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SOLAR SYSTEMS THAT INCLUDE ONE OR
MORE SHADE-TOLERANT WIRING
SCHEMES

PRIORITY CLAIM

[0001] The present non-provisional patent Application
claims priority under 35 U.S.C. §119(e) from United States
Provisional patent application having Ser. No. 61/128,009,
filed on May 16, 2008, by Hines et al. and titled CONCEN-
TRATING PHOTOVOLTAIC SOLAR PANEL, from United
States Provisional patent application having Ser. No. 61/131,
178, filed on Jun. 6, 2008, by Hines et al. and titled CON-
CENTRATING PHOTOVOLTAIC SOLAR PANEL, and
from United States Provisional patent application having Ser.
No. 61/209,326, filed on Mar. 6, 2009, by Baker et al. and
titled SOLAR SYSTEMS THAT INCLUDE ONE OR
MORE SHADE-TOLERANT WIRING SCHEMES,
wherein the respective entireties of said provisional patent
applications are incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] The present mnvention was made with Government

support under Cooperative Agreement No. DE-FC36-
07G017044 awarded by the U.S. Department of Energy. The
Government has certain rights 1n this invention.

FIELD OF THE INVENTION

[0003] The present invention relates to photovoltaic power
systems, standard photovoltaic modules, photovoltaic con-
centrator modules, and related devices and methods.

BACKGROUND OF THE INVENTION

[0004] Solar panels are generally well known (see, e.g.,
U.S. Pub. No. 2006/0283497(Hines)). It 1s desirable to pro-
duce solar power systems (e.g., solar panels) that produce
more power and/or that cost less.

[0005] One approach has been to attempt to produce more
power per panel by orienting the solar panels at a fixed tilt
relative to the ground. For example, a solar panel 1nstalled in
the continental United States might be installed tilted 20
degrees towards the south.

[0006] A second approach has been to install solar panels
on trackers, so that the panels follow the sun, resulting 1n more
direct radiation on the solar panel over the course of a day
and/or year.

[0007] However, when solar panels are not installed flat,
they tend to cast shadows. Traditionally, solar panels are not
especially tolerant of shadows. For example, the output of a
solar panel may drop to zero even 1f only a small fraction of
the panel 1s shadowed.

[0008] Therefore, when solar panels are 1nstalled at a static
t1lt or on trackers, 1t 1s common to space the panels apart so
that the panels do not shadow each other to an undue degree
(e.g., most of the time). For example, the single-axis tracking
system 10 shown in FIG. 1 illustrates spacing suilicient to
avold shadowing from adjacent rows 11. Similarly, more
claborate trackers and tilted systems require still more spac-
ing, as shown by the tilted-axis trackers 12 in FIG. 2.

[0009] While such spacing helps each solar panel to pro-
duce a high amount of energy, 1t does not make efficient use of
space, whether i1t be land as shown 1n the FIG. 1 and 2, or
rooftop space in the case of a rooftop 1nstallation.
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[0010] Itisdesirable, therefore, to provide solar panels that
are tolerant of shadowing 1n order to help make better use of
available space, allowing more solar energy production from
a given space.

[0011] Statically tilted or tracking solar panel systems may
include both traditional flat-plate silicon modules as well as
solar concentrator modules, such as those commercially
available by companies such as SunPower or Sharp, and those
described in U.S. Pub. No. 2006/0283497 (Hines), respec-
tively.

[0012] Conventional photovoltaic solar panels tend to lack
shadow tolerance because of the properties of the individual
solar cells and because of the way photovoltaic systems are
typically wired together. In order to produce a desired output
voltage, strings of solar cells are typically wired together in
series, and then these series strings can be wired together 1n
parallel to produce a desired output current.

[0013] The equivalent circuit for a single solar cell, as
shown 1n FIG. 3, includes a diode 21 wired 1n parallel with a
current source 22. The diode 21 represents the large area
semiconductor junction or junctions that are formed by the
solar cell material. The current source 22 models the photo-
voltaic current I, that 1s generated when light shines on 1it.
Resistor Rp models the shunt resistance, and resistor Rs mod-
cls the series resistance of the cell package (e.g., contact
resistance and the like). Note that current flowing through an
1lluminated photovoltaic cell actually flows from the cathode
to the anode, the opposite of a standard non-1lluminated diode
that 1s conducting. However, when a photovoltaic cell 1s not
illuminated, it just becomes an ordinary diode, capable of
conducting only from anode to cathode.

[0014] As shown in FIG. 4, photovoltaic cells 30 receiving
incident light 40 are typically wired together into a series
“string” 32, in order to produce a desired voltage V, ...
which may be as high as 600V 1n some cases. FIGS. 4-10
include a dashed line which indicates that the string can
include any multiplicity of cells 30. For example, any number
of cells 30 wired 1n series and/or any number of series strings

wired 1n parallel. Generally, a rectangular matrix 1s formed.

[0015] As shown in FIG. 5, multiple strings 32 of cells 30
receiving incident light 40 are typically wired together in
parallel 1n order to produce a desired total current and thus
total power, which is fed to an inverter 34, which conditions
the output power into a form that 1s compatible with the
clectric power grid.

[0016] However, when an individual solar cell 30 becomes
shadowed, as shown 1 FIG. 6A, wherein some shadowing
object 38 15 blocking the light 40 from reaching the cell, the
internal current source 1, ot the shadowed cell drops to zero
current, and thus the shadowed cell instead operates as a
normal diode 42, such that the shadowed solar cell essentially
becomes an open circuit, as shown in FIG. 6B, wherein the
diode 42 1s represented by an open switch 44. Thus, no current
flows 1n the string, and thus no power 1s produced, even
though all of the other non-shadowed solar cells 30 i the
string are capable of producing power were 1t not for the
shadowed solar cell.

[0017] To help mitigate this problem, it 1s common 1n the art
to provide one or more bypass diodes 46, as shown 1n FI1G. 7,
in order to provide an alternate path for current to flow. In
FIG. 7, the shadowed cell 45 1s represented as a photodiode,
but 1s double-cross-hatched to represent its being fully shad-
owed. Regrettably however, while bypass diode 46 permits
current to flow 1n the string and thus extract power from the
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other photovoltaic cells 30 in the string, the bypass diode 46,
by virtue of 1ts intrinsic forward voltage drop, typically
approximately 0.5V, actually dissipates a certain amount of
power.

