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SYSTEMS & METHODS FOR SOLAR PHOTOVOLTAIC ARRAY
ENGINEERING

TECHNICAL FIELD

The present application concerns systems and methods for the automated
design of solar photovoltaic power plants.

BACKGROUND

Technological developments designed to harvest solar energy have greatly
accelerated in recent years. One particular aspect of this has been the use of
photovoltaic (PV) modules consisting of a multitude of interconnected
photovoltaic cells. Each solar cell produces about 0.6V when illuminated by
sunlight, thus with a module of 72 such cells, can yield a total of about 40
volts or about 300 Watts. Arrays of modules form panels, mounted on a
support system usually referred to as a rack. This includes not only roof-
mounted systems but also commercial and large-scale ground-mounted utility

plants designed to introduce the generated electrical power into the grid.

While this technology has become the world standard for solar energy
harvesting, much of the technical aspects of PV implementations are still in
rapid development. Solar cell technology is far from being settled, as efforts
are being made to improve the amount of energy collected per unit dollar of
investment. Thus every aspect of the PV design and its implementation in the
field is under scrutiny in order to minimize the cost-to-benefit ratio. With rapid
declines in the prices of solar modules in recent years, the cost of solar
modules has become a significantly smaller fraction of the total cost of the
photovoltaic power system. Besides the cost of modules, important factors
can include: costs associated with the land procurement; labor for design,
construction and management; materials for the electrical components of the
solar plant itself and those components required to integrate the power into
the local electrical grid, as well as the mechanical infrastructure; operations
and maintenance (O&M) costs, cost of capital (e.g., loan repayments). These
are all variables that can be potentially adjusted. More non-controllable

factors, which can impact the productivity and profit of a PV solar plant,
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include the solar insolation at a given position on the Earth (latitude and
longitude), geological conditions in soil or terrain, and the meteorological
conditions, not only on a seasonal or annual basis, but perhaps on a diurnal

basis as well.

To aid in understanding the overall problem, a few examples might help to
clarify the situation and its inherent complexity. For instance, an obvious
adjustable variable is the tilt (elevation of a PV module) towards the Sun. A
lower tilt may produce less power but it results in such reduced wind loading
that the structural costs are reduced. Moreover, a lower tilted panel also is
subject to larger accumulation of dirt and debris. Additionally, a lower tilted
panel could be subject to greater snow loading and thus greater structural
costs. These are all considerations that impact the design of the PV panel

structural support system.

Another variable that can be changed is the effectiveness of land utilization
given how modules are organized at site. In other words, a variable that can
change is the module packing density or ground coverage ratio (GCR: defined
as panel dimension projected onto the ground divided by panel row spacing),
as it can be optimized for maximum energy harvest or maximum return on
investment. Another possibility is to align solar modules with different
azimuths. This is particularly important as it can optimize the internal return of
return (IRR) given a grid utility’s Time of Day (TOD) payment factors. Since
utilities pay more for electricity at peak times, they provide TOD tables that
weight the value of the power produced to match their hourly demand. An
internal-rate-of-return (IRR) maximized fixed structure will, when viewed as an
entire array, be aimed at the most valuable azimuthal angle. For example, a
utility in Arizona might want more of its production after 4PM, while a utility a
few hundred miles west in California could want more of its production
between noon and 2PM, and the optimal array for either of these scenarios

would have a different azimuth.

One of the many technical factors that can impact a project financially is that

of the electrical and mechanical module support system, impacted by local
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conditions such as wind, snow, soil conditions, and seismic conditions as well.
There are three basic groups of support system designs that vary in their
ability to adjust the position of the module towards the instantaneous position
of the Sun. The first group involves a static rack that provides no
instantaneous adjustment, and the position is permanently fixed. However,

such racks can be seasonally adjusted but remain fixed in daily operation.

The second and third groups involve tracking the Sun to collect more solar
light, accounting for the fact that the Sun does not move in a constant
declination. Such a requirement has financial implications that are not readily
obvious from a simplistic assessment of a PV power plant design, as its
implementation and the form of this implementation yields opposing results.

The second possible module support system method is to move the module
or panel along an axis (single-axis tracking), tracking the Sun as it moves
across the sky in its diurnal arc. There are several implementations of this
type of tracking: vertical single axis tracker; horizontal single-axis tracker; and
equatorial or polar tracker. Each one of these variations of single-axis
tracking possesses advantages and disadvantages and for particular needs
and sites. An obvious advantage is that more solar power is collected.
Disadvantages include either increased shading or decreased GCR, and
greater costs in maintenance and/or replacement due to the larger number of
mechanical and/or electrical parts. Even a specific type of single-axis tracker
can have different tracking ranges, tilt angle, and tracking accuracies that
depend on tracking methods.

The third method is dual-axis tracking, which provides movements that follow
the diurnal and seasonal paths of the Sun. Each axis requires some sort of
mechanism to provide the movement, normally by gearing and a motor. This
type of tracking provides the most collected solar light, but because of the
potential of shading of one panel to another at certain times of the day, there
is a reduction in the attainable solar power collected. Thus a design with
dual-axis tracking may require a greater separation between panels to reduce
losses imposed by shading of one panel by another at extreme hour angles.
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Thus GCR is reduced.

Modules are usually warranted for several decades, but tracking systems that
are robust enough to last a similar period of time, requiring no or little
maintenance, are rare and expensive. Thus long-term maintenance of the
mechanics of tracking along with availability risks have to be considered as
part of the overall problem of designing a solar PV plant.

A static module support system eliminates the need for maintenance
associated with a tracking system, and thus presents a viable option for
optimal system designs, particularly in areas where O&M labor costs are high
or areas that are closer to the equator where dual-axis tracking systems offer
less of a performance advantage. Thus dual-axis tracking is more beneficial
at more northerly locations. There are a great variety of static support
systems, each of which possesses advantages and disadvantages.

A common approach for static, or fixed, racks is to cover an area with linear
configurations of module arrays, with the long axis normally parallel to, or
nearly so, a line of latitude. The modules are then oriented so that the normal
to the PV module surface is oriented to maximize incident flux for a particular
time of the year, at the declination when the sun crosses the local meridian.
This is the tilt angle of a module. This traditional and commonplace approach
makes the construction simple as a replication of a single design, such as the
module support, is repeated as needed.

If a static support rack is chosen, then a decision is required to set the tilt and
azimuth angles to particular values given a value of GCR. The tilt and azimuth
angle would achieve a desired goal, such as maximizing energy that could be
achieved over a certain period of time or during a certain part of the day.
Importantly, other adjustable parameters include, height above the ground (or
ground clearance), spacing between the rows of modules, and bank
(permanent EW angle bias of a module, e.g., EW tilt). These all add
complexity to designing a static support rack. For example, increasing ground
clearance (height) increases structural and electrical costs but saves
operational costs for the life of the project, and increasing row spacing
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decreases shading and increases system performance but also decreases
GCR, while increasing electrical, module packing density, and operational
costs.

In the case of bank, a geographic variation would be possible if the terrain of
the site possesses irregularities. Moreover, it can be non-zero if there are
other non-controllable aspects involved such as shading and persistent

diurnal meteorological conditions.

Other local variations can also influence IRR or other figures-of-merit, such as
soil conditions, site undulations, and local geographical features such as
forests or buildings. Any and all of these can influence the energy collected.
Grade or soil characteristics will also influence the selection of foundation or
rack design. Costs that are affected by site-specific features are also
important to take into consideration—for example, sites with sandy soil
generate far less skin friction for ground penetrating piles than do sites with
clay-like soil, and thus require far longer piles and higher costs.

Foundation type is one of many other variables that need to be considered as
part of the design. These include above-ground concrete ballast,
subterranean poured concrete foundation, post/pile driven, or ground screws.
Bedrock that is just below the basal subsoil will require a different mounting

approach.

Sites that have high load bearing characteristics and, for example, 5-12 feet of
penetrable soil, are well suited for a pile driven module rack. On the other
hand, if sites cannot endure surface penetration, landfills for example where
landfill caps cannot be disturbed, then this will force the use of more costly
above-ground footings, more costly above-ground electrical wiring conduits,
and more costly inverter installations. All of these factors must be taken into

account.

Other design variables are the costs and types of wirings for direct current
(DC) and separately for alternating current (AC). Costs and warranties for
inverter types, switchgear, power management systems, cooling equipment,
combiner boxes, DC-DC optimizers, and energy storage facilities will also
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affect the optimum solution. A mechanical system design with higher energy
production and lower cost than an alternative mechanical system design
might require an electrical system with higher cost than the electrical system

needed by that alternative mechanical design.

Modules are often clustered in strings in physical and electrical combinations
that are sized according to GCR requirements, power requirements, and
inverter input (as well as other variables, well-known to the person skilled in
the art). For example, photovoltaic designers typically combine 18 to 21
modules into a string, and combine these strings to produce an array or panel.
However, common practice is subject to change when other options, in

concert with other parameters or variables, are taken into account.

Another example would be the design of a solar array with different rows of
modules having different mechanical and electrical design parameters to
optimize one user’s needs. No current approach addresses this user or is
able to find the optimum solution that could have, for example, the rows of
panels on the peripheries of the array would require a different structural
quality and wall thickness than the interior rows. This type of structurally
optimum solution leverages the fact that interior rows see reduced wind
loading due to the presence of the surrounding rows. Similarly no current
approach is able to design different strings with different module and wiring
configurations, or to design back rows that can have higher tilts due to lack of
shading concerns.

Computer-aided performance optimizations are also in a rudimentary form.
For instance, consider the literature available on "tilt" optimization. Some
suggest tilt angles that are simple functions of latitude, but this fails to
consider site specifics (such as typically cloudy winters or morning fog in
summer). At best, some consultants offer to provide "tilt optimization"
services as a detailed, hands-on process. No other tools allow one to run a
"batch" of simulations at various tilt angles to determine the best angle from a
performance perspective.
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While all of these approaches work to a degree, they are either overly
simplistic or laborious, and thus time consuming. Given the somewhat large
number of variables and constraints involved, no design of a solar power plant
or array can be accomplished in even a finite amount of time that is reliably
accurate, detailed, and optimized (financially or otherwise).

There are several existing tools that will help facilitate the look of what a PV
plant will look like when imposed upon, say, an image from Google Maps or
other equivalent mapping service. Boundary points are interactively defined
and with various parameters selected (row spacing, PV module type) the
program will present a first-order look of a design. There is neither any
optimization nor any automated design production in such approaches.

A few services (e.g., Helioscope from Folsom Labs; Helios3D from Schletter
GmbH) exist to define a visual design automatically based on a user's input.
However, these methods are suboptimal for the extensive task to be
performed. A basic design is derived and the parts replicated ad nauseum;
this is essentially multiplying a number of parts for a Bill-of-Materials (BOM)
for a solar "kit" to fill the desired geographic area or capacity needs. There is
no direct customization of the parts or configuration of the modules. These
attempts at design culminate in a single fixed design.

In addition to these visual design programs, there are a variety of PV plant
simulators that have been developed. The best and most useful is that of the
System Advisor Model (SAM) developed by the US National Renewable
Energy Laboratory. It provides a simulation based upon extensive input

parameters.

In current practice, simulations are already used to determine the
performance of a design. Unfortunately, the process of refining that design is
not automated. For example, there is no optimization within current standard
simulations; that is, current practice does not simulate multi-variable
mechanical and electrical design parameters, multi-dimensional
considerations including meteorological, environmental and cost factors, or a

specific solar project’s optimization goals.
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At present the industry lacks sufficiently detailed tools to aid in the evaluation
of the plurality of inputs and outputs of various system designs, given the
large number of variables or parameters involved. The number of
permutations of the design parameters rapidly becomes so large that it is
infeasible to attempt to "brute force" an optimal solution by simply evaluating
the system model for every possible permutation. For this reason, the solar
industry typically uses excessive standardization in photovoltaic project
design and ignores more effective solutions to handle large numbers of
permutations. This is in stark contrast to the lack of granularity in sensitivity
analysis that can be achieved with the standard few iterations of a human PV

design engineer or team of engineers.
SUMMARY

At present the industry lacks sufficiently detailed, automated, and flexible
interdisciplinary engineering tools to aid in the evaluation of the plurality and
complexity of inputs and outputs of various system designs of solar
photovoltaic power plants, given the large number of variables and
constraints, and the multi-dimensional nature of the problem. The number of
permutations of the solar photovoltaic design parameters rapidly becomes so
large that it is infeasible to attempt to "brute force" an optimal solution by
simply evaluating the system model for every possible permutation. For this
reason, the solar industry typically uses standardization in photovoltaic project
design and ignores more effective solutions to handle large numbers of
permutations. An effective solution to such a multivariate and interdisciplinary
problem has the potential to improve system efficiency and economics of

solar power.

The systems and methods of the present application are herewith disclosed to
overcome this deficiency in the solar photovoltaic power plant design and
engineering industry. The approach is basically to define one or more goals
that are to be optimized, either collectively or singly, by adjusting one or more
design variables while being constrained by input specifications and rules.

Such goals or figures-of-merit are mathematically represented by one or more
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objective functions, a preferred Pareto solution of which are used to design
the solar power plant.

In a set of embodiments an automated site engineering design system to
design an optimized solar array of photovoltaic panels is disclosed: the design
system comprising a user input interface; a set of databases; one or more
objective functions; a component definition feature which determines the
nature and locations of the various components that comprise the power
plant; an automated output specifications generator, which takes the preferred
Pareto solution and produces the documents, reports, manuals and drawings
necessary to implement the power plant; one or more layout features that
produce the designs of the specific layout, e.g., the layout of a panel support,
the layout of the wiring, the layout of the inverters, the layout of trenches for
electrical conduits, the layout of the rows of panels, the layout of the access
roads, and the interconnection layouts between all electrical components such
as modules, inverters, DC-DC optimizers, power management systems,
transformers, switchgear, and one or more inverters. To implement the power
plant is to perform at least one of the following: to manufacture the requisite
components, to assemble the components, and to install said components at
the site.

Input specifications include all characteristics of the components and material
that comprise the electrical design and the mechanical or structural design of
the solar power plant. These comprise numerical constraints, as well as rules
to be honored during the design. The input specifications also include
building codes and regulations, electrical codes and regulations, regulatory
agency specifications, site meteorological constraints, installation and
operational labor constraints, site shading constraints, site geographic or
geological constraints, site thermal constraints, site soil constraints, and site
seismic constraints, as well as financial and economic constraints. Extensive
databases exist to provide these input specifications, but also to interact with

any module, step, or process that involves computations or optimizations.
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The array engineering design system generates an optimized solar array
design constrained using input specifications and design variables and
customized to the goals of the solar power system owner. The system can
thus prevent the generation of a design that requires tools, processes, and
materials other than the predefined set of tools, processes, and materials;
and, an automated specifications generator having an input for receiving said
optimized solar array engineering design and producing output specifications,
reports, drawings, calculations and manuals needed to manufacture, to apply

for permit, and to install said optimized solar array.

The following objective functions comprise those used in the disclosed
embodiments of the present application: maximum internal rate of return,
minimum payback period for investment, minimum nominal levelized cost of
electricity, minimum real levelized cost of electricity, minimum total capital
cost, maximum internal rate of return given a specific maximum capital cost,
maximum internal rate of return given a specific maximum site areal
coverage, minimum DC wiring volume (length divided by gauge), total cost of
electrical components, total cost of operations and maintenance, total cost of
the installation of the electrical components, total cost of structural
components, total cost of site preparation, total cost of the installation of
structural components, maximum internal rate of return given solar power time
of use factors, payback period, net present value of system, and max power
density collected. A multi-objective function can be defined by a summation
of other objective functions (or other mathematical combination thereof) and a
weighting scheme can also be introduced such that certain objective functions
are given greater importance that others. An automated decision maker is
able to select preferred Pareto solutions based on various criteria, including a
pre-determined weighting scheme.

The output specifications provide detailed information regarding one or more
types and numbers of solar panels, one of more types and numbers of
structural components, one or more types and numbers of inverters,

switchgear, grounding equipment, one or more types of wiring, wiring layouts,



10

15

20

25

30

WO 2015/175923 11 PCT/US2015/031056

one or more DC-DC optimizers, one or more max-power-point trackers, one
or more transformers, one or more energy storage devices, and one or more
power management systems, combiner boxes, bill-of-materials for solar array,
costs of individual structural components, costs of individual electrical
components, special coating requirements, wire and conduit schedules, single
line diagrams, labeling lists, CAD drawings and files, digital list of accurate
site positions, permit drawings, permit calculations, construction drawings,

civil diagrams, production drawings, and plant layout.

The one or more rules may include one or more of the following
characteristics: a limitation imposed by the longitude/latitude of the site;
limitations imposed by the size, terrain, and geometry of the site; a limitation
imposed by the type of PV module to be used; a limitation imposed by the
amount of grid electrical power; a limitation imposed by the available funding;
a limitation imposed by the seismicity of the site; a limitation imposed by the
meteorological conditions found at the site; a limitation imposed by the
amount of electrical energy to be produced; a limitation imposed by the costs
of finance; a limitation imposed by the soil and bedrock of the site; a limitation
on the maximum losses due to electrical components; a limitation imposed by
the use of maximum power point tracking electronics; limitations imposed by
local safety agency regulations and specifications such as building codes, and
electrical code specifications.

The optimization process is often an iterative one, as the design of one area
might affect the design of another, and thus repeated computations are
commonplace until a convergence occurs. The systems and methods
presented herein can also be performed by a sequence of optimizations, in
which each step in said sequence comprises optimizing one or more objective
functions, a set of input specifications comprising numerical constraints, one
or more rules, and a set of design variables; a design is optimized based upon
these objective functions, and one or more of the generated output
specifications are then used in a subsequent optimization thus improving the
design moreso. Thus an optimal design is arrived at by executing each step
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of sequence of optimizations, evaluating the results of each optimization of
each sequence, adding one or more constraints generated from results of an
earlier step of said sequence to the set of constraints of a next step in said
sequence; and, generating a set of output specifications based on the results
of the last step in said sequence.

In another aspect of the present application, a decision maker is introduced
into the evaluation of the results of the computations and/or optimizations that
can direct the systems and processes to the next step. The decision maker
can be an automated system or a human agent. One mechanism for

automation is by defining a weighting vector determined by a decision maker.

In another aspect of the present application, a method is disclosed of
identifying a set of designs compliant with one or more constraints within a
constraint set defined by input specifications, providing an objective space of
at least one objective and a space of design variables, examining a plurality of
designs that comply with at least one constraint of said at least one objective,
identifying according to said examination, a set of designs from said plurality
of designs that have corresponding design variables, in said design variable
space, that are within a range of selected extrema within said design variable
space and which are members of the Pareto solution set; and, displaying,
storing, or further processing said set of designs. A virtual space can be
defined within this context that represents the site and the terrain of the power
plant. A plant layout feature is also defined in which a user can place
components at locations within the virtual space. One or more of the design

variables can also be civil design variables.

The virtual design space can provide component icons representative of said
complement of components; and, allowing said user to move said icons in
said virtual space to define said component locations. There can be an
automatic arranging of the location of the component and automated adjusting
said virtual space to fit said arrangement of said component locations. The
adjustments can be implemented using the optimization techniques outlined

hereinabove.
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In another aspect of the present application, the detailed system design
including civil, mechanical and electrical design of the solar PV power plant
can be achieved with one or more goals in mind. Possible methods can
include minimizing the total cost and maximizing the overall rate of return,
based upon the selected input specifications, selecting a set of design
variables, and selecting a set of design variables comprising one or more of
the following components: types and numbers of photovoltaic module,
numbers and types of structural components, types and numbers of inverters,
types and amounts of wiring, the numbers and types of inverters, the numbers
and types of transformers, the numbers and types of power management
systems, and the numbers and types of energy storage devices. With these
input specifications, and optimizations, a Pareto set of detailed solar system
designs can be obtained and the output specifications generated.

In another aspect of the present application, an electrical design of the solar
PV power plant can be achieved with one or more goals in mind. Possible
methods can include minimizing the cost of the electrical design and
maximizing the overall rate of return, based upon the selected input
specifications, selecting a set of design variables, and selecting a set of
design variables comprising one or more of the following electrical
components: types and amounts of DC wiring, types and numbers of
photovoltaic modules, types and amounts of AC wiring, the numbers and
types of inverters, the numbers and types of transformers, the numbers and
types of power management systems, the numbers and types of DC-DC
optimizers, types and numbers of maximum power-point trackers, the
numbers and types of combiner boxes, warranties for electrical components,
and the numbers and types of energy storage devices. With these input
specifications, and optimizations, a Pareto set of electrical designs can be

obtained and the output specifications generated.

