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(57) Abstract: A stacked switched capacitor (SSC) energy bufter circuit includes a switching network and a plurality of energy stor -
age capacitors. The switching network need operate at only a relatively low switching frequency and can take advantage of soft char -
ging of the energy storage capacitors to reduce loss. Thus, efficiency of the SSC energy bufter circuit can be extremely high com-
pared with the efficiency of other energy buffer circuits. Since circuits utilizing the SSC energy buffer architecture need not utilize
electrolytic capacitors, circuits utilizing the SSC energy bufter architecture overcome limitations of energy buffers utilizing electro -
Iytic capacitors. Circuits utilizing the SSC energy butfer architecture (without electrolytic capacitors) can achieve an eftective energy
density characteristic comparable to energy buffers utilizing electrolytic capacitors. The SSC energy buffer architecture exhibits
losses that scale with the amount of energy butfered, such that a relatively high efficiency can be achieved across a desired operating
range.
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ENHANCED STACKED SUWATCHED CAPACITOR ENERQY BUFFER CIRGINT

BACKGROUND
Q01 Ag is known In the ard, power conversion systems that interface

betweean dirscl current {DC) and single-phase allamating current {AC) require an
enargy storage capability {or an enargy buffer) which provides buffering batween
a constant power desired by & DU source or a load and a continuousty varving
powsy desirad for & single-phass AU system.

{0002} Az is also known, the flow o and from such an snergy buffer is at
fwice the line frequency {8.g., 120 Hz in the United States). The buffering
enjergy requirement can be calculated as By = Pl Becsuss the energy
storags reqguiramant of the buffer is proportional to the system average power
{P} and the {relalively long) ine perdod {T = 2w, the size of the required
gnergy buffer cannot be reduced simply through inoreases in switching
fregquency of an interface powsr converler. Thus, snergy bulfering reguirements

roprasant a significant Bmitation on minlaturization of grid interface systems.

[OOQ3] One important consideration sssociated with twice-line-fraquancy
energy buffering relates o ifelime and reflability, Conventional powser
conversion systems typically utllize slectrolylic capacitors {o provide high-density
enargy storage for buffaring. It s, however, widely appraciated that despils
providing the best available energy density and providing small B0 bus woltags
varigtion, slectrolytic capaciors also reprasent a significant source of system
lifetime and reliability problems. Also, slectrolviic capaciiors can only be
operated over a narow charge/discharge rangs at 120 Mz for thermal and
sfficlancy reasons {i.a., associated with BMS current limits and sfficiency
requiraments). These considerations directly imit the energy buffaring capabiiity
of slectrolitic capacitors st 120 Mz, Thus, while typical peak energy storags
densitles of up o 8.8 Jismg can be achisved with slecirolylic capaciiors, the
aliowable energy swing at 120 He yields practical energy densitiss that are about

an order of magnitude lower, Hanes, the developmeant of energy buffering
gircuits that eliminatle electrolytic capaciiors while maintaining high snergy

1
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storags density and high sfficiency is one important requiremsnt {o achieving

future grid interface systems that have both 8 small size and a high reliability.

{0004] s known that fim capaciiors have a reliabliily and lHelime which
is higher than slectrolytic capacitors, but i is also known that film capsaciiors
have considarably lower paak energy density than slectrolvtic capacitors (by an

order of magnitude).

{0005] Howevar, because fim capacitors can be efficlently charged and
discharged over a much wider voltage range compared with charge/dis-charge
voltage ranges of slectrolyvlic capaciiors, for 120 Hz buffering, energy densities
sirniiar o those achisved with praciical systems which ulilize slectrolytic
capaciiors can be achisved with high-reliability film capaciiors, so long as a wide

variation of the capacior vollage can be used,

JO008] One aporoach o develop energy buffering oircuils that eliminate
slectrofylic capaciiors ulilizes active filter blocks {essentially bidirectional DO
convarters). The active filler blogk approach sffectively utllizes film capacitors
while maintaining a desed narrow-rangs bus vollage, While this approach is
flexibls in terms of | use, i unfortunately leads {0 ow buffering officiency i high

powsr density is {o be maintainad, dus 1o losses in the active filter,

{3007 Other sysiems have incorporated the required energy buffering as
part of the operation of the grid interfate powsr stags. This approach can offsst
a porton of the buffering loss associated with introduction of 8 complsts
addifional power conversion slage, but still introduces high-frequency loss and is

guite restrictive in terms of operation and apphication.

008 As is also known in the prior ar, energy butfaring can be amplovead
in many non-line-frequency applications whers there is & anergy transfarred
between a first source or load having a slow rate of varying power andfor a
fimited instantanecus power rating (perhaps a do source or load) and a second

source or load that has a component of powar that varies faster andfor to an
&
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nsiantansous value larger than that desired o be sourced or absorbed by the
first sourcs or load, For example, such applications inchuds inferfacing a hattery
system {which iz desired {o be efficiently charged or discharged al & imited rale
and with a limited peak power} lo a mechanical system thatl requires rapidly
vaning powear flow and perhaps large poall power {8.4., by using a power
convertar driving an slsciromechanical system such a8 a molor). In such
system, an energy buffer i desired o provide the local-ime difference belween
the power sourced or absorbed by the frst souree or load and the sscond sowres
or load {a.g., the diference between that desired for the battery and that required
by the power converter and molor for the mechandeal sysiem). In such
applications, an enargy buffer may be provided by an ultracapacitor or anergy
buffar systern including one or more ullrscapaciiors.  Applications reguiring
enargy huffering of the nature describad here may hclude, withow limitation,
muotor drives, slectric and hybrid vehicle drive traing, cranss, renewable energy
systems ncluding wind and wave energy systems, sclive filter and reactive
powsr compensation systems, rsclion systems, laser driver systams,
slactromagnatic launch systems, slectramagnetic guns, slectromagnstic brakes

and propulsion systems, and powsr systems for implanted madizal devicss.

SUMMARY

{3008 in accordancs with the concapts, systams, circuits and technigues
described herain, 8 stacked swiiched capaciior (380} snergy buffer ciroult
comprises a plurality of seres-conneciad blocks of switches and capacitors. The
capacitors are praferably of 8 typs that can be afficlently charged and discharged
over 8 wids voltags range over a buffering tme period of inferest {a.g., fitm
capacitors for ing-freguency applications, and slsctroltic capacitors or
uifracapacitors for mechanical systom tme scale applications). Thus, selection
of the particular capaciior type and characteristics depends, al lsast in parl, upon
the parficular application and the buffering time peried. In some ambodiments,
ultra-capacitors or electrolvtic capaciiors could be ussd. The switches are
disposed o selectively couple the capacitors o enable dynamic reconfiguration
of both the interconnection among the capacitors and thelr connection to a buffer

porl. The swilches are cooperatively operated as a switthing nehwork such that
3
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the voltags soen at the bulfer port varies only over & small rangs as the

capachors charge and discharge over a wide range to bhuifer snargy.

001 With this particular arvangement, an energy buffer circult having an
affaclive energy density which is relatively high compared with the effective
snergy density of conventiona! ensrgy butfer ciroulls is provided. In some
smbodiments, sfficiency can be axtramaly high bacause the switching nebwork
nead operate af relatively low {a.g. ine-scale} switching frequencies, and the
sysiam can {ake advaniags of soft charging or adisbatic charging of the energy
storage capaciiors o reduce loss, Moreover, the stacked swilched capaciiar
buffer architecturs desoribed herein axhibils losses that raduce as ensrgy
buffering requirements reduce such that high efficlency can be achisved agross

an entire desired operating rangs.

