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(57) ABSTRACT

A stacked switched capacitor (SSC) energy bufler circuit
includes a switching network and a plurality of energy
storage capacitors. The switching network need operate at
only a relatively low switching frequency and can take
advantage of soit charging of the energy storage capacitors
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to reduce loss. Thus, ef

iciency of the SSC energy buller

circuit can be extremely high compared with the efliciency

ol other energy bu:

Ter circuits. Since circuits utilizing the

SSC energy bufler architecture need not utilize electrolytic
capacitors, circuits utilizing the SSC energy builer architec-
ture overcome limitations of energy buflers utilizing elec-
trolytic capacitors. Circuits utilizing the SSC energy bufler
architecture (without electrolytic capacitors) can achieve an

cllective energy density characteristic comparable to energy

buflers utilizing electrolytic capacitors. The SSC energy
butler architecture exhibits losses that scale with the amount

of energy bu

e

ered, such that a relatively high efficiency can

be achieved across a desired operating range.

30 Claims, 19 Drawing Sheets
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ENHANCED STACKED SWITCHED
CAPACITOR ENERGY BUFFER CIRCUIT

BACKGROUND

This application 1s a U.S. National Stage entry under 35
U.S.C. §371 of PCT Application No. PCT/US2013/022001,
filed Jan. 17, 2013 and published in the English language
and, which claims the benefit of U.S. provisional application
no. 61/387,308 filed Jan. 17, 2012, and U.S. provisional
application no. 61/594,990 filed Feb. 3, 2012, which appli-

cations are hereby incorporated herein by reference in their
entireties.

As 15 also known, the flow to and from such an energy
bufler 1s at twice the line frequency (e.g., 120 Hz 1in the
United States). The bullering energy requirement can be
calculated as E, ~P/w,, . Because the energy storage
requirement ol the bufler 1s proportional to the system
average power (P) and the (relatively long) line period
(1=2m/m), the size of the required energy buller cannot be
reduced simply through increases 1n switching frequency of
an 1nterface power converter. Thus, energy bullering
requirements represent a significant limitation on miniatur-
ization of grid interface systems.

One important consideration associated with twice-line-
frequency energy bullering relates to lifetime and reliability.
Conventional power conversion systems typically utilize
clectrolytic capacitors to provide high-density energy stor-
age for buflering. It 1s, however, widely appreciated that
despite providing the best available energy density and
providing small DC bus voltage variation, electrolytic
capacitors also represent a significant source of system
lifetime and reliability problems. Also, electrolytic capaci-
tors can only be operated over a narrow charge/discharge
range at 120 Hz for thermal and efliciency reasons (1.e.,
associated with RMS current limits and efliciency require-
ments). These considerations directly limit the energy buil-
ering capability of electrolytic capacitors at 120 Hz. Thus,
while typical peak energy storage densities of up to 0.9
Jjem® can be achieved with electrolytic capacitors, the
allowable energy swing at 120 Hz vields practical energy
densities that are about an order of magnitude lower. Hence,
the development of energy bullering circuits that eliminate
clectrolytic capacitors while maintaining high energy stor-
age density and high efliciency 1s one important requirement
to achieving future grid interface systems that have both a
small size and a high reliability.

It 1s known that film capacitors have a reliability and
lifetime which 1s higher than electrolytic capacitors, but it 1s
also known that film capacitors have considerably lower
peak energy density than electrolytic capacitors (by an order
of magnitude).

However, because film capacitors can be elliciently
charged and discharged over a much wider voltage range
compared with charge/dis-charge voltage ranges of electro-
lytic capacitors, for 120 Hz buflering, energy densities
similar to those achieved with practical systems which
utilize electrolytic capacitors can be achieved with high-
reliability film capacitors, so long as a wide variation of the
capacitor voltage can be used.

One approach to develop energy bullering circuits that
climinate electrolytic capacitors utilizes active filter blocks
(essentially bidirectional DC-DC converters). The active
filter block approach eflectively utilizes film capacitors
while maintaining a desired narrow range bus voltage. While
this approach 1s flexible 1 terms of 1t use, 1t unfortunately
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2

leads to low butlering efliciency it high power density 1s to
be maintained, due to losses 1n the active filter.

Other systems have incorporated the required energy
buflering as part of the operation of the grid interface power
stage. This approach can oflset a portion of the buflering loss
associated with 1troduction of a complete additional power
conversion stage, but still introduces high-frequency loss
and 1s quite restrictive 1n terms of operation and application.

As 15 also known 1n the prior art, energy bullering can be
employed 1n many non-line-frequency applications where
there 1s a energy transierred between a first source or load
having a slow rate of varying power and/or a limited
instantaneous power rating (perhaps a dc source or load) and
a second source or load that has a component of power that
varies faster and/or to an instantaneous value larger than that
desired to be sourced or absorbed by the first source or load.
For example, such applications include interfacing a battery
system (which 1s desired to be efliciently charged or dis-
charged at a limited rate and with a limited peak power) to
a mechanical system that requires rapidly varying power
flow and perhaps large peak power (e.g., by using a power
converter driving an electromechanical system such as a
motor). In such a system, an energy bufler 1s desired to
provide the local-time difference between the power sourced
or absorbed by the first source or load and the second source
or load (e.g., the difference between that desired for the
battery and that required by the power converter and motor
for the mechanical system). In such applications, an energy
bufler may be provided by an ultracapacitor or energy builer
system including one or more ultracapacitors. Applications
requiring energy builering of the nature described here may
include, without limitation, motor drives, electric and hybrnd
vehicle drive trains, cranes, renewable energy systems
including wind and wave energy systems, active filter and
reactive power compensation systems, traction systems,
laser driver systems, electromagnetic launch systems, elec-
tromagnetic guns, electromagnetic brakes and propulsion
systems, and power systems for implanted medical devices.

SUMMARY

In accordance with the concepts, systems, circuits and
techniques described herein, a stacked switched capacitor
(SSC) energy builer circuit comprises a plurality of series-
connected blocks of switches and capacitors. The capacitors
are preferably of a type that can be efliciently charged and
discharged over a wide voltage range over a bullering time
period of interest (e.g., film capacitors for line-frequency
applications, and electrolytic capacitors or ultracapacitors
for mechanical system time scale applications). Thus, selec-
tion of the particular capacitor type and characteristics
depends, at least 1n part, upon the particular application and
the buflering time period. In some embodiments, ultra-
capacitors or electrolytic capacitors could be used. The
switches are disposed to selectively couple the capacitors to
enable dynamic reconfiguration of both the interconnection
among the capacitors and their connection to a builer port.
The switches are cooperatively operated as a switching
network such that the voltage seen at the bufler port varies
only over a small range as the capacitors charge and dis-
charge over a wide range to buller energy.

With this particular arrangement, an energy buliler circuit
having an eflective energy density which i1s relatively high
compared with the effective energy density of conventional
energy buller circuits 1s provided. In some embodiments,
clliciency can be extremely high because the switching
network need operate at relatively low (e.g. line-scale)
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switching frequencies, and the system can take advantage of
solt charging or adiabatic charging of the energy storage
capacitors to reduce loss. Moreover, the stacked switched
capacitor buller architecture described herein exhibits losses
that reduce as energy bullering requirements reduce such
that high efliciency can be achieved across an entire desired
operating range.

In accordance with a further aspect of the concepts,
systems, circuits and techniques described herein a gnid
interface power converter comprises an first filter having a
first port adapted to receive an mput voltage from a DC
source, a resonant high frequency isolated DC-DC converter
having a first port coupled to a second port of the first filter,
a resonant high frequency inverter having a first port
coupled to a second port of the resonant high frequency
1solated DC-DC converter and having a second port coupled
to a first port of a second fitter with the second filter having
a second port adapted to receive an mput voltage from a AC
source. The grid interface power converter further comprises
a stacked switched capacitor (SSC) energy bufler circuit
coupled between the second port of the resonant high
frequency 1solated DC-DC converter and the first port of the
resonant high frequency inverter. By appropriately modify-
ing switch states of the SSC energy bufler circuit, the SSC
energy buller circuit absorbs and delivers energy over a wide
individual capacitor voltage range, while maintaining a
narrow-range voltage at the input port. This enables maxi-
mal utilization of the energy storage capability.

