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OPTICAL CONCENTRATOR, ESPECIALLY
FOR SOLAR PHOTOVOLTAICS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. Provisional patent
application Ser. No. 60/894,896 filed Mar. 14, 2007, which is
incorporated herein by reference in its entirety.

TECHNICAL FIELD

The present invention relates generally to the concentration
of optical radiation, more particularly of sunlight, and spe-
cifically for advanced high-concentration photovoltaic cells.

BACKGROUND

The present invention relates especially, but not exclu-
sively, to the concentration of sunlight, and to the use of such
concentration with advanced high-concentration photovol-
taic cells. The present concentrators can also be used as col-
limators for a variety of light sources, especially light emit-
ting diodes, including an array of light emitting diodes.

The highest efficiency in photovoltaic cells currently com-
mercially available has been achieved by the triple-junction
designs of the Spectro-Lab Corporation, but they are too
expensive to use without optical concentration, except for the
space-power applications for which they were originally
developed. “Concentration” is the gathering of light rays so
that the light falls at a higher intensity on a smaller area.
Two-dimensional concentration for terrestrial solar power
generation requires solar tracking, because concentrators rely
on the incident light rays being substantially parallel and
usually aligned in a known direction relative to the concen-
trator. Concentration is only effective on clear days, when
direct-beam sunlight predominates. In cloudy weather there
can be little or no concentration. Consequently, in climates
with a high proportion of cloudy weather only silicon cells,
less than half as efficient, are affordable. Direct sunlight may
be treated as substantially uniform illumination from a circu-
lar source at infinity of angular diameter 0.530.

It is also desirable to be able to focus and concentrate
radiation from an area just surrounding the visible sun disk,
which is known as the circumsolar radiation. This radiation
comes from a region surrounding the sun within an annular
ring from 0.53° (the direct beam cone) to approximately 40 in
diameter. The circumsolar radiation can be as much as 5 to
10% of the total energy from the sun. It is typically at its
highest level when there is very light cloud cover over the sun
(with high humidity) and at its lowest levels (on the order of
0.1%) when there are very clear sky conditions (with low
humidity). In order to capture the circumsolar radiation a
wide acceptance angle concentrator is needed.

The scale and magnitude planned for the Solar America
Initiative of the United States Department of Energy high-
lights the great need for continual performance improve-
ments and cost reductions in solar energy generators. While
distributed household systems will be fixed flat panels, large-
scale utility systems will most likely utilize tracking concen-
trators, because the high cost of the most efficient, triple-
junction cells mandates their use at the highest geometric
concentration they can withstand (about 1000 suns, given
proper heat-sinking).

Such concentration also requires accurate two-axis track-
ing, but tracking systems become more expensive if an accu-
racy of one-degree maximum angular error is required, as is
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the case for conventional Fresnel lenses and parabolic mir-
rors. Such angular accuracy affects all the tolerances in the
system: optical surface manufacturing accuracy and finish,
precision of assembly, the stiffness of the supporting struc-
ture, and the mechanical accuracy of the tracker.

SUMMARY OF THE INVENTION

According to an embodiment of the invention, there is
provided a concentrator comprising a smoothly curved con-
cave primary mirror arranged to receive collimated incident
light and reflect the incident light to a primary focal region, a
smoothly curved secondary refracting lens disposed at the
primary focal region ofthe primary mirror, the secondary lens
comprising a rear surface and a front surface to receive the
reflected light and refract the light towards the rear surface,
and a photovoltaic cell or other transducer optically adhered
to the rear surface of the secondary lens to receive the
refracted light.

The photovoltaic cell may be optically adhered directly to
the rear surface of the secondary lens, or to a distal end of a
light-conducting rod projecting from the rear surface.

According to another embodiment of the invention, there is
provided a concentrator comprising a concave primary mirror
arranged to reflect collimated incident light to a primary focal
region, a secondary refracting lens disposed at the primary
focal region of the primary mirror, the secondary lens com-
prising a rear surface with a light-conducting rod projecting
therefrom and a front surface to receive the reflected light and
refract the light towards the light conducting rod, and an
optical transducer optically adhered to a distal end of the light
conducting rod to receive the refracted light.