{0011 in aceordancs with a further aspec! of the concepts, syslams,
drouits and {fechniques described herein a grid interface power converter
somprises an firs! fler having a Urst port adapisd {o recelve an input vollage
from a DO source, a resonant high frequency isclaled DGDC converler having s
first port couplad o a second port of the first filter, a resonant high frequency
irverter having a first port coupled o & sscond port of the resonant high
frequency isolated BG-DO converter and having & second port coupled 1o a first
port of 8 second fiter with the second filler having & second port adapted fo
raceive an input vollage from a AT sourcs. The grid interfacs powsr converiar
further comprises 8 stackad switchad capachor (880 energy buffer circuit
coupled betwaan the second port of the resonant high freguency isolated DOLC
converier and the first port of the resonant high frequency inverter. By
appropriately modifying swilch states of the 38C energy buffer oiroult, the 880
anergy buffer clroult absorbs and delfivars snargy over 8 wide individual capacitor
voltage range, while maintaining & narrow-rangs voltags at the inpu port, This

snables maximal viilization of the energy storage capabiiity,

G in accordance with a further aspect of the concepts, systams,

circuits and techniques described hereln & grid intesface power converter

3
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comprises a8 DE-DO convertar having a first port adapied (o connect to a DO
source of load, & DEWAD converter having & first port couplad to 8 second port of
the BOSRE converter and having & second port adapled to connect to a AD
source or load, The grid interface power convearter further comprises & stacked
switched capaciior {S8C) energy bulffer olrcull couplad betwean the sacond port
of the DC-DE converter and the first port of the DCAC converter, By
appropriately modifying swilch states of the 88C energy buffer circull, the 88C
shargy buffer circult absorbs and delivers anergy over a wide individusl capaciior
vollage rangs, while mainiaining & narow-ranges voltage at the input porl. This
enables refatively high uliiization, and in some cases maximal utiization, of the
anergy storage capabiiity.

{0013 With this particudar arvangement, an energy buffering approach
applicable o a wide range of griddinterface power slectronic applications is
provided, Grid-interface power slectronic applications include but are not limited
{0 photovoliale inverters, motor drives, powaer supplies, offdine LED drivers angd
plug-in hybrid slactric vehicle chargers. Use of the energy buffering approach
dasoribed harein resulls in improved reliability and lifelime in thase and cthey
applications.

{00141 in one embodiment, a stacked switchaed capacitor (880} snergy
buffer crowlt includes a switching network comprised of a plurality of swilches
and a plurality of enargy storage capacitors which may be provided as film
capacitors. Switches in the swilching network arg configurad o sslectively
couple at least one of the anergy storags sapaciion in saries aoross a bus
vollage, The swilching network nesd operate at only a refalively low swilching
frequency, and the system can take advantags of soft charging of the snergy
storage capaciiors o reduce loss. Thus, sificiency of the 88C energy bulffer
giroult can be extramely high compared with the efficlency of other energy buffer
gircuits. Furthermors, since crcuils wilizing the 830 energy buffer architecture
naad not ulilize slectrobvlic capaciiors, olrouits utilizing the SSC energy butfer
architecture overcoms limitations of enargy buffars which do utilize slectrolytic
sapaciiors. Furthsrmors, croeulls uliizing the S8 energy bulfer architecture

5
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{but not using ulilizing olscirolvlic capacitors) can achisve an effective ansrgy
densily chargoleristic comparabla (o ansrgy buffers which ulilize slectrobylic
capaciiors. I some cases, circuils using the S8C energy buffer architecturs,
gither with or without slectrolylic capacitors, can achisve higher effective energy
than & ciroult using clectrobviic capacitors alone for the same vollage ripple.
Morsover, the S8C energy buffer archilecture axthibils losses that scale with the
amount of energy that must be buffered, such that a relatively high efficlancy can

be achieved across a8 desirad operating range.

HHEEY in accordance with a further aspect of the concapts, systems,
cireits and {echniques desoribad harein, & stackad swilched capacitor (886}
anergy buffer cirowl! having first and second terminals includes a first sub-clrouit
SOmpising one or more capaciions, 8 second sub-gircui! comprising ons or movs
sapacitors and one or more switchas disposed In al least one of sald first and
second sub-circuits. The one or mors switches are cooperatively operatad o
seigctively coupis the ong o Mors capachiors within andfor belweaen the first and
sacond sub-olrouits. In a first operating mods, the first and seoond sub-clroulls
are serially couplad and the one or more switches are operable to enable
dynamic reconfiguration of how the capacitors are coupled {o the terminals of the

sub-~girouit,

HERES in one embodiment, ths one or more switches are operabla fo
dynamically reconfigure the interconnection among the capaciiors within at isast

ong of said first and sacond sub-circuits,

{1 in one smbaodimand, in at least some operating modes of the 88C
snergy buffer circull, the one or more switches are operable to prevent the
capaciiors from aver being connecied ogather at both lerminals,

{O018] i accordancs with a further aspect of the concepls, systems,
circuits and techniques desoribed heraln, a swilched capacitor based energy
buffer architecture that restricts the apparent vollage ripple while wiilizing & large
fraction of energy In stored iy capaciiors s desoribed. The swilchad capacitor

g
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based energy bulfer archilecturs allows successfully replacemant of slectralbytic
capacitors with film capacitors to achisve longey fetimes while at the same time
maintaining small volume.  Also, when used with Bim capacitors, i can incresse
the e of grid-interfaced power convertars by aliminating imited-life slactrolytic
capaciors while maintaining comparable snergy density.

OS] In one embodimeant, an snhanced version of & bipolar 880 snergy buffer
that achisves a higher effactive shargy densily and round-rip sfficlanoy, while
rainfaining favorable bus vollage ripple is desoribed. The enhanced buffer uses
fower capaciiors and switches than the previous designs. The enhancement in
performance is achieved by modifving the control and swilching patlerns of the
buffer switchas. A profolype snhanced SSC enargy buffer, designed for a 320V
bus and 8 138W load, has been bullt and {ested. The design methodology and
sxparimeanial resulls for the enhanced 880 energy ulfer are prasentad and
gomparad with the orginal design. The Siackad Switched Capacitor (880)
ansrgy buffer is an architecture for buffering snergy between single-phase ag

and do.

BRIEF DESCRIPTION OF THE DRAWINGS

020G FiG, 14 is clroult diagram of a paralisl-series swilched capacior
girouit.
o2l FIGE. 18 and 10 are oiroull diagrams of hwo configurations

associated with FIG. 1A for ditferent switch states.

[002E) FIG, 2 is a ciroult diagram of a stacked switched capacior (858G}
enargy bufler crouit

G253} FiG. 3 is a blook diagram of & grid interface power convertar
systen using the $8C energy bulfer ciroult of FIGL 2.

{0024} FiG. 34 is a block disgram of a general grid interface powey
converter sysiem using the 880 energy buffer oiroult of FIG. 2.

0025] FiG. 4 i a oiroult diagram of an example of the B8C snergy buffer
girouit called a 2-4 bipolar 380 energy buffer giroudt.

[HO2E] FHE. 5 is a plol of swilch stales vs. voltages of the oircuit in FIG 4
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e FIG. 8 is a ciroul! disgram of another sxample of the S8C energy
buffer cirouit calied & 1-3 unipolar §8C energy bulfer olroudt

Ra28! FIG. 7 s a plot of switch siates vs. voltages of the croult n FIG 8,
{028 FIG. 8 is a plot of switch states ve, vollages of the ciroult In FIG 8

using & modified confral
0030 FiG. 8 is a oiroult diagram of a generalized sxample of the 88C
energy bulfer oiroult of FIG. § called & T-m unipolar S8C energy buffer clreult

003 FIG. 10 is a cirouil diagram of an example of the 880 energy buffer
ciroult of FIG. 2 called a 1-3 bipolar SSC energy buffer circult,

003 FiG. 11 is 2 plot of swilch siates v, voltages of the clroult in FIG
10,

0033 FIG. 12 s & oiroult diagram of an axample of the 38C snergy bulfer

ciroult of FIG. 2 called an n-m bipolar S38C energy bulfer alrouit,

{D034] FIG. 13 is 3 plot of shergy buffering ratic versus a numbar of m
capaciors with & voltage ripple ratio of 12.5% for diferent numbers of n
capachors.

{G03E] FIGS. 14A is a plot of energy buffering ratio versus & number of m
capacitors with 8 voltage ripple ratio of 28% for different numbers of n
capaciors.