In accordance with a further aspect of the concepts,
systems, circuits and techniques described herein a gnid
interface power converter comprises a DC-DC converter
having a first port adapted to connect to a DC source or load,
a DC-AC converter having a first port coupled to a second
port of the DC-DC converter and having a second port
adapted to connect to a AC source or load. The grid interface
power converter further comprises a stacked switched
capacitor (SSC) energy bufler circuit coupled between the
second port of the DC-DC converter and the first port of the
DC-AC converter. By appropriately moditying switch states
of the SSC energy bufler circuit, the SSC energy builler
circuit absorbs and delivers energy over a wide individual
capacitor voltage range, while maintaining a narrow-range
voltage at the mput port. This enables relatively high utili-
zation, and 1n some cases maximal utilization, of the energy
storage capability.

With this particular arrangement, an energy bullering
approach applicable to a wide range grid-interface power
clectronic applications 1s provided. Gnd-interface power
clectronic applications include but are not limited to pho-
tovoltaic 1nverters, motor drives, power supplies, ofl-line
LED dnivers and plug-in hybrid electric vehicle chargers.
Use of the energy bullering approach described herein
results 1n improved reliability and lifetime 1n these and other
applications.

In one embodiment, a stacked switched capacitor (SSC)
energy bufler circuit includes a switching network com-
prised of a plurality of switches and a plurality of energy
storage capacitors which may be provided as film capacitors.
Switches 1n the switching network are configured to selec-
tively couple at least one of the energy storage capacitors in
series across a bus voltage. The switching network need
operate at only a relatively low switching frequency, and the
system can take advantage of soft charging of the energy
storage capacitors to reduce loss. Thus, efliciency of the SSC
energy buller circuit can be extremely high compared with
the efliciency of other energy bufller circuits. Furthermore,
since circuits utilizing the SSC energy bufler architecture
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need not utilize electrolytic capacitors, circuits utilizing the
SSC energy bufler architecture overcome limitations of
energy builers which do utilize electrolytic capacitors. Fur-
thermore, circuits utilizing the SSC energy bufler architec-
ture (but not using utilizing electrolytic capacitors) can
achieve an eflective energy density characteristic compa-
rable to energy builers which utilize electrolytic capacitors.
In some cases, circuits using the SSC energy buller archi-
tecture, either with or without electrolytic capacitors, can
achieve higher eflective energy than a circuit using electro-
lytic capacitors alone for the same voltage ripple. Moreover,
the SSC energy buller architecture exhibits losses that scale
with the amount of energy that must be buflered, such that
a relatively high efliciency can be achieved across a desired

operating range.

In accordance with a further aspect of the concepts,
systems, circuits and techniques described herein, a stacked
switched capacitor (SSC) energy bufler circuit having first
and second terminals 1includes a first sub circuit comprising
one or more capacitors, a second sub-circuit comprising one
or more capacitors and one or more switches disposed 1n at
least one of said first and second sub-circuits. The one or
more switches are cooperatively operated to selectively
couple the one or more capacitors within and/or between the
first and second sub-circuits. In a first operating mode, the
first and second sub-circuits are serially coupled and the one
or more switches are operable to enable dynamic reconfigu-
ration of how the capacitors are coupled to the terminals of
the sub-circuit.

In one embodiment, the one or more switches are operable
to dynamically reconfigure the interconnection among the
capacitors within at least one of said first and second
sub-circuits.

In one embodiment, 1n at least some operating modes of
the SSC energy bufler circuit, the one or more switches are
operable to prevent the capacitors from ever being con-
nected together at both terminals.

In accordance with a further aspect of the concepts,
systems, circuits and techmiques described herein, a
switched capacitor based energy buller architecture that
restricts the apparent voltage ripple while utilizing a large
fraction of energy 1n stored in capacitors 1s described. The
switched capacitor based energy bufler architecture allows
successiully replacement of electrolytic capacitors with film
capacitors to achieve longer lifetimes while at the same time
maintaining small volume. Also, when used with film
capacitors, 1t can increase the life of grid-interfaced power
converters by eliminating limited-life electrolytic capacitors
while maintaiming comparable energy density.

In one embodiment, an enhanced version of a bipolar SSC
energy buller that achieves a higher eflective energy density
and round-trip efliciency, while maintaining favorable bus
voltage rnipple 1s described. The enhanced buller uses fewer
capacitors and switches than the previous designs. The
enhancement in performance 1s achieved by modilying the
control and switching patterns of the bufler switches. A
prototype enhanced SSC energy bufler, designed for a 320V
bus and a 135 W load, has been built and tested. The design
methodology and experimental results for the enhanced SSC
energy buller are presented and compared with the original
design. The Stacked Switched Capacitor (SSC) energy bui-
fer 1s an architecture for buflering energy between single-
phase ac and dc.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s circuit diagram of a parallel-series switched
capacitor circuit.
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FIGS. 1B and 1C are circuit diagrams of two configura-
tions associated with FIG. 1A for different switch states.

FI1G. 2 1s a circuit diagram of a stacked switched capacitor
(SSC) energy bufler circuit.

FIG. 3 1s a block diagram of a grid interface power
converter system using the SSC energy bufler circuit of FIG.
2.

FIG. 3A 1s a block diagram of a general grid interface
power converter system using the SSC energy buller circuit
of FIG. 2.

FIG. 4 1s a circuit diagram of an example of the SSC
energy buller circuit called a 2-4 bipolar SSC energy buller
circuit.

FIG. 5 1s a plot of switch states vs. voltages of the circuit
in FIG. 4.

FIG. 6 15 a circuit diagram of another example of the SSC
energy builer circuit called a 1-3 unipolar SSC energy buller
circuit.

FI1G. 7 1s a plot of switch states vs. voltages of the circuit
in FIG. 6.

FIG. 8 1s a plot of switch states vs. voltages of the circuit
in FIG. 6 using a modified control.

FIG. 9 1s a circuit diagram of a generalized example of the
SSC energy bufler circuit of FIG. 6 called a 1-m unipolar
SSC energy butler circuit.

FIG. 10 1s a circuit diagram of an example of the SSC
energy buller circuit of FIG. 2 called a 1-3 bipolar SSC
energy buller circuit.

FI1G. 11 1s a plot of switch states vs. voltages of the circuit
in FIG. 10.

FIG. 12 1s a circuit diagram of an example of the SSC
energy buller circuit of FIG. 2 called an n-m bipolar SSC
energy bufler circuit.

FI1G. 13 1s a plot of energy bullering ratio versus a number
of m capacitors with a voltage ripple ratio of 12.5% {for
different numbers of n capacitors.

FIG. 14A 1s a plot of energy bullering ratio versus a
number of m capacitors with a voltage ripple ratio of 25%
for different numbers of n capacitors.

FIG. 14B 1s a plot of energy bullering ratio versus a
number of m capacitors with a voltage ripple ratio of 6.25%
for diflerent numbers of n capacitors.

FIG. 15 1s a circuit diagram of another example of the
SSC energy buller circuit called a 2-6 bipolar SSC energy
butler circuit.

FIG. 15A 1s a plot of switch states vs. voltages of the
circuit in FIG. 15.

FIG. 16 1s a plot of switch states vs. voltages of the circuit
in FIG. 15.

FIG. 17 1s a plot of energy buflering ratio versus and the
number of m capacitors for different numbers ol n capacitors
and whether under modified control.

FIG. 18 1s a circuit diagram of another example of the
SSC energy bufler circuit called a 2-5 bipolar SSC energy
butler circuit.

FIG. 18A 15 a plot of switch states vs. voltages of the
circuit 1 FIG. 18.

FIG. 19 1s a plot of measured wavelforms from a 2-3
enhanced bipolar SSC energy buller circuit.

FI1G. 20 1s a plot of the measured roundtrip efliciency of
an original 2-6 energy buller circuit and a 2-5 enhanced
bipolar SSC energy bufler circuit.

DETAILED DESCRIPTION

Described herein 1s a switched capacitor structure referred
to herein as stacked switched capacitor (SSC) energy bufler
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circuit. Although reference 1s sometimes made herein to use
of an energy bufler circuit in a particular application, i1t
should be appreciated that the energy buller circuits, con-
cepts and techniques described herein find use 1n a wide
variety ol applications. For example, many applications
exist 1n which an energy buller 1s used because either a peak
power rating or a desired energy transier rating of a first
source or load 1s different from that of the source or load to
which it interfaces. It should be recognized that the con-
cepts, systems, circuits and techniques described herein can
be used 1n these applications to achieve one or more of:
higher energy density/smaller size at a given voltage varia-
tion level, higher reliability by using more desirable energy
storage elements.