[0018] FIG. 8 illustrates the effect when the photovoltaic
cell 47 1s partially shadowed—half shadowed 1n the case
shown here (as indicated by the single-cross-hatching), by a
partial obscuration object 48. In such a case, the half-shad-
owed photovoltaic cell 47 could produce half the power were
it connected 1n a favorably configured circuit. As wired, the
combined current of the cell 47 and bypass diode 46 must
total the output current of the string I . In this example,
however, the bypass diode 46 1s turned on resulting in a
voltage drop across the photovoltaic cell 47 instead of a
voltage increase. Consequently both bypass diode 46 and
photovoltaic cell 47 dissipate power rather than generate
power to the output circuit.

[0019] In fact, this regrettable situation continues to occur
even as the partially shadowed cell 47 approaches nearly
complete illumination (1.e., becomes non-shadowed); for
example, assuming typical inverter behavior and fully 1llumi-
nated parallel strings, then even at 90% illumination, the
partially shaded cell 47 will continue to be bypassed if all the
other cells 30 1n the chain are 100% 1lluminated.

[0020] In fact, further exacerbating this problem, general
practice 1s not to include a bypass diode 46 for every indi-
vidual solar cells 30 and 47, but to include a single bypass
diode around a group of solar cells, or even around an entire
solar submodule or module, thus regrettably leading to an
even greater loss of potential power by virtue of bypassing
completely 1lluminated cells 1n addition to a partially shaded
cell or cells.

SUMMARY OF THE INVENTION

[0021] The present invention provides numerous solutions
that are helpiul singly or 1n combination to overcome and/or
alleviate one or more of the problems present 1n prior art
photovoltaic solar cell strings.

[0022] For example, the present invention can provide a
photovoltaic solar module and/or system that can exhibit
improved shadow tolerance relative to a module or system
using traditional bypassing techniques, by providing one or
more wiring schemes that allow partially shadowed solar
cells to contribute output power to a series string. Advanta-
geously, using such wiring schemes can help avoid the acti-
vation of bypass diodes with their concomitant power con-
sumption.

[0023] The present invention first considers a hypotheti-
cally ideal partial bypassing component—a supplemental
current source 30 that provides exactly the correct amount of
current to complement the current lost in the partially shad-
owed solar cell 47, as shown in FIG. 9. In FIG. 9, the solar cell
4’7 1s shown to be 40% shadowed, and thus producing 60% of
the current of the fully 1lluminated cells 30. The supplemental
current source 50 therefore would 1deally provide 40% of the
current of the tully 1lluminated cells 30. In the situation where
the supplemental current source 1s provided by an external
power source (e.g. the power grid), the amount of power
consumed by the current source 50 1s equal to supplemental
current times the voltage across the partially shadowed cell
4'7. The net power gain or loss 1s therefore the difference
between the photocurrent generated by the partially shad-
owed cell 47 and the supplemental current source 50 multi-
plied by the voltage across them. Given this arrangement,
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whenever the cell 1s more than 50% illuminated, there 1s a net
gain 1n power generated by the photovoltaic string.

[0024] Next, the present invention appreciates thatifa large
array of solar cells includes some fully shadowed cells, some
partially shadowed cells, and some unshadowed cells, then 1t
may be possible, through intelligent, dynamic rewiring of the
overall series-parallel circuit of the solar array, to maximize
the power output of the system. By way of a simple example,
FIG. 10 1llustrates a case where one photovoltaic cell 47 1s
partially shadowed, but has been wired 1n parallel with
another photovoltaic cell 52 that 1s partially shadowed by a
complementary amount, thus achieving full energy harvest
from the pair of partially shadowed cells 47 and 52, with no
parasitic power dissipation in bypass diodes. The sum of the
currents for cells 47 and 52 equals the current of the cells 30
wired 1n series.

[0025] Itis theoretically possible to do this sort of dynamic
rewiring for an entire solar array with, e.g., a massive central
“switchboard” mto which all the solar cell leads are input,
with said switchboard including a relatively large array of
lossless switches, controlled by an intelligent computer that
could alternately sample the current through each solar cell in
the array and then rewire the cells for optimal power output.
A practical implementation of such a system, however, may
pose significant challenges and costs thereby limiting 1ts util-
ty.

[0026] The present invention also teaches that patterns of
light and shadow on a solar panel tend to be highly correlated
and systematic, so that much of the benefit of an arbitrary-
wiring central switchboard as discussed above 1n connection
with FIG. 10 can be achieved with a much simpler static
wiring approach that takes advantage of the systematic nature
of the shadows that fall on the solar panel. The systematic
nature of shadowing can arise because the primary shading
source tends to be self-shading by adjacent solar modules that
are either arranged at a fixed tilt or on tracking systems. For
rooftop 1nstallations, other sources of shadowing include
objects such as parapet walls, airconditioner units, and eleva-
tor shafts that tend to cast shadows having relatively simple
geometry.

[0027] In particular, as shown 1n FIGS. 11A and 11B, a
typical shadow 60 1s not random but rather has a relatively
simple structure (such as straight lines and a simple polygon),
and 1t may be desirable to partition the aperture 62 of a solar
submodule 1into sub-apertures 64 and then wire the solar cells
72 corresponding to some of the sub-apertures 64 in parallel
into one group 66, while wiring the solar cells 74 correspond-
ing to the other subapertures 64 1nto one or more other groups
68, and then producing a desired output voltage by wiring the
groups 1nto a series circuit 70. Providing a multiplicity of
parallel-wired groups 66 or 68 may allow the parallel-wired
groups to receive similar amounts of total sunlight. By pro-
viding similar amounts of total sunlight to the multiplicity of
parallel-wired groups, the groups then may be wired together
in series without substantial loss of output power and without
producing voltages which will forward bias shadowed solar
cells or activate bypass diodes.

