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SYSTEMS APPROACH TO PHOTOVOLTAIC
ENERGY EXTRACTION

RELATED APPLICATIONS

This application 1s a U.S. National Stage application under

35 U.S.C. §371 of PCT Application PCT/US2013/024552
(filed Feb. 3, 2013), which 1s incorporated here by reference
in its entirety.

FIELD OF THE INVENTION

This application generally relates to photovoltaic (PV) sys-
tems and more particularly to methods and apparatus for
photovoltaic energy extraction.

BACKGROUND

As 1s known 1n the art, asymmetries in a photovoltaic (PV)
string caused by temperature variation, dirt, panel aging,
panel orientation, and other factors can negatively impact
tracking efficiency. To maximize energy extraction, distrib-
uted power conversion 1s employed to enable per-panel or
sub-panel maximum-power-point tracking (MPPT). There
are essentially three common architectures deployed 1n resi-
dential and commercial PV 1nstallations for delivering power
to the grid: (1) string inverter, (2) micro-mnverter, and (3)
DC-DC series power supplies working in concert with a
string mverter. Each of these architectures has limitations.

For example, the existing approaches are typically con-
structed with magnetic components, possibly purchased on a
per-panel basis. Even at high switching frequencies where
magnetic component size can be minimized or eliminated by
using air core or parasitic wire inductance, these components
constrain manufacturing cost. High frequency switching may

also complicate electromagnetic interface created by the dis-
tributed converters, as the frequencies approach allocated

FCC bands.

SUMMARY

The circuits, systems and techniques described herein can
overcome the limitations of the prior art techniques.

In one aspect, described herein 1s a method and apparatus
for per-panel photovoltaic energy extraction with integrated
converters. It has been recognized that this approach can
increase overall array tracking efficiency.

It has also been recognized that such a system architecture
can be implemented at all levels 1n a photovoltaic (PV) array:
tor the panels, for the overall control, and for the interface to
the utility.

Also described 1s a grid-tie inverter interface with SC DC-
DC MICs.

In accordance with a further aspect of the circuits, systems
and techniques described herein, a solar cell circuit includes
a solar cell; and a switched-capacitor DC-DC converter
deployed with the solar cell during or after manufacturing of
the cell and wherein said switched-capacitor DC-DC con-
verter 1s provided having a plurality of conversion levels and
wherein the switched-capacitor DC-DC converter 1s provided
having a conversion level selected such that a current pro-
vided by the solar cell 1s close to the maximum power current
of the solar cell.

In one embodiment, the switched-capacitor DC-DC con-
verter 1s partially or fully imtegrated with the solar cell using,
an integrated circuit manufacturing process.
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In one embodiment, the integrated portions of the DC-DC
converter can be manufactured on the same substrate material
as the solar cell.

In accordance with a further aspect of the circuits, systems
and techniques described herein, a solar sub-module string
comprising a plurality of solar cell circuits each of the plu-
rality of solar cell circuits comprising: a solar cell; and a
switched-capacitor DC-DC converter deployed with the solar
cell during or after manufacturing and wherein said switched-
capacitor DC-DC converter 1s provided having a plurality of
conversion levels and wherein the switched-capacitor DC-
DC converter 1s provided having a conversion level selected
such that a current provided by the solar cell 1s close to the
maximum power current of the solar cell; and a switched-
capacitor DC-DC converter deployed with the plurality of
solar cell circuits and wherein said switched-capacitor DC-
DC converter 1s provided having a plurality of conversion
levels and wherein the switched-capacitor DC-DC converter
1s provided having a conversion level selected such that a
current provided by the plurality of solar cell circuits 1s close
to the maximum power current of the plurality of solar cell
circuits; and wherein each of the plurality of solar cell circuits
are coupled to provide the solar sub-module string.

In accordance with a further aspect of the circuits, systems
and techniques described herein, a photo-voltaic (PV) mod-
ule includes: a plurality of solar sub-module strings each of
the plurality of solar sub-module strings comprising: a plu-
rality of solar cell circuits; and a switched-capacitor DC-DC
converter deployed with the plurality of solar cell circuits and
wherein said switched-capacitor DC-DC converter 1s pro-
vided having a plurality of conversion levels and wherein the
switched-capacitor DC-DC converter 1s provided having a
conversion level selected such that a current provided by the
plurality of solar cell circuits 1s close to the maximum power
current of the plurality of solar cell circuits; and a switched-
capacitor DC-DC converter deployed with the plurality of
solar sub-module strings and wherein said switched-capaci-
tor DC-DC converter 1s provided having a plurality of con-
version levels and wherein the switched-capacitor DC-DC
converter 1s provided having a conversion level selected such
that a current provided by the plurality of solar sub-module
strings 1s close to the maximum power current of the plurality
of solar sub-module strings; and wherein each of the plurality
ol solar cell circuits are coupled to provide a plurality of solar
sub-module strings and each of the plurality of solar sub-
module strings are coupled to provide the PV module.

In accordance with a further aspect of the circuits, systems
and techniques described herein, a grid-tie mnverter for cou-
pling a PV array to a power grid, the grid-tie mnverter com-
prising: an MPPT tracking loop; an energy balance control
loop; and means for providing output current amplitude con-
trol, said means for providing current amplitude control com-
prising: a feed-forward path comprising means for determin-
ing a feed-forward term; and a feedback patch comprising
means for determining a feedback term.

In one embodiment, the grid-tie iverter further includes
means for decoupling the MPPT tracking loop and the energy
balance control loop such that the system operates more sta-
bly by relying more heavily on a feedforward term generated
by the means for determining a feed-forward term than a
feedback term generated by the means for determining a
teedback term.

In accordance with a still further aspect of the circuits,
systems and techniques described herein, a grid-tie inverter
for coupling a PV array to a power grid, the grid-tie inverter
comprising: an MPPT tracking loop; an energy balance con-
trol loop; and a switched-capacitor energy builer; and means




US 9,407,164 B2

3

for providing output current amplitude control, said means
for providing current amplitude control comprising: a feed-
forward path comprising means for determining a feed-for-
ward term; and a feedback patch comprising means for deter-
mimng a feedback term.

In one embodiment, the grid-tie mverter further includes
means for decoupling the MPPT tracking loop and the energy
balance control loop such that the system operates more sta-
bly by relying more heavily on a feedforward term generated
by the means for determining a feed-forward term than a
feedback term generated by the means for determining a
teedback term.

In one embodiment, the MPPT tracking loop 1s controlled
by an input current sink.

In one embodiment, the feedforward path can force a resa-
mple mid-cycle (at the price of non-unity power factor for one
cycle) to prevent an energy builer capacitor voltage from
running out of range and wherein the forced resample may be
triggered by passing a PV array voltage through a high-pass
filter and level detectors to check for sudden large steps 1n
input power.

In one embodiment, the control of the switched-capacitor
energy buller can be derived from the measured 1input power
from the PV array without the need of a pre-charge circuit and
wherein the charge and discharge cycles of a capacitor 1s only

permitted when the said capacitor’s voltage 1s within the
maximum and minimum bounds derived from the measured
input power from the PV array.

Switched-capacitor (SC) techniques have been proposed
for energy bulfering applications between DC and AC grids.
These techniques have been implemented using film or
ceramic capacitors and have been shown to achieve high
energy utilization and comparable effective energy density to
clectrolytic capacitors. Practical applications require control
schemes capable of handling transients. Described herein
concepts, systems, circuit and techniques which consider
tradeotls regarding circuit topology, switching configuration,
and control complexity. In one embodiment, a two-step con-
trol methodology that mitigates undesirable transient
responses 1s described.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the concepts, systems, circuits
and techniques described herein may be more fully under-
stood from the following description of the drawings in
which:

FI1G. 1 1s ablock diagram of a model of a linearized discrete
conversion ratio mtegrated converter.

FI1G. 2 illustrates quantization steps for a cell-level inte-
grated converter.

FIG. 3A 1s a plot of tracking efliciency vs. number of cells
in a sub-module string with and without integrated converters
using a 5% variation 1n maximum-power current.

FIG. 3B 1s a plot of tracking efficiency vs. number of cells
in a sub-module string with and without integrated converters
using a 10% varniation in maximum-power current.

FIG. 4A 1s a diagrammatic view of a sub-module string
having a conventional layout.

FIG. 4B 1s a diagrammatic view of a sub-module string
having a common centroid layout.

FIG. 5 shows MATLAB simulation results comparing the
two layout schemes shown 1n FIGS. 4A and 4B. Simulated
standard deviation distribution (normalized to the maximum
power of one solar cell) of maximum power for 3 strings of 6
cells.
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FIG. 6 1s a statistical percentage power variation vs. output
power ol maximum power string.

FIG. 7 1s an expected percentage power variation vs. nuin-
ber of cells per sub-module string.

FIG. 7A 1s a tflow diagram of an exemplary Maximum
Power Point Tracking (MPPT) process.

FIG. 8 1s a connection diagram depicting the experimental
setup for the series connection of MICs and PV circuit mod-

els.

FIGS. 9A and 9B show experimental data:

FIG. 10 1s a recommended gate drive adapted from IR
AN-978

FIG. 11 1s a tunable zener diode biasing circuit using
ground-referenced MOSFETSs.

FIG. 12 1s an active current source zener diode biasing
circuit.

FIG. 13 1s a block diagram of a centralized inverter.

FIG. 14 1s a grid-tie inverter model.

FIG. 15 1s a model for calculating the output impedance of
a constant power grid-tie inverter.

FIG. 16 1s an approximate output Impedance normalized to

1 V?
2P,

cl

for different feedback gain k.

FIG. 17 1s a switched-capacitor energy builer implemen-
tation.

FIG. 18 1s a switched-capacitor charge and discharge
wavelorms.

FIGS. 19A, 19B and 19C are overall system-level block
diagrams and control schemes implemented 1n SPICE simu-
lation. FI1G. 19A 1s a system overview ol the simulated circuat,
FIG. 19B i1s an energy balance controller with feedforward
forced resampling, FIG. 19C illustrates preliminary
switched-bus-capacitor control logic.

FIGS. 20A-20C are a series or plots illustrating system
voltages V., V... V. and current I(L,) 1n response to an
Input voltage step from 40V to 100V and 1,,,,~4 A which
occurs after 150 ms.

FIG. 21 1s a block diagram of a general architecture of an
SC energy butfer.

FIG. 22A 1s a plot of Vbus and Vib vs. time.

FIG. 22B 15 a plot of FSM state vs. time which 1llustrates a
transient bus voltage response of a 2-6 SC energy buller in a
PFC due to a 30% load power step.

FIGS. 23A, 23B are plots of support voltages and buffer
voltage vs. time which illustrate a transient bus voltage
response of a 1-8 SC energy builer 1n a solar inverter due to a
30% mput power step

FIG. 24 A 1s block diagram of a 1-z architecture of an SC
energy butler implemented with ground-referenced switches
only for umipolar switching configuration.

FIG. 24B 1s a block diagram of a 1-z architecture of an SC
energy builer implemented with four additional switches (as
compared with the FIG. 24A 1mplementation), to achieve
bipolar switching configuration.

FIG. 25A 1s a plot of overall energy utilization (in percent)
of an SC energy builer with bipolar switching configuration
versus different numbers of backbone and supporting capaci-
tors for a 10% peak-to-peak ripple.

FIG. 25B 1s a plot of overall energy utilization (in percent)
of an SC energy buller with bipolar switching configuration
versus different numbers of backbone and supporting capaci-

tors for a 5% peak-to-peak ripple.
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FIG. 25C 1s a plot of overall energy utilization (in percent)
of an SC energy buffer with bipolar switching configuration
versus different numbers of backbone and supporting capaci-
tors for a 2% peak-to-peak ripple.

FIG. 26 A 1s a plot of sampling points and control variables,
v_(1) and v (1), 1n relation to the ripple cycle and the control
ramps for a umipolar switching configuration.

FI1G. 26B 1s a plot of sampling points and control variables,
v_(1) and v (1), 1n relation to the ripple cycle and the control
ramps for a bipolar switching configuration.

FIG. 27A 1s a plot of peak-to-peak ripple vs. power level
which 1illustrates expected ripple magnitude vs. power level
for a 1-8 unipolar design example.

FI1G. 27B 1s a plot of supporting capacitor voltages (V) vs.
power level (watts) for a 1-8 unipolar design example.

FI1G. 28 1s a block diagram of a two-level SC energy builer
controller, where v, denotes the backbone capacitor voltage,
v,[n] for i={1, 2, . . ., N-1} and v_ denotes the sampled
supporting capacitor voltage, and v, corresponds to the
charge and discharge control signals respectively.

FIGS. 29A, 29B are plots of voltage (V) vs. time (seconds)

which 1illustrate steady-state bus voltage waveforms of a 1-9
SC energy buffer with unipolar switching.

FIGS. 29C, 29D are plots of voltage (V) vs. time (seconds)
which 1illustrate steady-state bus voltage waveforms of a 1-4
bipolar SC energy builer with bipolar switching.

FIGS. 30A, 30B are plots of voltage (V) vs. time (seconds)
which illustrate a transient bus voltage response of a 1-4
bipolar SC energy bufler in a solar inverter due to 30% input
power step.

FIG. 31 1s a circuit diagram of an exemplary SSC energy
butler circuit referred to as a 2-6 bipolar SSC energy builer
circuit.

FI1G. 32 1s a plot which 1llustrates which states, individual
capacitor voltages, and resulting bus voltage over a charge
and discharge cycle of the 2-6 bipolar SSC energy butiler of
FIG. 4.

FIG. 33 1s a circuit diagram of a generalized example of an
SSC energy bufler circuit referred to as an n-m bipolar SSC
energy bufler circuit.

FIGS. 34A, 34B, and 34C are a series of plots 1llustrating
Energy buffering ratio (1',) as a function of the number of
backbone capacitors n and number of supporting capacitors
m for different values of voltage ripple ratio: (a) Rv=>53%, (b)
Rv=10% and (¢) Rv=20%.

FIGS. 35A and 35B are block diagrams of a setup com-
prising a power factor correction (PFC) ac-dc converter, a dc
load and an SSC energy buifer comprising an SSC energy
butler power circuit, a precharge circuit, and a control unit;

FIG. 36 1s a schematic diagram of a a 2-6 bipolar SSC
energy bufler having a precharge circuit coupled thereto.

FIG. 37 1s a tflow chart illustrating control logic during
precharge and normal operation of a 2-6 bipolar SSC energy

bufter.

DETAILED DESCRIPTION

Referring now to FIG. 1, a model of a linearized discrete
conversion ratio 1integrated converter includes a source
coupled to a plurality of photovoltaic (PV) elements PV, -
PV .. through a like plurality of converters. It should be noted
that each photovoltaic (PV) element PV, -PV ,; can represent
either a PV cell, a sub-module PV string, or a PV module.

