 
voltage range . This type of converter can be used to power over which the input voltage varies . 
logic devices in portable battery operated applications , for In another aspect of the concepts described herein , by 
example , which often experience wide input voltage ranges . 20 providing the transformation stage as a reconfigurable 
In other cases it may be desirable to operate the power switched capacitor converter with multiple transformation 
converter circuit so as to provide a relatively wide range of ratios , the converter can better supply a range of output 
output voltages . This type of converter could be used to voltages while maintaining high - efficiency operation . In 
power digital circuits with dynamic voltage scaling , or for some cases , the range of output voltages may be narrower 
supplying power to polar RF power amplifiers , for example , 25 than the input voltage range while in other cases the range 
where wide output voltage ranges are commonly required . of output voltages may be wider than the input voltage 

Conventional ( e.g. magnetic - based ) power converters range . The transformation stage provides power conversion 
must typically employ semiconductor switches that are rated at multiple distinct conversion ( or transformation ) ratios as 
for voltages similar in size to the input voltage . These a function of the desired or actual output voltage . For 
relatively high - voltage blocking devices are inherently 30 example , the conversion ratio of the transformation stage 
slower than lower - voltage devices , and suffer from a higher may be selected from among an allowed or available set of 
on - state resistance or larger gate capacitance which both conversion ratios to maintain an intermediate voltage ( e.g. a 
reduce overall efficiency . It would thus be desirable to have voltage or range of voltages provided at the output of the 
a converter that provides high efficiency and fast regulation transformation stage and at the input of the regulation stage ) 
of the output over a wide input voltage range . Such a 35 as close to a desired factor more than the output voltage 
converter that combines the strengths of the SC techniques ( e.g. , twice the desired output voltage ) while not having the 
( ease of integration , light - load performance ) with the high intermediate voltage exceed an allowed voltage limit or 
efficiency and good regulation of conventional switched range on the input of the regulation stage . In this manner , the 
mode power converters would be a significant improvement regulation stage can operate over a voltage conversion ratio 
over conventional designs . 40 range that is narrower than the range over which the desired 

In accordance with the circuits and techniques described output voltage varies , enabling better design of the regula 
herein , a power converter circuit includes a reconfigurable tion stage . In some cases , the transformation ratio of the 
switched capacitor transformation stage adapted to accepta transformation stage may also be selected based upon the 
input voltage at input terminals thereof and provide power system input voltage . In these designs , the conversion ( i.e. 
conversion at multiple distinct conversion ratios and provide 45 the transformation ) ratios of the transformation stage are 
an intermediate output voltage ( or more simply , an interme provided as a function of the output voltage or output 
diate voltage ) at output terminals thereof wherein the trans voltage reference such that an intermediate voltage provided 
formation stage is controlled as a function of input voltage at an output of the transformation stage varies over a range 
such that the intermediate voltage is smaller than the input of voltages which is smaller ( ratio ) than the range of 
voltage and varies over a much smaller range ( ratio ) than the 50 voltages over which the desired output voltage varies . Thus , 
input voltage . The power converter circuit further includes a while the circuit architecture described herein can be used in 
regulation stage coupled to receive the intermediate output applications where it is necessary to handle a wide - range 
voltage provided by the reconfigurable switched capacitor input voltage , the circuit architecture described herein is also 
transformation stage and to provide an output voltage at a valuable for handling wide - range - outputs . Modern digital 
pair of regulation stage output terminals . 55 electronics often operate dynamically over a range of output 

With this particular arrangement , a reconfigurable voltages , and thus it may be desirable to provide a single 
switched capacitor converter which can provide efficient converter to handle a range of desired output voltages . 
power conversion multiple distinct conversion ratis Thus , a controller for providing control signals to 
provided . By providing the transformation stage as a recon switches in one or both transformation and regulation stages 
figurable switched capacitor converter with multiple trans- 60 can utilize either or all of an input voltage , an output voltage 
formation ratios , the intermediate voltage provided to the and an intermediate voltage to determine what control 
regulation stage is smaller than the input voltage and varies signals to provide to switching elements within transforma 
over a much smaller range ( ratio ) than the input voltage . tion or regulation stages and thus control the operation of the 
Thus , the regulation stage may operate as a low voltage transformation and regulation stages . 
regulation stage capable of relatively high switching fre- 65 In another aspect , the transformation stage and regulation 
quencies . Thus a converter able to accept a relatively large stage each include two or more switches . The switches in the 
input voltage range and provide a relatively large output regulation stage are selected to operate at a switching 
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frequency which is higher than the switching frequency of ( e.g. a low - voltage magnetics based converter ) . The high 
the switches in said transformation stage . This benefits the frequency switching converter runs at a switching frequency 
efficiency , power density and control bandwidth of the far higher than that of the switched - capacitor circuit and 
converter . For a given switching frequency at small size recovers the energy that is normally dissipated in parasitic 
scales , the power density of a switched capacitor converter 5 resistances when charging and / or discharging the capacitors . 
can be much higher than that of a magnetic converter . The high - frequency switched converter can also provide 
Moreover , a ( low - voltage ) magnetic converter stage can be high - bandwidth regulation of the converter system output . 
efficiently switched at a much higher frequency than a The circuit can be configured such that the difference 
( high - voltage ) switched capacitor converter stage . Thus , between the input voltage and the sum of the charging 
operating the SC transformation stage at low frequency and 10 capacitor voltages appears across the input terminals of the 
operating the magnetic regulation stage at high frequency fast switching converter . Because this voltage is substan 
provides the best combination of system efficiency and tially lower than the switched - capacitor circuit input volt 
power density . Moreover , as the switching frequency of the age , the auxiliary regulating converter can utilize fast , 
regulation stage sets the overall control bandwidth , low - breakdown semiconductor switches that enable fast 
increased frequency of the regulation stage as compared to 15 operation and regulation . By making the apparent input 
the transformation stage enables provision of fast transient resistance of the auxiliary converter higher than the equiva performance while maintaining high efficiency . lent series resistance ( ESR ) of the switched - capacitor and 

