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ABSTRACT
This dissertation describes the design, development, and field validation of a
concentrator photovoltaic (CPV) solar energy system. The challenges of creating a highly
efficient yet low-cost system architecture come from many sources. The solid-state
physics of photovoltaic devices present fundamental limits to photoelectron conversion
efficiency, while the electrical and thermal characteristics of widely available materials
limit the design arena. Furthermore, the need for high solar spectral throughput, evenly
concentrated sunlight, and tolerance to off-axis pointing places strict illumination
requirements on the optical design. To be commercially viable, the cost associated with
all components must be minimized so that when taken together, the absolute installed
cost of the system in kWh is lower than any other solar energy method, and competitive
with fossil fuel power generation.
The work detailed herein focuses specifically on unique optical design and
illumination concepts discovered when developing a viable commercial CPV system. By
designing from the ground up with the fundamental physics of photovoltaic devices and
the required system tolerances in mind, a select range of optical designs are determined
and modeled. Component cost analysis, assembly effort, and development time frame
further influence design choices to arrive at a final optical system design.
When coupled with the collecting mirror, the final optical hardware unit placed at
the focus generates more than 800W, yet is small and lightweight enough to hold in your
hand. After fabrication and installation, the completed system’s illumination, spectral,
and thermal performance is validated with on-sun operational testing.
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CHAPTER 1: INTRODUCTION

1.1 NEED FOR RENEWABLE ENERGY SOURCES
The noblest challenge to engineers is the task of taking the observations of
science and other fields of study and applying it in a way that universally benefits
mankind. Perhaps the biggest challenge humanity faces in the next century is the threat of
anthropomorphic climate change, fueled primarily by our need for more energy for an
increasing global population with a rising living standard. The need for low-cost fuel
sources with a high-energy content has lead to fossil fuel sources (oil, coal, and natural
gas) being the primary source of energy production since the Industrial Revolution in the
1800’s. The burning of fossil fuels since then can be directly linked to causing an
increase in the amount of CO2 in the atmosphere, now reaching levels of 400 ppm which
are likely unprecedented in the last 20 million years (IPCC 2001), as shown in Fig. (1.1).

Figure 1.1: CO2 variations over the last 400,000 years (Rohde 2007)
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Earth’s climate system has warmed as the thermal radiation emitted by the earth is
absorbed by the increased CO2 levels and not allowed to escape – the greenhouse effect.
As shown in Fig. (1.2), this occurs because the sunlight transmitted down through the
atmosphere (red) is more than the amount of infrared radiation re-emitted by earth (blue)
that is allowed to escape into space (Rohde 2007). Recently, the Intergovernmental Panel
on Climate Change (IPCC) released its AR5 report which states “Warming of the climate
system is unequivocal, and since the 1950s, many of the observed changes are
unprecedented over decades to millennia. The atmosphere and ocean have warmed, the
amounts of snow and ice have diminished, sea level has risen, and the concentrations of
greenhouse gases have increased” (IPCC 2013).

Figure 1.2: Radiation Transmitted by the Atmosphere (Rohde 2007)
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The United States primary energy use by source is shown in Fig. (1.3) using data
from the U.S. Energy Information Administration (EIA 2012). Fully 83% of U.S. power
consumption is generated by fossil fuel sources, while only 9% is generated from
renewable sources, and 8% from nuclear electric power. The possibility of worldwide
geo-engineering techniques to reduce the carbon dioxide in Earth’s atmosphere or to
reduce the acidity of Earth’s oceans is encouraging, but because of the unknown impacts
of tampering with our climate system on such a global scale, should be seen as a last
resort. Practically reducing our dependence on fossil fuels in the near-term requires the
development of alternative low-cost renewable energy sources, such as hydroelectric,
wind, geothermal, biofuels, solar thermal and solar photovoltaic. Many of these sources
are intermittent and location specific, leading to a requirement for additional centralized
energy needs like safe and reliable nuclear power.

Figure 1.3: U.S. Primary Energy use by Source, 2012
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1.2 SCIENTIFIC MOTIVATION FOR SOLAR ENERGY
The area of renewable energy with the most need of research and development are
solar photovoltaic systems, which hold high potential to be a significant part of our global
energy system with recent advancements in material sciences, optical technology, and
manufacturing techniques. By 2060, the International Energy Agency (IEA) estimates
that fully one-third of the world’s energy could be produced entirely from solar
photovoltaics, concentrating solar power, and solar hot water (IEA 2011). Each of these
solar energy systems uses optical systems to increase collection efficiency.
Our Sun is the closest and most abundant energy source in our solar system. It is a
main-sequence star composed of about 75% hydrogen and 25% helium, and generates its
energy by nuclear fusion of hydrogen nuclei with helium atoms. Within its core, the Sun
fuses nearly 650 million metric tons of hydrogen every second (Phillips 1995). This
energy is released in the form of neutrinos and solar radiation, which when traveling at
the speed of light, take about 8.3 minutes to reach Earth.
The amount of energy that reaches Earth is significant, proven by the fact that it
warms the atmosphere, land, and oceans significantly enough to keep us alive everyday.
The scientific term we use to describe the amount of energy arriving at a location in space
is light power. This light power is given in units of Watts, where 1 Watt is simply the
arrival of 1 Joule (unit of energy) per second (time). This relationship is given by,
W=

J N im
=
.
s
s

(1.1)
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To provide some intuition, one Watt is the rate at which work is done when an
object’s velocity is held constant at one meter per second against a constant opposing
force of one newton. This only helps if you know what a force of one Newton feels like,
but most people have an understanding of the amount of force gravity exerts. One Watt is
nearly equivalent to the work required to lift an Apple from the floor to a table once a
second. For a more modern interpretation, one Watt is about three times a smart phone’s
power consumption when used it sleep mode.
Our Sun radiates a lot of power - it emits 384.6 yottawatts (1024) of power. It
emits this power into every direction, so that the disk of the Earth 93 million miles away
only receives a measly 127.3 petawatts (1015) of it. This light power is characterized in
terms of a radiometric quantity called irradiance E, which is the amount of power Φ (in
Watts) that is incident onto a unit of area A (square meters). This relationship is given as,

E=

Φ (W )
=
A (m2 )

(1.2)

where E is the radiometric unit of irradiance. Upon reaching Earth at 1 AU (Astronomical
Unit), but before entering the atmosphere, the extraterrestrial solar irradiance is called
that solar constant, and has an average value of about 1360 W/m2 – the World
Meteorological Organization (WMO) gives a value of 1367 W/m2, while NASA
publishes a value of 1353±21 W/m2. The irradiance falling on the Earth’s atmosphere
changes by about 6.6% throughout the year due to the variation in the distance between
the earth and the sun (Newport Corporation 2013).
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dig0Figure 1.4:

Solar Radiation Spectrum (Rohde 2007)

When sunlight passes through the atmosphere, about 30% of the spectrum is
absorbed by water and carbon dioxide, ultimately arriving on the Earth’s surface with an
irradiance of about 1000 W/m2 when the Sun is located directly overhead. This value, 1
kW/m2 Direct Normal Insolation (DNI) is used extensively as a standard in modeling the
power output of solar energy systems. If a solar power system were rated to have a 20%
end-to-end efficiency, you would expect its ideal power rating to be 200 W per square
meter of collecting area. This amount will change with the actual DNI for any given day.
The spectrum shown in Fig. (1.4) details the spectral irradiance, Eλ (units of
W/m2/nm), as a function of wavelength along the various absorption peaks present in the
visible and near-infrared spectrum (Rohde 2007). From this graph, we ascertain that of
the sunlight that reaches Earth’s surface, about 53% is infrared (>700nm), 43% is visible
(400-700nm), and only 4% is in the ultraviolet (<400nm). Explained more in Chapter 2,