In another aspect of the present application, the mechanical and structural
design of the solar PV power plant can be achieved with one or more goals in
mind. Possible methods would include minimizing the cost of the structural
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design and maximizing the financial return of the project, based upon the
selected input specifications, selecting a set of design variables, and selecting
a set of design variables comprising one or more of the following structural
components. With these input specifications, and optimizations, a Pareto set
of structural designs can be obtained and the output specifications generated.

As part of the cost estimate aspects, site imagery (e.g., satellite) can be used
to estimate the amount of effort to prepare a particular site for receiving a
solar PV power plant. This involves estimating the amount of earth to be
moved from DTM data, the amount of vegetation that needs to be removed,
by the use of segmentation (to isolate the site and any areas within that site
for identification based on its closed nature, entropy, and energy. Metrics all
derived from analyses of multi-color imagery of the site location. The 3D
profile of the terrain (DTM, digital terrain model) of the site is important for two
reasons. First, the amount of earth that needs to be moved or graded to
facilitate a more appropriate area for the placement of the power plant. An
estimate can be derived as to the amount, just from modeling with a low-order
3D surface (the desired shape of the terrain of the site), and deriving a
statistic (e.g., variance) between the actual 3D profile and the low-order model
which would correlate with the amount of earth to be moved or the amount of
effort to prepare the site. Thus a contribution to the overall project cost of site
preparation will be derived assuming local rates for time, equipment, and

labor or site reshaping/preparation.

In addition to altering the 3D profile of a site for a power plant, another
estimate that enters into the overall cost estimate is the amount of vegetation,
such as trees and shrubbery, which needs to be removed in advance for the
site preparation. This can be estimated from one or more images of the site
in differing wavelengths. The length of a shadow cast by an object, a tree for
example, estimates its size and/or height above the ground. The images can
be digitally processed by known image processing techniques, such as
segmentation, and measurable quantities such as energy and entropy, to

produce one or more metrics that correlate with the amount of work to be
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performed to prepare the site. An area within a site can be identified first by
segmentation and then identified as a pond by being a closed structure and
also using the values of energy and entropy within that area as compared to

areas external to it.

Other aspects, objects, systems, processes, and features disclosed in the
present application will become apparent when viewed in light of the detailed
description and preferred embodiments when taken in conjunction with the

attached drawings and claims.

Embodiments may be implemented in hardware and/or in software (including
firmware, resident software, micro-code, etc.) Furthermore, example
embodiments may take the form of a computer program product on a
computer-usable or computer-readable storage medium having computer-
usable or computer-readable program code embedded in the medium for use
by or in connection with an instruction execution system. In the context of this
application, a computer-usable or computer-readable medium may be any
medium that can contain, store, communicate, propagate, or transport the
program for use by or in connection with the instruction execution mechanism,

apparatus, system, or device.

Computer program code for carrying out operations of data processing
systems presented herein may be written in a high-level programming
language such as Java, AJAX, C, and/or C++, for development convenience.
In addition, computer program code for executing operations of example
embodiments may also be written in other programming languages such as,

but not limited to, interpreted languages.

BRIEF DESCRIPTIONS OF THE DRAWINGS

FIG. 1 is a perspective depiction of a solar photovoltaic array or power plant.
The support structure upholding the panels of PV modules is based on a
concrete ballasted Z-rack.

FIG. 2 shows an example of user interface for the optimization process for
design of a solar PV power plant.
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FIG. 3(A) is a flowchart showing an embodiment of a method of optimizing a
set of design variables constrained by input specifications to produce a set of
output specifications for an optimized solar PV power plant. FIG. 3(B) is a
basic method for the optimization of a PV power plant design given various
inputs, site conditions and other constraints, and Figures-of-merit.

FIG. 4(A) is a flowchart of an alternative embodiment of a method of
optimizing a set of design variables constrained by input specifications to
produce a set of output specifications for an optimized solar PV power plant.
FIG. 4(B) is an alternative version the approach of FIG. 4(A), in which a
human agent can be involved in the decision making for the final design.

FIG. 5 is a flowchart of an alternative embodiment of a method of continuous
optimizing of a set of inter-related design variables constrained by input
specifications to produce a set of output specifications for an optimized solar
PV power plant.

FIG. 6 depicts four possible forms of reporting results from the systems and
methods presented herein. FIG. 6(A) is the predicted annual cash flow (in
USD) over the lifetime of a design of a solar PV power plant. FIG. 6(B) shows
a typical predicted monthly production of energy (in MWhr) for a given year.
FIG. 6(C) is a chart showing the predicted monthly revenues (in thousands of
USD) generated by a power plant for a one year period. FIG. 6(D) shows the
predicted total annual output (in GWhr) for a PV power plant over the lifetime
of said power plant.

FIG. 7 is an exemplar of a bill-of-materials for a solar power plant.

FIG. 8 shows six different types of tracking modes with the rotational
directions indicated, if applicable. FIG 8(A) is fixed or static system. FIG. 8(B)
is a fixed or static system that can be adjusted in tilt to accommodate
seasonal solar declinations. FIG. 8(C) is a vertical single-axis tracker (VSAT).
FIG 8(D) is a horizontal single-axis tracker (HSAT). FIG. 8(E) is an equatorial
or polar single axis tracker. FIG. 8(F) is a two-axis tracker.

FIG. 9 depicts two ballasted PV panels. FIG. 9(A) shows a PV panel (plurality
of PV module) supported by two rails which are in turn supported by two

ballasted Z-racks: the right one providing more lateral stability than the left
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one. FIG. 9(B) is a four-pole system the lower ends of which are embedded
in the ballast.

FIG. 10 shows four possibilities for pile-driven support systems. FIG. 10(A) is
a four-post pile driven support. FIG. 10(B) is a two-pile driven support with a
variation of the upper support, which holds the modules. FIG. 10(C) is
another variation of a two-pile driven support system with an alternative panel
support design. FIG. 10(D) is an HSAT variation of FIG. 10(B).

FIG. 11 is an elevation side view of a ballasted Z-rack design with the various
design parameters indicated.

FIG. 12 is a perspective view of bi-pod variation of the Z-rack support system.
This design provides greater lateral stability should it be recommended by the
optimization systems or processes.

FIG. 13(A) is a plot of the moment on an EW horizontal tubular rail carrying
the modules vs horizontal distance from the edge. The abscissa is measured
in inches, while the ordinate axis is measured in pound-inches. FIG. 13(B) is a
plot of the physical deflection of the rail vs. horizontal distance from the edge.
Both abscissa and ordinate axis are measured in inches.

FIG. 14 shows design variations on configurable ballasts. FIG. 14(A) is a
ballast form appropriate for the ballast of the support system shown in FIG.
9(B). The ballast form size is scalable. FIG. 14(B) is an alternative ballast
form, also applicable to the support system of FIG. 9(B). In this case the
sides are made of plywood or other cheap materials. FIG. 14(C) is an
exploded view of another configurable ballast form, one which is created by
the joining together of two identical forms. The length of the form is
adjustable (thus the weight and the ground footprint of the ballast) depending
upon the recommendation of the optimization systems or processes. FIG.
14(D) depicts the two forms of FIG. 14(C) joined together to make a ballast
form.

FIG. 15 shows the implementation of the ballast form of FIG. 14(A) in a
ballasted support system.
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FIG. 16 depicts an exemplar of an armature or yoke which supports one or
more PV modules. The armature possesses gearing, journals, and motors to
implement 2D tracking of the sun during the year.

FIG. 17 shows an exemplar of an optimized electrical design for three rows
(partial views) of PV panels with string, inverter, and combiner boxes
indicated.

FIG. 18 is a shading graph that indicates the shading factor that one row of
PV panels suffers from an increase in height of the row immediately in front of
it.

FIG. 19 is an embodiment for the optimization of an electrical design of a PV
array when there is to be maximum energy collection with the available land.
FIG. 20 is an embodiment for the optimization of an electrical design of a PV
array when microinverters are to be used.

FIG. 21 is an embodiment for the optimization of an electrical design of a PV
array when string or central inverters are to be used.

FIG. 22 is an exemplar that depicts an input interface or GUI for specifying
financial input specifications and options.

FIG. 23 is an exemplar of a perspective diagram showing the IRR (in %), as a
function of both azimuth and tilt of a module or panel. The units are degrees.
FIG. 24 is an exemplar of a perspective diagram showing a relationship
between the cost per panel as a function of tilt and height for a certain set of
input parameters. This is one way to inspect the effectiveness of a given
design by visualization of varying design variables.

DETAILED DESCRIPTION

The present application describes embodiments to optimize the design of a
solar Photovoltaic (PV) power plant from the numerous ostensible
configurations. A schematic of what a solar PV power plant might look like is
shown in FIG. 1, where PV modules are assembled into PV panels and
supported by rows of structures that are, in this depiction, ballasted by above-
ground concrete blocks.
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The embodiments presented herein comprise automated and semi-automated
custom power plant design systems and methods to design a solar power
plant that satisfies one or more optimization goals based upon a large
collection of input specifications and other constraints such as rules based, at
the least, on structural, electrical, topographical, meteorological, and seismic
limitations. Optimizations are typically iterative.

One or more figures-of-merit are defined to guide the overall design. The end-
products of this transformation are a set of tangible output specifications for
the optimal power plant design that satisfy the input specifications,
comprising, at least, numerical constraints and one or more rules or
limitations. These output specifications can then be directly used to assess
feasibility of development, apply for local, state or federal permits,

manufacture, assemble, and install the power plant.

In another aspect of the present application, an automated output
specifications generator is disclosed which takes the input specifications (or a
subset thereof) and one or more design variables of an optimized design and
produces all the desired drawings, specifications, and procedures for
implementing (i.e., at least one of the following: manufacturing, assembling,

and installing) the solar power plant.

An alternative to producing output specifications of a design is to produce a
feasibility study. This can be achieved by generating and presenting several
possible and alternative optimized designs. These can be generated based
upon minimal information, such as site location and size of a solar power
plant. The systems and methods of the present application are able to
produce preliminary designs based upon different standard sets of input
specifications. One example of a set of feasibility studies might involve
maximizing the IRR, maximizing the total energy production, minimizing
preliminary total cost of the project, minimizing LCOE, etc. for each of the
three tracking modes (static, 1D, and 2D) at a given site.

In optimizations, a figure-of-merit is mathematically represented by an
objective function containing a designated set of variables that will be
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optimized to find the best overall solution or solutions. The optimization
problem may have only one objective function (OF; or cost function or figure-
of-merit; known as a single-objective optimization problem), or it may have
multiple and (possibly) conflicting objective functions (known as multi-
objective optimization problem). A mathematical combination of objective
functions can be a weighted sum or a convolution. These approaches and
others are used in the present application to achieve an optimum solution (or
solutions, should they exist) for the design, manufacture, and implementation
of a solar PV power plant.

Figures-of-merit can include internal rate-of-return (IRR), a payback period for
investment, a cost-to-benefit metric, a cost-to-benefit-to-risk-factor metric,
amount of collecting area, levelized cost of electricity (LCOE), amount of
electricity produced in a given time period, a statistic as to the amount of solar
energy collected (mean, median, mode) over a period of time, the profit of the
investment over time or at the end of a particular period of time, volume or
cost of wiring used, mass or cost of structural materials, maximum amount of
solar energy collected given a usable land area constraint, or a maximum
output during the greatest load on a grid. Individual figures-of-merit may be
weighted or unweighted, according to the need of the user. The APPENDIX
lists some of the possible components and terms that can be used to define
any figure-of-merit to the design of a solar PV power plant, as well as
mathematical definitions of specific ones such as IRR and LCOE.

A subset of the information (design variables) used to optimize these
aforementioned one or more figure(s)-of-merit include selection of a PV
module (including flat, flexible, and bifacial), curvature of a flexible PV module
(if applicable), type of tracking, type of foundational support, characteristics of
the support system (including module tilt, height, azimuth, bank, row spacing)
and layout at the module, panel, row, and site level. Also included is the
electrical layout feature or system and the components that comprise said
electrical layout. The electrical layout feature or process identifies the location
where these electrical components are to be placed and their
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interconnections. The electrical layout feature has internal optimization
systems and processes. These components comprise various PV modules,
various types of DC wiring, various types of AC wiring, various types of
inverters, various types of transformers, various types of energy storage units
(such as batteries, inductors, fuel cells, and capacitors), switchgear, power

management systems, as well as various types of combiner boxes.

The trade-offs between various input specifications, with numerical constraints
and rules, and the design variables are far from being obvious given the
excessive complexity and decidedly non-orthogonality of the many possible
inputs involving the overall problem. The embodiments of the present
application address a long-sought need, which will improve not only efficiency
of the plant as an energy collector (thus improving the financials), but the
efficiency of the installation of said solar plant as well.

Generalized multi-objective optimization problem

The multi-objective optimization problem is often stated as: min F(x) = (f1(x),
fo(x), ..., fi(x))T, where x = (x1, X2, ..., Xa)', is the design vector, fi(x), f(x), ...,
fk(x) are the k objective functions or objective vector, (x4, X2, ..., X,) are the n
optimization (design) variables, and min represents the minimum. This
determination is subject to various constraints: gj(x;) < 0, h«(xi) = 0, and
limitations or bounds: x; (L) < x; < x;(U), where the indices arej=1,2, ..., J; k
=1,2,...,K i=1,2, .., N Inequality constraints are given by g{x;) and can
be greater than a certain value, less than, or limited by upper and lower limits.
Equality constraints are given by hi(x;). These constraints represent some
functional relationships amongst the design variables and other design
parameters (input specifications such as numerical constraints and one or
more rules or limitations) which satisfy certain physical phenomena and
certain resource limitations. Although the optimization defined above is
minimization, the other extremum, maximization, is just the negation of
minimization. The space in which the objective vector belongs is the objective
space, and the image of the feasible set under F(x) is the design space or
design variable space. All of these spaces can be represented in a virtual
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computer environment.

One way to define a multi-objective function is by way of summation: F(x) =

M . A:f;(x), for M single objective functions, where is 4; a weighting function
or constant, which is normally, but not necessarily universally, assigned via
user interaction. This approach is one of the possibilities that can be used in
the present application. The components of a weight vector will be the

individual weights A;.

A multi-objective optimization task results in a set of optimal solutions, known
as Pareto-optimal solutions each portraying a trade-off between the various
objectives. There exists a plethora of classical and evolutionary approaches
to arrive at a number of such Pareto-optimal solutions iteratively and reliably
(Deb et al. 2001; Coello et al. 2002). These solutions satisfy certain

conditions involving gradients of objective and constraint functions.

The space formed by the objective vectors of Pareto optimal solutions (also
known as non-dominated or efficient) is known as the Pareto optimal frontier.
Any final design solution should be a member of the Pareto optimal set. If the
solution is so chosen, then there would not exist any solutions that are better
in all attributes. Without additional subjective input, all Pareto optimal
solutions are considered equally good. A solution to an optimization that is
not expressly a Pareto solution is likely to have been identified by a local

extremum, and not a global one.

Optimization methods can be divided into derivative (e.g, gradient) and non-
derivative methods (e.g., evolutionary or genetic). It is preferable, but not
mandatory, in the present application, to use non-derivative methods, as they
are more suitable for general engineering design problems. However, these
systems and methods disclosed in the present application are not limited to
one approach over another. One reason is that non-derivative methods do
not require any derivatives of the objective function in order to calculate the
optimum. Another advantage of these methods is that they are more likely to
find a global optimum, and not be stuck on local optima as gradient methods

often do.
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In the case of gradient-based methods, one or more of the following are
applicable to the problems posed in the present application: simplex, SLP,
SQP, exterior penalty, interior penalty, generalized reduced gradient, method
of feasible directions, gradient descent, conjugate gradient, and mixed integer
programming (Polak 1997).

For a general design problem, it is hard sometimes to express objective
functions in terms of the design variables directly. A variety of computer-
aided engineering tools are available today, which allow the designer to
estimate the performance of the design in an early stage of the design
process. Such design tools might include CAD packages (e.g., Solidworks,
Pro/E), FEA software, CFD solvers, self-write simulation codes, commercial
multi-purpose modeling and simulation packages such as Matlab, spread
sheet programs such as Microsoft Excel, and many more. The objective
function can also be composed of a mixture of numerical simulations,
analytical calculations as well as selections from databases among other
things.

There are also other techniques to conduct engineering optimization, for
instance neural network optimization and response surface approximations,
as well as Taguchi methods and other statistical methods. It will be readily
recognized by the ordinary person skilled in the art, that there are many
mechanisms by which optimizations can be achieved.

The most preferred methods of the present application are those of genetic
algorithms (GAs) and the closely related evolutionary strategies which are a
class of non-gradient methods that has grown in popularity and are used
extensively in engineering applications (see, e.g., Goldberg 1989). The next
most preferred methods are those of gradient or derivative approaches.

Multi-objective optimization algorithms, especially those based on
evolutionary principles, have seen wide acceptability as, for most engineering
problems, a quick computation of approximate solutions is often desirable.
Evolutionary algorithms (EAs) are adaptive search techniques inspired by

nature and their working principle is based on Darwin’s theory of survival-of-
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the-fittest. The adaptive nature of EAs can be exploited to design optimization
algorithms by designing suitable variation operators and an appropriate

fithess function.

A GA works with a population (a set of solutions) instead of a single solution
(individual). This property of a GA makes it an ideal candidate for solving
multi-objective optimization problems where the outcome (in most cases) is a
set of solutions, rather than a single solution. The population approach of a
GA also makes it resilient to premature convergence, thereby making it a
powerful tool for handling highly nonlinear and multi-modal functions. The
following genetic algorithms provide a good set of complimentary approaches
to solve multi-objective problems such as the ones addressed in the present

application. These are the preferred algorithms in the present application.

Non-dominated Sorting Algorithm (NSGA-II) (Deb et al. 2002): In the elitist
Non-dominated Sorting Genetic Algorithm (NSGA-II), each objective
parameter is treated separately. The algorithm is simple and efficacious.
Standard genetic operation of mutation and crossover are performed on the
designs. This algorithm begins its search with a random population of
solutions and iteratively progresses toward the Pareto-optimal front so that at
the end of a simulation run, multiple trade-off optimal solutions are obtained
simultaneously. Thus a Pareto set is constructed where each of its designs
has the "best" combination of objective values and improving one objective is
impossible without sacrificing one or more of the other objectives. NSGA-Il is
widely used and has become a de facto standard against which the
performance of other algorithms is compared. NSGA-II solutions are normally
clustered so that a few well-distributed solutions can be readily identified.
One way of verifying these clustered solutions is to perform a single-objective
optimization procedure (e.g., a genetic one will suffice) independently on each

objective function subjected to constraints.

Other possible applicable algorithms include: Neighborhood Cultivation
Genetic Algorithm (NCGA) (Watanabe et al. 2002) and Archive-based Micro-
Genetic Algorithm (AMGA) (Tiwari et al. 2008).
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A first derivative of an objective function can aid in identifying points that might
be extrema. However, this alone cannot distinguish a point that is a minimum
from one that is a maximum or one that is neither. When the objective function
is twice differentiable, which it is in the current situation, these cases can be
distinguished by checking the matrix of second derivatives of the objective
function and the bordered Hessian. The conditions that distinguish maxima, or
minima, from other stationary points are the second-order conditions. If a
candidate solution satisfies the first-order conditions, then satisfaction of the
second-order conditions as well is sufficient to establish at least local

optimality.

Pareto Solutions Set

The advantage of using evolutionary computational approach is that it can
leave the decision makers (DM) with the difficult task in selecting only one
alternative to be implemented from a, perhaps unmanageable, set of Pareto

(non-dominated) solutions.

Oftentimes a subset of the set of solutions will have similar characteristics and
just be minor variations of each other. Occasionally, however, distinct
solutions can exist and it is up to the decision maker (DM) to choose a
preferred one. While a human DM inspecting the various solutions is a
default approach, automated methods and systems are possible so that a
preferred solution is presented to the user (or DM) without undue

machinations.