The SSC energy bufler circuit provides a small variation
of a bus voltage, V, _ while also providing high utilization
ol available peak energy storage capacity. In one embodi-
ment, a variation of 12.5% or less 1s provided while pro-
viding utilization of available peak energy storage capacity
ol 72.7% or better. The SSC energy bufler circuit and related
techniques described herein achieves extremely high efli-
ciency (e.g., by using film capacitors) and uses simpler
circuitry. The SSC energy bufler circuit and related tech-
niques described herein achieves extremely high energy
density e.g., by incorporating film capacitors, electrolytic
capacitors or ultracapacitors and employing them over a
wider voltage range than appears at the input port. The SSC
energy builer circuit and related techniques described herein
provide performance characteristics comparable to or better
than conventional energy bufler circuits while at the same
time utilizing fewer switches and capacitors than conven-
tional energy bufler circuits. The SSC energy buller circuit
includes a number of variations as will be described herein.

Retferring to FIGS. 1A to 1C, switched capacitor circuits
that reconfigure capacitors between parallel and series com-
binations have been used to improve the energy utilization
of ultracapacitors. A circuit 10 1s a simple version of a
parallel-series switched capacitor circuit. The circuit 10
includes switches S,, S,, S; and two capacitors C, and C,.
The circuit 10 also includes a terminal 12 and a terminal 14
(collectively referred to herein as a buller port) to provide a
bus voltage, V., cross the terminals 12, 14. When switches
S, and S; are open and S, 1s closed, the resulting configu-
ration 1s represented by a circuit 10" as shown i FIG. 1B
depicting capacitors C, and C, 1n series. When switches S,
and S, are closed and S, 1s open, the resulting configuration
1s represented by a circuit 10" shown 1n FIG. 1C depicting
capacitors C, and C, 1n parallel.

While the circuit 10 has a high capacitor energy utilization
of 93.75% which 1s relatively high compared with prior art
approaches, the circuit 10 also has a voltage ripple ratio of
33.3% which 1s also relatively high compared with prior art
approaches. That 1s, the valve of the bus voltage, V, _, varies
by as much as 33.3%. For example, in one embodiment, the

voltage of the dc bus varies from 0.67V,___ to 1.33V

where V___ 1s the average (nominal) value of the bus
voltage. More complex parallel-series switched capacitor
circuits have also been developed which achieve a better
voltage ripple ratio; however, these complex parallel-series
switched capacitors have high circuit complexity when high
energy utilization and small voltage ripple are required. For
example, a circuit currently having among the best perfor-
mance (e.g., a 8-6-5-4-3 parallel-series switched capacitor
circuit) has an energy utilization of 92.09% and a voltage

ripple ratio of 14.3%, but requires 41 switches and 120
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capacitors making the circuit relatively complicated and thus
relatively diflicult to implement for use 1n practical circuits
and systems.

Referring to FIG. 2, a stacked switched capacitor (SSC)
energy buller circuit 100 overcomes the deficiencies of the
switched capacitor circuits like that of the circuit 10 (FIG.
1). The SSC energy bufler circuit 100 includes a first set of
circuitry 102 and a second set of circuitry 104 connected 1n
series, SSC energy bufler circuit 100 further includes a
pre-charge circuit 105. For reasons which will become
apparent from the description provided herein below, pre-
charge circuit 105 1s coupled to each of the two sub-circuits
102, 104 and pre-charge circuit 105 1s operable to charge
cach of one or more capacitors 1n two sub-circuits 102, 104
to specified 1nitial conditions before entering a first operat-
ing mode. In some cases, the pre-charge circuit 105 may be
coupled 1n series with each of the two sub-circuits 102, 104
before entering a first operating mode, and further connec-
tions of the pre-charge circuit 105 to capacitors within the

two sub-circuits 102, 104 may be made with switches 1n the
two sub-circuits 102, 104

The circuit 100 also includes a terminal 112, a terminal
113 and a terminal 114. Terminals 112, 114 collectively form
a bufler port to provide the bus voltage, V5, ... Each set of
circuitry 102, 104 includes capacitors.

As 1llustrated 1n FIG. 2, the first set of circuitry 102
includes capacitors C,,, C,,, . .., C, and the second set of
circuitry 104 includes capacitors C,,, C,,, . .., C, where
n and m are integers greater than or equal to one. The
capacitors C,,, C,,, ..., C, . C,,C,,,...,C, ,areofa
type that can be ¢ 1c1ently charged and discharged over a
wide voltage range (e.g., film capacitors electrolytic capaci-
tors and ultra capacitors).

Each set of circuitry also 1includes switches. As illustrated
in FIG. 2, the first set of circuitry 102 includes switches S, |,
S, ..., and the second set of circuitry 104 includes
switches S,,, S,,, . . ., S, connected in series with a
respective one capacitor. For example, the switch S, 1s in
series with the capacitor C,,, the switch S, , 15 1n series with
the capacitor C,,, the switch S,, 1s in series with the
capacitor C,,, the switch S, 1s 1n series with the capacitor
C,, and so forth. The switches S,,, S,,, ..., S, and S,,,
S,-, . . ., 5, enable dynamic reconfiguration of both the
interconnection among the capacitors and their connection
to the buller port to provide the bus voltage, V, .

It should, of course, be appreciated that 1n some 1mple-
mentations there 1s no one-to-one correspondence between
capacitors and switches, that 1s, a “leg” can be just a
capacitor as C,, 1s n FIG. 6, just a switch as S, 1s in FIG.
6, or a switch in series with a capacitor as 1n many cases.
Also one of the blocks can have switches not associated with
a “leg” to allow the “legs™ of that block to be connected 1n
reverse, as S; ., S,,, 5,5, and S, , do i FIG. 4.

The switching 1n the circuit 100 (1.e., opening and closing
of the switches) 1s preferably performed such that the
voltage seen at the bufter port, V, _, varies only over a small
range as the capacitors charge and discharge over a wide
voltage range to bufler energy, thereby providing as high
cllective energy density. By appropriately modilying the
switch states, the buller capacitors absorb and deliver energy
over a relatively wide individual voltage range, while main-
taining a relatively narrow-range voltage at the mput port.
This enables a high degree of utilization (and in some cases,
even maximal utilization) of the capacitor energy storage
capability. Efliciency of the circuit 100 can be extremely
high because the switches in the circuit 100 need operate at
only very low (line-scale) switching frequencies. Also, the
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circuit 100 can take advantage of soit charging of the energy
storage capacitors to reduce loss. Moreover, the circuit 100
exhibits losses that reduce as energy bullering requirements
reduce such that high efliciency can be achieved across the
tull operating range.

Referring to FIG. 3, the SSC energy butler circuit 100
may be included into a grid interface power converter
system 200. The system 200 includes a DC power source
202 coupled to an input filter with parasitic compensation
204, a resonant high frequency 1solated DC-DC converter
206 coupled to the SSC energy butler circuit 100 through the
terminals 112, 114 that provide the bus voltage, V, .. The
system 200 also includes an AC power source 212 coupled
to an 1nput filter with parasitic compensation 214, a resonant
high frequency inverter 216 coupled to the SSC energy
buffer circuit 100 through the terminals 112, 114. This
energy bullering approach 1s applicable to a wide range of
grid-interface power electronic applications (mcludlng pho-
tovoltaic 1nverters, motor drives, power supplies, ofl-line
LED drivers and plug-in hybnd electrlc vehicle chargers and
so forth), enabling improved reliability and lifetime 1n these
applications.

Referring to FIG. 3A, a gnd interface power converter
includes a DC-DC converter having a first port adapted to
connect to a DC source or load. The grid interface power
converter further includes a DC-AC converter having a first
port coupled to a second port of the DC-DC converter and
having a second port adapted to connect to an AC source or
load. The grid iterface power converter further comprises a
stacked switched capacitor (SSC) energy buller circuit
coupled between the second port of the DC-DC converter
and the first port of the DC-AC converter. By appropnately
moditying switch states of the SSC energy bufler circuit, the
SSC energy buller circuit absorbs and delivers energy over
a wide individual capacitor voltage range, while maintaining
a narrow-range voltage at the mput port. This enables
relatively high utilization, and in some cases maximal uti-
lization, of the energy storage capability

Referring to FIG. 4, one particular example of the SSC
energy buller circuit 100 1s a circuit 300 called a 2-4 bipolar
SSC energy buller circuit. The circuit 300 includes a first set
of circuitry 302 and a second set of circuitry 304 1n series
with the first set of circuitry 302. The first set of circuitry 302
includes four “legs” each of which comprise four switches
S, 8,5, 8,54, S, series coupled with respective ones of four
capacitors C,,, C,,, C,5, C,, (e.g., the switch S, 1s 1n series
with the capacitor C,,, the switch S, 1s 1n series with the
capacitor C,,, the switch S, 1s 1n series with the capacitor
C,,, and the switch S, 1s 1n series with the capacitor C,, and
so forth). The capacitors C,,, C,,, C,;, C,, can be 1n the
circuit 300 1n a positive or a negative manner (hence the
term “bipolar”™).