{0038 FIG. 148 is g plot of snergy bulfering ralio versus a numbsy of m
capaciors with a voltage ripple ratio of 8.35% for diferent numbers of n
capachors.

0037 FIG. 18 is & ciroult diagram of another example of the 88C snargy
buffer ciroult called a 2-8 bipolar 8§80 snargy buffer oircuit

00ag] FIG. 18 iz a8 plof of swifch states ve. vollages of the oirouit in FIG
18,

{0038 FIG. 1T is a plot of energy buffering ratio versus and the number of
m capaciors for different numbers of 0 capaciiors and whether under modified
sontrol.

DETALED DESCRIPTION

G4 Desoribad hereln is a switched capacior structure referred o

herain as stocked switched capaciior (S8 energy bulfer circuil, Although
]
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refarencs is sometimes made hereln o use of an energy buffer circuitina
parficular application, { should be appraciated that the snergy buffer cirouits,
concepts and lechniques described hersin find use in & wide varisty of
applications. For sxample, many appliications exist v which an snergy buffer s
used bacauss aither & peak power rating of a desired snargy ransfer rating of 8
first sourcs or load is different from that of the source or load o which it
infarfaces. I should be recognized that the concepts, systams, cireuts and
{echniques Jdescribed herain can be used i these applications {0 achieve one or
more of higher energy density { smaller size at a given voltage variation level,

higher reliability by using mors desirable enargy storags slemants,

041 The S8C energy buffer clrcult provides a small varation of a bus
voltage, Vi while also providing high ulllization of avaliable peal energy
storags capacily. In one embodiment, & variation of 12.5% or less is provided
while providing uliiization of available peak energy storage capacity of 727 % or
batter, The S8C energy buffer ciroullt and related techniques describad herain
achisves extremely high afficiency {2.q., by using §im capaciiors) and uses
simpler oirouitry, The 880 energy buffer cireult and related techniques deseribed
herein achisves exifremealy high snergy density a.g., by Incorporating film
capacitors, dlectrolvtic capacitors or ulracapacitors and smployving them over 8
wider voliage ranges than appears at the input port. The 880 ensrgy bulfer
oirou! and related tochnigues desoribed heraln provide performancs
characteristios comparable to or better than conventional energy buffer clrouits
while at the sams ime ulilizing fewer switches and capaciiors than conventionat
anargy bulfer cirouits. The 88C energy buffer ciroult includes a numbear of

variations as will be desoribad harain,

0043 Referring o FIGS. 1At 10, swilchead capaciior circuis that
reconfigurs capaciiors bebwean paralis! and serles combinations have been
used fo improve the energy uiilization of uiracapacitors, A cirouit 10 is a simple
varsion of a parallel-series swilched capaciior cirouit, The ciroult 10 Includes
switches 8y, 82, §; and two capaciiors Oy and Ce. The clroult 10 also includes a

forminal 12 and a terminal 14 {collectivaly refared o hereln as a buffer part} o
4]
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provide & bus vollage, Vie. o088 the torminals 12, 14, When switches 84 and
5; are opan and 8; is closed, the resulling configuration s reprasentad by a
cirpuit 107 as shown in FIG, 18 depicling capacitors Cy and G i serles. When
switches 8; and 83 are dosed and 5; s open, the resulting configuration is
representad by a cireult 1¢7 shown in FIG. 10 depicting capaciiors Crand Gy in
paralisl.

1043 While the cireuit 10 has a high capaciior energy utilization of
93.75% which is refatively high compared with prior ant approaches, the oiroudt
10 also hag g voltage ripple ratio of 33.3% which is also relalively high compared
with prior arl spprosches. That is, the valus of the bus vollags, Vi, varies by
as much as 33.3%. For sxampls, v one smbodiment, the voltage of the do bus
varies from 0.8V [0 1.33Vhom where Ve 18 the average (nominal} value of
the bus vollage. More complex parallel-serles swilched capacitor olrouits have
also baon developad which achisve & betler vollags ripple ratio; howavar, thase
complex paralielseries swilched capaciiors have high clraut complexily when
high snergy ulilization and small vollags ripple are required. For sxample, &
ciroudt currently having among the best performance {a.g., @ §8-8-5-4-3 paralial
serias switched capactor oroull) has an energy ulilization of 82.00% and a
voitage ripple ratic of 14.3%, bul reguires 41 switches and 120 capaciiors
making the ciroult relatively complicated and thus relatively difficull o implement

for use in practical creuils and systems.

1044} Referring to FIG. 2, a stacked swilchad capacitor (88C) energy
buifar cirouit 100 overcomes the deficlencias of the swilchad capachior oirguils
fike that of the clroult 10 {FIG. 1), The S8C anergy buffer clroult 108 includes a
first sat of ciroullry 102 and & second sel of clrouitry 104 conneactad in series.
S8&C energy bulffer cirouit 100 further includes a pre-chargs cirou! 108, For
raasons which will bacome apparent from the description provided hersin below,
pre~-chargs oirouit 185 is couplad to each of the two sub-circuits 102, 184 and
pre-charge olrouit 105 is gperable to charge each of one or more capaciions in
bwo sub-gircuits 102, 104 to specified inidal conditions befors entering a first

oparating mods. In some casses, the pre-chargs oireult 105 may be coupled In
18
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saries with ageh of the two sub-circuils 102, 104 befors entering o Frst operating
mode, and further connections of the pre-charge olirouit 105 o capaciiors within

the bwo sub-cireuits 102, 104 may be mads with awitches in the two sub-cirouils

102, 104

{G045] Thea circull 100 also ncludes & lerminal 112, s leminal 113 and a
farninal 114, Terminals 112, 114 collectively form a buffer port lo provide the
bus vollage, Veus. Each set of circuitry 102, 104 includes capacitors.,

{0048 As Hlusirated in Fig. 2, the first set of cireuitry 102 includes
capaciiors Gy, Gig, .., Gy and the second set of circuliry 104 Includss
capaciors Gy Gon, « - o Lo where i and m are integers greater than or equsl o
ong. The capaciiors Ty, T o, G Gon B, - -, Go, e of & bype thal can
be efficiently charged and discharged over & wids vollags rangs {s.g., film

capacitors electrobvtic capaciiors and ultra capaciiors).

{D047] Each sef of cirouliry also Includes switches, As Hlustrated in Fig. 2,
the first sed of ciroultry 102 includes switches 84y, Sig, ..., 84y and the sscond sat
of circuitry 104 Includes swilches Suq, 82, ..., San connected in serles with a
raspective ong capaciiorn For axample, the switch 84 I8 In series with the
capacitor gy, the switch 84 i in series with the capacitor Ty, the swilch Sy s
in sories with the capaciior Gy, the switch By i In serles with the capadciior Og
and so forth. The switches Siq, Sz oo S and Sy, 8ga, - S enable dynamio
reconfiguration of both the intsrconnection among the capaciiors and thelr

connection to the bhuffer port {o provide the bus vollags, Vi

00481 it should, of course, be appreciaied that in some implemeniations
here s ne one-lo-one corraspondences belwesn capaciiors and swilchses, that is,
g "leog” can be just & capaciior as Gy s in FIGL 8, just a2 swilch as B4 s In FIGL §,
or & switch in series with a8 capaciior a3 In many casaes. Also one of the blocks
can have swiiches not associated with a Mleg” 1 aliow the "legs” of that block o
he connectad in reverse, as Sni, Ske, Sie and Sy doin Fig. A

11
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{048 The switching in the olrouit 100 {La., opening and closing of the
switches) is preferably performed such that the voltage seen st the buffer port,
Vs, varies only over a small range as the capacitors charge and discharge over
a wide voltage range to buffer energy, thereby providing & high effsclive energy
density. By appropriately modifying the swilch siates, the buffer capaciiors
absorb and deliver anergy over a relatively wide individual voltage range, whils
maintalining a relatively narrow-ranges voltage at the input port. This enables &
high degres of wiliization {and In soma casss, aven maximal ulilization) of the
capacior enargy slorags capability. Eficiency of the circult 100 can be
axiramaealy high bacause the swilches In the cirew! 100 need operate al only very
fow {line-soale) swilching frequencies. Also, the ciroult 100 can toke advantage
of sofl charging of the ansrgy storags capaciiors o reduce loss. Moreover, the
gircuit 100 axhibits losses thet reduce as energy bulfering requirements reduce

such that high efficlency can be achieved across the full operating range.