The drive to minmiaturization has renewed 1nterest in capaci-
tor-based switching power conversion due to higher energy
storage density of capacitors compared to inductors.
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It has been shown that outstanding MPPT and overall sys-
tem efficiency can be achieved using a modified version of a
DC-DC module integrated converter, where the DC-DC con-
verters are switched-capacitor converters that can only
achieve mteger or rational multiples of the input voltage from
a photovoltaic module. This approach may be cost-attractive
and physically rugged because 1t requires no per-panel mag-
netic components.

Switched-capacitor MICs may not be most efliciently
deployed as current sources contributing to the string. How-
ever, 1 contrast to the typical DC-DC MICs that operate with
local autonomous MPPT control, the proposed system shares
the responsibility of MPPT with one centralized inverter.
Specifically, the central imnverter can be put-current-con-
trolled so that it appears as a current sink to all the MICs 1n the
string. The load current can then be scaled by the module-
level converter to become a scaled current sink at the sub-
module levels.

Sources of Variation in a PV String

The different types of variations that cause asymmetries 1n
a PV string can be broadly classified into two categories:
process variation and external operating condition.

Process variation 1n the solar industry typically refers to
manufacturing I-V mismatch between solar cells. Low-level
solar module construction faces similar tracking eificiency
challenges as high-level solar array assembly. Solar cells that
are connected in series must all carry the same current. Thus,
they do not perform at their individual maximum power
points. Instead, they operate at a collective maximum that 1s
limited by the mismatch between cells within the module.

The tracking efliciency at the cell level, also known as the
mismatch factor, can be defined as

(1)

Pﬂﬂﬂfcrive,max

Hp.cell =
Z Pi,cfﬂ,max

In order to reduce the amount of cell-to-cell variation and
increase the cell tracking efficiency, the solar panel manutac-
turers have ivested greatly in improving their manufacturing
process as well as evaluating different cell binning algo-
rithms. Historically, manufacturers have refined production
processes and reduced the power tolerance from +10% down
to £3%. However, 1t 1s worth noting that current and voltage
parameters can have higher tolerance 1n the case of sorting by
maximum power as manufacturers typically sort the cells into
different power bins to sell at different price points. Described
herein 1s a beneficial (in some cases, optimal) series-parallel
layout configuration to increase (and 1deally, maximize) out-
put power ol PV modules at a given confidence level.

External operating conditions consist of environmental
factors including 1irradiance level, shading, temperature varia-
tion, dirt collection, panel aging, and panel orientation.
Unlike process variation, which 1s tightly controlled in the
manufacturing process, environmental factors can introduce
large systematic imbalance (panel aging, panel orientation) or
can unpredictably change the individual solar module’s
maximum power point substantially (irradiance level, shad-
ing). For example, shading of a solar module can change a
module’s maximum power by as much as 100%. In addition,
in a residential installation, panels may be placed on both
sides of the roof, meaning that panels have two distinct ori-
entations and thus a systematic irradiance level difference
throughout the day. Finally, panel age and dirt collection may
cause asymmetry between existing and newly-installed pan-
cls. These factors are particularly relevant to residential
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installations where owners only purchase a portion of the
panels upiront and plan on acquiring additional panels to
increase the power output in the future.

Cell-Level Integrated Converters

At the sub-module cell level, the solar cells are closely 5
spaced such that their external operating conditions are
highly correlated and can be approximated as being nearly
identical. Thus, the dominant source of asymmetry arises
from the process variation between the cells 1n a sub-module
string. Even though power tolerance can be limited down to 10
+3%, I-V mismatch can have higher tolerance when cells are
sorted by maximum power. To study the effectiveness of a
switched-capacitor DC-DC integrated converter at the cell
level, a conservative maximum-power current variation of
+5% 1s assumed for the following description. 15

A first-order approximation for maximum power point
tracking assumes that the cell output 1s step-wise linear when
its output current 1s slightly perturbed around the maximum-
power current. That 1s, 11 the current deviates from the maxi-
mum-power current by a small percentage €, the output power 20
1s reduced from the maximum power by the same percentage.

Iceff:(l_E).Imp (2)

Pceffg(l_mmpmax (3) 95

In the case where the cell maximum-power current varies
by up to £5%, an overall tracking efficiency above 95% 1s
expected; that 1s, the sub-module string current can be set to
the average maximum-power current so that i1t 1s always
within 5% of each cell’s individual maximum-power Current. 30

To 1increase tracking efficiency, finer conversion levels
must be added to tune individual cells’ current closer to their
maximum-power current. Since cell-level variations are typi-
cally tightly constrained and voltage level 1s low, a relatively
simple fully-integrated SC circuit can be used to provide a 35
fractional step 1n both positive and negative directions. At the
cell-level, simplicity 1s a benefit 1n minimizing ntegrated
converter cost. The choice of the tuning step-size 1s 1llustrated
in FI1G. 2 assuming uniform distribution and maximum allow-
able maximum-power current variation of 8 around the norm. 40
The entire space 1s quantized into 3 equally sized intervals of
s1ze 28/3 and the discrete tunming steps can be found as the
center of each interval {1-26/3, 1, 1+28/3}.

Monte Carlo simulation results are shown 1n FIG. 3A. As
expected from the approximation, the tracking efliciency 45
with no itegrated converter 1s slightly above 96%. With the
introduction of integrated converters with discrete +3.33%
steps, an overall tracking efficiency greater than 98.33% 1s
expected. The simulation results again agree with the intuitive
model, and the tracking efliciency improves to above 98.7%. 50
Potentially the greatest value 1n integrating converters at the
cell-level lies 1n the fact that the added degrees of freedom
allow the currently extensive and stringent binming process to
be relaxed during manufacturing. Therefore, this invention
makes 1t possible to lower the production cost of the solar 55
panel 1tself and may open doors for a paradigm shift in the
manufacturing process.

Consider the following example with the maximum allow-
able maximum-power current variation doubled from the pre-
vious case to £10%. The simulation 1s repeated with a new 60
optimal step-size of £6.67% and the results are shown in FIG.
3B. The tracking eificiency of the relaxed binning process
with integrated converters (97.5%) 1s shown to exceed that of
the stringent binning process without integrated converters
(96.2%). Furthermore, assuming a 98% conversion eificiency 65
tor the switched-capacitor circuit, the overall efficiency of the
relaxed binning process with mtegrated converters becomes

8

95.6%. Thus, even when taking into account conversion eili-
ciency, the cost effective switched-capacitor integrated con-
verters approach presents minimal power loss compared to
stringent binning process while offering a great opportunities
in reducing the manufacturing cost of the solar panels.

Sub-Module String Level Integrated Converters

Referring now to FIGS. 4A and 4B, a group of solar cells
are connected 1n series to form a sub-module string. In the
exemplary embodiments of FIGS. 4A and 4B each of the
sub-module strings are provided from six series connected
solar cells. Those of ordinary skill in the art will appreciate
that sub-module strings provided from fewer or more than six
series connected solar cells may also be used. Three sub-
module strings are used to provide the panel 1n FIG. 4A and
three sub-module strings are used to provide the panel 1n FIG.
4B.

Comparing the conventional layout of the sub-module
strings 1n FIG. 4A to the common centroid layout of the
sub-module string in FIG. 4B illustrates the imbalance
between sub-module strings caused by partial shading. That
1s, given small variations among each cell’s maximum-power
current, the overall maximum-power current of the sub-mod-
ule string can be well-approximated as the arithmetic mean of
the individual cells” maximum-power currents. Assuming the
maximum-power current for the cells are 1.1.d. with mean u
and variance o* the overall maximum-power current of the
sub-module string will roughly have a mean 1 and a variance
o-/N, where N is the number of solar cells in the sub-module
string. Therefore, for reasonably sized sub-module strings,
the asymmetries can be attributed entirely to the external
operating conditions.

Since the sub-module strings are closely spaced, their sta-
tistical variations must be correlated. In particular, external
operating conditions such as temperature, dirt collection,
aging, and orientation are for all intents and purposes 1denti-
cal because the strings occupy the same solar panel. Thus, the
variability of the maximum-power current 1s expected to be
constrained, which would limit the required tuning range of
the SC integrated converter for a target tracking etficiency and
thereby reduce cost. However, given the current sub-module
string layout employed by the manufacturers, partial shading,
can cause substantial mismatch between sub-module strings.
Such a situation 1s 1llustrated 1n FIG. 4 A, where a panel with
typical sub-module string layout 1s atfected by partial shad-
ing, or a 1-D “hard” gradient, in the direction orthogonal to
the string orientations.

Common centroid layout 1s effective 1n reducing gradient-
induced mismatches. Utilizing such a technique 1n a solar
panel layout would help substantially reduce the amount of
mismatch caused by an imbalance 1n solar irradiance between
the sub-module strings. Note that a custom layout requiring
stringent parasitic control 1s not necessary; istead a simple
PCB with the common centroid routing pattern 1s sufficient
An example of such layout 1s shown in FIG. 4B. In the
common centroid case, the power between the sub-module
strings will remain symmetric with the same partial shading
as before and will remain relatively balanced given other
linear shading patterns as well.

A statistical evaluation method was adopted to simulate the
cifect of linear 1rradiance gradient. For each 1teration in the
simulation, a random linear shading pattern 1s generated.
Each string’s respective power 1s computed and the standard
deviation of the string’s maximum power 1s recorded.

As shown 1 FIG. §, the common centroid layout 1s very
elfective in compressing the standard deviation to below the
power of a single solar cell. Furthermore, since the standard
deviation 1s kept below the power of a single solar cell, the
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power variation between strings 1s expected to decrease
iversely proportional to the number of power generating

cells per string. To verily this hypothesis, additional simula-
tions of 3 strings with 6 cells are performed to characterize the
percentage power variation between the maximum and mini-
mum power strings vs. the output power of the maximum
power string.

As shown 1n FIG. 6, while the normal string layout results
in very high percentage variation in power between strings
across all power levels, the common centroid layout signifi-
cantly limits the percentage variation in power between
strings at reasonable power levels.

The number of cells per string can be used as a design
variable to limit variation between sub-module strings. By
increasing the number of cells per string N, the expected
percentage power variation should scale as «1/N. To provide
design guidelines regarding the number of cells per string
needed for a certain expected percentage power variation
between strings, statistical stmulations are repeated for a vari-
ety of sub-module string sizes.

The result 1s shown 1n FIG. 7. While the expected power
variation between strings for a normal sub-module string
layout remains constant at approximately 65% as the number
of cells per sub-module string varies, the expected power
variation between strings for a common centroid layout
decreases inverse proportional to the number of cells per
sub-module string. Approximate 15 cells per sub-modules
string can limit the expected percentage variation between
strings to less than 10%. This results i 45 cells total and 1s
comparable to current industry offerings. For example, the
Mitsubishi PV-MFI70EB4 has 30 cells 1n series. In conclu-

sion, this mvention 1s efl

ective 1n compressing the degree of
variation among sub-modules string. Therefore, it enables the
use ol highly efficient converters with limited conversion
range to perform MPPT at the sub-module string level.

Module Level Integrated Converters

By following a similar argument in the sub-module string,
section, process variation can be neglected at the even higher
module level. For a large array of solar panels, there exist
panels with relatively large spatial separations such that their
maximum-power current variations become only weakly cor-
related. Consequently, at the module level, the SC DC-DC
converters must have a wide tuming range to recover losses
from the potentially large asymmetries in the maximum-
power currents.

To optimally cover the possible range of maximum-power
currents, the converter tuning range can again be broken up
into uniformly-spaced discrete intervals where the centers of
the intervals represent the relative conversion ratio. Some
system design guidelines regarding choice of level granular-
ity have been discussed 1n references such as Cooley, J. I.;
Leeb, S. B.; “Per panel photovoltaic energy extraction with
multilevel output DC-DC switched capacitor converters,”
Applied Power FElectronics Conference and Exposition
(APEC), 2011 Twenty-Sixth Annual IEEE, vol., no. , Pp. 419-
428, 6-11 Mar. 2011. Monte Carlo Slmulatlon assuming the
worst-case uniformly distributed maximum-power currents

was used to examine tracking efficiency tradeoit

s at the mod-
ule level. The result suggested good tracking eificiency
improvement from 65% to 90% using a 5-level SC DC-DC
converter 1n a 3-module system.

Maximum Power Point Tracking (MPPT)

A switched-capacitor integrated converter MPPT tech-
nique finds a conversion ratio such that a PV element 1s
outputting a desired power given a desired output current I,.
Ideally, the switched-capacitor integrated converter MPPT
technique finds an optimal (or near optimal) conversion ratio
such that the PV element 1s outputting a maximum (or close to
maximum) power given the desired output current I,. In other
words, the converter must find conversion ratio Q1 to reduce
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(1deally, minimize) the difference between PV element’s cur-
rent Q 1, and the PV element’s maximum-power current] poi
where I, can be estimated by measuring the short-circuit
current of the PV element as 1s known. Furthermore, it 1s
noted 1n the above-mentioned reference that a perturb-and-
observe step may be necessary for good accuracy following
the mitial I, , estimate. In a discrete conversion system, this
typically requires two additional measurements (sometimes
at most two additional measurements) of both current and
voltage.

While the above control strategy 1s viable, 1t can be further
simplified since there are only a small number of conversion
levels available. Instead of using the maximum-power current
estimate from short-circuit current measurement followed by
a perturb-and-observe step, the local MPPT algorithm can
simply loop through all the conversion levels to search for the
maximum-power conversion ratio. This translates to only two
additional observations 1n the 3-level converter discussed at
the module level. At sub-module string and cell levels, only
one additional observation 1s required. Furthermore, there 1s
no longer a need to measure the output current I, 1f the
brute-force search method 1s employed. Instead, the control
algorithm only requires knowledge of the output voltage of
the integrated converter 1n order to maximize energy extrac-
tion from the PV element.

Even more simplification can be performed at the sub-

module cell level. As discussed 1n section I1-A, the converters
at the sub-module cell level are added mainly to reduce pro-
cess variation induced mismatch. Since asymmetries caused
by process variation are unlikely to change significantly over
the lifetime of the solar panel, there 1s no need to run the
optimization algorithm continuously during normal opera-
tion. The conversion ratio can be hard programmed at panel
assembly time, or be self-calibrated on a regular basis.

Referring now to FIG. 7A, a Maximum Power Point Track-
ing (MPPT) process suitable for use with the MPPT control-
ler shown 1n FI1G. 13, for example, 1s shown.

