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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
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, 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]

Figures 1 and 2 of the drawings show foundation piles for an axial solar array according
to various embodiments of the invention. The pile of FIG. 1 is an elongated tubular
member having a circular cross-section and two open ends. The first or soil end in the
example of figure 1 starts with a sawtooth tip. In various embodiments, this may assist
with soil penetration during rotational driving over a flat edge. Heading up the pile,
away from the soil end, is an anchor portion consisting of a series three-dimensional,
trapezoidal threads. In various embodiments, these threads may only be sectional, that
is following a thread-like pattern around the pile, but not continuously. Such
trapezoidal threads may increase soil pressure on the pile and will also work like a

helical anchor providing orthogonal surface area that will tend to resist axial forces of
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pull-out and compression. In various embodiments, these threads may be welded on
post production. In other embodiments, they may be stamped through the surface of
the pile. In the example of FIG. 1, the above-ground end of the pile has a series of
coupler holes. In various embodiments, the rotary driver may have a sleeve that fits
over the above-ground end a pair of removable pins keeps the driver and strut together
during driving. In other embodiments, if driving from the soil end is preferred, a post
may span the diameter of the pile near the soil end allowing a driver to fit completely
inside the strut and rotate it into the soil. For example, FIGS. 7A and 7B show a driver
and pile that can be driven from the bottom. In this example, the driver has a head
portion that is coupled to the top of the pile via pin or another fastener. A drive shaft
extends down into the strut until the driver tip engages a collar formed inside the pile
proximate to the bottom or soil end. In various embodiments, the driver tip may simply
be a rectangular block of steel and the collar a thick ring that is bisected by a pair
recesses cut into the collar on either side that are dimensioned to receive the driver tip.
This configuration is shown via the partial cut-away view of FIG. 7A and the top view of
FIG. 7B. In this configuration the driver tip will extend down the hole with the pile until
the target depth (TD) is reached. Upward pressure on the drive shaft will instantly
release the driver tip from the collar without disturbing the pile. Teeth formed in the
end of the pile may assist in driver. Also, as drawn, the pile has trapezoidal threads
formed on the outside proximate to its end. It may be preferable to use louvers,
threads or other patterns to enable the pile to be screwed into the earth.

In an A-frame type foundation, two such piles will be driven into the ground adjacent
one another at reciprocal angles. These piles are then joined with a mounting plate or
other structure that completes the A-frame and provides a bracket to attach other
components to, such as torque tube bearing, motors and/or other single-axis tracker or
fixed ground mount array components.

FIG. 2 shows a foundation pile for an axial solar array according to other embodiments
of the invention. Like that of FIG. 1, the pile is an elongated tube member with a

circular cross-section. This pile also includes an optional saw tooth tip at the soil end. It
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should be appreciated that a separate toothed ring may be attached to the tip of the
pile instead of forming teeth into the tube opening. The anchor portion of this pile
includes a plurality of louvers that encircle the pile in a thread pattern. The louvers may
all be the same length or, alternatively, may be of differing lengths. Also, in some
embodiments the louvers may be open whereas in other embodiments they may be
closed to prevent soil from entering the inside of the pile when subjected to axial
pullout forces. Soil will typically plug up the first few inches to foot of the pile during
driving so the decision of whether to form the louvers as openings into the pile or to
form them as external features may depend on the properties of the soil they will be
driven into.

FIG. 3 shows a rotary driver driving a foundation pile into the ground according to
various embodiments of the invention. In this example, the pile has trapezoidal threads
proximate to its soil end as well as a sawtooth pattern cut into to the opening.
Sawtooth pattern will help break the soil and the threads will enable the pile to screw
into the ground, like a screw going into wood, about its threads. The pile of FIG. 3 is
being driven in from the top by a rotary driver until the desired depth is achieved. This
configuration may be particularly advantageous in medium to high-density soils that are
free of bedrock or cobble. Looser soils such as sand may not provide the desired
resistance to axial pull-out with a helical anchor or other structure to expand the
orthogonal cross-section of the pile.