In general, a concentrator may be a photovoltaic concen-
trator wherein the optical transducer is a photovoltaic cell, a
collimating emitter wherein the optical transducer is a light
source, or both. The photovoltaic concentrator may be suit-
able for use as a solar power generator. At the surface of the
Earth, that implies a gross power received at the primary
mirror of about 1 kW/m? at full power.

Embodiments of the present invention include a solar pho-
tovoltaic optical concentrator that can achieve a larger accep-
tance angle at a given concentration than the prior art, and can
thus be more tolerant of tracking error, a key cost parameter.
Embodiments of the present invention can also have more
tolerance to figural errors in the optical surfaces than the prior
art, an important aspect of reducing manufacturing costs.
These benefits can be provided by a secondary lens placed at
the focal region of a primary mirror, which may be parabo-
loidal or quasi-paraboloidal, aimed at the sun. The actual
photovoltaic cell may optically adhere to the rear of the sec-
ondary lens. By adhering the cell directly to the material of the
lens, so that the cell is effectively immersed in a dielectric, it
is possible to increase tracking tolerance and reduce reflec-
tions by the cell.

In a further preferred embodiment, the cell is optically
adhered to the end of a short transparent rod, preferably glass,
which can be molded in one piece with the aspheric lens. The
rod may be mirror-coated in a secondary operation so that
wider-angle rays that enter the rod but would miss the pho-
tovoltaic cell are reflected onto the cell. Alternatively, the rod
may reflect by total internal reflection, alone or in combina-
tion with a separate reflector separated from the rod by a
narrow air (or low-index dielectric) gap. A rod of suitable
length can defocus the reflected rays away from the solar
image formed by direct rays. In an embodiment, the cell is just
long enough to produce a desired degree of defocusing. For
example, in one embodiment a rod with a length of % of the
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width of the cell, 0.75 cm for a 1 cm cell, can reduce peak
concentration to only 50% above the mean, where the same
geometry without this contrast-reducing rod could produce a
peak concentration of 10 times the average concentration, and
the cell and the cell performance and reliability would
degrade unless the average concentration was uneconomi-
cally derated.

In some embodiments, the secondary lens is mounted at the
center of a glass cover spanning the aperture of the primary
mirror and together with it forming an enclosure for protec-
tion of the mirror-coating from the elements. There is a draw-
back, however, that this central location of the photovoltaic
cell means that the electrical leads from the cell will block
some sunlight. However, in some embodiments, in order for
multiple concentrators to be arrayed closely in rows, the
rotationally symmetric primary mirror and secondary lens are
both truncated to a square shape. A further preferred embodi-
ment is also a square, but with the focal region at its edge. For
best performance, the optical surfaces of the primary and
secondary optical elements are “free form” (not having rota-
tional symmetry), although particularly the primary mirror
could also be approximated by an off-axis rotational surface
for easier manufacturing. This enables thermal and electrical
paths for two adjacent concentrators to pass downwards
between the mirrors, without blocking any sunlight.

Another embodiment of the invention provides a photovol-
taic collector comprising one or more platforms rotatable in
azimuth carrying a plurality of devices rotatable in altitude
about parallel axes, each said device comprising a plurality of
photovoltaic concentrators according to the invention arrayed
along the altitude axis.

Another embodiment of the invention provides a method of
designing a concentrator, comprising defining an initial point
for a concave primary mirror to collect and reflect collimated
incident light from an external source, defining an initial point
for a secondary lens to collect light reflected by the primary
mirror, defining a target area on a side of the secondary lens
towards the external source, constructing the shape of the
mirror by tracing rays through parts of the lens already con-
structed, and constructing the shape of the lens by tracing rays
through parts of the mirror already constructed between the
target and the source in such a manner as to maintain constant
optical path length between wavefronts at apertures defined
by the mirror and the target, the wavefronts being selected
from flat wavefronts entering the apertures and circular wave-
fronts centered on edges of the apertures, and designing a
light-conducting rod extending from the target area towards
the external source, the rod having a length no greater than
twice its minimum width at the target area, and being of
constant width or narrowing towards the external source.

The concentrator may be designed in two dimensions using
rays in an axial plane including a principal optical axis
wherein the shapes of the mirror and the lens are constructed
as lines in the axial plane. Optical surfaces may then be
generated by rotating the constructed lines about the principal
optical axis, and selecting parts of the surfaces of rotation.

