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FOUNDATION PIERS 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
particular 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

hardware or fixed-tilt hardware, photovoltaics, inverters and electrical (conduit, wiring,
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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, in
particular 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. In a
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 particular 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]

Contrary to conventional single H or | pile foundations used in most axial solar array
installations, A-frame style foundations may provide similar resistance to vertical loads
and lateral wind forces while using far less steel and being driven less deep.
Experimentation has shown that resistance to lateral forces by an A-frame foundation
formed from two adjacent angled struts driven into the ground is dictated by soil
friction on the windward leg, buckling of the above-ground portion of the leeward leg,
and compression (sinking) of the leeward leg. Because of the soil’s large pressure on the
submerged legs, buckling does not typically occur underground in such foundations
occur other than in the first few inches of loose topsoil. Therefore, pulling out of the

windward leg is typically the first failure point. So, structures that increase the surface
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area or outside diameter of the strut normal to its axis will provide greater resistance to
lateral forces than uniform struts. This explains why helical anchors are often used in
applications where large weights need to be supported (retaining walls, building
foundations, etc.) or where massive resistance to pull-out is required (e.g., securing
communication towers and utility poles).

Referring now to FIG. 1, this figure shows a conventional support for an axial solar array
using an H or | beam. Typically, when a large single axis tracker array is being
constructed, a series of beams are driven into the ground with a pile driver along
multiple rows, one for each torque tube. These rows will support the torque tubes
making up the array. The beams may have holes pre-drilled in them so that a mounting
plate or other structure can be attached. Then, motors, torque tube bearings and other
structures are attached to each mounting plate.

H and | beams provide a robust platform for supporting tracker components but are not
optimized from a cost or materials usage perspective. Beams are good at handling loads
but less good at dealing with lateral (bending) forces. As a result, they are often
oversized and driven very deep, with as much as two-times the amount of material
below ground as above ground. Also, pile driving to those depths takes time, leads to
more refusals, and generates a great deal of noise.

Referring now to FIG. 2, by contrast the system shown in FIG. 1, this figure shows an A-
frame foundation pier system for an axial solar array according to various embodiments
of the invention. Each A-frame support consists of a pair of adjacent struts (round
tubes) that are driven into the ground at an angle with respect to normal. In this
example, the pair is capped off with a saddle and mounting plate. The saddle completes
the A-frame structure, making it a rigid triangle and the provides a platform on which to
attach the bearing, a torque motor, or other equipment. The torque tube rotates within
the bearing to allow solar panels to track the sun’s East-West progression throughout
the day.

In the example of FIG. 2, the mounting plate is shown as being attached vertically to the

saddle. In various other embodiments, the mounting plate may sit atop the saddle at a
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horizontal orientation. In further embodiments, the saddle may be replaced with a
mounting plate having a vertical portion for joining the adjacent struts and a horizontal
portion for supporting the bearing (see, e.g., FIGS. 6 and 7). Also, in this image,
although it appears that the struts join in a common plane, in some embodiments, the
struts may be staggered in two parallel planes. This may make it possible to drive both
struts simultaneously without one strut being in the driving path of the other.

Referring now to FIGS. 3A-D, these figures are force diagrams showing the various forces
and their effects on an A-frame-type foundation pier. With an A-frame foundation,
lateral forces (wind) applied to the torque tube will tend to pull up on the windward leg
of the A-frame while compressing the leeward leg. However, the point of application of
the force will determine the A-frame’s ability to resists such forces without failure as
well as the particular failure mode.

FIG. 3A shows three different lateral forces, Fi1, F» and F3 applied at three different
points on the A-frame. The different locations of the points correspond to different
attachment points of the torque tube to the A-frame. Force F; and its corresponding
force diagram at 3B show that a force applied below the work point or apex of the 3B
will hasten the buckling of the leeward leg of the A-frame. As the magnitude of the
lateral force increases, the frame will tend to buckle above ground somewhere between
the apex and the approximate point where the leeward leg enters the ground. Similarly,
Force F,, positioned above the work point or apex of the A-frame will tend to act as a
lever, hastening the failure of the leeward leg as shown in 3C. As F; moves above the
apex, the force will gain a mechanical advantage on the A-frame, making it more
progressively more vulnerable to failure.