[0028] In the case of FIG. 11A, an aperture 62 of a solar

panel 1s shown that imncludes eight distinct subapertures 64,
with a shadow that shadows 50% of each of subapertures #1
and #2, while fully shadowing subaperture #5. In this case, the
wiring scheme shown 1 FIG. 11B will result 1n an approxi-
mately 100% harvest of the available energy, by balancing the
photocurrents in the parallel groups of solar cells 66 and 68.
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[0029] Inthecontextofa solarpanel, aprinciple teaching of
this mvention, then, 1s the generalization of the example of

FIGS. 11 A and 11B and includes the steps of: 1) Dividing the

aperture of a solar panel 1nto subapertures whose solar cells
can be wired together 1nto any desired series-parallel pattern;
2) Wiring individual solar cells or groups of solar cells into
groups ol parallel circuits, where the total current of each
parallel group 1s generally expected to be similar based on
expected shadowing patterns; and 3) Preferably, wiring the
parallel groups 1n series to produce a desired output voltage.
The general concept of the invention permits an infinite num-
ber of levels of parallel-series groupings. In the simplest
form, N1 groups are connected 1n series where each group has
M1 cells connected 1n parallel. Building on the simplest form,
a system X can have N2 groups connected 1n series where
cach group has M2 X’s connected in parallel. Furthermore, an
additional system Y can have N3 groups connected 1n series
where each group has M3 Y’s connected 1n parallel—ad
infinitum. There can be practical limits to this arrangement.
The general concept described above can be expanded to
wiring individual solar and/or solar modules 1into groups of
parallel circuits, where the total current of each parallel group
1s generally expected to be similar based on expected shad-
owing patterns and, preferably, wiring the parallel groups 1n
series to produce a desired output voltage.

[0030] Anapproachusing a wiring scheme according to the
present invention 1s especially useful 1n cases where solar
modules (and even more especially solar modules on trackers,
including both concentrator modules and traditional flat plate
modules (note: flat plate modules can also be referred to as
solar panels)) are arrayed 1n close proximity to one another 1n
regular patterns. When arrayed 1n these regular patterns, the
shadow(s) that a solar module casts on 1ts neighboring solar
modules will typically be approximately identical to the shad-
ow(s) casts by all the other solar modules 1n the system. Thus,
arrays ol regularly spaced solar will tend to cast the kinds of
simple shadows that will make the overall array most ame-
nable to the improvements taught by the present invention. As
used herein, a solar panel 1s an example of a solar module and
a solar collector 1s an example of a submodule.

[0031] Accordingly, the following optional *“step 0 could
be added prior to step 1 above: 0) Provide an array of solar
panels 1 regularly spaced pattern(s) such that the shadows
cast by individual solar panels on other solar panels among
the array tend to be similar and have simple geometry, so as to
inform the identification of 1) appropriate subapertures and
groups of subapertures, 2) appropriate solar and groups of
solar , and/or 3) appropnate solar modules and groups of solar
modules.

[0032] By way of example of such an array, FIG. 12A
illustrates an array of three concentrating solar panels or
modules 2 (each solar panel 2 includes six collectors or 7) on
a rooftop of the type described in applicant’s co-pending
application No. 61/128,009, filed May 16, 2008, entitled
CONCENTRATING PHOTOVOLTAIC SOLAR PANEL,
by Turk et al. (Attorney Docket Number: SE10033/P1) and
co-pending application No. 61/131,178, filed Jun. 6, 2008,
entitled CONCENTRATING PHOTOVOLTAIC SOLAR
PANEL, by Turk et al. (Attorney Docket Number: SE10033/
P2) illustrating the similarity of the shadows 4 cast by each
solar panel on 1ts neighbor(s), the entirety of said provisional
patent applications are incorporated herein by reference for

all purposes.
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[0033] According to one aspect of the present invention, a
photovoltaic solar system includes a plurality of solar elec-
trically coupled 1n series. At least one of the solar has an
aperture including a plurality of subapertures that indepen-
dently focus incident light onto at least one solar cell. The
solar cells of the subapertures are arranged in at least two
groups ol solar cells coupled 1n series. Each solar cell group

includes at least two solar cells electrically coupled 1n paral-
lel.

[0034] According to another aspect of the present imnven-
tion, a solar, photovoltaic system includes at least one photo-
voltaic submodule. The at least one submodule includes a first
group ol photovoltaic cells including at least two photovoltaic
cells wired 1n parallel, and a second group of photovoltaic
cells including at least two photovoltaic cells wired 1n paral-
lel. The at least two photovoltaic cells of the second group are
different than the at least two photovoltaic cells of the first
group. The first group and second group are wired in series.

[0035] According to another aspect of the present imnven-
tion, a solar system includes a plurality of solar electrically
coupled in series. At least one solar submodule includes a
plurality of solar cells that independently capture incident
light. The at least one submodule includes a first row of solar
cells including at least first through fourth solar cells and a
second row including at least fifth through eighth solar cells.
The solar cells exist in at least two groups coupled 1n series.
The first and second groups each include at least two solar
cells from the first row and at least two solar cells from the
second row. Each of the at least two solar cells from the first
row and each of the at least two solar cells from the second
row are electrically coupled in parallel with each other.

[0036] According to another aspect of the present imnven-
tion, a photovoltaic solar system includes a plurality of solar
modules electrically coupled in series. At least one solar
module includes a plurality of solar that independently cap-
ture incident light. The solar are arranged in at least two
groups coupled in series. Each submodule group includes at
least two electrically coupled 1n parallel.

[0037] According to another aspect of the present imnven-
tion, a solar system includes a plurality of solar electrically
coupled in series. At least one solar submodule includes a
plurality of targets that independently capture incident light.
The at least one submodule includes a first row of targets
including at least first through fourth targets and a second row
including at least fifth through eighth targets. The targets exist
in at least two groups coupled 1n series. The first and second
groups each iclude at least two targets from the first row and
at least two targets from the second row. Each of the at least
two targets from the first row and each of the at least two
targets from the second row are electrically coupled 1n paral-
lel with each other.

[0038] According to another aspect of the present imnven-
tion, a solar concentrator system includes a plurality of solar
concentrator modules electrically coupled 1n series. At least
one module mcludes first and second electrically coupled
groups. Each group includes a plurality of electrically
coupled to each other in parallel. Each submodule within each
group 1s structurally positioned within a module such that
cach submodule 1s diagonally adjacent to at least one other
submodule of the group.

[0039] According to another aspect of the present imnven-
tion, a method of making a solar system includes the steps of:
a)providing a plurality of solar modules; b) identifying two or
more subaperture groups in a manner such that the sum of the
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subaperture areas within each group 1s substantially equal
among the subaperture groups; ¢) electrically coupling the
solar cells associated with a subaperture group 1n parallel; and
d) electrically coupling the submodule groups 1n series. At
least one solar module includes a plurality of solar . Fach
submodule has an aperture including a plurality of subaper-
tures. Each subaperture has an area that captures incident
light and directs said light onto at least one solar cell.

[0040] According to another aspect of the present mven-
tion, a solar system includes a plurality of solar modules. At
least one solar module includes two or more submodule
groups. Each submodule group includes a plurality of solar .
Each submodule has an aperture having an area that captures
incident light. The sum of the submodule aperture areas
within each group 1s substantially equal among the submod-
ule groups. The with a submodule group are electrically
coupled in parallel. The submodule groups are electrically
coupled 1n series.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] FIG. 1 shows a prior art array of conventional pho-
tovoltaic modules mounted on spaced-apart single-axis track-
ers.