Module Level Converter Experimental Results

Overall Experimental Setup

An experimental prototype of the Marx Multilevel con-
verter proposed 1n the above mentioned reference was con-
structed and characterized. Summaries of the circuit compo-
nents and parameters for each of the implemented conversion
ratios are shown in Table 1.

TABLE 1

EXPERIMENTAL PROTOTYPE PARAMETER SUMMARY

Parameter Symbol Value
Switched-capacitor C 12.51LF
Switching Device M IRFR721
Panel Capacitor CDu.t 25]1F
Local Output Capacitor Col 12.5]1F
Switching Frequency (Q -2) ISW02 100 kHz
Switching Frequency (Q-3) fsw.D3 88 kHz
I Switching Frequency (Q -4) fsw.04 127 kHz
Panel I MP PMP, 170 W
Panel I MP Voltage VMP, 246 V
Panel I MP Current Iup, 0.93 A
Panel I Series Resistance Rsl 0.6350
Panel I Shunt Resistance RD.1 540

Panel 2 MP PUP? 8 W
Panel 2 MP Voltage VUP? 246 V
Panel 2 MP Current luP? 347 A
Panel 2 Series Resistance RS2 1.270
Panel 2 Shunt Resistance RDe2 108.10

FIG. 8 shows the connection diagram of the experimental
setup consisting of two series connected modules and the
constructed PV circuit models. In this experiment, Q=2 and
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(=4 modules were constructed to perform MPPT on two
unbalanced PV circuit models. Conversion eiliciency was
measured using HP34401A digital multimeters. Input and
output voltages for each converter were measured at the PCB

terminals. Current sense resistors with nominal resistance of 5

10m.11 were used to measure mput and output currents. The
precise values for each current sense resistor were measured
separately to within 0.01 m£2 using current-mode and voltage
mode digital multimeters simultaneously

Experimental Prototype Performance

The plots 1n FIG. 9 show measured efficiency data com-
pared to simulated and calculated values. Peak conversion
elliciency of 92.2% was measured and an optimized conver-
s1on efficiency of 95.2% 1s projected. The added loss 1n the
conversion efficiency plot 1s due to standby power dissipation
not included 1n stimulation and calculation.

The switching frequencies for the experimental prototype
were chosen based on the measured data. Since the most
eilicient switching frequency generally depends on conver-
s10n ratio, 1n order to maximize the overall system efficiency,
the switching frequency showing the maximum conversion
elficiency must be chosen for each conversion ratio.

Standby Power Dissipation

After constructing and characterizing the experimental
prototype, several conversion efficiency optimizations are
immediately clear. Several sources of power dissipation that
can be optimized will be computed and reasonable values 1n
an optimized prototype will be speculated. These will serve as
design guidelines for future iterations of the switched-capaci-
tor converter design.

The largest contributor to the discrepancy in efficiency
between the simulated and the measured systems is the
standby power dissipation. One significant portion of the
standby power dissipation originates from biasing the zener
diodes 1n the gate drive charge pump circuits shown 1n FIG.
10. The biasing resistor sets the current through the zener
diode and should be optimized to provide just suilicient bias
current without dissipating excessive power. Thus, appropri-
ate values for the zener bias resistors should be chosen based
on the time-averaged voltage across them. The time-average
voltage across the bias resistor 1s the time-averaged MOSFET
source voltage minus the zener voltage. Therefore, the bias
resistor value 1s related to both the associated MOSFET and
the conversion ratio. Table II indicates the MOSFET source
voltages normalized by the input voltage across possible con-
version ratios.

TABLE II

MOSFET SOURCE VOLTAGES
NORMALIZED TO INPUT VOLTAGE

Recharge Q=0 Q=1 Q=2 Q=2 Q=2
MI 0 0 0 I 1 I
M2 0 0 0 0 0 0
M3 I I | I | I
M4 0 0 0 I | 2
M5 0 0 0 I | I
M6 I I | 2 2 2
M7 0 0 0 I 2 3
M& 0 0 0 I | 2
M9 I I I 2 2 3
MIO LA 0 I 2 3 4
MII 0 0 0 I 2 3

In the experimental system, the only MOSFETS that
require charge-sustaiming gate drives are M3, M6, M9 and
M10. To compute the upper limit of the biasing resistor, the
mimmum zener bias current and the mimimum nput voltage
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must be considered. For instance, with V,, . =24V and
I, ,.,,—18 mA, the time-averaged bias voltage for the MOS-

FET M6 1n the Q=2 operation 1s

1+2 (4)
(VZ@-?Qg) = 24. - 15=21V.

The maximum zener bias resistor value for the M6 1n the
Q=2 switching pattern 1s then

(V6,02) (5)

IE,FHIIH

RzG,QZ =

= 1.17 kfb (6)

The time-averaged power 1n the resistor can be calculated
to be

< Vz%j,Q2> (7)

Rs.02

RRre, 02 =

- (Vis.02)" +(0.707-AVy6.00)°

8
Rzﬁ,QZ ( )

21% +(0.707 - 12)

= 9
1.17-10° )

= 440 mW.

where a square wave of bias voltage and the maximum
allowable bias resistance are assumed. In addition to the
power dissipated 1n the resistor, the zener diode 1tself dissi-
pates power. The zener power dissipation can be approxi-
mated as

P~

zi

p

gt 3

(10)

=18 mA-15V=270 mW. (11)

Since both sources of loss (1.e. time-averaged power 1n the
resistor and power dissipated in the zener diode itsell) depend
heavily on the zener bias current, the zener diode bias should
be minimized to reduce the standby power required for bias-
ing. Note that this optimization 1s valid to the extent that the
zener bias current 1s larger than the current demanded by the
charge pump circuit.

A third source of standby power dissipation originates
from charging and discharging the timing capacitor 1n the
charge pump circuit. This loss can be calculated as:

_ 2
P Ccp. I/z?i .f:;p'

cp.timing

(12)

where the timing capacitor 1s assumed to fully charge to the
zener voltage and fully discharged each switching cycle.
Therefore, reducing the timing capacitance value may con-
stitute a significant optimization. The charge pump switching
frequency can remain unchanged by increasing the timing
resistor by the same factor.

These un-optimized standby power dissipation sources are
characterized and tabulated. Reasonable optimized values for
the fully discrete implementation of the Marx experimental
prototype are calculated as well. The optimized standby
power dissipation numbers are assumed in the conversion
elficiency data provided above. The results are summarized in

Table III for the Q=2 module.
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TABLE III

STANDBY POWER OPTIMIZATION
RESULTS FOR Q=2 MODULE

Source Un-Optimized Optimized
Charge Pump Zener M3 432 mW 48 mWwW
Charge Pump Zener M6 710 mW 72 mW
Charge Pump Zener M9 710 mW 72 mW
Charge Pump Zener MI0O 502 mw 60 mW
Charge Pump Timing Cap x 4 130 mW 26 mW
HV Level Shiftx 11 158 mW [0O0 mW
ICM7535 x5 6 mW 6 mW
LM7812 158 mW [OO0 mW
LM'7805 6 mW 6 mW
Total 2.8 W 500 mW

The experiments demonstrate the value and approach to
loss minimization for a particular MIC design. Diflerent gate
drive architectures may be employed 1n a practical switched-
capacitor MIC integrated circuit. While the specific details of
the appropriate optimizations will vary with the MIC topol-
ogy, the possibilities and approach for developing a high
eificiency converter are 1llustrated here.

Run-Time Zener Biasing Optimization

As shown above, the optimal zener bias resistance value
depends on the conversion ratio, 1t should be chosen at run-
time to minimize standby power. One approach could be to
implement a switched set of fixed resistors for each gate drive,
and the converter could choose the resistor based on the
conversion ratio. One such scheme could be implemented
using ground-referenced MOSFETs and TTL level control
signals. This 1s 1llustrated in FIG. 11.

However, the optimal Zener bias resistance value also
depends on the input voltage. As the mput voltage increase
beyond the minimum value of 24V, excessive power dissipa-
tion 1s introduced 1n the passive biasing circuit. Thus, an even
more efficient solution employs active current sources to
provide the zener bias current. The circuit schematic using a
basic bipolar current mirror 1s shown 1n FIG. 12.

However, more advanced current mirror techniques, such
as the Widlar and Wilson mirrors, can also be employed given
suificient headroom. In this case, the power dissipation 1n the
biasing circuit 1s simply:

(13)

For instance, to minimize the standby power dissipation, a
zener diode with a low bias current of 2 mA 1s selected. Then,
the power dissipation of M6 zener biasing would be

P z,f:< VMGSFET,S,I'> 'Iz,z"

1 +2 (14)
P.s =24 —=-0.002=72 mW.

Run-Time Frequency Scaling,

Based on Table I, the switching frequency yielding the
highest conversion efliciency 1s dependent of the conversion
rat10. Therefore, the switching frequency should also be
selected at run-time to ensure the highest overall conversion
eificiency 1s achieved. This selection may be based on a
pre-determined set of optimal switching frequencies for a
specific load current.

Grnid-Tie Inverter Interface

The proposed centralized inverter consists of three compo-
nents 1llustrated 1n block schematics 1n FIG. 13. Unlike con-
ventional string inverters and microinverters that close a
single feedback loop on the current injected to the grid to
control both maximum power point tracking and power deliv-

10

15

20

25

30

35

40

45

50

55

60

65

14

ery to the gnd, the proposed architecture uses two separate
controllers to achieve maximum power point tracking and
energy balance.

The input current sink serves as the MPPT tracking control
by demanding a current from the PV array that maximizes the
product of the demanded current and the PV array voltage.
Functionally, the input current sink could be implemented as
a canonical cell converter such as a boost or a SEPIC con-
verter. The input power from the PV array can then be moni-
tored by measuring the PV array input voltage. An energy
balance control loop can then be designed to use this infor-
mation to control the power 1njected to the grid. That 1s, the
input power can be fed forward to improve grid-tie imnverter
response time and controller stability.

Grid-Tie Inverter Stability

The stability of a gnd-tie mverter can be dertved by a
small-signal equivalent circuit model shown i FIG. 14,
where the grid-tie inverter 1s modeled as a Norton equivalent
current source and the utility grid 1s modeled as a Therein
equivalent voltage source. Using the equivalent circuit model,
the output current of the inverter can be solved by superposi-
tion to be

Igri (5) L (5) Vgrid (5) (15)

18)= =57 Zo(5)  Zo(5) + Z(5)
Vgrid(s) 1
) ("g*“'(s)  Ze(s) ) Zy(s) 1o
Z:(S)

From the above equation, the stability criterion can be
derived. Specifically, the impedance ratio Zg(s)/Ze(s) 1s
required to satisiy the Nyquist criterion. This implies that the
orid-tie 1inverters should be designed to have output imped-
ance Ze(s) significantly higher than the grid impedance 1n
order to operate with stability when connected to the grid.
That 1s, the following condition should be satistied.

Z,(s) (17)

Z.)| <

Furthermore, the control strategy for the grid-tie inverter
has strong effects on the inverter’s output impedance. Thus,
separating the controls into two separate loops simplifies the
inverter output impedance derivation and provides additional
insights for design. Below, a control strategy will be outlined
and the output impedance will be derived.

Energy Balance Control

The power Pin flows 1nto the grid-tie inverter via the input
current sink and 1s delivered to the utility grid by controlling
the magnitude of the output current. The energy builer
capacitor would store any energy difference between the
input energy and the energy delivered to the gnid.

A sampled-data approach 1s adopted where the input power
Pin and the energy stored on the buller capacitor e are
sampled at twice the line frequency. Using the sampled data,
the controller specifies the scale factor of the reference cur-
rent wavelorm for the next cycle. Note that the reference
current wavetorm 1s assumed to be a scaled version of the grid
voltage for unity power factor operation. In addition, a fast
inner current hysteresis loop 1s assumed to shape the current
injected to the grid. The energy balance equation can then be
written as:

efnt1]=e[n]+Py, T, 1" ] Ve,iq” (Dt (18)
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where e 1s the energy stored in the capacitor C at the n-th
sampling mstant, T 1s the sampling period of 1/(120 Hz), and
Varid(t) 1s the voltage of the grid. For the following analysis,
assume that the grid voltage has nominal amplitude of Vs.

Given 1deal components, the grid-tie mnverter can be con-
trolled without any feedback. By selecting e=2Pin/Vsz, the
integral term cancels the Pin T term exactly, so the energy
stored on the builer capacitor will be 1n steady-state. How-
ever, practically there are always errors 1n the computation of
power due to losses and model deviation so the current ampli-
tude control ¢ will be implemented with a feedforward term
plus a feedback term.

(19)

(20)

+ k- :
V2. T

A model for computing the incremental output impedance
1s shown 1n FIG. 15. This analysis was {first presented for the
nonzero nput source impedance 1n a unity power factor con-
verter.

In the grid-tie inverter case, the analysis can be applied in
the “‘reverse” direction. Let vi represent a small voltage
source perturbation used to probe the output impedance of the
iverter as presented to the grid. This voltage can be
expressed as a perturbation to the steady-state grid voltage
Verid(t)=Ys-cos(wot) such that

Verid DHV{H)=Vcos(wpl)-{ 1+€-cos(m, 1) } (21)

where m, 1s the line frequency, m, <, and e<<1. That 1s, v,
corresponds to an additive perturbation 1n a frequency range
near m,. In order to solve for the output impedance, the
corresponding perturbation in the input current needs to be
solved. Assuming small enough € and w,, the integral term 1n
(18) can first be approximated as

TV? (22)

2

cln] - +c[n]-E-TVf-CGS({u1T-(n+ l)]

2

And the difference equation can then be approximated as

TV?

eln+ 1] ~eln]+ P,,T —cln]- 5

) Iy @23
—c|n]-e-TV; -CDS(MIT : (n + ED

Simplitying the expression further by cancelling the P, T
term and the ¢,-TV */2 term, and assuming the product of two
small signal terms 1s negligible, the following difference
equation can be written.

ln+ 1] ~ 2[n] - (1 _k)—c[n]-E-TVE'CGS(MIT'(H"' é]]

(24)

Equivalently, the difference equation can be expressed in

terms of the feedback term 1n the control variable using Equa-
tion (20).
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1 -k (25)

2k

éln + 1]
2k

x~ Cln]-

— c[r]- E-CGS(MIT'(H N l]]

Finally, the total current delivered to the grid from the
converter output can be written as

Ly igd)=1(t)=C[n] (Vgria(t)+vi{1)) (26)

=Co "V gria\ (L) V gy g D)+Co VAT, (27)

where (1) 1s the result of passing the discrete sequence ¢[n]
through a zero-order hold. The incremental current due to the
voltage perturbation can then be approximated as

L (1)=€Co V1) COS(W 1)=C(1) Vi 1) (28)

~—€'CoVgria(l)cos(w 1) { 1+H () } (29)

where H(m, ) 1s the response of the product of the transfer
function 1n Equation (25) and a sampler at rate 1/1. Making
the known approximations, the approximate expression for
the incremental output impedance be solved 1n terms of Wt
and re-expressed in terms of w by using substituting Wt=W —

Wo.

