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LIGHT CONCENTRATOR ALIGNMENT SYSTEM

U.S. GOVERNMENT RIGHTS
This disclosure was made with Government support under Contract Number W912HQ-11-C-

0025 awarded by DOD. The Government has certain rights in this disclosure

Background

The long-distance transport of visible light through a building can use large mirror-lined
ducts, or smaller solid fibers which exploit total internal reflection. Mirror-lined ducts include
advantages of large cross-sectional area and large numerical aperture (enabling larger fluxes with
less concentration), a robust and clear propagation medium (that is, air) that leads to both lower
attenuation and longer lifetimes, and a potentially lower weight per unit of light flux transported.
Regardless of the technique used to transport light effectively, a practical and efficient daylight
collector that can also concentrate the collected light, and a technique to accurately align the

concentrator is needed.

Summary

The disclosure generally relates to concentrating daylight collectors and in particular to a
light concentrator alignment system that can detect and correct for misalignment of the solar
concentrator. The present disclosure generally relates to concentrating daylight collectors that
can be used for illuminating interior spaces of a building with sunlight, and in particular to a
light concentrator alignment system that can detect and correct for misalignment of the solar
concentrator. In one aspect, the present disclosure provides a solar concentrator alignment
device that includes a solar light duct having an aperture; a thermally conductive plate
essentially parallel to and exterior to the aperture; and at least two thermal sensors in contact
with the thermally conductive plate, the at least two thermal sensors being separated from each
other at positions surrounding the aperture. A concentrated solar light beam can be aligned to
the aperture such that a first portion of the concentrated light beam intercepts the aperture and a
second portion of the concentrated light beam intercepts the thermally conductive plate, causing

the at least two thermal sensors to generate an aligned output signal, and a change in the second
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portion of the concentrated solar light beam that intercepts the thermally conductive plate causes
the at least two thermal sensors to generate a misaligned output signal.

In another aspect, the present disclosure provides a solar concentrator alignment device
that includes an aperture for receiving a concentrated solar light beam; a thermally conductive
plate parallel to and adjacent the aperture; and a plurality of thermal sensors in contact with the
thermally conductive plate, the plurality of thermal sensors being separated from each other at
positions surrounding the aperture. The concentrated solar light beam generates an aligned
output signal from the plurality of thermal sensors when aligned to the aperture, and the
concentrated solar light beam generates a misaligned output signal from the plurality of thermal
sensors when misaligned to the aperture.

In yet another aspect, the present disclosure provides a method for maintaining the
alignment of a solar concentrator to the sun that includes providing a solar concentrator
including a solar concentrator alignment device; initially aligning the solar concentrator to the
sun, thereby providing the aligned output signal; providing a control system capable of changing
the azimuth and elevation of the solar concentrator; monitoring the thermal sensors for a
misaligned output signal; and changing the azimuth and/or elevation of the solar concentrator to
change the misaligned output signal to the aligned output signal. The solar concentrator
alignment device includes a solar light duct having an aperture; a thermally conductive plate
essentially parallel to and exterior to the aperture; and at least two thermal sensors in contact
with the thermally conductive plate, the at least two thermal sensors being separated from each
other at positions surrounding the aperture. A concentrated solar light beam can be aligned to
the aperture such that a first portion of the concentrated light beam intercepts the aperture and a
second portion of the concentrated light beam intercepts the thermally conductive plate, causing
the at least two thermal sensors to generate an aligned output signal, and a change in the second
portion of the concentrated solar light beam that intercepts the thermally conductive plate causes
the at least two thermal sensors to generate a misaligned output signal.

In yet another aspect, the present disclosure provides a method for maintaining the
alignment of a solar concentrator to the sun that includes providing a solar concentrator
including a solar concentrator alignment device; initially aligning the solar concentrator to the
sun, thereby providing the aligned output signal; providing a control system capable of changing

the azimuth and elevation of the solar concentrator; monitoring the thermal sensors for a
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misaligned output signal; and changing the azimuth and/or elevation of the solar concentrator to
change the misaligned output signal to the aligned output signal. The solar concentrator
alignment device includes an aperture for receiving a concentrated solar light beam; a thermally
conductive plate parallel to and adjacent the aperture; and a plurality of thermal sensors in
contact with the thermally conductive plate, the plurality of thermal sensors being separated from
cach other at positions surrounding the aperture. The concentrated solar light beam generates an
aligned output signal from the plurality of thermal sensors when aligned to the aperture, and the
concentrated solar light beam generates a misaligned output signal from the plurality of thermal
sensors when misaligned to the aperture.

The above summary is not intended to describe each disclosed embodiment or every
implementation of the present disclosure. The figures and the detailed description below more

particularly exemplify illustrative embodiments.

Brief Description of the Drawings

Throughout the specification reference is made to the appended drawings, where like
reference numerals designate like elements, and wherein:

FIG. 1 shows a perspective view of a solar concentrator;

FIG. 2A shows a cross-sectional schematic view of a solar concentrator in solar
alignment;

FIG. 2B shows a cross-sectional schematic view of a misaligned solar concentrator;

FIG. 3A shows a cross-sectional schematic view of a solar concentrator in solar
alignment;

FIG. 3B shows a cross-sectional schematic view of a misaligned solar concentrator;

FIG. 4A shows a schematic view of a solar concentrator alignment device;

FIG. 4B shows a schematic view of a solar concentrator alignment device; and

FIG. 5 shows a perspective view of a solar concentrator.

The figures are not necessarily to scale. Like numbers used in the figures refer to like
components. However, it will be understood that the use of a number to refer to a component in
a given figure is not intended to limit the component in another figure labeled with the same

number.
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Detailed Description

The disclosure generally relates to concentrating daylight collectors and in particular to a
light concentrator alignment system that can detect and correct for misalignment of the solar
concentrator. The present disclosure generally relates to concentrating daylight collectors that
can be used for illuminating interior spaces of a building with sunlight, and in particular to a
light concentrator alignment system that can detect and correct for misalignment of the solar
concentrator.

The concentrating daylight collectors can be used to direct sunlight into a mirror-lined
duct to distribute the sunlight throughout the building to a point of extraction of the light through
a light distribution mirror-lined duct. In some cases, the disclosed concentrating daylight
collectors can instead be used more conventionally, such as for directing sunlight onto a
photovoltaic cell for generation of electrical power, or an absorbing surface for extraction of
thermal energy. The concentrating daylight collectors can be useful for interior lighting of a
building and generally can include a cassegrain-type concentrator section that provides for a full-
tracking solar concentrator with one moving part and with a high efficiency of coupling of
collected solar irradiation to a stationary duct.

A novel apparatus and technique is disclosed for providing direct feedback on the
alignment of a solar concentrator with the sun, by monitoring the position of the concentrated
light beam. In one particular embodiment, multiple pads with thermocouples can be located
around the periphery of the target for the concentrated light, for example, around the inlet duct in
a concentrated solar lighting system. When the solar concentrating system moves out of
alignment, the concentrated light beam moves off the target and some of the energy will be
absorbed by one or more of the pads with thermocouples. The difference monitored between
thermocouples can be used to steer the system back into alignment. It is to be understood that
although the disclosed solar concentrator alignment devices can be used with any suitable solar
collection system or solar concentrator system, much of the discussion that follows is directed
toward the use with cassegrain-type solar concentrators, and is not intended to limit the
application of these solar concentrator alignment devices in any way.