Another embodiment of the invention provides a method of
manufacturing a concentrator, comprising designing a con-
centrator by a method according to the invention, and con-
structing a concentrator in accordance with the design.

Where the concentrator is a photovoltaic concentrator, the
method of manufacture may further comprise providing a
photovoltaic cell at the distal end of the rod to receive light
from the target area.

According to a further embodiment of the invention, there
is provided a concentrator produced or producible by a
method according to the invention.
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Commonly owned U.S. Pat. No. 6,639,733 with overlap-
ping inventorship discloses general methods of designing an
optical system that are used for embodiments of the primary
mirror and secondary lens of the present invention. Com-
monly owned U.S. Patent Application 20050086032 with
overlapping inventorship discloses general methods of
designing the free-form primary mirror and secondary lens.
Both are incorporated herein by reference in their entirety.

As may be seen from the examples below, embodiments of
the present invention permit a solar concentrator with an
acceptance half-angle or maximum angular error of at least
1.5°, and in a further embodiment at least approximately 1.8°.
The acceptance half-angle is defined as the angle from an
optimal or central alignment at which the transmission of
incident energy to the photovoltaic cell drops to 90% of the
transmission at the central alignment, calculated in 3 dimen-
sions using a convolution of an accurate model of the emis-
sion from the sun and an accurate model of the concentrator
transmission function. A larger acceptance angle allows
greater tolerance on manufacturing and operating accuracies
throughout the system. Additionally, such a system can con-
centrate a sizable portion of the circumsolar radiation. In
addition, in embodiments of the invention the square of the
maximum angular error times the concentration is constant,
so for a given maximum angular error, those embodiments
can provide a higher concentration and a corresponding
reduction in the area of the high-efficiency high-cost solar
cell.

Embodiments of the present invention make it possible to
construct small concentrators suitable for land-thrifty deploy-
ment.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of the
present invention will be more apparent from the following
more particular description thereof, presented in conjunction
with the following drawings wherein:

FIG.11isa cross sectional view of an embodiment of a solar
concentrator showing the profiles of primary mirror and sec-
ondary lens and direct solar rays.

FIG. 2 is a close-up view of a secondary lens forming part
of the concentrator.

FIG. 3 is a cross-sectional view of the secondary lens
shown in FIGS. 1 and 2, showing a contrast-reduction rod
using total internal reflection (TIR).

FIG. 4 is a perspective view of the secondary lens shown in
FIGS. 1 and 2, showing TIR ray cones within a square con-
trast-reduction rod in three dimensions.

FIG. 5 is a lateral view of the secondary lens shown in
FIGS. 1 and 2, showing the TIR operation of the rod and a
mirror separated from the rod by a low-index gap.

FIG. 6 shows the profile of an alternative form of the
secondary lens with structural protection features molded on
its rear, as well as a comparison profile for a higher refractive
index.

FIG. 7 is a graph showing the off-axis acceptance of the
concentrator shown in FIGS. 1 and 2.

FIG. 8 is a graph showing the flux on the photovoltaic cell
for on-axis and off-axis irradiation.

FIG. 9 is a perspective view of a free-form rectangular
primary mirror and a free-form secondary lens forming part
of another embodiment of a solar concentrator.

FIG. 10 is a further perspective view of the lens and mirror
shown in FIG. 9.

FIGS. 11A to 11C are close-up views from different per-
spectives of the free-form secondary lens shown in FIG. 9.
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FIG. 12 is a graph showing the acceptance angle of the
free-form system shown in FIG. 9 in perpendicular planes.

FIGS. 13 through 17 are diagrams illustrating the math-
ematical steps of an SMS algorithm generating embodiments
of the present invention.

FIG. 18 is a diagram of the primary reflector of an embodi-
ment of a solar concentrator.

FIG. 19 is a diagram of the secondary lens of an embodi-
ment of a solar concentrator.

FIG. 20 s a side view of a low-profile deployment of arrays
of an embodiment of a solar concentrator according to the
present invention.

FIG. 21 is a top view of the arrays shown in FIG. 20.