[0042] FIG. 2 shows a second prior art array of conven-
tional photovoltaic modules mounted on spaced-apart, tilted
single-axis trackers.

[0043] FIG. 3 shows an equivalent-circuit model of a solar
cell, with generated photocurrent I ,. FIG. 4 shows conven-
tional wiring scheme for a string of solar cells of a solar
collector/submodule.

[0044] FIG. S shows a conventional wiring scheme for mul-
tiple strings of solar cells of the type shown in FIG. 4.

[0045] FIG. 6A shows a cell of the string in FIG. 4 that 1s
tully shadowed.
[0046] FIG. 6B shows the electrical effect on the string

shown 1n FIG. 6A.

[0047] FIG. 7 shows the string 1n FIG. 6A that includes a
bypass diode.
[0048] FIG. 8 shows a cell of the string 1n FIG. 4 that 1s

partially shadowed.

[0049] FIG. 9 shows a hypothetical supplemental current
source used 1n the string shown 1n FIG. 4.

[0050] FIG. 10 shows one embodiment of a wiring scheme
according to the present invention for a string of solar cells.
[0051] FIG. 11 A shows the pattern of shadow on the aper-
ture of a solar collector/submodule.

[0052] FIG. 11B shows another embodiment of a wiring
scheme according to the present invention.

[0053] FIG. 12A shows an array of solar panels that incor-
porate a wiring scheme according to the present invention.
[0054] FIG. 12B shows a partial view of the array of solar
panels shown 1n FIG. 12A, 1llustrating a shadow pattern.
[0055] FIG. 13 shows another embodiment of a wiring
scheme according to the present invention for the shadowed
solar panel shown 1n FIG. 12B.

[0056] FIG. 14 A illustrates the subapertures of an aperture
ol a solar collector.

[0057] FIG. 14B shows an aperture of a solar collector
having relatively smaller subapertures as compared to the
subapertures shown 1n FIG. 14A.

[0058] FIG. 15A shows another embodiment of a wiring
scheme according to the present invention.

[0059] FIG. 15B shows the subaperture layout correspond-
ing to the wiring scheme shown in FIG. 15A.
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[0060] FIG. 15C shows the repeating tile of subapertures
used to make the aperture shown in FIG. 15B.

[0061] FIG. 15D shows how whole multiples of the repeat-
ing tile shown 1 FIG. 15C are used to make the aperture
shown 1n FIG. 15B.

[0062] FIG. 16 A shows another subaperture layout for a
given aperture of a solar collector.

[0063] FIG. 16B shows a first type of repeating tile of
subapertures used to make the aperture in FIG. 16 A

[0064] FIG. 16C shows a second type of repeating tile of
subapertures used to make the aperture in FIG. 16A.

[0065] FIG. 16D shows how whole multiples of each of the
repeating tiles shown 1n FIGS. 16B and 16C are used to make
the aperture shown 1n FIG. 16 A.

[0066] FIG. 17A shows another type of repeating tile of
subapertures that can be used to make an aperture of a solar
collector/submodule.

[0067] FIGS. 17B and 17C show how whole multiples of
the repeating tile shown in FIG. 17A 1s used to make the
aperture shown 1n FIG. 17A.

[0068] FIG. 18A shows another type of repeating tile of
subapertures that can be used to make an aperture of a solar
collector/submodule.

[0069] FIG. 18B shows an alternative type of repeating tile
of subapertures that can be used to make an aperture of a solar
collector/submodule.

[0070] FIG. 18C shows yet another alternative type of
repeating tile of subapertures that can be used to make an
aperture of a solar collector/submodule.

[0071] FIG. 19A shows a preferred wiring scheme accord-
ing to the present invention for electrically coupling multiple
solar collectors together.

[0072] FIG. 19B shows a more detailed view of the wiring
scheme shown 1n FIG. 19A.

[0073] FIG. 19C shows an alternative wiring scheme
according to the present invention for electrically coupling
multiple solar collectors together.

[0074] FIG. 19D shows a more detailed view of the wiring
scheme shown i FIG. 19C.

[0075] FIG. 19E shows yet another alternative wiring
scheme according to the present mvention for electrically
coupling multiple solar collectors together.

[0076] FIG. 19F shows an alternative embodiment accord-
ing to the present mvention.

DETAILED DESCRIPTION

[0077] The embodiments of the present invention
described below are not mtended to be exhaustive or to limat
the invention to the precise forms disclosed 1n the following
detailed description. Rather the embodiments are chosen and
described so that others skilled in the art may appreciate and
understand the principles and practices of the present inven-
tion.

[0078] In particular, while a preferred embodiment shown
1s a concentrating photovoltaic module, the methods and
techniques taught by the invention apply equally well to ordi-
nary solar panels that do not make use of concentration; the
invention applies in any case where the (concentrating or not)
photovoltaic module includes subapertures whose light 1s
respectively collected on individual solar cells or groups of
solar cells.

[0079] In the embodiments described below, the same ret-
erence characters are used to describe features that are the
same among the embodiments.
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[0080] Asusedherein, a sub-aperture generally has a one to
one correspondence with a photovoltaic cell. So 1n any cir-
cumstance, an aperture overlying multiple solar cells can be
recharacterized as multiple subapertures, where each subap-
erture has a one to one correspondence with each solar cell.

[0081] A first embodiment of a photovoltaic power system,
according to the present invention, 1s shown i FIG. 12A.
Photovoltaic power system 1 includes a plurality of individual
photovoltaic collectors 7. Photovoltaic power system 1 may
include any sort of photovoltaic module, including concen-
trating solar panels 2 as shown 1n FIG. 12A, or traditional
solar panels as shown 1 FIGS. 1 and 2. Referrning to FIG.
12 A, individual solar panels 2 tend to cast shadows 4 that
may, at certain times of the day or year, partially shadow
adjacent solar panels 2.

[0082] Each photovoltaic collectors 7 can include multiple
solar cells (not shown) wired together 1n series-parallel com-
binations. A given collector 7 may be considered to be divided
into apertures 62 and/or subapertures 64, as shown 1n FIG.
12B. In the case of a traditional solar panel, the subapertures
64 are just the areas of the individual solar cells themselves;
in the case of a solar concentrator, a subaperture 64 1s typi-
cally the portion of the input aperture 62 that 1s focused onto
a single solar cell (not shown). In etther case, a single subap-
erture may focus onto a plurality of solar cells (such as a small
solar cell array), or a single subaperture may comprise a
plurality of individual solar cells, in the case of a traditional
solar panel.