As previously indicated, a multi-objective function may be a weighted
summation of selected single-objective functions that have been selected by
the user to define the multi-objective function. The problem can be posed
mathematically by defining a multi-objective function as a vector where the
components of said multi-objective are the single-objective functions. A
weight vector can also be defined, of similar dimension. A sensible approach
would be to give high weights to requirements that have a high impact on the
design and low weight to those that have low impact on the design.
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One method to create an automatic DM involves a user learning about the
sensitivity or significance of weights in Pareto solutions and implementing
these pre-determined weight constraints in an automatic fashion. There is not
an a priori correspondence between a weight vector and a solution vector. It is
up to the DM to choose appropriate weights, noting that weighting coefficients
do not necessarily correspond to the relative importance of the objective
functions. While the DM will not know in advance which weight vectors are
the appropriate to identify a satisfactory solution, the relative importance of
the weight vectors can be obtained by detailed inspection from many trial runs
with different weight vectors. Thus experience can be gained over time as to
which weight vectors are to be used in deciding which one of the Pareto
solutions is the preferred one. With this a priori knowledge, an automatic
system can then select those solutions that possess weight vectors that are
within certain pre-defined limits.

There are other alternative methods by which at the end of a multi-objective
optimization, the DM can use to select the preferred solutions from the Pareto
set. For this reason, there are a variety of decision making support tools that
have been developed to aid the DM in selecting the preferred solutions, and in

an automatic way.

There are different approaches for introducing DM preferences in the
optimization process, like the ones presented by Rachmawati and Srinivasan
(2006), and Coello (2000); a common classification is based on when the DM

is consulted: a priori, a posteriori, or interactively during the search.

The a priori method considered is the Guided Multi-Objective Genetic
Algorithm (GMOGA) (Zio et al. 2009), in which the DM preferences are
implemented in a genetic algorithm to bias the search of the Pareto optimal
solutions. The first a posteriori method considered has been introduced (Zio &
Bazzo 2011) and uses subtractive clustering to group the Pareto solutions in
homogeneous families; the selection of the most representative solution within
each cluster is performed by the analysis of Level Diagrams (Blasco et al.
2008) or by fuzzy preference assignment (Zio & Bazzo 2009), depending on
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the decision situation, i.e., depending on the presence or not of defined DM
preferences on the objectives.

Another procedure is a two-step procedure which exploits a Self Organizing
Map (SOM) (Fausett 1994) and Data Envelopment Analysis (DEA) (Cooper et
al. 2000) to first cluster the Pareto solutions and then remove the least
efficient ones. The a posteriori procedure of analysis is applied to the Pareto
set obtained by a standard Multi-objective Genetic Algorithm (Busacca et al.
2001).

While the shape of the Pareto front (set of all Pareto solutions) gives
information about possible tradeoffs among the conflicting objectives, it gives
no information about the composition of the individual solutions in the
generated set. Such information could be identified by looking at the details of
each individual solution, but this approach is tedious and no support is
provided to help decision makers identify relations between the different
solutions. ldentifying such relations may be important for decision making. An
important example is the case where the Pareto solutions are close to each
other in terms of cost and value but very different from each other in terms of

selected requirements.

Alternative approaches measure the sensitivity of optimal solutions with
respect to variations in the design variables — e.g. the cost and value of
individual requirements — or analyzing the robustness of the solutions with
respect to the non-determinism of the genetic algorithm search (see, e.g., Gay
et al. 2010). Sensitivity and robustness analysis are concerned with
understanding how the set of optimal solutions could change due to
uncertainties in the design variables or caused by the genetic algorithm.

Another approach that does not require additional input from DM’s is to use
one of the objection functions, such as cost or IRR, as a measure of the
importance of a requirement on the design. A clustering algorithm is one that
groups together solutions that have a lot of ‘cost’ in common. This is the
approach normally taken in clustering algorithms. Clusters can be separated

by traditional approaches, such as k-means, or a hierarchical one as it allows
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an adjustment of the level of granularity of the clusters and does not require
that the number of clusters to be specified in advance. A distance can be
defined (e.g., Jaccard, or Euclidean, or Mahalanobis) and the clustering
technique can rely on a ‘cost’-weighted distance function as an appropriate

technique to group solutions for requirements selection.

The idea of clustering solutions in a Pareto optimal set is not new (e.g. Morse
1980; Rosenman & Gero 1985; Mattson et al. 2004). The approach taken by
some techniques is to cluster solutions according to how close they are in
terms of objective attainment (which is useful to help understanding solutions
when the number of objective is larger than 3). An alternative approach, in
contrast, is to cluster solutions according to how close they are in terms of
design decisions. This latter approach is helpful in understanding optimal
solutions in industrial design problems (Aittokoski et al. 2009). The design
decisions in such problems consist in selecting optimal values for a small

number of continuous variables.
Input Specifications

Input specifications to the power plant design system or procedure include, at
a minimum, the items listed in TABLE 1. Moreover, there are additional
constraints, limitations, or conditions (collectively known herein as rules)
imposed by structural and electrical codes, availability of materials,
manufacturing constraints, manufacturing tools, processes, and materials,
and site-related conditions such as topographical, meteorological, and

seismical.

The initial entries into the optimization process would be, at the least, the
longitude and latitude along with the site geometry or at least the physical site
size. Default values can be used for any of the input specifications. Entire
default configurations can also be defined, at least initially. A sequence of
analyses can occur by varying the major options, such as the tracking mode
(0, 1, or 2) to at least gain an awareness of what might be possible. Choosing
initial values for the numerical constraints requires some experience with PV

solar arrays.
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There are various types of inputs, such as numerical constraints, all of which
are selected from the total set of available inputs, lookup tables, process
controls, databases, or options. Moreover, numerical constraints can be fixed
real or integer values. Boolean variables are also present as is the use of
Boolean logic to control information and processing. Ranges can be defined
for a numerical constraint (meaning upper and lower limits). For example, 'tilt'
can be specified to be within a range of, say, 10 to 40 degrees; or possible

inverters would have to satisfy both a minimum and maximum voltage rating.

The optimization process will adjust the designated design variables in order
to determine the optimum solution or a set of solutions (Pareto optimal) within
the constraints imposed upon the optimizer or the optimization process by the

input specifications.

Another type of input to the power plant design system or procedure are
process controls, such as the number of iterations, the type of optimization
algorithm, the identification of Pareto solutions and the subsequent clustering
analyses thereof, the amount of detail of the results to be presented or stored,
and the number of optimized solutions (Pareto) to presented.

Another type of input are the definitions of the one or more figures-of-merit
(FoM) to form the objective function (OF). Physical constants are also part of
the input information fed to the power plant design system or procedure. An
objective function is called primary if it is related to an overall or large-scale
goal of the system or method. In other words, a primary objective function is
one influenced by a number of unrelated design variables, such as the options
of foundation support and the options of inverter. Another example would be
an objective function correlated to the ground coverage ratio, which is
dependent upon the specific design of the array.

A secondary objective function is one in which a specific item (e.g., volume of
DC wiring; specific structural optimization) is, or a group of components or
items that are related (e.g., electrical components; power management), are
design variables to achieve specific optimizations within the overall

optimization system or process.
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The APPENDIX covers in part the canonical equations used to estimate the
value of a solar PV power plant. Several of the most important objective
functions that can drive the overall design of a solar power plant are 1)
maximum internal rate of return (IRR) for the lifetime of the project; 2) the
minimum payback time for investment; 3) the minimum of the nominal
levelized cost of electricity (LCOE); 4) the minimum total capital invested; 5)
the maximum IRR in combination with a maximum capital cost; 6) the
maximum IRR given with a specified maximum area; and, 7) the minimum
total capital cost with a maximum annual kilowatt-hour delivered to the grid.
All of these figures-of-merit are mathematically definable, thus capable of
being optimized. Other equations relevant to understanding the basics of the

design of a power plant are also presented.

The equations for the first three aforementioned principal objective functions
are (where the various components and terms are defined in the APPENDIX):

(1)  The IRR is equal to r, which is obtained by solving this equation:

CF(n) + TAX(n)
a1+ r )

Bl = EQUITY mestea = ) |

n=1

(2)  The payback time = tpzis obtained by solving this equation for

trs.

tpB

j CF(t)dt = EI

o
where El is defined as in (1).

(3) LCOE:

LCOE,,, = 22  \here

nom

Z E(t)
thom = 2 G !
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_ El+ YL [INT(t) + OM(t) + LL(t) + I(t) + TAX(t) + REPAY(1)]

e (1 +dpom)®

Given the complexity of the overall procedure and the large number of
parameters or variables, another embodiment of the present application is to
simplify and facilitate the entering of information via a graphical user interface
(GUI) or by defining an input file or database that contains all of the required
input information or specifications and rules. In either case, the various inputs
controlled by the user become displayable and alterable in a straightforward
manner. FIG. 2 presents an exemplar of a possible input format for the user
to enter the initial conditions, and some of the inputs and controls for the
optimization. The various self-explanatory input specifications are
appropriately labelled within FIG. 2. These entries would be readily obvious

to any solar project owner, manager, or engineer.

Additional parameters, variables, options, or constants may be added, edited,
saved, or deleted so that they can be automatically added to the optimization.
If only a figure-of-merit is desired, e.g., IRR, then a default set of input

specifications plus site specifics would suffice to produce one or more designs
(Pareto solutions) to provide further guidance in designing the solar PV power

plant.

TABLE 1

Section Parameters and Variables

PV Modules Costs, efficiency as a function of wavelength

Number of cells, max power output

Manufacturer

Physical size: dimensions and weight

Cell construction (crystalline Si or polycryst. Si, etc)

Open Circuit Voltage, Short-circuit |

Diodes: bypass, blocking

Smart modules and their specifications

Max power point tracking (software and hardware)

Internal microinverter
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Bifacial

Flexible, curvature for maximum power

Electrical (non-PV)

Grid Requirements

Transformers, costs, loads, warranty, efficiency

DC wiring Specs: Gauge, insulation, costs; resistance losses

AC wiring Specs: Gauge, insulation, costs; resistance losses

Combiner boxes, costs, warranty

Type of inverter: microinverter or central inverter

Numbers and specifications of inverters chosen

Microinverters, costs, number, warranty, efficiency

Central Inverters, costs, number, warranty, efficiency

Over-design factor for each electrical component

Power management electronics, costs, warranty

Energy storage, batteries, capacitors, inductors, loads, charging
times; costs, warranties

Derating factor for each electrical component

Local electrical codes

Location

Latitude and longitude

Local regulatory codes

Terrain

Basal and subsoil conditions

Depth of bedrock

Land clearing/preparation costs

Location (cont.)

Delineation of boundaries

Shadowing from terrain or vegetation

Mechanical

Tracking mode: 0, 1, or 2

Tracking mode 0 (static): pile, ballasted (subsurface or surface),
four-posted, screw-driven, Z-rack

Tracking mode 1: horizontal, vertical, equatorial
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Tracking mode 2: alt-az or other mount

Tracking modes 1 or 2: Armature, gearing, material, coatings,
motors, bearings, journals, axes, lubrication

Module/panel: height, azimuth, bank, tilt, other geometric
parameters

Codes for rooftop installations

Codes for carport installations

Codes for utility installations

Over-design factor for each component

Structural materials

Coatings/anodizations of structural materials (above and/or below
grade)

Seismic loading, lateral and vertical, min and max

Wind buffeting

Snow and wind loadings

Goals

IRR

LCOE

Total collector area

Solar energy load

Amount of energy harvested

Total Capital Cost

Payback period for Investment

Other terms and components are given in the APPENDIX

Layout

Row spacing

Shading

Access Roads

Drainage channels

Electrical conduit trenches

Height / Clearance

Tools

Predetermined set of tools, processes, and materials only to be
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considered in the manufacturing and installation of the solar PV
power plant

Databases

The databases are a fundamental part of the disclosed system and process
embodiments given the large number of input specifications and the large
number of potential solutions. For example, one database consists of a list of
the available PV modules and their operating characteristics. The database
for the modules includes information necessary to simulate their performance
over time given different solar irradiance values as well as information
required to incorporate those modules into a solar array, comprising, at the
least dimensions and approximate cost. Data for the derivation of
performance includes, but is not limited to: unit price as a function of size of
array, width, length, weight, number of cells, open-circuit voltage, short-circuit
current, maximum power current, temperature, and voltage at reference

conditions.

In addition to PV modules database, other databases contain specific
information about every aspect of power plant design. Just to name a few,
these aspects include types of racks, types of trackers, costs of wiring, types
or wiring, types and costs of inverters, yield strengths of metals, costs of
metal, costs of coating metal, costs of cutting metal, costs related to various
foundational supports, regional labor costs based on either prevailing or non-
prevailing wages, costs of site preparation, fencing and landscaping, perhaps
the price of power or TOD factors.

Another database is for the specific data regarding the inverter, and these
data are used to simulate the performance of the inverters over time given
input current from the strings as well as their approximate cost. The
performance parameters are taken directly from the Sandia inverter database
(Sandia National Laboratory) and include, but are not limited to: unit cost as a
function of size of array, maximum input voltage and current, maximum
power-point tracking voltage bounds, maximum possible AC power output,
and output AC voltage. The Sandia inverter database is obtainable from the
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National Renewable Energy Laboratory (NREL) System Advisor Model
(SAM).

Another database will contain the basic information of all materials used in the
manufacture of the structural components. At a minimum, the materials will
include steel tubing (square, circular, rectangular), C-channels, Z-channels, |-
beams, and the like (of various profiles and cross-sections, and various alloys
and various yield strengths), which could be used in the structural design.
Also, current prices for said materials as well as the costs for weatherizing
said materials are also contained in the appropriate database. If, for example,
the site is coastal, or nearly so, then the increased air salinity (i.e., marine
layer) would require a different coating than one located in a dry climate.
Thus options for coatings would form another database or at least specified

as an input.
Design Optimization

In embodiments, depicted in FIG. 3(A or B), optimization usually proceeds by
an iterative approach either automatically or with human intervention to
control the sequencing of subsequent refinement of optimizations and

revisions of inputs.

In this FIG. 3(A), the first step is to select a 1! set of input specifications
(301), design variables, options (such as FoM’s or OF’s), and one or more
databases (301b). This 1% set of input specifications could specify the
minimum information that will permit at least a rudimentary evaluation and
optimization (such as location and layout of the site). Additional constraints,
inputs, or iterations can be added as the overall solar power plant optimization
and evaluation progresses. With this input information, the optimization of the
specified figures-of-merit (objective functions) will provide the Pareto solutions
(302) constrained by the 1! set of input specifications and design variables.
Should a fault occur during execution of step 302, then termination (999) is
possible. Inspection of the results (303) either by the user or automatically by
a decision maker (DM) can permit the optimization process to continue to the
next level of refinement (305) with a 2™ or 3™, 4™ 5™ ., N" set of input
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specifications (304) or to proceed to termination (999). A report of the results
(designs, costs, values of the figures-of-merit, etc) is produced (306). If the
final results are accepted, either automatically by a DM or by direct inspection
(307) by a user, the power plant or output specifications are subsequently
generated (308). The systems and methods check to ensure that input
entries are within realistic ranges. Should the final results be rejected, the
options are to return to step 301 to begin anew, or to step 302 in which
another of the possible solutions identified earlier might be analyzed further

downstream.

The choice of initial values for the design input information (parameters,
variables, options, definitions; step 301 of FIG. 3(A)) can rely on large part on
default values (based on common usage), but with any project-specific or site-
specific information. For the global optimization procedure, new initial input
information (step 304 of FIG. 3(A) for the 2" and additional optional
optimizations) can be entered after the first run of the local optimization
process (Step 302 of FIG. 3(A)). Retained results of the first or subsequent
iterations can be used to feed the initial steps of subsequent iterations, as an

enhancement to this embodiment.

An additional embodiment for the optimization process is to perform internal
optimizations on certain input information (e.g., design variables of a support
structure or a component of the electrical design, ranges of parameters) in
order to optimize those inputs before continuing with the overall optimization.
In FIG. 3(A), this means that step 302 and/or the one or more iterations
represented by step 305, contain one or more internal optimizations (one or
more secondary objective functions). The design variables or input
specifications defined by ranges that are in these internal optimizations of
steps 302 and/or 305 can be manually selected or automatically selected by
some criteria, such as the value of the partial derivatives of the object function
(with respect to a selected independent variable) only associated with a
particular subset of variables and/or parameters that possess ranges.
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The power plant output specifications (308) include, but are not limited to:
plant layouts, production drawings, permit drawings, construction drawings,
specifications for all configurable mechanical components and their labeling,
single-line diagrams, wire schedules, civil diagrams, installation drawings,
interconnection diagrams, bills-of-material, and CAD/CAM files to control any
applicable CNC machine used to fabricate the either the electrical or
mechanical components (e.g., laser or plasma cutters).

Rules of the structural and electrical codes of the region in which the power
plant is to be built provide constraints early on in the optimization process so
that certain non-feasible optimizations are not produced. Other rules will be
based on seismic accelerations, likely wind loading/buffeting, environmental
conditions that dictate the type of metal coatings, and constraints imposed on
the structural design. In all of these cases, a selectable over-design factor is

one of the input specifications.

In an enhancement of the basic embodiment, either or both of the individual
steps 302 and 305 can contain multiple and possibly distinct optimizations on
one or more sets of inputs or subsets thereof. The optimizations in this case
could be nested, in parallel, in series, or their individual figures-of-merit could
be mathematically combined into a multi-objective function which is optimized.
In the case of nested optimizations, a secondary objective function can be
optimized in an inner nested procedure, whereupon completion of that
procedure, another optimization occurs using the one or more results that

were determined previously.

Beyond the initial criteria, other initial inputs to the design process could
include, but are not limited to, the value of the grid voltage, maximum usable
land area, desired AC: DC ratio (provided it exists), module type, rack or
tracker type, inverter type, the desired number of modules that belong in a

single string, and the number of strings that belong in a sub-array.

In another aspect of the present application, a basic method for achieving an
overall PV power plant design optimization is presented in FIG. 3(B). The
optimization of the design the PV plant involves selecting/customizing valid
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structural elements, selecting electrical wiring and components, laying out of
all components, estimating labor and other costs to install the plant,
estimating total life-time cost, and any activities necessary to reasonably
estimate the cost of the site or otherwise evaluate the figure or merit, taking
into account the site conditions and current set of parameters. Design
variables or other input specifications include any decisions or information that
is needed to influence the design, including for instance tilt, azimuth, module
selection, inverter selection, structural member selection, foundation
selecting, row spacing, height or clearance, and layout choices. The
optimization process ensures that these parameters are set in a way that
optimizes the figure of merit, using any available technique.

Other aspects for the architecture of the optimization process are presented in
FIGS. 4(A) and 4(B). In both of these there is a User Interface which allows a
user to control the specifics of the entire design optimization system or
process. The method of FIG. 4(A) will be first emphasized.

The options object (402) comprises at least two components: one involves the
input specifications comprising structures: parameters, design variables,
ranges, rules, other inputs, and constants. Being structures, the system or
process has the ability to access their fields readily. The options are used
throughout the system or process in design, simulation, and reporting. A
design needs only a few initial conditions. By combining these with several
inputs (e.g., location and area for the installation), environmental constraints
and financial inputs (e.g., tax incentives), an entire optimized design with
financials can then be constructed for the specific site. From this point
additional information or constraints can be added. These constraints could
also be introduced into the initial input information. After a first iteration,
additional iterations can occur. These iterations make more fine adjustments
such as changes to the individual panel bank, tilt, height, row spacing, and
perhaps supporting structure if variations in the terrain require such a

variation.
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The other options object component comprises one more objective functions,
or mathematical combinations thereof, to be optimized, at least initially.
During operation of the system or process, the DM can alter the selection and

sequencing of objective functions.

The options object (402) can gather its input from one or more databases
(402b). The options object (402) can provide a validation on the input
specifications and to check if there is enough information given to continue.

The various inputs are retrieved from the database object (402b). This object
contains desired information to configure the simulation and for the processes
of design data structures and cost estimations. It contains the parameters,
design variables, other user inputs, constants, with options for each (e.g., the
potential PV module types), a current cost for each module, information about
setting the values correctly in the simulation and, if appropriate, their ranges —
in other words any and all information required for a proper optimization and
evaluation of one or more solar power plant designs. The database can also
store information about the various results obtained during execution of the

system or process.

The report object (403) contains the information used to build the report. As
the design and simulation progress in time, information is added to the report.
At the conclusion of the process, the report (403) can generate a readable
document, allowing the user to inspect every step of the process. The report
also will contain the information required to produce all the specifications of
the power plant. The choice of a report is optional. A pair of bi-directional
arrows between two modules or steps means that one step or module or
process can communicate with another step or module or process to share

information or results that might impact the determinations of that other step.