While adequate for medium to hard soils, the system shown in FIGS. 1-3 may not work
with rocky soil or soils over underlying bedrock. Such soils may require drilling to create
a path for the pile. To that end, FIGS. 4-6 show a foundation pile for an axial solar array
and related methods of installing such a pile according to various embodiments. Of the
invention. Beginning with FIG. 4, this Figure shows a foundation pile like the one shown
in FIG. 1 with partial trapezoidal threads, however, in this example, an overburden drill
bit and shaft have been inserted into the pile. The bit shown in FIGS. 4-6 is a rock bit

driven by an air hammer that pulverizes the rock with carbide buttons arranged on the
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bit surface. This action may be used in combination with rotation to break up rock and
spin the resulting rubble out of the way ahead of the pile.

It should be appreciated that in some circumstances it may be preferable to use a
different type of bit (e.g., cross, roller/tri cone, hammer, fixed cutter). The bit of FIGS. 4-
6 has the advantage that it is capable of fitting into a smaller casing than the maximum
diameter of its bore. This is possible with a series of wings built into the outer face of
the bit that can be compressed into a flush orientation when the bit is inserted into the
pile and then spring outward to their full diameter when the bit emerges from the pile,
increasing the bore of the drill potentially beyond the outside diameter of the pile (see,
e.g., W1and W3 in FIG. 4). After the drill bit reaches the target depth (TD), the bit and
shaft are pulled up and out of the pile casing. When edge of the pile opening contacts
the back of the wings, they are forced back into a flush orientation. During drilling (i.e.,
when the drill is pushing downward), they hold firm because the resistive pressure is on
each wing’s drilling surface, not on its back.

It should be appreciated that although partial trapezoidal threads are shown, other
thread type or pre-distresses may be formed in the anchor portion of the pile. In
addition, though not shown, a helical anchor may also be positioned above the threads
such as that shown in FIGS. 8A and 8B. This may be preferable in soft soils or on piles
that require additional pullout resistance (end piles, outer piles, motor piles, etc.).

FIG. 5 shows another foundation pile for use with a drill and case system according to
various embodiments of the invention. The pile in FIG. 5 has a spring pin in the anchor
portion consisting of a one or more axial slots and a tapered end. Drilling with remove
hard material under the pile. As the pull continues to be driven, tapered end will help
“steer” it into the recess created in the rock by the drill bit. The louvres, threads or
other features built into the outer surface proximate to the end will help anchor the pile
in the rock. In addition, the spring pin section will allow the pile to compress inwardly
(i.e., to have a smaller outside diameter) pre-loading the pile end within the rock cavity.
Because the rock is harder than the pile in most cases, this will allow the pile to partially

collapse without destroying or randomly deforming it.
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FIG. 6 is a detail drawing of one type of drill bit usable with the various embodiments of
the invention. This bit has a drill face with debris channels and a plurality of impact
buttons made from hardened steel or carbide. The bit also has a shank that controls
and rotates the bit and a hammer that slides within the shank applying pneumatic
pressure to the tip several times per second at varying air pressure. The bit also has a
plurality of collapsible wings. Each wing has a series of buttons on its impact surface but
is under spring tension so that it can collapse easily when pressure is applied to the rear
of the wing (e.g., when the bit is withdrawn up the pile) but will not yield against the
pressure of impact drilling. The debris channels provide a path for the broken-up rock
material. Air pressure may assist in moving debris along the debris channels.

It should be appreciated that in all embodiments (shown and/or described and their
equivalents) that utilize drilling and casing, it may be desirable to shoot pressurized
grout or other material into at least the bottom of the casing, with or without a section
of rebar. Because the drill bit expands once it exits the casting (e.g., the pile), it is
possible to make a cavity with a larger diameter than the pile’s outside diameter and to
drive the bit further down the hole than the TD for the pile, it may be advantageous to
fill that space with grout or other void-filling, strength-enhancing material. If a rebar or
like structure is used, it could simply be pushed down the hole with a plastic centralizer
or other like device until it bottoms out in the hole. Then, if pressurized grout is shot
down the hole, the pile will be locked to the rock via the grout and section of rebar.
Tensioning the rebar from above may further enhance the pile’s resistance to axial pull-
out forces.