The first circuitry 302 also includes switches S, ., S, ., S, 5,
S, . (sometimes referred herein collectively as an H-bridge)
and selectively opening and closing the switches allows for
bi-polar charging. The second set of circuitry 304 includes
two capacitors C,,, C,, and two switches S,,, S,, serially
coupled to a respective one of the two capacitors C,,, C,,
(e.g., the switch S, 1s 1n series with the capacitor C,, and the
switch S, 1s 1n series with the capacitor C,,). The circuit
300 also includes a terminal 312 and a terminal 314 that

collectively form a bufler port to provide the bus voltage,
v

bus*

The capacitors C, , C,,, C,,, C,,, C,3, C,, have corre-
sponding voltages V,,, V., V., V,,, V.., V,, respectively.
The capacitors C,,, C,,, C,,, C,,, C,5, C,, have 1dentical
capacitance, but different voltage ratings. For example, the
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capacitors, C,,, C,, each have a voltage rating of 13/8 V

where V ___ 1s the nominal value of the bus voltage, V, .

The voltage rating of the capacitors C,,, C,,, C,,, C,, are
S8V 4/8 V 3/8YV and 2/8 V respectively.

Hom? HOm? FTOm? IO

Pre-charging circuitry (not shown 1n FIG. 4) ensures that the
tollowing initial voltages V,,, V,,, V., V,,, V.1, V,, for

the capacitors C, ,, C,,, C,,, C,,, C,5,C, are3/8V _  3/8
V. 48V . 3/8V . 2/8V _ and 1/8V, _ . respec-
tively.

Referring to FIG. 5, when the circuit 300 begins charging
from its minimum state of charge, switches S, ,, S, ., S,,, S,
are turned on while switches S, ,, S, 5, S5, S,,, 5,5, S, are
turned ofl. In the minimum state of charge, the capacitors
C,, C,, are connected in series and charged until the bus

voltage, V, _, rises from 7/8 V to 9/8 V At this

FEOTH nom'

instant, the voltage, V,,, of the capacitor C,, reaches 5/8

V __ and the voltage, V,,, of the capacitor C,; reaches 4/8
v

Then, the switch S, 1s turned off, the switch S, 1s turned
on; and the bus voltage, V, ., drops back downto 7/8V, __ .
After a similar period of time (assuming a constant charging,
current) the voltage, V,,, of the capacitor C,, reaches 4/8
vV __ and the voltage, V, , of the Capacitor C,, reaches 5/8
V___ and the bus voltage, V,__, agam reaches 9/8 Vﬂm

Next, the switch S,, 1s turned off, the switch S_,23 1s turned
on and the capacitor C,, 1s charged. Thls process 1s repeated

until the capacitor C,, 1s charged. At this point, the capacitor

voltages V,,, V,,, V5, V,,, Vo, and V, ,are 78V :3/8
Vw8V, 48V, . :3/8V,  ;and 2/8V, .., respec-
tively. The bus voltage, V, ,1s 9/8 V, __ .

Next, the capacitor C,, 1s charged directly through the
switches S, 1, S, ., S;; (with all other switches S, ,, S, ,, S,
Sois S,ns S5, S, 0ff) until the voltage, V,,, and the bus
voltage, V, _,reach 9/8 V__ . Now, the switch S, 1s turned
ofl, and the switch S, , 1s turned on along with the switch S, ;.
Hence, the bus voltage, V, _, again drops to 7/8 V__ .

Now, the capacitor C,, can continue to charge up through
the now negatively connected capacitors C,,, C,,, C,3, C,4
through a process similar to the one described above, except
that the capacitors C,,, C,,, C,;, C,, are discharged in
reverse order, 1.e., first through C,,, then through C,;, and
so on until finally through C,,.

At this 1nstant, the capacitor C,, 1s fully charged to 13/8
V___ and charging of the capacitor C,, must begin. For this,
the H-bridge switches are toggled (1.e., the switches S, , and
S, ; are turned ofl, and the switches S, , and S, , are turned
on), the switch S, , 1s turned of and the switch S, , 1s turned
on. The charging process for the capacitor C, , 1s identical to
the charging process for the capacitor C, . The switch states,
the capacitor voltages (as seen from a port outside the
H-bridge, e.g. terminals 312 and 313 between sub-circuit
302 and sub-circuit 304) and the resulting bus voltages,
V., ., over a complete charge and discharge cycle are shown
in FIG. 5.

During the discharge period, the capacitors C,,, C,, are
discharged one at a time through a process that 1s the reverse
of the charging process. Hence, the voltage waveiforms
during the discharge period are a mirror of those in the
charging period. Throughout the charging and discharging

period of the circuit 300, the bus voltage, V,,__, stays within
the 7/8 V. 10 9/8 V___ range. Hence, the circuit 300 has

FlOo FIOFRT

a (nominal to peak) voltage ripple of 12.5%.

It 1s meamngiul to compare various energy bullering
circuits 1n terms of their energy bullering ratio, v, . An energy
buflering ratio, v,, 1s a measure of how eflectively a circuit
makes use of the total energy storage capacity of 1ts capaci-
tors, E____ .. It1s defined as the ratio of the energy that can be
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extracted 1 one cycle to E, . .. I an energy bullering
architecture can be charged up to a maximum energy of E
and drained down to a minimum energy of E
energy bullering ratio, v,, 1s given by:

FRLGEX

then the

FriEFe e

YE?:(E}HQI_ min )/(Erared)

The exemplary circuit 300 achieves an energy bulflering
ratio, v, of 81.6%.

Referring to FIG. 6, another example of the SSC energy
bufler 100 1s a circuit 400 called a 1-3 unipolar SSC energy
bufler circuit. The circuit 400 1includes a first set of circuitry
402 and a second set of circuitry 404. The first set of
circuitry 402 includes switches S,,, S,,, S,; connected 1n
series to capacitors C,,, C,,, C,,, respectively, and these
“legs” (switches 1n series with capacitors) are connected 1n
parallel. The first set of circuitry 402 also includes a switch
S, coupled 1n parallel to the capacitor switch pairs C,,-S,,
C,,-S,, and C,;-S,;. The second set of circuitry 404
includes a capacitor C, ;.

The capacitors C,,, C,,, C,,, C,; have corresponding
voltages V,,, V,,, V,,,and V., respectively. The capacitors

C,, C;y, C,,, C,3 have 1dentical capacitance, but different
voltage ratings: 9/8V,___torC,,, 48V, __ torC,,,3/8V

for C,, and 2/8 Vm: DE;I' C,,, Where F{?m 1s the nomi};ffﬁ

value of the bus voltage, V

.- Most of the energy 1s bullered
by the capacitor C,,, which also supports most of the
voltage, while the capacitors C,,, C,, and C,; play a
supportive function, by bullering a small amount of energy
and providing some voltage support.

FIG. 7 depicts the voltage wavelorms for the capacitors
C,, C,y, C,,, C,5 during a charging period for the circuit
400. Pre-charging circuitry (not shown in FIG. 6) ensures
that each of capacitors C,,, C,,, C,,, C,; are charged to
respective ones ol the following initial voltages V,,, V,,,
V,, and V,, In one embodiment, the initial voltages Vl s
V., V,,, V,; correspond to voltages of 4/8V___ . 3/8V

2/8V _ and 1/8 V___ . Once the circuit 400 starts to charge

the switch S,, 1s turned on and the other switches S,,, S,
and S,, are turned ofl. In this case, the capacitors C,,, C,;
are placed 1n series with each other and charged until the bus
voltage, V, , reaches 9/8 V when the voltage, V,,,

reaches 4/8 V. and the Voﬁzze, V,,, reaches 5/8 V

Then, the switch S, 1s turned off, the switch S, 1s turned on.
After a next period of time (which may be the same as or
similar to the period of time taken to charge caps C,,, C,;

assuming a constant charging current), the voltage, V..,
reaches 3/8 V,___ and the voltage, V,, reaches 6/8 V

FIOFHI Hom'®

Then, the switch S,; 1s turned on and the capacitor C,; 1s
charged. In this way, switches S,,, S,,, S,;, S, are turned

on and ofl one after another and the voltages V,,, V,,, V.1,
V., finally reach the voltage values 4/8 V___ 3/8V, __ . 2/8
V. __and9/8V, ___ respectively. Then, the circuit 400 enters
the dlschargmg period. The switches are turned on and off 1n
reverse order i the discharge cycle. Hence, the voltage
wavelorms during the discharging period are the reverse of
those 1n the charging period (not shown i FIG. 7).