UL Rafering {o FHG. §, the §8C energy buffer oircult 108 may be
included info a grid interface powsr converler system 200, The systam 200
includes a OO power source 202 coupled to an input filter with parasitic
sompansation 204, a resonant high frequency isolated DG-DO converter 206
coupied o the S8C energy bulfer clrouit 104 through the tarminals 112, 114 that
provide the bus vollage, Vie. Thea system 2048 also includes an AU power
source 212 coupled to an input filler with parasitic compensation 214, a resonant
high frequency inverter 218 coupled o the 38T snergy bulfer oiroult 100 through
the terminals 112, 114, This energy buffering approach is applicabls o g wide
range of grid-interface powsr elactronic applications {(ncluding photovoliale
nvertars, motor drives, power supplies, off-line LED drivers and plug-in hybrid
alecinio vehicle chargers and so forth), snabling mproved reliability and iifelims
in these spplications.

{0051] Refarring to FIG. 34, a grid Interface power converter includes 8
DC-DO convarter having a first port adapted to connect to a DO source or load.
The grid inferface powsr converler further includes g DG-AC converter having 8

first port coupled fo a second port of the DE-DC converter and having a second
12
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port adapled to connect to an AT source or load, The grid interface power
convarier further comprises a slacked switthed capaciior {(S8C) energy butfar
ciroult coupled between the second port of the DO-DO converter and the first
port of the DG-AC converter. By appropriately modifying switch slates of the
S8C energy buffar cireult, the 880 energy buffer croult absorbs and delivers
snargy over 8 wide individua! capaditor voltage range, while maintaining a
narrow-range vollage at the input port. This enables relatively high utilization,

and in some cases maximal utilization, of the energy storage capability

G ey Referring to FIG. 4, one particular example of the 880 energy
buffer circuit 100 is a olrouit 300 called & 2-4 bipolar 88C energy buffer circuit.
The circult 300 includes a first set of circultry 302 and & second sel of droultry
304 in sevies with the first setl of dreuitry 302, The first set of dirouitey 304
includas four "lags® sach of which comprise four swilches Sae, So. Saa, Bae
series souplad with respective onss of four capacilors Cs, Gozy G Cas{ag., the
switch Sa¢ is I series with the capaciior Gy, the switch Sy is In serles with the
capadiior Oz, the switch Sz s in serles with the capacilor Cas, and the switch
By I8 in sories with the capacilor Cuy and 80 forth), The capaciiors Cay, Cap, Cas,
Cog cart be in the circuit 300 in & positive or & negative manney thence the term
“ipaiar.

30531 The first clroutiry 302 also ncludes switches S, Say, Saa, Sins
{somstimes referred hersin collectively as an H-bridge) and selectively opening
and closing the swiiches aliows for bl-polar charging. The second sef of ciroultry
304 includes two capacitors Cqy, T and two switchas 84, 8y serially couplad
o @ respective one of the two capaciiors Gy, Gy {e.g., the switch 8y Is In serles
with the capaciior Gy and the switch 84 Is In series with the capaciior Gl The
cirouit 300 also ncludes a terminal 312 and a terminal 314 that collectively form

a bulfer port fo provide the bus vollage, Ve

0S4 The capacitors Gy, T, Coq, Gany Can, Ops have covresponding
voltages Vir, Vi, Vor, Vaz, Yoy, Vae respectively. The capactiors Gy, G, Gay,
Cany Uay, Tag have entical capacitancs, bul different voltage ratings. For

13
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sxample, the capaciiors, Gy, Gy sach have a voltage rating of 138 Viem, where
Voom 18 the noming! value of the bus vollage, Ve The voltage raling of the
capacitors Oy, Coz, Cas, Cas 878 58 Vigm, 48 Vaom, 38 Vige, and &8 Vi,
respactively. Pra-charging oireultry {nol shown in FIG. 4) ensures that the
followdng initial voltages Vi, Vi, Vo Vaa, Vaa, Ve for the capaciiors Ga, G,
Coty Tane Coay Cos 208 38 Ve 38 Vi 48 Viows 38 Vigm, 28 Vo, and 18

Yiom, respaciivaly.

G Referring to FEE. §, when the circulf 300 begins charging from il
mrinimum state of chargs, switchas Sy Sne Sas, 841 ave turned on while switches
Sea Sz Doz, Son, Sas, Spq are nead off. I the minimum slate of charge, the
capaciiors Gy, Cgs are connscied in series and chargad untll the bus vollags,
Vs, Tsas from 78 Vaor 10 88 Vien. Al this instant, the vollags, Vg, of the
capacior Oz reaches 58 Ve and the vollags, Vi, of the capacitor Cyy reachss
HE Viom.

Io0sa] Then, the switeh S s furned off, the switch Sae s tumed on; and
{he bus voltage, Vo drops back down 10 718 Vign. After a similar period of time
{assuming a constant charging current} the voltags, Vo of the capaciior Gn
raachas &8 Veem and the vollage, Vi, of the capaciior Gy reaches B8 Viem and

the bus voltags, Vi, 8gain reaches 88 Vagn.

Q0871 MNext, the switch Sz is tumed off, the switch Sy Is twrmed on and
the capaciior Cos Is chargad, This process s repesiad untll the capacior Cu i
charged. At this point, the capaciior voltages Vi, Vie, Var, Voo, Ve, and Vg, are
T8 Voom 38 Voom: 58 Vaom: H8 Vooes ¥8 Viom: and 218 Vm, respactively. The

bus voltage, Vi, 18 %98 Vaom.

[o0ss) Next, the capacitor Oy is charged divectly through the switches
Sha Snee Bey faith all other switches Sui, See S Sar, B Saa Bae off) untii the
voltage, Vi, and the bus vollags, Vi, reach 88 Vigm. Now, the switch S is
wmned off, and the switch Sy is fumed on along with the swilch 8. Henes, the

bus voltage, Vo, 8gain drops o 78 Vien.
14
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{0059 Now, the capaciior Oy can continus to charge up through the now
negatively connacted capaditors Gy, Cap, Tase T through @ procass similar to
the one described above, sxcept that the capaciiors Gy, Gz, G, Ty ave
discharged in reverse order, Lg, first through Cag, then through Gop, and s on
undll finally through Gy,

e At this instant, the capacitor Gy is fully chargad © 138 Viem and
charging of the capaditor G must bagin, For this, the M-bridge swiichss are
foggled {La, the switches By and Sz are turned off, and the switches 8, and
Spe are tumsd on), the switch 844 is twrnad off and the switch By s tumed on,
The charging process for the capaciior Gy is identical 1o the charging process
for the capaciior Oy, The switch siates, the capaciior vollages {as ssen from s
port oulside the MHbridge, s.g. terminals 312 and 313 betweaen sub-clrouit 302
and sub-circui! 384} and the resulting bus vollages, Vo, over & complete charge

and dischargs oyole are shown in FiG. &

LEG During the discharge period, the capacitors Ty, Ty are discharged
one at a fime through 8 process that is the reverse of the charging process.
Hanes, the vollage wavelorms during the discharge period are @ mivor of those
in the charging period. Throughout the charging and discharging pericd of the
clrouit 300, the bus vollags, Vi, sltays within the ¥/8 Ve 10 88 Vo range.
Hanes, the ciroult 300 has & {(nominal to peak) voltage rpple of 12.5%.

noed i is meaningful to compars various enargy buffering oiroulls In
ferms of their energy buffering rafio, vy . An energy buffering ralio, v, iz 8
measure of how affectively @ ciroull makes use of the lotal energy storage
capachly of s capaciors, Eues | s definad as the ratio of the snergy that can
be axtracied in one oydle o Epes. T an snergy buffering architecturs can be
charged up o & maximum enengy of Enec and drained down o 8 minimum
anergy of B, then the energy bulfering ratio, v, is given by