In accordance with a further aspect of the circuits and the SC circuit semiconductor switch resistances , a majority 
techniques described herein , a power converter circuit of the energy usually lost in capacitor - charging can be 
includes a switched capacitor circuit coupled to an auxiliary 20 recovered . Both of these embodiments allow for a sub 1 V 
high - frequency converter wherein the high - frequency dc output with high - bandwidth control of the output . 
switching converter switches at a switching frequency In accordance with a still further aspect of the concepts 
higher than that of said switched - capacitor circuit and recov described herein , an integrated CMOS circuit includes a 
ers energy normally dissipated when charging capacitors of reconfigurable switched capacitor transformation stage hav 
said switched capacitor circuit . 25 ing a transformation stage input port and a transformation 

With this particular arrangement , a switched capacitor stage output port and comprising one or more CMOS 
converter which can provide efficient power conversion at is switches and one or more discrete or integrated storage 
provided . This switched capacitor converter may provide elements , said transformation stage configured to accept an 
efficient conversion at one conversion ratio or in other input voltage at the transformation stage input port and 
designs at multiple distinct conversion ratios . The high- 30 provide an intermediate voltage at the transformation stage 
frequency switching converter runs at a switching frequency output port ; and a regulation stage having a regulation stage 
far higher than that of the switched - capacitor circuit and input port and a regulation stage output port and comprising 
recovers the energy that is normally dissipated when charg one or more CMOS switches implemented as base transis 
ing and / or discharging the capacitors . The high - frequency tors of a CMOS process and one or more discrete or 
switched converter can also provide high - bandwidth regu- 35 integrated storage elements , said regulation stage configured 
lation of the converter system output . The circuit can be to accept the intermediate voltage provided by said recon 
configured such that the difference between the input voltage figurable switched capacitor transformation stage and con 
and the sum of the charging capacitor voltages appears figured to provide an output voltage at the regulation stage 
across the input terminals of the fast switching converter . output port . In a preferred embodiment , the switches in said 
Because this voltage is substantially lower than the 40 CMOS reconfigurable switched capacitor transformation 
switched - capacitor circuit input voltage , the auxiliary regu stage and said CMOS regulation stage are provided in a 
lating converter can utilize fast , low - breakdown semicon single CMOS process . It should be appreciated that in some 
ductor switches that enable fast operation and regulation . By embodiments , storage elements ( e.g. capacitors ) in one or 
making the apparent input resistance of the auxiliary con both of the reconfigurable switched capacitor transformation 
verter higher than the ESR of the switched - capacitor and the 45 stage and / or the regulation stage may not be integrated onto 
SC circuit semiconductor switch resistances , a majority of the integrated circuit while in other embodiments , the stor 
the capacitor - charging energy can be recovered . Both of age elements in one or both of the reconfigurable switched 
these embodiments allow for a sub 1 V dc output with capacitor transformation stage and the regulation stage may 
high - bandwidth control of the output . be integrated onto the integrated circuit along with the 

Thus , described herein are two embodiments , each of 50 switches . 
which takes advantage of both switched capacitor and In accordance with a still further aspect of the concepts 
magnetics - based switching regulator technology . The first described herein a power converter circuit includes a 
embodiment combines a high efficiency reconfigurable switched capacitor circuit having a switched - capacitor input 
switched capacitor transformation stage with a high fre port and a switched capacitor output port , said switched 
quency , low - voltage regulation stage . This type of architec- 55 capacitor circuit comprising a plurality of switches and one 
ture will achieve its highest integration when implemented or more capacitors , said switched - capacitor circuit switching 
in a multiple voltage monolithic process , such as an the capacitors between at least two states to transfer energy 
extended drain process . The devices in the switched capaci from the switched - capacitor input port to the switched 
tor network need not block the full supply voltage , and capacitor output port , and an auxiliary converter stage 
depending upon the configuration , they need to block dif- 60 coupled to said switched capacitor circuit wherein said 
ferent fractions of the supply voltage . Similarly , high speed auxiliary converter stage switches at a switching frequency 
low voltage devices can be used in the switching regulator higher than that of said switched - capacitor circuit such that 
since it only sees a voltage slightly above the output voltage . said auxiliary converter recovers energy normally dissipated 
Thus , the efficiency of the full converter can be optimized by when charging or discharging capacitors of said switched 
using different voltage devices . 65 capacitor circuit . 