29
photovoltaic devices take advantage of semiconductor materials like silicon that convert
photons of sunlight in the visible range quite efficiently into electrons. A vast majority of
installed photovoltaic systems worldwide are in the form of silicon solar panels. Some
devices incorporate multiple semiconductor materials that convert photons in both the
visible and infrared range, thereby increasing the amount of incident photons that are
converted. These devices are called multi-junction (MJ) cells, and when used in
conjunction with concentrating optics, are used terrestrially in an industry called
concentration photovoltaics (CPV). The efficiency of MJ cells is increasing at a rate of
about 1% every year, compared to conventional crystalline Silicon cells whose peak
efficiencies have been nearly stagnant throughout the last decade (NREL 2013).

Figure 1.5: Best Research-Cell Efficiencies (NREL 2013)
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1.3 SOLAR CONCENTRATOR PV AS LOW-COST RENEWABLE ENERGY
Utilizing the concept of high-concentration photovoltaics, or HCPV, the Steward
Observatory Solar Lab at the University of Arizona designs systems that use novel, low
cost optics to concentrate sunlight onto commercially available MJ cells. These MJ cells,
originally developed for space, are currently twice as efficient as conventional silicon PV
cells at converting sunlight into electrical energy and maintain their performance under
high concentration (Pfeifer, et al. 1962) (Cotal, et al. 2009). As the concentration ratio of
the HCPV system increases, less area of the expensive MJ cells is needed and thus the
relative cost of the MJ cell to the system cost decreases (Luque and Andreev 2007).
When used at high solar concentration ratios (1000-2000 Suns), the cell cost component
is reduced to ~$0.10 /watt, and future large utility HCPV systems using MJ Cells
approaching 50% efficiency have the potential to generate energy at cost parity with
fossil fuel (Swanson 2000) (Gray 2003). This is the incentive for new more economical
HCPV system designs with high concentration and high optical efficiency.
Most contemporary HCPV systems use large modules comprising an array of lens
concentrators, with a single cell at each focus, and concentrations typically in the 500x to
1000x range (Chong, et al. 2013). There has been difficulty in bringing down the cost of
systems of this type to the level needed to compete with flat panel PV. Our approach to
reducing cost is a simplified and more economical concentrator design in which one large
glass paraboloidal mirror acts as a reflective dish to power many cells packaged in a
small cluster at the focus.
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The use of reflective dishes made from parabolic sections to concentrate sunlight
for power is closely tied to the history of concentrated solar (CSP) thermal energy
systems. At the 1878 Universal Exposition in Paris, Augustin Mouchot and his assistant
Abel Pifre used a polished 4 m diameter paraboloidal dish to focus sunlight into a 21
gallon boiler to generate 7 atm of pressure and produce a solar block of ice (Perlin 2013).
During an exhibition at the Tuileries in Paris in 1880, Abel Pifre used a 3.5m diameter
dish focused on a cylindrical steam boiler to power a 0.4 horsepower engine, which drove
a Marioni type printing press long enough to print 500 copies of the Journal Soleil (Perlin
2013). Fig. (1.5a) illustrates Mouchot’s solar motor built for the 1878 Universal
Exposition in Paris, and his assistant Abel Pifre’s solar-powered printing press during an
1880 demonstration at the Gardens of the Tuileries in Paris is shown in Fig. (1.5b).

Figure 1.6: Solar Powered Printing Press (Perlin 2013)
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For the longest time, reflective dishes and troughs were the only sunlight focusing
system able to generate the high temperatures needed for efficient conversion. A solar
electric system built in Egypt in 1913 by Shuman used reflective parabolic troughs to
obtain a thermal conversion efficiency from sunlight to electricity of 3-4% (Butti and
Perlin 1981), yet solar trough thermal conversion efficiency remained roughly stagnant at
5% for the next seven decades (Gray 2003). Improvements were made in the 1970’s
when the energy crisis of 1973 renewed concerns about the availability and depletion of
fossil fuels. By the 1980’s, advances in mirror technology and steam generation allowed
consistent temperatures of 300°C to be sustained with nearly 50% of the incident sunlight
on the collector being utilized for steam generation (A. Thomas 1996) (Kalogirou, Lloyd
and Ward 1997).
Back-silvered glass reflectors have a long heritage in CSP parabolic trough plants
such as the SEGS plant in California that has been operational since the early 1980’s. For
over 15 years of service, it has been proven that the mirrors can still be cleaned to their
as-new reflectivity of 94% (Price, et al. 2002). The rate of loss of panels from hail,
microbursts, etc. was only 0.3% per year. More recently, anti-soiling and ultra-high
reflective coatings have been developed specifically for glass reflectors. Front-surface
anti-soiling coatings developed by Flabeg are claimed to have shown 50% less dust and
particle adhesion since demonstrations began in 2011 (FLABEG Holding GmbH 2012),
while rear-surface reflectivity boosting coatings measured by NREL have demonstrated
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greatly enhanced optical throughput of glass reflectors, as high as 97.5% reflectivity at
500nm, with an overall solar-weighted reflectance of 95.4% (Butel, et al. 2012).
Paraboloidal dishes used to illuminate solar cells were first demonstrated in the
1960’s by Beckman’s solar energy group at the University of Wisconsin. They developed
a photovoltaic system that used a round, 2.2 m2 paraboloidal dish concentrator to focus
sunlight at a concentration ratio of 280 Suns onto 36 cm2 of silicon cell area, generating
50 W of electrical power with an efficiency of approximately 6% (Beckman, et al. 1966).
This was achieved only after the challenges of reducing the series resistance of the solar
cells and maintaining low enough cell temperatures were achieved. Lowering the series
resistance required increasing the density of top-surface gridlines on the cells, but not so
much that a significant portion of the sunlight was blocked. To maintain a low cell
temperature, Beckman’s group employed a closed-loop active cooling system to run
water past pin-backed solar cells, holding their temperature to only 44°C higher than
ambient temperature. The parasitic power loss from the cooling system was
approximately 5 W, or 10% of the system’s electrical power. By contrast, our second
HCPV system prototype uses a similar active cooling system to maintain MJ Cell
temperatures at only 25°C higher than ambient temperature with a parasitic loss limited
to only 2% of the system’s electrical power.
A variety of solar concentrator optical systems will be explored in Chapter 5.2.
The primary alternatives to dish-based concentrators are Fresnel and Cassegrain
concentrator systems that focus sunlight onto individual, widely spaced MJ cells. A dish-
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based concentrator has the advantage of collecting a large quantity of sunlight with a
single mirror and focusing the sunlight onto an array of MJ cells contained within a small
package. The ‘array’ aspect is effectively moved from the collection side to the cell side.
The challenge becomes the equal distribution of light at the array of cells – a condition
we meet by using a unique optical technique based on Köhler illumination to bring the
light to an evenly illuminated surface that is then broken up by an array of additional
concentrating elements before arriving at the MJ cells (Angel 2013). This array-based
Kohler illumination design will be explored more fully for our concentrator system in
Chapter 5.3.
Beyond the optical benefits, the primary advantage of a dish-based concentrator is
the separation of the two-axis tracking and collection apparatus from the solar cells
themselves, a system architecture that can greatly simplify installation and serviceability.
Ultimately, a successful CPV system will have an efficient optical concentrator with
minimum production and maintenance cost while being tolerant to optical errors,
minimizing the cost per kilowatt-hour of the total energy generated (Koshel 2013).
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CHAPTER 2: SOLID-STATE PHYSICS OF MULTI-JUNCTION CELLS

2.1 THE PHOTOELECTRIC EFFECT
Solar power is generated when photons of sunlight interact with the electrons in
atoms to create an electron current through the physics of the photoelectric effect. The
discovery of photons influencing the creation of electron currents is tightly bound to the
history of the electron, as most early experiments to measure fundamental properties of
the negative charge carrier involved either generating a strong electric field around metals
or illuminating metals with a bright lamp.