Yo & {Enar-Ban M Eme)
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{00831 The exemplary clrcuit 300 achisves an ensigy buffering ratio, vy of
81.6%.
Q0G4 Referring o FIG. §, another exampls of the 850 energy buffer 100

is & ciroult 400 calied & 1-3 unipolar 880 energy bulfer oireuit. The cirouit 4080
includes a first sat of cirouitry 402 and & second aat of drouitry 404, The first set
of ciroultry 402 Includes switohes Saq, Sap, S conneciad in serles {o capacitors
Ca1, Toz, Gy, respactivaly, and these "legs” {(swilches in sories with capacitors)
are conneciad in paralisl. The first ast of cireultry 402 also includes & swileh Sy
soupled in paralial 1o the capaciior switch pairs Op-8gq, Caa-Sa andd Cep8pa.
The second sef of cirouitry 404 includes a capaciior Gy,

{OGGS] The capacitors Gy, Car, G, O have corresponding vollages Vi,
Vo, Vo, and Vau, respeciively. The capacitors G, Cgq, Gy Gy have identical
capaciiance, bul difforent voltage ratings: B8 Vaom Tor Gy, 478 Vigm for Gy, 38
Yaom f0r O angd 28 Vion for Cos, where Voom I8 the nominal value of the bus
voltags, Veus Most of the snargy is buffered by the capacitor G4, which alsoe
supports most of the vollage, while the capacitors gy, Gpp and Gy play a
supporiive function, by huffering & small amount of ensrgy and providing soms

voltage support.

1088 FIG. 7 deplicls the voltags wavelorms for the capacitors Gy, O,
Coop, Cop duiring & charging period Tor the ciroult 400, Pre-charging cirouitry {nat
shown iy FIG. 8) ensures that sach of capacitors Gy, Cas, Gop, g are charged
i respective onas of the followding inllial voltages Vi, Voo Ve and Vi hone
embodimant, the initial voltages Vi, Ve, Voo, Vos corrsspond to voltages of 48
Vaom: 38 Vnoms 28 Vo, 802 18 Viem.  Unoe the cireuit 400 slarts to chargs, the
switch Sy Is turnad on and the other switches Ssp, 8g and 81y are furmned off. In
{his cass, the capaciiors Gy, 4 are placed in senlss with sach other and
charged untll the bus vollage, Vi, reaches 88 Ve, when the vollags, Vi,
raachas 48 Vi, and the vollage, Vi, reaches 58 Viem. Then, the switch Bg s
fumed off, the swilch S is tumed on. After & nexd period of time (which may be
the same as or similar o the period of ime laken fo charge oaps G, O
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assuming a constant charging current), the vollags, Vi, reaches 38 Voon and
the voltags, Vi reaches 88 V. Then, the switch Sy s tumed on and the
capacitor Gy is chargad. In this way, swilches Sz, Sap, S, 841 are tumed on
and off one after another and the voltages Vo, Vo, Ve, Vi finally reach the
voltage valuaes 48 Viem, 38 Vaam, 278 Viom and 898 Voon, respectivaly. Than, the
civoult 400 antars the discharging period. The swilches are lumed on and off in
revarse order in the discharge ovele. Henes, the voltags waveforms during the
discharging period are ths roverss of those in the charging peariad (nol shown in
FIG. T

fo0aT Thus, by changing the swilch configurations appropriatsly as
anergy is deliversd 10 and from the buffer port, individuad capaciiors can by
chargedidischarged over a wide range {rom their inllial voltages o rated
voltages), whils the vollage at the buffer port, Vi, 18 mainiained within a narrow
rangs {within $12.8% of Vium) @s shown in FIG. 7. 1 can be shown that this
simple structure can provids energy bulfaring of up o &1 (T2.7%) of the pask
snergy storage rating of the capacitors, while providing a buffer port voltags,

Vius: that remaing within £12.8% of a nominal bus vollage, Veom-

{0068] Referring o FIG. 8, the oirouit 400 can also be operated in slightly
differant manner. For exampls, uniike the control strategy depictled N FIE. T, &
diffarant control strategy gives agqual ime 1o all four switch states. The raguiraed
voltags rating of the capacitors Gae, Tpe, Cos is lowey than in FIG, 7. However,
with this modification the energy buffering ratio of the buffer reduces o 88.4%

gomparad o T2.7% depictad in FIG. 7.

Gaw Raferring to FIG. 8, the droull 400 can be axdanded {0 achiove a
simalier bus vollage, Ve, variation or & higher energy bulfering ratio, ve. by
adding more capaciiors in paraliel o the three upper capaciiors, Tzq, Gz, Caa,
shown in the ciroult 400 (FIG. 8). For example, & oirouit 400 called a T-m
unipolar 886 energy buffer ciroult includss a first sel of circuitny 402" and the
second set of cirouitry 404 which includes the capaaiior Gy similar to the dircult

400, Howeaver, the first set of cirouitry 402 includas additional switches and
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capaciors than the first set of olrcultry 402 In the drouit 400, For sxample, the
first set of ciroultry 4027 Includes m Megs” In paralie! (sach "leg” consisting of &
switeh in serles with a capaciior), m swifches in serles with the m capacitors and
the swilch Sy in paraliel with the m Mlegs”™. Each of the m capaciiors have squal
capacitancs. The energy buffering ratio for the clrcult 4007 is given by

{1334 R e { LRI, + (i)

€1 {1 +Re)? +Ca{l 2%t m®IRE

whare R, is the voltage riople ralio (2.8 (Ve ™ Ve ¥ Viem, 1 I8 the capacitance
of the capaciior Gy and G5 is the capaciiance of ane of the m capacilors each

{which have squal capaciianos),

[QGFG Referring fo FIG. 10, anothar typs of S8C energy buffer ciroult is a
clrouit 500 callad a 1-3 bipolar 88C energy buffer circuil, Film capacilors are
hipolar and can be charged in either direclion. The circult 500 takes advantage
of this fact and thus improves the lopology and operating stralegy In order to

push the energy buffering ratio, v, aven higher,

HEER The circuit 500 includes a first set of ciroultry 802 and a seoond set
of ciroultry 504, The first set of cirouitry 502 includes 3 Megs” in paraliel and
switches S, 8o and Sgs In series with a respective one capacior sy, Cos, O,
pach set forming one feg. The first set of circudtry 502 also includes switches
Buts Snze Snz Sne {8.5., an Hbvidge). The second set of circuitry 504 includes a
capachor, Gy, The capacitors Gy, G, Gaa, O have identical capaciiance
valuss. The voltage ratings for the capacitorns Gy, Cos, Cog Gon a8 THE Voo
38 Voom: 208 Viemw and 118 Vs, 8nd regpectively. The main diferance of this
topology comparsd o unipolar ons is that the four supporting capaciions are now
put indo the Hebridge o enable bi-directional charging. For operating strategy,
pre-charging clrouilry (not shown) snsuras that specified initial vollages are
placed on the capacitors Gy, Cor, Cop, T 78 88 Vi, 28 Voo T8 Viem, O
respactively, Al first, switches Sy and S are turned on and swilchses 8y and
Sy are turned off,. Then the ciroull 800 operates as a unipolar buffer as
dascribed above until the voltage of the four capacitors G, Cot, G, G
ranchas 38 Ve, 98 Ve 18 Vigm, 800 Vaem, respactively. At this ime, the
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switchas Sy and 8 are turned off and the swilches Swe and Sy are umsd on,
thus the voltages of the capacitors Gy, Coz, Tos saan from the culside are
ravarsed 10 -8 Viem: /8 Viom and ~18 Viagm, while the voltage of the capacitor,
O, stays the same. Afler a similar process, the capacitors Gy, Cap, Cpzare
charged back 10 -2/8 Viem, ~ 18 Viem and §, respectively with the vollage of Gy
chargad up o T8 Vg,

007 Aftar this, the discharging process bagins and ths capaciiors G,
Can, Ty are discharged down, fipped fo 8 positive posiion and then discharged

again while G4y is alf the way discharged back 0 58 Veen.