The sim object (404) is the simulation core that determines performance
including financial metrics of PV modules. It makes performance predictions
and cost of energy systems based on installation and operation costs and
system design parameters that are specified by the user. Initial values are set
from the parameters, variables, inputs, and constants defined in step 402. If,
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however, only a design is required, a simulation will not be required. The sim
object can be called upon at any computational or optimization step to provide
results that can be evaluated as impacting the design and thus other factors.

For example, structural design can impact electrical design and vice versa.

The system design object (405) can begin with some basic input information
such as the location, and perhaps inputs such as amount of investment,
amount of energy to be produced, the return on investment, or the size of the

potential site for the solar PV power plant.

Other initial input criteria could be the module type, inverter type, and the
number of modules that belong in a single string, although these are not
mandatory. This function and all remaining design functions update relevant
fields of the design object, set various values in the simulation, and add
information to the report (if desired).

The next three steps provide the electrical (EE) design layout (406), and that
of the structural (ME) design (407). There is communication between the EE
(406) and ME (407) sections as one design can impact the other as well as
either can also impact the system design (405). Steps 406 and 407 could be
performed concurrently depending upon the computational configuration
specified. Should a fault occur at a given step, e.g., lack of convergence or
lack of significance of a solution, then the preferred approach is to return to a
previous step for additional input. Upon completion of these tasks, there is an
overall integration of the design layout (408) into a coherent form.

The next step is the cost estimation (409) task. These estimates are derived
from the quantities and types of specific components that were assembled in
the design layout (408).

The next step is to evaluate the performance (409b) of the current design by
simulations. The production of energy, the O&M costs, the various financial
metrics are derived to determine if this design can meet basic goals (412)
which can be decided by the DM. If there are more than one designs from the
Pareto set, then the DM can decide which one to pursue further. The DM is
automated in this case. If the DM considers the evaluations to be positive,
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then reports can be displayed (410), and the results analyzed in further detail.
A set of output or power plant specifications can then be generated (411).
There exists the option in step 410 to reject the designs offered, and to begin
anew, perhaps with different input specifications and/or objective function
definitions.

The simulation has the ability to adjust the continuously variable parameters,
while other variables are of a discrete nature may be adjusted less frequently.
In addition, there are parameters that are fixed during the simulations. In this
mode, most of the options structures (parameters, design variables,
constants, and other inputs) will be invariant from run to run. Thus during

continuous optimization, only a subset of the input specifications will be used.

The results are also obtained from the sim object and converted to the most
appropriate form for the report or display. This produces the results object,
which contains information like power generation and cash flow over time,
maximum inverter voltage, and any warnings from the any of the
computations. Upon approval of the results presented by the report and/or
display components, the power plant production specifications (411) are
generated.

The method of FIG. 4(B) is essentially the same as that of FIG. 4(A) until the
step just after the performance simulation (409b). In this embodiment, the DM
is that of a human agent and a user interface allows the visualization (410) of
the design layout or layouts (408) from the various Pareto solutions, the
financials, the specific designs of the structures and those of the electrical
layouts, along with detailed reports concerning every aspect of the overall
power plant design. The user then chooses the preferred design (411) or
rejects all of them to start the process anew at step 402. Acceptance of a
design results in the generation of the output or plant production
specifications. These specifications can then be used to implement the power
plant design, which comprises at least one of the following steps:
manufacturing of the components, assembling of the components, and
installation of the components on site.
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Another embodiment of an optimization procedure is outlined in FIG. 5. In this
approach, the input specifications are entered (501a) either manually via a
GUI or via a file or database. Various databases (502) can provide input as
well into this step of 501a. A validity check concerning the legitimacy of input
specifications is performed. A concomitant step (501b) to step 501a is the

definitions of one or more optimization goals (figures-of-merit).

At this point an initial layout of the system (502) can occur, and the results are
dependent upon the content of input specifications. After the initial system
design (502), the process can either perform optimization (503) on the
electrical layout (EE) or the structural and mechanical layout (ME). Upon
deriving a solution the process proceeds to optimize (504) the other layout not
performed in step 503. In an example, if in step 503 EE optimization was
performed, then in step 504 ME optimization would be accomplished, or vice
versa. Naturally, there has to be communication between them to exchange
results, such if a result from one module (EE or ME) affects the results of the
other module. If there is not a convergence or solution found with either step
503 or 504, due to no or a low-significance extremum found (established, e.g.,
by the strength of a peak relative to its local background and/or the level of
the partial derivatives), then the program can revert to a previous step and
either continue automatically based on a another possible solution established
in a previous step. Special optimization procedures can be used in these
cases, where the values of the first and second derivatives of the objective
function with respect to the variable under consideration are both close to

Zero.

Upon completion of the steps 503 and 504, a layout of the design can be
assembled (505a). Subsequently from this step, the upfront cost of a system
will be determined (505b) as well as the hourly or average income from the
performance as can be estimates of the amount of energy collected, which
are derived from simulations (506). The results of the simulations (506) and
the cost estimates (505) can be prepared and evaluated (507). One of the
many ways to present the results thus obtained is graphical.
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At any point between the steps of 502 and 506, a fault occurs, such as the
lack of convergence, an overabundance of trivial iterations, etc., then the
systems or processes can return to the step 502 to begin anew with adjusted

input specifications or design variables.

In another aspect of the present application, for every permutation of fixed
input specifications, a continuous solver on the continuous variables is
performed. A set of solutions can be graphically displayed using vectors from
the point of the initial guess to the optimized solution for the 3D space
defined. An illustrative example would be a plot of the variables: azimuth
(degrees), tilt (degrees), and height (in meters). Assuming the local minimum
found by the traditional solver is within an acceptable range, then optimized
results for every permutation will exist and the user can simply select the
permutation that yielded the optimized or best results. As there are multiple
local extrema that may yield false impressions, a global search with the
continuous solver can be performed subsequently to identify the global
extremum. Such techniques are well known by the ordinary skilled person in
the art.

FIG. 6 is a collection of several graphic illustrations demonstrating the types of
information that can be presented to the user which could be used to evaluate
the efficacy of a design: FIG. 6(A) shows the cash flows in USD over the plant
life expectancy (cash as a function of time); FIG. 6(B) depicts the predicted
monthly energy to be collected for the first year of plant operation; FIG. 6(C) is
a plot of the predicted monthly revenue for the first year of plant operation;
and, FIG. 6(D) the annual energy output in GigaWatt-hours (GWh). (In FIG.
6(D), the linear decrease of the output vs. time is due to the chronological
diminution of PV efficiency due to migrating atoms in the PV substrates.)

Assuming some canonical ideas about operations costs, maintenance costs
over the lifetime of the array can be estimated. In some cases, input from the
project owner, or the installer may be entered such as O&M (operations and
maintenance) costs over various geographies or costs of capital assumptions.

By combining the individual cost components (see, FIG. 7), an estimate of the
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total cash flow, e.g., FIG. 6(A), of the project is derivable. Thus the project's
value (step 507 of FIG. 5) as exemplified by FIG. 6(A) within a given time
period can be estimated. The results of any or all of the aforementioned
determinations along with the results of useful documents for project
developers and owners (the electrical, structural, construction and permit
drawings) can be presented on a display, in any graphic form or in a printable,
storable table or figure. The full spectrum of power plant output specifications
(308) can be produced and is the product of both the system and method
embodiments of the present application.

In an embodiment of the present application, where a specified DC level does
not exist, the electrical design of the project can be determined by using
simulations to layout the solar PV modules. The method uses a generally
accepted rule to minimize shading on the array located from + 3 hrs. of the
Sun crossing the local meridian at winter solstice and to determine the
associated row spacing for a given tilt and azimuth. Once row spacing is
determined, the method proceeds to re-evaluate the current project and check
if electrical losses are within an acceptable range. If this is so, the electrical
design for the inverter and module pairing is then determined by grouping or
clustering modules over the site to match the inverter loading and system
power requirements. If electrical losses are not within the acceptable range,
the process iterates until suitable row spacing is determined and an electrical
design can be generated.

The steps 302 and/or 305 of FIG. 3(A), or the step of 406 of FIGS. 4(A or B),
or the step of 503 (or alternatively 504) of FIG. 5 provides the designs of the
electrical configuration for the chosen module and inverter, as well as string
layout and assignments. For each module and inverter pairing, one of the
inner loops of optimization (e.g., within steps 302 and/or 305 of FIG. 3(A), or
step 407 of FIGS. 4(A or B), or step 504 (or 503) of FIG. 5) provides an
automated layout with a given tilt, azimuth and GCR, and from there it either
provides the structural design, or updates an existing one.
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Upon completion of these tasks, the next step is that of cost estimation using
the following method: the pressures and forces placed on the supporting
structure from wind buffeting, seismic loads, snow loads, and dead loads
(gravity) are calculated; the determination of the most economical, lightest
gauge support structure strong enough to bear the maximum possible load
plus an over-design factor is then determined. This procedure continues until
there is a complete design for the given set of design parameters. From this
point the performance of the design over its lifespan can be modeled and the
figure- or figures-of-merit can be determined. For more discussion, see the
section on Cost Estimations.

In each of the four methods presented in the flow charts of FIGS. 3, 4(AB),
and 5, the databases can be accessed by any of the computational or

optimizing modules, steps, or processes.

Example embodiments are described above with reference to block diagrams
and/or flowchart illustrations of methods, devices, systems and/or computer
program products. It is understood that a block of the block diagrams and/or
flowchart illustrations, and combinations of blocks in the block diagrams
and/or flowchart illustrations, can be implemented by computer program
instructions. These methods may be provided to a processor of a general
purpose computer, special purpose computer, parallel processor(s), and/or
other programmable data processing apparati to produce a machine, such
that the instructions, which execute via the processor of the computer and/or
other programmable data processing apparatus, create means (functionality)
and/or structure for implementing the functions/acts specified in the block
diagrams and/or flowchart block or blocks.

It should also be noted that in some alternate implementations, the
functions/acts noted in the blocks may occur out of the order noted in the
flowcharts. For example, two blocks shown in succession may in fact be
executed substantially concurrently or the blocks may sometimes be executed
in the reverse order, depending upon the functionality/acts involved.
Moreover, the functionality of a given block of the flowcharts and/or block
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diagrams may be separated into multiple blocks and/or the functionality of two
or more blocks of the flowcharts and/or block diagrams may be at least
partially integrated. In some alternate implementation, the steps of the

flowchart may be inspected, surveyed, or controlled by a human agent.
Structural/Mechanical Design

The design of the structural support system (i.e., rack) for the PV modules is
one of the major areas of PV power plant design that can benefit from
optimization. Some of the basic structural requirements and inputs of the
support system itself include type, tilt, height, module type, module bank,
seismicity of the site, and wind buffeting and wind/snow loading of the panels.
(These are not necessarily similar effects as snow loading acts only in the
downward direction, but wind loading can be from any direction.) The
embodiments disclosed herein are able to provide a complete design of the
structural support system with products such as: components that meet the
qualifications while minimizing material and labor costs and installation
complexities; said components also being optimized not only for the site
overall, but also for site perturbations (if so desired); and output specifications.
These output specifications comprise at least design and production
drawings; bill-of-materials to be manufactured; and CAD/CAM files for input to
CNC machines such as laser/plasma cutters, and any other machinery that
participates in the manufacture and installation of the power plant site.

From the known meteorological conditions, and/or the local, ASCE or
International Building Codes applicable at a particular site, the wind and snow
loads are determined for the likely designs, and thus the overall load on each
panel or array. The exposure category (defined in the applicable building code
of the region is defined for the US in the American Society of Civil
Engineering: ASCE 7-10, or ASCE 7-05 code), using tilt, height, and layout of
the site are also used to determine dead loads, wind and snow loads on the
support structure. As per various structural codes and regulations, various
load combinations can also be computed to determine critical load

combinations. From these determinations, there is a selection as to an



10

15

20

25

30

WO 2015/175923 47 PCT/US2015/031056

appropriate number of supports of the appropriate type and within the goal of
the lowest cost-to-benefit solution satisfying strength requirements. Each
support comes with an associated cost and installation time. An option exists
to provide more lateral structural support for additional stability, should that be
required. The most cost-effective module support design that bears the
predicted load, including a desired over-design factor, can be chosen. This
assumes little structural customization per site but is the easiest to implement.

In this case, the minimum structural cost will be calculated directly.

As alluded to earlier, there are several approaches to mounting modules or
panels on a support rack. Options are dependent upon desired GCR, type of
soil, the terrain of the site, and the type of tracking. A choice of the tracking
mode can be specified as one of the inputs to the analysis or can be left as a
variable, to be determined. In FIG. 8, the various tracking modes are shown
schematically and the angular movements marked. The type of tracking
affects the amount of energy that can be collected per unit time, the GCR, and
the O&M costs.

Tracking modes varies from none (i.e., fixed or static; FIGS. 8(AB), to one
dimensional following of the solar diurnal path at some fixed tilt, FIGS.
8(CDE), to full two-axis tracking of the panel, FIG. 8(F). In two-axis tracking,
normally tracking along a first axis performs the diurnal movements, and
tracking along a second axis adjusts for the seasonal variations of the solar
declination. In the case of the seasonal variations of the solar declinations, a
slow adjustment of about one degree per week suffices to achieve proper
adjustment of the north-south tilt.

Each one of these tracking modes has advantages and disadvantages. For
example, the increase in light collected using a HSAT, FIGS. 8(D), relative to
a static support system is on the order of 18 to 25%. Adding a second
tracking motion (dual-axis tracking or DAT) yields a increase of 37 to 45%
relative to a static system (Narvarte & Lorenzo 2008). It may be desired as
part of the initial input criteria that the tracking be DAT so as to produce a
more uniform energy collection during the day and year.
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Single-axis tracking comes in various flavors depending upon the mount. A
horizontal axis-tracker (an HSAT) depicted in FIG. 8(D) has the panels or
modules rotating about an axis approximately aligned with a line of latitude. A
vertical axis tracker, or VSAT, depicted in FIG. 8(C), is one where the tilted
panels are rotated E to W about an axis approximately perpendicular to the
ground. An equatorial or polar tracker, depicted in FIG. 8(E), has an axis that
is parallel (or approximately parallel thereto) the Earth’s axis of rotation. At
each north-south end of the panel are journals or bearings within which the
polar axis rotates. An adjustment of tilt to correct for declination changes can
be also be implemented as indicated in FIG. 8(C). This is distinct from the
DAT using motors to actuate both movements.

Some of the considerations in the selection of which of the tracking mode to
choose are: latitude of the site, cost, reliability over decades (implying
operations and maintenance costs), seismic activity, wind loading, terrain and
soil conditions, and weather conditions such as rain and snow levels. The
choice of tracking mode impacts the GCR, as with added tracking dimensions
the GCR is reduced to avoid inter-module shading. While tracking provides
more collected energy this increase is moderated as the total amount of
energy is reduced by the lesser GCR: thus they represent a conflicting pair of

goals.

The nature of the support system can also impact the foundational support
type: for example, penetrating (pile, screw driven, subterranean concrete) or
above ground concrete ballast. If pile is selected, then the embedment (and
bedrock) depth (discussed in the section entitled Site-Specific Constraints),
lateral bearing pressure, skin friction coefficient, soil stiffness/subgrade
modulus, and other elements from the geotechnical report will need to be
specified or gathered.

If above ground concrete ballast is selected, then the coefficient of soil friction
and soil cohesion will need to be specified in the inputs, perhaps in a refining
optimization. Thus information of a geological nature is also used as an input

to the optimization process, which includes the types of soils and their
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respective physics. The weight of the ballast (or ballasts in a configurable
sense) and the dimensions of the ballast forms are some of the output
specifications the optimization process, should a ballasted support system be
chosen, either via the optimization process or as a given as would be the case
if the site is landfill.

If the choice or the determination of the tracking mode is that of static, there
are a great variety of support rack designs available. Options include a
ballasted Z-rack as shown in FIG. 9(A); a ballasted four-pole support as
depicted in FIG. 9(B); a four-pole pile driven rack in FIG. 10(A); a dual pile
driven support as shown in FIGS. 10(B), 10(C), or 10(D). In these FIGS. 9-
10, the specific rack designs shown are just possible variations out of a set of
many possibilities. Naturally, possible rack designs are dependent upon the
level of tracking.

It is useful to discuss the types of specific geometric variables that are at the
disposal of the optimization systems or processes. An example will be made
of the Z-rack support and its basic geometric layout is shown in FIG. 11,
which is shown with a module tilt of 10 degrees. Design variables are marked
such as height of lower edge (H_g), the length (Lg) and height (Hgn) of the
ballast and the length of the ballast overhang (Lgo), and the angles (q and g);
the distances ab, cb, and bd. The width of the ballast (Ws) is also a factor,
but is not shown in this planar projection. The length of the module (Lw) is
likely to be specified as a parameter (i.e., fixed). The length of the module
overhang (Lon) from the connection point b could also be a variable. While
these specifics are in relation to the Z-rack design, these are only to illustrate
the several structural variables that are at the disposal of the optimization

process.

Similar concepts, approaches, analyses, arguments can be applicable to any
structural support system, such as any variant of SAT or DAT, as would be
readily recognized by the ordinary skilled person in the art. Another variable
to aid in strengthening a support is the wall thicknesses of the various
structural components (struts, rails, purlins, legs, pipes, tubes, roll-formed
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channels). FIG. 10(D) is one of the possible designs for a HSAT — horizontal
single-axis tracker. The line connecting the two piles would be aligned
approximately along a line of longitude.

The optimization of the structural design, when considering criteria such as
wind buffeting and wind/snow loading, might recommend additional lateral
support, such as that depicted in FIG. 9(A) (the right-hand support). FIG. 12
iS a perspective view of an alternative embodiment of the Z-rack support
system, in which lateral stabilization of the panel has been increased by the
presence of a second rear support member, forming a bi-pod. Additional
lateral stabilization can be achieved by having both support structures of FIG.
9(A) the same as depicted in FIG. 12.

Another embodiment for a support structure consists of additional
customization, thus introducing into the solution continuously variable
parameters. One of the many possible continuously variable parameters
could be the thickness of the support structure members. An example would
be the wall thicknesses of tubular, rectangular, Z- or C-channel supports used
in rails or purlins. With a connection to SolidWorks (or similar 3D-CAD
software), the optimization problem becomes one focused on structural
design or designs that can determine the wall thicknesses that provides
adequate structural strength for the minimum cost. An over-design factor can
be a parameter into this calculation (as in any of the structural design
parameters). In normal situations, more structure than is necessary is
suboptimal from the perspective of unnecessary cost and increased weight.
Thus it is sufficient to find the minimum viable structural cost that satisfies the
design input specifications. This helps significantly reduce the scope of the

overall optimization.

Given the input parameters, such as topographical and meteorological
concerning local conditions, there could be an adjustment to the placement of
the string of the array which is accomplished by altering the dimensions of the
local vertical posts, driven posts, trackers, ballasted two-posts, or Z-rack

structures; meaning these structures are made up of configurable
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components ideally designed for a particular placement at a particular location
of a power plant. These could also be continuously variable parameters.

Wind buffeting and wind/snow loading on the modules must be also taken into
account. Winds can create differential pressures to cause significant
problems, if not properly considered. Wind buffeting can result in the
loosening of components and joints over time. Moreover, it can aid in
damaging the teeth of gears, bearings, couplings that might be present in any
of the tracking options (SAT or DAT), should these items be inferior to the
needs of the actual conditions. Replacement and maintenance of such
mechanical items only serve to decrease the overall financial productivity of a
poorly designed power plant. Such deficiencies can be overcome if wind
buffeting, wind/snow loadings, all are properly considered from the beginning
in the design as is herein disclosed. If the site is known to be particularly
windy, then a static system might have a lower cost-to-benefit than most
tracking systems that can be stowed when winds are above a certain limit.

Similarly, significant accumulations of snow and dirt on the modules can also
create additional problems. The amount of tilt of a module has impact on its
light collecting ability beyond just pointing towards the Sun — lower tilts reduce
the chances that snow will slide off or dirt washed off when raining. Dirt
accumulation on the module surface is naturally location dependent, with
greater soiling losses (up to 25% or some California locations) for high-traffic,
high-pollution areas with infrequent rain. Coastal installations will see module
surfaces that can be covered in a saline-based film, which requires special
attention to remove, and support structure surfaces that can be coated with
corrosive salt. The module problems are factored into the optimization
approach usually via the performance derate factors.