2.1.1 Discovery by Heinrich Hertz
In 1887, Heinrich Hertz (1857-1894) was performing a series of experiments to
verify the prediction of Maxwell’s theory of electromagnetism that light can be described
as a wave moving at the speed of light. While successfully verifying this theory –
creating and detecting waves over 50 feet away - he also stumbled upon the first
verifiable hints of the photoelectric effect. His particular experiment involved working
with a spark-gap generator – two small 4 cm diameter brass spheres separated by a small
distance and connected to a high voltage induction coil. The theory was that once a spark
was generated between the conducting spheres from the high voltage difference, charge
would then oscillate back and forth, emitting electromagnetic radiation.
To verify that the radiation was emitted, he needed a receiver that would induce
some effect when interacting with the radiation. He created a loop of copper wire with a
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brass sphere at one end and brought the other pointed end very close to the sphere. The
dimensions of this receiver were designed to have an electrical oscillating period similar
to that of the transmitter. When the transmitter emitted a spark, observing a spark in this
receiver would verify the presence of an oscillating charge in the loop of wire from the
electromagnetic waves passing through space from the transmitter to the receiver.
The limiting factor in his detecting the radiation was being able to see the tiny
spark bridging the sub-millimeter sized gap between the pointed copper wire end and the
brass ball. To solve this problem, Hertz did what most optical scientists do in their lab
when working with low light levels, he enclosed the receiver in a dark box to more easily
be able to observe the spark. Upon doing this, however, he observed the maximum sparklength became smaller in the box than without the box. By removing different faces of
the box, he found the only face that created this reduced spark-length effect was the
partition between the transmitter’s spark and the receiver’s spark. He also noticed it
didn’t matter at what distance the partition was placed from the receiver, as long as it
masked the receiver’s line of sight from the transmitter’s spark, the receiver’s sparklength was reduced.
Hertz further investigated by placing different materials between the transmitter’s
spark and receiver. Placing clear glass in between both completely shielded the spark, but
placing quartz in between occasionally had no effect on the spark. Since he knew prisms
could be used to separate the light spectrum into different components, he then used a
quartz prism to select which wavelength of the light emitted by the transmitter’s spark
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would make it to the receiver. He discovered that the receiver’s spark was most powerful
when a specific wavelength of light from the transmitter’s spark was allowed to reach the
receiver – a wavelength in the ultraviolet.
Thanks to the efforts of Jed Buchwald, we have copies and translations of
Heinrich Hertz’s laboratory notes of 1887 (H. G. Hertz 1995) describing these findings.

Figure 2.1: Hertz Lab Notes: June 30th, 1887 (H. G. Hertz 1995)
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Figure 2.2: Hertz Lab Notes: July 1st-2nd, 1887 (H. G. Hertz 1995)
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Figure 2.3: Hertz Lab Notes: July 6th, 1887 (H. G. Hertz 1995)
In the June 30th excerpt from Hertz’s lab notes, Fig. (2.1), he explains his
observations of “the effect” (the reduction of the receiver’s spark-length) when
translating the receiver’s location with a micrometer. As he indeed understood, the light
traveling from the transmitter’s spark passes through the slit and into the prism, which
breaks the light’s spectrum up into wavelengths separated by angle. This occurs because
of the dispersion of the prism – the varying index of the calcite prism with the
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wavelength of light. Longer wavelengths, like red, see a smaller index and are therefore
deviated less on refraction, while shorter wavelengths, like blue, are deviated more.
Hertz’s observation that “The direction in which there is no effect approximately
coincides with the path of the most strongly deviated visible ray” clearly tells us that
when the receiver placement coincides with the blue edge of the visible spectrum, the
spark-length reducing effect is not observed. This is shown graphically in Fig. (2.4).

Figure 2.4: Hertz Prism Experiment
In his July 2nd excerpts, Fig. (2.2), we see Hertz attempts to use a different
electrode configuration and again finds wavelength dependence when the effect is
blocked through quartz and selenite, suggesting “Perhaps this can be clarified by
experiments with prisms.” In his July 6th excerpt, Fig. (2.3), Hertz attempts to find
whether his new setup is affected by visible light, and find that “In this case again it is
only sensitive to ultraviolet light.” Hertz’s experiments became the first historically
verified measurements of an electrical effect being dependent on the wavelength of light.
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2.1.2 Experiments by Thomson and Lenard
The reason for this effect remained unclear until 1899, when J.J. Thomson was
using cathode ray tubes to uncover the nature of the electron. He created cathode rays, or
electron beams, by causing electrons to be ejected by inducing a strong electric field in
the cathode. A great experimentalist, he tried many successive experiments that lead to
his hypothesis that the electron contained a negative charge, and that its charge to mass
ratio was very large. In one of his many experiments with cathode ray tubes, he
discovered that ultraviolet light incident on the cathode could also cause electrons to be
emitted. He found that by blasting the cathode in the vacuum tube with ultraviolet light
instead of an electric field, he could get the same electron-ejection effect.
Thomson’s results were more historically important for understanding the nature
of the electron and atom, but his results about the ultraviolet effect didn’t go unnoticed.
Physicists began to realize what must have been transpiring – atoms in the cathode
material were having their electrons shaken loose by the electric field of the ultraviolet
radiation and accelerated across to the anode by the much weaker electric field caused by
the voltage difference between cathode and anode. It was also speculated that the number
and velocity of electrons emitted should be proportional to the intensity and wavelength
of incident radiation. Stronger electromagnetic waves should shake the electrons from the
cathode’s atoms more violently, causing them to possibly be ejected more often and with
greater speed.
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Philipp Lenard (1862-1947) was an assistant of Hertz. In 1902, he continued
Thomson’s earlier investigation by studying how varying the intensity and wavelength of
light influenced the energy of the emitted photoelectrons from the cathode in a cathode
ray tube (The Nobel Foundation 1905). Lenard used a carbon arc lamp, where the light is
produced by an electric arc between two carbon electrodes. The intensity of this lamp
was variable and could reach a thousand times brighter than the one Thomson had used.
Lenard also devised a way to make small metallic windows out of aluminum foil
in the glass of the cathode ray tubes that allowed the rays to pass out of the evacuated
tube for further measurement. The windows that could withstand the high pressure
difference but also be thin enough for rays to pass through became known as Lenard
windows. After the rays exited the tube, he could measure the ray’s intensity by using
phosphorescent sheets. He found that the rays would be scattered by air when passing
through it some inches, implying that the beam’s particles were smaller than the air
molecules. This led him to agree with Thomson that electrons were fundamental parts of
the atom and that moreover atoms consist of mostly empty space.
For studying the photoelectric effect, Lenard developed an experiment with a
cathode in an evacuated glass tube that would be illuminated with the carbon arc lamp.
On the other side of the glass tube was a second metal plate that was masked from the
light. The cathode and anode were connected to a voltmeter, a microammeter, and
variable power supply in the configuration shown in Fig. (2.5).
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Figure 2.5: Lenard Illumination Dependence Experiment
Knocking electrons free from the cathode would give it a slightly positive charge.
Since the anode was connected to the cathode by the circuit, it too would become
positive, which would then attract the freely floating electrons towards it. The electrons
would then circulate through the circuit generating a photoelectric current until they
arrived back at the cathode. The photoelectric current was measured by the
microammeter, giving a rate at which the photoelectrons were leaving the surface of the
cathode.
The variable power supply is connected so that its negative end is connected to
the anode, setting up a potential difference that tries to push the photoelectrons back to
the cathode. When the power supply is set to a low voltage it forces the least energetic
electrons back to the cathode, reducing the current through the microammeter. Increasing
the voltage drives even more energetic electrons back until none can leave the cathode’s
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surface and no photocurrent develops. The potential at which the photocurrent goes to
zero is the stopping potential – a direct measure of the maximum kinetic energy, and
velocity – of the electrons emitted as a result of the photoelectric effect.
Lenard illuminated the cathode with light of varying intensities and discovered
that the incident light had no effect on the maximum kinetic energy of the photoelectrons.
Given a light of constant frequency, the photoelectrons ejected from the cathode had the
same energy regardless of whether the carbon-arc lamp was bright or very dim! Because
of conservation of energy, more electrons were generated with a brighter lamp, but each
had the same energy as the few generated with a dim lamp.
Lenard then illuminated the cathode with varying wavelengths and discovered
qualitatively that the maximum energy of the ejected electrons did depend on the
wavelength of the incident light. The shorter wavelength, high frequency light caused
electrons to be ejected with greater kinetic energy than the longer wavelength, shorter
frequency light. His wavelength measurements weren’t easily reproducible, but later
experiments by others would find that for each metal, there was a threshold frequency
where below it photoelectrons would not be ejected no matter how bright the source.