Thus, by changing the switch configurations appropriately
as energy 1s delivered to and from the bufler port, individual
capacitors can be charged/discharged over a wide range
(from their mmitial voltages to rated voltages), while the
voltage at the bufler port, V, _, 1s maintained within a
narrow range (within £12.5% def V___) as shown in FIG. 7.
It can be shown that this simple structure can provide energy
buflering of up to 8/11 (~72.7%) of the peak energy storage
rating of the capacitors, while providing a bufler port
voltage, V,__, that remains within £12.5% of a nominal bus

voltage, V, _
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Referring to FIG. 8, the circuit 400 can also be operated
in slightly different manner. For example, unlike the control
strategy depicted 1n FIG. 7, a different control strategy gives
equal time to all four switch states. The required voltage
rating of the capacitors C,,, C,,, C,, 1s lower than 1n FIG.
7. However, with this modification the energy buflering ratio
of the bufler reduces to 68.4% compared to 72.7% depicted
in FIG. 7.

Referring to FIG. 9, the circuit 400 can be extended to
achieve a smaller bus voltage, V, _, variation or a higher
energy buflering ratio, y,, by adding more capacitors in
parallel to the three upper capacitors, C,,, C,,, C,5; shown
in the circuit 400 (FIG. 6). For example, a circuit 400" called
a 1-m unipolar SSC energy buller circuit includes a first set
of circuitry 402' and the second set of circuitry 404 which
includes the capacitor C,, similar to the circuit 400. How-
ever, the first set of circuitry 402' includes additional
switches and capacitors than the first set of circuitry 402 1n
the circuit 400. For example, the first set of circuitry 402
includes m “legs” 1n parallel (each “leg” consisting of a
switch 1n series with a capacitor), m switches 1n series with
the m capacitors and the switch S,, i parallel with the m
“legs”. Each of the m capacitors have equal capacitance. The
energy bullering ratio for the circuit 400" 1s given by:

[(1+ R,)* — (1 =mRy)*IC| + (mR,)*

Y, =
T CLL+ R+ Co(l +22 + ... +m2)R?

where R 1s the voltage ripple ratio (=0.5(V_
C, 1s the capacitance of the capacitor C,; and C, 1s the

capacitance ol one of the m capacitors each (which have
equal capacitance).

Referring to FIG. 10, another type of SSC energy bufler
circuit 1s a circuit 500 called a 1-3 bipolar SSC energy buller
circuit. Film capacitors are bipolar and can be charged 1n
either direction. The circuit 500 takes advantage of this fact
and thus improves the topology and operating strategy 1n
order to push the energy buflering ratio, v,, even higher.

The circuit 500 includes a first set of circuitry 502 and a
second set of circuitry 504. The first set of circuitry 502
includes 3 “legs™ parallel and switches S,,, S,, and S,; 1n
series with a respective one capacitor C,,, C,,, C, 5, each set
forming one leg. The first set of circuitry 502 also includes
switches S, |, S,., S,5, S, (e.g., an H-bridge). The second
set of circuitry 504 includes a capacitor, C,,. The capacitors
C,,, C,y, C,,, C,; have 1dentical capacitance values. The

voltage ratings for the capacitors C,,, C,,, C,,, C,, are 11/8
V 3/8V 2/8 YV __and 1/8 V and respectively.

FIOm? FIOF? FIO T o’

The main difference of this topology compared to unipolar
one 1s that the four supporting capacitors are now put mnifo
the H-bridge to enable bi-directional charging. For operating,
strategy, pre-charging circuitry (not shown) ensures that
specified 1mtial voltages are placed on the capacitors C,,,

C,;, C,ys, C,5 are 5S/8YV 2/8 V 1/8 V 0 respec-

IO Om? O

tively. At first, switches S,, and S,, are turned on and

switches S, and S,, are turned ofl. Then the circuit 500

operates as a unmipolar bufler as described above with the
voltage of the four capacitors C,,, C,,, C,,, C,, reaches 3/8

V 2/8 V 1/8 V and V respectively. At this

FIOm? FIO? O IO

time, the switches S, , and S, , are turned off and the switches
S, and S, , are turned on, thus the voltages of the capacitors

C,;, C,,, C,; seen from the outside are reversed to -3/8
V -2/8 V____and -1/8 V while the voltage of the

FIOm? FlO T FIOTI?

capacitor, C,,, stays the same. After a similar process, the

=V i)V
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capacitors C,,, C,,, C,; are charged backto -2/8V, . -1/8
v

_—and 0, respectively with the voltage of C,, charged up
to 11/8 V

FOm®

After this, the discharging process begins and the capaci-
tors C,,, C,,, C,, are discharged down, tlipped to a positive
position and then discharged again while C,, 1s all the way

discharged back to 5/8 V

IO

Reterring to FIG. 11, the waveforms of the voltage of each
capacitor during a charging period are shown. As described
above, by changing the switch configurations appropnately
as energy 1s delivered to and from the bufler port, the
individual capacitors can charge over a wide range (from
their 1nitial Voltages to rated voltages), while the voltage at
the buller port 1s maintained within a narrow range (within
12.5% of V___). It can be shown that circuit 500 provides

FlOomt

energy bullering of 71.1% of the peak energy storage rating
of the capacitors, while providing a bufler port voltage, V
that remains within £12.5% of a nominal bus voltage, V

While the energy buflering ratio, v,, of the circuit 500 is

lower than that of the circuit 400 (1.e., 1-3 unipolar SSC
energy builer), the bipolar SSC energy bufler circuit with a
slightly modified control and design methodology (as
described further herein) increases its energy bullering ratio,

Y., 10 74%.

Referring to FIG. 12, the circuit 500 can be extended by
adding more capacitors to the first and second of circuitry,
502, 504 as 1n a circuit 500' called a n-m bipolar SSC energy
bufler circuit. Note that the capacitor that does the energy

buflering 1n the circuit 500 1s the capacitor C,, 1n the second
set of circuitry 504. Therefore, by replacing C11 alone with
a plurality of “legs™ 1n parallel, each “leg” comprising the
series connection of a capacitor and switch, better butlering
performance can be achieved.

The circuit 500' includes a first set of circuitry 502' and a
second set of circuitry 504'. The first set of circuitry 502
includes capacitors C,,;, C,,, ..., C,,  (referred herein as m
capacitors) and switches S,,, S,,, ..., S,  1n series with a
respective one capacitor, and the “legs” formed by each
switch capacitor pair 1in parallel. The first set of circuitry 502
also 1ncludes switches S, , (e.g., an H-bridge). The second
set of circuitry 504 includes capacitors C,,, C,5, . .., C,,
(referred herein as n capacitors) and switches S,
Si-, ..., 1n series with a respective one capacitor, and
the “legs” formed by each switch-capacitor pair 1n parallel.

The m capacitors 1n the first set of circuitry 502 1n this
case have to switch at a higher switching frequency. The
energy buflering ratio for this n-m bipolar SSC energy butler
(with n capacitors of equal value C,; and m capacitors with
equal value C,) 1s given by:

bres?

C(IQR C2 ]2(125’ C2 ]2
e e FCI-I-CZ - - FCI-I—CQ
Y, = —
nC, (1+2mRF = ] —Cz(1+2?+...+m2)R§]
C1+C2

Referring to FIG. 13, the variation 1n energy bulflering
ratio, v,, as a function of the number of n capacitors and
number of m capacitors 1s shown. FIG. 13 indicates that
there 1s an optimal number of m capacitors that should be
used for a gitven number of n capacitors in order to maximize
the energy bullering ratio, v,. Note that this optimal number
of m capacitors depends on the value of allowed voltage
ripple ratio, R . In FIG. 13, the voltage ripple ratio, R, 1s
12.5%.
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FIGS. 14 A and 14B show how the optimal number of m
capacitors changes as the allowed voltage ripple ratio, R, 1s

changed. FIG. 14 A has a voltage rnipple ration, R, of 25%.

FIG. 14A has a voltage ripple ratio, R, of 6.25%. If a larger
voltage ripple ratio, R, 1s allowed a higher energy buflering
ratio, v,, can be achieved with fewer m capacitors. On the
other hand, a lower voltage nipple, R, requires a larger
number ol m capacitors 1f maximum energy bulilering is to
be achieved. However, increasing the number of m capaci-
tors also increases the complexity of the circuit. Therefore
the number of m capacitors to use can be determined by an
appropriate trade-ofl between voltage varniation and energy
buflering ratio, v, .

Referring now to FIG. 15, one particular example of the
circuit 500" 1s a circuit 500' where n=2 and m=6 also called
a 2-6 bipolar stacked switched capacitor energy buller
circuit.