An output of an embodiment derives rail deflections under dead loads (i.e.,
load of caused by weight of the array only). An exemplar of such an output is
depicted in FIG. 13(A), which is a plot of the moment on an EW horizontal
tubular rail carrying the modules vs. horizontal distance from the edge. The

abscissa is measured in inches, while the ordinate axis is measured in pound-
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inches. FIG. 13(B) is a plot of the physical deflection of the rail vs. horizontal
distance from the edge. Both abscissa and ordinate axis are measured in

inches.

Reference is made to FIGS. 10(ABCD), which present views of post or pile-
driven systems that are embedded into soil with mechanical post drivers. The
post (or “pile”) is itself driven into the ground to provide structural stability and
to generate moment to counteract overturning or lift. Mounted on the pile is a
series of mounting brackets that connect purlin beams and tie-bars, also
known as support struts. The East-West rails, usually made of steel, are then
attached on to the purlins using a bolted collar connection, and the modules
are snugly attached to the top of the rails via a set of aluminum module clips.

In another embodiment related to pile-driven configurations, one product of
the output specifications is a digital list of accurate ground positions where
piles are to be driven. This file can be communicated to the mechanical pile
driver to place the piles laterally and to the proper depth and in an automated
or semi-automated procedure. Such an approach saves time from manual
movements and adjustments of the pile driver. An initial positioning of the
driver can be manual, and the remaining movements automatically performed
within a specified error of its proper or desired location. Accurate placements
may be accomplished by the use of precision differential corrected GPS (or
equivalent), laser ranging, inertial navigation systems, separately or any of
these in combination, or by relative accurate offsets from a defined zero-point
position within the site of the power plant using any of these techniques.

The variable-gauge pile foundation can be many various shapes including C
channel, wide flange (lI-beam), Hollow Structural Steel (HSS) Square, and
HSS Round. The tie bar/support strut and the purlin beam are made of a
variable-width and variable-gauge roll formed or tubular steel. Widths can be
changed with adjustable tooling to match site requirements — as an example,
if high wind speeds require a wider section, tooling can expand wider to yield
a wider roll formed piece. The depth of the pile foundation is dependent on
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soil friction, composition (e.g. granular versus clay-like), and lateral and wind
uplift load, to name a few factors.

One of the deliverables (output specifications) of the embodiments described
in the present application are CAD/CAM files (from, e.g., Solidworks) which
guide, for example, a laser or plasma cutting machine or any other machinery
used to manufacture or installation of structural components. Every notch or
groove in a flange, roll formed section, or tube to make the rack is cut with
precise instructions from the CAD/CAM file to determine just the right tilt,
azimuth, and other variables of the final rack. Moreover, given configurable
components, each component can be laser etched with an ID. Other
techniques for identification include a sticker with any form of a bar code or an
RF ID device. Permits drawings involving structure also guide local and state
and federal permits. Construction drawings involving structure also guide

construction managers and installation crews.
Configurable Ballasts

The ballast is of such a weight as to counteract lift and drag forces due to
excessive wind buffeting of the PV modules and due to seismic activity. The
poundage of ballast is determined by the soil friction coefficients, wind
loading/buffeting, and seismic loading of the rack with PV modules mounted,
and solving for a static equilibrium. The ballast must provide enough resisting
moment to avoid tipping and overturning in either transverse or longitudinal
directions; it must provide enough downforce to avoid horizontal sliding due to
dead load, or due to wind or seismic loading, and to counteract the normal
force due to wind uplift. These are all derived based on appropriate load
combination in the latest building code ASCE 7-10, or ASCE 7-05 in regions
where that is appropriate (also local or international regulatory codes — as
applicable in region). Lateral accelerations applied on seismic zones and
design wind speeds as per applicable building codes determine the wind and
seismic loads. Exemplars of such factors might be, but are not limited to,
67% for overturning, 50%-200% for sliding, and 67% for wind uplift. Wind
speeds that determine the dimensions of ballast vary by code. An example
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would be, say, 110 mph for ASCE 7-10. For seismic ground acceleration,
lateral accelerations of 0.75 - 2.5 g are possible design safety factors
depending on seismic zone. Naturally other safety design factors are possible
and the aforementioned are only for reference as an aid to understanding the
approximate nature of the complexities of the overall problem.

Concrete (or similar material) is molded into shape with a special form (ballast
form) that should preferably be made a commonly available configurable form
of polyethylene (PE), plywood, Medium Density Overlay (MDO) plywood,
honeycomb cardboard, compressed cellulosic modules, or other appropriate
structural material readily obvious to the skilled person in the art. This
provides the concrete the shape it needs during curing and forms a significant
portion of the system’s structural strength and serves as its foundational
support. Three ballast forms are depicted in FIGS. 14(ABCD). FIGS. 14(CD)
shows a configurable ballast form — one, which can be adjusted in size based
upon conditions specified in the input specifications of the systems and
methods disclosed in the present application. FIG. 14(C) depicts an exploded
view of the ballast showing how the length is adjustable. FIG. 14(D) is a view
when the two identical sides are connected. FIG. 15 shows an oblique
perspective view of a five-module ballasted array schematic from a viewpoint

level with that of the overall structure.
Additional Designs

In addition to the support structure upholding a set of modules, another
mechanical aspect, concerning tracked systems, is the actual mechanics of
movement, which involves gearing, axels, motors, mounting structures, and
couplings. In the situation of a DAT, an armature or yoke is required. An
exemplar depicted in FIG. 16, which provides the gearing, mechanical
reduction ratios, and motors. The armature (5000) possesses journals for
each of the two orthogonal tracking directions: elevation, which has two
journals (5001 and 5002). There is a single journal (5005) for the azimuthal
direction. For each of these two directions, a separate motor will be required,
thus there are two motor mounts that are part of the armature: 5003 and
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5004. The armature can be from made by casting, aluminum or iron.
Alternatively, it can be made from galvanized steel tube, such has that which
has been presented in other embodiments in the present application. A key
element of its design is its ability to be material optimized just as the fixed, or
static, system is, to have the minimum gauge that meets the requisite

structural loading requirements on site.

Most tracking systems inherently have less structure than their static structure
counterparts due to the ability to stow and reduce loading on the structure
during periods of sustained wind buffeting/loading. They have to withstand
weather conditions over decades such as temperature variations as well as
stresses imposed by earthquakes and wind buffeting over time. Thus to be
mechanically reliable over that time, a design that satisfies an appropriate set
of input parameters needs to be implemented. While this disclosure concerns
the tracking mechanics of a DAT, the aforementioned un-optimized design of
those mechanics for the actual conditions still apply to those of any variation
of SAT.

The use of bifacial PV modules can also be part of the input specifications.
These modules feature front and back solar cells. While the front (towards
the Sun) receives the majority of solar power, there is a ground reflective
component of a more diffuse nature. Some of this light reaches the front
surface. However, with a back surface of solar cells and a more reflective
ground covering the overall light collecting power of a bifacial solar panel is
increased, by some estimates between 20 and 35%. The reflectivity of the
ground can be enhanced by the addition of a material such as lime, limestone,
calcified limestone, sand, gypsum, gravel, calcium carbonate, or even white or
aluminum paint. Moreover, bare soils have higher reflectivities in the visual

than most green vegetation and are less wavelength selective.

In the mechanical design of the support system, selection of a bifacial module,
results in a requirement of the support structure that does not obstruct the
photosensitive areas. Such a structure will have to be optimized for the
bifacial and its supports needs as well as all the other parameters and
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variables previously disclosed. The use of bifacial modules is probably more
applicable when static support systems are used.

In the case of bifacial modules being installed on rooftops or other similar
surface, these surfaces can be painted with a highly reflective coating, such
as one containing titanium dioxide or aluminum not only to increase the

surface reflectivity (and concomitantly reducing rooftop heat loading).
Electrical Design Optimization

There are a large number of input specifications involving electrical
components: wiring (types, gauges, insulation, losses), conduits, various
types of inverters or microinverters (min and max power ratings), transformers
(DC to AC), DC-to-DC optimizers, combiner boxes (junctions which merge
voltages from different strings), switchgear, grounding equipment, power
management systems, energy storage systems, and maximum power point
tracking electronics (MPPT) as well as the requirements for grid voltages and
adding power thereto from the PV power plant.

A DC-to-DC optimizer is located behind each solar module which enables a
technique called maximum power-point tracking. This is applied at the
module level and not block or system-wide. These optimizers have high peak
efficiencies of better than 99%, and can be connected in series and/or in

parallel.

Maximum power-point tracking (MPPT) is a technique that grid-connected
inverters, solar battery chargers and similar devices use to get the maximum
possible power from one or more photovoltaic modules. Photovoltaic solar
cells have a complex relationship between solar irradiance (Watts/m?),
temperature, and total resistance that produces a non-linear output efficiency
which can be derived from the |-V curve (current-voltage). It is the purpose of
the MPPT system to sample the output of the PV cells and apply the proper
resistance (load) to obtain maximum power for any given environmental
conditions. MPPT devices are typically integrated into an electric power
converter system that provides voltage or current conversion, filtering, and

regulation for driving various loads, including power grids, batteries, or
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motors. Inverters also may incorporate MPPT. Such inverters sample the
output power (I-V curve) from the solar modules and apply the proper

resistance (load) so as to obtain maximum power.

With respect to PV modules, there are no uniform set of specifications. The
basic specifications usually consist of: cell type, number of cells, open-circuit
voltage, short-circuit current, photoelectron conversion efficiency, maximum
power current, voltage and current at reference conditions, and the decrease
in efficiency of the cell as the temperature rises above a normalized point.
Upon these basic module characteristics, the input specifications can be
enhanced by additional circuitry such as breakdown diodes and/or blocking
diodes. This information, along with additional entries, is contained in a PV
module database. In additional to the standard PV module configuration,
flexible modules and bifacial modules and their characteristics are included in
the PV module database. One additional entry into the relevant database

unique to flexible modules is the maximum allowable curvature.

Layout options are translated into electrical designs that are associated with
the mechanical site layout. The amount of wiring and number of combiner
boxes for a given layout is analyzed, and optimized, and is ultimately
incorporated into the cost estimate. Minimization of electrical losses and/or
costs of the electrical components is part of the optimization process. A map
of an optimized example of three rows of panels is given in FIG. 17 that
shows three rows of panels (2506) comprising one or more PV modules. The
locations of the placed inverters (2501), combiners or combiner boxes (2502),
the string attachment points (2503), the wirings (2504 ) of the string-to-
combiner, and the wirings (2505) from the combiners to the inverters. In this
example, ballasts supporting the panels (2507) are also indicated. (Ballasts
are not used in other support structure designs.)

After the initial layout of the PV power plant based on first-order constraints,
which should optimize the efficiency of laying down Photovoltaic (PV)
modules, panels, or sub-arrays including row spacing, the next major task of
any of the embodiments herein disclosed is the optimization of the placement
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and content of the strings. A string is a collection of modules electrically
connected. When there is a change in the state of the current plant project
(e.g., row spacing is altered) the embodiments check if electrical losses are
within an acceptable range. Electrical losses between two points in the power
plant are specified in advance as part of the input specifications.

Once the number of modules per string is known, the strings are distributed
across the site by discretizing the site down into simple polygons and
determining the best packing efficiencies for the integer number of strings to
satisfy the GCR requirements. The module spacing and dimensions, along
with the number of modules per string can fully define the string's area, and
are thus used to determine how to distribute the strings given the GCR
requirements. The maximum power available from the site, a user's desired
power output, or the best target output indicates the total number of strings
that need to fit into the site using a polygon-fit method or tessellation method.

Given the input parameters, such as topographical and meteorological
concerning local conditions, the placement of the string of the array could vary
by alteration of the dimensions of one or more specific support structures.

An embodiment is composed of at least two steps: first, the process grids the
site coarsely with large strings or blocks of strings, ignoring keep-out or
hazardous areas and possibly producing over-fill or under-fill on the first
iteration. Subsequently, no-go zones are considered, with the large strings
bifurcated across the zone in question. Finally, smaller strings are used to fill
in any under-filled areas, keeping the same method of bifurcation across keep
out zones if relevant. The entire process is automated and completes in less

than a few minutes.

From the total number of strings, the type and number of inverters that can
safely handle the maximum output can be determined; the DC and AC cable
routings; the locations for where trenches (for electrical conduits) should be
dug can be calculated; and the number of hours of various types of labor that
are necessary to install these components can all be computed.
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The data obtainable from the inverter database are used to simulate the
performance of the inverters over time given input current from the strings as
well as their approximate cost. As mentioned previously, the performance
parameters include, but are not limited to: maximum input voltage and current,
maximum power-point tracking voltage bounds, maximum possible AC power

output, and output AC voltage.

The electrical design for the inverter - module pairing can be determined by
grouping modules over the site to match the selected inverter’s loading and
system power requirements. Should the electrical losses not be within the
acceptable range, the row spacing could be altered, either automatically
within bounds or manually, to optimize (i.e., in this case to minimize) the

electrical losses, upon which an electrical design can be generated.

The module and inverter types along with typical weather data from the site's
location (see, e.g., the section on Site-Specific Considerations) will be used to
determine how the modules will be arranged into strings to best fit an
inverter's voltage for maximum power (i.e., peak loading) while staying inside

that inverter's limits and as well as personal-safety voltage limits.

While often modules and/or inverters are specified in advance, there is no
requirement for this assumption. These can be left as design variables and at
the appropriate stage the process can suggest those modules and/or
inverters, which are optimally appropriate for the constraints imposed by the
input specifications.

In the case of wiring, the type, size, and length are variables that can be
optimized with input specifications also including cost, electrical losses, and
the type covering material.

There are also other electrical components that are part of the overall
electrical system of a PV power plant: These include electrical switchgear
and grounding equipment. A part of the latter are interface plates which fit
between various metallic components of differing resistivities to provide

proper grounding conductivity between them.
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These aforementioned embodiments allow a higher granularity of rack
positioning and specification allowed by structurally independent blocks
fabricated with configurable manufacturing techniques yields a higher rack
resolution than that of the electrical strings. Therefore no finer tuning of the
design can be possible for a fixed array than by designing, manufacturing and
guiding the installation of each block at the right tilt, location, azimuth, bank,
height, etc.

Inverters and Microinverters

An inverter is an electrical device that converts DC electricity into AC. In
designing a solar PV power plant, there are two conventional inverter modes:
a microinverter, one that is localized to a panel or module, and a central
inverter which is fed DC power from many panels. Depending upon its power
rating, an inverter is either a string or a central inverter. Within this
application, these are considered to be in the same class of inverters, distinct

from microinverters.

Either of these approaches has advantages and disadvantages. An option
exists in the design variables / input interface to try either both of these
approaches to determine which is more economical, or just to select one as
an initial constraint. In many design situations, the trade-offs of the conflicting

goals are not clear, thus optimization is in order.

Many strings feed a centralized inverter; each string is a serial connection
between a large collection of solar modules. Of note, the diminution of output,
for whatever reason, of one solar cell or a module or a panel, will affect the

ability of that entire string to produce electrical energy as efficiently as it could.

Modules with microinverters are wired in parallel and only with an AC output.
Thus using microinverters in a distributed approach reduces the effects of
(even partial) shading on one or more panels or modules. From this
arrangement, microinverters can harvest more electrical energy, with
estimates between 5 and 20% more power. In addition, most microinverter
manufacturers incorporate communication electronics, thus remote real-time

tracking of one or more microinverters becomes feasible. Should a
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microinverter fail, then the effect would be minor on the overall power output
of the facility, in contradistinction to the failure of a central inverter. In the
future, microinverters may be incorporated into modules themselves just as

bypass diodes are today.

Parallel wiring of modules implies the level of voltages will be less, e.g., 240V
instead of 600V. The AC output of the microinverter implies lower electrical
resistance losses and the greater use of less expensive wiring for AC. This is
in contradistinction to the higher cost for the high voltage DC wiring required
in central inverters. Microinverters also have the advantage over central
inverters in that they do not require significant support infrastructure such as
an isolated and protected environment, a concrete pad, and ventilation for the
excessive heat produced by said central inverter. Higher voltages are more
efficiently transmitted than lower voltages, implying a central inverter would
have an advantage. Also, central inverters can interface more readily with the
grid.

Batteries (or other storage systems) may be used in PV power plants to
generate optimal matching of energy production with demand, a technique
known as load shaping. Demand for electricity in non-summer months in
states like California for example tends to have an upward morning ramp and
a higher peak in the early evening as people return home from work. Such a
ramp is well served by having an optimally oversized solar field with a storage
medium (such as batteries) that can release electricity into the grid at hours
when it is most valuable, whether or not the solar resource is available.

Other storage media than batteries include capacitors, fuel cells, and

inductors.

If batteries are the medium used to store the extra electrical charge or power,
they would have to be fed with DC power. Moreover, the rate of feeding
power to them has to be carefully controlled. If microinverters are used
instead of central inverters, then their AC output would have to be reconverted
into DC before feeding a battery. This conversion is not without a loss. Thus
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with batteries, or other storage entities, such as capacitors, the power is better

kept as DC until just before it enters the grid.

Besides these aforementioned factors, there is the cost differential between
these two types of inverters and also substantial differences in warranties.
This is likely to diminish over time as microinverter technology improves.

Power Management

PV power plant control systems and methods monitor and manipulate the
amount of electricity produced by said plant, primarily for that electricity to
enter ultimately the grid. An idealized view of the control of a PV power plant
might be based on the idea that the plant can be controlled as a single unit.
However, a more realistic view is that a PV plant has multiple sources of
electricity in which each one is identified by, or culminates in, an inverter. The
inverter’'s AC output needs to be merged intelligently with that of other
inverters or even with the grid, thus requiring precise AC frequency control (or

at least precise average frequency control).

Such control systems and methods need to regulate power factors at the point
of grid injection; have precise frequency control; be able to control ramp rates,
both down and up; control the output of the inverters so that they do not
exceed the limits imposed by entry into the grid; and control overall electrical
behavior of the solar power plant. The control also must be aware that
inverter output cannot be diminished below a minimum level without causing a

high DC voltage situation.

These control systems and methods comprise automatic voltage regulation,
active power controls, ramp-rate controls, fault ride-through, frequency control
and others. Automatic voltage regulation is achieved by three approaches:

reactive power, power-factor, or voltage regulation.
Electrical Design Automation

The design of the type and location of the electrical components is ripe for
optimizations, with implications for efficiency and cost. The design variables
include the gauge and lengths of DC wirings and of AC wirings, the types and
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number of inverters, transformers, switchgear, grounding equipment, and
power management systems. Other components also could include energy
storage units such as batteries, inductors, and capacitors.

While it is often the case in designing the overall solar power plant that the
electrical design is performed before the structural design, this is not an
absolute or even a necessary requirement. There are various approaches
that can be adopted depending upon the results of one or more optimizations
that might have taken place before performing the electrical designs and

layout.

These approaches can be crudely separated if one of the fundamental
constraints is based upon a land-size limitation or a grid-size limitation. In the
former, the amount of land that is to be utilized for PV panels, irrespective of
the requirements of entering the grid. In the latter situation, the amount of
energy produced by the solar PV plant is limited by what the grid can tolerate.

FIG. 19 presents an embodiment of a design process for a land-limited power
plant. The initial step (1901) is to determine, either manually or automatically,
the boundaries of the site. From the results of the determination, the site can
undergo partitioning (1902) such as discretization or polygonization, meaning
the virtual representation of the site is divided into sections and done so in an
optimized fashion (along with allocations of access roads and conduit
trenches) either to minimize the number of partitions (or a subset thereof, like
squares or rectangles) or to minimize the placement of pre-defined partitions
of a certain size, with additional placement of smaller partitions that fill in the

remaining usable areas.

Upon partitioning, there is the option to automatically (or manually) assign
blocks (sub-regions) within each of the determined partitions (1903) if the
subsets of these modules found within these blocks are to be electrically
connected serially and the cumulative DC voltage transported to one or
several, ganged central inverters. An alternative is to use microinverters on
each of the modules, merge the AC voltages of all the inverters before
integrating it with the grid. The maximum expected amount of energy to be
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produced by a block can be estimated by scaling the total maximum energy to
be collected by the PV power plant with the physical size of that block relative
to the total site area.