Also, it should be further appreciated that in some embodiments, drilling and casing
may not be performed simultaneous in all cases, but rather as a rock mitigation
technique. For example, in some embodiments, the drill may simply reside somewhere
inside the pile while the pile is driven, above the dirt plug. In such embodiments, if the
pile can be driven to depth without the use of the drill, the drill may never be
independently engaged but simply sit within in the pile until the driver is lifted, up and

away from the pile. If, during driving of the pile, a refusal occurs, that is, further
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downward pressure and rotation by the rotary driver does not result in the pile
penetrating deeper into the soil, the drill may be selectively engaged. In such cases,
while the pile driver continues to rotate or while it stays still, the drill is activated and
pushed all the way down the pile shaft until it engaged whatever is preventing the pile
from being driven. The drill will hammer away at the rock, moving debris out of the way
until the drill has reached or exceed the TD, after which point it is withdrawn from the
hole or at least drawn up into the pile so that it no longer projects out of the pile. Then
driving of the pile can continue until the TD has been reached. Because the diameter of
the drill bore is very close to the outside diameter of the pile, including any trapezoidal
threads, louvres or other features, this stage of driving will involve metal on rock and
may result in some deformation of the pile tip and/or other threads and features as the
pile is forced into the rock cavity. If a helical anchor is present on the pile, the pile will
only be able to be further driven the span between the pile end and the location of the
helical pile (e.g., 18 inches). This may require an upper portion of the pile to be cut off
to make it even with the height of the adjacent pile or other piles in that row. In
embodiments where the drill is used only as a mitigation technique, the drill will only be
used where it is necessary, and not prematurely worn out by drilling through dirt, clay or
sand, before it is needed.

Also, various embodiments of the invention may rely on one or more feedback loops to
optimize drilling and driving and to maintain consistency and speed. For example, in
embodiments where driving is attempted first while the drill remains idle within the
pile, a controller may monitor the speed of rotation and the rate of penetration. If the
rate of penetration falls out of spec for pile as dictated by soil conditions and the size
and pitch of the anchor or other thread-like features, the controller may alter the speed
of the driver. In extreme cases, where penetration stops, the controller may
automatically stop the driver and engage the drill, causing it to drill through the dirt plug
and continue boring out a hole for the pile. Even during drilling, feedback to the
controller regarding performance metrics of the drill (e.g., rate of rotation, rate of

penetration, level of vibration, air pressure of the hammer, etc.) and performance
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metrics of the driver (speed, downward pressure, rate of penetration) may cause the
controller to issue control signals to the drill, the driver or both to optimize
performance. This could, for example, mean increasing or decreasing drill speed,
increasing or decreasing drill air pressure, increasing or decreasing downward pressure
on the drill, increasing or decreasing the rotational speed of the pile driver, and/or
increasing or decreasing downward pressure on the pile driver. This will keep the
process running at its most efficient operating point without overstressing the
equipment.

To that end, FIG. 10 is a flow chart illustrating steps of an exemplary process for driving
a foundation pile for an axial solar array according to various embodiments of the
invention. The processing beings with loading the pile. In some embodiments, the
above-ground end of the pile may be attached to the rotary driver, such as with a
locking pin or other fastener. In other embodiments, a portion of the driver may be slid
into the pile before locking the two structures together with a locking pin or other
device. In still further embodiments, a drill tip may be inserted into the pile as it is
attached to the driver.

The next step is to commence driving. As discussed herein, this may involve a variety of
different operations. In some embodiments, the rotary driver will be engaged to begin
driving the pile into the earth. In other embodiments, a drill may be activated to begin
drilling at or below the in-ground end of the pile to create a bore for the pile. In still
further embodiments, the rotary driver may engage while the drill remains inactive but
ready within the pile. Once driving has commenced, various parameters or
performance metrics associated with the driving operation are monitored. As discussed
herein, this may include monitoring the speed of penetration of the driver, the
rotational speed of the driver, downward pressure on the driver, penetration depth, the
rotational speed of the drill, the penetration depth or rate of penetration of the drill,
and/or vibration of the drill head. These parameters may be compared against
expected or predetermined parameters for the current conditions (e.g., soil type,

presence of water, size of pile, size of anchor if used, etc.). If the parameters are within
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specification, driving may continue in the same manner while the parameters are
periodically checked (e.g., multiple times per second, multiple times per minute, etc.).
If, however, any of the parameters are found to be out of spec, the controller may force
an adjustment of one or more controllable parameters of either the rotary driver, the
drill or both.