—1 |

oy

Le(w) = 30

-2k

elv=wo)" (1 — k)

(w —wa)T)

1 + sinr:( 5

FIG. 16 shows the magnitude and phase of the gnid-tie
iverter’s 1cremental output impedance. Note that the
expression 1n Equation (2) 1s only valid for frequencies near
60 Hz, specifically, lm—m,1<m/T. Due to the sample and hold
operations, perturbations with frequency content outside of
this range will alias 1nto this range. As shown in the figure, the
incremental output impedance looks real and positive with
value V */(2P, ) at 60 Hz. However, the magnitude of the
incremental output impedance decreases as the perturbation
frequency deviates from 60 Hz. In particular, the decrease 1n
magnitude of the incremental output impedance 1s more sig-
nificant for larger values of the feedback gain parameter k.
Note that the phase of the incremental output impedance
quickly changes 1800 as the perturbation frequency deviates
from 60 Hz as well. Therefore, referring back to the stability
criterion derved i Equation (17), larger feedback gain val-
ues make the grid-tie mverter more susceptible to stability
problems due to decreasing impedance magnitude.

The benefit of the novel grid-tie inverter interface imvention
now becomes evident. By decoupling the MPPT tracking and
the energy balance control loops, the system can potentially
operate more stably by relying more heavily on the feedior-
ward term than the feedback term. In addition, since the
MPPT tracking 1s controlled by an input current sink, the
change in power from the PV array can be accurately moni-
tored by measuring the PV array voltage only. Even 1f the
teedback loop 1s not fast enough to track mput power tran-
sients, the feediorward path can force a resample mid-cycle
(at the price of non-unity power factor for one cycle) to
prevent the energy buller capacitor voltage from running out
ofrange. The forced resample may be triggered by passing the
PV array voltage through a high-pass filter and level detectors
to check for sudden large steps 1in input power. Note that the
frequency of occurrence of such event 1s expected to be low.

Bus Capacitor Utilization

A DC-to-AC converter needs an energy bufler stage to
store the mstantaneous power difference between the input
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and the output ports. Such an energy butler is typically imple-
mented with a single large capacitor. As the system reaches
periodic steady state, the instantaneous power difference
manifests itself 1n aripple voltage on the capacitor at twice the
line frequency. The exact expression for the magnitude of the
voltage ripple can be dertved. Assume the grid-tie 1s in period

steady state so that

1 _ (31)

- Vgrid ) Igﬂ'd-

where v, and 1,,, are DC values, and v_,, ;and 1,,,, are AC
amplitudes. The factor of 12 arises from the RMS conversion.
The instantaneous power on the bulfer capacitor can be writ-
ten as

Py PP ria (32)
=P, —2-P, -cos’(mgl) (33)
=—P. -cos(2mgyt). (34)

If the power 1s 1ntegrated over the positive half capacitor
ripple cycle, or a quarter of the line cycle, the peak to peak
energy change 1n the storage capacitor can be calculated as

Pin

(35)
AE.,, = P, -cos(2wotldtr = —
positive half

o
ripple cvcle

Finally, the peak-to-peak energy change can be translated
into peak-to-peak voltage ripple on the energy butler capaci-
tor.

1 (v (36)
Lo (v

1

2
jﬁvnpp] —

1

—.C-| V. -
5|

1

2
AEap = zwnpp]

Combining (35) and (36) gives the expression for the volt-
age ripple on the energy butler capacitor.

(37)

AV Pin
PP g C- V.

Equation 377 provides clear guidelines for grid-tie inverter
bus capacitor sizing. For instance, givena 1 kW power system
with nominal bus capacitor voltage of V_=400V and maxi-
mum allowable peak-to-peak voltage ripple AV, =20V, the
energy buller capacitor must be at least 332 uF.

Now consider the energy utilization of the capacitor 1n this
case. The capacitor stores a maximum of 27.9 J but only 2.65
I 1s used to butler the instantaneous power difference between
the mput and output ports. Thus, the energy utilization of a
single bus capacitor implementation allowing 5% ripple volt-
age 1s:

AE (38)

= 9.5%.

cap Max

The capacitor shift topologies are known to achieve higher
energy utilization and lower voltage ripple. Applying such a
topology to the energy buffer capacitor would lead to more
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elfective capacitor utilization and smaller capacitor volume
for the same allowable voltage ripple.

As an illustration, consider the capacitor shift topology 1n
FIG. 17, where only one switch can re turned at any given
time. For simplicity consider the base example with only C,,
C,, Sy, and S, are present. Assume unit capacitance, arbitrary
initial conditions and that the bus experiences discharging by
a unit current source for 1 second then charging by a unit
current for 1 second. Furthermore, assume that switch S, 1s
turned on the moment discharge cycle begins.

In order to mimimize the ripple seen at the top of the bus, it
must be true that after C, 1s discharged through S, for some
time, S, will turn off and S; will turn on to add the nitial
voltage of C, back onto the bus. Thus, the 1nitial condition for
capacitor C, must be a positive and equal to the mitial voltage
drop in C_. After S, turns on, the bus voltage now decreases
twice as fast as before.

The optimal case 1s when the two sub-cycles exhibit the
same drop 1n bus voltage, 1.e. S_ turns oif after 24 seconds.
Thus, the optimum ripple magnitude now becomes 24 of that
of the single bus capacitor case.

During the charge cycle, the switching sequence 1s the
mirror sequence of the discharge cycle. That 1s, the capacitors
will end up same charge they started with betfore the discharge
cycle.

This method can be extended to the energy bufler bus
capacitor, where the charge and discharge current wavetforms
are sinusoidal.

The corresponding wavelforms are shown i FIG. 18. The
two wavelorms show the same reduction in ripple magnitude
but with different timing for the switches. The switch timing,
can be solved by taking the inverse of the sinusoidal function
at the corresponding ripple magnitudes.

—

T'he 1mitial condition for C, only depend on the ripple size,
which leads to very low Voltage ratings. On the other hand, the
initial condition for C_ cannot be determined by using the
ripple size alone. In the case of an 1nverter energy buil

er, the
initial voltage on C_ instead depends upon the nominal bus
voltage, which requires high voltage rating.

Consider the previous example with maximum allowable
peak-to-peak voltage ripple reduced by 33%. Assume elec-
trolytic capacitors are used and their volume scales with

Vol C-V,

ratin g

(39)

In the conventional case, the energy buffer capacitance
would need to increase by 50%, which translates 50% more
volume. However, 1n the switched-capacitor implementation,
even though the same capacitance 1s added, the required
voltage rating 1s only 13.3V. Therefore, the total increase in
capacitor volume from the estimate 1n (39) 1s less than 0.6%.

The theory can be generalized to any number of switches
and capacitors. Using N equally sized capacitors in the
switching configuration, the ripple size 1s reduced to

(40)

Pin )

)
PPN 1 '(m[,-c-vc |

Furthermore, each capacitor in the array must be charged to
some 1mtial voltage before the discharging cycles begin:
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(41)

( 1 P, .
Vbﬂs-l_i.(mﬂ.c-vﬂ)j [ =0
Vf:*""'ﬂ:{ i+ 1 Pin .
N+l oo Cvo L1=i=N-l

In the proposed architecture, all of the values in the above
three equations are readily measured. Thus, the capacitor
voltages can be tightly monitored and robustly controlled.
Note that evaluating V. as shown above using the maxi-

I.JaX

mum 1nput power from the PV array would yield the voltage
ratings for the capacitors.

To 1llustrate the potential application of this switched-bus-
capacitor approach for a grid-tie inverter, consider the results
of a basic control algorithm implemented 1n a SPICE simu-
lation.

The circuit block diagram and the controller overview are
shown in FIG. 19. The switched-bus-capacitor energy storage
1s implemented with just two capacitors for 1llustration pur-
poses. The system 1s designed to maintain a bus voltage of
250V and deliver a maximum of 300 W to the gnd. The
preliminary control strategy developed here pre-computes the
optimal cycle timings to switch 1n C, while maintaining the
voltage V., within the bounds calculated from the above
three equations. That 1s, whenever the voltage V - | 1s about to
exceed the calculated bounds, Q_, 1s switched on so C,
absorbs the rest of the charge or discharge current alone. The
voltage on C_ 1s then regulated by the energy balance control
loop.

Note that 1n a sampled system, the worst-case behavior
occurs 1f a large transient occurs directly after sampling has
taken place. Thus, this 1s the case chosen for the simulation.
However, by forcing the system to resample, the iverter

output current settles to the final value almost immediately as
shown 1n FI1G. 20. Furthermore, the bus capacitor control 1s
shown to keep the voltage V _ | within the calculated bounds in
real-time.

Referring now to FIG. 21, an exemplary SC energy butler
(preferably a low-frequency SC energy butler) 1s coupled
between an interfacing converter (preferable a high frequency
interfacing converter) and a DC/DC converter (preferably a
high-frequency SC energy builer). It should be appreciated
that the DC/DC converter 1s optional. In this exemplary
embodiment, SC energy builer 1s shown to include a single
so-called “backbone” bank of capacitors and a single so-
called “supporting” bank of capacitors. It should however, be
appreciated that one or more banks of backbone and support-
ing capacitors may be used. Each of the backbone and sup-
porting banks of capacitors includes one or more capacitors.
The configuration 1s described herein as y-z, where y 1s the
number of capacitors 1n the backbone bank and z 1s the num-
ber of capacitors in the supporting bank.

The backbone capacitor bank contains capacitors that
withstand large voltage variations during the ripple cycle,
where the voltage variations are typically much greater than
the prescribed peak-to-peak ripple allowance. In order to
bring the bus voltage rnipple within bound, the supporting
capacitor bank 1s switched so that the voltages of the support-
ing capacitors are either added to or subtracted from the
voltage of the backbone capacitor bank. The switching pat-
tern 1s defined such that the resulting bus voltage satisfies the
ripple specification. The supporting capacitors have to with-
stand a much smaller voltage variation during the ripple
cycle. Specifically, 1 this two-bank energy buller architec-
ture, the voltage variations on the supporting capacitors are
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limited to one-half the specified peak-to-peak bus ripple mag-
nitude 1t the supporting capacitors and backbone capacitors
are equally sized.

Using this technique with a peak-to-peak rnipple ratio of
10%, energy utilization can be improved to >70% with one
backbone capacitor and >80% with three backbone capaci-
tors. Moreover, this technique enables the use of capacitors
with smaller capacitance and lower voltage ratings, thereby
making 1t possible to replace limited-life electrolytic capaci-
tors with ceramic or film capacitors. Practical uses of this
technique require control schemes that can produce accept-
able transient responses to time-varying power levels.
Accordingly, described herein below are different control
schemes and descriptions of undesirable behavior under cer-
tain operating conditions. Also, described herein 1s a two-step
control scheme which considers tradeoils between circuit
topology and control. Also described herein are factors to
consider 1n topology selection and switching configurations
as well as control strategy requirements and tradeoits.

Different control schemes have been proposed for the SC
energy builer shown in FIG. 21. Two approaches referred to
as “Bus-Voltage Momitoring, Finite State Machine Control”
and “Supporting Capacitor Monitoring, Timing Interval Con-
trol” are described below.

In the Bus-Voltage Monitoring, Finite State Machine Con-
trol scheme for the case of an SC energy builer inside a PFC
utility interface, the controller directly monitors the bus volt-
age and triggers finite-state-machine state transitions when
the bus voltage 1s about to exceed pre-defined bounds. The
switching pattern associated with each state 1s defined so that
an icrease 1n state number would boost the bus voltage up by
Av, ., when the bus voltage dips below the lower trigger
threshold, and a decrease 1n state number would drop the bus
voltage down by AV, when the bus voltage rises above the
upper trigger threshold.

Because the supporting capacitor voltages are not individu-
ally momitored, state transitions do not guarantee the desired
boost or drop on the bus voltage. Also, the state machine 1s
unaware of the power level and 1s not reset or “re-centered”
betweenripple cycles, so power transients may cause the state
to saturate at either the state associated with the lowest or the
highest apparent energy. During this state saturation, the SC
energy butler no longer has any available state to contain the
ripple 1in the saturation direction. Finally, because the control-
ler attempts to maintain the bus voltage within constant DC
boundaries at all times, a transient response to a new steady-
state power level can lead to extreme bus voltage transients as
the controller will attempt to maintain the DC boundaries
until 1t 1s driven 1nto state saturation.

To mvestigate such undesirable behaviors, a SPICE simu-
lation 1s performed using LTSpice from Linear Technology.
An L'T1249 active power factor controller 1s selected for the
simulation because the model 1s readily available in the
bundled component library. The simulated test bench circuit
1s derived from the typical application example 1n available
datasheets (e.g. a Linear Technology, “L'T'1249—Power Fac-
tor Controller,” Datasheet) with the output filter capacitor
replaced by the 2-6 SC energy butler described herein. In
addition, the simulation model also incorporates a controller
implemented with a 24-state finite state machine and an “arti-
ficial feedback voltage™ as described in Minjie Chen; Afrida,
K. K.; Perreault, D. I.; “Stacked switched capacitor energy
buller architecture,” Applied Power Electronics Conference

and Exposition (APEC), 2012 Twenty-Seventh Annual IEEE,
vol., no., pp. 1404-1413, 3-9 Feb. 2012. The design specifi-
cations include a nominal output voltage of 320V and a 20%
peak-to-peak ripple ratio.
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Referring now to FIGS. 22A, 22B, simulation results are
shown 1n the form of plots of bus voltage (FI1G. 22A) and FSM
state (F1G. 22B) vs. time. FIG. 22 A 1llustrates a transient bus
voltage response of a 2-6 SC energy buller in a PFC due to a
30% load power step. As seen 1n FIG. 22A, the bus voltage
exhibits unacceptable over- and undershoots when the state
machine state saturates at states 1 and 24 1n response to 30%
load power level transients. It should be noted that the artifi-
cial feedback voltage does not faithfully reproduce the over-
and undervoltage conditions. The extreme overshoots from
the shortcomings of the controller are amplified by two addi-
tional factors. The capacitances of the capacitors in the energy
buifer are greatly reduced under the assumption of proper
ripple reduction. Moreover, the capacitors are linked 1n series,
which further diminishes the effective capacitance seen on
the bus.