The present disclosure is related to architectural daylighting and to solar concentration in
general. Prior to the present invention, no system existed for controlling the alignment of a solar

concentrator with the sun by utilizing feedback that is directly related to the output of the
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concentrator. Typical currently available solutions for alignment include: (a) Operating the
concentrator “open loop” with no feedback. For some systems this can be acceptable (that is
simple photovoltaics), but for many systems (that is concentrated daylighting) a small
misalignment of the optics for example either due to minor disturbances or thermal expansion,
could drastically reduce the output; (b) Mounting an external device onto the solar concentrator.
The device is aligned to the concentrator system and the assumption is made that it will not be
disturbed, since there is no ability to actually measure the light that is reaching the target. The
external devices often involve photodiodes that are only exposed to the sun when the device is
misaligned from the sun; (c) Measuring the amount of light in the outlet duct as a feedback on
the alignment of the system, as described, for example in co-pending U.S. Patent Application
Serial No. 61/623,225 entitled FLUORESCENT FIBER LIGHT SENSOR (Attorney Docket No.
69695US002, filed on April 12, 2012). The device must then be moved away from the current
target location to measure a decrease in the output which can be used to align the position.

In one particular embodiment, the present invention has an advantage over the above
described fiber sensor, because it can provide an output that is directly related to a positioning
error. For example if the system has moved too far to the East (on the azimuthal axis) then a
single thermocouple will get warmer and provide a direct value telling the system to move back
the other direction. The described system can also be used to align other solar tracking systems,
but will be most effective if the system is concentrating solar energy, because a more significant
increase in temperature will be produced by a misalignment of the system.

Errors in the azimuth (east-west rotation) alignment generally cause the concentrated
light of the cassegrain-type concentrator to drift out of the duct along the axis of rotation of the
parabola. Similarly, an error in the elevation (or altitude) axis of rotation will cause the light to
drift in the orthogonal direction, as described elsewhere.

The difference between the average temperature and any extreme temperatures can be
used to detect a misalignment of the system. In one particular embodiment, all of the sensors
have identical thermal mass, and should therefore increase and decrease in temperature
uniformly due to ambient changes in temperature and light. The average temperature from the
sensors can also be used to signal a significant problem if the system is getting too hot.

In one particular embodiment, the disclosed light concentrator alignment system is used

in conjunction with another solar positioning algorithm. The light concentrator alignment
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system is optimally used as a "focus" system on top of the solar positioning algorithm. For
example, if the concentrator begins to track the sun in the morning and then clouds come out
decreasing the light flux gathered by the concentrator, the thermal sensor may not adjust the
positioning because all of the sensors measure a “cold” signal. When the sun later comes from
behind the clouds, it may be so far out of alignment that the thermal sensor may not be capable
of adjusting the position. Instead, the system tracks the solar position based on an open loop
NREL (National Renewable Energy Laboratory) type algorithm, and the solar alignment system
will do the fine adjustments necessary to optimize the light output within some cone of error,
generally defined by the outside diameter of the thermal plate, as described elsewhere.
Regardless, the output of the present light concentrator alignment system uses the optic
concentration system to fine-tune the solar tracking, rather than the direct sun exposure, resulting
in more rapid and sensitive alignment control. Currently available direct sun exposure systems
generally use a shading device that casts a shadow on one of a pair of thermal sensors, not the
concentrated output of an optics system.

In the following description, reference is made to the accompanying drawings that forms
a part hereof and in which are shown by way of illustration. It is to be understood that other
embodiments are contemplated and may be made without departing from the scope or spirit of
the present disclosure. The following detailed description, therefore, is not to be taken in a
limiting sense.

Unless otherwise indicated, all numbers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be understood as being modified in all
instances by the term “about.” Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the foregoing specification and attached claims are approximations that
can vary depending upon the desired properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein.

As used in this specification and the appended claims, the singular forms “a,” “an,” and
“the” encompass embodiments having plural referents, unless the content clearly dictates
otherwise. As used in this specification and the appended claims, the term “or” is generally
employed in its sense including “and/or” unless the content clearly dictates otherwise.

2% <¢

Spatially related terms, including but not limited to, “lower,” “upper,” “beneath,”

2% ¢

“below,” “above,” and “on top,” if used herein, are utilized for ease of description to describe
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spatial relationships of an element(s) to another. Such spatially related terms encompass
different orientations of the device in use or operation in addition to the particular orientations
depicted in the figures and described herein. For example, if an object depicted in the figures is
turned over or flipped over, portions previously described as below or beneath other elements
would then be above those other elements.

As used herein, when an element, component or layer for example is described as

2% ¢ 2% ¢

forming a “coincident interface” with, or being “on” “connected to,” “coupled with” or “in
contact with” another element, component or layer, it can be directly on, directly connected to,
directly coupled with, in direct contact with, or intervening elements, components or layers may
be on, connected, coupled or in contact with the particular element, component or layer, for
example. When an element, component or layer for example is referred to as being “directly
on,” “directly connected to,” “directly coupled with,” or “directly in contact with” another
element, there are no intervening elements, components or layers for example.

The elements of and construction of light sources that can provide suitable solar light
input are described elsewhere, for example, in U.S. Patent Application Serial No. 61/589,544
entitled OFF AXIS CASSEGRAIN SOLAR COLLECTOR (Attorney Docket No. 68150US002,
filed January 23, 2012), and PCT Patent Publication No. W02012021471 entitled
CONCENTRATING DAYLIGHT COLLECTOR (Attorney Docket No. 66518US002, filed
August 13, 2010), which generally describe solar concentrators which can provide sunlight with
the required characteristics. The addition of an artificial light source, alone or in combination
with a solar concentrator, can be useful to broadening the utility of an architectural light delivery
and distribution system. For the purposes of the present disclosure, the description of the
‘lighting system’ references both solar and artificial sources.

Architectural daylighting using mirror-lined light ducts can deliver sunlight deep into the
core of multi-floor buildings. Such mirror-lined light ducts can be uniquely enabled by the use
of 3M optical films, including mirror films such as Vikuiti™ ESR film, that have greater than
98% specular reflectivity across the visible spectrum of light. Architectural daylighting is a
multi-component system that includes a device for collecting sunlight, and light ducts and

extractors for transporting and distributing the sunlight within the building. The typical benefits

of using sunlight for interior lighting can include a reduction of energy for office lighting by an
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average of 25%, improved light quality due to the full spectrum light delivered, and is often
more pleasing to office occupants.

The ducted illumination systems useful for architectural daylighting can also be useful
for distribution of auxiliary or artificially generated light efficiently throughout a building. For
example, it is widely accepted that LED lighting may eventually replace a substantial portion of
the world’s installed base of incandescent, fluorescent, metal halide, and sodium-vapor fixtures.
One of the primary driving forces is the projected luminous efficacy of LEDs versus those of
these other sources.

An appropriate figure of merit describing the value of a solar collector for core
architectural daylighting is the cost of the collector per lumen of light delivered. Value increases
as the cost per lumen decreases. Both reduced cost and increased flux increase the value of a
collector. The cost of a collector is largely dictated by its size, its tracking requirements, and its
complexity. It is generally not advantageous to sacrifice either size or tracking, as these
attributes are critical to high flux. There is, however, the possibility of reducing complexity by
minimizing the number of moving parts.

A collector for daylighting can preferably deposit its flux within a stationary duct with
the luminance associated with that flux substantially collimated about the axis of the duct.
Tracking collectors can therefore include a means for transporting and redirecting a moving and
tilting distribution of concentrated luminance to a fixed position and a fixed direction. The value
of the collector can be increased by improving the efficiency of this coupling.