As one example, if the controller determines that the penetration rate of the pile is too
slow it may speed up the rotation rate and/or increase downward pressure. If this
doesn’t bring measured parameters back into spec, it may issue a command to
discontinue driving and to engage the drill. Similarly, if the drill is moving slower than
expected, the controller may adjust air pressure, the drill’s rotational speed, and/or
downward pressure on the drill and then monitor to see these adjustments bring the
drill’s measured parameters back within spec. This may continue iteratively until the TD
is reached.

FIG. 9 shows a foundation for an axial solar array composed of a pair adjacent
foundation piles according to various embodiments of the invention. The pair of piles
has been driven into the ground at reciprocal angles to one another using one or more
the techniques discussed herein. In this example, each pier has a helical anchor and
several resistance enhancing features (e.g., louvres, threads, etc.) formed in the anchor
portion. The above-ground ends of the adjacent piles are joined together with a
mounting plate. The mounting plate completes the A-frame, making a unitary structure,
and providing a vertical foundation to attach additional components of a single-axis
tracker system or fixed-tilt array, as is often done with H-piles in conventional
foundations. Typically, the plate will have a series of holes or grooves to allow some
adjustment in the vertical and/or horizontal direction to compensate for differences
from foundation to foundation in the same row. In this example, a base having a
vertical portion and a horizontal portion are attached to the vertical mounting plate. If
separate, a bearing that receives and surrounds a portion of the torque tube is mounted
to the base. Some tracker system manufacturers may combine the bearing and the

base into a single part. The various embodiments of the invention are agnostic as to the
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specific structure used to attach the torque tube. The goal of the various embodiments
of the invention is to provide a universal foundation that provides the same

interoperability as conventional H-pile foundations while meeting or exceeding their

performance with less cost.
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CLAIM SET 1:

1.

10.

A foundation for an axial solar array comprising:

an elongated pile member having a first end and an opposing second end; and

a plurality of projections proximate to the first end circumscribing the pile member
to form a thread pattern.
The foundation of claim 1, further comprising a plurality of cutting teeth formed along
an edge of the first end.
The foundation according to claim 1, wherein the plurality of projections comprises a
plurality of trapezoidal threads.
The foundation according to claim 1, wherein the plurality of projections comprises a
plurality of louvers.
The foundation according to claim 1, the strut further comprising a plurality of coupler
holes for coupling a rotary driver proximate to the second end.
The foundation according to claim 1, further comprising a spring pin portion formed in
the pile member proximate to the first end, wherein the projections are formed on the
spring pin portion.
The foundation according to claim 1, further comprising a helical anchor formed on the
elongated pile member proximate to the first end, above the plurality of projections.
The foundation according to claim 1, further comprising a tensioner centralized within
the pile and extending through the first end, and a volume of grout cementing the
tensioner to the pile.
The foundation according to claim 8, wherein the tensioner extends out of the second
end of the pile so that it may be tensioned above ground after the volume of grout has
dried.
A method of forming a foundation for an axial solar array comprising:

attaching a rotary driver to a first end of an elongated pile member, the elongated
pile member having a plurality of projections circumscribing a portion of it proximate to

a second end;
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inserting a bit of the drill inside a shaft of the elongated pile member at the first end
until it emerges from the second end;
driving the drill bit into supporting soil below the pile member with the drill to form
a bore;
simultaneously driving the pile member behind the drill bit to case the bore;
withdrawing the drill bit from the pile member when a target depth is reached; and
continuing to drive the pile member within the bore to the target depth.
The method according to claim 10, wherein the steps of driving the drill bit and driving
the pile member are performed with independent drivers.
The method according to claim 10, wherein inserting a bit of the drill inside the shaft of
the elongated pile member comprises adjusting a bore of the drill bit end to a first
dimension, the first dimension having a diameter smaller than an inside diameter of the
pile member.
The method according to claim 12, wherein driving the drill bit into the supporting soil
comprises adjusting a bore of the drill bit to a second dimension, the second dimension
larger than the first dimension.
The method according to claim 13, further comprising activating a feedback loop, the
feedback loop receiving data representative of a real-time performance of at least one
of the drill and the rotary driver and sending a control signal to at least one of the one of
the drill and the rotary driver to effect a change in a performance metric.
The method according to claim 13, wherein the performance metric is a metric selected
from the group consisting of a rate of rotation of the rotary driver, a downward pressure
of the rotary driver, a rate of rotation of the drill, a downward pressure of the drill, and
a drill bore diameter.
The method according to claim 10, further comprising inserting a centralized tensioner
within the bore so that it projects out of the second end and injecting a volume of grout
into the bore to cover at least a portion of the tensioner.
The method according to claim 16, further comprising tensioning the tensioner from