[0083] As discussed above, the present invention appreci-
ates that shadowing-induced performance impairment of a
solar panel occurs when the available photocurrents through
different elements of a series string are not equal. IT the
currents could somehow be made equal—perhaps by provid-
ing a supplemental current source to aid partially 1lluminated
cells, then 1t would be possible to harvest power from even
these partially 1lluminated cells. Such a hypothetical “supple-
mental current” 50 1s shown 1n FIG. 9, which 1illustrates a
current source 1n parallel with a partially illuminated cell 47.
While 1t may be possible to implement such a circuit, the
supplemental current source 50 requires power to operate. In
the case of a weak cell 47 which 1s producing less than half the
photocurrent of the other cells 1n 1ts string, the power required
by the supplemental current source 50 will exceed the current
produced by the weak cell 47.

[0084] The present mvention considers that an alternative
approach in a partially shadowed solar panel 2, such as 1n
FIG. 12A, would be to intelligently re-wire solar cells within
a collector 7 together 1n series-parallel groups as shadows
move across the panel 2. If groups of cells are wired in
parallel, and then those groups are wired 1n series, then the
currents can be made equal by intelligently combining cells
into parallel groups of one or more cells such that the sum of
the currents within each group 1s substantially the same
across all groups. (It may not be possible to combine cells
perfectly 1n all cases but there will be an optimum combina-
tion to extract the most power). A very simple example of this
1s shown 1n FI1G. 10, wherein two partially shadowed cells 47
and 52 are wired 1n parallel to produce the same total photo-
current as fully 1lluminated cells 30.

[0085] A hypothetical system, therefore, could connect the
leads from each solar cell 30, 47, 52, etc. to a large intelligent
multi-switch, which 1s capable of arbitrarily re-wiring the
solar cells 1nto series-parallel circuits as required in order to
achieve equal currents among each group of parallel wired
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cells. However, 1t can be challenging to implement such a
switch without some disadvantage, such as power loss 1n the
case of diodes, or expense and control complexity 1n the case
of relays or more efficient semiconductor elements. While
such an implementation may be challenging for some rela-
tively larger systems, the present invention does appreciate
that such a “central switchboard” may represent a viable
embodiment of the concepts herein.

[0086] However, since shadowing patterns are typically not
completely arbitrary, the present invention explores the pos-
sibility of static series-parallel wiring arrangements which
may be able to achieve the goals of the intelligent multi-
switch 1n the presence of typical shadowing patterns.

[0087] A simple exemplary solution to this problem has
been disclosed 1in co-pending application No. 61/131,178,
filed Jun. 6, 2008, entitled CONCENTRATING PHOTO-
VOLTAIC SOLAR PANEL, by Turk et al. (Attorney Docket
Number: SE10033/P2), wherein said provisional patent
application 1s incorporated herein by reference for all pur-
poses. As discussed above, this exemplary solution 1s illus-
trated in FIGS. 1A and 1B. Applicants appreciate that this
exemplary solution can apply to any sort of subapertures,
shadowing patterns, and wiring requirements.

[0088] Describing this concept in general terms, the present
invention teaches that 1t 1s desirable to organize the solar cells
(or series strings of solar cells) within a solar submodule (or
among multiple solar ) into groups of parallel circuits which
will tend to have similar total currents, and then to preferably
wire these groups 1n series. Expanding this concept, the
present invention can apply to any solar unit or subunit that
could benefit from such shade tolerant wiring. For example,
the present invention can apply to solar (or series strings of
solar ) within a solar module (or among multiple solar mod-
ules) mto groups of parallel circuits which will tend to have
similar total currents, and then to preferably wire these groups
in series. As another example, the present imnvention can apply
to solar modules (or series strings of solar modules) within a
solar system 1nto groups of parallel circuits which will tend to
have similar total currents, and then to preferably wire these
groups 1n series.

[0089] A simple approach would be to wire all of the solar
cells of an entire solar panel, or even of an entire photovoltaic
system, 1n parallel, thus avoiding any need to match currents
1n a series-connected chain. However, such a solution would
have the disadvantage of producing an unduly high current at
an unduly low voltage, which 1s not a practical implementa-
tion. Desirable systems produce relatively high voltages, for
example 400-600V for a typical commercial installation, thus
solar cells (or parallel groups of solar cells) are preferably
wired together 1n series.

[0090] The present invention teaches that one approach to
producing a desired higher voltage 1s to wire the solar cells
associated with similarly shadowed subapertures 1n parallel
so that the total current for a first group of cells wired 1n
parallel 1s substantially the same as the total current for each
of the other group(s) of cells wired 1n parallel, and then wire
those parallel groups 1n series. It 1s typically a property of
uniformly arrayed tracked solar (e.g., collector 7 shown in
FIG. 12A) that the shadows cast by the collectors 7 onto
adjacent collectors 7 of an adjacent panel 2 tend to be regular
and patterned, resulting in similarly shadowed aperture
groups on adjacent collectors 7. By way of example, one
realistic shadowing situation 1s shown in FIG. 12B, which
illustrates the shadows 4 from one concentrating solar panel 2
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falling on a second concentrating solar panel 2. Concentrating
solar panel 2 includes collectors 7, each collector 7 includes
an aperture 62, and each aperture 62 includes a group of
subapertures 64 which are numbered 1-8 for each aperture 62.
The solar cells (not shown) associated with each subaperture
64 may then be collected mto a series-parallel circuit as
shown 1n FIG. 13. In such a situation, inasmuch as the total
illumination of a subaperture group closely matches that of
cach of the other subaperture groups, the fact that individual
solar cells produce more or less current than others 1s permis-
sible—each solar cell still nearly fully contributes 1ts 1ndi-
vidual photocurrent to power production so that the total
current for each group 1s the same among the groups. In the
case 1llustrated in FIG. 12B, the shadow 4 from the adjacent
concentrating solar panel 2 covers one-third of each subap-
erture #4, while 1t generally covers two-minths of (all but one
ol) each subaperture #8 of concentrating solar panel 2.