45
2.1.3 Explained by Einstein
Enter Albert Einstein (1879-1955). In 1905, he published some of the most
influential papers in modern physics. In the same issue he published his famous paper on
relativity, he published a paper that sought to provide a simple interpretation of Lenard’s
results using Planck’s idea of quantized energy that came from his explanation of the
blackbody spectrum. Einstein theorized that light might behave not only like a wave, but
also like a particle containing specific quanta of energy.
In Einstein’s introduction to his paper he writes, “It seems to me that the
observations associated with blackbody radiation, fluorescence, the production of cathode
rays by ultraviolet light, and other related phenomena connected with the emission or
transformation of light are more readily understood if one assumes that the energy of
light is discontinuously distributed in space. In accordance with the assumption to be
considered here, the energy of a light ray spreading out from a point source is not
continuously distributed over an increasing space, but consists of a finite number of
energy quanta which are localized at points in space, which move without dividing, and
which can only be produced and absorbed as complete units” (Einstein 1905).
Einstein first applies this light-particle theory to the theories of blackbody
radiation, Boltzmann statistics for entropy, and Wien’s law before using it to explain
Lenard’s findings. Einstein writes, “This usual conception, that the energy of light is
continuously distributed over the space through which it propagates, encounters very
serious difficulties when one attempts to explain the photoelectric phenomena, as has
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been pointed out in Herr Lenard’s pioneering paper. According to the concept that the
incident light consists of energy quanta of magnitude Rβν/N (or E), however, one can
conceive of the ejection of electrons by light in the following way. Energy quanta
penetrate into the surface layer of the body, and their energy is transformed, at least in
part, into kinetic energy of electrons. This simplest way to imagine this is that a light
quantum delivers its entire energy to a single electron; we shall assume that this is what
happens. The possibility should not be excluded, however, that electrons might receive
their energy only in part from the light quantum.
An electron to which kinetic energy has been imparted in the interior of the body
will have lost some of this energy by the time it reaches the surface. Furthermore, we
shall assume that in leaving the body each electron must perform an amount of work P
(or φ) characteristic of the substance. The ejected electrons leaving the body with the
largest normal velocity will be those that were directly at the surface” (Einstein 1905).
Einstein’s formula relate the maximum kinetic energy Kmax of the photoelectrons
to the energy of the absorbed photons E and work function 𝜑 of the metal’s surface by
K max = E − ϕ ,

(2.1)

and the energy of the photons and work function can also be written in terms of
frequency and wavelength as
E = hν =

hc
,
λ

(2.2)

ϕ = hν 0 =

hc
.
λ0

(2.3)
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The energy of a photon is related to the light’s frequency ν and corresponding
wavelength λ by Eq. (2.2). Similarly, the work function of the metal’s surface can be
defined as in Eq. (2.3) by a light cutoff frequency νo and cutoff wavelength λo. Applying
these equations to Eq. (2.1) gives the maximum kinetic energy Kmax of the electron in
terms of simply Plank’s constant h, the incident light’s frequency ν, and metal’s cutoff
frequency νo by,
K max = h (ν − ν 0 ) .

(2.4)

A minor correction to Eq. (2.4) was added later due to the Compton effect, making Eq.
(2.4) as it is only an approximation, which is satisfactory for our discussion.
We know from physical mechanics that the equation for a single particle’s
maximum kinetic energy is
K max =

1 2
mv .
2 max

(2.5)

In Lenard’s experiment, if qe is the charge of the electron and V0 is the stopping potential,
then the work done by the potential to stop the electron is equivalent to the maximum
kinetic energy of the electron, or
1 2
mv = qeV0
2 max

(2.6)