In the Supporting Capacitor Monitoring, Timing Interval
Control scheme, a similar control problem to that mentioned
above (1n connection with the bus-voltage monitoring, finite
state machine control scheme) can be illustrated considering
FIG. 21 1n 1ts mverter configuration. In this case, the indi-
vidual supporting capacitor voltages are monitored while
grving up the task of controlling the backbone capacitor volt-
age to the energy-balance controller of the inverter. The con-
trol logic pre-computes the charge and discharge intervals for
cach supporting capacitor relative on the phase of the ripple
cycle and enables these intervals when the capacitor voltages
are within their reference minima and maxima.

The reference voltages scale linearly with power level and
the ripple 1s reduced by a fixed ratio. Therefore, the resulting
bus voltage behavior 1s very similar to that of a single capaci-
tor implementation—the backbone capacitor experiences the
natural transient and settling behaviors from the energy-bal-
ance controller, and the supporting capacitors are used to keep
the ripple voltage within the prescribed limaits.

However, this controller does not necessarily make the
most efficient use of the supporting capacitor bank—all
capacitors 1n the supporting bank are used regardless of
power level. As a result, the supporting capacitor voltage
references must be adjusted significantly in response to power
variations. Since the voltage on capacitors cannot change
instantaneously, the supporting capacitors will need time to
be charged or discharged to the new reference levels. This
introduces a few cycles where the supporting capacitors expe-
rience large imbalance in their charge and discharge times. In
the extreme case, the supporting capacitors may not be used
in either the charge or the discharge cycle at all, thus exposing
the bus to the full-swing ripple from the backbone capacitor
with reduced capacitance during the corresponding half
cycle.

A SPICE simulation 1s again used to demonstrate the
potential problems with this control strategy. A simulated test
bench circuit was implemented using a feedforward energy-
balance controlled solar inverter (e.g. as described herein
above) along with a 1-8 SC energy butfer. The nine support-
ing capacitors are monmtored and managed by the controller
with pre-computed switch timings discussed above, and the
backbone capacitor 1s controlled by the feediorward energy-
balance controller of the solar inverter. The design specifica-
tions include a nominal output voltage of 250V and a 10%
peak-to-peak ripple at maximum power.

Referring now to F1IGS. 23 A, 23B, simulation results (plots
of butler voltage (FIG. 23A) and support capacitor voltages
(FI1G. 23B) vs. time) are shown which illustrate a transient bus
voltage response of a 1-8 SC energy buller 1n a solar inverter
due to a 30% input power step. As shown 1n FIGS. 23A, 238,

the bus voltage experiences an unacceptable undershoot
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when the supporting capacitor voltages references are dra-
matically increased in response to 30% power level tran-
sients. FI1G. 23B shows the nonparticipation of the supporting
capacitors during their discharge hali-cycles, resulting 1n the
lack of buffering during the discharge half cycle. The energy
builer uses the unipolar switching configuration and 1s con-
trolled by the supporting capacitor monitor, timing interval
controller. The discharge 1s disabled in order to charge the
supporting capacitors up to the new reference values, expos-
ing the full-swing backbone capacitor ripple.

There are many tradeoils and design considerations to be
considered 1n designing an SC energy buffer. One basis for
making these tradeoifs 1s described below. In principle,
energy utilization can be increased arbitrarily at the expense
of switching frequency and buffer complexity. Desirable tran-
sient performance mmplies control requirements that also
impact SC butler design. Such tradeotls are discussed below
in the context of two general SC butler architectures, unipolar

and bipolar switching configurations shown in FIGS. 24 A,
24B.

FIG. 24 A 1s block diagram of a 1-z architecture of an SC
energy buller implemented with ground-referenced switches
only for unipolar switching configuration while FIG. 24B 1s a
block diagram of a 1-z architecture of an SC energy builer
implemented with four additional switches (as compared
with the FIG. 24A implementation), to achieve bipolar

switching configuration.
A first consideration 1n designing the energy buifer is

energy utilization when the design goal 1s to reduce the over-
all amount of physical capacitance in the system. Equation (1)
summarizes the energy utilization for a non-switching, single
capacitance bufler. The energy utilization equation can be
generalized for the SC case shown 1n FIG. 21 by taking the
sum of AE, the change 1n energy stored, divided by the sum of
E_ the maximum energy stored, of all the capacitors in the
energy builer. This 1s shown 1n Equation (42).

y z (42)
Z AEbaﬂkbonE(j) + Z &ESHPPDIT(E)
1

— i—1

Foin =

J
I}? | ] E | ]
Zl Emax,backbﬂnf(j) + le Emax,sappﬂrru)
J= 1=

The vanables 1n Equation (42) depend upon not only the
nominal bus voltage, the specified ripple ratio and the selected
capacitor size, but also the switching configuration. Thus, the
cases shown 1n FIG. 24A, 24B 1llustrate a tradeotf between
topology and switching complexity versus capacitor utiliza-
tion. Note that FIGS. 24A, 24B 1illustrate two embodiment
having a single backbone capacitor, 1.e., y=1 1n each embodi-
ment, although more backbone capacitors could be employed
with arbitrary y.

Capacitor configurations are next described 1n conjunction
with FIGS. 25A-25C which illustrate the energy utilization of
an SC energy builer with bipolar switching configuration
versus different numbers of backbone and supporting capaci-
tors for three different ripple ratios (10%, 5% and 2% nipple
ratios).

FIG. 25A 1s a plot of overall energy utilization (in percent)
of an SC energy buller with bipolar switching configuration
versus different numbers of backbone and supporting capaci-
tors for a 10% peak-to-peak ripple.

FIG. 25B 1s a plot of overall energy utilization (in percent)
of an SC energy builer with bipolar switching configuration
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versus different numbers of backbone and supporting capaci-
tors for a 5% peak-to-peak ripple.

FI1G. 25C 1s a plot of overall energy utilization (1n percent)
of an SC energy butler with bipolar switching configuration
versus different numbers of backbone and supporting capaci-
tors for a 2% peak-to-peak ripple.

At least Two conclusions can be drawn from the plots of
FIGS. 25A-235C. First, for each ripple ratio and number of
backbone capacitors used, there exists an optimal number of
supporting capacitor which maximizes the energy utilization
of the overall energy buffer. Secondly, the energy utilization
can be improved with diminishing return by introducing more
backbone capacitors.

In practical circuits, however, the number of backbone
capacitors cannot be increased indefinitely. The switching
frequency of the SC energy buffer 1s directly proportional to
the number of capacitors 1n the energy buffer. In particular,
the switching frequency can be approximated as

Jow=2fgria Py (Z+1), (43)

where p=2 for unmipolar switching schemes and p=4 for bipo-
lar switching schemes.

In view of the above, 1t should be clear to one of ordinary
skill 1n the art, that increasing the number of capacitors would
unavoidably increase the incurred switching loss. Also,
excessive number of capacitors would cause the SC butfer
switching frequency to approach that of the PFC or inverter
controllers, consequently causing undesirable interactions
between the two control loops.

In an attempt to ensure time-scale separation between the
low-1requency energy buller control and high-frequency PFC
or mverter control, the number of capacitors should be lim-
ited. When designing a switching converter, the switching
frequency 1s expected to be high with respect to the natural
frequency of the energy storage elements. This extends to the
case of a SC energy bufier. While any specific case requires a
control loop and stability analysis, a similar rule-of-thumb to
keeping the natural time constant in the canonical models
long compared to the switching period, e.g. 10 times the
switching period, 1s to have the SC butler switching at below
/10 the frequency of the interfacing switching converter. As
illustrated in FIG. 21, high-frequency swﬂ;chmg converters
can be found on elther side of the SC energy buller.

For example, assuming the switching frequency of the
high-frequency loop 1s on the order of a hundred kilohertz,
average switching frequency of the energy buil

er control
might be constrained to be less than approximately ten kilo-
hertz. In other words, the relationship in Equation (4) must

hold.

10 kHz
2f grid

(44)

p-yv-(z+1) =

This establishes an upper bound on the number of capaci-
tors that can be incorporated 1n these SC energy builers.

Referring again to FIGS. 25A-25C, the unifeasible combi-
nations of capacitor configurations are greyed out. As shown,
the achievable improvement in energy utilization 1s limited,
albert still signmificant, as this becomes a constrained optimi-
zation problem. For peak-to-peak ripple ratios o1 2%, 3%, and
10%, the optimal achievable energy utilizations are realized
with only one or two backbone capacitors.

In a SC energy bulfer, the bus Voltage 1s no longer an
accurate measure of the energy stored 1n the energy builler.
Therefore, when integrating with conventional power-factor
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correction controllers or energy-balance imverter controllers,
the bus voltage cannot be directly used as the feedback volt-
age. Some embodiments, for example, use an artificial feed-
back voltage to ensure compatibility with existing hardware.
However, such an artificial feedback voltage 1s not guaranteed
to be sinusoidal and may not reliably detect under- and over-
voltage conditions as shown previously.

By implementing the backbone capacitor bank with only
one capacitor, a voltage feedback signal 1s available at the
single backbone capacitor for interfacing with conventional
power-factor correction controllers or energy-balance
inverter controllers. Because there 1s a single path in the
backbone capacitor bank through which the energy butiering
current must tlow, the single backbone capacitor voltage can
be treated as an AC-scaled version of the single electrolytic
capacitor voltage 1n traditional energy buifers.

Energy utilization 1s still lugh with a single backbone
capacitor. Specifically, in the case of 10% peak-to-peak ripple
ratio, using a single backbone capacitor reduces the achiev-
able energy utilization from 77.9% to 71.2%, still a sizable
improvement from 18.1%. In the cases of 5% and 2% peak-
to-peak ripple ratios, the optimal energy utilizations remain
unchanged. Also, this simplification enables the exclusive use
of ground-referenced switches 1n unipolar switching configu-
rations.

Switching Topology Tradeoils are next described. In view
of the above, the 1-z architecture shown 1n FIGS. 24 A, 24B 1s
considered with N=z+1 defined as the total number of capaci-
tors 1 the SC energy buliler. The backbone capacitor 1s
denoted as C,, and the supporting capacitors are denoted as
C, through C,, ,. Two types of switching configurations can
be explored: unipolar and bipolar.

In unipolar switching, supporting capacitor voltages are
added to the backbone capacitor voltage when 1t 1s too low,
but are never subtracted. With equally sized capacitors, the

resulting peak-to-peak bus voltage ripple with respect to the
total number of capacitors 1s

(45)

AV ()
r, pp,unipolar — N+ 1 {U'[}'C'VC )

in which:

P 1s the power level,

w,, 1s the angular frequency of the grid,

C 1s the capacitance of all capacitors in the SC energy
butter; and

V ~ 1s the nominal voltage of the grid.

If the backbone capacitor voltage 1s regulated by energy
balance control, 1.e., to achieve constant mean squared volt-
age, using the unipolar switching configuration will result 1n
a variable mean bus voltage. Specifically, the mean bus volt-
age will increase with increasing power level, but will always
be above the regulated mean voltage of the backbone capaci-
tor. For this reason, the unipolar switching configuration 1s
unsuitable for PFC applications with constant output voltage
requirements. However, 1t 1s compatible with solar inverters
where the bus voltage must remain suificiently high 1n order
to maintain control of the grid. In addition, because the mean
bus voltage 1s positively correlated to the power level, 1t
ensures fast response time 1n hysteresis current controlled
inverters when the output current amplitude 1s increased.
Finally, the one-sided switching configuration also has the
added benefit of being able to utilize ground-referenced
switches only. By rearranging the supporting capacitor bank
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and the backbone capacitor as shown in FIG. 24 A, the uni-
polar SC energy butler avoids high-side gate drives.

In the bipolar switching configuration, four additional
switches are added 1n order to invert the polarity of the sup-
porting capacitor voltages during parts of the ripple cycle.
This enables ripple reduction with a constant mean bus volt-
age. Supporting capacitor voltages are added to the backbone
capacitor voltage when 1t 1s too low and are subtracted from
the backbone capacitor voltage when 1t 1s too high. As such,
the bipolar switching configuration 1s compatible with power-
factor correction applications without an additional de-dc
converter at the output. Moreover, the bipolar switching con-
figuration uses the supporting capacitors more efficiently; 1t
achieves a peak-to-peak voltage ripple of

(46)

AV - (——]
K, pp.bipolar — N EU{]'C'VC )

approximately twice as effective, in terms of ripple reduc-
tion capability versus number of capacitor added, as the uni-
polar switching configuration. The rnpple advantage requires
four extra switches and high-side gate drives, which contrib-
ute to additional switching losses.

The steady-state maximum supporting capacitor voltages
under maximum power rating for both switching configura-
tions are outlined here to supplement energy utilization cal-
culations and to facilitate capacitor selections.

y e itL  Pra (47)
max,unipolar\t) = N+ 1 (0o C. VC
y L i+l P (48)
max,bzpo!ar(‘t) — IN ' wo - C. VC
for i={1, 2, . . ., N=1}. For the backbone capacitor, the

maximum capacitor voltage 1s the same for both switching
configurations and can be calculated as

P VI B (49)
MAx — ¥ 2 LU{]'C'VC.

Below, control strategies (including a two-step control
strategy) for both unipolar and bipolar switching configura-
tions are presented.

A controller capable of handling power level transients
must not prescribe strict DC voltage boundaries constraints
on the bus voltage. Instead 1t should allow the DC level of the
bus voltage to undergo natural settling while maintaining the
AC ripple magnitude within specification around the D
level. This enables the controller to evenly distribute the
charge bullering to the supporting capacitors instead of leav-
ing the terminal-state capacitors to absorb an unusual large
amount of leftover charges. Also, the controller must etfec-
tively reset its state from ripple cycle to ripple cycle 1n order
to guarantee the availability of reserve butlering states in the
event o power transients. Finally, the controller must intelli-
gently manage the supporting capacitors so they can remain
elfective 1n reducing the ripple magnitude at all time. This
translates to maintaining the reference voltage levels of the
supporting capacitors relatively constant regardless of power
level.

These requirements can be satisfied by adopting a two-step
control strategy: capacitor participation optimization and
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switch timing determination. The controller first determines
the optimal number of capacitors to use in butlering the bus
voltage, and then compute the switch timings for the allocated
supporting capacitors to maximally reduce the bus voltage
ripple. In a 1-z SC energy buller configuration, the single
backbone capacitor voltage 1s used as the feedback node to
either a PFC or an mverter controller. Thus, the SC energy
butiler controller discussed here passes the regulation of the
backbone capacitor voltage to an external interfacing control-
ler.

Two design examples are described to better illustrate the
operation and the effectiveness of the proposed control strat-

egy. The specification for the 1llustrative design examples 1s a
500 W 1nverter with a 250V nomuinal bus voltage and a 10%
peak-to-peak ripple ratio. For maximum energy utilization, a
1-8 SC configuration 1s chosen for the unipolar switching
scheme. For the bipolar switching scheme, a 1-4 SC configu-
ration 1s chosen for comparable switching complexity and
ripple reduction power.