The Cassegrain concentrator utilizes 1) a parabolic mirror to focus rays incident parallel
to the optical axis of the parabola to a point on the optical axis of the parabola, and 2) a
hyperbolic mirror, with its interior focus coincident with the parabolic focus, to refocus these
rays to the exterior focus of the hyperbola on the optical axis of the hyperbola. In the standard
Cassegrain configuration, the axes of the hyperbola and parabola are coincident so that the final
focus lies on these common axes. In the off-axis configuration described herein, the axis of the
parabola can be tilted relative to the hyperbola axis, so that the final focus lies off the axis of the
parabola. The off-axis configuration allows for a stationary final focus, and this can solve two
fundamental problems of solar concentrators for daylighting; specifically, the off-axis
configuration allows only the parabola to move, and it increases the efficiency of coupling to the

stationary duct.
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The disclosed solar concentrator accepts direct solar illuminance over a large area and
tracks the sun. Generally, substantially all of the associated flux is injected into a stationary
duct, with the luminance associated with that flux substantially collimated about the axis of the
duct. In one particular embodiment, the solar concentrator design uses an off-axis Cassegrain
configuration that includes a movable parabolic mirror which tracks the sun, and a stationary
hyperbolic mirror and a stationary duct. This configuration can maximize the efficiency of
collection while minimizing the number of moving components required for tracking the sun.

The concentrator can harvest more flux per unit area of its footprint than many
alternatives. It can deliver this flux with a higher concentration than any known alternative
(enabling small light-distribution ducts), and with a degree of collimation, which is well suited
for hollow light-guiding systems with side-wall extraction. In some cases, the concentrating
daylight collectors can be positioned cither on a roof or on the sun-facing sides of a building.
Generally, rooftop placement of a concentrating daylight collector can more readily provide for
an unobstructed view of the sun throughout the daylight hours; however, in some cases,
mounting on the side of the building may be preferable.

The concentrating daylight collector harvests highly-collimated solar flux from a large
arca and deposits it with controlled (and necessarily diminished) collimation within a much
smaller area, for example, a mirror-lined duct system for distribution throughout the building.
The concentrating daylight collector can be a solar collector/concentrator that tracks the sun’s
position throughout the day, and precisely aligns the concentrator to maximize the solar input to
the duct.

In one particular embodiment, the concentrating daylight collector can include a
Cassegrain-telescope type concentrator, known to those of skill in the art. Such a concentrator
typically includes a combination of a parabolic mirror and a hyperbolic mirror. Generally, the
focus of the parabolic mirror and one of the focal points of the hyperbolic mirror are placed such
that they approximate a common focal point. The second focal point of the hyperbolic mirror
can be positioned along the axis of a light duct suitable for collecting the light reflected from the
hyperbolic mirror. The light duct can be disposed in a slot that is formed in the parabolic mirror
between the vertex and the outer rim of the parabolic mirror. The centerline of the slot lies
within the plane containing the parabolic vertex and both the hyperbolic focal points. In this

fashion, the parabolic reflector is capable of rotating around the light duct axis such that the
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concentrating daylight collector tracks the path of the sun. In particular, a line between the
parabolic focal point and the vertex can be aligned to an azimuth angle and an elevation angle of
the sun, such that light rays are directed toward the parabolic focal point, as described elsewhere.

FIG. 1 shows a perspective view of a solar concentrator 100, according to one aspect of
the disclosure. Solar concentrator 100 includes a parabolic reflector 110 having an interior
reflective surface 115 and a first outer rim 120. The interior reflective surface 115 can be any
suitable material having a high specular reflectivity including, for example, a first- or second-
surface mirror such as a metal vapor-coated mirror or other reflective metal; the interior
reflective surface can instead include a polymeric multilayer interference reflector such as
Vikuiti™ ESR film, available from 3M Company. The parabolic reflector 110 has a geometry
that can be characterized by a parabolic focal point 140, a vertex 130, and a first axis 180
extending between the vertex 130 and parabolic focal point 140. Solar concentrator 100 further
includes a hyperbolic reflector 150 having a second outer rim 160, a first focal point coincident
with the parabolic focal point 140, and a second focal point 145. The hyperbolic reflector 150
can be fabricated from the same or different material that is suitable for the interior reflective
surface 115, described above. A second axis 190 extends along a line that includes the parabolic
focal point 140 and the second focal point 145.

In one particular embodiment, second axis 190 can be pointed toward the zenith (that is,
perpendicular to the horizontal); however, in other embodiments, second axis 190 can be pointed
instead at any desired angle or orientation to the zenith. For example, the second axis 190 of the
solar concentrator 100 can be directed toward the horizontal for a building side mounted
concentrator. A tilt angle of the second axis 190 can depend upon the placement of the solar
concentrator 100, including, for example, latitude, unobstructed view, duration and times for
optimum daylighting, and the like, as described elsewhere. First axis 180 is capable of rotating
about the second axis 190 along an azimuthal direction 195, without movement of the second
axis 190. First axis 180 is also capable of rotating along an elevation direction 185 that pivots
around the parabolic focal point 140 and lies in the plane that includes the vertex 130 and the
second axis 190. In one particular embodiment, first axis 180 can be positioned toward the sun,
such that solar radiation incident upon the parabolic reflector 110 and reflecting from the
hyperbolic reflector 150, propagates within an output collimation angle of the second axis 190,

as described elsewhere.
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An optional exit aperture 132 can be disposed in the parabolic reflector 110, along a line
131 passing through the vertex 130 and lying in the plane that includes the vertex 130 and the
second axis 190. In some cases, the optional exit aperture 132 can comprise a material that is
transparent to solar radiation such as a polymer or a glass; in some cases, the optional exit
aperture 132 can be a slot cut in the parabolic reflector 110. In one particular embodiment, the
optional exit aperture 132 can extend along the line 131 from the vertex 130 to the first outer rim
120.

A light duct 170 can be disposed along the second axis 190, and in the case where the
optional exit aperture 132 is a slot, the light duct 170 can extend through the parabolic reflector
110 as shown. In some cases, a support structure 165 can affix hyperbolic reflector 150 to light
duct 170. Support structure 165 can be any suitable support as known to one of skill in the art
that supports hyperbolic reflector 150 such that the parabolic focal point140 and the second focal
point145 remain fixed and do not move. In some cases, support structure 165 can affix
hyperbolic reflector 150 to one axis of rotation of the parabolic reflector 110 such that the
hyperbolic reflector can rotate about the second axis 190, as described elsewhere. The light duct
170 includes an upper rim 177 and an entrance aperture 175 positioned such that light reflected
from the hyperbolic reflector 150 enters light duct 170 through entrance aperture 175 and is
directed toward second focal point 145. In one particular embodiment, entrance aperture 175
can be the same size as the perimeter of the light duct 170, for example, coincident with the
upper rim 177. In some cases, entrance aperture 175 can instead correspond to the size of the
concentrated light beam entering the duct through the region bounded by the upper rim 177, and
in such cases, the entrance aperture 175 can be smaller than the perimeter of the light duct 170.
Light duct 170 can be a portion of a light distribution system (not shown) used for daylight
distribution system for architectural lighting. Light duct 170 can be a rectangular light duct, a
cylindrical light duct, or any other suitably shaped light duct for the efficient transmission of
light, as described elsewhere.

A solar concentrator alignment device 171 is positioned proximate the entrance aperture
175 and adjacent the upper rim 177 of the light duct 170. The solar concentrator alignment
device 171 comprises a thermally conductive plate, as described elsewhere. The thermally
conductive plate can be fabricated from any suitable material having a high thermal conductivity,

including metals and metal alloys such as aluminum, copper, steel, and the like. In one
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particular embodiment, the thermally conductive plate can be an aluminum plate having a
thickness ranging from about 0.125 inches (3.175 mm) to about 0.25 inches (6.35 mm) or more.
In some cases, the thermally conductive plate can be blackened by chemical treatment or
painting, to alter the thermal absorbance or emission from the surface of the plate, as known to
one of skill in the art.