above ground after the volume of grout has dried.
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A method of forming a foundation for an axial solar array comprising:

attaching a rotary driver to a first end of an elongated pile member;

inserting a bit of the drill inside a shaft of the elongated pile member so that is
concealed within the pile;

driving the pile into the ground with the rotary driver until a refusal occurs,
thereupon, activating the drill to drive the drill bit down the pile until it emerges from a
second opposing end;

operating the drill to create a bore until the bit at least reaches a target depth; and

resuming driving of the pile until it reaches the target depth.
The method according to claim 18, wherein the steps of driving the pile member and
operating the drill are performed with independent drivers.
The method according to claim 18, wherein inserting a bit of the drill inside the shaft of
the elongated pile member comprises adjusting a bore of the drill bit to a first
dimension, the first dimension having a diameter smaller than an inside diameter of the
pile member.
The method according to claim 20, wherein activating the drill to drive the drill bit down
the pile until it emerges from the second opposing end comprises adjusting a bore of
the drill bit to a second dimension, the second dimension larger than the first
dimension.
The method according to claim 18, further comprising activating a feedback loop, the
feedback loop receiving data representative of a real-time performance of at least one
of the drill and the rotary driver and sending a control signal to at least one of the one of
the drill and the rotary driver to effect a change in a performance metric.
The method according to claim 22, wherein the performance metric is a metric selected
from the group consisting of a rate of rotation of the rotary driver, a downward pressure
of the rotary driver, a rate of rotation of the drill, a downward pressure of the drill, an
amount of air pressure supplied to the drill, and a drill bore diameter.
The method according to claim 13, further comprising inserting a centralized tensioner

within the bore after the pile reaches the target depth so that it projects out of the
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second end and injecting a volume of grout into the bore to cover at least a portion of
the tensioner.
The method according to claim 16, further comprising tensioning the tensioner from
above ground after the volume of grout has dried.
A system comprising:

a rotary driver;

a drill having a drill bit attached thereto via a drill shaft;

a first foundation pile, the first foundation pile comprising an elongated member
having a first end and an opposing second end; and

an anchor portion formed on the first foundation pile proximate to the first end,

wherein the rotary driver is operable to rotate the first end of the foundation pile
into supporting ground while the drill bit and drill shaft are contained within the
foundation pile.
The system according to claim 26, wherein the drill is operable to drive the drill bit
through the first end and into the soil to create a bore for the first foundation pile if the
rotary driver encounters a refusal.
The system according to claim 26, wherein the drill is operable to drive the drill bit
ahead of the first foundation pile to create a bore that is simultaneously cased by the
first foundation pile.
The system according to claim 26, wherein the anchor portion comprises a helical
anchor formed on the first foundation pile proximate to the first end.
The system according to claim 26, wherein the anchor portion comprises a series of
trapezoidal threads formed on and circumscribing a portion of the first pile.
The system according to claim 26, wherein the anchor portion comprises a series of
louvers formed on and circumscribing a portion of the first foundation pile in a thread
pattern.
The system according to claim 26, wherein the anchor portion comprises a spring pin

portion comprising at least one axial slot.
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The system according to claim 26, further comprising a controller operable to receive
performance information from at least one of the drill and the rotary driver during use
and to adjust an operation of at least one of these devices based on the received
performance information.

The system according to claim 33, wherein adjusting an operation comprises making at
least one adjustment selected from the group consisting of a rate of rotation of the
rotary driver, a downward pressure of the rotary driver, a rate of rotation of the drill, a
downward pressure of the drill, an air pressure supplied to the drill, and a drill bore
diameter.

The system according to claim 26, further comprising a second foundation pile, driven
into the ground adjacent to the first foundation pile, wherein the first foundation pile
and second foundation pile are joined together above ground to form an A-frame
structure with a support member for supporting a torque tube bearing of a single-axis
tracker.

The system according to claim 26, further comprising a centralized tensioner inserted
into the pile after it reaches the target depth so that it projects out of the second end
and a volume of grout injected into the bore to cover at least a portion of the tensioner
within the pile.

The method according to claim 16, further comprising tensioning the tensioner from

above ground after the volume of grout has dried.
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