Exemplary circuit 500" includes a first block of parallel
coupled switches and capacitors S11, C11, S12, C12 and a
second block of parallel coupled switches and capacitors
S21, C21, S22, C22, S23, C23, S24, C24, S25, C25, S26,
(C26. The first and second blocks are coupled 1n series across
a bus voltage V, .. Switches Shl, Sh2, Sh3, Shd are
disposed 1n the second block to provide selected signal paths
between the first and second blocks.

As noted above, the capacitors are preferably of a type
that can be efliciently charged and discharged over a wide
voltage range (e.g., film capacitors). The switches are dis-
posed to selectively couple the capacitors to enable dynamic
reconfiguration of both the interconnection among the
capacitors and their connection to a buller port. The switches
are cooperatively operated as a switching network such that
the voltage seen at the buller port varies only over a small
range as the capacitors charge and discharge over a wide
range to buller energy.

By appropnately modifying switch states of the SSC
energy builer circuit, the SSC energy buller circuit absorbs
and delivers energy over a wide individual voltage range,
while maintaining a narrow-range voltage at the imput port.
This enables maximal utilization of the energy storage
capability.

The wavetorms associated with the circuit 300" are shown
in FIG. 16.

Referring now to FIG. 16, a plot of switching states vs.
voltage 1s shown for the circuit 500" (FIG. 15).

The bipolar stacked switched capacitor energy buller
circuit (e.g., the circuit 500') previously described can also
be controlled 1 a slightly different manner. Instead of
charging the n capacitors only 1n series with the m capaci-
tors, a state can be mtroduced by turning S, and S, , (or S, ,
and S,,) on at the same time 1 which the n capacitor 1s
cﬁlarged directly. An example of the modified control 1s
shown 1n FIG. 5 for the circuit 300 (the 2-4 bipolar SSC
energy bufler circuit) of FIG. 4. The modified control is
described herein 1n the section entitled: “Enhanced Bipolar
Stacked Switched Capacitor Energy Bufler”]. With this
modified control, and assuming that all m and n capacitors
have the same capacitance, the expression for energy buil-
ering ratio, v, becomes:

a[(l +(m+ DR, — (1 —(m + DR,)*]

b A+ me DR - (243 + ..+ m+ DIR]

This 1s plotted as a function of number of n capacitors and
number of m capacitors 1n FIG. 17. FIG. 17 also plots (as
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dashed lines) the energy buflering ratio without modified
control. The modified control achieves higher maximum
energy bullering ratio than without the modified control.
Furthermore, 1t achieves this higher maximum with fewer m
capacitors than without modified control.

As discussed above, an SSC energy builer has two series

coupled blocks comprising capacitors and switches. It works
on the principle that while the voltage of individual capaci-
tors and the individual blocks can vary over a wide range,
the voltage at the bufler port remains constrained to a desired
narrow range by having the voltages of the two blocks
compensate for each other. There are many possible imple-
mentations of the SSC energy bufler architecture. One
implementation known as the n-m bipolar SSC energy buller
1s described above 1n conjunction with FIG. 15 with n and
m equal to 2 and 6, respectively. In this design all the
capacitors have equal capacitance, but different voltage
ratings. Belore the bufler starts normal operation the capaci-
tors are precharged to specified nitial levels using a pre-
charge circuit. During normal operation, the butler operates
as depicted by the switching patterns and associated voltage
waveforms shown 1n FIG. 15A. In each state, one backbone
Capacitor and one supporting capacitor are connected 1n
series across the bufler port.
Important parameters ol a switched capacitor energy
buller are the voltage ripple ratio R, and the energy buflering
ratio I',. The voltage rnipple ratio (R,) 1s defined as the ratio
of the peak voltage ripple amplitude to the nominal value of
the voltage. The energy bullering ratio (I1',) 1s defined as the
ratio of the energy that can be 1njected and extracted from an
energy buller 1n one cycle to the total energy capacity of the
buffer. Maximizing the energy buflering ratio for a given
required voltage ripple ratio 1s desired because one can make
better usage of a given amount of capacitor energy storage.
A bipolar SSC energy buller can be designed with any
number of “backbone™ capacitors 1n the lower block (n) and
any number of “supporting” capacitors in the upper block
(m). However, for a given voltage ripple ratio requirement
and a given number ol backbone capacitors there 1s an
optimal number of supporting capacitors that yields the
highest energy bullering ratio, and hence the highest eflec-
tive energy density for the passive components. The energy
bullering ratio (I',) for an n-m bipolar SSC energy bufler 1s
given by:

,=n(1+mR Y’ —(1-mR )*/[n(1+mR )+

(14+2°+::+m7) R ] Eq. (10)

For example, for a 10% bus voltage rnipple ratio require-
ment and with 2 backbone capacitors, the optimal design of
a bipolar SSC energy bufler 1s one with 6 supporting
capacitors. This 1s evident from the plot of FIG. 17.

The n-m bipolar SSC energy buller can also be controlled
in a slightly different manner so as to operate as an enhanced
bipolar sac energy bufler. Instead of charging the backbone
capacitors only 1n series with the supporting capacitors, a
state can be introduced by turning S, ; and S, (or S,, and
S, ) on at the same time 1n which the backbone capacitor 1s
charged directly.

Referring now to FIG. 18, consider the 2-5 enhanced
bipolar SSC energy buller. Slmllar to the 2-6 bipolar SSC
energy buller of FIG. 15, the 2-5 enhanced bipolar SSC
energy bufler of FIG. 18 is designed for a bus voltage ripple
ratio of 10%. Its seven capacitors also have identical capaci-
tance, but different voltage ratings. The pre-charge circuit
(not shown 1 FIG. 15 or 18) ensures that the following
initial voltages are placed on the seven capacitors:
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onC,,, 05V, ___onC,,, 04V

on C,,, and 0.1V

FEOFH

0.4V

FEO TR

C,,, 0.3V on C‘,25

When the energy bufler starts charging up from 1ts mini-
mum state of charge (as shown i FIG. 18A, S, ., S,., S,
and S,, are turned on with all the other switches turned off.
In this state, C,, and C,, are connected 1n series and charged

until the bus voltage rises from 0.9V, __ to 1.1V __ . At this

instant the voltage of C,, (V,,) reaches 0.6V __  and the

voltage of C,, (V,,) reaches 0.5V __ . Then S, 1s turned ofl

and S,, 1s turned on; and the bus voltage drops back down
to 0.9V __ . Then, the voltage of C,, rises to 0.5V, _ and the

Flom’ FIOFH

voltage of C,, reaches 0.6V and the bus voltage again

reaches 1.1V, __ . Next, S,, 1s turned off, S, 1s turned on and

C,, 1s charged. This process 1s repeated until C,- 1s charged.
This charging pattern 1s 1dentical to the original 2-6 bipolar
SSC energy buller, as can be seen by comparing FIGS. 15A
and 18A. However, the next two states are diflerent, instead
of charging C,, 1 series with C, ., C,, 1s charged directly by
timing off S,, and turning on S, . Hence, eliminating the
need for capacitor C,, and switch S, of the original design.
This state 1s maintained until voltage of C,, nisesto 1.1V, __ .
After this S, 1s turned off and S,, and S, are turned on.
Now C,, can continue to charge up through the now reverse-
connected supporting capacitors through a process similar to
the one described above, except that the supporting capaci-
tors are discharged 1n reverse order, 1.e., first through C,.,
then through C,-, and so on until finally through C,,.

At this stage C,, 1s fully charged to 1.6V, __and charging
of C,, must begin. For this the h-bridge switches are again
toggled (1.e., S, ; and S, , are turned off, and S,, and S, , are
turned on), S,, 1s turned off and S,, 1s turned on. The
charging process for C, , 1s identical to the charging process
for C,,. The switch states, the capacitor voltages and the
resulting bus voltages over a complete charge and discharge
cycle are shown in FIG. 18A. During the discharge period,
the capacitors C,, and C,, are discharged one at a time
through a process that 1s the reverse of the charging process.
Hence, the voltage wavetorms during the discharge period
are a mirror of those in the charging period.

Throughout the charging and discharging period of this
energy buller, the bus voltage stays within the 0.9V, _ -
1.1V, ___ range. Hence the enhanced 2-5 bipolar SSC energy
butler operated 1n this matter also has a voltage ripple ratio

of 10%. Furthermore, 1t has an energy bulflering ratio of
79.73% which 1s higher than the energy buflering ratio
(79.6%) of the original 2-6 bipolar SSC energy bufler. The
original 2-6 bipolar SSC energy bufler has 8 capacitors and
12 switches, while the enhanced 2-5 bipolar SSC energy
builer has 7 capacitors and 11 switches. Hence, the enhanced
version achieves the same bus voltage ripple ratio and a
slightly better energy buflering ratio with fewer capacitors
and switches.

