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OPTIMIZED A-FRAME FOUNDATIONS FOR AXIAL SOLAR ARRAYS
AND RELATED SYSTEMS AND METHODS

BACKGROUND

[001]

[002]

[003]

[004]

Solar energy is one of the world’s largest source of untapped energy. At sea level, the
usable energy density is approximately 250 watts per square meter. Using a two-
dimensional model to approximate the earth, 250watts/square meter*n*6,371,000
meters? yields about 32,000 terra (trillion) watts of energy that trikes the earth at any
moment. Given that the sun will continue to supply this energy for billions of more
years, the survival of human life will ultimately depend on harnessing this essentially
unlimited, clean energy source.

As in any industry, achieving scale is critical to maximizing the competitiveness of solar
relative to other energy sources. This economic reality militates in favor of large-scale
(multi-megawatt to multi-gigawatt) solar power plants over residential solar, although
there is room for both modalities in the market place. Large-scale solar power plants
are predominantly configured as either fixed-tilt or single-axis tracker arrays. Fixed-tilt
arrays are arranged as East-West oriented rows of panels tilted South at an angle
dictated by the latitude of the array site. By contrast, single axis trackers are rows of
solar panels arranged on a rotating North-South axis called a torque tube that sweeps
through an East to West rotation through the course of the day, following the sun’s
progression through the sky. For purposes of this disclosure, both fixed-tilt and single
axis trackers will be referred to collectively as axial solar arrays.

Many large-scale solar projects are funded with so-called power purchase agreements
(PPAs), whereby a customer agrees to purchase the power generated by the array at a
predetermined megawatt hour rate (e.g., $25-35 per megawatt hour at today’s
prevailing rates). Knowing the lifetime of the array (e.g., 35-40 years), a bank or other
investor will be comfortable financing such a project given the predictable stream of
revenue the array will generate over its lifetime.

Excluding land acquisitions costs, overall project costs typically include site preparation

(road building, leveling, grid and water connections etc.), foundation piers, tracker
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hardware or fixed-tilt hardware, photovoltaics, inverters and electrical (conduit, wiring,
trenching, etc.). Inherent in all of these are also labor costs. At today’s prevailing rates,
this totals about $1 per watt of energy. So, building a 100-megawatt solar power plant
today would cost approximately $100,000,000 dollars.

Many of these system component costs have dropped over the past few years, including
solar panels and solar mounting hardware, however, one area that has been mostly
overlooked is the cost associated with foundation piers. These structures physically
couple solar trackers or fixed-tilt solar arrays to the earth. Typically, after the site has
been prepped, a grid of H-piles or other structures are driven into the ground at regular
intervals and other components are subsequently attached to those piles. Ina
conventional, large-scale single-axis tracker array, these piers will typically represent 5-7
percent of the cost of installing an array. Despite this relatively small share of the total
array cost, any savings in steel and labor associated with foundation piers will amount to
a significant amount of money over a multi-gigawatt portfolio of solar power plant
projects. This is particularly true in the solar power plant business because many of
these deals are locked in years before the installation costs are incurred. Therefore, the
savings will be in addition to profits already factored in the calculations that supported
the PPA. Reducing steel and associated labor costs used in foundation piers is the

object of this application.

DESCRIPTION

[006]

FIG. 1 shows a conventional single-axis tracker array built on H-piles. In such an array, a
row of H-piles are driven into the ground, typically with a pile driver, along an imaginary
North — South line. Then, support brackets are attached to the above-ground end of
each H-pile so that torque tube bearing, motors, combiner boxes and other equipment
may be subsequently installed. The panels are attached to the torque tube so that
when it rotates about its bearings, the panels will sweep through a range of orientations
from East-facing to West-facing to track the sun’s movement through the sky each day.
One advantage of this single-pile design is that interference between the vertical H-pile

supports and the panels on the torque tube is essentially minimized. In most cases,
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when vertical H-piles are used, the torque tube can be rotated to any angle below 90
degrees without running into the piles. In current single-axis trackers, the torque tube
can typically rotate the modules as steep as 60 to 65 degrees although that may
increase with time. This is shown, for example, FIG. 1B where the panels can rotate all
to 60 degrees.