Thus in the embodiment of FIG. 19, there is the choice to make, either
automatically or by user input which type of inverter to be used. In the case of
central inverters, one or more inverters can be assigned (1906) to each block.
The DC wiring to the central inverter needs to be determined by optimization:
the figure-of-merit or the secondary objective function will be to minimize the
total DC wiring volume or the total DC wiring cost (1907) from the modules to
one or more inverters. A separate secondary objective function (1907) will
minimize the total volume or total cost of AC wiring from the collection of all
inverters to the transformer(s), before the power is integrated with the grid.
Power storage modules incorporated into the power plant, if used, should be
receiving only DC power. Such power storage units could be batteries,
inductors, or capacitors. There will be inefficiencies in converting DC to AC
and another inefficiency in converting AC to DC. These inefficiencies have to
be factored into the appropriate primary and secondary objective functions

used.

After these optimizations, production, structural, Single Line Drawing (SLD),
construction and layout drawings can be produced, bill-of-materials, as well as
layout schematics for the implementation of all components and their
locations within the site of the power plant. The output specifications for the
electrical components comprise a bill-of-materials, costs of individual electrical
components, single line diagrams, labeling lists, interconnection diagrams,
CAD drawings and files, permit drawings, construction drawings, civil

diagrams, production drawings, and plant layout.

If the design of the site is to be grid-limited, then two options are possible,
depending upon the type of inverter chosen. An embodiment is depicted in
FIG. 20, which is a flow chart with the various steps to optimize the electrical
design based on the exclusive use of microinverters. There are the options in
steps 2001 and 2002 to determine the site boundaries and subsequent
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automatic partitioning (i.e., discretization or polygonization), which really does
not affect the electrical design as they would in the case when central
inverters and extensive DC wirings are used. However, the solar plant layout
should be known in advance (2003) so that the AC wiring layout can be

determined as well as the minimization of its volume or its cost.

This particular approach is more straightforward in design than that of the use
of central inverters, as microinverters as assigned (2004) to one or more
modules. Moreover, the DC wiring will already be minimized, as the energy
collected from the one or more modules is converted to AC in situ. The
remaining (downstream) wiring is AC, and the layout of the various AC wiring
routes is minimized (2005). This minimization also applies to the types of AC
wiring used in order to satisfy the input specifications plus an over-design
factor. Upon optimization of the AC wiring the production drawings and layout
schematics can be generated. The system losses are the sum of losses from
the DC wiring, the DC-DC optimizers, the DC-AC inverters, and any

intervening electrical components such as energy storage units.

The other option for the grid-based limitation is the use of central inverters.
This embodiment requires extensive and expensive DC wirings, presenting
the need to minimize the amount or volume or cost of this component. FIG.
21 depicts such an embodiment to optimize the electrical design based upon
the assumption of central inverters. After the site boundaries have been
determined (2101), either automatically or via interaction with a user,
automatic or manual partitioning occurs (2102). The number of partitions is
minimized within the site boundaries. Alternatively, the number of pre-
determined partitions can be automatically laid out, with additional smaller

ones filling in the remaining unassigned areas.

The cost of replacing inverters has to be incorporated in the overall cost
estimate. A typical warranty for a string or central inverter is for five years,
thus for a 25 year project lifetime, an inverter could be replaced up to four
times. Some microinverters are currently warranted for at least 20 years,

reducing financial risk for owners who opt for them.
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The next step is to assign modules to a string, which are connected in series
to yield high-voltage, high-current DC outputs. The high current carried in the
interconnecting cables results in relatively high losses due to electrical
resistance. These losses are mostly dissipated as heat. An optimization is
appropriate in this case where a secondary objective function (2103) is
defined that is aimed to maximize the number of modules assigned to a string,
while minimizing the DC wiring volume. The next step 2104 will be to define a
second secondary objective function to minimize the number of inverters per
block while maximizing the total output of all the inverters. A partition or block
is a physical subset of the power plant in which the energy generated within
that block is converted from DC to AC by a single inverter (2105). Upon
optimization of the design the production drawings and the aforementioned
electrical wiring diagrams can be generated.

Expert System

In general, an aspect of one or more embodiments disclosed herein includes
an automated power plant design system for aiding a user to design a custom
power plant. The design system includes an expert system having one or
more rules which constrain the design. An interface for input specifications
from a source such as a GUI or database is provided. A component definition
system, having an input for receiving the input specifications, generates a
complement of structural (i.e., mechanical) components and/or electrical
components and provides specifications for the manufacture of said

components.

Implementations of the embodiments described herein may include one or
more of the following features. An automated manufacturing specifications
generator provides manufacturing specifications needed by the manufacturing
system to manufacture and to install the components of the custom solar
power plant. The automated manufacturing specifications generator may
additionally supply specifications for any one or more of the following:
manufacturing structural components such as a structural support system of a

plurality photovoltaic modules; electrical wiring to interconnect said modules;



10

15

20

25

30

WO 2015/175923 67 PCT/US2015/031056

switchgear; grounding equipment; electrical wiring to carry electrical power
from a plurality of modules to combiner boxes; a plurality of combiner boxes to
combine electrical power from a plurality of modules; electrical wiring to carry
electrical power from said plurality of combiner boxes to a plurality of
inverters; a plurality of inverters to convert one type of electrical power into
another type of electrical power; one or more transformers to convert
electrical power of one type into that of another type of electrical power; and a
integrator controlled by a power management system to feed the electrical
power from the PV power plant into the grid under specified conditions.

The one or more rules may include one or more of the following
characteristics: (a) a limitation imposed by the longitude/latitude of the site;
limitations imposed by the size, terrain, and geometry of the site; a limitation
imposed by the type of PV module to be used; a limitation imposed by the
amount of grid electrical power; a limitation imposed by the available funding;
a limitation imposed by the seismicity of the site; a limitation imposed by the
meteorological conditions found at the site; a limitation imposed by the
amount of electrical energy to be produced; a limitation imposed by the
amount of IRR; a limitation imposed by the soil and bedrock of the site; a
limitation on the maximum losses due to electrical components; a limitation
imposed by the use of maximum power point tracking electronics; limitations
imposed by local safety agency regulations and specifications such as
building codes, and electrical code specifications. The list of choices may
include button selectable options or a pull-down list of options or may be
included in a database or file or entered by voice via voice/speech-recognition

system.

The complement of components may include one or more components to
structurally support a PV module and the component definition system may
generate a mechanical design as part of the solar power plant. The
complement of components may also include overall components of the
electrical design as part of the design of the solar power plant. The
component definition system may also calculate the amount of electrical
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energy to be generated. The component definition system may generate a
mechanical design and/or an electrical design either or both of which are
optimized with respect to a optimization parameter such as efficiency,
reliability, cost, IRR, payback time, power generated over a given amount of
time. Two or more of the optimization figures-of-merit may be assigned
relative weights and the component definition system may generate the
mechanical and/or electrical designs optimizing the optimization parameters
of either, or both, of the mechanical and electrical components, according to
the assigned relative weights.

Another component of the power plant design system is a cost estimation
system that provides a bill-of-materials with total costs for each component,
labor costs, and a total cost of manufacturing and installing the solar power
plant.

The power plant design system constrains, to an acceptable range, the power
plant specifications by enforcing the one or more rules and generates a
customized and optimized power plant. An automated manufacturing
specifications generator, having an input for receiving the custom power plant
design, supplies output specifications needed by the manufacturing system to
manufacture and specifications and instructions to install the custom power

plant.

Another of the embodiments of the present application is a method for aiding
a user to design a custom solar array to be manufactured by a predetermined
manufacturing system characterized by a predefined set of tools, processes,
and materials, the method comprising: receiving input specifications from said
user; generating a complement of components based upon said
specifications; generating a design for said custom solar array constrained
using information representing predetermined limitations which, if observed,
ensure that said custom solar array can be manufactured using said
predefined set of tools, processes, and materials, said method preventing
generation of a design that requires tools, processes, or materials other than
the predefined set of tools, processes, or materials; and generating
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manufacturing specifications needed by said manufacturing system to
manufacture said custom solar array and specifications and instructions to

install said array.

Manufactured and/or recommended items includes the components of the
recommended or selected array support structure, its design and specific
dimensions for each item, the type and weight of the ballast (if selected), in
which the one or more types and numbers of inverters, one or more types of
wiring, and wiring layout, one or more DC-DC optimizers, one or more max-
power-point trackers, one or more combiner boxes, one or more transformers,
switchgear, grounding equipment, one or more energy storage devices, and
one or more power management systems, and combiner boxes are derived
from said optimization. These designs and components can be unique to
each module, panel, or subarray, depending upon the degree of optimization
specified and other input information.

Another of the embodiments of the present application is an automated solar
array design system for aiding a user to design a custom solar array to be
manufactured by a predetermined manufacturing system characterized by a
predefined set of tools, processes, and materials, the design system
comprising: information representing predetermined limitations, including
rules, which, if observed, ensure that said custom solar array can be
fabricated using said predefined set of tools, processes, and materials; an
interface for receiving solar array specifications from said user; a component
definition feature having an input for receiving said solar array specifications,
said component definition feature generating a complement of components
based on said solar array specifications; said solar array design system
generating a custom solar array design for said custom solar array
constrained using said information, said system preventing generation of a
design that requires tools, processes, and materials other than the predefined
set of tools, processes, and materials; and an automated manufacturing

specifications generator having an input for receiving said custom solar array
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design and supplying manufacturing specifications needed by said

manufacturing system to manufacture said custom solar array.

Another embodiment of the present application is an automated site
engineering system for aiding a user to design a custom solar array
comprising photovoltaic panels, the design system comprising: a user input
interface, in which said user can input one or more parameters pertaining to
the specifications of the solar array; a component definition feature having an
input for receiving said solar array specifications, said component definition
feature generating a complement of components based upon said solar array
specification and providing mechanical design and/or electrical design
parameters for said components; a set of databases, in which data regarding
the characteristics of components are stored, and obtained therefrom; and, an
objective function that has --as constraint inputs-- the complement of
components, said set of databases, said user inputs, wherein the objective
function is then optimized for said constraint inputs.

In another general aspect, one or more embodiments include methods for
aiding a user to design a custom power plant. One or more rules representing
limitations imposed by a manufacturing system is defined. The user provides
specifications and a complement of components is generated. Mechanical
parameters for the components are provided and mechanical design
information is collected from the user. Electrical parameters for the
components are provided and electrical design information is collected from
the user. The range of acceptable inputs for the specifications or the
mechanical design information and/or the electrical design information is

constrained by enforcing the one or more rules.

Implementations of the embodiments described herein may include one or
more of the following features. Determining output specifications needed by
the manufacturing system to manufacture and to install the custom power
plant may be generated. The output specifications may include one or more of
the following: specifications for wiring for the custom power plant;

specifications for manufacturing one or more structural support systems (or
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racks) for the custom power plant; and specifications for interconnecting
combiner boxes, inverters, switchgear, ground equipment, power
management systems, maximum power point trackers; and transformers

between the PV modules of the custom power plant and the grid.

The custom power plant design may include a user-defined package and the
specifications may include one or more of the following details: (a) a shape of,
(b) a dimension of, (c) a position of at least one of the components in, or (d)
an orientation of at least one of the components in, the user-defined package.
Feasibility information may be provided to the user regarding acceptable

relative locations and orientations for the components.

In another general aspect, one or more embodiments include a method for
aiding a user to design a custom power plant. One or more rules representing
limitations imposed by a manufacturing system are defined. Specifications are
received from the user and a complement of components is generated based
upon the specifications. Manufacturing specifications are generated that are
needed by the manufacturing system to manufacture, as are installation
specifications and instructions to install the custom power plant.

In another general aspect of one or more embodiments disclosed herein, the
manufactured components are labelled as to installation location within the
custom power plant or a group (of same physical characteristics) designation,
or both.

Virtual Space Design Environment

Given the aforementioned complexities, an embodiment for the
accomplishment of the design of a solar power plant is within a virtual state —
a model that contains all of the constraints imposed upon it by the given input
specifications and with visualization of this virtual state (or project state), a
user can view the automatic placement of components, adjust input
specifications and design variables in real-time to see the affects of such
adjustments. Thus there is always a current project state, representing the
current configuration of structural and electrical designs. If there is a change,
for example, in any of the input specifications, whether a change or an
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addition, or a removal, the embodiments disclosed herein automatically
evaluate and optimize any affected items. For example, if the spacing of the
rows of panels is altered, then the electrical losses are updated, and
compared with specified allowances. Automatic flagging of problems exists
should a change cause limits to be exceeded. Thus current state of a project
always represents the optimized total configuration based upon the input
specifications. An interface, such as a GUI, can provide real-time updates as
to the costs of the individual components (and their quantities), the electric
losses, and other output information described in the present application.

The interface with a user may include a layout system in which component
locations may be defined in a virtual space that contain representations of the
geographical layout of the site. The layout system may include component
icons representative of the complement of components. Icons might be for
the modules, the panels, the type of support structures, the spacing between
the panels or modules, the access roads, the trenches for the electrical
conduits, inverters, combiner boxes, transformers, and wirings of various
types. The icons may be moved around the virtual space to define the

component locations.

The layout system may include a feature allowing the user to manipulate the
size or shape of the virtual space. The layout system may include a drawing
feature in which the system automatically adjusts the virtual space to fit an
arrangement of the component icons. This arrangement may be created by
the user. The layout system may include an automatic arrangement feature in
which the system automatically arranges the component icons and creates
the virtual space to fit the arrangement of the component icons. The virtual
space may comprise a 2D or 3D surface. The component locations and the
virtual space may define the mechanical and/or electrical specifications for the
custom power plant, including support structures, wiring types and paths,
locations of switchgear, grounding equipment, power management systems,
locations of combiner boxes, inverters, transformers, access roads, and

electrical conduit trenches.
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SAM

Several well-tested algorithms, available from NREL's System Advisor Model
(SAM), are used in the evaluations of power plant configurations of the
embodiments described herein. SAM is a modeling program that calculates
performance and financial metrics of renewable energy systems, including
those based on photovoltaic modules. It makes performance predictions and
cost of energy systems based on installation and operation costs and system
design parameters that are specified by the user. A SAM model represents a
particular model based upon these specific parameters. It does not perform
optimization. Moreover, is the responsibility of the user to interpret the
results. While the source code for SAM is not publicly available the core
routines are available in the SAM Simulation Core (SSC) which can be called
from external programs. SAM is described in Blair et al. (2014), and this

reference is incorporated herein in its entirety.
Site-Specific Constraints (Site, Meteorological, Geological, Regulatory)

Geographic or topological conditions can be determined from a local survey or
from commercial databases that provide satellite imagery, either from radar,
lidar, or stereo techniques. Shading or shading from local effects, such as
trees, mountains, buildings and the like can be modeled and calculated and
interpolated and the imposed deficiencies therefrom entered as part of the
overall design. Shadows tend to have a diurnal behavior that can be modeled
and entered into the modeling procedure. FIG. 18 is an example of a model
of a shading situation with the abscissa being the height of the base array in
meters and the ordinate axis being the fractional shading factor, representing
the amount of light lost relative to what could have been collected. This
represents the shading caused by one row of panels upon another row of

panels, for example.

Another factor that is considered is the level of seismic activity. Based upon
the level of past seismic events, a modified structural design might be

appropriate.
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Meteorological conditions can be obtained from local anecdotal information, or
from more sophisticated databases such as those offered by National
Weather Service, Satellight, Solar Projector, Canadian EPW, SolarAnywhere,
Helioclim-3, SolarGIS climData, NASA-SSE, SolarGIS iMaps, PVGIS-ESRA,
RETscreen, or Meteonorm, or similar commercial entities. For example,
diurnal ground fog (e.g., in the morning) might affect the array's performance
during part of the day. Thus the design would take this into account via an
hourly diminution in solar irradiance, thus biasing the design (a non-zero bank
for each module) towards that part of the day which typically has clearer
skies. Shadowing of the array or parts of the array during particular hours
would be considered similarly in the optimization, of say, maximum power

collected as the figure-of-merit.

For long term or average meteorological conditions, it is commonplace to use
the database Typical Meteorological Year 3 (TMY3). This a compilation of
weather data for specific locations, at least comprising 1454 sites in the US of
A and its territories. The data for TMY3 were collected during either 1976-
2005 or 1991-2005, depending upon the site. There are older TMY’s, but the
site sampling is very limited in both cases. The TMY3 information is fed into
the power profile embodiment, and the result of that becomes the input to the
income estimation embodiment, which in turn is fed into the embodiment that

calculates the value.

It is important to know the soil conditions of a particular site as these dictate
what support systems can be used. For example, if bedrock is located only a
few feet below the basal subsoil, then pile- or screw-driven foundational
support would be infeasible. If the site is landfill, then basically only ballasted
support would be possible. A service that can provide information regarding
the terrain and the depths of the bedrock is that of esri.com or ArcGIS.com.

The 3D profile of the terrain (DTM, digital terrain model) of the site is
important for two reasons. First, the amount of earth that needs to be moved
or graded to facilitate a more appropriate area for the placement of the power
plant. An estimate can be derived as to the amount, just from modeling with a
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low-order 3D surface (the desired shape of the terrain of the site), and
deriving a statistic (e.g., variance) between the actual 3D profile and the low-
order model which would correlate with the amount of earth to be moved or
the amount of effort to prepare the site. Thus a contribution to the overall
project cost of site preparation will be derived assuming local rates for time,
equipment, and labor or site reshaping/preparation.

In addition to altering the 3D profile of a site for a power plant, another
estimate that enters into the overall cost estimate is the amount of vegetation,
such as trees and shrubbery, which needs to be removed in advance for the
site preparation. This can be estimated from one or more images of the site
in differing wavelengths. The length of a shadow cast by an object, a tree for
example, estimates its size and/or height above the ground. The images can
be digitally processed by known image processing techniques, such as
segmentation, and measurable quantities such as energy and entropy, to
produce one or more metrics that correlate with the amount of work to be
performed to prepare the site. An area within a site can be identified first by
segmentation and then identified as a pond by being a closed structure and
also using the values of energy and entropy within that area as compared to

areas external to it.

Other inputs include the arrangement of the site into a grid space according to
the given site borders, perimeter and internal roads, keep-out (n0-go) zones
(e.g. swales, river beds, and temporary construction zones including
equipment areas) within the site, location, elevation maps, and any rolling
landscape or topography. For instance, greater tilt implies greater row
spacing. Another important detail to be considered is how the optimum array-
filling factor is to be achieved. This represents a sub-problem to the overall
optimization process. It is assumed that there is one best setup given the
design parameters or at least a small family of best designs for each module
and inverter pairing. On the other hand, this assumption might not be true, in
which case options in this part become part of the design parameters.
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Inputs involving civil design of the solar plant include specifications for roads,

fencing, as well as drainage. Detailed civil drawings and plans of the resulting
design, including plans and drawings for fencing and landscaping, site grading
and earthwork, roads and drainage, as well as for solid waste removal, can be

easily generated for the desired designs.
Cost Estimations

A PV power plant design, including components and labor, directly determines
the cost of the installation. The input specifications from the user will include
the methods by which this plant will be financed. Operating costs can also be
factored into the computations so as to provide information regarding the cost
of a given approach. Once a physical system has been fully designed the
performance can be evaluated with a combination of custom and industry-
standard simulation tools (such as SSC) to obtain the power delivered over
time for the lifetime of the project. The installation cost, power income, loan
payments, taxes and tax incentives, and operations cost to create a cash flow
over the lifetime of the project. This cash flow is used to determine the value
of a particular design. One of the mechanisms for setting any of the financial
inputs is through the design interface, such as a GUI.

An exemplar of a portion of the design interface might look like is depicted in
FIG. 22. The various financial inputs comprise: the type of market model for
the utility; the lifespan of the financing; the loan term; the loan rate and
fraction; a value for the expected inflation rate; insurance rate; and the type of
depreciation and its options; labor rates for both electrical and structural,
which are naturally dependent on the latitude and longitude (i.e., the locale);
various tax rates; and a number of other inputs as well. Such information can

also be entered via a database or other file.

One of the options is for the depreciation model. A drop down menu is one
possible way that the various options can be readily displayed. Two
examples of such models are MACRS (modified accelerated cost recovery
system) and depreciation distributed over a fixed number of years.
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Upon producing a design, the next step is cost estimation using the following
method: the pressures and forces placed on the supporting structure from
wind buffeting, seismic loads, snow loads, and dead loads (gravity) are
calculated; the determination of the most economical, lightest gauge support
structure strong enough to bear the maximum possible load plus an over-
design factor is then determined. This procedure continues until there is a
complete design for the given set of design input specifications. From this
point the performance of the design over its lifespan can be modeled and the

one or more figures-of-merit can be determined.