In order to improve, or ideally optimize, supporting capaci-
tor participation, the controller samples the current power
level and calculates a number of capacitors required to keep
the voltage ripple within the specification. Preferably, the
controller samples the current power level and calculates the
minimum number of capacitors required to keep the voltage
ripple within the specification. The sampling frequency 1s
twice the line frequency for the unipolar switching configu-
ration and four times the line frequency for the bipolar switch-
ing configuration.

Referring now to FIGS. 26A, 26B, sampling points with
respect to the ripple cycle are 1llustrated. FIG. 26 A 1s aplot of
sampling points and control variables, v_(1) and v (1), 1n rela-
tion to the rnipple cycle and the control ramps for a unipolar
switching configuration and FIG. 26B 1s a plot of sampling
points and control variables, v _(1) and v (1), 1n relation to the
ripple cycle and the control ramps for a bipolar switching
coniiguration.

Note that the minimum required number should have a
lower bound at 1 because the backbone capacitor 1s always
used, and can be derived by inverting the ripple magnmitude
Equations (45) and (46) for the two different switching
topologies. Equation (50) shows the solution for the unipolar
switching configuration and Equation (51) shows the solution
for the bipolar switching configuration. Note that P[n] 1s the
sampled power level during the current ripple cycle.

~1)1]
Pln]

N ipolar — | ’ 1
b pﬂ.‘f [H] H]_E],){CEI‘( {UD . C . VC - &Vnpp ] ]

2P|n]

Noanipotarlit] = ’{ '1( .
unipolar|/t] = MAX CC1 wo-C-Vc-AV, 5,

(51)

One goal of this technique 1s to have a suificient number of
capacitors 1n reserve, ready to kick 1in during a sudden power
level increase. By only using the minimum required number
of capacitors, the controller ensures that there 1s a suificient
number of capacitors in reserve, ready to kick i during a
sudden power level increase. In addition, relatively constant
energy storage inthe supporting capacitors 1s maintained over
a wide range of power levels. Consequently, the system 1s able
to respond to large power transients by adjusting the number
of capacitors used, rather than drastically changing the energy
stored on all the supporting capacitors.

Referring now to FIGS. 27A, 27B, these figures 1llustrate
the supporting capacitor voltages (FIG. 27B) and the
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expected nipple size (FIG. 27A) across all possible power
levels 1 a 1-8 unipolar SC energy buifer design such as that
described herein above. The number of switching events 1s
reduced as the power level decreases, which improves the
overall system elficiency.

(Given the number of capacitors to use, the controller pro-
ceeds to compute the switch timings for the capacitors based
upon a current (or substantially current) power level. That 1s,
the charge and discharge cycle durations are adjusted for each
supporting capacitor based upon the current sample of its
voltage and its respective reference values.

Since the charging and discharging of the capacitors by the
double-line frequency energy tlow are inherently nonlinear
with respect to time, a nonlinear element may be mnserted into
the control loop to enable the use of simple linear function in
the rest of the controller. In general, such a nonlinear element
takes form of a control ramp upon which the switching event
1s triggered. For the unipolar switching configuration, the
control ramp 1s a double-line frequency sine wave phase-
locked to the grid. In addition, the umipolar control ramp 1s
assumed to be normalized with unit peak-to-peak amplitude
and ramps from OV to 1V,

For a bipolar switching configuration, the ripple cycle can
be further broken up into two sub-cycles. There 1s the additive
sub-cycle where the supporting capacitor voltages are added
to the bus voltage, and the subtractive sub-cycle where the
supporting capacitor voltages are subtracted from the bus
voltage. Thus, the same cycle duration computation needs to
be performed twice as oiten as in the unipolar case. The
control ramp function for the bipolar switching configuration
then must be periodic at four times the line frequency. Spe-
cifically, the bipolar control ramp 1s a rectified and mnverted
version of the unipolar control ramp and ramps from 0V to
0.5V. The two control ramp signals 1n relation to their respec-

tive control voltages and sampling points are shown 1n FIG.
26.

Because the control ramps are assumed to be normalized,
the control equations will also be defined 1n a power-indepen-
dent fashion. All sampled values are normalized to the tull-
swing ripple magnitude on the backbone capacitor. The nor-
malizing function 1s defined as

(52)

o v[n]
= B Ve

In which v[n] 1s the sampled supporting capacitor voltage.

Based on the normalized sampled supporting capacitor
voltages, the allowable discharge and charge durations for
cach capacitor are calculated from (53) and (54),

(53)

disch(i) = max(min(?j n] — D:[n] : D:[H] ]a

. o (54)
charg(i) = max(mlr(— Vi ] +

z;:[j]’ Dxl[n] ] ka[n]]

where i={1, 2, . .., N-1} denotes the supporting capacitor
index, 1/D |n] 1s the normalized step in voltage between the
supporting capacitors, and ke[0, 1) determines the minimum
duration. The varniable x 1n D_|n] denotes the switching con-
figuration. The discrete step size definitions differ in the two
switching configurations and are shown 1n (35) and (56).
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1 1

D Hﬂfpﬂ.‘,’ar[n] - N unipolar [H] +1

(33)

1 1

Diivoiar7] — 2Npipotarl7]

(56)

The minimum duration defined by k determines the
tradeoll between transient ripple size and settling time. Ifk 1s
very close to zero, the controller may allow the capacitor
voltages to reach their new reference values quicker by
imposing a large imbalance between their charge and dis-
charge cycles. However, larger imbalances between the
charge and discharge cycles increase exposure of the bus
voltage to the ripples of the backbone capacitor, resulting in
larger transient ripple. If k 1s very close to one, the controller

will maintain ripple buifer throughout more of the nipple
cycle. But the limited imbalance between the charge and
discharge cycles results 1n longer settling times. Note that by
managing the capacitor participation based on power level,
the reference voltages for the supporting capacitors are kept
tairly constant. Therefore, k can be set very close to one for
adequate buiiering without the risk of unreasonably long
settling times.

Having computed the allowable charge and discharge
durations for each supporting capacitor, the actual control
voltages can be calculated by a cumulative sum. More spe-
cifically, the individual charge and discharge control trigger
levels are

Ny [n]-1 (57)
v (f) = Z disch(m)
Nylnl-1 (58)

v.(i) = Z charg(m)

=i

When N_[n]-1<i, the i” control voltage is set to zero,
which means that supporting capacitor 1 1s not being used in
the current nipple cycle. Furthermore, higher-indexed
switches have precedence over lower-indexed switches. That
s, 1t v (1), v.(2), ..., v.(M)>v,, ., switches 1, 2, . .., M-I
are all disabled, and only switch M 1s turned on. One exem-
plary embodiment of a two-step controller 1s shown 1n FIG.
28.

Referring now to FIG. 28 a two-level SC energy buller
controller 1s shown, where v, denotes the backbone capacitor
voltage, v,[n] for i={1, 2, . . ., N-1} and v_ denotes the
sampled supporting capacitor voltage, and v, corresponds to
the charge and discharge control signals respectively. The
controller includes a capacitor participation optimizer couple
to a switch timing determination system. A signal P corre-
sponding to a sampled power level during the current nipple
cycle 1s provided to an mput of the capacitor participation
optimizer and also to an input of the switch timing determi-
nation system. Capacitor participation optimizer processes
the signal fed thereto and provides a processed signal N to
switch timing determination system.

Switch timing determination system also receives signal P
as well as sampled supporting capacitor voltages, v.[n] for
i={1,2,...,N-1}.

Switch timing determination system includes an optional
norm function processor which normalizes the supporting
capacitor voltages provided thereto prior to the signals being
coupled to charge and discharge processors which provide
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signals to respective ones ol summing circuits which output
charge v_, and discharge signals v, respectively, to a charge/
discharge-signal processor here 1llustrated as a state machine
and 1n particular, illustrated as a finite state machine (FSM). It
should, of course, be appreciated that charge/discharge-sig-
nal processor may be implemented as another types of pro-
cessor depending upon the requirements of the particular
application.

Charge/discharge-signal processor has a control ramp sys-
tem coupled. Control ramp receives a backbone capacitor
voltage signal v, and provides a rampel control signal to the
charge/discharge-signal processor (e.g. an FSM). In response
to the signals provided thereto (v_, v ,and ramp control signal)
the charge/discharge-signal processor provides output sig-
nals S-S, S_,and S_ ..

As described above, the control ramps are assumed to be
perfectly sinusoidal, or rectified sinusoidal, with zero phase
error. Practical circuits, however, have imperfections (e.g.
distortion and phase error). Practical phase-locked loops, for
example, may not guarantee zero steady-state phase error. If
a phase error persists between the control ramp and the actual
ripple cycle, systematic errors would be introduced to the
steady-state voltages of all supporting capacitors, which
would result 1n an increased overall bus voltage ripple. Addi-
tionally, the grid voltage may not be perfectly sinusoidal and
the ripple voltage may exhibit distortions. Distortion from the
assumed sinusoidal profile would introduce unsystematic
imbalances 1n the charge and discharge of the supporting
capacitors, which again causes the overall bus voltage ripple
to 1ncrease.

Therefore, the generated phase-locked signal cannot
always be used. Instead, the control ramps can be dertved
from the backbone capacitor voltage. By passing the AC
component of the backbone capacitor voltage through a
clamped capacitor circuit, a unipolar control ramp signal
from OV to the peak-to-peak ripple magnitude can be
extracted. Similarly, the bipolar control ramp can be created
by mverse rectitying the AC component of the backbone
capacitor voltage, then processing the resulting signal with a
clamped capacitor circuit. This yields a bipolar ramp signal
from OV to the peak ripple amplitude. Alternatively, both
control ramp signals can be produced digitally after sampling
the backbone capacitor voltage.

Generating the ramp functions directly from the backbone
capacitor voltage guarantees zero distortion and phase error
between the control signals and the actual ripple cycle. Fur-
thermore, normalization of the sampled signals may not be
required because the normalization factor 1s the mnverse of the
peak-to-peak ripple amplitude on the backbone capacitor. In
practice, implementing control logic with the large voltages
may not be feasible. Therefore, resistive dividers can be
employed as long as the divider ratio 1s consistent between the
control ramp generation and the supporting capacitor sam-
pling.

It should be noted that 1t 1s not necessary to have a pre-
charge circuit when using the control strategy described in the
previous sections. By adjusting the switch timings, the con-
troller automatically introduces imbalances between the
allowable charge and discharge durations of the supporting
capacitors so the capacitor voltages reach their reference.

This 1s a tradeotl. The pre-charge circuit can facilitate the
process ol charging the supporting capacitors to their refer-
ence levels at startup, which allows the system to reach
steady-state operation faster. Secondly, the pre-charge circuit
can assist in maintaining the charges on unused capacitors.
The proposed controller only controls charge and discharge
duration on the active supporting capacitors in the ripple
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cycle; 1ithas no control over the nonparticipating capacitors in
reserve. Thus, having a pr-charge circuit adds an extra layer of
security to ensure that the capacitors 1n reserve remain ready
in the event of a power level increase. Finally, by using a
pre-charge circuit to set up all the capacitors to known states
initially, the SC energy buffer can in principle be operated
without a requirement to monitor the voltage on every sup-
porting capacitor in the buifer.

Aside from the overvoltage protection circuitry commonly
found 1n PFC and inverter controllers, the SC energy bulfer
controller can incorporate an additional layer of protection to
guard against large transients between sampling periods.
Switching duration computations are performed at the begin-
ning of each sampling period. If the transient between sam-
pling periods 1s large enough, the computed and 1deal switch
timings may differ significantly, resulting 1n over- or under-
buifering conditions.

“Over-bullering” occurs when the actual ripple magnitude
1s significantly smaller than the expectation of the controller.
When such an event occurs, the boost and drop 1n the bus
voltage from switching the supporting capacitors will be
greater than what 1s actually needed. Similarly, “under-buil-
ering”’ occurs when the actual ripple magnitude 1s signifi-
cantly larger than the expectation of the controller. Conse-
quently, the boost and drop 1n the bus voltage from switching
the supporting capacitors will be smaller than the required
values. Both over- and under-buffering conditions result in
larger than expected ripple.

Such undesirable conditions can be avoided by introducing
teedforward compensation, 1.e., a forced resampling trig-
gered on over- and undervoltage thresholds. Once the bus
voltage exceeds the defined thresholds, the controller resa-
mples the current power level and the supporting capacitor
voltages to recompute the number of active capacitors
required and recalculate the switch timings. In over-buiiering,
conditions, the recomputed number of active capacitors
would be decreased, whereas in under-buifering conditions,
the recomputed number of active capacitors would be
increased.

The unipolar 1-8 SC energy builer and the bipolar 1-4 SC
energy buller design examples have been successiully imple-
mented and simulated in SPICE with a 500 W inverter. The
system 1s implemented with control ramps generated from the
backbone capacitor voltage to avoid distortion and phase
errors. In addition, the minimum duration constant k 1s set to
0.9 and a pre-charge circuit 1s configured to manage the
voltages of supporting capacitors 1n reserve. The steady-state
bus voltage ripple and the backbone capacitor feedback volt-
age are shown in FIGS. 29A-29D. The simulated result
matches the analytical solution quite well. The external
inverter control manages the backbone voltage and holds 1t to
250V. The peak-to-peak ripple 1s set to 10% by inverting
Equations (45) and (46) and solving for the required capaci-
tance.

FIGS. 29A, 29B are plots of voltage (V) vs. time (seconds)
which illustrate steady-state bus voltage waveiorms of a 1-9
SC energy buifer with unipolar switching experiencing
increasing power level and (b) 1-4 bipolar SC energy butfer
with bipolar switching experiencing decreasing power level.
In FIGS. 29A, 29B, the power level increases from 96 W to
480 W with +48 W step size every 50 ms where v, denotes the
backbone capacitor voltage, and v, for i={1, 2, . . ., N-1}
denotes the supporting capacitor voltage.

FIGS. 29C, 29D are plots of voltage (V) vs. time (seconds)
which 1illustrate steady-state bus voltage wavelorms of a 1-9
SC energy buffer with unipolar switching experiencing
increasing power level and 1-4 bipolar SC energy buiier with
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bipolar switching experiencing decreasing power level where
the power level decreases from 480 W to 96 W with a -96 W

step size every 50 ms and where v, denotes the backbone
capacitor voltage, and v, for i={1, 2, . .., N-1} denotes the
supporting capacitor voltage.