FIG. 22 is a view similar to FIG. 20 showing the solar
concentrators in an elevated attitude.

FIG. 23 is a perspective view of the arrays as seen in FIG.
22.

FIG. 24 is a perspective view similar to FIG. 23, showing
the arrays at a higher elevation.

FIG. 25 is a cross-sectional view through a further embodi-
ment of a solar concentrator having two symmetrically
arranged primary mirror surfaces each focusing light on a
respective secondary lens.

FIG. 26 is a perspective view of the mirrors and lenses of
the solar concentrator shown in FIG. 25.

FIG. 27 is a side view of a further embodiment of a solar
concentrator system with main input parameters marked for
an SMS-3D algorithm generating embodiments of the present
invention.

FIG. 28 shows the selected SMS-3D input parameters for
the algorithm of FIG. 27.

FIG. 29 shows the selected wavefronts that are used for
generation of the seed rib for the SMS-3D algorithm of FIG.
27.

FIGS. 30 and 31 show the relative position of the input
wavefronts respect to the cell for the SMS-3D algorithm of
FIG. 27, projected onto the 0z and Ox planes.

FIG. 32 is a diagram of the mathematical steps of the SMS
algorithm of FIG. 27.

FIG. 33 is a diagram showing SMS ribs for the asymmetric
design according to the algorithm of FIG. 27.

FIG. 34 is a diagram showing generated ribs for the asym-
metric design according to the algorithm of FIG. 27.

DETAILED DESCRIPTION OF THE DRAWINGS

A better understanding of the features and advantages of
the present invention will be obtained by reference to the
following detailed description of the invention and accompa-
nying drawings, which set forth illustrative embodiments in
which the principles of the invention are utilized.

FIGS. 1 and 2 show an embodiment of a solar concentrator
10, comprising primary mirror 11, aspheric secondary lens
12, contrast-reduction rod 13, and photovoltaic cell 14
adhered to its end with a transparent coupling material. The
sides of rod 13 are mirror coated. Direct solar rays 15 are
shown as both on-axis and 1.5 deg rays, redirected as focused
rays 16. Lens 12 redirects rays 16 into trapped rays 17 within
rod 13, thereby reducing peak concentration on cell 14. Suf-
ficient contrast reduction is possible in such a short length
because of the wide illumination angle of the secondary lens
by the primary mirror. A wide angle is desirable because it
makes the entire device maximally compact. The rod’s short
length (about one cell diameter or less) is innovative over the
prior art of concentrating photovoltaics, where long homog-
enizing rods can be found.
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For practical solar applications, the transparent coupling
material should be stable under ultraviolet light and tempera-
ture variations, so silicone elastomers or gels are presently
preferred. Most of the widely used silicones, such as Dow
Corning SYLGARD 182 and 184 or GE RTV615, have
refractive indices in the range n=1.40-1.42. Higher index
phenyl-modified silicones such as Dow Corning OE-6550
and JCR6175, show n=1.52-1.54. The higher index silicones
are usually preferred, because by increasing the refractive
index of the silicone three aspects are improved: the concen-
trator angular tolerance for a given concentration ratio can be
increased, the reflectivity at the AR coated cell-silicone inter-
face can be lower at high incidence angles, and the Fresnel
reflection at the glass-silicon interface can be decreased.

Modern triple junction photovoltaic cells, particularly
those of the Spectrol.ab Corporation of Sylmar, Calif., can
tolerate an average irradiation of about 1000 suns, and a local
maximum of no more than 1500 suns. Without the rod, some
embodiments of the present invention would produce a peak
solar concentration nearly 10 times the average or more,
requiring derating to an average of no more than 150 suns, or
one sixth of what the cell is capable of handling. Such derat-
ing is economically very unattractive.

Another innovative aspect of the present invention is that
the short contrast-reduction rod can be manufactured along
with the secondary lens as a single piece (by glass molding).
This lowers their cost because separate elements would need
an additional assembly step, and an unnecessary optical inter-
face that reduces efficiency. The top, magnified view in FIG.
2 shows secondary lens 12 with rear surface comprising con-
trast-reduction rod 13.