A detailed energy or performance simulation analysis will include detailed
daily, monthly and yearly energy generation profiles including various energy

loss diagrams.

The results of modeling the performance are stored in the simulation object
(step 204, of either FIGS. 4(A or B); or step 506 of FIG. 5), which includes
cash flow. This task is often not in parallel with the cost estimation task (409,
FIGS. 4(A or B); or step 505b of FIG. 5).

After the parameters and initial conditions have been entered (input
specifications), and after an embodiment has been executed, an arbitrary
number of the best configurations will be presented. Each one is presented
after it has been re-run one final time, during which multiple simulations can
be used to double-check or cross-reference results. Associated with each of
these configurations are options for additional input. A detailed report of the
resulting design, resulting layout, relevant analyses, the power simulation
results, the income, and the ultimate value of the project can be generated for

the desired designs.

The structural codes are input to the designs of the electrical and structural/-
mechanical layouts as well as the tilt, height, bank, and azimuthal values and
the process is iteratively repeated. These entries are then fed into the design
process or a mechanical layout feature or system and an associated cost is
computed. The mechanical layout feature then produces outputs that allow
revisions of the design parameters by the user. The next step is to take that
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revision to alter, optimally, the tilt, height, bank, azimuth and other values and
repeat and the process is repeated. The mechanical layout feature possesses
internal optimization systems and processes. The best N results are compiled

and presented.

The other broad category of entry information is that of the system model,
which will be ultimately represented by an objective or cost function,
something that is well known in the art of linear or non-linear

programming/optimization (see, e.g., Luenberger 2003).

From the total number of strings, the number of inverters that can safely
handle the maximum output can be determined; the DC and AC cable routing;
the locations for where trenches should be dug can be calculated; and the
number of hours of various types of labor that are necessary to install these

components can all be computed.

The total number of structural components to be manufactured; the cost of
materials, labor, machinery, manufacturing tools & processes, transport to the

site, are also added to the cost estimation.

Based on the results of the performance simulation analysis and the cost
estimation of the designs, a comprehensive financial returns analysis can also
be compiled, including rates of pre-tax and after-tax returns, payback periods,
nominal cost of electricity, and net present value of the project. A
comprehensive financial returns analysis can also include various sensitivity
and benchmarking analyses versus various inputs and parameters, including

site location, type of PV panel or type of structural components.

By fully automating the laborious design process a fuller understanding and
sensitivity of the viable parameters can be achieved. This is in stark contrast
to the lack of granularity in sensitivity analysis that can be achieved with the
standard few iterations of a human PV design engineer or team of engineers.
Thousands of iterations can be obtained in a short tolerable execution time to
achieve not just small incremental improvements, but also strategically
different designs, with unambiguous benefit to the solar developer and/or the

final site owner.
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One embodiment for the optimization algorithm is to determine the structural
costs after the appropriate loads for the site have been calculated or input. A
look-up table (database) can be computed and the top most economical
structures to meet the design criteria can be selected or further examined.
Costs include materials cost and number of labor hours multiplied by a local
labor rate, with region-dependent prevailing wage and/or union wage factors
built in. By having a number of feasible options for the structure, a cost
function (objective function or figure-of-merit) can be computed and entered
into the table. The best solutions can then be automatically identified and
displayed for the user. Thus in this embodiment, instead of designing the
layout and then seeing what structure (and its associated cost) has been
determined for that layout, the number of modules per array will be an output
from structural selection. For the first pass, the structural module will come

before layout in order to determine the structural footprint.
Total Value and Financial Analyes

There are multiple types of total value (figures-of-merit), such as total energy
produced (maximum site energy), payback period, or internal rate of return
(IRR). For the IRR, the net present value is directly calculated given the hourly
income (grouped into the utility company's pay periods and power purchasing
agreements (PPA’s) Time of Use factors) and numerical methods are used to
calculate the IRR over a given period. The total value can be determined from
the up-front costs and the income stream over time. This completes one
iteration of the overall objective function.

Once all of the components have been designed, the cost for each
component and hence a total cost for the project can be estimated. Once all
of the components have been laid out, performance simulation analysis can
be completed to compute the projected energy generated by the plant design.
A detailed financial returns analysis involving a wide range of figures-of-merit
can then be completed, including but not limited to, pre-tax and after-tax rate
of return, net present value, levelized cost of energy, and payback period.
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In FIG. 23, a perspective diagram shows the IRR in percent, as a function of
both azimuth and tilt. The units are degrees. Optimization can be performed to
find the highest IRR, given certain user or environmental constraints. Another
way of looking at the effectiveness of a given design is the cost per panel as a
function of tilt and height for a certain set of input parameters. FIG. 24 is a
perspective diagram showing such a relationship for a specific site (longitude
and latitude).

One of the latter aspects of the optimization process is a structural design,
which will be the most economical design to fit the imposed or desired criteria.
There are alternative embodiments, each of which presents a different set of
advantages and disadvantages.

Monte Carlo Enhancements

As has been discussed, the process of optimization described herein centers
on automating a design given some set of parameters and then simulating
that design over time. The data used to drive the simulation therefore has a
large impact on what design will ultimately be determined as optimal. To
ensure robustness in this process, a "typical meteorological year" (TMY) data
file from the National Renewable Energy Laboratory is used for primary
simulation. This data file is built from the specific months out of years of
historical data that were deemed to be most ‘typical’, and it therefore ignores
abnormal events (e.g., volcano eruptions affecting solar irradiation for weeks
or months). However, while by definition an abnormal event is not expected in
the typical year, such an event could be expected over the lifetime of the
installation, which can last up to three decades. For this reason, additional
historical data, including data representing abnormal events, can also be used

during simulation.

The process by which further information can be used in simulation is
described. In evaluating the merit of the design, the simulation can include a
TMY as well as a combination of other historical data. The historical data is
recombined randomly to produce off-nominal years. Several of these off-
nominal years are produced by what is known as "bootstrapping” in statistics:
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random sampling (with replacement) from the extant data. This process helps
ensure that the optimal design is not overly tailored to a specific data file, but
instead is robust against a range of known conditions for the site.

The process of using bootstrapping to randomize individual evaluations in an
optimization process can be considered a Monte-Carlo approach to
optimization. For a basic introduction to Monte-Carlo techniques see, e.g.,
Fishman (1996).

A useful aspect of the general optimization strategy described (the hybrid
coordinate-search and global-search, discussed above) with a Monte-Carlo
approach is that it allows the off- nominal data to be used in a graduated way,
alleviating the computational expense of the added simulations. In evaluating
the merits of two designs with grossly different performance over a TMY,
evaluating the designs further over the off-nominal simulations would reveal
little about which design was superior. However, because the coordinate-
search-global-search method finds numerous local maxima (up to one per
iteration of the coordinate search), it can keep track of competing but different
designs. As numerous local maxima with similar performance are found in the
parameter space, their ultimate differences can be determined by adding
simulations over off-nominal conditions. With increased abnormal weather
conditions predicted due to global warming, the ability to adjust design

parameters to compensate for likely abnormal conditions becomes important.

As such, for the early stage of the optimization process, only TMY datasets
are used. As differing designs become competitive, their differing performance
is evaluated more carefully with the off-nominal conditions, yielding the best-
expected performance for real conditions in a graduated way suitable for

efficient optimization.

One of the embodiments of the present application is a method to optimize
designs of a custom solar photovoltaic array system comprising: the use of
normative databases of meteorological and seismic data as inputs to the
designs of mechanical and electrical components of said array system; the
use of real-time as well as predictive databases of financial (i.e. inflation,
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interest rates, exchange rates, cost of capital) and utility rate (i.e. cost of
power across time of day or year) data as inputs to the designs of the said
array; the adjustment of the normative databases based upon Monte Carlo
simulations to predict abnormal behavior; the adjustment of the designs of the
mechanical and electrical components to compensate for said abnormal

behavior; and, storing, reporting, or further processing said designs.
Additional Considerations

In another embodiment, a civil layout system and procedure possess an input
interface to receive design variables related to a civil layout and also to
receive solar array input specifications. This system will generate at least one
optimized civil design of the solar array, in which the design is Pareto efficient
and the choice of civil features are derived from said optimization. The civil
design layout can be a part of the virtual space design environment disclosed

hereinabove.

In another aspect, applicable within any of the design systems and processes,
the various optimized structural components into a finite or quantized number

of sets (quantity selectable), reducing the number of different components that
are to be manufactured, while achieving an increase in overall efficiency

and/or a decrease in costs.

The method may be encoded into computer programmable codes which may
be stored in a computer-readable memory that can direct a computer or other
programmable data processing apparatus to function in a particular manner,
such that the instructions stored in the computer-readable memory produce
an articles of manufacture of the solar power plant including instructions which
implement the functions/acts specified in the block diagrams and/or flowchart
block or blocks.

The methods described here could be encoded as instructions to a variety of
processors or programmable systems (including GPUs and FPGAS) to cause
a series of operational steps to be performed on the processors or other
programmable apparati to produce a processor-implemented process such
that the instructions which execute on the processor or other programmable
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apparati provide steps for implementing the functions/acts specified in the
block diagrams and/or flowchart block or blocks.

Accordingly, example embodiments may be implemented in hardware and/or
in software (including firmware, resident software, micro-code, etc.).
Furthermore, example embodiments may take the form of a computer
program product on a computer-usable or computer- readable storage
medium having computer-usable or computer-readable program code
embodied in the medium for use by or in connection with an instruction
execution system. In the context of this application, a computer-usable or
computer-readable medium may be any medium that can contain, store,
communicate, propagate, or transport the program for use by or in connection

with the instruction execution system, apparatus, or device.

It should also be noted that in some alternate implementations, the
functions/acts noted in the blocks may occur out of the order noted in the
flowcharts. For example, two blocks shown in succession may in fact be
executed substantially concurrently or the blocks may sometimes be executed
in the reverse order, depending upon the functionality/acts involved.
Moreover, the functionality of a given block of the flowcharts and/or block
diagrams may be separated into multiple blocks and/or the functionality of two
or more blocks of the flowcharts and/or block diagrams may be at least
partially integrated.

In the drawings and specifications of the present application, there have been
disclosed exemplary embodiments of the invention. However, many variations
and modifications can be made to these embodiments without substantially
departing from the principles of the present invention. Accordingly, although
specific terms are used, they are used in a generic and descriptive sense only
and not for purposes of limitation, the scope of the invention being defined by

the following claims.

Some of the methods and systems disclosed in this application are applicable
only to a specific type of power plant, such as a ground-mount installation.
The separation of and applicability of methods, and steps therein, as well as



WO 2015/175923

84 PCT/US2015/031056

systems and components thereof, and their particular usages with each of the

separate types of power plants, namely rooftop, carport coverings, and small-

to-large scale utility installations, would be apparent to the ordinary skilled

person in the art.

APPENDIX
Parameter | Explanation
L | Project lifetime (default value between 25 and 30 years)
nort | Year from beginning
R{i} | Revenuesat houri
E{(i} | Energy at houri
A{i} | Availability at hour I {default value = 0.999)
T{i} | Tariff at houri
R{n} | Revenues collected at n'th year
Cpc | DC Capacity in kW
CF{n} | Cash Flow to Project Owner at n'th year
TAX{(n} | Taxes paid at n'th year
LL{n} | Land Lease paid atn'th year
INT(n} | Interestcost paid atn'th year
REPAY(n} | Repayment of loan over n'th year
Rine{nn} | Interestrate on the debtatyearn
Rrax | Total Corporate Tax rate at yearn
Rpep{n} | Rate of depreciation at year n
BEP(n} | Depreciation atyearn
Ti{n} | Taxable Income at yearn
LB(t} | Loan Balance at time t
EBITDA(n} | Earnings before interest, taxes, depreciation, and amortization at
n'th year
Rus | Insurance Premium Rate

11

Insurance cost for year gne
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I{n} | Insurance cost for n'th year
OM({n} | Operation and maintenance costs at n'th year
OMF | Fixed Operation and maintenance cost in USD per kiloWatts
OMV | Variable Operation and maintenance cost in USD per
kiloWatthour

R{1} | Revenues collected at year one
E{1} | Energy collected at year one
E{n} | Energy collected at n'th year

BPPE(n} | Balance Value of property, plant, equipment

COSTsty | Costof Sales and Use Tax

COSTree | Costof engineering, procurement, and construction

COSTwmar | Cost of the direct materials

COSTinsraLL

Cost of the installation

COSTinp | Costofindirect capital costs
COSTene | Costof the engineering
COSTinter | Cost of the interconnection
COSTrper | Cost of the permits
COSTrrp | Cost of the freight and duties
COSTover/mar | Cost of contractor and supplier overhead and margins
COSTrprep | Cost of the site preparation
COSTowm | Cost of the operations and maintenance
COSTranp | Costof the site or land
COSTpry | Cost of development
COSTipc | Costof interest during construction
COSTawL | All installed cost of solar power plant
rr | Expected rate of return (default is dpom = nominal discount rate}
rr | Risk-free rate {defaultis rr}
rp | Equity risk premium + small company risk premium + country

risk premium
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rr | Treasury interest rate {T-bonds)
drea | Real discount rate = nominal discount rate - inflation
Pw | Price of a module
Ny | Number of modules
Pi | Price of an inverter
Ni | Number of inverters
Ps | Price of a structural component
Ns | Number of structural components
Pe | Price of an electrical component
Ne | Number of electrical components
P, | Costoflabor
Ny | Number of man-hours of labor
Cacre | Cost per acre for land
Nacre | Number of acres
PPA({i} | Power purchase agreement rate as of houriatyear 1
ToU{i} | Time of Use factor in Power purchase agreement at hour i
R{i} | Residential Spotrate at hour i
C(i} | Commercial Spotrate at hour i
G{i} | Grid Spotrate at hour
Tariff(i} | Tariff athouri
ESC | Escalation rate of power purchase agreement
INF | Inflation rate
DEG{n} | Module sensitivity degradation at year n
Over% | Overhead as percentage of total direct costs
MAR% | Margin as percentage of total direct costs
DEBT% | Debtas percentage of total installed costs
LOAN | Loan Balance on date of commissioning

GRANT

Total Grant amount for construction
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IC | Investment Credits, including Investment Tax Credits

LCOE: Nominal and Real Levelized Cost of Electricity:

nom

LCOE,,,, =

Bnom

E(t)
Ahnom = Z{u )

B El + YL { {INT(t) + OM(t) + LL(t) + I(t) + TAX(t) + REPAY(t)}
nom (1 + dpom)*

A
LCOE, .y = Bm”
real

E(t)
real Z[(l + dreal) ]

El+ YL, [INT(t) + OM(t) + LL(t) + I(t) + TAX(t) + REPAY(1)]

B =
reat (1 + dreal)t
5
CF(n) + TAX(n)
Bl = BQUITYmested = ) 7 3n
n=1
IRRpretax = r = rate of return and is derived from the above EI equation.
IRRafertax = F = rate of return and is derived from the above EI equation where
TAX(n) = 0.
10  Payback time = tppsuch that

trp

f CF(t)dt = EI

o

CF(n)
NPV = net present value = ——— —FI
] 1+ rg)n

n=

COSTS



10

15

WO 2015/175923 88 PCT/US2015/031056

M 1 s E
COST (direct materials) = Z PmNm + Z p;n; + Z psns + Z DeNe
m=1 i=1 s=1 e=1

S E
COST (Balance of Plant) = Z ps g + Z Pelle

s=1 e=1

P
COST (install) = Z Pp Ny
p=1

COSTOVER/MAR
= (Over% + Mar%) = {COST (direct materials)
+ COST (install)}

COSTinp = {COSTgnG + COSTinTer + COSTper + COSTsty + COSTprrp+ COSTrrp }
COSTaLL = COSTepc + COSTprv

COSTgpc ={COSTmar + COSTinstarLL + COSTover/mMar+ COSTinp - COSTstu}
COSTpev ={ COSTranp + COSTsruy + COSTipc }

COSTranp = Cacre X Nacre

COSTipc = Rint * (m/12)*Debt%*COSTar1, where m= months of construction

PPA, (i) =PPA (i) * (1 + ESC) »1, where n = year
C,(i)=C(i)*(1+INF)nr1

R,({)=R(i) * (1 +INF) nt

G, ()=G () *(1+INF)n1

Tariff (i) = Tariff at hour i,

R(i) = Residential Spot Rate at hour i

C(i) = Commercial Spot Rate at hour i,

G(i) = Grid Spot Rate at hour i,

PC(i) = Production Credit Rate at hour i,

R(i) = E(i) *A(i) * T(i)

[Revenues at hour i = (Energy at hour i) (Availability at hour i) (Tariff at hour i)]

8760

R(1) = Z R(D)
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E(D) = Sf:oE(i)

E(m) = E(1)(1 - DEG(n))*™V

L
Total Revenues over lifetime = Z R(n)
i=1

OM(n) = (OMF)(Cpc )(1 + INFY™1, if fixed costs

OM(n) = (OMV)(E(m))(1 + INF)™=1, if variable costs

Cpc = DC capacity in kiloWatts

(1) = Ryus * COSTrpc

I(n) =1(1) * (1 -DEP(n))™1* (1 + INF)»1
EBITDA(n) = R(n) - OM(n) - I(n) -LL(n)
INT(n) = LB(n) * Rt (n)
LB(n+1)=LB(n)-REPAY(n)

DEP(n) = BPPE(n) * Rpep(n)
BPPE(n+1)=BPPE(n)-DEP(n)

TI(n) = EBITDA(n) - INT(n) - DEP(n)
TAX(n) = TI(n) * Rrax(n)

CF(n) = TI(n) + DEP(n) - TAX(n) - REPAY(n)
Equity invested = COSTar1, - LOAN - GRANT - IC
LOAN = (COSTaLL- GRANT - IC) x DEBT%

Parameter | Explanation
Ien{t} | Global Horizontal Irradiance at time ¢
foc(t) | Incidence factor over collector plane at time t {factor based on
tracking or fixed}
Ng{t} | Near shadings losses attime t
Su{t} | Soilinglosses attimet
Eloc(t) | Effective Irradiance on collectors

CA | Total collector area of PV modules
Esie | Efficiency at standard temp coefficient
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Enom {t} | Nominal Array Energy generated at time t
1.{t) | PV loss due to Irradiance at time t
Tu{t} | PV loss due to temperature at time t
Esu{t) | Electrical Shading losses attime t
Mg | Module quality loss
Awr(t) | Array mismatch loss at time t
Owi(t} | Ohmic wiring losses at time t
Epc | Energy injected into Inverter or DC Energy at time t
Ior(t} | Inverter Operational Loss {(or Inverter Efficiency loss) at time t
Iipr(t) | Inverter Loss due to Power threshold attime t
Iinom(t) | Inverter Loss over Nominal inverter power attime t
hvnvom(t) | Inverter Loss over nominal inverter voltage at time ¢
fivr(t} | Inverter Loss due to Voltage threshold attime t
Einv | Energy Output from Inverter at time t
Acor(t) | AC Ohmic Losses {AC Electrical wiring) at time t
TL{t} | Transformer Loss attime ¢
E(t} | Net Energy Outputat time t

Eloc(t) = lan(t) (1 + loc(t)) (1 - Ns(t)) (1 - Si(t))
Enom(t) = IGH(t) (CA) Estc

Epc(t) = Enom(t) (1- (IL(t)) (1- (TL(t)) (1- (Esu(t)) (1- (Mq)) (1 - AmL(t)) (1- Oww(t))

Einv(t) = Enc (1- (Jow (t)) (1- Inom(t)) (1- Ieer(t)) (1 - Ivnom(t)) (1- (ILvr(t))
E(t) = Einv (1- (Acor(t)) (1- TL(t))
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CLAIMS

1. An automated site engineering design system to design an optimized
solar array of photovoltaic panels, the design system comprising: a user input
interface, in which said user can input a set of input specifications comprising
one or more numerical constraints and one or more rules, and one or more
design variables; a set of databases, in which data regarding characteristics
of components are stored, updated, and obtained therefrom; an objective
function that is constrained by one or more input specifications, in which the
objective function is optimized producing by adjustment of said design
variables, one or more Pareto solutions constrained by said input
specifications; a decision maker to select one of the one or more Pareto
solutions as the design solution; and, a component definition feature having
an input for receiving said set of input specifications and the design variables
of the one or more Pareto solutions, said component definition feature
generating designs of a complement of components based upon said set of
input specifications and the design variables of the one or more Pareto

solutions.