Lateral force Fz is applied right at the apex or work point of the A-frame. As seenin 3D,
the force applied at this point will have the least tendency to prematurely buckle the
leeward leg because it is being applied to the strongest point on the frame. If the
magnitude of F3 is large enough the A-frame will still fail but by locating the force at the
work point, it should resist failure to a greater extent than forces F1 or F>allowing the

strut to relatively smaller than if the force is applied elsewhere on the frame.
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In an axial solar array wind incident upon the solar panels is transferred to the torque
tube which in turn transfers it to the structure supporting it. To provide optimal
resistance to this force, it is important that the torque tube attachment point coincides
with the work point or apex of the A-frame. To that end, FIGS. 4 and 5 show a portion
of an axial solar array where the saddle, mounting plate and bearing orient the cross-
sectional center of the torque tube at the work point of the A-frame. In this case,
because the struts terminate in the saddle, prior to contacting one another, the work
point is represented by the axial dotted lines running through the center of each strut
that intersect at the cross-sectional center of the torque tube. [f the diameter of the
torque tube is known, this can be accomplished by controlling spacing between the free
ends of the struts, the position of the saddle and/or the depth of the recesses formed in
the saddle that receive the struts, and the dimensions of the mounting plate, or bearing
seat, or combinations of these variables. If the desired spacing between the free ends is
known, then the other components can be dimensioned so that the torque tube is
centered about the apex when it is seated in the bearing. In various embodiments, it
may be necessary to cut off the end of one or both struts after they are driven to them
fit in the saddle.

Taking the simple case of the struts driven into the ground at plus or minus 60 degrees,
if the struts are level with respect to one another, or if the saddle can be adjusted to
make them level, then once the spacing between their center lines is known, say for
example, 12 inches apart, the center of the torque tube should be 10.39 inches above
that because in a 30-60-90 triangle, if the horizontal distance between the center lines is
12 inches, then each triangle has a base or 6 inches or x=6. In that case, the additional
distance along the axis of the strut (the hypotenuse) is 12 inches or 2x and the
additional vertical height to get to the apex is xV3 or 10.39 inches. Therefore, in this
case, the mounting plate should be adjusted so that the bearing and/or bearing seat
holds the torque tube so that its center point is exactly 10.39 inches above the
imaginary line intersecting the free ends of the adjacent struts. Depending on the

desired angle of the struts and distance between them, trigonometry can be used to
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accurately determine the optimal center point for the torque tube to maximize the A-
frame’s resistance to lateral forces.

Referring to FIGS. 6 and 7, these figures show exploded and perspective views
respectively of a foundation system for an axial solar array according to various other
embodiments of the invention. As seen in FIG. 6, the system consists of a pair of
adjacent struts oriented at angles with respect to vertical. In this example, the struts
are C-channel struts instead of rounded tubes. This changes the position of the apex
from that of the rounded of tube. C-channels are open on one side, so the apex is the
intersection of an imaginary ribbon running along the spine (bottom of the C) of each
adjacent strut up to the point where the ribbons would intersect.

In the exploded view of FIG. 6, the next element above the struts is the mounting plate.
As drawn, the plate consists of a vertical portion and a horizontal portion. The vertical
portion is a flange with pre-drilled holes for attaching to the above-ground free end of
each adjacent strut pair. Although drawn as a single flange that attaches to one of the
sides of the C-channel, in various embodiments, the mounting plate may have two
vertical flanges that fit around both sides of the C-channel. In either case, the vertical
portion may have enlarged openings to allow for some adjustment in either the
horizontal or vertical directions, or in some cases, in both directions. This allows for
micro adjustments of the mounting plate height and orientation so that it can be aligned
with the other mounting plates in the same row. The mounting plate also consists of a
horizontal portion that provides a seat for the bearing.

A bearing assembly sits atop the mounting plate and is connected via pre-drilled holes in
both structures. In various embodiments, the bearing assembly will consist of a seat,
that is, a relatively flat portion that sits on the horizontal flange of the mounting plate,
and a bearing. The bearing receives the torque tube and allows it to rotate under the
power of the drive motor. Typically, one or more of the supports holding up the torque
tube will support a drive motor that applies a rotational force to the tube according to a

control algorithm.
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FIG. 7 shows the exploded elements of FIG. 6 in an assembled state according to various
embodiments of the invention. After the adjacent C-channel strut pair has been driven
into the ground, the mounting plate is bolted on. Then, the bearing assembly is seated
on the mounting plate. In various embodiments, the bearing assembly and mounting
plate will be oriented on the adjacent strut pair so that a cross-sectional center of the
torque tube projecting through the bearing coincides with the intersection of the
centerline of each adjacent strut. By focusing lateral forces applied to the torque tube
to this point, the struts can be relatively smaller than if the torque tube is offset from
this point as seen and discussed in the context of FIGS. 3A-D.

It should be appreciated that although the figures and specification show and describe
only round and C-channel struts, that the various embodiments of the invention are
compatible with other strut types as well. The cross-sectional geometry of the strut will

determine the ideal point to center the torque tube on.
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CLAIM SET 1:

1. Afoundation system for an axial solar array comprising:

a pair of adjacent struts installed in supporting ground at reciprocal angles with
respect to normal;

a saddle interconnecting above-ground ends of the adjacent struts to form a rigid A-
frame structure; and

a mounting plate portion on the saddle;

a torque tube bearing portion supported by the mounting plate portion; and

a torque tube surrounded by the bearing portion above the mounting plate portion,
wherein the bearing portion holds the torque tube so that its cross section is centered
at an apex of the A-frame structure via the mounting plate portion.