Therefore, from Eq. (2.5) and Eq. (2.6),
K max = qeV0 ,

(2.7)
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which explains what Lenard observed: that the maximum velocity of the photoelectron
emitted is independent of the incident light’s intensity. Furthermore, the stopping
potential V0 depends on the type of material, but varies linearly with the frequency of
light. When the charge qe is given as an elementary charge, the energy will be calculated
in electron volts eV. When the charge qe is given in coulombs C, the energy will be
calculated in Joules J, and the power in Watts W.
Einstein’s theories on the photoelectric effect were quickly followed with
verifiable experiments by other eventual Nobel laureates. Most notable was Robert
Millikan (1868-1953), who in despite of spending 10 years trying to disprove this particle
theory of light, would ultimately win the Nobel prize for making the first direct
photoelectric measurement of Planck’s constant to within 0.5% using Einstein’s method
(The Nobel Foundation 1923). As we now know, Einstein’s mathematical formalism of
the photoelectric effect would influence the physicist’s concept of the atom and photons
immeasurably in the 20th century.
These experimental tests and theories would lead to the creation of devices like
photodiodes that would use the photoelectric effect to measure and count photons of
light. With enough light, photodiodes can generate power. However, photodiodes would
require an applied voltage, and it would be through the use of semiconductors that
photovoltaics would allow us to directly convert photons into usable energy without first
putting energy into the system through an applied voltage.
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2.2 PHOTOVOLTAICS AND SEMICONDUCTOR PROPERTIES
In much the same way that photodiodes collect small amounts of light to create a
voltage signal, other photosensitive devices can be used to generate a sizeable electrical
voltage directly from sunlight via the photovoltaic effect, which is directly related to the
photoelectric effect yet follows a different process in generating an electron current.
In the photoelectric effect, electrons are ejected from a material’s surface upon
exposure to photons of sufficient energy. A vacuum photodiode harnesses this effect by
applying an external voltage that accelerates the generated electrons across a gap between
the photocathode where the electron is released and the anode, Fig. (2.6a). Conversely,
the photovoltaic effect applies solid-state physics to generate current without an applied
voltage. A semiconductor is used because the built-in band structure of the material has
its unique property of creating an intrinsic potential. The energy generated from photon
absorption creates an electron/hole pair in a photoconductive region of the semiconductor
shown in Fig. (2.6b) that is depleted of free charge carriers. The electrons are accelerated
into a valence band while the holes are accelerated into a conduction band creating a net
positive current between the two electrodes (Barrett and Meyers 2007).
This is the physical principle that has led to the extremely promising field of solar
energy through direct capture of photon energy in semiconductors. A solar cell is
typically a P-N junction semiconductor that, through appropriate doping and material
thickness, has a band gap optimized to accept a specific photon wavelength with high
quantum efficiency.
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Figure 2.6: Basic Photodiode vs. Photovoltaic Device

2.2.1 Review of Semiconductors
Perhaps the most important property of a semiconductor is that it can be doped
with different types and concentrations of impurities to vary its resistivity. When these
impurities are ionized and the charge carriers are depleted, they leave behind a charge
density that creates an electric field inside the semiconductor. These properties separate a
semiconductor from a metal or an insulator (Sze and Ng 2007). Before discussing doped
semiconductors, we will first consider the properties of intrinsic semiconductors.
For any semiconductor there is a forbidden energy range in which allowed energy
states cannot exist. Energy bands are formed above or below this energy gap, but not
inside it. The upper bands are called the conduction bands. The lower bands are called the
valence bands. The separation between the energy of the lowest conduction band and the
energy of the highest valence band is called the band gap and has an energy EG required
to bridge the gap. The charge carriers in the conduction and valence bands obey FermiDirac statistics; from them, we can infer the carrier concentrations.
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The number of electrons in the conduction band is given by the total density of
states N(E) multiplied by the electron occupancy F(E) integrated over the conduction
band energy. Solving these following relationships yields the respective carrier
concentrations for n and p as a function of temperature for the free electrons in the
conduction band and free holes in the valence band,

⎛ E − EF ⎞
n = N C exp ⎜ − C
k BT ⎟⎠
⎝

(2.8)

⎛ E − EV ⎞
p = NV exp ⎜ − F
k BT ⎟⎠
⎝

(2.9)

In these equations, NC and NV are the effective density of states for the conduction
and valence bands respectively. EC is the energy at the bottom of the conduction gap and
EV is the energy at the top of the valence band. EF is the so called Fermi level for an
intrinsic semiconductor and it lies very close to the center of the band gap between the
valence band and conduction band. The intrinsic concentration is denoted ni. For this
case, the concentrations are the same: n = p = ni.
When a semiconductor is doped with donor or acceptor impurities, the new
energy levels introduced usually lie within the band gap. The ionization energy for
donors and acceptors is much smaller than the band gap and is referred to as shallow
impurities if they are close to the band edges. An N-type material is one that has been
doped with donor atoms that create mobile negative charges. This material now has
another free electron for each additional atomic impurity and an equal number of
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positively charged ionized donors. A P-type material is one that has been doped with
acceptor atoms that create mobile positive charges. This material now has another free
hole for each atom added and an equal number of negatively charged ionized acceptors.
A new Fermi level can be calculated from the relations above with the increased numbers
of n for donors or p for acceptors. A summary of these quantities and relationships for
intrinsic, N-type, and P-type semiconductors at thermal equilibrium is shown in Fig. (2.7)
below. Notice that for doped semiconductors, regardless of the level or type of doping,
the carrier concentrations maintain the relationship: pn = ni2.

Figure 2.7: Semiconductors at Thermal Equilibrium (Sze and Ng 2007)
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2.2.2 The Basics of P-N Junctions
A simple P-N junction is formed when P-type and N-type materials are brought
into contact with each other. Silicon is a typical semiconductor for P-N junctions because
it readily donates or shares its four outer electrons. Silicon is a good choice for most
applications because it remains a semiconductor at higher temperatures than germanium,
is relatively cheap because its native oxide is easily grown in a furnace, and forms a
better semiconductor/dielectric interface than any other material. A typical N-type doping
for silicon involves adding atoms from a group 5 element like Arsenic or Phosphorus.
When these elements are added to a lattice that contains 4 valence electrons per silicon
atom, this creates one free electron added per donor atom. A typical P-type doping for
silicon involves adding atoms from a group 3 element like Gallium or Indium. These
elements bring only 3 valence electrons, creating one free hole added per acceptor atom.
When P and N-type materials are joined as in Fig. (2.8), the free electrons from
the N-type material diffuse into the P-type material, leaving behind the immobile positive
donor ions. Once in the P-type material, the electrons encounter holes and quickly
recombine. The free holes from the P-type material diffuse into the N-type material and
recombine, leaving behind immobile negative acceptor ions. In the steady state
configuration when no voltage or light is added, there is a region devoid of free charge
carriers, which is the depletion region. Without mobile charges, the depletion region only
contains a layer of fixed positive charges on the N side and fixed negative charges on the
P side. These charges create an electric potential and a built-in electric field.
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Figure 2.8: Creation of a P-N Junction (Barrett and Meyers 2007)

Figure 2.9: Photon Electron / Hole Generation (Barrett and Meyers 2007)
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With no external bias voltage, there will be no net current flowing across the P-N
junction, yet there will be four individual current components Fig. (2.9). The first two are
generation currents ieg (electron generation current) and ihg (hole generation current).
These come from thermal fluctuations in the material that excite holes in the N-type
material and electrons in the P-type material. When these minority carriers diffuse into
the depletion region, they are swept across the junction from the built-in electric field.
The opposing currents to the generation currents are the two recombination
currents ier and ihr. These arise from mobile carriers that happen to be energetic enough to
diffuse across the potential barrier and reach the other side. With a large amount of
mobile carriers and a thermal distribution of velocities, a tiny fraction of the carriers will
have sufficient velocity to get over the potential barrier. When an electron achieves this,
it will enter the undepleted region of the P-type material and recombine with a mobile
hole. An analogous process will occur for energetic holes.
From conservation of energy and the thermodynamic principle of detailed
balance, we know that in steady state at thermal equilibrium there should not be a net
current flowing through the junction. Therefore the electron and hole recombination
currents are equal and opposite to the electron and hole generation currents.
Recombination currents can change significantly when a bias is applied between the Ptype and N-type materials. A forward bias will create a thinner depletion region allowing
more charge carriers to flow, thus effectively increase the recombination current. A
reverse bias will increase the width of the depletion region, thus effectively reducing the
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recombination current in comparison to the generation current. This causes the P-N
junction to act as a reverse-biased diode.