[0091] Referring further to FIG. 13, 1llustrating the wiring
of solar cells 82 corresponding to each subaperture 64, with
this shadowing pattern, then, each of the two parallel groups
will produce three-and-two-thirds times the current I of an
unshadowed subaperture. Since the areas of the shadows on
subapertures #4 and #8 are not perfectly matched, a small
amount of current 1s still lost—in this case, subaperture #8
was capable of producing seven-ninths the current I, of an
unshadowed aperture, but since the group consisting of sub-
apertures (#1, #2, #3, #4) 1s only producing 334 1_ worth of
current, the extra 14 available 1n group (#5, #6, #7, #8) 1s lost.
This 1s 1llustrated by the 7% I_ associated with solar cell 82,
associated with subaperture #8, being struck through and
replaced by 24 1, the amount of current that 1s actually avail-
able. Note that, 1n a real system, the lost 16 will not all come
at the expense of subaperture #8 as shown; 1n practice, the 146
loss will be shared amongst the four subapertures (#5, #6, #7,
#8), with the particulars depending on the voltage setpoint for
the entire array as chosen by an inverter such as inverter 34. As
can be seen from FIGS. 12B and 13, solar cells associated
with diagonally adjacent subapertures are wired in parallel to
form a group of solar cells. For example, diagonally adjacent
subapertures #5, #6, #7, and #8 form one group and diago-
nally adjacent subapertures #1, #2, #3, and #4 form another
group. Such grouping of solar cells can be referred to as a
“zig-zag’’ pattern of grouping solar cells. The zig-zag pattern
can be especially effective when there are pure horizontal or
pure vertical shadows present as the 1lluminated areas are the
same for each series. When a 45 degree diagonal shadow 1s
present, the zig-zag scheme can also be especially effective
because the shadow clips across a diagonal of an even number
so sub-apertures. Nevertheless, the zig-zag wiring scheme 1s
a preferred wiring scheme for any shadow pattern as com-
pared to other static arrangements.

[0092] When considering the entire solar panel array, such
a series-parallel circuit, 1n 1solation, may not produce a desir-
ably high enough output voltage and/or may produce output
currents which are undesirably high (requiring, for example,
expensive thick wiring, fuses, electrical interconnects and so
on). Thus, in order to produce a desired high-enough output
voltage, and 1n order to help keep total current down to a
desired low-enough level, 1t may not always be possible to
wire as many solar cells 1 parallel as would be desired for
good shadowing tolerance. The present invention therefore
teaches a technique of turther organizing subapertures into a
larger number of parallel subcircuits comprising a smaller
number of solar cells each. The preferred organization of
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solar cells/subapertures 1nto parallel subcircuits depends on
the sort of shadows expected. For typical linear and rectan-
gular shadow shapes expected 1n many situations, one appro-
priate organization of subapertures/solar cells into subcircuits
1s a repeating grid. The simplest form of such a grid 1s for the
case ol square subapertures and two parallel circuits, 1n which
case the grid 1s simply a checkerboard pattern, as shown 1n
FIGS. 11 A and 11B. This two-circuit/square subaperture pat-
tern was the exemplary solution disclosed in co-pending
application No. 61/131,178, filed Jun. 6, 2008, entitled CON-
CENTRATING PHOTOVOLTAIC SOLAR PANEL, by Turk
et al. (Attorney Docket Number: SE10033/P2), wherein said
provisional patent application 1s incorporated herein by ref-
erence for all purposes.

[0093] Unusual shadow shapes can still result in poorly
matched currents 1n the two parallel circuits of such a design,
but typical shadow shapes are well mitigated. Nonetheless,
the present mvention teaches that current matching will be
generally improved as the subaperture size 1s reduced because
reducing the subaperture size tends to reduce the current
contribution from any single subaperture. For shadows of
reasonable shape, therefore, the total amount of current mis-
match can be reduced by smaller subapertures. This 1s shown
in FIGS. 14A and 14B, which illustrate two two-circuit/
square subaperture designs, one with aperture 62 comprising
subapertures 64 of dimension 2x and the other with aperture
92 comprising subapertures 94 of dimension x. As a rectan-
gular shadow (not shown) creeps 1n from the corner, the
worst-case current imbalance 1n the two parallel circuits 1s
equal to the photocurrent produced by a single subaperture,
and 1s therefore 4 times smaller for the system of FIG. 14B
with subaperture dimension x than for that of FIG. 14 A with
subaperture dimension 2x, thus resulting 1n ¥4 as much worst
case power loss due to the rectangular shadow for the case of

FIG. 14B.

[0094] The present invention includes approaches for deal-
ing with more than two parallel subcircuits (e.g. 66 or 68) 1n
series (such as 1t a higher output voltage were desired) or for
dealing with other than square subapertures. In the case of
more than two parallel subcircuits, the subapertures (e.g. 94)
corresponding to each subcircuit can be distributed relatively
uniformly across the larger aperture (e.g. 92). For example, 1T
three parallel subcircuits 96, 97, and 98 1n series are desired,
as shown 1 FIG. 15A, then a layout such as shown in FIG.
15B might be appropriate. Typical easily implemented
approaches will tend to be repeating tiles of subapertures; 1n
the example of FIG. 15B, the layout 1s comprised of the
repeating tile shown 1n FIG. 15C. FIG. 15D shows how the
tull aperture 1s constructed from the tiles—the tiles are inter-
locked, and then truncated at the edges, just as would be done
in laying out actual ceramic tiles for a countertop, for
example. In such a case, note that the tull aperture such as 1n
FIG. 15B preferably has a number of subapertures that 1s a
multiple of the repeating tile, so that the total number of each
type of individual subaperture 1s the same. For example, the
portion labeled Al in FIG. 15D 1s made up of the subapertures
numbered “3” and “1” 1n the repeating tile shown i FIG.
15C. And the portion labeled A2 1n FIG. 15D 1s made up of the
subaperture numbered “2” 1n the repeating tile shown 1n FIG.
15C. The sum of A1 and A2 correspond to a one repeating tile
shown 1n FIG. 15C. Likewise, with reference to FIG. 15D, the
sum of the portions labeled B1 and B2 and the sum of the
portions labeled C1 and C2 each correspond to one repeating

tile shown in FI1G. 15C.
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[0095] The present invention appreciates that 1t 1s not nec-
essary even for the subapertures to be the same size, and any
layout of subapertures will do as long as the total collecting
area associated with each parallel subcircuit is approximately
the same.

[0096] Likewise, the full aperture can comprise more than
one sort of repeating tile, and tiles can be broken 1nto pieces
and placed in other places. Again, the analogy to a ceramic tile
countertop 1s appropriate, wherein preferred embodiments
can make use of whole numbers of tiles. That 1s, even i1f a tile
must be cut into pieces to fill out the subaperture, it still
represents a preferred embodiment i1 there are no fractional
tiles lett over.