The bus voltage in the unipolar switching energy builer
exhibits a power-dependent mean as discussed above, and
remains well above the grid voltage to retain control. As the
power level increases, more supporting capacitors become

involved in ripple bulfering, as demonstrated by the capacitor
activities 1n the subplot of FIGS. 29A-29B. Conversely, the
bus voltage in the bipolar switching energy buffer has a con-
stant mean over the all power levels as shown 1n FIGS. 29C-
29D. With decreasing power level, the supporting capacitors
sequentially become 1nactive, leaving only the backbone
capacitor to butler the small power ripple.

In a sampled system, the worst-case behavior occurs 1f a
large transient occurs immediately after sampling has taken
place. Thus, this 1s the case chosen for the transient response
characterization. Positive and negative 30% steps in 1nput
power level are introduced to the inverter with the bipolar 1-4
SC energy butfer.

FIGS. 30A, 30B are plots of voltage (V) vs. time (seconds)
which illustrate transient bus voltage response of a bipolar 1-4
SC energy butfer in a solar inverter due to 30% input power
step where the power steps from 480 W to 336 W at 50 ms and
back to 480 W at 100 ms. and where the second supporting
capacitor voltage deviates from 1ts reference value shortly
alter 100 ms, but the two-step controller brings it back to 1ts
reference level 1n less than two ripple cycles. As can be seen
in FIGS. 30A, 30B the positive step in power causes an
under-butlering condition until the bus voltage crosses the
upper threshold. It should be noted that the over and under-
voltage thresholds are defined to be 1.5 times the ripple speci-
fication, 1.e. 15% peak-to-peak from 250V, and shown 1n FI1G.
30 as dotted lines. At this point, the controller immediately
resamples and recomputes the switch timings to pull the bus
voltage back within bounds. Even though the transient may
cause some supporting capacitor voltages, v, in this particular
example, to deviate from their reference values, the two-step
controller 1s able to bring the system back to steady-state 1n
just a few cycles, without any unacceptably large transient
ripple.

Switched-capacitor energy builers have been shown to
achieve much better energy utilization than their single elec-
trolytic counterparts. However, overshooting and the possi-
bility of losing control to the grnid are major concerns. The
proposed control strategy can potentially minimize the pos-
sibility of such undesirable behaviors by maintaining an
appropriate number of supporting capacitors in reserve to
guard against sudden transients in power level.

Two SC energy bullers—1-8 with unipolar switching and
1-4 with bipolar switching—have been examined 1n a 500 W
inverter. The simulated models show excellent agreement
with the calculated results. Furthermore, the system 1s able to
maintain a minimum bus voltage of 250V and limit the peak-
to-peak ripple to 10% under steady-state operation. It 1s also
shown that the new control strategy can successiully maintain
the ripple specification under significant power level tran-
sients.

FIG. 31 shows an example embodiment of the stacked
switched capacitor energy butler: the 2-6 bipolar SSC energy
butler. This topology has two backbone capacitors, C11 and
C12; six supporting capacitors, C21, C22, C23, C24, C25,
and C26; and twelve switches, S11, S12, S21, S22, S23, S24,
S25, 526, Shl, Sh2, Sh3, and Shd4. This circuit can keep the
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bus voltage ripple within 10% of nominal value when
designed and operated 1n the manner described below.

The eight capacitors are chosen to have i1dentical capaci-
tance, but different voltage ratings. The two backbone capaci-
tors, C11 and C12, have voltage rating of 1.6Vnom, where
Vnom 1s the nominal value of the bus voltage (Vbus). The

voltage rating of the six supporting capacitors 1s as follows:
0.6Vnom for C21, 0.5Vnom for C22, 0.4Vnom for C23,

0.3Vnom tor(C24,0.2Vnom forC25and 0.1Vnom forC26. A

precharge circuit (not shown in FIG. 31, but discussed below)
ensures that the following nitial voltages are placed on the

eight capacitors: 0.4Vnom on C11, 0.4Vnom on C12,
0.5Vnom on C21, 0.4Vnom on C22, 0.3Vnom on (C23,
0.2Vnom on C24, 0.1Vnom on C25, and OV on C26.

Referring now to FIG. 31, one particular example of an n-m
bipolar stacked switched capacitor energy bufler circuit 1s
shown in FIG. 31 where n=2 and m=6 also called a 2-6 bipolar
stacked switched capacitor energy buflfer circuat.

The exemplary circuit 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,C22,523,C23,S24,(C24, 525, C25,S26,(C26. The
first and second blocks are coupled 1n series across a bus
voltageV, _.Switches Shl, Sh2, Sh3, Sh4 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 disposed to
selectively couple the capacitors to enable dynamic recon-
figuration of both the interconnection among the capacitors
and their connection to a butler port. The switches are coop-
cratively operated as a switching network such that the volt-
age seen at the buffer port varies only over a small range as the
capacitors charge and discharge over a wide range to bufifer
energy.

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

A bipolar stacked switched capacitor energy builer circuit
can be controlled as follows. Rather than charging the n
capacitors only 1n series with the m capacitors, a state can be
introduced by turning S, ; and S, (or S, , and S, ,) on at the
same time 1 which the n capacitor 1s charged directly. An
example of the modified control 1s shown 1n FIG. 32 for the
circuit 300 (the 2-4 bipolar SSC energy buttfer circuit) of FIG.
31. The modified control 1s described herein 1n the section
entitled: “Enhanced Bipolar Stacked Switched Capacitor
Energy Bufier”. With this modified control, and assuming
that all m and n capacitors have the same capacitance, the
expression for energy bullering ratio, v, becomes:

= | =

Yb

FIG. 32 shows the switch states, the capacitor voltages and
the resulting bus voltage for the 2-6 bipolar SSC energy builer
over a complete charge and discharge cycle. When the energy
builer starts charging up from 1ts minimum state of charge,
Shl, Sh4, S21 and S11 are turned on with all the other
switches turned off. In this state, C11 and C21 are connected
in series and charged until the bus voltage rises from
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0.9Vnom to 1.1Vnom. At this instant the voltage of C21
(V21)reaches 0.6Vnom and the Voltage of C11 (V11)reaches
0.5Vnom. Then S21 1s turned oif and S22 1s turned on; and the
bus voltage drops back down to 0.9Vnom. Then as the charg-
ing continues, the voltage of C22 rises to 0.5Vnom and the
voltage of C11 reaches 0.6Vnom and the bus voltage again
reaches 1.1Vnom. Next S22 1s turned off, S23 1s turned on and

C23 is charged.

This process 1s repeated until C26 1s charged. At this stage
all the supporting capacitors are at their maximum voltage;
the voltage of the backbone capacitors 1s: Vnom on C11 and
0.4Vnom on C12; and the bus voltage 1s 1.1Vnom. Next Shl
and Sh4 are turned off, and Sh3 and Sh2 are turned on. This

connects C26, and the other supporting capacitors, 1n reverse
orientation with C11 and the bus voltage again drops to
0.9Vnom. Now C11 can continue to charge up through the
now reverse-connected supporting capacitors through a pro-
cess similar to the one described above, except that the sup-
porting capacitors are discharged in reverse order, 1.e., first
through C26, then through C25, and so on until ﬁnally
through C21. A‘[ this stage C11 1s fully charged to 1.6Vnom

and charging of C12 must begin. For this the h-bridge
switches are again toggled (1.e., Sh3 and Sh2 are turned off;
and Sh1 and Sh4 are turned 011), S11 1s turned off and S12 1s
turned on. The charging process for C12 1s 1dentical to the
charging process for C11, as shown in FIG. 32. During the
discharge period, the capacitors C11 and C12 are discharged
one at a time through a process that is the reverse of the
charging process. Hence, the voltage waveforms during the
discharge period are a mirror of those in the charging period.
Throughout the charging and discharging period of this
energy bufler, the bus voltage stays within the range
0.9Vnom-1.1Vnom. Hence, the 2-6 bipolar SSC energy
butiler operating in this manner has a bus voltage ripple ratio
(Rv) of 10%. Furthermore, 1t has an energy bulfering ratio

(T,) of 79.6%.

n-m Bipolar SSC Energy Buifer

The capacitors that buffer most of the energy 1n the circuit
of FIG. 31 are the backbone capacitors C11 and C12. There-
fore, by adding additional backbone capacitors in parallel
with C11 and C12 the energy butifer could potentially achieve
better buffering performance. The number of supporting
capacitors can also be changed. To evaluate the impact of the
number of backbone and supporting capacitors on the perfor-

mance of the energy buil

er, the topology of FIG. 31 1s
extended by incorporating n backbone capacitors and m sup-
porting capacitors, as shown in FI1G. 37. The energy buflering,
rat10 for this n-m bipolar SSC energy butfer (with n backbone
capacitors of equal value C1 and m supportive capacitors of
equal value C2) 1s given by:

T,=nCI(14+2mR (C2/(C1+C2))P~(1-2mR (C2/(Cl+

C2))°/ Equation (59)

Referring to FIG. 37, as noted above, an n-m bipolar SSC
energy builer circuit can be realized by adding more capaci-
tors to the first and second of circuitry, 502, 504 shown 1n FIG.
37 circuit 500. Note that the capacitor that does the energy
butfering in the circuit 500 1s the capacitor C,, 1n the second
set of circuitry 504. Therefore, by replacing C11 alone with a
plurality of “legs” in parallel, each “leg” comprising the
series connection of a capacitor and switch, better bullering
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 in parallel. 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 capacitors C,;,

10

15

20

25

30

35

40

45

50

55

60

65

C,5, ..., C, (referred herein as n capacitors) and switches
S5, ..., Inseries 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
buifering ratio for this n-m bipolar SSC energy builer (with n
capacitors of equal value C, and m capacitors with equal
value C,) 1s given by:

HCl

’}’b:E

FIG. 38 shows the vanation 1n energy buffering ratio, 1,
(with C1 equal to C2) as a function of the number of backbone

capacitors n and the number of supporting capacitors m for
three different values of voltage ripple ratio Rv. These plots
indicate that there 1s an optimal number of supporting capaci-
tors that should be used for a given number of backbone
capacitors in order to maximize the energy bullering ratio.
Note that this optimal number of supporting capacitors
depends on the value of allowed voltage ripple ratio.

These plots can be used to select the optimal number of
backbone and supporting capacitors to maximize the energy
builering ratio for a given bus voltage ripple ratio. If a larger
voltage ripple ratio 1s allowed, a high energy bulfering ratio
can be achieved with fewer backbone and supporting capaci-
tors. For a fixed number of backbone capacitors, a lower
voltage ripple ratio requires a larger number of supporting
capacitors 1f maximum energy buflering is to be achieved.

However, increasing the number of supporting capacitors
also increases the complexity of the circuit and the switching
frequency of the switches associated with the supporting
capacitors (S21-S2m). For an Rv of 10% with 2 backbone
capacitors, the optimal number of supporting capacitors 1s 33
(see FIG. 34A); hence the choice of the 2-6 bipolar SSC
energy butler to meet a 10% voltage ripple requirement. Note
that for an Rv of 10%, with 8 backbone and 8 supporting
capacitors, an energy bullering ratio of 91.6% can be
achieved. Hence, the SSE energy buller achieves perfor-
mance similar to the 8-6-5-4-3 parallel-series switched
capacitor circuit of with only 16 capacitors and 20 switches
instead of 120 capacitors and 41 switches.

To validate the proposed concept an exemplary 2-6 bipolar
SSC energy builer, similar to the one described herein and
shown 1 FIG. 31 was designed and built. The exemplary
circuit 1s designed as the energy bulfer for a power factor
correction (PFC) front-end of a two-stage single-phase ac to
dc power converter as shown in FIG. 35A, 35B. The SSC
energy buller replaces the electrolytic capacitor normally
connected at the output of the PFC. To simplily the imple-
mentation, a load resistor 1s used 1n place of the second-stage
de-dc converter. The SSC energy butler 1s designed to meet a
10% bus voltage ripple ratio requirement on a 320V dc bus
with a maximum load of 135 W, as listed in Table I.

TABLE I

Design specifications for the exemplary
2-6 bipolar SSC energy bufter.

Design Specification Value
Maximum load power (Pload(max)) 135 W
Bus voltage (Vbus) 320V

Voltage ripple ratio (Rv) 10%

The PFC used for this exemplary circuit 1s a 400 W evalu-
ation board from STMicroelectronics that uses their transi-
tion-mode PFC controller (L6562 A). This controller operates
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the boost PFC at the boundary between continuous and dis-
continuous conduction mode by adjusting the switching fre-
quency. The evaluation board has a 330 uF electrolytic
capacitor at the output of the PFC, and according to the PFC
datasheet can maintain a voltage ripple ratio of 2.5%, while
supplying a 400 W load at a bus voltage of 400 V. It has been
experimentally verified that a 40 uF electrolytic capacitor 1s
suificient to support 135 W of output power with 10% voltage
ripple ratio. The total volume of the 40 uF, 450V electrolytic
capacitor used for this verification is approximately 9 cm”.
The energy builer that replaces this electrolytic capacitor
consists of three functional blocks: the energy bufler power
circuit, the precharge circuit and the control unit, as shown 1n
FIGS. 35A, 35B. In addition, the energy buliler needs to
provide a feedback signal to the PFC for 1ts proper operation.
The design of each of these four elements 1s discussed below.

Energy Butifer Power Circuit

As shown 1n FIG. 34B, to achieve a voltage ripple ratio of
10% with a two-backbone-capacitor (n=2) bipolar SSC
energy butter, the optimal number of supporting capacitors 1s
s1X, (1.€., m= 6) Hence 1n the exemplary circuit, the electro-
lytic capac1t0r 1s replaced by a 2-6 bipolar SSC energy butler.
To meet the 10% voltage ripple requirement at the 320V bus
voltage and the 135 W output power level, the eight capacitors
of the SSC energy butler have to be 2.2 micro-Farads each.
The required voltage rating of these film capacitors 1s differ-
ent and ranges from 32 V to 512 V. However, for simplicity
and to provide adequate safety margin, 700V film capacitors
are used as the two backbone capacitors and 250V capacitors
are used as the s1x supporting capacitors. All the switches are
implemented using silicon power MOSFETs.

Switches S11 S12, S21, S22, S23, 524, S25 and S26 are
implemented with reverse voltage blocking capability.

Precharge Circuit

An 1mportant part of the SSC energy buller i1s the precharge
circuit. When the system starts, the precharge circuit draws
power from the PFC to charge the individual capacitors of the
energy buller to the desired initial voltage levels. The pre-
charge circuit designed here uses a linear regulator operated
as a current source as shown in FIG. 36. The linear regulator
used 1s Supertex’s LR8 with a maximum output current of 20
mA. The linear regulator can be disconnected from the energy
butler power circuit by two 1solating switches Spl and Sp2.
The precharge circuit 1s controlled by an AITMEL
ATmega2560 microcontroller.