2.2.3 P-N Junction as a Solar Cell
The unbiased P-N junction works well as a simple solar cell. Light will be
absorbed in the depletion region if the photon energy hν is greater than that of the band
gap potential EG between the valence and conduction bands. Light of a given wavelength
will only be absorbed in the depleted region if it satisfies the relation
Eγ = hν =

hc 1.24eV i µ m
=
> EG
λ
λ[ µ m]

(2.10)

A rule of thumb is that 1.1 μm light carries photons of energy 1.1 eV. Light of this
wavelength will only be absorbed in the depletion region if the band gap energy is 1.1 eV
or less. From the same calculation, a 1.1 eV band gap would only absorb light of energy
greater than 1.1 eV or light of equivalent wavelengths less than 1.1 μm. As mentioned
before, when photons are absorbed in the depletion region, an electron/hole pair is
created Fig. (2.9). The built-in field accelerates the electron towards the conduction band
in the N-type material and a hole towards the valence band in the P-type material. Due to
the collection of charges, a potential V and a photocurrent IPC appear. Since this procedure
requires no applied voltage, a net DC photocurrent is produced.
Notice that in Fig. (2.9), the photocurrent moves in the same direction as the
generation current. We have shown above that a P-N junction with a generation current
greater than a recombination current acts as a reverse-biased diode. Because of this
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quality a P-N junction photo-detector is often referred to as a photodiode, and the
electrical characteristics of its reverse-bias will be explored further in Chapter 3.
Another consideration is light absorption in regions other than the depletion
region. Light absorbed in an undepleted region changes the conductivity of that region
but does not greatly affect the total photocurrent since most of the voltage drop is across
the depletion region. To maximize light absorption in the depletion region, the amount of
N-type semiconductor material that the light must travel through is often minimized by
thinning the material down to only a few microns. This is demonstrated in the basic
geometry for a single P-N junction solar cell shown in Fig. (2.10).

Figure 2.10: Geometry of a P-N Junction Solar Cell (Barrett and Meyers 2007)
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2.3 SILICON CELLS VS. MULTI-JUNCTION CELLS

2.3.1 Structural Differences
We begin the discussion of multi-junction cells by describing the basic structure
of a Silicon-based solar cell and its specialized mechanisms Fig. (2.11). To create a
depletion region that is near the surface of the cell, the majority of the cell is of P-type
material with a thin N-type material on top. Above the N-type material is a metal oxide
layer, such as silicon dioxide, that is optically transparent yet acts as an insulator between
the electrodes. This layer is then covered with an anti-reflection coating in a textured
pyramid geometry to maximize optical transmission into the semiconductor. The
electrodes are strips of low resistivity conductors that are designed to minimize their
shadowing on the illuminated surface. These are typically made of aluminum, silver or
optically transparent indium teroxide.

Figure 2.11: Working Mechanisms of a Silicon Solar Cell
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The N-type material under the top surface electrodes - the window layer in a
multi-junction cell - is usually doped quite a bit more than the surrounding N-Type.
Denoted by n+ to indicate heavy doping, its purpose is to reduce the surface
recombination velocity. By the same method, the material nearest the bottom electrodes
called the Base is heavily p+ doped which reduces the scattering of carriers before
entering the electrodes. These are often called Back-Surface Field (BSF) layers. Like the
window layer, the BSF layer can have especially high doping (n, p > 1018 cm-3). These
layers will be looked at again in detail when used in multi-junction cells.
The striking difference between the structure of multi-junction solar cells and
crystalline silicon solar cells is that there are several P-N junctions connected in series
instead of just one. This is done to better cover the solar spectrum with higher quantum
efficiency by providing different band gaps suited for different wavelengths of light,
discussed in the next section.
An example of the MJ structure is shown in Fig. (2.12), using data from the
Fraunhofer Institute in Germany (Fraunhofer Inst. 2010). In this triple-junction cell
example, incident sunlight enters through the anti-reflective coated area between the
surface electrodes and proceeds through the many layers of the cell. Within each of the
base layer regions, the photon has an opportunity to be absorbed and create an electron
hole pair that will then diffuse through the varying potentials of the surrounding layers to
the surface and base electrodes, creating an electron current.
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Figure 2.12: Example structure of a Triple-Junction Solar Cell
Quantum efficiency   η is the ratio of photoelectrons generated for each incident
photon. While the maximum quantum efficiency of crystalline silicon cells is 24.7%, the
theoretical maximum for an infinite number of P-N junctions is 86.8%. At the conclusion
of 2013, a maximum experimental efficiency of 44.4% has been reached using a triplejunction cell, with increasing MJ cell efficiency occurring every year (NREL 2013).

2.3.2 Spectral Differences
While a cell’s structural characteristics are vitally important for fabrication, a
solar cell’s wavelength dependence provides a more complete representation of the cell’s
efficiency. The cell’s wavelength-dependent data is usually provided in the form of
Spectral Response (A/W) vs. Wavelength (um or nm). The spectral response value for
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each wavelength is a ratio that describes how much electrical current, in amperes, the cell
produces for each wavelength of light with a given amount of energy arriving per second,
in watts.
A triple-junction cell contains three discretely different photosensitive regions, or
subcells, electrically connected in series; each with a response to a different range of
solar wavelengths. Therefore, each subcell has its own spectral response curve. By
converting each wavelength of light into a photon’s energy, Eq. (2.2), the Spectral
Response curve can be generated from the cell’s Quantum Efficiency curve by converting
each wavelength of light into a unit of photon energy and multiplying by the charge of an
electron and the quantum likelihood QE that the electron is generated,
SR(%) =

QE ⋅ λ ⋅ q
/ 100,
hc

(2.11)

where q = 1.602x10-19, c = 3x108, h = 6.626x10-34 and the result is divided by 100 to
express spectral response as a percentage ratio. For simplification, when wavelength is
expressed in nanometers,
SR(%) = QE ⋅ λ (nm) ⋅8 × 10−6

(2.12)

For a MJ Cell to be “well-balanced”, the current at maximum power generated by
each subcell must be nearly equivalent. Therefore, an MJ cell is ideally designed with
appropriate bandgaps so that when the incident solar spectrum is convolved with the
cell’s spectral response, a nearly equal amount of photocurrent is generated in each
subcell. When the materials are selected well so that the bandgaps are optimized in this
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way, a MJ Cell will have a spectral response for the AM 1.5 spectrum that looks similar
to that shown in Fig. (2.13). Because of the IV curve characteristics of a cell, discussed in
Chapter 3, we desire that the wavelength response for the third cell in the infrared region
is much larger than the response of the first and second cells. By observing that the
spectral irradiance of the AM 1.5 in the near-IR (1-2μm) is much lower than that in the
visible range, there is also an effect that the convolution of this spectrum with the third
cell’s spectral response must gives a relatively smaller current output than the other two
cells and so must be compensated by making the wavelength response region larger. By
convolving the AM1.5 solar spectrum with the spectral response of each cell, we can see
which parts of the spectrum that can, in theory, be used by Silicon solar cells, Fig.
(2.14a), and a MJ solar cell, Fig. (2.14b).

Figure 2.13: Typical MJ Cell Spectral Response (Boeing Spectrolab 2011)

63

Figure 2.14: Cell response to AM 1.5 Spectrum (Yastrebova 2007)
In solar concentration systems, the optical system between the incident sunlight
and the solar cell contains its own spectral response, and so the preferred spectrum the
MJ cell should be balanced to is the incident solar spectrum convolved with the optical
system’s spectral response, something we will explore further in Chapter 6. In reality, the
cell can only be balanced to an averaged solar spectrum convolved with the optical
system’s spectral response, as the solar spectrum changes according to earth location, air
mass and other atmospheric effects - humidity, pollution, etc. - that change throughout
the day and over the course of a year.