[0097] By way of example, the subaperture pattern of FIG.
16 A seems somewhat random at first appearance, but 1t 1s
actually comprised of two basic tile types, the tiles of FIGS.
16B and 16C. Note that, as 1s preferred, each of the tiles
allocates equal areas to subapertures of type #1, #2, and #3, 1n
order to maintain approximately equal currents 1n each of the
three associated parallel solar cell circuits. That 1s, with
respect to the repeating tile shown in FIG. 16B, the area of the
subaperture labeled #1 equals the sum of areas for the two
subapertures labeled #2, and the area of the subaperture
labeled #1 equals the area of the subaperture labeled #3.
Likewise, with respect to the repeating tile shown i FIG.
16C, the sum of the areas for the two subapertures labeled #1
equals the sum of the areas for the three subapertures labeled
#2, and the sum of the areas for the two subapertures labeled

#1 equals the sum of the areas for the two subapertures
labeled #3.

[0098] FIG. 16D shows how the aperture of FIG. 16A 1s
assembled from the tiles shown 1n FIGS. 16B and 16C. Tiles
100 are of the type of FIG. 168, while tile 102 1s of the type
of F1G. 16C. FIG. 16D also shows how a single tile can be cut
into pieces and reassembled; a missing portion 104 of tile 106
has been cut oif and 1s placed as tile fragment 108; further, the
tile fragment 108 was placed upside down as compared to the
orientation of the missing portion 104. All of these tech-
niques, as well as any others that make use of whole numbers
of tiles, represent preferred embodiments of the present
invention.

[0099] FIG. 17A shows yet another type of repeating tile
that embodies a three-parallel circuit design. FIG. 178 shows
an aperture that 1s constructed from full and fragmented ver-
s1ons of the repeating tile shown 1n FIG. 17A. Note that there
are many alternative embodiments of apertures that can be
constructed from this tile that do not result 1n equal total areas
of each subaperture; 1n the case shown, care has been taken, as
shown 1n FI1G. 17C, to construct a full aperture of appropriate
proportions such that there are no tile fragments left over.
Thus the two tile fragments labeled “A” may together form a
single repeating tile shown 1n FIG. 17A, and likewise for the
tile fragments labeled “B” and “C”’; no tile fragments are left
over, and thus this represents a preferred embodiment.

[0100] The present invention further appreciates that the
tiles, subapertures, and apertures need not be restricted to just
squares and rectangles; any shape 1s acceptable as long as the
basic principles of equal areas of subaperture are devoted to
cach parallel circuit.

[0101] Forexample, FIG. 18A illustrates subapertures cor-
responding to four parallel subcircuits wired 1n series, said
subapertures including both rectangular and triangular sub-
apertures. FIG. 18A has a repeating grid which refers to the
relattve amount of symmetry in the grid. FIG. 18A shows a
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rotationally symmetric pattern. And while a repeating grid 1s
an obvious straightforward approach, it 1s not required, as
shown 1n FIG. 18B, another sample embodiment. FIG. 18B
shows a grid having a left-right symmetry but not a top-
bottom nor rotational symmetry. FIG. 18B also illustrates
that, while 1t 1s preferred to generally “stagger” the subaper-
tures, 1.e., to create maximum homogeneity across the aper-
ture, alternative embodiments such as FIG. 18B may have less
homogeneity.

[0102] Finally, FIG. 18C illustrates that apertures and/or
subaperture tiles need not be rectangular, but may be any
shape. In preferred embodiments, subaperture tiles tessellate
(1.e., fill a 2D space using a shape that is translated and/or
rotated, and tiled with other shapes) so that the aperture area
1s completely filled, but it 1s not required to completely fill the
aperture area; portions of the aperture area may be left
unused.

[0103] Additionally, although the embodiments shown 1n
the figures mostly contemplate generally rectangular aper-
tures, the apertures may be of any desired shape. In summary,
then, the invention teaches the following preferred technique
for orgamizing solar cells 1nto circuits: 1) Identily subaperture
groups within the aperture(s) of the photovoltaic submodule,
with each subaperture group having a total subaperture area
that 1s approximately equal to the area of each of the other
subaperture groups. Preferably, the subaperture groups
should be distributed homogeneously across the aperture. 2)
Collect the solar cells from each of these groups together into
parallel-wired sub-circuits 3) Wire the parallel sub-circuits in
series. 4) Wire these parallel-series assemblies 1n series with
other stmilarly shadowed assemblies from other apertures. As
mentioned above, this preferred technique can be extrapo-
lated to apply among multiple solar and/or among multiple
solar modules.

[0104] A further alternative 1s to allow subaperture groups
to span multiple apertures. That 1s, 1n the embodiments
described up to this point, 1t has been generally assumed that
the solar cells within an aperture form a single series-parallel
group, with a single input and output wire from the group; this
basic topology 1s illustrated 1n a preferred embodiment FIG.
19A where each collector 101 of solar panel 105 1s wired 1n
series with one or more adjacent collectors 101. FI1G. 19B
shows the entire solar panel 105 1n further detail, revealing the

series-parallel combination of the eight subapertures present
in each collector 101 within the module 105.

[0105] However, the concept of combining subapertures, or
groups of subapertures (for example, series-parallel combi-
nations of subapertures) into series-parallel combinations can
extend beyond an individual collector. For example, F1G. 19C
illustrates an alternative wiring embodiment for a concentrat-
ing photovoltaic module 110 whose collectors 111 are wired
into two parallel strings which are combined only at the ends
of the module 110. As shown 1n FIG. 19D, the subapertures
within each collector may also be wired together in series-
parallel combinations. Alternatively, not shown, each collec-
tor may be wired individually into series strings. FIG. 19E
shows yet another alternative series-parallel combination of
individual collectors that 1s possible for module 115.

[0106] Inshort, the present invention allows that any series-
parallel combination of subapertures throughout the photo-
voltaic submodule may be used, with preference given
towards those series-parallel wiring combinations that pro-
vide maximum shade tolerance by tending to equalize the
available photocurrents (i.e., the total currents of parallel sets
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of cells are the same) 1n any subapertures or groups of sub-
apertures that are wired 1n series.

[0107] FIG. 19F shows an example of how the present
invention can be extrapolated to apply to multiple . 207 are
grouped together and wired 1n parallel such that the total
current for a given group 1s substantially similar to all of the
other groups of 207 wired 1n parallel. As shown, each sub-
module 207 has eight subapertures (numbered 1-8) similar to
cach submodule 101 shown 1n FIG. 19A. The 207 can be {from
the same solar module or can be from two or more different
solar modules.