The second embodiment tightly couples a switched In one embodiment , the auxiliary converter recovers 
capacitor circuit with an auxiliary high - frequency converter energy normally dissipated when charging capacitors said 
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switched capacitor circuit by absorbing an instantaneous ences are merely exemplary and should not be construed as 
difference between stacked capacitor voltages in said limiting . After reading the description provided herein , one 
switched capacitor circuit and an input voltage or an output of ordinary skill in the art will understand how to apply the 
voltage of the power converter circuit . concepts described herein to provide specific switched 

In one embodiment , the auxiliary converter stage com 5 capacitor ( SC ) circuits or specific switched capacitor circuit 
prises a plurality of switches , and one or more magnetic topologies . For example , while series - parallel SC topologies 
energy storage components and the regulation stage may be disclosed herein , such disclosure is provided to 
switches at a frequency which is at least five times that of the promote clarity in the description of the general concepts 
switching frequency of the switched capacitor circuit . described herein . After reading the disclosure provided 

In one embodiment , the switched capacitor circuit and 10 herein those of ordinary skill in the art will appreciate that 
said auxiliary circuits are provided as CMOS circuits . In a a series - parallel SC topology is only one of many possible 
preferred embodiment , the switches in the CMOS switched topologies . It should thus be understood that although spe 
capacitor circuit and CMOS auxiliary circuits are provided cific switched capacitor circuits or specific switched capaci 
in a single integrated process . In a preferred embodiment , tor circuit topologies are not specifically disclosed herein , 
the switches in the CMOS auxiliary circuits are imple- 15 such circuits still fall within the scope of the concepts 
mented with base transistors of a CMOS process . claimed herein . 

It should be appreciated that reference is also sometimes 
BRIEF DESCRIPTION OF THE DRAWINGS made herein to particular input , output and / or intermediate 

voltages and / or voltage ranges as well as to particular 
The foregoing features of the circuits and techniques 20 transformation values and or ranges of transformation val 

described herein , may be more fully understood from the ues . It should be understood that such references are merely 
following description of the drawings in which : exemplary and should not be construed as limiting . 
FIG . 1 is a schematic diagram of a prior art switched Reference is also sometimes made herein to particular 

capacitor circuit ; applications . Such references are intended merely as exem 
FIG . 1A is a schematic diagram of a prior art switched- 25 plary should not be taken as limiting the concepts described 

capacitor circuit in a first state with capacitors charging in herein to that particular application . 
series ; Reference is also sometimes made herein to circuits 
FIG . 1B is a schematic diagram of a prior art switched having switches or capacitors . Its should be appreciated that 

capacitor circuit in a second state with capacitors discharg any switching elements or storage elements having appro 
ing in parallel ; 30 priate electrical characteristics ( e.g. appropriate switching or 
FIG . 2 is a block diagram of a converter having a storage characteristics ) may , of course , also be used . 

transformation stage and a regulation stage ; Thus , although the description provided herein below 
FIG . 3 is a schematic diagram of a reconfigurable explains the inventive concepts in the context of a particular 

switched - capacitor converter having a plurality of capaci circuit or a particular application or a particular voltage or 
tors ; 35 voltage range , those of ordinary skill in the art will appre 

FIG . 3A is a schematic diagram of a switched - capacitor ciate that the concepts equally apply to other circuits or 
circuit operating at a conversion ratio of one - third ( 1/3 ) ; applications or voltages or voltage ranges . 
FIG . 3B is a schematic diagram of a switched - capacitor Referring now to FIG . 2 , a power converter circuit 10 

circuit operating at a conversion ratio of one - half ( 1/2 ) ; includes a first stage 12 ( also referred to as a “ reconfigurable 
FIG . 3C is a schematic diagram of a switched - capacitor 40 switched capacitor transformation stage ” or a “ switched 

circuit operating at a conversion ratio of two - thirds ( 2/3 ) ; capacitor stage ” or more simply a “ transformation stage ” ) 
FIG . 4 is a plot of output voltage vs. input voltage of an and a second stage 14 ( also referred to as switching con 

SC converter having three distinct step - down ratios ( 1/3 , 1/2 , verter regulation stage or more simply a “ regulation stage ” ) . 
24 ) and a predetermined maximum output voltage ; A voltage source 15 ( here shown in phantom since it is not 
FIG . 5 is a schematic diagram illustrating charging of a 45 properly a part of the power converter circuit 10 ) is coupled 

capacitor with resistive power loss ; between a pair of input terminals 12a , 12b of the transfor 
FIG . 5A is a schematic diagram illustrating charging of a mation stage of power converter circuit 10 and a load R , 

capacitor with energy recovery by auxiliary converter ; ( also shown in phantom since it is not properly a part of the 
FIG . 6 is a schematic diagram of a power converter circuit power converter circuit 10 ) coupled to output terminals 14a , 

which includes a switched - capacitor converter stage coupled 50 14b of regulation stage 14 and across which is generated an 
to a regulating converter stage ; output voltage Vo . A controller circuit 16 is coupled to 
FIG . 7 is a plot of switch configuration vs. voltage ; and receive a reference voltage VREF , as well as some or all of 
FIG . 8 is a schematic diagram of a power converter circuit the input and output voltages Vin and / or VOUT and an 

which includes a switched - capacitor converter stage coupled intermediate output voltage Vc ( or more simply , intermedi 
to a regulating auxiliary converter stage which provides a 55 ate voltage Vx ) . Controller 16 receives signals provided 
separate output voltage . thereto ( e.g. any or all of V In , Vout and / or intermediate 

voltage Vx ) and in response thereto ( and in accordance with 
DETAILED DESCRIPTION OF THE a desired operating mode ) provides control signals on paths 
PREFERRED EMBODIMENTS 17a , 17b to either or both of the transformation and regu 

60 lation stages 12 , 14 , respectively . 
Before describing several exemplary embodiments of Transformation stage 12 receives the input voltage ( e.g. 