In one particular embodiment, the solar concentrator alignment device 171 can be
positioned essentially parallel to and exterior to the entrance aperture 175. In some cases, the
solar concentrator alignment device 171 can instead extend into the entrance aperture 175, for
example, within the region bounded by the upper rim 177 of the light duct 170. In one particular
embodiment, the solar concentrator alignment device 171 can be positioned flush with the upper
rim 177 of the light duct 170, or it can be positioned anywhere along the second axis 190
between the hyperbolic reflector 150 and the second focal point 145. In some cases, the solar
concentrator alignment device 171 can even be positioned further within the light duct 170, for
example beyond the second focal point 145; however, this would not be a preferred position.
Generally, a preferred location for the solar concentrator alignment device 171 is attached to the
light duct 170 along the upper rim 177.

FIG. 2A shows a cross-sectional schematic view of an aligned solar concentrator 200,
according to one aspect of the disclosure. FIG. 2A shows a schematic cross-section tracing the
paths of representative light rays entering solar concentrator 200, according to one aspect of the
disclosure. Each of the elements 210-290 shown in FIG. 2A correspond to like-numbered
elements 110-190 shown in FIG. 1, which have been described previously. For example,
parabolic reflector 210 shown in FIG. 2A corresponds to parabolic reflector 110 shown in FIG.
1, and so on. An input light beam 201 from a source, such as the sun, includes a central light ray
202 travelling along the propagation direction, and boundary light rays 203 traveling within an
input collimation angle 0i of the central light ray 202. Each of the light rays 204, 205, 206, 207
entering solar concentrator 200 and travelling parallel to the first axis 280 within the input
collimation angle 01, reflect from the parabolic reflector 210 and are directed toward the
parabolic focal point 240. Each of the light rays 204, 205, 206, 207 then reflect from the
hyperbolic reflector 250 and are directed toward the second focal point 245, through the region
where a solar concentrator alignment device 271 is disposed adjacent the entrance aperture 275

and exterior to the upper rim 277. The light rays 204, 205, 206, 207 exit as output light beam
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291 having a central light ray 292 travelling in the propagation direction, and boundary light rays
293 travelling within an output collimation angle 6o of the central light ray 292.

Relatively well-collimated light can be more effectively used in mirror-lined duct
systems for transporting light. As the sunlight is concentrated, the collimation angle will
increase from the input collimation half-angle of sunlight, about 1/4 degree. Generally, the
collimation half-angle 8o of concentrated sunlight passing through the light duct 170 should be
restricted to no greater than about 30 degrees, or no greater than about 25 degrees, or no greater
than about 20 degrees. In one particular embodiment, the collimation angle 8o can be about 23
degrees. The accuracy of tracking the sun, as well as the accuracy of the various optical
components (for example, flatness and placement of reflective vanes, parabolic reflector shape,
and hyperbolic reflector shape) all contributes to the resulting collimation angle 8o. For
example, the accuracy of rotation, tilt angle, and azimuth angle of the sun, can affect both the
concentration ratio of input light area to output light area and output collimation half-angle 8o.

FIG. 2B shows a cross-sectional schematic view of a misaligned solar concentrator 200°,
according to one aspect of the disclosure. Each of the elements 210-290 shown in FIG. 2B
correspond to like-numbered elements 110-190 shown in FIG. 1, which have been described
previously. For example, parabolic reflector 210 shown in FIG. 2A corresponds to parabolic
reflector 110 shown in FIG. 1, and so on. In FIG. 2B, the solar position has moved from first
axis 280 shown in FIG. 2A, to a misaligned axis 280 which forms an angular misalignment
angle B degrees. In some cases, the misalignment angle can be as small as 5 degrees, or 4
degrees, or 3 degrees, or 2 degrees, or even as small as 1 degree to cause unacceptable
misalignment of the parabolic reflector 210.

An input light beam 201’ from a source, such as the sun, includes a central light ray 202’
travelling along the propagation direction, and boundary light rays 203’ traveling within an input
collimation angle 01 of the central light ray 202°. Each of the light rays 204°, 205°, 206°, 207’
entering solar concentrator 200’ and travelling parallel to the misaligned axis 280’ within the
input collimation angle 61, reflect from the parabolic reflector 210 and are directed toward the
hyperbolic reflector 250. Each of the light rays 204°, 205’ then reflect from the hyperbolic
reflector 250 and are directed toward the solar concentrator alignment device 271, and impinges
on the solar concentrator alignment device 271 in hot region “H” as a second portion of the input

light beam 201°. Each of the light rays 206°, 207’ reflect from the hyperbolic reflector 250 and
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are directed away from the entrance aperture 275. The second portion of the input light beam
201 that impinges on hot region “H” cause a change in the thermal environment of the thermally
conductive plate, and generates a signal to a control circuit (not shown) that changes the position
of the misaligned solar concentrator 200’ back to an aligned solar concentrator 200 shown in
FIG. 2A, as described clsewhere.

FIG. 3A shows a cross-sectional schematic view of an aligned solar concentrator 300
according to one aspect of the disclosure. Each of the elements 310-393 shown in FIG. 3A
correspond to like-numbered elements shown in FIG. 2A, which have been described previously.
For example, parabolic reflector 310 in FIG. 3A corresponds to parabolic reflector 210 in FIG.
2A, and so on. In FIG. 3A, the relative positions of the second focal point 345 and the vertex
330 have been changed relative to the positions shown in FIG. 2A. Second focal point 345 is
shown to be disposed between the vertex 330 and the first focal point 340, and within the
entrance aperture 375 surrounded by upper rim 377 of the light duct 370. It is to be understood
that the relative positions of the second focal point 345 and the vertex 330 can be positioned as
desired along the first axis 280, by proper selection of the hyperbolic reflector 350 and the
parabolic reflector 310. In one particular embodiment, the relative positions of the second focal
point 345 and the vertex 330 can be selected such that the entrance aperture 375 can be located
below the vertex 330, as described elsewhere, for example in co-pending U.S. Patent Application
Serial No. 61/589,544 entitled OFF AXIS CASSEGRAIN SOLAR COLLECTOR (Attorney
Docket No. 68150US002, filed January 23, 2012).

An input light beam 301 from a source, such as the sun, includes a central light ray 302
travelling along the propagation direction, and boundary light rays 303 traveling within an input
collimation angle 01 of the central light ray 302. Each of the light rays 304, 305, 306, 307
entering solar concentrator 300 and travelling parallel to the first axis 380 within the input
collimation angle 01, reflect from the parabolic reflector 310 and are directed toward the
parabolic focal point 340. Each of the light rays 304, 305, 306, 307 then reflect from the
hyperbolic reflector 350 and are directed toward the second focal point 345, through the region
where a solar concentrator alignment device 373 is disposed adjacent and below the entrance
aperture 375 and both interior and exterior to the upper rim 377. The light rays 304, 305, 306,
307 exit as output light beam 391 having a central light ray 392 travelling in the propagation
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direction, and boundary light rays 393 travelling within an output collimation angle 6o of the
central light ray 392.

FIG. 3B shows a cross-sectional schematic view of a misaligned solar concentrator 300°,
according to one aspect of the disclosure. Each of the elements 310-393 shown in FIG. 3B
correspond to like-numbered elements shown in FIG. 2A, which have been described previously.
For example, parabolic reflector 310 in FIG. 3B corresponds to parabolic reflector 210 in FIG.
2A, and so on. In FIG. 3B, the solar position has moved from first axis 380 shown in FIG. 2A,
to a misaligned axis 380 which forms an angular misalignment angle § degrees. In some cases,
the misalignment angle can be as small as 5 degrees, or 4 degrees, or 3 degrees, or 2 degrees, or
even as small as 1 degree to cause unacceptable misalignment of the parabolic reflector 310.