0073 Referring to FIG. 11, the waveforms of the vollage of each
capacitor during a charging period are shown, As describad above, by changing
the swilch configurations sppropriately as energy s delivered to and from the
buffer port, the individugl capacitors can charge over 8 wide range {from theyr
initial voltages to raled vollages), while the vollage st the buffer partis
maintained within & narrow rangs {within 12.58% of Vi) | can be shown that
olirouit SO0 provides energy buffering of 71.1% of the peal energy storags raling
of the capaciiors, while providing a buffer port voltags, Viwe. that remnaing within
+12.5% of a nominal bus vollags, Ve Whils the energy bulffering ralie, v, of
the oiroult 500 fs lower than that of the cireult 480 (e, 1.3 unipolar S50 energy
buffer), the bipolar 88C energy bulfer ciroull with a slightly modified confrel and
dasign methodology {as described further hersin} increases its energy buffesing
ratio, Vo, I T4%.

{074 Referring to FIG. 12, the cirouil 50O can be extanded by adding
more capaciions o the first and second of clireuitry, 502, 504 as in a ciroult S04
calted 8 rem bipolar $8C energy buffer circull, Nots that the capacitor that does
the energy bulfering in the ciroult 500 is the capaciior Gy in the second st of
oirouliry 804, Therefors, by replacing ©11 alone with a plurality of Ylegs”™ in
paraliel, each "leg” comprising the series connection of & capaciior and swileh,
hetter buffering parformancs can be achisved,
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LETESY The cirout 800 includes a first sat of circuitry 8027 and a second
sat of clrouilry 5047, The first set of circuitry 8027 includes capacitors Cay, T ooy
Com {refersd herein as m capaciiors) and switches 8y, 8, .., Som In sevies
with & respective ane capacitor, and the "egs” formead by each switch-capaciior
pair in paralled. The first set of circuilry 5027 also includes switches Sy, 8, Sia,
B¢ {8.g., an H-bridge), The second set of dreuitry 504 includes capaciiors Gy,
Caz, oon, Gop (referred hereln as n capacitors) and swilches S, S o, S in
saries with & respective one capaciior, and the "legs” formed by sach switeh-

capaciior pair in paralist,

0a7E] The m capaciiorns in the first sel of cirouitey 502 In this case have to
swilch at a higher switching frequency. The energy buffaring ratio for this n-m
bipolar S8C energy buffar {with n capaciiors of equal value Cy and m capaciiors

with equal value Cg) Is ghven by

i1 L S SR v &
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{0077 Referring to FIG. 13, the variation in snergy buffering ralio, v, 88 8
function of the numbear of n capaciiors and numbaer of m capacitors is shown,
FiG. 13 indicatas that there is an oplimal number of m capacitors that should be
used for a given number of n capaciiors in order to madmize the energy
buffaring ratio, v, Note thal this oplimal number of m capaciiors depends on the
value of allowed vollage ripple ratio, 8B, In Fig. 13, the vollage ripple ratio, B, s
12.5%.

{0O7E] FIGE, 14A and 148 show how the optimal number of m capaciiors
changes as the alfiowed voltags ripple ratio, R, is changed, FIG 144 has a
voltage ripple ration, R, of 28%. FIG. 144 has g vollage ripple ralie, R, of
8.28%. W a larger vollage ripple ratio, R, Is allowed a higher energy buffering
ratio, ve, can be achisved with Tawer m capaciiors. On the other hand, & lower
voltage ripple, R, requires a larger number of iy capacitors I maximum shengy

buffering is o be achisved, However, increasing the number of m capacitors

Sy
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also increases the complaxity of the circult. Thersfore the number of m
capaciors {o uss can be determined by an appropriate frade-off between vollage

variation and energy buffering ratio, ve.

0TS Referring now to FiIG. 15, one particuiar axample of the ciroult 500
i 3 circult 500 where n =2 and m= § also calied a 2-8 bipalar stacked switchead

capaciior energy buffer cirouit.

080 Exemplary clrouit 300" includes a first block of paralisd coupled
switches and capaciors 811, O11, 812, €12 and a second black of paralisl
soupled switches and capacitors 821, C21, S22, G223, 823, C23, 8234, C24, 825,
25, 828, £28. The first and second blocks are coupled in serles aoross a bus
voltags Vie. Switches 8h, Shi, 8h3, 8hd ars disposed in the second block o

provide selacied signal paths between the first and second blocks.,

it As noted above, the capaciiors are preferably of & type that can be
sfficiently charged and discharged over a wide voltage rangs {(a.g., film
capactiors). The switches are disposed o selactivaly couple the capacitors to
snable dynamic reconfiguration of both the interconnection among the capaciiors
and thalr connsction to a bulfer port. The swilches are cooperatively operated
as 8 swilching nehwork such that the vollage seen at the buffer port varles only
aver a small range as the capacitors charge and discharge over g wids rangs to

buffar enargy.

jeng2] By appropristely modifying switch states of the 880 enargy buffer
oiroull, the S8C energy buffer circul! sbaarbs and delivers energy over a wide
individual vollage rangs, while maintaining & narowrangs vollage at the input

port. This enables maximal ulilization of the energy storage capability.

0083 The waveforms associated with the olrouit 8007 are shown in FIG.
18,

2]
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{084 Rafarring now to FIGE. 18, a plot of swilching states vs. voltage is
shown for the ciretdt 5087 (Fig. 18).

{G0a5] The bipolar stacked swilched capsaciior snergy buffer ciroull {8y,
the ciroult SO0 praviously descoribed can also be controlied in a slightly different
mannar. instead of charging the n capaciiors ondy iy serles with the m
capacitors, a state can be infroduced by tuming Sua and Spe {or Sy and Spe) on
at the sams me In which the n capagiior is charged directly. An axampls of the
modified control s shown in FIG. B for the cirouit 300 {the 2-4 bipolar 880
anergy buffer circull) of FIG. 4. The modifisd contrad is described herein in the
saction entiisd: "Enhanced Bipdlar Stacked Switched Capaciior Energy
Buffar™l. With this modified control, and assuming that all m and n capacitors
have the same capacitancs, the sxprassion for anergy buffaring rafio, ve

bocomes:
o af{ +im + 08 {1 imt 108
F A P I P VI e 5
e This s plotted as a funclion of number of i capaciiors and numbey

of m capaciiors in FIG 17, Figure 17 also plols (as dashad lines) the energy
buffering ratio withowt modified control, The modifisd control achisves higher
maimum energy buffering ratio than withow the modified control. Furthermaors,
i achigves this higher maximum with fewer m capaciiors than without modified

control,

08T Az discussad above, an 880 energy buffer has two sarles couplad
blocks comprising capadiors and switches. It works on the pringiple that while
the voltage of individual capacitors and the individual blocks can vary over &
wide range, the voliage at the buffer port remains constrained 10 a desired
narrow range by having the vollages of the bwo blocks compensate for each
othar., Thers are many possible implamentations of the 88C ensrgy buffer
architecturs. One implemantation known as the n-m bipolar S8C energy buffer
is desoribed aboves inconjunction with g, 1Swithnand mequai o 2 and §,

raspactively. in this design all the capacitors have squal capacitancs, bt
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different voltage ratings. Before the buffer starts normal operation the capacitors
are pracharged (o specified initial levels using & pracharge olreuit. During normal
operation, the buffer operates as depicled by the swilching patterns and
associated voltage wavelorms shown in Fig. 1840 In sach siate, ong backbons
capacitor and one supporting capaciior are connected in serles across the buffer

pori,

HEERY, Important paramaters of & switched capacitor energy buffer are the
voltage rinple ratio &, and the energy buffering ratio Iy, The voltage ripple ratio
{R,) is defined as the ratio of the peak vollage ripple ampiifuds to the nominal
value of the vollage. The energy buffering ralio () s definad as the ratio of the
snergy that can be injscled and exiracted from an energy buffer in ons sydle to
the tolal enargy capacity of the buffer. Maximizing the energy buffering ratio for
a given reguired vollags ripple ratio is desired bocause one can make betler
usage of a given amount of capactior snergy storags. A bipolar 880 energy
buffer can be designed with any number of "backbone” capaciiors in the lowsy
block {0} and any number of "supporting” capaciiors in the upper block {my}.
Howeaver, for a given voltage ripple ratio regquirement and & ghean number of
haskbone capaciiors there is an optimal number of supporting capaciiors that
vislds the highest energy buffering ralio, and hence the highest effactive energy
density for the passive components. The energy bulfering ralie e} for an nem
hipolar $8C snergy buffer s given by