power converter circuits and processing performed by and Vin . ) and operates to provide a transformed or intermediate 
on such power converter circuits , it should be appreciated voltage Vyat terminals 12C - 12D . Thus transformed voltage 
that , in an effort to promote clarity in explaining the con Vy is provided to input terminals of regulation stage 14 . 
cepts , reference is sometimes made herein to specific 65 It should be appreciated that the input voltage Vin may 
switched capacitor circuits or specific switched capacitor vary over a relatively wide voltage range . The particular 
circuit topologies . It should be understood that such refer voltage range over which the input voltage may vary 
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depends upon the particular application . For example , in A first terminal of a switch 28 is coupled to the second 
some applications the range of input voltages may be from terminal of capacitor 24 and a second terminal of switch 28 
about 1.5 volts ( V ) to about 5.0V . In other applications the is coupled to a node between switches 20 and 22 . 
range of input voltages may be from about 6V to about 12V . A second capacitor 30 has a first terminal coupled to a first 
In still other applications the input voltage range may be 5 terminal of switch 22 and a second terminal coupled to a first 
from about 10V to about 14V . For example , in a converter terminal of a switch 32. A second terminal of switch 32 is 
circuit for battery - powered portable electronics applications , coupled to the interconnect path coupled between terminal 

12b and terminal 12d . operation may be typically be required across an input 
voltage range from 2.4 V to 5.5 V. A first terminal of a switch 34 is coupled to the second 

Regardless of the input voltage , however , the transforma- 10 terminal of capacitor 30 and a second terminal of switch 34 is coupled to a second terminal of switch 22. Thus , by proper tion stage 12 , maintains transformed voltage Vy over a operation of switches 18 , 20 , 22 , 26 , 28 , 32 and 34 , capaci voltage range which is relatively narrow compared with the tors 24 and 30 may be selectively coupled in parallel input voltage range . For example , in the case where the input between terminals 12c and 12d . Alternatively , by proper 
voltage range is from about 1.5 volts ( V ) to about 5.0V , the 15 operation of switches 18 , 20 , 22 , 26 , 28 , 32 and 34 , capaci output voltage of the transformation stage 12 may range tors 24 and 30 may be selectively coupled in parallel with 
from about 1.0V to about 1.66V . Furthermore , the transfor switches 20 , 22 , respectively , creating a series stack between 
mation ratios utilized by the transformation stage 12 are terminal 12a and terminal 12c . 
selected as a function of the input voltage Vin . For example , It should , of course , be appreciated that the above 
the conversion ratio of the transformation stage may be 20 described operating mode is merely one of a plurality of 
dynamically selected from among the allowed set of con different possible operating modes in a reconfigurable cir 
version ratios such that the intermediate voltage V2 will be cuit . Another exemplary operating mode ( or circuit configu 
as large as possible while remaining below a specified ration ) is illustrated in FIG . 3B . The system dynamically 
maximum voltage . Thus , by adjusting a transformation ratio , selects between a plurality of possible patterns and thus is 
transformation stage 12 can accept a wide range of input 25 said to be dynamically reconfigurable . 
voltages while maintaining the transformed voltage over a The transformation stage 12 corresponds to a reconfigu 
voltage range which is relatively narrow compared with the rable switched capacitor converter . By appropriately select 
input voltage range . For example , consider a transformation ing the switching patterns of the switches from among the 
stage an input voltage range of 1.5 to 5.0 V and having possible patterns , the switched capacitor converter is recon 
allowed conversion ratios of 1/3 , 14 , and 2/3 . It is possible to 30 figurable and thus is able to provide efficient power conver 
meet a goal of maximizing an intermediate voltage while at sion at multiple distinct conversion ratios . The operating 
the same time keeping it below a specified maximum of mode of the transformation stage 12 is controlled as a 

function of input voltage . For example , for large input approximately 1.66 V by operating at a conversion ratio of 
2/3 for input voltages from 1.5 V to 2.5 V , operating at a 35 patterns in FIG . 3A , providing 3 : 1 conversion , while for voltages one can operate the circuit to follow the switching 
conversion ratio of one half for input voltages from 2.5 V to lower input voltages one can operate the circuit to follow the 3.33 V , and operating at a conversion ratio of 1/3 for input switching patterns of FIG . 36 , thus providing 2 : 1 conver 
voltages from 3.33 V to 5 V. sion . In this way , transformation stage 12 can efficiently 

The transformation stage 12 and regulation stage 14 each provide an intermediate voltage V7 between terminals 12c , 
include one or more switch components and one or more 40 12d that is smaller than the input voltage Vin and which 
energy storage components . The components which provide varies over a much smaller range ( ratio ) than the input 
the transformation stage 12 are selected such that the trans voltage VIN 
formation stage has a switching frequency which is rela The second , or regulating , stage 14 corresponds to a 
tively low compared with the switching frequency of the magnetic - based switching power converter which operates 
regulation stage . Thus , the transformation stage may be 45 from the low , narrow - range ( i.e. any range less than the input 
referred to a low frequency stage while the regulation stage voltage range ; for example , if the ratio of VINV , equals 2 : 1 
may be referred to as a high frequency , low voltage magnetic then anything less than that would be considered narrow 
stage . The difference in switching speeds of the transforma range ) intermediate voltage to regulate the output voltage 
tion stage and regulation stage switches ( i.e. the frequency V. As this stage operates from a relatively low , narrow input 
separation between the switching frequencies of the 50 voltage range , it can be designed to operate at relatively high 
switches ) is selected based upon a variety of factors includ frequencies . Since component size is related to switching 
ing but not limited to the gating and switching loss charac frequency ( e.g. the higher the switching frequency , the 
teristics of the switches It should , of course , be appreciated smaller the component ) , the circuit may be implemented 
that a tradeoff must be made between switching frequency using passive components which are relatively small in size 
and the voltage levels ( and / or range of voltages ) which must 55 and which provide high - bandwidth regulation of the output . 
be accepted by and provided by the transformation and Thus , power converter 10 converts power in two stages ( i.e. 
regulation stages . the transformation stage 12 and the regulating stage 14 ) and 