Assuming that all capacitors have the same capacitance,
the energy buflering ratio (I',) for an enhanced n-m bipolar
SSC energy bufler 1s given by:

onC,,, 0.4V

FEO FH

on C,,, 0.2V

FIO T

U =n[(1+(m+ 1R ) —(1-(m+ DRV [n(1+(m+ DR )+

(22437 :::4m?)R? ] Eq. (11)

The energy buflering ratio for the enhanced bipolar SSC
energy bufller 1s plotted as a function of the number of
supporting capacitors (m) for diflerent number of backbone
capacitors (n) with 10% voltage nipple ratio in FI1G. 17. FIG.
17 also plots (as dashed lines) the energy budl ermg ratio of
the original bipolar SSC energy bufler (as given by Eq.
(10)). As can be seen from FIG. 17, the enhanced design

achieves a slightly higher maximum energy buflering ratio
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than the original design. Furthermore, 1t achieves this higher
maximum with fewer supporting capacitors than the original
design.

An exemplary 2-5 enhanced bipolar SSC energy buller
circuit was built and tested with a power factor correction
(PFC) circuit powering a dc load. The SSC energy builer
replaces the electrolytic capacitor normally connected at the
output of the PFC, as shown 1n FIG. 3A. The SSC energy
bufler 1s designed to meet a 10% bus voltage ripple ratio
requirement on a 320V dc bus with a maximum load of 135
W.

The measured wavetorms from the 2-5 enhanced bipolar
SSC energy bufler are shown in FIG. 19. Clearly, the
enhanced SSC energy buller maintains the bus voltage
within the £10% specified range. The roundtrip efliciency of
the 2-5 enhanced bipolar SSC energy buller across a wide
load range was also measured and this data 1s plotted 1n FIG.
20.

FIG. 20 also plots the measured roundtrip efliciency of the
original 2-6 bipolar SSC energy builer. As can be seen, the
enhanced version has 1% higher roundtrip efliciency. This
represents a 20-25% reduction in loss as compared to the
original design. The full paper will also provide a more
detailed experimental evaluation of the approach.

A stacked switched capacitor (SSC) architecture for dc-
link energy bullering applications, including bullering
between single-phase ac and dc has been described. This
architecture utilizes the energy storage capability of capaci-
tors more elfectively than previous designs, while maintain-
ing the bus voltage within a narrow range. This enables the
energy buller to achieve higher effective energy density and
reduce the volume of the capacitors. A prototype 2-6 bipolar
SSC energy buller using film capacitors designed for a 320
V bus with 10% voltage ripple and able to supporta 135 W
load was built and tested and 1t 1s shown that the SSC energy
bufler can successiully replace limited-life electrolytic
capacitors with much longer lite film capacitors, while
maintaining volume and efliciency at a comparable level.

Also described 1s an enhanced version of the SSC energy
bufler which modifies the control and switching pattern of
the bufler switches to yield 1mpr0ved performance. A pro-
totype enhanced SSC energy buller, designed for a 320V bus
and a 135 W load, was built and tested. The design rules and
experimental results for the enhanced SSC energy butler are
also described. It 1s shown that the enhanced SSC energy
bufler achieves a relatively high effective energy density and
round-trip efliciency compared with other designs, while
maintaining the same bus voltage ripple ratio. Furthermore,
the enhanced design uses fewer capacitors and switches than
other designs.

The techniques described herein are not limited to the
specific embodiments described. Elements of different
embodiments described herein may be combined to form
other embodiments not specifically set forth above. Other
embodiments not specifically described herein are also
within the scope of the following claims.

What 1s claimed 1s:

1. A stacked switched capacitor (SSC) energy buller
circuit having a first terminal configured to be coupled to a
first reference voltage and a second terminal configured to
be coupled to a second reference voltage different from the
first reference voltage, the circuit comprising:

two sub-circuits that are serially coupled during a first

operating mode wherein each sub-circuit comprises
one or more capacitors, and at least one sub-circuit
further comprises more than one capacitor and a plu-
rality of switches disposed to selectively couple the
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capacitors to: (a) enable dynamic reconfiguration of
how the capacitors are coupled to the terminals of the
sub-circuit; and (b) dynamically reconfigure the inter-
connection among the capacitors within the sub-circuat.

2. The SSC energy buller circuit of claim 1 wherein the
switches 1n at least one of the two sub-circuits are arranged
to dynamically reconfigure a polarity with which at least one
capacitor 1s connected to the terminals of the sub-circuat.

3. The SSC energy bufler circuit of claim 1, further
comprising a pre-charge circuit coupled to each of the two
sub-circuits said pre-charge circuit operable to charge each
of the one or more capacitors in the two sub-circuits to
specified 1nitial conditions before entering the first operating
mode.

4. The SSC energy bufler circuit of claim 1 wherein at
least one subcircuit comprises a plurality of sub-sub-circuits
connected 1n parallel, wherein each sub-sub-circuit com-
prises a switch serially coupled to a capacitor.

5. The SSC energy buller circuit of claim 1 wherein the
peak energy buflered by one of the two sub-circuits 1s
greater than 66% of the total peak energy bullering capa-
bility.

6. The SSC energy bufler circuit of claim 1 wherein the
capacitors 1n at least one of the two sub-circuits are of a type
that can be charged and discharged over voltage range
within about 72% of a nominal voltage.

7. The SSC energy buller circuit of claim 1 wherein the
capacitors 1n at least one of the first and second blocks are
provided as: one of film capacitors, ultra capacitors and
clectrolytic capacitors.

8. The SSC energy bufler circuit of claim 1 wherein the
switches are disposed to selectively couple the capacitors to
enable dynamic reconfiguration of both the interconnection
among the capacitors and their connection to a builer port.

9. The SSC energy bufler circuit of claim 1 wherein the
switches are enabled to cooperatively operate as a switching
network such that the voltage seen at a bufler port varies
within about 12.5% of a nominal voltage as the capacitors
charge and discharge over a voltage range of up to about
72% of a peak storage capacity of the capacitors to buller
energy.

10. A circuit comprising;:

a first set of circuitry comprising;

m capacitors; and

m switches, the number of capacitors and switches
being equal and wherein each m switch 1s serially
coupled to a corresponding one of the m capacitors;
and

a second set of circuitry comprising;:

n and only n capacitors; and
n switches, the number of capacitors and switches
being equal and wherein each n switch 1s serially
coupled to a corresponding one of the n capacitors;
wherein a voltage across the first set of circuitry and the
second set of circuitry 1s a bus voltage,
wherein the circuit 1s configured to maintain the bus
voltage within a predetermined range of a nominal
value, and

wherein n and m are integers greater than zero.

11. The circuit of claim 10 wherein the first set of circuitry
includes an H-bridge switch and wherein said H-bridge
switch 1s disposed to allow at least some of said m capacitors
to be charged 1n a bipolar fashion.

12. The circuit of claim 10 wherein n=2 and m=4, and

wherein the circuit has an energy bullering ratio, v, of

31.6%.
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13. The circuit of claim 10 wherein n=1 and m=3, and
wherein the circuit has an energy bullering ratio of:

C(IQR C2 ]2(121? C2 )2
e e FC1+CZ - - FCI+C'2
Yp = o2 :
nC, (1+2mRv. = ] —Cz(l+22+...+m2)R§]
Cl-l-Cz

where R 1s the voltage ripple ratio, C, 1s the capacitance
of the n capacitor and C, 1s the capacitance of one of the
m capacitors which are equal in capacitance.
14. The circuit of claim 10 wherein the circuit has an
energy bufllering ratio of:

y __ AL+ G+ DR = (1= (m + DR,)’]
T all+ (m+ DR — (22 + 3 + ...+ (m + 1)2R)]

where R 1s the voltage ripple ratio, C, the capacitance of the
n and m capacitors are equal.

15. The circuit of claim 10 wherein the m and n capacitors
are fi1lm capacitors.

16. The circuit of claim 10 wherein the m capacitors have
the same capacitance.

17. The circuit of claim 10 wherein the n capacitors have
the same capacitance.

18. The circuit of claim 10 wherein the m and n capacitors
have the same capacitance.

19. The circuit of claim 10, further comprising a switch
coupled to said m capacitors, and wherein m=3 and n=1, and
wherein the circuit has an energy bullering ratio, v, of about
72.7%.