What 1s claimed 1s:

1. A photovoltaic solar system, comprising a plurality of
solar electrically coupled 1n series, wherein at least one of the
solar has an aperture comprising a plurality of subapertures
that independently focus incident light onto at least one solar
cell, said solar cells of said subapertures are arranged 1n at
least two groups of solar cells coupled 1n series, wherein each
solar cell group comprises at least two solar cells electrically
coupled 1n parallel.

2. The system of claim 1, wherein at least one of said solar
cell groups comprises first and second solar cells electrically
coupled 1n parallel, wherein the first and second solar cells are
positioned diagonally adjacent each other.

3. The system of claim 1, wherein at least one of said solar
cell groups comprises at least three solar cells electrically
coupled in parallel, wherein each of said three solar cells 1s
positioned at least diagonally adjacent to at least one of the
other solar cells of said at least three solar cells.

4. The system of claim 1, wherein at least one of said solar
cell groups comprises at least four solar cells electrically
coupled 1n parallel, wherein each of said four solar cells 1s
positioned at least diagonally adjacent to at least one of the
other solar cells of said at least four solar cells.

5. The system of claim 1, wherein there 1s a one to one
correspondence between each subaperture and each solar
cell.

6. A solar, photovoltaic system comprising at least one
photovoltaic submodule, wherein the at least one submodule
COmMprises:

a. a first group of photovoltaic cells comprising at least two

photovoltaic cells wired 1n parallel;

b. a second group of photovoltaic cells comprising at least
two photovoltaic cells wired in parallel, wherein the at
least two photovoltaic cells of the second group are
different than the at least two photovoltaic cells of the
first group, and wherein the first group and second group
are wired 1n series.

7. The system of claim 6, wherein the first group of pho-
tovoltaic cells comprises four photovoltaic cells wired in
parallel and the second group of photovoltaic cells comprises
four photovoltaic cells wired 1n parallel.

8. The system of claim 6, wherein the system 1s a solar,
photovoltaic concentrator system and wherein the are photo-
voltaic concentrator .

9. A solar system comprising a plurality of solar electri-
cally coupled 1n series, wherein at least one solar submodule
comprises a plurality of solar cells that independently capture
incident light, wherein said at least one submodule comprises
a first row of solar cells comprising at least first through fourth
solar cells and a second row comprising at least fifth through
eighth solar cells, wherein said solar cells exist in at least two
groups coupled 1n series, wherein the first and second groups
cach comprises at least two solar cells from the first row and
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at least two solar cells from the second row, wherein each of
said at least two solar cells from the first row and each of said
at least two solar cells from the second row are electrically
coupled 1n parallel with each other.

10. The system of claim 9, wherein each group of solar
cells comprises at least two solar cells that are diagonally
adjacent to each other.

11. The system of claim 9, wherein the system 1s a solar
concentrator system and the plurality of independently cap-
ture and concentrate incident light onto solar cells.

12. A photovoltaic solar system, comprising a plurality of
solar modules electrically coupled 1n series, wherein at least
one solar module comprises a plurality of solar that indepen-
dently capture incident light, said solar arranged in at least
two groups coupled 1n series, wherein each submodule group
comprises at least two electrically coupled 1n parallel.

13. The system of claim 12, wherein at least one of the
groups comprises first and second electrically coupled 1n
parallel, wherein the first and second are positioned diago-
nally adjacent each other.

14. The system of claim 12, wherein said at least one group
comprises at least three electrically coupled in parallel,
wherein each of said three 1s positioned at least diagonally
adjacent to at least one of the other of said at least three .

15. The system of claim 12, wherein the system 1s a solar
concentrator system and the plurality of independently cap-
ture and concentrate incident light onto a target.

16. A solar system comprising a plurality of solar electri-
cally coupled 1n series, wherein at least one solar submodule
comprises a plurality of targets that independently capture
incident light, wherein said at least one submodule comprises
a first row of targets comprising at least first through fourth
targets and a second row comprising at least fifth through
eighth targets, wherein said targets exist in at least two groups
coupled 1n series, wherein the first and second groups each
comprises at least two targets from the first row and at least
two targets from the second row, wherein each of said at least
two targets from the first row and each of said at least two

targets from the second row are electrically coupled 1n paral-
lel with each other.

17. The system of claim 16, wherein the system i1s a solar
concentrator system and the plurality of independently cap-
ture and concentrate incident light onto targets.

18. A solar concentrator system, comprising a plurality of
solar concentrator modules electrically coupled in series,
wherein at least one module comprises first and second elec-
trically coupled groups, each group comprising a plurality of
clectrically coupled to each other in parallel, wherein each
submodule within each group 1s structurally positioned
within a module such that each submodule 1s diagonally
adjacent to at least one other submodule of the group.

19. A method of making a solar system comprising the
steps of:

a) providing a plurality of solar modules, wherein at least
one solar module comprises a plurality of solar , wherein
cach submodule has an aperture comprising a plurality
of subapertures, wherein each subaperture has an area
that captures incident light and directs said light onto at
least one solar cell;

b) identiiying two or more subaperture groups 1n a manner
such that the sum of the subaperture areas within each
group 1s substantially equal among the subaperture

groups;
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¢) electrically coupling the solar cells associated with a
subaperture group in parallel; and

d) electrically coupling the submodule groups in series.

20. The method of claim 19, further comprising the step of
clectrically coupling the solar modules 1n series.

21. The method of claim 19, further comprising the step of
clectrically coupling the solar modules 1n parallel.

22. A solar system comprising a plurality of solar modules,
wherein at least one solar module comprises two or more
submodule groups, wherein each submodule group com-
prises a plurality of solar , wherein each submodule has an
aperture having an area that captures incident light, wherein
the sum of the submodule aperture areas within each group 1s
substantially equal among the submodule groups, wherein
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the with a submodule group are electrically coupled 1n paral-
lel, and wherein the submodule groups are electrically

coupled 1n series.

23. The system of claim 22, wherein the solar modules are
clectrically coupled in series.

24. The system of claim 22, wherein the system 1s a solar
concentrator system and each of the submodule apertures
captures and concentrates incident light onto a target.

25. The system of claim 24, wherein the target comprises
one or more solar cells.

26. The system of claim 22, wherein each submodule
within each group is structurally positioned within a module
such that each submodule 1s diagonally adjacent to at least
one other submodule of the group.
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