2. The system as recited in claim 1, further comprising: a mechanical
layout feature having an input for receiving one or more design variables of
one or more Pareto solutions related to mechanical structures and an input for
receiving said set of input specifications, said system generating one or more
optimized mechanical designs of said optimized solar array.

3. The system as recited in either of claims 1 or 2, further comprising:

an electrical layout feature having an input for receiving said one or more
electrical design variables of one or more Pareto solutions and an input for
receiving said solar array input specifications, said system generating at least
one optimized Pareto efficient electrical design of said optimized solar array,
in which the one or more types and numbers of inverters, one or more types
of wiring, volumes of one or more types of wiring, and wiring layout, one or
more DC-DC optimizers, one or more max-power-point trackers, one or more

transformers, one or more energy storage devices, and one or more power

SUBSTITUTE SHEET (RULE 26)
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management systems, and combiner boxes are derived from said

optimization.

4. The system as recited in any one of the claims 1 - 3, in which the one
or more rules may include one or more of the following characteristics: a
limitation imposed by the longitude/latitude of the site; limitations imposed by
the size, terrain, and geometry of the site; a limitation imposed by the type of
PV module to be used; a limitation imposed by the amount of grid electrical
power; a limitation imposed by the available funding; a limitation imposed by
the seismicity of the site; a limitation imposed by the meteorological conditions
found at the site; a limitation imposed by the amount of electrical energy to be
produced; a limitation imposed by the amount of IRR; a limitation imposed by
the soil and bedrock of the site; a limitation on the maximum losses due to
electrical components; a limitation imposed by the use of maximum power
point tracking electronics; and limitations imposed by local safety agency
regulations such as building and electrical codes.

5. The system as recited in claim 1, further comprising: an automated
output specifications generator, in which said automated output specifications
generator supplies output specifications for the complement of electrical
components of said optimized solar array.

6. The system as recited in claim 5, in which the output specifications for
one or more electrical components comprise a bill-of-materials, costs and
numbers of individual electrical components, single line diagrams, wire
schedules, labeling lists, interconnection diagrams, CAD drawings and files,
permit drawings, construction drawings, civil diagrams, wiring diagrams,

production drawings, and plant layout.

7. The system as recited in claim 2, further comprising: an automated
output specifications generator, in which said automated output specifications
generator supplies output specifications for the complement of structural
components for said optimized solar array.

8. The system as recited in claim 7, in which the output specifications of

one or more structural components comprise one or more of a bill-of-

SUBSTITUTE SHEET (RULE 26)
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materials, costs of and quantities of individual structural components, special
coating requirements, single line diagrams, labeling lists, CAD drawings and
files, list of accurate relative ground positions, permit drawings, construction

drawings, civil diagrams, production drawings, and plant layout.

9. The system as recited in any one of claims 1, 2, 4, 7, or 8, further
comprising: an automated system to label each of the components to permit
ready production, identification, and assembly at site.

10.  The system as recited in any one of claims 1 - 9, in which said input
interface provides an input mechanism for at least one input specification of
said solar array.

11.  The system as recited in any one of claims 1 - 9, in which said

objective function is a multi-objective function.

12.  The system as recited in any one of claims 1 - 11, in which the multi-
objective function is a mathematical composite of two or more of the following
figures-of-merit: maximum internal rate of return, minimum payback period for
investment, minimum nominal levelized cost of electricity, minimum total
capital cost, maximum internal rate of return given a specific maximum capital
cost, maximum internal rate of return given a specific maximum site areal
coverage, minimum DC wiring volume, total cost of electrical components,
total cost of maintenance of electrical components, total cost of the installation
of the electrical components, total cost of structural components, total cost of
site preparation, total cost of the installation of structural components, PPA
Time of Use, payback period, net present value of system, and max power

density collected.

13.  The system as recited in any one of claims 1 - 12, in which two or more
of said figures-of-merit are each assigned relative weights and said system
generates a Pareto set by optimizing design variables according to said

assigned relative weights.

14.  The system as recited in any one of claims 1, 3, 4, 5, 6, 10, 11, 12, or
13 in which said complement of components further comprises the types and
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numbers of inverters and a plurality of combiner boxes, in which said system
generates an electrical design for the placement of said inverters, combiner
boxes, transformers, energy storage units, and the electrical wiring

interconnecting these components.

15.  The system as recited in any one of claims 2 - 14, in which said system
further optimizes the optimized solar array engineering design based upon

one or more secondary objective functions.

16.  The system as recited in claim 15, in which the one or more secondary
objective functions are structural stability of a module or panel support
structure, costs of any individual electrical component, costs of structural
materials, costs of operations and maintenance, costs of labor, costs of land,
costs of land development, costs of transportation of materials, and warranties

of electrical components.

17.  The system as recited in claim 1 - 16, in which said set of input
specifications contains at least one of the following: safety agency
specifications, site meteorological constraints, site shading constraints, site
geographic or geological constraints, site thermal constraints, site soil

constraints, and site seismic constraints.

18. The system as recited in claim 6, in which said output specifications for
said complement of structural components comprises manufacturing drawings
and CAD files for at least one or more of the complement of structural

components.

19.  The system as recited in claim 18, in which said CAD files are used to

manufacture said complement of structural components.

20. An automated solar array engineering design system for aiding a user
to design an optimized solar array to be manufactured by a predetermined
manufacturing system characterized by a predefined set of tools, processes,
and materials, the design system comprising: information representing
predetermined limitations which, if observed, ensure that said optimized solar
array can be fabricated using said predefined set of tools, processes, and
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materials; an interface for receiving solar array input specifications from said
user; a component definition feature having an input for receiving said solar
array input specifications, said component definition feature generating one or
more optimized designs of a complement of components based on said solar
array specifications; said solar array engineering design system generating an
optimized solar array design for said optimized solar array constrained using
said input specifications, said system preventing generation of a design that
requires tools, processes, and materials other than the predefined set of tools,
processes, and materials; and, an automated manufacturing specifications
generator having an input for receiving said optimized solar array engineering
design and supplying output specifications needed to implement said

optimized solar array.
21.  The method to design a solar PV power plant, comprising:

selecting a set of input specifications, in which said input specifications

comprise one or more numerical constraints and one or more rules;
selecting a set of design variables; defining an objective function; and,

determining a set of Pareto solutions of said objective function by adjusting
said design variables and which is further constrained by said input
specifications; generating output specifications of said solar PV power plant,
in which said output specifications are based on at least one of the Pareto

solutions.

22. The method as recited in claim 21, in which said output specifications

are used to implement said power plant.

23. The method as recited in either of claims 21 or 22, in which said output
specifications include one or more of the following: one or more designs of the
support structures, one or more designs of the electrical configuration, one or

more designs for the power plant layout.

24.  The method as recited in any one of claims 21 - 23, in which the
objective function is from the group consisting of: maximum internal rate of

return, minimum payback period for investment, minimum nominal levelized
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cost of electricity, minimum total capital cost, maximum internal rate of return
given a specific maximum capital cost, and maximum internal rate of return

given a specific maximum site areal coverage.

25. The method as recited in any one of claims 21 - 24, in which the
objective function is a single objective function.

26. The method as recited in any one of claims 21 - 24, in which the

objective function is a multi-objective function.
27. The method to design a solar PV power plant, comprising:
defining a first objective function; selecting a first set of design variables;

selecting a first set of input specifications, comprising one or more rules and
numerical constraints; identifying a first set of design solutions, based upon an
optimization of the first objective function using the design variables and
constrained by said first set of input specifications; and, generating a first set
of output specifications, based on one of the first set of design solutions;

28. The method as recited in claim 27, further comprising: defining a

second objective function; selecting a second set of design variables;

selecting a second set of input specifications, comprising one or more rules
and numerical constraints; identifying a second set of design solutions, based
upon optimization of the second objective function using said second set of
design variables and constrained by the second set of input specifications and
further constrained by one or more of the specifications of said first set of
output specifications; and, generating a second set of output specifications
based upon a selection of one of the second set of design solutions.

29. The method as recited in claim 28, further comprising: defining a third
objective function; selecting a third set of design variables; selecting a third
set of input specifications, comprising one or more rules and numerical
constraints; identifying a third set of design solutions, based upon optimization
of the third objective function using said third set of design variables and
constrained by the third set of input specifications and further constrained by
one or more of the specifications of said first and second sets of output
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specifications; and, generating a final set of output specifications based upon
a selection of one of the third design solutions.

30. The method as recited in claim 29, in which said selection of one of the
first set of design solutions and said selection of one of said second set of
design solutions and said selection of one of said third set design solutions is
by a decision maker.

31.  The method as recited in either of claims 29 or 30, in which the first set
of design solutions, the second set of design solutions, and the third set of
design solutions are each Pareto optimal.

32. The method as recited in any one of claims 27 - 31, in which the first

objective function is a primary objective function.

33. The method as recited in any one of claims 29, 30, or 31, in which the
final set of output specifications includes specifications for the electrical layout
and the complement of electrical components and/or designs for the

mechanical structures and the complement of structural components thereof.

34. The method as recited in claim 33, in which said final set of output
specifications are used to implement said solar PV power plant.

35. The method as recited in claim 31, in which the second set of design
solutions involves optimization of the electrical layout and the electrical

components comprising thereof.

36. The method as recited in claim 29, in which the third set of design
solutions involves optimization of the mechanical structures and the

mechanical components comprising thereof.

37. The method as recited in claim 28, in which the second set of design
solutions involves optimization of the mechanical structures and the

mechanical components comprising thereof.

38. The method as recited in either of claims 36 or 37, in which the design
solutions of the mechanical structures are optimized according to their
location within the power plant.
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39. The method as recited in claim 38, in which the optimization of the
mechanical structure according to location within the power plant can affect
one or more of the following: one or more struts, one or more piles, one or
more ballasts, one or more rails, one or more armatures, one or more motors,
one or more yokes, one or more pipes, one or more tubes, one or more roll-
formed channels, one or more purlins, one or more journals, one or more
bearings, one or more axels, one or more motors, and one or more interface

plates.

40. The method as recited in claim 29, in which the third set of design
solutions involves optimization of the electrical layout and the electrical
components comprising thereof.

41. The method as recited in claim 40, in which the electrical components
comprise one or more of the following: one or more of DC wiring types, one or
more of AC wiring types, one or more types of inverters, one or more types of
transformers, one or more types of DC-DC optimizers, one or more types of
grounding equipment, one or more types of conduit, one or more maximum
power-point trackers, one or more energy storage units, and one or more

types of combiner boxes.

42. The method as recited in claim 41, in which the one or more types of
inverters are selected from the group consisting of microinverters and

inverters.

43. The method as recited in claim 41, in which the electrical layout
specifies how the electrical components are interconnected and their locations

within the power plant.

44. The method as recited in any one of the claims 29 - 43, in which the

optimization process is in communication with an external design program.

45. The method as recited in claim 44, in which the nature of the external
design program is specific to mechanical, electrical, structural, finite-element
analysis, and computational fluid dynamics.
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46. A method of generating an optimized design of a solar PV power plant,
comprising: defining a sequence of optimizations, in which each step in said
sequence comprises optimizing one or more objective functions, a set of input
specifications comprising numerical constraints, one or more rules, and a set
of design variables; determining an optimized design, in which each step of
said sequence is executed comprising: evaluating the results of each
optimization of each step of said sequence, adding one or more constraints
generated from results of an earlier step of said sequence to the set of
constraints of a next step in said sequence; and, generating a set of output
specifications based on the results of the last step in said sequence.

47. The method as recited in claim 46, further comprising:
implementing said power plant in accordance with said output specifications.

48. The method as recited in either of claims 46 or 47, in which at least one
of the one or more of the objective functions in a step in said sequence is a
primary objective function and at least one of the one or more of the objective

functions in another step of said sequence is a secondary objective function.

49. The method as recited in either of the claims 47 or 48, in which the at
least one secondary objective function is optimized before said primary
objective function.

50. The method as recited in claim 46, in which the results of each
optimization in each step of said sequence are evaluated by a decision

maker.

51.  The method as recited in any one of claims 46 - 50, in which a subset
of the output specifications of an optimized objective function in the sequence
of optimizations is used as additional constraints for the next objective

function optimization in said sequence.

52. The method as recited in any one of claims 46 - 51, further comprising:
implementing said solar PV power plant in accordance with the final output
specifications.
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53. A method of identifying a set of designs compliant with one or more
constraints within a constraint set defined by input specifications, comprising:
providing an objective space of at least one objective and a space of design
variables; examining a plurality of designs that comply with at least one
constraint of said at least one objective; identifying according to said
examination, a set of designs from said plurality of designs that have
corresponding design variables, in said design variable space, that are within
a range of selected extrema within said design variable space and which are
members of the Pareto solution set; and, displaying, storing, or further
processing said set of designs.

54.  The method as recited in claim 53, further comprising: selecting a
design of said Pareto set by a decision maker; and, generating output
specifications of said design.

55. The method as recited in claim 54, further comprising: implementing a
solar power plant in accordance with the output specifications.

56. The method as recited in claim 55, further comprising: defining a virtual
space digitally representing the site and terrain of a solar power plant; and,
providing a layout feature allowing component locations to be defined within
said virtual space.

57. The method as recited in claim 56, in which the design variables are
civil design variables.

58. The method of claim 56, further comprising: providing component icons
representative of said complement of components; and, allowing said user to

move said icons in said virtual space to define said component locations.

59. The method of claim 58, further comprising: automatically optimizing
the placement of said components with respect to a first objective function;
and, optimizing said virtual space to fit said arrangement of said component

and/or their locations with respect to a second objective function.

60. The method to minimize the cost of the electrical design of a solar PV
power plant, comprising: selecting a site for said power plant;
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estimating the amount of electrical power that can be produced by said power
plant at said site; selecting a set of input specifications, comprising one or
more numerical constraints and one or more rules; selecting a set of design
variables comprising one or more of the following electrical components:
types and amounts of DC wiring, types and numbers of photovoltaic modules,
types and amounts of AC wiring, the numbers and types of inverters, the
numbers and types of transformers, the numbers and types of power
management systems, the numbers and types of DC-DC optimizers, types
and numbers of maximum power-point trackers, the numbers and types of
combiner boxes, warranties for electrical components, and the numbers and
types of energy storage devices; determining a Pareto set of electrical
designs for said power plant by optimizing one or more objective functions by
adjusting said design variables and further constrained by said input
specifications; selecting one of the electrical designs from said Pareto set;
and, generating output specifications based upon said selected design.

61. The method as recited in claim 60, in which the one or more rules
include one or more of the following characteristics: a limitation imposed by
the longitude/latitude of the site; a limitation imposed by the type of PV
module to be used; a limitation imposed by the amount of grid electrical
power; a limitation imposed by the available funding; a limitation imposed by
the meteorological conditions found at the site; a limitation imposed by the
amount of electrical energy to be produced; a limitation imposed by the
amount of IRR; a limitation on the maximum losses due to electrical
components; a limitation imposed by the use of maximum power point
tracking electronics; and, limitations imposed by local safety agency
regulations and specifications such as electrical code specifications.

62. The method as recited in claim 61, in which said one or more objective
functions are defined to be one or more costs of the electrical components,
which are to be minimized, and said one or more objective functions are

constrained by said set of input specifications.

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2015/175923 104 PCT/US2015/031056

63. The method as recited as in any one of claims 60 - 62, further
comprising: implementing the electrical design for said power plant in
accordance with said output specifications.

64. The method as recited as in claim 60, in which selecting said site
comprises specifying at least a longitude and latitude and a physical size of
usable area.

65. The method a recited as in claim 60, in which the output specifications
include one or more of the following electrical components: types and
numbers of combiner boxes, types and numbers of photovoltaic modules,
types and amounts of DC wiring, types and amounts of AC wiring, types and
numbers of inverters, electrical wiring diagrams, types and number of
switchgear, grounding equipment, types and numbers of DC-DC optimizers,
types and numbers of energy storage devices, types and number of power
management systems, and layout diagrams of any electrical component and
interconnections therebetween.

66. The method as recited as in claim 62, in which the one or more costs of
electrical components comprise: cost of the DC wiring, cost of AC wiring,
costs of one or more inverters, costs and types of photovoltaic modules, costs
of max-power point tracking electronics, costs of one or more of grounding
equipment, costs of one or more of electrical switchgear, costs of one or more
transformers, costs of one or more DC-DC optimizers, costs of one or more
electrical infrastructures, costs of one or more energy storage devices, costs
of operations and maintenance of said electrical components over a period of
time, and costs of one or more power management systems to control
electrical output of said power plant and to merge power-plant-generated
electricity into that of the grid electricity.

67. The method as recited as in claim 66, in which said one or more
electrical infrastructures comprise concrete pads for inverters and
transformers, cooling facilities for electrical components, conduit trenches,
and enclosures for electrical components such as inverters, transformers,

power management systems, and power storage systems.
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68. The method as recited as in claim 60, in which each of the one or more
objective functions are weighted according to weighting vector defined by a

decision maker.

69. The method as recited as in claim 60, further comprising: defining an
objective function correlated to the ground coverage ratio; and, determining
said Pareto set of electrical designs with the GCR objective function in

mathematical combination with the one or more objective functions.

70.  The method as recited in any one of claims 21 - 69, in which at least
one of the optimization algorithms used is gradient-based.

71.  The method as recited in any one of the claims 21 - 69, in which at
least one of the optimization algorithms is genetic.
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" Claims Nos.: 4, 9-17, 24-26, 32-34, 44, 45, 49, 51,52, 70, 71
because they are dependent claims and are not drafted in accordance with the second and thlrd sentences of Rule 6.4(a).

Box No. Il  Observations where unity of invention is lacking (Continuﬁtion of item 3 of first sheet)

- This International Searching Authority found multiple inventions in this international application, as follows:

see extra sheet

\/]
1. M As all required additional search fees were umely pald by the applicant, this international search report covers all searchable
claims.

2. EI As all searchable claims could be searched wnhout effort justifying additional fees, this Authority did not invite ‘payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest ’ E] The additional search fees were accompamed by the applicant’s protest and, where applicable, the
payment of a protest fee. '

D The additional seax:ch fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation. :

No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2015/031056

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for aII inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-3,5-8,18-19,27-31,35-43 46—48 50,60-69, drawn to optimizing an objective function.

Group I, claims 20-23, drawn to an automated solar array engineering design system for aiding a user to design an optimized solar
array.

Group Ill, claims 53-59, drawn to a method of identifying a set of designs compliant wnh one or more constraints within a constraint set
defined by input specifications. .

The inventions listed as Groups |, Il and 1! do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the
Group | invention: an objective function that is constrained by one or more input specifications, in which the objective function is
optimized as claimed therein is not present in the invention of Groups Il and lll. The special technical feature of the Group |l invention:

a predetermined manufacturing system characterized by a predefined set of tools, processes, and materials, the design system
comprising: information representing predetermined limitations which, if observed, ensure that said optimized solar array can be
fabricated using said predefined set of tools, processes, and materials as claimed therein is not present in the invention of Groups i or lll.
The special technical feature of the Group il invention: examining a plurality of designs that comply with at least one constraint of said
at least one objective; identifying according to said examination, a set of designs from said plurality of designs that have corresponding
design variables as claimed therein is not present in the invention of Groups | or Ii.

Groups |, Il and IH tack unity of invention because even though the inventions of these groups require the technical feature of an
automated site engineering design system to design an optimized solar array of photovoltaic panels, the design system comprising: a
user input interface, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2012/0123586 A1 (PLAISTED) 17 May 2012 (17.05.2012) teaches an automated site engineering design system to
design an optimized solar array of photovoltaic panels (the selection may optionally be based on one or more optimization scheme 42,
as well as other criteria such as usage rules for optimizing solar array of PV cells, Paras. 47 and 50; The remote inputs 612 may provide
an automated and programmatic mechanism to provide such information to controller 601 along with other relevant information, Para.
89), the design system comprising: a user input lnterface (the interface module 12 may communicate energy consumption information 32
to the control module 14, Para. 44)

Since none of the special technlcal features of the Group |, Il or Ill inventions are found in more than one of the inventions, unity of
invention is lackmg

Form PCT/ISA/210 (extra sheet) (April 2005)
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