20. The circuit of claim 10 wherein n=1, and

wherein an energy buflering ratio 1s equal to:

[(1+ R,)* — (1 —mRy)*1Cy + (mR,)*
CCIL+ R+ Co(1+22 + ...+ m2)R2

Yp

where R 1s the voltage npple ratio, C, 1s the capacitance of
the n capacitor and C, 1s the capacitance of one of the m
capacitors which are equal 1n capacitance.
21. A grid mterface power converter system comprising:
a stacked switched capacitor (SSC) energy bufler circuit
coupled between a DC-DC converter and an AC-DC
converter, said stacked switched capacitor (SSC)
energy buller circuit comprising:
two sub-circuits that serially coupled during a first oper-
ating mode wherein each sub-circuit comprises one or
more capacitors, and at least one sub-circuit further
comprises more than one capacitor and a plurality of
switches disposed to selectively couple the capacitors
to: (a) enable dynamic reconfiguration of how the
capacitors are coupled to the terminals of the subcir-
cuit; and (b) dynamically reconfigure the interconnec-
tion among the capacitors within the subcircuit.

22. The circuit of claim 21 said SSC energy buller circuit
COmprises:
a first set of circuitry comprising:
m and only m capacitors; and
m and only m switches, each m switch serially coupled
to a corresponding one of the m capacitors; and
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a second set of circuitry comprising:
n and only n capacitors; and
n and only n switches, each n switch 1n series with a
corresponding one of the n capacitors;

wherein a voltage across the first set of circuitry and the

second set of circuitry 1s a bus voltage.

23. The circuit of claim 21 wherein the SSC energy bufler
circuit 1s configured to maintain the bus voltage within
+12.5% of a nominal value.

24. The SSC energy builer circuit of claim 21 wherein the
switches 1n at least one of the two sub-circuits are arranged
to dynamically reconfigure a polarity with which at least one
capacitor 1s connected to the terminals of the sub-circuat.

25. The SSC energy bufler circuit of claim 21, further
comprising a pre-charge circuit coupled to each of the two
sub-circuits said pre-charge circuit operable to charge each
of the one or more capacitors in the two sub-circuits to
specified 1nitial conditions before entering the first operating
mode.

26. The SSC energy bufler circuit of claim 21 wherein at

least one subcircuit comprises a plurality of sub-sub-circuits
connected 1n parallel, wherein each sub-sub-circuit com-
prises a switch serially coupled to a capacitor.

27. The SSC energy builer circuit of claim 21 wherein the
peak energy storage capability of one of the two sub-circuits
1s greater than 66% of the total peak energy storage capa-
bility.
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28. A stacked switched capacitor (SSC) energy butler
circuit having first and second terminals, the SSC energy

bufler circuit comprising:

a first sub-circuit comprising one or more capacitors;

a second sub-circuit comprising more than one capacitors;
and

one or more switches disposed 1n at least one of said first
and second sub-circuits to selectively couple said one
or more capacitors and wherein said first and second
sub-circuits are serially coupled during a first operating
mode and wherein said one or more switches are
operable to enable dynamic reconfiguration of how the
capacitors are coupled to the terminals of the sub-
circuit.

29. The SSC energy bufler circuit of claam 28 wherein
saild one or more switches are operable to dynamically
reconiigure the interconnection among the capacitors within
at least one of said first and second sub-circuits.

30. The SSC energy bufler circuit of claim 29 wherein 1n
at least some operating modes, said one or more switches are
operable to prevent the capacitors from ever being con-
nected together at both terminals.

% o e = x
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Column 1, after paragraph 1 insert paragraph 2, erroneously deleted and replace with --As 1s known 1n
the art, power conversion systems that interface between direct current (DC) and single-phase
alternating current (AC) require an energy storage capability (or an energy butter) which provides
buffering between a constant power desired by a DC source or a load and a continuously varying
power desired for a single-phase AC system.--
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Column 2, Line 67, delete “(e.g. line-scale)” and replace with --(e.g., line-scale)--

Column 3, Line 9, delete “herein a” and replace with --herein, a--

Column 3, Line 10, delete “an first™ and replace with --a first--

Column 3, Line 17, delete “fitter” and replace with --filter--

Column 3, Line 30, delete “herein a” and replace with --herein, a--

Column 4, Line 5, delete “not using utilizing™ and replace with --not utilizing--

Column 4, Line 18, delete “sub circuit” and replace with --sub-circuit--

Column 4, Line 41, delete ““in stored in” and replace with --stored 1n--

Column 4, Line 60, delete “Stacked Swithed Capacitor” and replace with --stacked switched
capacitor--
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Column 4, Line 62, delete “ac and dc¢.” and replace with --AC and DC.--
Column 4, Line 66, delete “is circuit” and replace with --1s a circuit--

Column 5, Line 50, delete “versus and the” and replace with --versus the--
Column 5, Line 67, delete ““as stacked™ and replace with --as a stacked--
Column 6, Line 2, delete “of an™ and replace with --an--

Column 6, Line 13, delete “level, higher” and replace with --level, and higher--
Column 6, Line 57, delete “dc™ and replace with --DC--

Column 7, Line 9, delete “series,” and replace with --series.--

Column 7, Line 21, delete *,104” and replace with --, 104.--

Column 7, Line 24, delete <, YBUS.” and replace with --" -

Column 7, Line 32, delete “capacitors electrolytic” and replace with --capacitors, electrolytic--
Column 8, Line 38, delete “capability” and replace with --capability.--

Column 9, Line 2, delete “Vioom and replace with --V,,,,,--

Column 9, Line 32, delete “S;;, Suy, ..., and replace with --S;;, Sio, ...,--
Column 9, Line 47, delete “of” and replace with --off--

Column 10, Line 35, delete “V»; In” and replace with --V ;. In--

Column 10, Line 45, delete “caps” and replace with --capacitors--

Column 10, Line 62, delete “def” and replace with --o1--

Column 11, Line 2, delete “in slightly” and replace with --in a slightly--
Column 11, Line 20, delete “402 and replace with --402°--

Column 11, Line 51, delete , and respectively” and replace with --, respectively--
Column 11, Line 52, delete “to unipolar” and replace with --to a unipolar--

Column 11, Line 53, delete “info” and replace with --into--
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Column 11, Line 56, delete “voltages are placed™ and replace with --voltages that are placed--
Column 11, Line 60, delete “with” and replace with --until--

Column 12, Line 27, delete “the first and second of circuitry,” and replace with --to a first and second
set of circuitry--

Column 12, Line 41, delete “switches S;,; ( and replace with --switches Sy, Si2, Snz, Sna (--
Column 13, Line 2, delete “changes™ and replace with --change--

Column 13, Line 3, delete “ration,” and replace with --ratio,--

Column 13, Line 7, delete “ripple,” and replace with --ripple ratio,--

Column 13, Line 19, delete “S11, C11, S12, C12” and replace with --S;;, Ci1, Si2, Cia--

Column 13, Lines 21-22, delete “S21, C21, S22, C22, S23, C23, S24, C24, S25, C25, S26, C26” and
replace with --So1, Ca1, S22, Caz, Sa3, Caz, Soa, Cas, Sas, Cas, Sas, Cos--

Column 13, Line 23, delete “Sh1, Sh2, Sh3, Sh4™ and replace with --Sy1, Sho, Sh3, Sna--
Column 13, Line 56, delete “Buffer”].” and replace with --Bufter”.--

Column 13, Line 66, delete “of number™ and replace with --of a number--
Column 14, Line 55, delete “sac™ and replace with --SSC--

Column 14, Line 66, delete “FIG. 15 or 18)” and replace with --FIGS. 15 or 18)--
Column 15, Line 22, delete “S,,™ and replace with --Sy,--

Column 15, Line 29, delete “h-bridge” and replace with --H-bridge.--

Column 15, Line 62, delete “for different™ and replace with --for a different--
Column 16, Line 6, delete “dc¢” and replace with --DC--

Column 16, Line 10, delete “dc™ and replace with --DC--

Column 16, Line 25, delete “dc-" and replace with --DC- --

Column 16, Line 27, delete “ac and d¢™ and replace with --AC and DC--

Column 16, Line 34, delete “ripple and” and replace with --ripple ratio and--



CERTIFICATE OF CORRECTION (continued) Page 4 of 4
U.S. Pat. No. 9,762,145 B2

Column 16, Line 46, delete “high™ and replace with --highly--

Column 17, Line 17, delete “subcircuit” and replace with --sub-circuit--
Column 17, Line 26, delete “over voltage™ and replace with --over a voltage--
Column 18, Lines 59-60, delete “subcircuit;” and replace with --sub-circuit;--
Column 18, Line 61, delete “subcircuit.” and replace with --sub-circuit.--
Column 19, Line 20, delete “subcircuit” and replace with --sub-circuit--
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