A-frame type foundations provide several advantages over the conventional H-piles
used today’s single-axis tracker and fixed -tilt solar arrays. One advantage is that they
take the pile out of bending and instead put the legs of the A-frame in tension and
compression when exposed to lateral forces. Conventional H-piles are not particularly
good at resisting bending, so as a result, relatively large, heavy and expensive H-beams
must be used to achieve the requisite resistance to lateral loads in a single-axis tracker.
By contrast, far less steel is needed when only resisting the axial forces of compression
and tension. This allows the gauge of the steel in an A-frame to be significantly reduced
relative to H-piles for axial solar arrays and may also reduce the required driving depth.
Despite these advantages, even within the A-frame paradigm, there is room for
improvement because the specific angles of the members making up the frame will
dramatically and non-linearly impact performance. Also, depending on the angle used,
switching to an A-frame style foundation may create interference issues between the
modules and the piles at steep angles. Accordingly, various embodiments of the
invention seek to provide an optimized A-frame foundation for axial solar arrays that
does not create interference with modules attached to the torque tube.

FIGS. 2A and 2B show a single-axis tracker array that is uses A-frame type foundations in
place of conventional H-piles. As seen in FIG. 2B, these A-frames are composed of a pair
of adjacent arms installed in the ground at reciprocal angles to one another with respect
to grade. In this example, the arms are each oriented at 80 degrees with respect to
grade. This relatively steep angle provides good clearance for the panels on the torque
tube to rotate through their full range of motion with clearance for bending and
manufacturing tolerances, however, as discussed in greater detail herein, such a sharp

angle makes the arms of the A-frame resist very high forces relative to a lower angle in
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response to the same lateral load. To counteract this, heavier gauge material may have
to be used and/or the piles may have to be driven to greater depths, reducing or even
eliminating the advantages of the A-frame relative to conventional H-piles.

Turning to FIGS. 3A — 3C, these figures explain how the selection of angles or range of
angles optimizes the forces on the A-frame and material usage in an axial solar array.
Wind striking the surface of modules attached to the torque tube imparts a lateral load
on the system, labeled F in FIG. 3A. If we assume that the magnitude of that lateral
load is 2500 pounds, resisting that force (i.e., the legs of the A-frame holding fast)
requires that the sum of forces in the X direction equal zero. When summing the forces
in this system, in equilibrium, the lateral load F, (2500 pounds) must be countered by
the X-component of the compression/tension force Fer. That is, the X-component must
also be equal to 2500 pounds. For the X-components of these forces to sum to 2500
pounds, the magnitude of the axial forces on the left and right A-frame members will
vary significantly as the angle 8 varies because the X-component of Fcand Fr are
proportional to the cosine of ©. For a given angle 6, the X-components are equal to
2*Cos(8). Asseen in FIG. 3A, this results in a tension/compression force of 2500 pounds

on each A-frame member. This is derived from the equation:

2
1 = F(Cos(0))
where F; is assumed to be 2500 and © is equal to 60 degrees. If the angle 8 is increased
to 70 degrees, this force jumps up to 3655 pounds, as seen in FIG. 3B. Likewise, if the
angle © is reduced to 50 degrees, as in FIG. 3C, Frc drops to 1945 pounds. Using a
relatively steep angle such as 80 degrees as shown in FIGS. 2A and 2B drives Frcup to a
staggering 7198 pounds for the same lateral force £, of 2500 pounds. Therefore, angles
under 80 degrees are preferred or else the foundation piles have to made much
stronger than they would at lesser angles, for example 75 degrees, 72.5 degrees or
lower.
Regarding material usage, continuing to look at FIGS. 3A — 3C, if we could assume that

the desired A-frame height (vertical height from apex of A-frame to the imaginary

horizontal line connecting underground base of the two legs) was 8 feet, then
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decreasing the angle will require a longer leg length. In 3A, with © equal to 60 degrees,

each leg must be 9.2 feet in length. This is derived from the equation:
L= 8
Sin(©)
where 8 feet is the desired height and © = 60 degrees. In 3B, the length drops to 8.5