While rod 13 was described as having a reflective coating
in FIG. 1a, rod 13 can alternatively operate without coating,
solely by Total Internal Reflection (TIR). As shown in FIG. 3,
TIR at point 17T is obtained for any ray 17 beyond the
material’s critical angle 0 _=sin~'(1/n) (where n is the refrac-
tive index of the secondary lens), which limits how close to
the surface normal the interior rays can hit the rod’s sides and
not escape. For a parallel sided rod 13, when the angle of
incidence 0 of a ray 17 on the side of the rod is 6=0_, then the
angle f§ of the ray to the principal axis is f=90°-0,. The rim
angle v, which is the maximum angle to the principal axis of
aray between the mirror 11 and the lens 12, is determined by
refraction at the surface of lens 12.

Because this embodiment may be used in arrays, its rota-
tionally symmetric surface is preferably truncated as a square
or a hexagon, which tile the plane. This fact can be advanta-
geously exploited to avoid having to coat the rod if the trun-
cated mirror surface is properly matched with the contrast
reducing rod. Consider the concentrator shown in FIG. 3, in
the case where the rotational mirror has been truncated within
a square of side L, the rod has a squared entry aperture of side
L, and the sides of the squared-off mirror are parallel to those
of the squared-oft aperture. To a good approximation, a sun
ray that hits the primary mirror on coordinates (x,y) and
foiling a small angle with the z axis within the design accep-
tance angle ax will reach the rod entrance plane with an
approximate direction unit vector

V=g +(1-p*-g)"?)
where:
p=x/1,
Q=y/L
f=nlL /sin(cv).
This x-y to p-q mapping is the Abbe sine condition applied
to this geometry, which is approximately fulfilled by these
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designs as proven in (Winston, Mifiano, Benitez, Nonimag-
ing Optics, Elsevier 2004, pg 227).

The rays shown in FIG. 3 are located in the coordinate
plane y=0 (in which also q=0, so p=sin (})). The TIR at point
17T is obtained for ray 17 when 6>6_. or equivalently, p<cos
(6,)=(1-1/n*)"2 Note that by the mapping mentioned before,
L, sin(a)=nL, cos(0,).
which is just the well-known etendue conservation equation
in two dimensions.

Considering now rays in three dimensions, the combina-
tion of the TIR condition on the four facets of the square rod
leads to the following four conditions over the coordinates of
unit vector v=(p, g, +(1-p>-q*)*"):

Ipl<cos(0_) and Iql<cos(0,) for both positive and negative
limits of p and .

This set of conditions is fulfilled by the rays propagating
outside the cones 19 shown inside the rod of FIG. 4. Note
these conditions are fulfilled by certain rays entering the rod
forming up to 90° with the z-axis, since that angle is given by
sin™'(p*+q°) and thus, for instance, for [p|=Iq| that angle is not
limited by the TIR inequalities for n>V2, since 2 cos*(6_)=2
(1-1/m*)<1.

From the aforementioned x-y to p-q mapping, we deduce
that the portion of the mirror from which the rays are traced
back to the aperture has the coordinates |xI<L, and lyl<L,,
which exactly matches the square truncation of the mirror
done parallel to the rod sides. A square rod is interesting from
a practical point of view because it matches the usual square
shape of photovoltaic cells manufactured by dicing a larger
wafer.

Similar matching considerations can be easily applied by a
person skilled in the art for hexagonal truncation of the aper-
ture and a hexagonal rod, with the sides of the hexagonal rod
parallel to the sides of a hexagonally truncated primary mir-
ror. Though solar cells are not easily cut in hexagons at
present (but may be by laser cutting in a near future), such a
hexagonal active area of the solar cell, inscribed inside a
conventional square or rectangular dicing cell area, allows for
inactive corner areas which can be useful for the cell inter-
connection, especially when the solar cells are small (in the
few square millimeter range) and cell electrical connection
requires a minimum area.

If matched aperture truncation is not desired and the TIR
condition cannot be fulfilled, FIG. 5 shows auxiliary tubular
mirror 13m disposed closely around rod 13, but with a low-
index gap (maybe air) in between. This way efficiency is
superior to the all-coated rod because most of the light under-
goes highly efficient TIR and the minority that fails the TIR
condition on the rod’s sidewalls is reflected by the mirror and
re-captured by the rod.