An input light beam 301’ from a source, such as the sun, includes a central light ray 302’
travelling along the propagation direction, and boundary light rays 303’ traveling within an input
collimation angle 01 of the central light ray 302°. Each of the light rays 304, 305°, 306°, 307’
entering solar concentrator 300’ and travelling parallel to the misaligned axis 380° within the
input collimation angle 61, reflect from the parabolic reflector 310 and are directed toward the
hyperbolic reflector 350. Each of the light rays 304°, 305’ then reflect from the hyperbolic
reflector 350 and are directed toward the solar concentrator alignment device 371, and impinges
on the solar concentrator alignment device 371 in hot region “H” as a second portion of the input
light beam 301°. Each of the light rays 306°, 307’ reflect from the hyperbolic reflector 350 and
are directed away from the entrance aperture 375. The second portion of the input light beam
301 that impinges on hot region “H” cause a change in the thermal environment of the thermally
conductive plate, and generates a signal to a control circuit (not shown) that changes the position
of the misaligned solar concentrator 300’ back to an aligned solar concentrator 300 shown in
FIG. 3A, as described clsewhere.

It is to be understood that the solar concentrator alignment device 373 can be positioned
as desired along the line connecting the first and second focal points 340, 345, and can be used
with any of the concentrator designs described in, for example, in U.S. Patent Application Serial
No. 61/589,544 entitled OFF AXIS CASSEGRAIN SOLAR COLLECTOR (Attorney Docket
No. 68150US002, filed January 23, 2012). In some cases, the relative positions of the second
focal point 345 and the vertex 330 can be changed relative to the positions shown in FIG. 3B,

and the upper rim 377’ surrounding entrance aperture 375’ of light duct 370 can be positioned on
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the other side of the vertex 330 from the second focal point 345. Second focal point 345 can still
be disposed between the vertex 330 and the first focal point 340, and light rays directed toward
second focal point 345 enter light duct 370 through the entrance aperture 375°.

In some cases, the optional exit aperture 132 and the light duct 170 shown in FIG. 1 can
be removed, and the concentrated sunlight can be directed toward an energy conversion device
(not shown) such as a photovoltaic device or a thermal conversion device, disposed near the
second focal point 145. Each of the hyperbolic reflector 150 and the energy conversion device
can be affixed in position. Alternatively (not shown), a photovoltaic or thermal conversion
device could be mounted near the first focus 140 and the hyperbolic reflector 150 removed. The
thermal alignment device could then be mounted around the first focus 140, as would be
understood by one of skill in the art.

In some cases, the optional exit aperture 132 can be disposed in the parabolic reflector
110, along a line 131 passing through the vertex 130 and lying in the plane that includes the
vertex 130 and the second axis 190. In some cases, the optional exit aperture 132 can comprise a
material that is transparent to solar radiation such as a polymer or a glass; in some cases, the
optional exit aperture 132 can be a slot cut in the parabolic reflector 110. In one particular
embodiment, the optional exit aperture 132 can extend along the line 131 between the vertex 130
and the first outer rim 120, without intersecting the first outer rim 120, such that any desired
pivoting along the elevation direction 185 can be accommodated.

FIG. 4A shows a schematic view of a solar concentrator alignment device 471, according
to one aspect of the disclosure. The solar concentrator alignment device 471 includes a
thermally conductive plate 473 having a plurality of thermal sensors 474a, 474b, 474¢, 474d, in
thermal contact with the thermally conductive plate 473 at positions surrounding an aperture 475
of a solar light duct (not shown). In one particular embodiment, each of the thermal sensors
474a, 474b, 474c, 474d, can be thermocouples that are attached to the backside of the thermally
conductive plate 473. The solar light duct includes an upper rim 477, and the thermally
conductive plate 473 can have an inner perimeter 478 that is essentially coincident with the
upper rim 477. A plurality of fins 472 extend outwardly from the aperture 475.

Each adjacent pair of the plurality of fins 472 are positioned such that a fin separation
“A” is smaller than the effective diameter of a concentrated solar beam 495 that is intended to

enter the aperture 475. As shown in FIG. 4A, the concentrated solar beam 495 has moved from
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the aperture 475 and impinges on a pair of fins 472a and 472b generating a “hot spot”, as
described elsewhere. The thermal sensors 474b and 474c¢ therefore are in a different thermal
environment than thermal sensors 474a and 474d, and a signal is generated to reposition the
concentrated solar beam 495 within the aperture 474 by changing the azimuth and/or elevation of
the solar concentrator, as described elsewhere.

In one particular embodiment, the thermal sensors are disposed around the aperture
uniformly, for example, two sensors may be positioned 180 degrees apart from each other on
opposite sides of the aperture, three sensors may be positioned 120 degrees apart from each
other, four sensors may be positioned 90 degrees apart from each other, and so on. In one
particular embodiment, a first pair of opposing thermal sensors can detect changes in azimuthal
alignment, and a second pair of opposing thermal sensors can detect changes in elevation
alignment.

In one particular embodiment, each sensor may have a pair of fins on either side of the
sensor, extending outward from the aperture. In one particular embodiment, each sensor may
have a pair of fins on either side of the sensor, extending inward toward the aperture. In some
cases, cach of the thermal sensors may be thermally isolated from adjacent thermal sensors, such
that instead of a continuous thermally conductive plate surrounding the aperture, a plurality of
thermally conductive plates (each having at least one thermal sensor) may be disposed around
the aperture.

FIG. 4B shows a schematic view of a solar concentrator alignment device 471°,
according to one aspect of the disclosure. The solar concentrator alignment device 471 includes
a thermally conductive plate 473 having a plurality of thermal sensors 474a, 474b, 474c¢, 474d,
in thermal contact with the thermally conductive plate 473 at positions surrounding an aperture
475 of a solar light duct (not shown) that extends into the page. In one particular embodiment,
cach of the thermal sensors 474a, 474b, 474¢, 474d, can be thermocouples that are attached to
the backside of the thermally conductive plate 473°. The solar light duct includes an upper rim
477, and the thermally conductive plate 473’ can have an inner perimeter 478’ that includes a
smaller diameter than the upper rim 477. A plurality of fins 472 extend outwardly from the
aperture 475°.

Each adjacent pair of the plurality of fins 472 are positioned such that a fin separation

“A” is smaller than the effective diameter of a concentrated solar beam 4935 that is intended to
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enter the aperture 475°. As shown in FIG. 4B, the concentrated solar beam 495 has moved from
the aperture 475’ and impinges on a pair of fins 472a and 472b generating a “hot spot”, as
described elsewhere. The thermal sensors 474b and 474c¢ therefore are in a different thermal
environment than thermal sensors 474a and 474d, and a signal is generated to reposition the
concentrated solar beam 495 within the aperture 474 by changing the azimuth and/or elevation of
the solar concentrator, as described elsewhere.

FIG. 5 shows a perspective view of a solar concentrator 500, according to one aspect of
the disclosure. Each of the elements 510-595 shown in FIG. 5 correspond to like-numbered
elements shown in FIG. 1, which have been described previously. For example, parabolic
reflector 510 in FIG. 5 corresponds to parabolic reflector 110 in FIG. 1, and so on. Solar
concentrator 500 further includes one particular embodiment of structures and mechanisms that
can be used to effectively track the sun during operation of the solar concentrator 500.

Solar concentrator 500 includes a parabolic reflector 510 having an interior reflective
surface 515 and a first outer rim 520. An optional support ring 522 can be affixed to the outer
rim 520 to provide resistance to deformation of the parabolic reflector 510 due to movement,
winds, and the like. The parabolic reflector 510 has a geometry that can be characterized by a
parabolic focal point 540, and a first axis 580 extending between the vertex (not shown) and
parabolic focal point 540. Solar concentrator 500 further includes a hyperbolic reflector 550 and
a first focal point coincident with the parabolic focal point 540. A second axis 590 extends along
a line that includes the parabolic focal point 540 and the second focal point (not shown) of the
hyperbolic reflector 550.