feet while in 3C it expands to 10.4 feet. Therefore, there is a material trade-off from
relatively less to relatively more as the angle © decreases. This trade-off, however, does
not tell the whole story because as © decreases Frc also decreases. This means that if 8
feet is considered a constraint, the diameter of the legs of the A-frame will have to
increase as O increases so that skin friction will enable them to counteract the axial
tension and compression force Frc to keep the system in equilibrium. Going back to FIG.
2 where 6 was 80 degrees, due to the relatively high value of Fr¢, the legs will have to be
relatively larger in diameter as compared to an A-frame with a lower 6, or the legs while
have to be embedded deeper into the ground, or both, resulting in relatively more
material usage and potentially more effort to drive the A-frame legs into the ground.
Referring now to FIG. 4, this figure is a table showing the correlation between the angle
O of the legs of the A-frame with respect to grade and the magnitude of Frc. The figure
is broken into two parts: a table of data at the top and a corresponding graph below.
The first column of the table is the pile angle, that is the angle 6 shown, for example, in
FIGS. 3A — 3C. Here 6 ranges from a minimum of 5 degrees to a maximum of 85
degrees. The second column is the top angle a made by the free ends of each A-frame
leg when they are joined at the apex. This is equivalent to 180-2*8, so as 8 varies in 5-
degree increments, a will vary by 10 degrees. The third column of the table at the top
of FIG. 4 is the tension and compression force Frc. At the minimum, where 8 =5
degrees, and a = 170 degrees, the force Fr¢c = 1255 pounds, just barely more than % of
lateral force Fi. At the maximum, where © = 85 degrees, and a = 10 degrees, the force
Frc jumps up to 14,342 pounds — nearly a six-fold increase over F;.

The values from the table are shown graphically in the graph at the bottom of FIG. 4. As
seen clearly in this graph, Frcincreases slowly at first up until approximately 72.5

degrees, where the Frc = 4157, and then exponentially after to that going up to infinity
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as © approaches 90 degrees, where it essentially becomes an H-pile. This graph shows
that there is a preferred range of 8 from 40 degrees up to approximately 72.5 degrees
where far a F; of 2500 pounds, Frc ranges from 1632 pounds to 4157 pounds. This
corresponds to respective values of top angle a ranging from 100 degrees down to 35
degrees. For angles of © below 35 degrees, Frc continues to go down marginally, but as
discussed in greater detail in the context of FIG. 5, these gains are offset by rapidly
increasing material length requirements and therefore the upper end of 8 is controlling
from a force optimization perspective. The optimal range shown in FIG. 4 is for a value
of © between 50 degrees and 65 degrees where Fic ranges from 1632 pounds to 2958
pounds. This correlates to a top angle a ranging from 80 down to 50 degrees
respectively.

Turning now to FIG. 5, this figure is another table that shows the pile length (i.e., length
of each A-frame leg member) for a given height of the A-frame, which in this example is
set to 8 feet. The first column of the table on FIG. 5 is the pile angle 6, again ranging
from a minimum of 5 degrees to a maximum of 85 degrees in five-degree increments.
Top angle a formed when the two legs are joined above ground has a corresponding
range of 170 degrees down to 10 degrees in 10-degree increments. The cut-off here is
at about 40 degrees for © where the pile length starts to increase exponentially for
every 5-degree reduction in 8. Of course, as © continues to increase, the pile length will
eventually approach 8 feet, however, as seen in FIG. 4, this results in an Frc approaching
infinity. Therefore, the lower end of © rather than the upper end of 8 is determinative
from a material optimization perspective.