2.3.3 MJ Cells Materials and Fabrication
Choosing the correct materials for MJ cells is a complex trade-off between
efficient bandgap choices and the constraint of matching the lattice constants for the
materials chosen. To provide different band gaps for a multi-junction cell over the solar
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spectrum using materials of similar lattice constants, only a small subset of
semiconductors and doping combinations can be used. A plot showing the conversion
efficiency dependence on the semiconductor bandgap is shown in Fig. (2.15). Gallium
arsenide (GaAs) with a bandgap of 1.4eV is nearly the optimal semiconductor for solar
energy conversion a single solar cell. However, since it is certainly more expensive to
manufacture GaAs substrates than the slightly less efficient poly-crystalline Silicon (Si),
most single-junction solar cells are instead made of silicon.

Figure 2.15: Solar Efficiency of Semiconductors at 300K (Baldo 2010)
While modifying the doping levels and creating more homogenous crystals can
still optimize their conversion efficiency, the electron mobility μ of the semiconductor is
perhaps the most important characteristic in influencing the total solar efficiency of the
semiconductor. For non-polar semiconductors – Group VI elements such as germanium
(Ge) and silicon (Si) – the presence of acoustic phonons and ionized impurities results in
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scattering carriers; thus significantly affecting the mobility. Mobility from interaction
with acoustic phonons μl and by ionized impurities μi are given by

µl ∝

1
,
m T 3/2

(2.13)

µi ∝

T 3/2
,
N1m*1/2

(2.14)

*5/2
C

where mC* is the conductivity effective mass and m* is the normal effective mass. Notice
the common dependence of the two scattering events on effective mass but their opposite
dependence on temperature. The mobility is expected to increase with temperature
because carriers with higher thermal velocity are less affected by Coulomb scattering. In
addition to these mechanisms, inter-valley scattering in which an electron is scattered
from the vicinity of one minimum to another minimum with an optical photon also
affects mobility.
For polar semiconductors like gallium arsenide (GaAs), polar-optical photon
scattering is significant. As the impurity concentration increases, the mobility decreases
as predicted by μl’s temperature and effective mass dependence Fig. (2.16). Drift
mobilities are representative of the conductivity mobilities. From these considerations, a
polar semiconductor like GaAs is preferred over a non-polar semiconductor for its ability
to move charges faster through multiple junctions.
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Figure 2.16: Drift mobility of Si and GeAs at 300K (Sze and Ng 2007)
In regions sufficiently far from the P-N junction of a semiconductor, the electric
field that is present across the depletion region is sufficiently small that the drift current is
neglected compared to the diffusion current. In this approximation, the steady state
operation of the solar cell reduces to the minority-carrier diffusion equation,

d 2 ΔpN ΔpN
DP
−
= −G(x) ,
τP
dx 2

(2.15)

d 2 ΔnP ΔnP
DN
−
= −G(x),
τN
dx 2

(2.16)

for an n-type material, and
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for a p-type material (Gray 2003). These equations relate the excess minority-carrier
concentrations, ΔpN for hole concentration in the n-type material, and ΔnP for electron
concentration in the p-type material, to their respective minority-carrier lifetimes, τN and
τP. We can use these equations to analyze the operation of solar cells.
MJ cells are grown out of III-V materials in usually one of two ways: bulk growth
methods or epitaxial growth methods. Deciding which system to use and how to layer the
materials is a delicate science of achieving optical transparency while maximizing current
conductivity. To achieve good performance, all the layers must have a similar crystal
structure, meaning similar lattice-constants that describe the spacing of the atoms in the
crystal (Yastrebova 2007). Mismatch of the lattice constants by even 0.01% between two
adjacent materials causes dislocations in the cell lattice that can significantly decrease the
current output and therefore efficiency of the solar cell (Burnett 2002).

Figure 2.17: Lattice Constant and Bandgap relationship (Roman 2004)
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The relationship between lattice-constant and bandgap of several semiconductor
materials is shown in Fig. (2.17). The green lines represent materials that can be created
by combining different amounts of the semiconductors at either end. We can identify
three materials, Ge, GaAs, and AlAs, which all have similar lattice constants but different
bandgaps. Compositions of these materials have been used to create high-efficiency MJ
cells in the past (Roman 2004). Since then, new manufacturing techniques and doping
techniques have allowed an even more diverse range of MJ cell recipes to be obtained.
Table (2.1) gives some typical combinations, including doping levels, band gaps,
and peak wavelength responses for a typical triple-junction cell. For the top cell, an
appropriately doped indium gallium phosphide (InGaP) can yield a high efficiency cell
for the UV through the visible range. The top cell is especially important in that the
photons it absorbs are the highest in energy on the solar radiation spectrum. It must
simultaneously be “optically thin” enough to allow longer wavelengths to pass below the
middle and bottom cells. The middle cell covers most of the Near-Infrared NIR range.
Earlier cells used a straight GaAs combination for the middle cell, but newer cells have
utilized crystals with a small amount of indium. This is found to create a better lattice
matching to the germanium substrate, resulting in a lower defect density.
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Cell

Doped Material

Band Gap

Peak λ Response

Top

InGaP (In.49Ga.51P)

1.83 - 1.86 eV

UV-Visible

Middle

InGaAs(In.04Ga.96As)

1.34 - 1.40 eV

Near-IR

Bottom

Ge or In.37Ga.63As

0.65 – 0.89 eV

Short-λ IR

Table 2.1:

Typical Materials used in a Triple-Junction Cell

The bottom cell must cover the Short-λ Infrared range, an area of the solar
spectrum dominated by large water absorptions in the atmosphere. Doped germanium is
primarily used in the base due to its robustness and low cost, and since no more light
needs to be transmitted past it, defect density is not as important. Efficiency can be
improved by adding an InGaP layer as a hetero-junction between the P-type Ge and
InGaAs layer as shown previously in Fig. (2.12), creating an automatic N-type Ge layer.
This design can greatly increase the quantum efficiency of the bottom cell because of the
scattering it creates inside the Ge junction’s depletion region. This scattering occurs due
to the difference in lattice constants between the InGaP layer and the Ge.
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CHAPTER 3: ELECTRICAL CHARACTERISTICS OF SOLAR CELL ARRAYS

3.1 CURRENT-VOLTAGE CHARACTERISTICS OF A SOLAR CELL
When we use semiconductor solar cells in an electrical system and illuminate
them with light of a frequency that corresponds with their bandgap, they generate a direct
current (DC) in much the same way that a battery does. However, solar cells do this not
using stored chemical energy, but through the photovoltaic effect of direct photon
absorption and subsequent energy conversion into electrons, and thus an electron current.
How a cell generates electrical current is vitally important for connecting them in a series
chain, especially when placed under concentration so as to have a large amount of current
running through them.
The I-V curve in Fig. (3.1) highlights the diode-like current-voltage
characteristics of a solar cell under illumination. Without illumination, the reverse-bias
saturation current, or short-circuit current ISC, is simply the magnitude of the dark current
in the diode. When illuminated, the direction of the photocurrent IPC is such that it
effectively increases the reverse-bias saturation current. Solar cells, like batteries, are
designed to supply power and not absorb it, thus the power given by
P = V ⋅ I PC ,