In one particular embodiment, second axis 590 can be pointed toward the zenith (that is,
perpendicular to the horizontal); however, in other embodiments, second axis 590 can be pointed
instead at any desired angle or orientation to the zenith. For example, the second axis 590 of the
solar concentrator 500 can be directed toward the horizontal for a building side mounted
concentrator. A tilt angle of the second axis 590 can depend upon the placement of the solar
concentrator 500, including, for example, latitude, unobstructed view, duration and times for
optimum daylighting, and the like, as described elsewhere. First axis 580 is capable of rotating
about the second axis 590 along an azimuthal direction 595, without movement of the second
axis 590. First axis 580 is also capable of rotating along an elevation direction 585 that pivots

around the parabolic focal point 540. In one particular embodiment, first axis 580 can be
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positioned toward the sun, such that solar radiation incident upon the parabolic reflector 510 and
reflecting from the hyperbolic reflector 550, propagates within an output collimation angle of the
second axis 590, as described elsewhere.

Exit aperture 532 can be disposed in the parabolic reflector 510 as described elsewhere,
and as shown in FIG. 5, is a slot 532 cut in the parabolic reflector 510. A light duct 570 is
disposed along the second axis 590, and extends through the slot 532 of the parabolic reflector
510 as shown. A support structure 565 affixes hyperbolic reflector 550 to light duct 570, such
that the parabolic focal point 540 and the second axis 590 remain fixed and do not move. A
solar concentrator alignment device 571 is positioned proximate the entrance aperture 575 of the
light duct 570. The solar concentrator alignment device 571 can be also be affixed to the support
structure 565 by an attachment fixture 579, to reduce motion. In some cases, shown in FIG. 5,
support structure 565 affixes hyperbolic reflector 550 to one axis of rotation of the parabolic
reflector 510 such that the hyperbolic reflector 550 can rotate about the second axis 590. The
light duct 570 includes an entrance aperture 575 positioned such that light reflected from the
hyperbolic reflector 550 enters light duct 570 through entrance aperture 575 and is directed
toward second focal point (not shown) of hyperbolic reflector 550. Light duct 570 can be a
portion of a light distribution system (not shown) used for daylight distribution system for
architectural lighting.

Solar concentrator 500 includes a base 594 that has a bottom surface 596 that can be
affixed to a building structure (not shown) such as a roof or side of a building. The parabolic
reflector 510 is supported by supporting arm 582 through pivot points 588 and optional support
ring 522, and can be rotated relative to the second axis 590 by a motor 584. A pivot line 586
through pivot points 588 also passes through parabolic focal point 540 such that any rotation of
first axis 580 along elevation direction 585 does not change the relative position of the parabolic
focal point 540. A rotating support 592 affixed to the base 594 rotates parabolic reflector 510
along an azimuthal direction 595 about second axis 590, again without changing the relative
position of the parabolic focal point 540. The solar concentrator alignment device 571 generates
control signals in response to the different thermal environments of the thermal sensors, and
causes rotation about the pivot line 586 to correct for elevation errors, and causes rotation about

the second axis 590 to correct for azimuthal errors.
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Example

A solar concentrator alignment device was built to help direct the concentrated light from
a cassegrain concentrator optical system into the opening in a mirror lined duct. The solar
concentrator alignment device used a 1/8 inch (3.175 mm) thick aluminum plate cut into a
pattern that included: 1) a 5.74 inch (14.61 cm) opening in the center to match the diameter of
the mirror lined duct, 2) four regions having tapped holes located 90 degrees apart to mount a
thermocouple, 3) two fins extending 3 inches (7.75 cm) from the opening in each region. Four
thermocouples were mounted to the bottom of the plate in the sensing regions.

The length and quantity of the fins were selected to ensure that focused light (roughly 6
inches (15.2 cm) in diameter maximum) would strike at least one fin if within 6 inches (15.2 cm)
of the central axis. This offset from the desired position corresponded to a significant
misalignment with the sun, more than 10 degrees of error.

The surface finish and thickness of the aluminum plate were designed to help control the
time constant of the thermal system. The aluminum plate absorbed some light energy and then
lost some energy due primarily to convection. The energy loss might have been too slow for the
control system if individual thermally isolated plates were used for each sensing region. Rather
than taking many minutes for an individual plate to cool through convection after the sunlight
has been removed from them, the four thermally connected sensors reached an equilibrium state
much faster through conduction combined with convection.

The control system was designed to respond to the difference in temperature between two
opposing thermocouples (180 degrees apart). Based on the output signals, one motor was used
to drive the concentrator along the azimuthal axis. A second motor was used to tilt the parabola
along the axis that passes through one focus of the hyperbolic optic. For this design, while in
operation, two opposing thermocouples generally reached the same temperature within several
seconds when either no light, or an equivalent light flux, was striking both regions.

The main control loop calculated a target position of the sun based on knowledge of the
time, date, elevation, and latitude. The main control loop then made corrections to the
concentrator orientation about every 24 seconds to maintain a target position within 0.1 degrees
of the sun. A fine adjustment offset based on the thermal imbalance in the solar concentrator

alignment device was added to the target position. The fine adjustment was limited to a

220-

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2014/070603 PCT/US2013/066787

maximum correction of 5 degrees from the calculated position. For the system studied,
corrections of less than 1 degree were required to efficiently direct the light into the duct.

Experience with this system, including modeling, has shown that errors in the azimuth
cause the concentrated light to drift out of the duct along the axis of rotation of the parabola.
Similarly, an error in the elevation would cause the light to drift in the orthogonal direction.
This allowed the control system to make a direct correction in one axis based on the difference in
temperature between two thermocouples.

Following are a list of embodiments of the present disclosure.

Item 1 is a solar concentrator alignment device, comprising: a solar light duct having an
aperture; a thermally conductive plate essentially parallel to and exterior to the aperture; and at
least two thermal sensors in contact with the thermally conductive plate, the at least two thermal
sensors being separated from each other at positions surrounding the aperture, wherein a
concentrated solar light beam can be aligned to the aperture such that a first portion of the
concentrated light beam intercepts the aperture and a second portion of the concentrated light
beam intercepts the thermally conductive plate, causing the at least two thermal sensors to
generate an aligned output signal, and wherein a change in the second portion of the
concentrated solar light beam that intercepts the thermally conductive plate causes the at least
two thermal sensors to generate a misaligned output signal.

Item 2 is the solar concentrator alignment device of item 1, wherein the change in the
second portion of the concentrated light beam that intercepts the thermally conductive plate
results from a solar concentrator misalignment in an azimuthal direction, an elevation direction,
or in both the azimuthal direction and the elevation direction.

Item 3 is the solar concentrator alignment device of item 1 or item 2, wherein the change
in the second portion of the concentrated solar light beam comprises an increase in the second
portion of the concentrated solar light beam intercepting the thermally conductive plate.

Item 4 is the solar concentrator alignment device of item 1 to item 3, wherein the
misaligned output signal causes a control signal to change alignment of a solar concentrator to
the sun, to decrease the misaligned output signal.

Item 5 is the solar concentrator alignment device of item 1 to item 4, wherein the

thermally conductive plate surrounds the aperture.
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Item 6 is the solar concentrator alignment device of item 1 to item 5, wherein the
thermally conductive plate and the aperture are coplanar.

Item 7 is the solar concentrator alignment device of item 1 to item 6, wherein the aperture
is smaller than the solar light duct cross-section.

Item 8 is the solar concentrator alignment device of item 1 to item 7, wherein the
thermally conductive plate comprises a plurality of fins extending outwardly from the aperture.

Item 9 is the solar concentrator alignment device of item 8, wherein the concentrated
solar light beam includes an effective diameter in a plane containing the thermally conductive
plate that is greater than a separation between adjacent fins.

Item 10 is the solar concentrator alignment device of item 1 to item 6, wherein the
thermally conductive plate comprises eight fins disposed in pairs extending outwardly from the
aperture, each pair of fins having a thermal sensor disposed between them.