Transformation stage 12 includes a first plurality of together , the two stages can provide very small size , high 
coupled switches 18 , 20 , 22 coupled between terminal 12a efficiency , and high control bandwidth characteristics . 
and a terminal 12c . The transformation or switched - capacitor stage 12 is 
A first capacitor 24 has a first terminal coupled to a first designed ( e.g. by inclusion of multiple switched capacitor 

terminal of switch 18 and a second terminal coupled to a first building blocks ) to efficiently convert power at multiple 
terminal of a switch 26. A second terminal of switch 26 is distinct voltage conversion ratios . The number of capacitors 
coupled to an interconnect path 27 coupled between terminal in the converter stage determines both the maximum con 
12b and a terminal 12d . In this particular embodiment , 65 version ratio and the total possible number of distinct 
interconnect path 27 is coupled to a negative terminal of the conversion ratios . It should thus be appreciated that the 
voltage source 16 . particular number of switches and capacitors included in the 

60 
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transformation stage depends upon a variety of factors It should be appreciated that the maximum voltage to 
including but not limited to the input voltage range for a which any of the devices in transformation stage 30 will be 
particular application and the output voltage required for a exposed is 2/3 of the input voltage ( V1 ) and some of the 
particular application , and how many different transforma devices may see less ( 1 / 2V , and 1 / 3V1 ) depending upon a 
tion ratios are desired to reduce the intermediate voltage 5 selected operating mode . It should be appreciated that all of 
range . the devices in transformation stage 30 must be able to block The power converter circuit described herein may be the required voltage to realize all three step - down ratios . For fabricated as an integrated circuit using a CMOS process . In example , M , must be rated to block 2 / V1 , however it only this case , an integrated CMOS circuit includes a reconfigu sees 1 / 2V , for a step - down ratio of 1/2 and 2V , for step - down rable switched capacitor transformation stage provided from 10 ratios of 1/3 and 2/3 . If more complicated networks are used one or more CMOS switches and one or more storage 
elements , in which the storage elements may be realized as ( i.e. more switches ) , it may be possible to realize the same 
either integrated capacitors or external devices . The regula functionality at higher efficiency , but at the cost of area . 
tion stage would also be provided from one or more CMOS The switched capacitor stage 30 is thus controlled to 
switches implemented and one or more storage elements . maintain the intermediate voltage Vx within a specified 
Again , the storage elements may be integrated , discrete , or 15 ( narrow ) range ( or window ) of voltages as the input voltage 
provided as bond wires . In a preferred embodiment , the varies across a wide range of voltages . The size , maximum 
switches in said CMOS reconfigurable switched capacitor voltage and minimum voltage of the output window of the 
transformation stage and said CMOS regulation stage are SC transformation stage can be tailored to fit the regulation 
fabricated in a single CMOS process . In the case where it is stage . 
desirable for the switches of the regulation stage to switch at 20 Referring now to FIG . 4 , one possible windowing scheme 
a higher frequency ( in some cases a significantly higher for transformation stage 30 ( a / k / a switched capacitor stage 
frequency ) than the switches in the transformation stage , the 30 ) of FIG . 3 is shown . Transformation stage 30 can accept 
switches of the regulation stage may be fabricated as base an input voltage in the range of about 1.5V to about 5.0V 
transistors in the CMOS process . ( 3.33 : 1 ) and convert it into window of about 0.66 V ranging 

Referring now to FIGS . 3-3C in which like elements are 25 from about 1V to about 1.66V . Various control schemes can 
provided having like reference designations , a transforma be used to accomplish this task . That is , the particular 
tion stage 30 ( also referred to as a switched capacitor stage ) manner in which switches in transformation stage 30 ( FIG . 
includes eight switches M1 - M8 and three capacitors C1 - C3 . 3 ) are selectively opened and closed to provided a desired 
The switches may be selectively opened and closed as transformation ratio may be selected based upon a variety of 
shown in Table 1 below to provide three distinct conversion 30 factors including but not limited to how charge flows in the 
ratios ( in this case , step - down ratios ) of : 1/3 ; 1/2 ; and 2/3 . circuit and how much loss is generated by a particular 

pattern . 
TABLE 1 As is understood in the art , the circuit topology and 

switching patterns are selected such that charge balance is 
V2 / V1 M2 M3 M4 Mg M6 M7 M8 M 35 maintained on the charge storage elements ( e.g. capacitors ) , 

clk clk clk clk clk clk off which imposes a rational conversion ratio between the input 
clk clk clk off and the output charge ( and current ) for a given switching 

clk clk clk clk pattern . This conversion ratio is the inverse of the ideal 
24V1 24V , 12V , 12V , 24V1 Vi 1 / 2Vi !! Vi / 2V1 voltage conversion ratio of the circuit for a given switching 