Mo = n{l S mRY « (- mRP /(T + mRST+ {1+ 2%+ 10+ mORE) Eq. (10)

{0088 For axample, for & 10% bus voltage rdppls ralio requirement and
with 2 backbone capaciiors, the optimal design of a bipolar S8C energy bulfer is

one with § supporting capaciiors. This is avident fom the plot of Fig, 17,

[0080] The s-m bipolar §8C energy buffar can also be controlled In g
stightly differant manneay 8o a8 1o operate as an enhanced bipolar ssc energy
buffer. Instead of charging the backbone capaciiors only In series with the

supporting capaciors, a stale can be introduced by lumning See and Sae {or Ba
23
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and 8n2) on af the same Bme in which the backbone capaciior is charged

diractly.

LY, Refaring now {o Fig. 18, consider the 2-8 enhanced bipolar 88C
ansrgy buffer. Siniler fo the 2-8 bipolar §8C energy bulfer of Fig. 1§, the 2.8
snhanced bipolar 38C energy buffer of Fig. 18 is designed for & bus vollage
ripple ratio of 10%. Us seven capaciiors also have identical capaciiance, but
gifferent voltage ratings. The pre-charge clroult (not shown in Figs, 18 or 18}
grsuras that the following inftial vollages are placed on the seven capaciiors:
8.4V 00m o1 Gy, 0dVnom 08 Gz, 0.8Vaom 011 Caq, §.4V00m ot G, 8.3V ogm 00 T,

{00821 Whaen the energy bulfer starts charging up from s minbmum stale
of charge {as shown in Fig. 188, 8y, Bhe, 82 and 844 are lurned on with alf the
other swilches fumed off, In this state, Gy and Cay ars connecled in sorles and
charged until the bus vollage rises rom 8.8Voom 10 1.1V aem. Al this instant the
voltage of Gy (Vo) resches 0.8Vam and the voltage of 8y {V44) reaches

8.8V ham- Then Sy s turned off and Sy is wned ong and the bus vollage drops
back down {0 0.8 Then, the vollage of Cup rises 10 0.5Vem and the vollage
of Cqq reachss D.8Vam, and the hus vollage again raaches 1.1 eom Next, Sxris
furmned off, Sas s twrned on and Cps is chargad. This process is repeated until
Cas is charged. This charging pattern s entical to the origingl 2-8 bipolar 880
anergy buffar, as can be seen by comparing Figs. 1848 and 187, Howsaver, the
next two states are different, instead of charging Gy In serias with Gpe, G i8
charged direclly by turning off Sie and funing on Bhy. Henes, sliminaling the
nead for capaciior Gue and switch Sy of the original design. This slals s
maintained untll voltage of Gy rises 10 1 1TVhom. Afler this Sy is turned off and
S and Sus are turned on, Now G can continus & chargs up through ihe now
raverse-connacted supporting capacitors through a process similar {o the one
desortbed above, excapt that the supporting capaciiors are discharged in reverse

order, L.e,, first through G, then through Cps, and so on until finally through Gy,
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R At this stage G is fully charged 10 1.8V ww and charging of G
must bagin, For this the h-bridge switches are again foggled {le., Sy and Spe
are furnad off, and Sy and Sy are twirmed on), S s turmed off and Sy is tumed
an. The charging process for Cyg is identical to the charging process for Gy,
The switch siates, the capaditor vollages and the resulting bus vollages over 8
complste charge and discharge oycle are shown in Fig, 184, During the
discharge period, the capacitors Cyy and Gy are discharged one at a time
through a process that is the reverse of the charging process. Mencs, the
voltage waveforms during the discharge pericd are a mirtor of those in the

charging perind.

e R Y Throughowt the charging and discharging period of this shergy
buffer, the bus voltags stays within the 0.8 om 1 Waem rangse. Hence the
grihanced 2-5 bipolar S8C enargy buffer operated In this malter also has a
voltage ripple ratio of 10%. Furthermors, it has an energy buffering ratio of

TR 73% which is higher than the energy buffering ratio (78.8%) of the original -8
bipolar S8C energy buffer. The original 3-8 bipolar 88C energy buffer has 8
capacitors and 12 switchas, while the enhanced 2-5 bipolar 88C energy buffer
has 7 capacitors and 11 switches, Henoce, the enhanced version achisves the
samea bus volfags ripple ratio and a slightly betler energy buffering ratio with

fawer capacitors and swilches,

G Assuming that all capacliors have the same capaditance, the
snargy buffering ratio (I} for an enhanced i bipolar 880 energy buffer is

given by
Fp = a1 St IR - (1~ v DR Inlt + (e R + (884 30 e R Ba. (1)

088] The energy buffering ratio for the enhanced bipolar 88C enargy
buffer is plotled as a function of the number of supporting capaciiors {m) for
different number of backbone capacitors {7} with 10% voltags ripple rativ in Fig.
17, Fig 17 also plots {as dashed Bnes) the energy buffering ratio of the ariginal
hipolar 88C energy buffer (as ghven by Bq. {101 As can ba seen from Hg. 17,

25
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the snhanced design achieves a slightly higher maximum energy buffering ratio
than the origingl design. Furthermore, it achisves this higher maximum with

fewer supporting capacitors than the origine! design.

0N An exemplary -8 enhanced bipolar 88C snergy buffer ofroult was
Luilt and tested with & power factor correction (PFC) oircult powering a doload,
The S8C energy bulfer replaces the slectrolytic capacitor normally connacted at
the output of the PFC, as shown in Fig. 3&. The 830 energy buffer is designed
o mest & 10% bus voltags ripple ratio requiremsnt on a 320V do bus with a

maximum load of 138W.

[Goe The measured waveloms from the 28 enhanced bipolar 35C
snargy buffer are shown in Fig. 18, GClearly, the enhanced SSC energy bulfer
maintaing the bus voltage within the +10% specified range. The roundtrip
sfficiency of the 2-8 enhanced bipolar 88C energy buffer across a wids load
range was alse measured and this dats is plotted in Fig. 20

0ag; Fig. 20 also plots the maasured roundirip efficlency of the ariginal
28 bipolar SSC energy buffer. As can be seen, the snhanoced varsion has 1%
higher roundirip efficiency. This represents a 20-28% reduction inloss as
somparad o the original design. The full paper will also provide & more detaliad

axperimental svaluation of the approsch,

0Mag A stacked swilched capaciior (380} architecture for do-link snergy
buffering applications, including buffering between single-phase ac and de has
haan described. This architecture utilizes the energy storage capabifity of
capacitors more effectively than previous designs, while mainiaining the bus
voltage within & narrow range. This enables the snergy bulfer (o achieve higher
sffactive energy density and reduce the volums of the capaciiors. A profotype 2-
8 bipolar 880 energy buffer using fiim capaciiors designed for & 320 V bus with
10% voltage rpple and able o support & 135 W load was bullt and lested and #

in shown that the 88O energy buffer can successiully replace limited-life

28



WO 2013/109797 PCT/US2013/022001

slactrolyvtic capaciiors with much longer life film capaciors, while maintaining

volume and officiency at a comparable level,

LR Alne desoribad is an enhanced version of the S8C energy buffer
which modifies the control and switching patiern of the buffer switches o yield
mproved performance. A profotype enhanced 88C energy buffer, designed for
a 320V bus and 8 135W load, was bl and tested. The design rules and
axperimental resulls for the enhancsd S8C energy buffer are also describad. R
ia shown that the snhanced S8C energy buffer achisves a relatively high
sffective energy density and reund-irip efficlency compared with other designs,
while maintsining the same bus voltage ripple raie. Furthermore, the enhanoed

design uses fewsr capacitors and swiltches than other dasigns.