Item 11 is the solar concentrator alignment device of item 10, wherein each thermal
sensor is positioned at a 90 degree spacing surrounding the aperture.

Item 12 is the solar concentrator alignment device of item 10 or item 11, wherein a first
pair of thermal sensors are disposed at a 180 degree spacing from each other such that a first line
drawn through the first pair of thermal sensors is parallel to a horizontal plane and a second pair
of thermal sensors are disposed at a 180 degree spacing from each other such that a second line
drawn through the second pair of thermal sensors is perpendicular to the first line.

Item 13 is the solar concentrator alignment device of item 12, wherein the first pair of
thermal sensors detect changes in the azimuth alignment, and the second pair of thermal sensors
detect changes in the elevation alignment.

Item 14 is a solar concentrator alignment device, comprising: an aperture for receiving a
concentrated solar light beam; a thermally conductive plate parallel to and adjacent the aperture;
and a plurality of thermal sensors in contact with the thermally conductive plate, the plurality of
thermal sensors being separated from each other at positions surrounding the aperture, wherein
the concentrated solar light beam generates an aligned output signal from the plurality of thermal
sensors when aligned to the aperture, and the concentrated solar light beam generates a

misaligned output signal from the plurality of thermal sensors when misaligned to the aperture.
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Item 15 is the solar concentrator alignment device of item 14, wherein the misaligned
output signal can be input to a control circuit used to realign the concentrated solar light beam to
the aperture.

Item 16 is the solar concentrator alignment device of item 14 or item 15, wherein a first
portion of the concentrated solar light beam intercepts the aperture when aligned, and a second
portion of the concentrated solar light beam intercepts the thermally conductive plate when
aligned.

Item 17 is the solar concentrator alignment device of item 14 to item 16, wherein the
thermally conductive plate surrounds the aperture.

Item 18 is the solar concentrator alignment device of item 14 to item 17, wherein the
thermally conductive plate and the aperture are coplanar.

Item 19 is the solar concentrator alignment device of item 14 to item 18, wherein the
aperture is smaller than the solar light duct cross-section.

Item 20 is the solar concentrator alignment device of item 14 to item 19, wherein the
thermally conductive plate comprises a plurality of fins extending outwardly from the aperture.

Item 21 is the solar concentrator alignment device of item 20, wherein the concentrated
solar light beam includes an effective diameter in a plane containing the thermally conductive
plate that is greater than a separation between adjacent fins.

Item 22 is the solar concentrator alignment device of item 14 to item 21, wherein the
thermally conductive plate comprises eight fins disposed in pairs extending outwardly from the
aperture, each pair of fins having a thermal sensor disposed between them.

Item 23 is the solar concentrator alignment device of item 22, wherein each thermal
sensor is positioned at a 90 degree spacing surrounding the aperture.

Item 24 is the solar concentrator alignment device of item 14 to item 23, wherein the
misaligned concentrated solar light beam results from a solar concentrator misalignment in an
azimuthal direction, an elevation direction, or in both the azimuthal direction and the elevation
direction.

Item 25 is the solar concentrator alignment device of item 4 or item 24, wherein the solar
concentrator is a cassegrain solar concentrator having a hyperbolic reflector, and the thermally
conductive plate is positioned on an axis between the hyperbolic reflector and the solar light

duct.
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Item 26 is a method for maintaining the alignment a solar concentrator to the sun,
comprising: providing a solar concentrator including the solar concentrator alignment device of
item 1 to item 25; initially aligning the solar concentrator to the sun, thereby providing the
aligned output signal; providing a control system capable of changing the azimuth and elevation
of the solar concentrator; monitoring the thermal sensors for a misaligned output signal; and
changing the azimuth and/or elevation of the solar concentrator to change the misaligned output
signal to the aligned output signal.

Item 27 is the method of item 26, further comprising using a solar positioning algorithm
to initially align the solar concentrator to the sun.

Unless otherwise indicated, all numbers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be understood as being modified by the
term “about”. Accordingly, unless indicated to the contrary, the numerical parameters set forth
in the foregoing specification and attached claims are approximations that can vary depending
upon the desired properties sought to be obtained by those skilled in the art utilizing the
teachings disclosed herein.

All references and publications cited herein are expressly incorporated herein by
reference in their entirety into this disclosure, except to the extent they may directly contradict
this disclosure. Although specific embodiments have been illustrated and described herein, it
will be appreciated by those of ordinary skill in the art that a variety of alternate and/or
equivalent implementations can be substituted for the specific embodiments shown and
described without departing from the scope of the present disclosure. This application is
intended to cover any adaptations or variations of the specific embodiments discussed herein.
Therefore, it is intended that this disclosure be limited only by the claims and the equivalents

thereof.
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What is claimed is:

1. A solar concentrator alignment device, comprising:
a solar light duct having an aperture;
a thermally conductive plate essentially parallel to and exterior to the aperture;
and
at least two thermal sensors in contact with the thermally conductive plate, the at
least two thermal sensors being separated from each other at positions
surrounding the aperture,
wherein a concentrated solar light beam can be aligned to the aperture such that a first portion of
the concentrated light beam intercepts the aperture and a second portion of the
concentrated light beam intercepts the thermally conductive plate, causing the at least
two thermal sensors to generate an aligned output signal, and
wherein a change in the second portion of the concentrated solar light beam that intercepts the
thermally conductive plate causes the at least two thermal sensors to generate a

misaligned output signal.

2. The solar concentrator alignment device of claim 1, wherein the change in the second
portion of the concentrated light beam that intercepts the thermally conductive plate results from
a solar concentrator misalignment in an azimuthal direction, an elevation direction, or in both the

azimuthal direction and the elevation direction.

3. The solar concentrator alignment device of claim 1, wherein the change in the second
portion of the concentrated solar light beam comprises an increase in the second portion of the
concentrated solar light beam intercepting the thermally conductive plate.

4. The solar concentrator alignment device of claim 1, wherein the misaligned output signal

causes a control signal to change alignment of a solar concentrator to the sun, to decrease the

misaligned output signal.
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5. The solar concentrator alignment device of claim 1, wherein the thermally conductive

plate surrounds the aperture.

6. The solar concentrator alignment device of claim 1, wherein the thermally conductive

plate and the aperture are coplanar.

7. The solar concentrator alignment device of claim 1, wherein the aperture is smaller than

the solar light duct cross-section.

8. The solar concentrator alignment device of claim 1, wherein the thermally conductive

plate comprises a plurality of fins extending outwardly from the aperture.

9. The solar concentrator alignment device of claim 8, wherein the concentrated solar light
beam includes an effective diameter in a plane containing the thermally conductive plate that is

greater than a separation between adjacent fins.

10.  The solar concentrator alignment device of claim 1, wherein the thermally conductive
plate comprises eight fins disposed in pairs extending outwardly from the aperture, each pair of

fins having a thermal sensor disposed between them.

11. The solar concentrator alignment device of claim 10, wherein each thermal sensor is

positioned at a 90 degree spacing surrounding the aperture.

12.  The solar concentrator alignment device of claim 10, wherein a first pair of thermal
sensors are disposed at a 180 degree spacing from each other such that a first line drawn through
the first pair of thermal sensors is parallel to a horizontal plane and a second pair of thermal
sensors are disposed at a 180 degree spacing from each other such that a second line drawn

through the second pair of thermal sensors is perpendicular to the first line.
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13.  The solar concentrator alignment device of claim 12, wherein the first pair of thermal
sensors detect changes in the azimuth alignment, and the second pair of thermal sensors detect

changes in the elevation alignment.