2. The foundation system according to claim 1, wherein the bearing portion comprises a
bearing and a bearing seat.

3. The foundation system according to claim 1, wherein at least one of the saddle portion
and mounting plate portion comprises an integrated level.

4. The foundation system according to claim 1, wherein the saddle comprises a pair of
recesses, each recess dimensioned to capture one of the above-ground ends of the
adjacent struts.

5. The foundation system according to claim 1, wherein the mounting plate portion
includes a lateral adjustment feature to allow adjustment of the bearing portion in the
East and West directions with respect to the mounting plate.

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

driving multiple pairs of adjacent struts at angles to one another along a North-
South oriented row;

joining above-ground ends of each adjacent strut pair with a saddle to form a rigid
A-frame structure;

leveling each saddle before securely attaching it to the adjacent strut pair;

installing a bearing assembly above each saddle; and
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capturing a section of a tracker torque tube with the bearing so that a cross
sectional center of the torque tube coincides with an apex of each A-frame structure.
The method of claim 6, wherein driving the pair of adjacent struts at angles to one
another comprises using a rotary driver to drive each strut into the ground.
The method of claim 6, wherein joining the above-ground ends of the adjacent struts
with a two-piece saddle, the two-piece saddle combining to define a pair of angled
recesses capturing the above-ground ends of the adjacent struts.
The method of claim 8, wherein leveling the saddle comprises adjusting a depth of each
above-ground end in the recess before rigidly attaching each strut to the saddle.
The method of claim 6, wherein each wherein installing a bearing assembly comprises
adjusting a position of the bearing assembly with respect to the saddle in the East and
West directions.
A single axis tracker comprising:

a plurality of adjacent strut pairs spaced apart in a North-South oriented row;

a plurality of saddles, one interconnecting each adjacent strut pair, to form a row of
rigid A-frame structures;

a plurality of bearing portions, each bearing portion installed on one of the plurality
of saddles; and

a torque tube spanning the length of the row, the torque tube rotating within the
plurality of bearing portions, the bearing portions and saddles orienting the torque tube
at the apex of each A-frame structure.
The single axis tracker of claim 11, further comprising a mounting plate between each
saddle and bearing portion, the mounting plate supporting the bearing portion.
The single axis tracker of claim 11, wherein each saddle comprises a two-piece structure
that captures a free end of each adjacent strut pair to form a pair of adjacent angled
recesses.
The single axis tracker of claim 13, wherein the saddle comprises a leveling mechanism
to control the depth of each adjacent strut within each recess.

A foundation for an axial solar array comprising:
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a pair of adjacent struts installed in supporting ground at reciprocal angles with
respect to normal;

a saddle portion interconnecting above-ground ends of the adjacent struts to form a
rigid A-frame structure; and

a mounting plate portion on the saddle portion;

a torque tube bearing portion supported by the mounting plate portion; and

a section of torque tube surrounded by the bearing member above the mounting
plate portion, wherein the bearing portion and mounting plate support the torque tube
with respect to the A-frame structure so that lateral wind forces incident on PV modules
supported by the torque tube are translated to the rigid A-frame structure at its
strongest point.

The foundation according to claim 15, wherein each saddle portion comprises a leveling
mechanism to compensate for any difference in height between the adjacent struts.
The foundation according to claim 15, wherein the mounting plate portion includes a
lateral adjustment feature to allow adjustment of the bearing portion with respect to
the mounting plate in the East and West directions.

A foundation system for an axial solar array comprising:

a pair of adjacent C-channel struts driven into supporting ground at reciprocal angles
with respect to ground normal so that a length of each struts projects above-ground;

a mounting plate interconnecting the pair of adjacent C-channel struts at their
respective above-ground ends;

a bearing attached above the mounting plate and C-channel struts, the bearing plate
holding a section of torque tube so that a cross-sectional center of the torque tube
coincides with an intersection of respective centerlines of the adjacent struts.

A single axis tracker comprising:
a plurality of adjacent strut pairs spaced apart in a North-South oriented row;
a plurality of mounting plates, one interconnecting each adjacent strut pair, to form

a row of rigid A-frame structures;
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a plurality of bearing portions, each bearing portion installed on one of the plurality
of mounting plates; and

a torque tube spanning the length of the row, the torque tube rotating within the
plurality of bearing portions, the bearing portions and mounting plates orienting a cross
sectional center of the torque tube so that it coincides with an intersection of respective
centerlines of the adjacent struts.
A method of installing a foundation for an axial solar array comprising:

driving multiple pairs of adjacent struts at angles to one another along a North-
South oriented row;

joining above-ground ends of each adjacent strut pair with a mounting plate to form
a rigid A-frame structure;

leveling each mounting plate before securely attaching it to an adjacent strut pair;
and

installing a bearing above each mounting plate, the bearing capturing a section of a
torque tube so that a cross-sectional center of the tube coincides with an intersection of

respective centerlines of each adjacent strut pair.
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