Taken together, the information in FIGS. 4 and 5 show that there is an optimal range for
O that balances minimizing Frc against minimizing material usage. The preferred range
is for a value of © between 40 degrees and 72.5 degrees, while the optimal range is
between 50 degrees and 65 degrees. This corresponds to preferred range for a
between 100 degrees and 35 degrees and optimally between 80 degrees and 50

degrees.
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Referring now to FIGS 6A and 6B, these figures show a single-axis tracker array and an A-
frame foundation for a single-axis tracker array or other axial solar array according to
various embodiments of the invention. As discussed above in the context of FIGS. 1 and
2, one potential disadvantage of an A-frame type foundation over a conventional H-pile
is that as the torque tube rotates the panels into steep angles (greater than 50 degrees),
the panels may run into the legs of the A-frames, depending on the angle they are set
at. This could require using a steeper angle for the A-frame (a sub-optimal solution due
to the relatively large value of Frc) or limiting the range of motion for the tracker — also
sub-optimal because it eliminates the harvesting of so-called “shoulder power” obtained
at the beginning of and at the end of each day when the sun is rising from or setting
towards the horizon. Tracker manufacturers specifically design their systems to harvest
this shoulder power so eliminating the motion of the tracker with the foundation piles is
impractical from a business perspective.

Accordingly, one way to overcome this interference is to introduce a space at each point
on the torque tube above one of the A-frame foundations (e.g., at the torque tube
bearing locations). In this way, the torque tube can rotate through a full range of angles
(up to and including perpendicular to grade) and is limited only the length of slack wire
interconnecting the modules. As seen, in 6B, with a 60-degree angle for the legs of the
A-frame (e.g., the angle 8) corresponding to a 60-degree top angle (e.g., the angle a),
the torque tube can rotate the panels all the way to 70 degrees or even steeper.

It should be appreciated that the embodiments described and claimed herein are
exemplary only. Those of ordinary skill in the art will appreciate modifications and

substitutions that retain the spirit and scope of the invention.
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CLAIM SET 1:
1. Atracker array comprising:

a torque tube oriented along a North — South axis;

a plurality of photovoltaic modules attached to the torque tube; and

a plurality of A-frame foundation piles supporting the torque tube along its length,
each A-frame foundation pile comprising a pair of elongated legs installed partially
underground at reciprocal angles to one another and joined together above ground to
form a rigid A-frame structure, wherein the torque tube is operable to rotate the
attached plurality of photovoltaic modules through a range of motion from an East-
facing orientation to a West-facing orientation, wherein each leg of each A-frame
foundation pile is oriented at an angle ranging from 40 degrees to 72.5 degrees with
respect to grade and are joined together to form a top angle ranging between 100 and
35 degrees.

2. The tracker array according to claim 1, wherein each leg of each A-frame foundation pile
is oriented at an angle ranging from 50 degrees to 65 degrees with respect to grade and
are joined together to form a top angle ranging from 80 degrees to 50 degrees.

3. The tracker array according to claim 1, further comprising a gap between adjacent
photovoltaic piles at each point on the torque tube supported by an A-frame foundation
pile enabling the plurality of photovoltaic modules to rotate to a steeper angle than an
angle of the leg of each A-frame foundation pile without interference.

4. The tracker array according to claim 3, wherein the steeper angle is at least 60 degrees.

5. The tracker array according to claim 3, wherein the steeper angle is at least 65 degrees.

6. Afoundation for an axial solar array comprising:

a first support member partially submerged in supporting soil at a first angle;

a second support member, adjacent the first support member, the second support
member partially submerged in the supporting soil at a second angle, wherein the first
angle and the second angle are reciprocal to one another and are in a range of 40

degrees to 72.5 degrees with respect to grade; and
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a connecting portion, joining above-ground ends of the first and second adjacent
support members at an angle in a range from 100 degrees to 35 degrees to form an A-
frame foundation, the connecting portion comprising a mounting surface for attaching
additional axial solar array components.

The foundation according to claim 6, wherein the first angle and second angle areina
range of 50 to 65 degrees with respect to grade and are joined together by the
connecting portion to form an angle in a range of 80 degrees and 50 degrees.

The tracker array according to claim 6, further comprising a gap between adjacent
photovoltaic modules at each point on the torque tube supported by an A-frame
foundation enabling the torque tube to rotate the plurality of photovoltaic modules to a
steeper angle than an angle of the support members of each A-frame foundation
without interference.