40 pattern . In region 32 , a transformation ratio of 23 is used 
The SC transformation stage is provided with a digital clock while in region 34 a transformation ratio of 1/2 is used while 
signal clk . A second signal / clk is also generated , which may in region 36 a transformation ration of 1/3 is used . It should 
simply be the complement of clk ( i.e. , is high when clk is be appreciated that the waveform of FIG . 4 is selected 
low and low when clk is high ) , or which may be generated strictly on Vin , but it should be appreciated that the selection 
as a non - overlapping complement as is well known in the 45 could be made based upon both Vin and Vout . For example , 
art . The elements of the first three rows of table 1 indicate one might select the switching pattern transitions and hence 
the switching states of the individual switches as the circuit the intermediate voltage window so that the regulation stage 
is clocked . Each row shows operation for a different con can operate near a desired conversion ratio , maximizing 
version ratio ( i.e. , operating configuration ) . An entry clk efficiency . 
indicates that the switch is on ( closed ) when clk is asserted 50 The regulating stage can be implemented with numerous 
and off ( open ) otherwise , an entry Iclk indicates that the topologies for very low output voltages ( e.g. sub 1 V ) ; good 
switch is on when the complementary signal / clk is asserted options include a synchronous buck converter , cascode 
and off otherwise , an entry off indicates that the switch is switch synchronous buck converter , interleaved synchro 
always off for that conversion ratio , and an entry on indi nous buck converter , three - level synchronous buck con 
cates that a switch is always on for that conversion ratio . 55 verter , and four - switch “ buck - boost ” converter . Very fast 

Referring now to FIG . 3A , with a switching pattern set in transistors , such as base CMOS transistors in an integrated 
accordance with the second row of Table 1 , the switched process , can be used in the regulation stage since the input 
capacitor circuit 30 provides a step down ratio of one - third voltage is quite low . This allows the regulation stage to 
( 13 ) . operate at a very high switching frequency , which in turn 

Referring now to FIG . 3B , with a switching pattern set in 60 reduces the size of its passive components . 
accordance with the third row of Table 1 , the switched One option to achieve a very high degree of integration is 
capacitor circuit 30 provides a step down ratio of one - half to fabricate the converter in a multiple - voltage monolithic 
( 12 ) process ( e.g. , a process providing for extended drain tran 

Referring now to FIG . 3C , with a switching pattern set in sistors ) . The switched capacitor stage can be implemented 
accordance with the third row of Table 1 , the switched- 65 with higher voltage devices and operated at a relatively low 
capacitor circuit 30 provides a step down ratio of two - thirds frequency ( e.g. , 1 MHz ) commensurate with the high 
( 2/3 ) . voltage devices . The regulating stage can be implemented 
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with low - voltage devices , and thus can be operated at The auxiliary converter 40 may be the regulating con 
considerably higher frequencies ( e.g. , 100 MHz ) , providing verter used to supply the output , or it may be a separate 
small volume for the passive components and fast regula converter . The system is designed such that the majority of 
tion . Alternatively , multi - chip fabrication can be used in the difference between the input voltage Vin and the capaci 
which the twstages are implemented in different processes , tor stack voltage Vc appears across the input of the auxiliary 
each optimized for their respective functions . converter when the capacitor is charging . Instead of being A converter with a large input voltage range and output dissipated as heat in the resistor , the energy associated with current range can thus be realized if a reconfigurable charging the capacitor stack is delivered to the output of the switched capacitor converter with multiple transformation auxiliary converter . ratios is used as a transformation stage along with a high 10 FIG . 6 illustrates a possible implementation of the general frequency , low voltage regulation stage . The converter can embodiment discussed above in conjunction with FIG . 5 . also take advantage of state - of - the - art CMOS processes that 
have additional high voltage devices . Referring now to FIG . 6 , a power converter 50 includes a 

The energy loss E , associated with charging a capacitor C transformation stage 52 and an auxiliary converter and the 
from zero to a voltage V with a series connection from a dc 15 regulating converter stage 54. Transformation stage 52 
voltage source of value V is 1 / CV , and is independent of includes a plurality of capacitors C1 , C2 and a first group of 
the parasitic series resistance ( R ) . Furthermore , for a con switches ( each labeled Sl ) and a second group of switches 
ventional SC circuit , a fixed amount of charge - up energy ( each labeled S2 ) . Auxiliary converter and the regulating 
loss equal to 1 / 2CAV2 will result at each switch interval , converter stage 54 includes a plurality of capacitors C?malla 
where AV corresponds to the difference between the initial 20 Chuck , a plurality of switches S3 , S4 and an inductive 
and final value of the capacitor voltage . It is important to element L'buck 
note that this fixed charge - up loss cannot be reduced by In the exemplary embodiment shown in FIG . 6 , a “ fast 
employing switches with lower on - state resistance . It is for regulating converter ” ( in this case a ynchronous buck 
this reason that conventional SC converters aim to minimize converter ) serves as both the auxiliary converter and the 
the variations of the voltage on the capacitors during the regulating converter stage 54 for the system 50.Auxiliary 
charging phase and only operate efficiently at certain con converter and the regulating converter stage 54 operates at 
version ratios . Consequently , conventional SC converters a switching frequency much higher than that of the switched require relatively large capacitors to achieve high efficiency capacitor stage 52. As the capacitor Csmall serves only as a and power levels and do not provide efficient regulation 
from variable input voltages.As is shown bew , a second 30cal value can be much smaller than the capacitors CC 

filter and bypass for the fast regulating converter , its numeri 
embodiment of a power converter circuit permits more of the switched capacitor transformation stage . When the efficient use of the capacitors , enabling reduction in the switched - capacitor stage is configured for charging of C required capacitor size and / or improvement in system effi 
ciency . Furthermore , the second embodiment does not and C2 ( switches S1 closed ) , the difference between Vin and 
require a reconfigurable switched - capacitor network 35 the sum of the voltages across capacitors C? and C2 appears 
although it may use one . across the input terminal of the fast regulating converter . C 