14. A solar concentrator alignment device, comprising:
an aperture for receiving a concentrated solar light beam;
a thermally conductive plate parallel to and adjacent the aperture; and
a plurality of thermal sensors in contact with the thermally conductive plate, the
plurality of thermal sensors being separated from each other at positions
surrounding the aperture,
wherein the concentrated solar light beam generates an aligned output signal from the plurality
of thermal sensors when aligned to the aperture, and the concentrated solar light beam
generates a misaligned output signal from the plurality of thermal sensors when

misaligned to the aperture.

15.  The solar concentrator alignment device of claim 14, wherein the misaligned output
signal can be input to a control circuit used to realign the concentrated solar light beam to the

aperture.

16.  The solar concentrator alignment device of claim 14, wherein a first portion of the
concentrated solar light beam intercepts the aperture when aligned, and a second portion of the

concentrated solar light beam intercepts the thermally conductive plate when aligned.

17.  The solar concentrator alignment device of claim 14, wherein the thermally conductive

plate surrounds the aperture.

18.  The solar concentrator alignment device of claim 14, wherein the thermally conductive

plate and the aperture are coplanar.

19.  The solar concentrator alignment device of claim 14, wherein the aperture is smaller than

the solar light duct cross-section.

D7
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20.  The solar concentrator alignment device of claim 14, wherein the thermally conductive

plate comprises a plurality of fins extending outwardly from the aperture.

21.  The solar concentrator alignment device of claim 20, wherein the concentrated solar light
beam includes an effective diameter in a plane containing the thermally conductive plate that is

greater than a separation between adjacent fins.

22.  The solar concentrator alignment device of claim 14, wherein the thermally conductive
plate comprises eight fins disposed in pairs extending outwardly from the aperture, each pair of

fins having a thermal sensor disposed between them.

23.  The solar concentrator alignment device of claim 22, wherein each thermal sensor is

positioned at a 90 degree spacing surrounding the aperture.

24.  The solar concentrator alignment device of claim 14, wherein the misaligned
concentrated solar light beam results from a solar concentrator misalignment in an azimuthal

direction, an elevation direction, or in both the azimuthal direction and the elevation direction.

25. The solar concentrator alignment device of claim 4 or claim 24, wherein the solar
concentrator is a cassegrain solar concentrator having a hyperbolic reflector, and the thermally
conductive plate is positioned on an axis between the hyperbolic reflector and the solar light

duct.

26. A method for maintaining the alignment a solar concentrator to the sun, comprising:
providing a solar concentrator including the solar concentrator alignment device
of claim 1 or claim 14;
initially aligning the solar concentrator to the sun, thereby providing the aligned

output signal;

8-
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providing a control system capable of changing the azimuth and elevation of the
solar concentrator;

monitoring the thermal sensors for a misaligned output signal; and

changing the azimuth and/or elevation of the solar concentrator to change the

5 misaligned output signal to the aligned output signal.

27.  The method of claim 26, further comprising using a solar positioning algorithm to

initially align the solar concentrator to the sun.

10

220

SUBSTITUTE SHEET (RULE 26)



WO 2014/070603 PCT/US2013/066787

17
100~
190
120
115

110

Q 177




WO 2014/070603 PCT/US2013/066787

2/7
20
290
201 280 T——
o 202 N
203
Y Y Y Y
205— 206
- 260 -
204 0| 240 07|

250 /4(\

- 220
. -277 Ve
271— 1
210

270—
245~
291
o 292
293

FIG. 2A



WO 2014/070603

201 280’
. 202
0i 203’ 280 290
B
| 205!
204 260
40

250 J/

<

270 ~—

245——4

FIG. 2B

PCT/US2013/066787

‘(/,200’
206’
207’
275 220
277
271
210



WO 2014/070603 PCT/US2013/066787

4/7
300~\§\
301
390 6 302
380__' 303
Y Y | Y Y
305— 306
360
304
307 —
N /
310
I T™~330
370 —
391
. 392
393
Y

FIG. 3A



WO 2014/070603 PCT/US2013/066787

SI7

300
™ 301

370~

FIG. 3B



WO 2014/070603 PCT/US2013/066787

6/7

472

472




WO 2014/070603 PCT/US2013/066787

717

—590

594

596



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/066787
A. CLASSIFICATION OF SUBJECT MATTER
INV. F24J2/06 F2402/18 F2402/40 F2402/54 F2402/38
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

F24J

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 4 297 000 A (FRIES JAMES E)

27 October 1981 (1981-10-27)

column 2, line 22 - column 3, line 5;
figure 1

1-27

Y WO 20127123433 Al (COMMISSARIAT ENERGIE
ATOMIQUE [FR]; COUTURIER RAPHAEL [FR];
BRUCH ARNA) 20 September 2012 (2012-09-20)
abstract; figures 1, 3A-3C

page 4, line 9 - page 7, line 11

1-27

Y EP 1 475 582 A2 (MITAKA KOKI KK
10 November 2004 (2004-11-10)
the whole document

A DE 27 42 014 Al (PHILIPS NV)

30 March 1978 (1978-03-30)
figure 2

[JP]) 27

1-27

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

7 April 2014

Date of mailing of the international search report

17/04/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Berkus, Frank

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

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/066787

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

A,P

JP 2003 240356 A (MUNEHIRA SEISHIRO)

27 August 2003 (2003-08-27)

abstract; figures 1-15

US 2011/174359 A1 (GOEI ESMOND [US] ET AL)
21 July 2011 (2011-07-21)

paragraph [0051] - paragraph [0054];
figures 2b,3

EP 0 071 550 Al (PERRIER JEAN)

9 February 1983 (1983-02-09)

abstract; figure 1

page 4, line 1 - Tine 40

WO 20137112362 Al (3M INNOVATIVE
PROPERTIES CO [US]; FREIER DAVID G [US];
QUINN TIMOTHY L)

1 August 2013 (2013-08-01)

the whole document

1-27

1-27

1-27

1-27

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2013/066787
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 4297000 A 27-10-1981  NONE

WO 2012123433 Al 20-09-2012 AU 2012228379 Al 24-10-2013
EP 2686618 Al 22-01-2014
FR 2972790 Al 21-09-2012
US 2014000581 Al 02-01-2014
WO 2012123433 Al 20-09-2012

EP 1475582 A2 10-11-2004 AU 2004200105 Al 25-11-2004
CN 1550732 A 01-12-2004
EP 1475582 A2 10-11-2004
JP 3784021 B2 07-06-2006
JP 2004333003 A 25-11-2004
US 2004231660 Al 25-11-2004

DE 2742014 Al 30-03-1978 AU 510223 B2 12-06-1980
AU 2882477 A 22-03-1979
CA 1094419 Al 27-01-1981
CH 627259 A5 31-12-1981
DE 2742014 Al 30-03-1978
FR 2365086 Al 14-04-1978
GB 1571038 A 09-07-1980
IT 1086520 B 28-05-1985
JP 5556822 B2 20-02-1980
JP S5337925 A 07-04-1978
NL 7610401 A 22-03-1978
SE 7710466 A 21-03-1978
us 4159710 A 03-07-1979

JP 2003240356 A 27-08-2003  NONE

US 2011174359 Al 21-07-2011 CA 2795989 Al 21-07-2011
CN 102782421 A 14-11-2012
JP 2013517628 A 16-05-2013
KR 20120123090 A 07-11-2012
US 2011174359 Al 21-07-2011
WO 2011088305 A2 21-07-2011

EP 0071550 Al 09-02-1983 DE 3263533 D1 20-06-1985
EP 0071550 Al 09-02-1983
FR 2510272 Al 28-01-1983
WO 8300394 Al 03-02-1983

WO 2013112362 Al 01-08-2013 TW 201337186 A 16-09-2013
WO 2013112362 Al 01-08-2013

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - wo-search-report
	Page 40 - wo-search-report
	Page 41 - wo-search-report