A foundation for an axial solar array comprising:

a first support member partially submerged in supporting soil at a first angle with
respect to a grade of the supporting soil;

a second support member, adjacent the first support member, the second support
member partially submerged in the supporting soil at a second angle with respect to
grade, wherein the first angle and the second angle are reciprocal to one another and
are in a range from 40 to 72.5 degrees; and

a connecting portion, joining above-ground ends of the first and second adjacent
support members at an angle between 100 degrees and 35 degrees to form an A-frame
foundation, the connecting portion comprising a mounting surface for attaching
additional axial solar array components.

The foundation according to claim 9, wherein the first and second angles are in a range
from 50 to 65 degrees.

The foundation according to claim 9, wherein the connecting portion joins the above-
ground ends for the first and second adjacent support members together to form an
angle ranging from 50 degrees to 80 degrees.

A single-axis solar tracker array comprising:
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a torque tube oriented along a North — South axis;

a plurality of photovoltaic modules mounted to the torque tube;

a plurality of A-frame foundation piers supporting the torque tube above ground,
the A-frame foundation piers each comprising a pair of elongated leg members driven
into the ground adjacent one other at reciprocal angles to one another with their above-
ground ends joined with a connecting potion to form an A-frame foundation supporting
the torque tube, wherein the connecting portion joins the above-ground ends of the

adjacent legs to form an angle in a range of 100 degrees to 35 degrees.

. The single-axis tracker according to claim 12, wherein the connecting portion joins the

above-ground ends to form an angle in a range of 80 degrees to 50 degrees.

14. The single-axis tracker according to claim 12, further comprising a gap along the torque

15.

tube between adjacent photovoltaic modules at each point where the torque tube is
supported by one of the A-frame foundation piers so that the torque tube may rotate
the photovoltaic modules between an East-facing orientation and a West-facing
orientation at angles steeper than the elongated leg members making up each A-frame
foundation pier without interference.
A ground mounted fixed-tilt solar array comprising:

a first plurality of interconnected above-ground support members defining one row
of the array and oriented in an East to West orientation;

a plurality of photovoltaic modules attached to the first plurality of interconnected
above-ground support members at a common angle with respect to grade; and

a second plurality of ground-based support members connected to and supporting
the first plurality of interconnected above-ground support members, wherein each of
the second plurality of ground-based support members comprises a pair of adjacent
arms partially driven into supporting ground at reciprocal angles to one anotherin a
range from 40 degrees to 72.5 degrees with respect to grade, with their above-ground
ends joined together with a connecting portion to make an angle in a range of 100 to 35

degrees.
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16. The fixed-tilt solar array according to claim 15, wherein the above ground-ends are
joined together with a connecting portion to make an angle in a range of 80 degrees to
50 degrees.

17. A method of installing a foundation pier for an axial solar array comprising:

installing a pair of adjacent support piles into supporting ground at reciprocal angles
to one another so that they are partially buried below ground;

connecting a free end of each adjacent support pile together to form an A-frame
structure with a connecting portion; and

attaching an axial solar array support member to the connecting portion, where
connecting a free end of each adjacent support pile together to form an A-frame
structure comprises connecting them to form an angle between 100 degrees and 35
degrees.

18. The method according to claim 17, further comprising connecting a free end of each
adjacent support pile together to form an angle in a range of 80 degrees to 50 degrees.

19. A tracker array comprising:

a torque tube oriented along a North — South axis;

a plurality of photovoltaic modules attached to the torque tube and operable to
rotate with the torque tube from an Eastward-facing direction to a Westward facing
direction; and

a plurality of A-frame supports oriented in a row under the torque tube and
supporting the torque tube above ground, wherein each A-frame support comprises a
pair of adjacent support piles partially installed below ground at reciprocal angles to one
another and joined above ground with a connecting portion to form an angle ranging
from 100 to 35 degrees.

20. The tracker array according to claim 19, wherein the pair of adjacent support piles of
each A-frame support is joined above ground with the connecting portion to form an
angle ranging from 80 to 50 degrees.

21. The tracker array according to claim 19, further comprising a gap between adjacent

modules on the torque tube at a location above each A-frame support, the gap allowing
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the torque tube to rotate the plurality of photovoltaic modules through a range of

angles steeper than an angle of the adjacent support piles without interference.
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