To understand the approach used in the second embodi and C2 thus charge with low loss , and at a rate determined 
ment , consider the circuit of FIG . 5 which is a simple by the power drawn from the regulating converter to control 
example , which illustrates the loss - mechanism for charging the system output . Likewise , when the switched - capacitor 
of the capacitors in the switched capacitor stage . FIG . 5 is 40 stage is configured for discharging C , and C , in parallel 
used to explain an example of the charging process of a ( switches S2 closed ) , the discharge is at a rate based on the 
capacitor C , where a resistor R represents the combined power needed to regulate the output . 
equivalent series resistance ( ESR ) of the capacitor and In operating the system , the switched capacitor stage 52 
switch on - state resistance . The capacitor has an initial can be switched ( switch sets S1 and S2 on alternately ) such 
charge of Vi , and the switch is closed at t - 07 After t = 0 + , the 45 that the voltage V2 at the input of the fast regulating 
difference between voltage Vin and the capacitor at each converter stays within a specified window or below a 
instance in time appears across the parasitic resistor R specified voltage . For example , the switches could be con resulting in dissipation during charging . If charging is trolled such that the capacitor C , and C2 voltages remain 
allowed to continue for a sufficient period of time , the within a specified hysteresis band about Vin / 3 , such that the voltage across the capacitor will charge up to Vin , and the 50 regulating converter sees a maximum input voltage near voltage across the resistor will become 0 V. The voltage Vin / 3 . Alternatively , the switched capacitor stage can be across the resistor and the current through it , results in a controlled to provide a specified maximum voltage Vx at the power loss during the charging phase of the capacitor , which 
depends on the capacitance and the net charge in the input of the auxiliary converter . 

Referring now to FIG . 7 , a plot of switch configuration vs. capacitor . It is this loss which limits the efficiency of the 55 
switched capacitor stage . voltage illustrates a control strategy utilizing the above 
FIG . 5A illustrates a technique to improve the charge - up described technique , where two separate reference voltages 

efficiency of the switched capacitor circuit . In this embodi are used to ensure that the input voltage of the auxiliary 
ment , an auxiliary converter 40 operating at a much faster converter does not exceed V X , max . In this example , the 
switching frequency than the switched capacitor stage is 60 switches designated by reference number 1 in FIG . 6 are on 
used to reduce the energy loss of the switched capacitor or closed ( series charging of the capacitors ) until Vx falls 
circuit . The switching frequency of the auxiliary converter below V , 1. At this time , switches 1 turn off or open , and the 
should be sufficiently higher than the switched capacitor switches designated with reference numeral 2 turn on ( par 
stage such that the capacitor charging takes place over many allel discharging of capacitors ) , until Vy falls below V , at 
switching cycles of the auxiliary converter . A factor of five 65 which time the cycle repeats . The reference voltages are set 
in switching frequency may be sufficient for this purpose , by the maximum auxiliary input voltage Vx.mas , and are 
and factors of ten or more are typical . given by : 

refl 

ref : 
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and , in the second arrangement , the at least one capaci 
Vrefi = VIN = 2Vx , mas tor of the plurality of capacitors to be discharged at a 

second rate , at least one of the first rate or the second 
rate to be determined , at least in part , by the inductor . 

2. The step - down power converter of claim 1 , wherein the 
inductor is to recover at least some energy during the energy 

It should be understood that the topology of the fast transfer . 
regulating converter ( a buck converter in the example of 3. The step - down power converter of claim 1 , wherein , in FIG . 6 ) can be any type of power converter that is able to 
provide fast switching and efficient regulation of the output 10 plurality of capacitors is to discharge at a discharge rate and , the first arrangement , at least one additional capacitor of the 
voltage for various input voltages ( synchronous buck , three 
level synchronous buck , SEPIC , soft switched or resonant in the second arrangement , the at least one additional 
converter , etc. ) . Similarly , the switched - capacitor circuit can capacitor of the plurality of capacitors is to charge at a 
be realized with a variety of topologies , depending on charge rate , at least one of the discharge rate or the charge 
desired voltage transformation and permitted switch volt- 15 rate to be determined , at least in part , by the inductor . 
ages . 4. The step - down power converter of claim 3 , wherein , in 