Alternatively, high index glasses can be used. Secondary
lens 12 as shown in FIGS. 1 to 5 was designed for the refrac-
tive index 1.52 of BK7 glass, an ultra-clear ‘white’ variety.
This higher index advantageously increases the acceptance of
rod 13. Glass with refractive index 1.83 at 700 nm and 1.90 at
400 nm has recently become available from the Ohara Cor-
poration of Japan. Ohara PBH56 is such a material exhibiting
high transmission, with low photoelastic constant. This glass
has high transmittance from 400 nm to 2000 nm (over 96% at
400 nm and 99% by 420 nm in a 10 mm length). For com-
parison purposes, lower profile 12H is shown in FIG. 6 for
refractive index 1.83. This higher index advantageously
increases the acceptance of rod 13.

The rod can be tapered to produce additional concentration
of'the light. A person skilled in the art can easily deduce from
the preceding explanation of the straight rod case that the
taper angle rotates the cones of TIR condition by exactly the
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taper half-angle, reducing the acceptance solid angle of the
rod, provided the rod is short enough that no TIR reflected ray
will meet the opposite side wall before reaching the exit end.

Protection of the rod from the environment (water, dust,
etc.) could be provided by extra features at the rear of the lens,
as shown in FIG. 6, where outer ridge 19 shelters rod 13 and
cell 14, on the rear of secondary lens 12.

The tracking tolerance of the present invention is measured
by its optical acceptance angle:

Geometric Concentration 800x 1000x 2000x
Square Mirror (for 1-cm cell) 28 cm 32 cm 45 cm
Acceptance Angle +1.95° +1.75° +1.30°

FIG. 7 shows the performance of the concentrator with a
graph of transmission efficiency acceptance versus off-axis
incidence-angle.

FIG. 8 shows the performance of the contrast-reduction
rod, on-axis and 1 degree off-axis. In both cases the cell is
limited to 1500 suns maximum, explicitly by ray-tracing a
series of progressively longer rods, until a rod length is found
at which this limit is not reached. This turned out to be a
rod-length only ¥4 of the width of cell 14, although greater
lengths up to the cell width may be desirable in some embodi-
ments.

Referring now to FIG. 9 and FIG. 10, a further embodiment
of'solar collector is a free-form concentrator 20, comprising a
rectangular free-form mirror 21 and a free-form secondary
lens 22. FIGS. 11A, 11B, and 11C are different perspective
views of secondary lens 22 to a larger scale, also showing the
contrast-reduction rod 23 with solar cell 24 adhered to its end,
best seen in FIG. 11A. The lateral surfaces of rod 23 are
mirror coated. Primary mirror 21 reflects direct solar rays 25
into focused rays 26, which are received by secondary lens
22.

FIG. 12 is a graph of acceptance of the free-form system as
a function of deviations in two perpendicular directions. Both
curves represent considerable superiority over the prior art.

The concentrator of FIG. 9 can be deployed several ways
into arrays. Rows of concentrators can be tilted vertically to
follow the sun. Several rows can be placed on a circular
platform, which turns to track solar azimuth. Circular plat-
forms can be close packed so that the dishes intercept %5 of all
the land’s sunlight. These platforms can have such a low
profile that the wind loads will be minimal and roof top
applications will be practical.

FIG. 20 is a side view showing platforms 100, with rows
101 of dishes, in a horizontal position representing night-time
stowing. FIG. 21 is a top view of same, showing the hexago-
nal close packing of the circular platforms. For clarity only
one platform 100 is shown in detail with its full complement
ot 64 dishes 101. Actual installations would more likely have
a hundred such dishes on each platform 100.

FIG. 22 is a side view similar to FIG. 20, but with dishes
101 tilted in elevation tracking direction 103 towards direct
sunlight 102, represented by arrows in the direction of incom-
ing rays.

FIG. 23 is a perspective view of platform 100 of FIG. 21
with the dishes 101 tilted as in FIG. 22, also showing azimuth
tracking direction 104.

FIG. 24 is a perspective view of platform 100, similar to
FIG. 23 but with dishes 101 aimed for a lower sun angle. Solar
rays 102 are placed to show how each row of dishes 101 is
partially shaded by the dishes of the row in front of it, reduc-
ing output from what each row would have unshaded. While