The flow chart of the precharge control 1s shown 1n FI1G. 37.
A scaled down version of the voltage across each capacitor 1s
compared with a specified reference provided by the micro-
controller through a digital to analog converter (DAC). The
results of the comparison are fed back to the microcontroller
to trigger an interrupt. During precharge, the microcontroller
turns the switches on or off appropnately to connect the
current source to the capacitor that needs to be charged. The
states (on or oil) of the switches for charging a particular
capacitor during the precharge period are shown 1n Table II.

TABLE II

State of the switches during precharge of each of the eight capacitors
of the 2-6 bipolar SSC energy buffer. Blank cell indicates the switch is off.

Cii Cpo G Cx Cos Cyy Cos Cag
S on
S5 on
851 on
855 on
So3 On
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TABLE Il-continued

State of the switches during precharge of each of the eight capacitors
of the 2-6 bipolar SSC energy bufier. Blank cell indicates the switch is off.

Cii Cp G Cx Cos Coy Cos  Cog
Soq on
Sos on
Sog on
Sp1
S,>  on on
Si3
Sia i Ol On Ol Ol on
S, on on on on On on on on
S,  on on on on On on on on
S on on On on on on

First Spl, Sp2, S21, Sh4 and Ss are turned on, and all the

other switches are turned off to charge C21. The microcon-
troller senses the voltage of C21 (through the voltage divider
formed by R21 and R22) and compares it with the specified
precharge voltage (0.5Vnom=160 V). Once the voltage of
C21 reaches 160V, S21 1s turned off and S22 1s turned on to
charge C22 to 1ts specified precharge level. Similarly, C23,
C24, C25 and C26 are charged one at a time to their designed
initial level. Once C26 1s charged, S26, Sh4 and Ss are turned
off, and Sh2 and S11 are turned on to charge C11. Now the
microcontroller senses the voltage of C11 (through the volt-
age divider formed by R11 and R12) and compares 1t with the
specified precharge voltage (0.4Vnom=128 V). Once the
Voltage of C11 1s larger than 128 V, 511 1s turned off and S12
1s turned on to charge C12. Once all the capacitors are pre-
charged, the precharge circuit 1s disconnected from the SSC
energy buller by switches Spl and Sp2, and the energy butifer
enters normal operation.

Control

The normal operation of the energy butifer 1s also con-
trolled by a state machine implemented 1in the ATMEL
ATmega2560 microcontroller. The state machine controls the
state (on or off) of the twelve switches 1n the SSC energy
butiler power circuit. The state machine has a total of 24 states,
with each state corresponding to a unique and valid combi-
nation of the states of the twelve switches, as shown 1n Table

I11.

States Sy; Sop Soz Saa Sos Saog Sy S Spi Sp2 Spz Spa
1 on On on on
2 on On on on
3 on On on on
4 on On on on
5 on On on on
6 on On on on
7 on On on on
8 on On on on
9 on On on on
10 on On on on
11 on On on on
12 on On on on
13 on on on on
14 on on on on
15 on on on on
16 on on on on
17 on on on on
18 on on on on
19 on on on on
20 on on on on
21 on on on on
22 on on on on
23 on on on on
24 on on on on
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The tflow chart of the normal operation mode control logic
of the energy buffer 1s shown 1n FIG. 37. In this flow chart, s
denotes the current state of the state machine. The energy
buffer starts normal operation 1n state 1 (1.e., s=1), which
corresponds to minimum energy stored in the butffer, and
starts to charge up. Once the bus voltage reaches the maxi-
mum allowed voltage, 1.1Vnom (352 V), the UP interrupt 1s
triggered and the state 1s incremented by one (1.e., s=s+1). The
microcontroller turns the appropriate power switches on or
off to match the configuration for the new state. This drops the
bus voltage back to 0.9Vnom (288 V), and the charging of the
energy bufler continues until 1t again reaches the upper volt-
age limit. This process 1s repeated as long as the energy butifer
1s being charged and 1t has not reached state 24. Once the
energy builer has reached state 24, the state machine stays in
state 24 even 1f 1t recerves additional cUP interrupts. This
helps protect the energy butfer to a certain extent in case load
power exceeds 1ts design specifications. During this overload
condition the energy butler looks likea 1.1 _F capacitor to the
external system. The energy bufller will return to normal
operation once the load power returns to the design range.

During discharge of the energy butier, the DOW N interrupt
1s triggered when the bus voltage reaches the minimum
allowed voltage, 0.9Vnom (288 V). This decrements the state
by one (1.e., s=s—1). The microcontroller turns the appropnate
power switches on and off to match the configuration for the
new state and the bus voltage increases to 1.1Vnom (352 V).
This process 1s repeated each time the bus voltage reaches the
lower voltage limit until 1t has reached state 1. As 1n the case
of charging, to protect the energy butler, the state machine
stays 1n state 1 even 1f 1t receives additional DOWN inter-
rupts. Hence during normal operation at maximum power, the
state machine will iterate through states 1 through 24 1n a
sequential manner, first going from 1 to 24 as 1t charges, and
then returning from 24 to 1 as 1t discharges, and this process
1s repeated as long as the energy buifer 1s in normal operation.

Artificial Voltage Feedback

In a conventional system with an energy butlering electro-
lytic capacitor at the output of the PFC, the PFC uses the bus
voltage (1.e., the voltage across the bulfering capacitor) to
control 1ts output current. The bus voltage 1s scaled down by
a resistive divider and fed back to the PFC control chip.

Since the bus voltage 1s a good measure of the energy
stored 1n the capacitor, this feedback mechanism ensures that
the average output power from the PFC matches the power
drawn by the do load and the system stays stable. However,
when the electrolytic capacitor i1s replaced with the SSC
energy buller, the bus voltage 1s no longer a true representa-
tion of the energy stored in the energy builer. Hence, an
artificial signal must be generated (and fed back to the PFC
control chip) that represents the energy stored in the energy
buifer and mimics the bus voltage of the electrolytic capaci-
tor. In the exemplary circuit this function 1s performed by a
second ATMEL ATmega2560 microcontroller.

In the precharge mode, the SSC energy buller behaves
simply like two capacitors connected 1n series. Hence, during
this period, the bus voltage reflects the energy stored inside
the two capacitors and so the voltage that needs to be fed back
1s stmply a scaled version of the bus voltage.

Once the energy bufler enters normal operating mode, its

stored energy increases monotonically as 1t goes from state 1
to state 24 and then decreases monotonically as it returns to
state 1. The energy that gets stored in the energy butlfer as 1t
goes from state 1 to state 24 1s given by:
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N Equation {60)
AE(D) = ) | 5(CHViD® = Vi)
i=1

Where:
N 1s the total number of capacitors 1n the energy buffer
(e1ght 1n the 2-6 bipolar SSC case);

C1 1s the capacitance of capacitor 1;

Vi(t) 1s the voltage of capacitor 1 at time t; and

V , 1s the initial voltage of capacitor 1 after 1t 1s precharged.

In the exemplary circuit all eight capacitors have the same
capacitance Cb (equal to 2.2 _F). The effective energy 1n the
energy builer as a function of time 1s given by:

Ebleq)(t)=12C, .V,

2 .
e Vinin- PAE() Equation (61)

where Ceq 1s an equivalent capacitance for this energy
builer valid while 1t 1s operating in normal operating mode,
and 1s given by:

)
2f p(n)ydr
‘1

e —
™ VTAZ,Z - VI%

Equation (62)

C

It should be noted that Eb(eq) as given by Equation 61 1s
not the actual energy in the energy buffer but rather the
apparent energy.

Here p(t) 1s the power flowing into the energy bufier, and
Vtl and V12 are the voltages at beginning (time t1 ) and the end
(time t2) of the charging period, respectively. For the exem-
plary system, Ceq 1s equal to 26.4_F. Hence, the voltage that
needs to be fed back 1n normal operating mode 1s given by:

Equation (63)

C.. V2. +2AFE(D)
V() = \/ -

Ceg

This feedback signal reflects the apparent energy stored 1n
the energy butfer. While the expression given by Eq. 8 for the
normal operating mode feedback signal can be implemented,
it 1s simpler to implement an approximation to this expression
which works just as well within the resolution of an 8-bit
digital to analog converter (DAC). The approximate feedback
signal 1s derived assuming that the feedback voltage signal 1s
linear between two switching instances and the current tlow-
ing into or out of the energy buller is constant (i.e., current has
a square profiile).

This approximate feedback voltage 1s given by:

V b appron) OV itV o Vo) (/24)+
(Vouus(D=V i N CH/2C,)
It should be noted that the switched-capacitor energy
builer concepts, systems, circuits and techniques described
herein enable the use of smaller capacitors with lower voltage
ratings 1n place of a single large capacitor with high voltage
rating. Thus, 1t 1s possible to construct an inverter potentially
free of electrolytic capacitors 1n order to enable long-life
operation. In addition, the concepts, systems, circuits and
techniques described herein improve capacitor energy utili-
zation 1n inverters significantly. It also offers great opportu-
nities 1n reducing bus voltage ripple sizes while mtroducing
negligible increase in energy storage volume.
Described herein are a variety of novel approaches to the
distribution of energy conversion and control throughout a

Equation (64)
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solar array. The architecture choices presented here atiect the
power electronics implemented at the module. These choices
alford new opportunmities for the control and processing of
energy that may enhance system and grid-interaction stabil-
ity. They also offer the possibility of removing certain types of
components from troublesome areas of the system, e.g., mag-
netics behind panels and electrolytic capacitors in the
inverter. Described herein 1s a “system™ view of a solar array,
and a description of potential optimizations that maximize
energy extraction to the grid with the improved stability while
potentially minimizing expense and maximizing field life.

Switched-capacitor DC-DC converters have been shown to
be beneficial at all levels of solar energy extraction. Notably,
utilizing these converters at the cell level may lead to reduc-
tion 1n production cost or different opportunities for the
manufacturer of solar panels. Common centroid layout can
potentially keep MPPT converters away from extreme con-
version ratios where their conversion efliciencies may
degrade.

As generation on the utility grid becomes increasingly
distributed due to the intlux of renewable energy sources, the
uncertainty of local grid impedance will increase. Thus, sta-
bility of the electrical power network 1s becoming a growing,
concern. The proposed architecture can potentially mimimize
the possibility of unstable interactions with the grid by
exploiting the utility of feedforward information from the PV
array current sink. The technologies in this architecture could
be applied 1n other areas as well, including power-factor
correcting converters.

Having described preferred embodiments of the concepts,
systems, circuits and techniques described herein, 1t will now
become apparent to those of ordinary skill 1n the art that other
embodiments incorporating these concepts may be used. For
example, 1t should now be appreciated that one can apply the
topologies described herein to rectifier systems (e.g. for grid-
connected power supplies) as well and for bidirectional
power tlow converter systems. Accordingly, it 1s submitted
that that the concepts, systems, circuits and techniques
described herein, should not be limited to the described
embodiments but rather should be limited only by the spirit
and scope of the appended claims.

The mvention claimed 1s:

1. A solar panel comprising:

a plurality of sub-module strings each comprising:

a plurality of series connected solar cells wherein the
plurality of solar cells 1n each sub-module string are
disposed such that the solar cells are coupled 1n a
common centroid layout which substantially reduces
the amount of mismatch caused by an imbalance 1n
solar irradiance between the sub-module strings;

a switched-capacitor DC-DC converter deployed with
the solar cell circuits during or after manufacturing
and wheremn said switched-capacitor DC-DC con-
verter 1s provided having a plurality of conversion
levels and wherein the switched-capacitor DC-DC
converter 1s provided having a conversion level
selected such that a current provided by the solar cell
1s close to the maximum power current of the solar
cell; and
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a switched-capacitor DC-DC converter deployed with
the plurality of solar cell circuits and wherein said
switched-capacitor DC-DC converter 1s provided
having a plurality of conversion levels and wherein
the switched-capacitor DC-DC converter 1s provided
having a conversion level selected such that a current
provided by the plurality of solar cell circuits 1s close
to the maximum power current of the plurality of solar
cell circuits;

wherein each of the plurality of solar cell circuits are

coupled to provide the plurality of solar sub-module

strings.

2. The solar panel of claim 1 wherein the solar cells are
disposed 1 a common centroid layout such that the power
generated by each of the sub-module strings remains substan-
tially symmetric and balanced 1n response to a plurality of
different full and partial shading patterns.

3. The solar panel of claim 1 further comprising a printed
circuit board (PCB) having a common centroid routing pat-
tern and wherein the solar cells are coupled to the PCB.

4. The solar panel in claim 1 wherein the DC-DC converter
converters used with the sub-module strings are partially or
tully integrated with the solar panel using integrated circuit
manufacturing process.

5. The DC-DC converter 1n claim 4 wherein integrated
portions of the said DC-DC converter can be manufactured on
the same substrate material as the solar panel.

6. The solar panel in claim 1 wherein the common centroid
routing pattern 1s etched onto the solar panel substrate mate-
rial and wherein the solar cells are coupled to the bulk sub-
strate.

7. The solar panel 1n claim 1 wherein the common centroid
routing pattern 1s etched onto the solar panel substrate mate-
rial and wherein the solar cells are coupled to the bulk sub-
strate and wherein the DC-DC converters used with the sub-
module strings are partially or fully integrated with the solar
panel using integrated manufacturing process and wherein
the mtegrated portions of the DC-DC converter can be manu-
factured on the solar panel substrate.

8. A solar panel comprising a plurality of sub-module
strings each of the sub-module strings comprising a plurality
of series connected solar cells wherein the plurality of solar
cells 1n each sub-module string are disposed such that the
solar cells are coupled 1n a common centroid layout which
substantially reduces the amount of mismatch caused by an
imbalance 1n solar 1irradiance between the sub-module
strings.

9. The solar panel of claim 8 wherein the solar cells are
disposed 1n a common centroid layout such that the power
generated by each of the sub-module strings remains substan-
tially symmetric and balanced 1n response to a plurality of
different tull and partial shading patterns.

10. The solar panel of claim 8 further comprising a printed
circuit board (PCB) having a common centroid routing pat-
tern and wherein the solar cells are coupled to the PCB.
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Signed and Sealed this
T'wenty-fitth Day of June, 2019

Andrei Iancu
Director of the United States Patent and Trademark Office
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Column 33, Line 67, delete “504” and replace with --504--

Column 34, Line 39, delete “the SSE™ and replace with --the SSC--

Column 34, Line 52, delete “de-dc converter.” and replace with --dc-dc converter.--
Column 37, Line 17, delete “cUP interrupts™ and replace with --UP interrupts--
Column 37, Line 48, delete “the do load” and replace with --the dc load--

Column 38, Line 11, delete “V,~ and replace with --Vij,--
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