Referring now to FIG . 8 , yet another embodiment of a the first arrangement , the at least one capacitor is to be 
power converter circuit is shown . The circuit topology coupled in series with the at least one additional capacitor 
shown in FIG . 8 illustrates how the auxiliary converter can and , in the second arrangement , the at least one capacitor is 
be used as a separate energy - recovering device , with an 20 to be coupled in parallel to the at least one additional 
independent output voltage . In this embodiment , two paral capacitor . 
lel switched - capacitor circuits are employed , operating in 5. The step - down power converter of claim 1 , wherein , in 
anti - phase . When the capacitors of step - down cell 1 are the first arrangement , the inductor is to be coupled between 
charging in series ( switches A closed , switches B open ) , the the input port and the output port of the step - down power 
capacitors of cell 2 are discharging in parallel . The differ- 25 converter and , in the second arrangement , the inductor is to 
ence between the input voltage and the sum of the charging be coupled between a ground and the output port of the 
capacitors appears across the input terminal of the auxiliary step - down power converter . 
converter . The charging energy can again be recovered by 6. The step - down power converter of claim 1 , wherein the 
this auxiliary converter , providing a means for improving second voltage signal to be generated at the output port of 
overall efficiency or increasing power density . It is important 30 the step - down power converter is to be based , at least in part , 
to note that the output voltage of the switched - capacitor on at least one reference voltage signal . 
stage , Voutl , can be regulated using the auxiliary converter . 7. The step - down power converter of claim 6 , wherein the 
The auxiliary converter performs the regulating functions in at least one reference voltage signal is to be used , at least in 
a manner similar to some ( lossy ) current - controlled strate part , to control operation of the first set of switches and the 
gies . The auxiliary converter can again be any type of fast 35 second set of switches . 
regulating converter , just as in the example of FIG . 6. The 8. A soft switched power converter comprising : 
regulated output voltage Vo can be higher or lower than a reconfigurable switched capacitor arrangement compris 
Vouti , depending on the choice of auxiliary converter . This ing : 
voltage can be used for a variety of purposes . Examples a plurality of capacitors capable of being coupled to 
include , but are not limited to : powering the SC transistors , 40 convert power at multiple distinct conversion ratios 
fed back to the input , delivered to the output , or providing to correspond to multiple operative configurations of 
a separate output voltage for applications where that is the soft switched power converter ; and 
desirable . Rtoad in this circuit can represent the actual load , a plurality of switches comprising at least a first set of 
or may represent the input impedance of another converter switches and a second set of switches to operate at 
or set of converters for regulating system outputs . one or more switch frequencies to alternately charge 

Having described one or more preferred embodiments of or discharge the plurality of capacitors so as to 
the circuits , techniques and concepts described herein , it will facilitate a capacitive energy transfer via soft switch 
now become apparent to those of ordinary skill in the art that ing the at least first and second set of switches ; and 
other embodiments incorporating these circuits , techniques a switched magnetic arrangement comprising at least one 
and concepts may be used . Accordingly , it is submitted that 50 inductor to be in an electrical configuration with the 
that the scope of the patent should not be limited to the reconfigurable switched capacitor arrangement so as to 
described embodiments , but rather , should be limited only recover a majority of energy to be dissipated in para 
by the spirit and scope of the appended claims . sitic resistances during the capacitive energy transfer . 
What is claimed is : 9. The soft switched power converter of claim 8 , and 
1. A step - down power converter to receive a first voltage 55 further comprising a controller to provide one or more 

signal at an input port and generate a second voltage signal control signals to the first and the second set of switches 
at an output port with the second voltage signal to be based , based , at least in part , on at least one of the following : an 
at least in part , on the first voltage signal , the step - down input voltage ; an output voltage ; a reference voltage ; an 
power converter comprising : intermediate voltage ; or any combination thereof . 

a plurality of capacitors to be coupled to an inductor via 60 10. The soft switched power converter of claim 8 , wherein 
a first set of switches or via a second set of switches to the soft switched power converter is to generate an output 
respectively alternate between a first arrangement and voltage based , at least in part , on at least one of the 
a second arrangement so as to facilitate an energy following : an input voltage ; a reference voltage ; an inter 
transfer from the input port to the output port of the mediate voltage ; or any combination thereof . 
step - down power converter , 11. The soft switched power converter of claim 8 , wherein 

wherein , in the first arrangement , at least one capacitor of a particular conversion ratio of the multiple distinct conver 
the plurality of capacitors to be charged at a first rate sion ratios to be determined , at least in part , via a number of 
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capacitors to be included in a particular operative configu wherein , in the first or the second switch configuration , 
ration of the multiple operative configurations of the soft the first plurality of capacitors is to charge and the 
switched power converter . second plurality of capacitors is to discharge at corre 

12. The soft switched power converter of claim 8 , wherein sponding charge and discharge rates to be determined , the plurality of capacitors to be alternately charged or at least in part , by the inductor . discharged at corresponding charge or discharge rates , at 
least one of the charge or the discharge rate to be deter 16. The high power density power converter circuit of 
mined , at least in part , by the at least one inductor . claim 15 , wherein the plurality of regulated output voltages 

13. The soft switched power converter of claim 8 , wherein comprise independent voltages capable of being regulated 
the soft switched power converter is to generate a plurality respectively , at least in part , via the inductor . 
of output voltages based , at least in part , on at least one of 17. The high power density power converter circuit of 
the following : an input voltage ; a reference voltage ; an claim 15 , wherein the high power density power converter 
intermediate voltage ; or any combination thereof . circuit to comprise an integrated circuit ( IC ) . 

14. The soft switched power converter of claim 13 , 
wherein the plurality of output voltages comprise indepen 18. The high power density power converter circuit of 
dent voltages capable of being regulated respectively , at 5 claim 15 , wherein the high power density power converter 
least in part , via the switched magnetic arrangement . circuit to comprise one or more complementary metal 

15. A high power density power converter circuit to oxide - semiconductor ( CMOS ) switches . 
convert an input voltage to a plurality of regulated output 19. The high power density power converter circuit of 
voltages , the high power density power converter circuit claim 15 , wherein the inductor is included in an energy 
comprising : 20 recovering device . 

a first plurality of capacitors , a second plurality of capaci 
tors , and an inductor to be coupled to the first and the 20. The high power density power converter circuit of 
second plurality of capacitors via a shared node ; and claim 15 , wherein at least one of the plurality of regulated 

a plurality of switches to alternately arrange the inductor output voltages to provide an output signal to an electrical 
and the first and the second plurality of capacitors into 25 load , wherein the electrical load comprises at least one of the 
a first switch configuration or a second switch configu following : an actual load ; an input impedance of another 
ration , the first and the second switch configurations to converter ; or any combination thereof . 
include the shared node , 