{103 The techniques desoribed hereln are not imited o the specific
smbodimants desoribed. Elements of different embodiments desorfbed herein
may be combined to form other embodiments not spedifically set forth above.
Oiher embodiments not specifically desoribed heveln are also within the scope of

the following claims.

BO103; What s claimed s
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1 A stacked switched capachor (S8C) energy buffer clroult comprising:

fwo sub-oirouits that are serially coupled during s first operaling mode
whersin each sub-oiroult comprises one or more capaciiors, and at least one
sub-oiroult further comprises a plurality of switches disposed 0 selectively
couple he capacitons o {8) enable dynamic reconfiguration of how the
capaciors are coupled o the terminals of the sub-cireuly; and (b} dynamically

ragonfigure the inferconnection among the capacitors within the sub-aireutt,

2. Tha 88C energy buffer cirouit of olalm 1 wherein the switches in al least
one of the hwo sub-cirouits are arranged to dynamically reconfigurs a polarity

with which at leasi one capaciior s connectad to the terminals of the sub-clrouit,

3, The 88C snargy buffer ciroull of clalm 1, further comprising & pre-chargs
giroult coupled to sach of the two subeclrouits sald pre-charge cireuit oparable to
charge sach of the one or more capacitors in the two sub-clreulls {0 specified

initial conditions before entering the first operating mods.

&

4, The 88C snergy buffer circuit of olaim 1 whereln at least one suboiroult
comprises a plurality of sub-sub-cirouils connected in parallel, wherein each sub-

sub-sircuit comprises & switoh serlally coupled 1o a capacitor.

&, The SSC snergy buffer oircult of claim 1 wherein the peak energy
suffored one of the fwo sub-circuits is greater than §8% of the tolal peak enargy
bhuffering capability,

&. The SSC energy buffer clrouit of claim 1 whersin the capaciiors in at
lonst one of the two sub-cirouits are of a typs that can be sificlently chargad and

discharged over a wide voltags range.
£ The SSC snergy huffer circull of clalm 1 wherein the capacitors in at

ipast one of the first and sscond blocks are provided as: ong of fiim capacitors,

ultra capsacitors and electrolylic capaciiors.

28
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8. The S3C energy buffer ciroult of claim 1 whersin the switches are
disposed o seleclively coupla the capacitors to snable dynamic reconfiguration
of both the interconnaction among the capaciiors and their connaction to & buffer

pot,

8. The S8C energy buffer cireult of olalim 1 wherain the switches are
caoperatively operated as 8 switching network such that the vollage ssen ala
buffer port varies only over a small rangs as the capaciiors chargs and

discharge over 8 wide voltage rangs fo buffer anergy.

19, A civoult comprising:
a first sat of clrouftey comprising:
m capacitors; and
m swilches, sach m switch serfally couplad 1o a corresporiding one
of the m capaciiors; and
a second sel of oiroullry comprising:
n capaciors; and
n switches, sach n swilch serially coupled o a corresponding one
of the n capaciors;
whersin a voltage across the firs! set of circuitry and the sscond set of
gircuitry Is a hus voltags,
whersin the circult is configured to maintain the bus vollage within a
pradetermined range of a nominal valus, and

wherein i and m are integers graater than aero.

11, The ciroult of clalim 10 whersain the first set of gireuitry includes an H-
bridge switch and whereln sald H-bridge switch s disposed to allow at leasl

some of said m capacitors to be charged in 8 bipolar fashion.

12, The creult of caim 0 whersin n =2 and m = 4, and

wherein the croull has an ensrgy bulfering ratio, ve of 81.8%.

13, The gircult of claim {0 wherelnn= 1 and m = 3, and
28
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whare R, is the voltage ripple ratio, G4 the capacitancs of the n and m capacitors

are sgual.

The circuit of claim 10 whersin the m and n capaciions are flim capacilors.

186

The cirouit of claim 10 wherein the m capacitors have the same

18,

capaciianeea.

The circult of claim 10 wherein the n capaciiors have the same

17,

capachance.

The olroudt of olaim 10 whaerein the m and n capacitors have the same

18,

capaciance.

g @ switch coupled to said m

s pomprisin

i

3 and =1, and whorain the oircult has an ansrgy

fur

olaim 14,

iof

The circu

18,

capacHors, and whersinm

buffering ratio, v, of about F2.7%.

20,

The circult of claim 10 whereinn= 1, and

wherain an snargy buffering ratio is egqual o

{48 P - {1~ mRy 10 +mBe)

R V2

Coft w7+ 00 +2%4

3
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where R, is the vollage ripple ratio, Gy is the capacitancs of the n capaciior and

s the capacitance of one of the m capaciors which are squal in capacitance.

240 A grid interface powsr converier system comprising:
a stackad swilchad capscior {88C) energy buffer circuit couplad betwean a DE-
D6 conwverter and an AGDC converier, sald stacked switched capaciior (880}

snergy buffer ciroull comprising:

o sub-clrcuits that serially coupled dwring & first operating mode wherain
sach sub-circull comprises ons or mors capaciiors, and at least one sub-cirgul
further comprises a plurality of switches disposad {0 selactively couple the
capaciors fo {8) snable dynamic reconfiguration of how the capaciiors are
souplad to the terminals of the suboiraul; and () dynamically reconfigurs the
inferconnaction among the capaciors within the subcireuit,

22, The olrcudt of claim 21 sald 38C enargy butfer clroult comprises:
& first sl of clirouitry comprising:
m capaciors; and
m swiiches, sach m swilch serially coupled to a
corresponding one of the m capaciiors; and
a second sat of clrouitry comprising:
i1 capaciiors; and
i switches, sach n swilch in series with & corrasponding one
of the n capacitors;
wherain @ voltage across the first set of circudtry and the second satof

girouilry is a bus vollage.

23, The circult of caim 21 wherein the 380 energy buffer cireuit is configured
o maintain the bus vollags within 212.5% of 2 nominal valus,

24, The 88C snergy buffer oiroudt of olalm 21 whersin the swilches in at least
ong of the two sub-circuits are arrangad o dynamically reconfigurs a polarity
with which at loast one capaciior is connaciad o ths termingls of the sub-cireuit,

31
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25 The SSC energy buffer cireuit of claim 21, further comprising 8 pre-charge
giroult coupled to aach of the fwo sub-cirouits sald pre-charge oirad operable {o
charge sach of the one or more capaciiors in the two sub-circuits {0 specifisd

initlal conditions before entering the first operaling mode,

28, The 880 snergy buffer circult of claim 21 whersin at least ong subairguit
comprises & plurality of sub-sub-clroulls connectad in paralisl, whersin sach sub-

sub~cireul! comprisas a swilch sarially couplad {0 a capaciior,

2. The 880 snergy buffer cirouil of olaim 21 wharain the poeak energy
storage capabiiity of one of the two sub-cirouils is graater than 88% of the fofal

paak energy storags capability,

28, A stacked swilched capacitor (S8C) energy buffer ciroult having first and
sacond tarminals, the S8C enargy buffer cireult comprising:

a first sub-clroult comprising one oF more capaciions;
a second sub-clircult comprising ons of move capachiors; and

ONie o more switohes disposed in al loast one of said first and second
sub-circuits {0 selectively couple sald one or mors capaciiors and whersin said
first and second sub-clrcults are serially coupled during a first operating mods
and wherain said one or more swilches ars aperabls to enable dynamis
reconfiguration of how the capaciiors are couplad o the terminals of the sub-

olroult;

28, The 88C energy buffer cirouit of clalm 28 wherein sald one or more
switches are operable o dynamically reconfigure the inferconnection among the

sapaciors within s isast ons of said first and second sub-giroults.
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30, The S8SC energy bulfer ciroull of claim 28 wherain in at least some
oparating modes, sald one or more switches are eperable 1 prevent the

capacitors from aver baing connected {ogether at both tarminals.

(7]
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