(3.1)

must be negative. Because of this, the maximum absolute power is obtained at an
operating point that is located in the region of positive voltage and negative photocurrent.
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Figure 3.1: I-V Curve Characteristic of Solar Cell

3.1.1 Deriving the Solar Cell Diode Equation
In Chapter 2 we gave the minority-carrier diffusion equation for a semiconductor
in steady state thermal equilibrium Eq. (2.15, 2.16). If we go a step further an impose
boundary conditions where we treat the electric contacts on the solar cell as ideal ohmic
contacts, and the optical generation rate with a photon cutoff at λ ≤ hc/EG, the solutions to
the minority-carrier diffusion equation are found to be,
ΔpN (x) = AN sinh ⎡⎣(x + x N ) / LP ⎤⎦ + BN cosh ⎡⎣(x + x N ) / LP ⎤⎦ + ΔpN' (x) ,

(3.2)

ΔnP (x) = AP sinh ⎡⎣(x − x P ) / LN ⎤⎦ + BP cosh ⎡⎣(x − x P ) / LN ⎤⎦ + ΔnP' (x).

(3.3)
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At the electrical terminals of the solar cell, the minority-carrier current densities
are just the diffusion currents. Treating the solar cell as a battery with the appropriate sign
convention, the respective minority-carrier current densities are then

dΔpN
J p,N (x) = −qD p
,
dx

(3.4)


dΔnP
J n,P (x) = −qDn
.
dx

(3.5)

which when combined with the electron current in the depletion region yields a current of

⎡
⎤
W n
I = A ⎢ J p (−x N ) + J p (x P ) + J D − q D i eqV /2kT − 1 ⎥ ,
τD
⎣
⎦

(

)

(3.6)

where A is the area of the solar cell, JD is the generation current from the depletion region
and the last term represents recombination in the space-charge region.
Using the equation for current, Eq. (3.6), we can substitute in the minority-carrier
current densities to yield the general expression for the current produced by a solar cell,

(

)

(

)

I = I SC − I o1 eqV /kT − 1 − I o2 eqV /2kT − 1 ,

(3.7)

where ISC is defined as the short-circuit current and is simply the sum of the current from
each of the three regions: n-type (ISCN), depletion (ISCD = AJD), and p-type (ISCP). Io1 is the
dark saturation current due to recombination in the quasi-neutral regions, and Io2 is the
dark saturation current due to recombination in the space-charge region. For a more
complete derivation and explanation of these currents, see the source material for this
chapter and these equations in Chapter 3.4 of (Gray 2003).
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3.1.2 Modeling a Real Solar Cell
Eq. (3.7) is a very useful equation for modeling the electrical performance of a
solar cell. However, a real solar cell has parasitic electrical effects of series and shunt
resistances, which are shown in the electrical diagram of Fig. (3.2).

Figure 3.2: Solar Cell Electrical Circuit Model
Incorporating the parasitic electrical resistances from Fig. (3.2) into Eq. (3.7)
yields,

(

)

(

)

'
I = I SC
− I o1 eq(V + IRS )/kT − 1 − I o2 eq(V + IRS )/2kT − 1 −

(V + IRS )
.
RSh

(3.8)

Since the shunt resistance RSh connects in parallel across the cell’s current source,
it has no effect on the short circuit current ISC but does acts to reduce the open-circuit
voltage VOC. However, the series resistance RS has no effect on the open-circuit voltage
VOC, but since it acts in series with the whole cell circuit, it does reduce the short-circuit
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current ISC. The primary source of series resistance for MJ cells under concentration
occurs in the metal contacts on the front grid, which are transmitting high currents
through only small conductive wires.
The I-V curve diode behavior of Eq. (3.7) was shown for the ideal case in Fig.
(3.1). Now we can see where additional departures from an ideal I-V curve will occur for
the cases when series and shunt resistances are added from Eq. (3.8) in Fig. (3.3) and Fig.
(3.4) from (Gray 2003).

Figure 3.3: Effect of Series Resistance on Solar Cell IV-Curve (Gray 2003)
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Figure 3.4: Effect of Shunt Resistance on Solar Cell IV-Curve (Gray 2003)

3.1.3 Thermal Effects
The exponentials in Eq. (3.7) show that a solar cell loses efficiency as temperature
increases. This is made clearer when we solve for the open-circuit voltage of the solar
cell. By setting the current to zero, I = 0, and solving for V in Eq. (3.7), we obtain the
following expression for the open circuit voltage,

VOC ≈

kT I SC
ln
q
I o1

(3.9)

which shows us that VOC is logarithmically proportional to the short-circuit current ISC.
Later we will use this equation to experimentally determine the temperature of a solar cell
from simply measuring its VOC and ISC.

76
This expression can be re-arranged to give the temperature dependence of the
short circuit current ISC as
I SC ≈ I o1eqVOC /kT ≈ B ⋅T ζ e− EG (0)/kT ⋅ eqVOC /kT

(3.10)

where B is a temperature dependent constant and the second term on the final expression
is related to the temperature dependence of the saturation current, with EG(0) the energy
of the bandgap extrapolated to absolute zero. By differentiating with respect to T, the
change in temperature with open-circuit voltage can be given by (Green 1982),
1
E (0) − VOC + ζ
dVOC
=−q G
dT
T

kT
q

(3.11)

For silicon at 300 K, Eq. (3.11) yields about 2.3 mV/°C, but for a MJ cell with a smaller
bandgap in the infrared, this value can be a bit larger depending on the cell’s VOC. This
derivation becomes a little more complicated for MJ cells because of the existence of
essentially three series connected solar cells each with a different bandgap.
Eq. (3.10) can be solved for VOC to obtain,

VOC (T ) =

1
kT ⎛ BT ζ ⎞
EG (0) −
ln
q
q ⎜⎝ I SC ⎟⎠

(3.12)

which shows that VOC various both linearly and inversely with temperature. These
equations are useful in the modeling of MJ cells because the temperature requirements
put on them under high concentration can vary quickly by ± 50°C each day as clouds pass
overhead, and up to ± 100°C throughout a year. Modeling a solar cell’s temperature will
allow us to also achieve a more accurate power-output model for a an installed system.

77
3.2 MODELING PHOTOVOLTAIC CELLS
To model the electrical output of a photovoltaic system, more than the cell’s
quantum efficiency and spectral response characteristics are needed. In any photovoltaic
system, an acute knowledge of the geometrical size of the cell, illumination level, and the
concentration factor of the incident sunlight are required.

3.2.1 Determining Maximum Power
When a cell is illuminated, we are most interested in the maximum power point
on the cell’s representative I-V curve. The typical I-V curve characteristic of a silicon
photovoltaic cell under one sun of incident illumination is plotted in Fig. (3.5). For
simplicity, the cell current axis is flipped relative to the reverse-diode description of the
current-voltage characteristic in Fig. (3.1). Nominal values of short-circuit current ISC,
open-circuit voltage VOC, current at maximum power IMP and voltage at maximum power
VMP are given.
The rectangle within the curve has an area PMP = VMPIMP, and is the largest
rectangle that can be drawn for any point under the I-V Curve. This box represents the
maximum power, and the point at which intersects the curve is the maximum power point
PMP and is found by setting the derivative of power with respect to voltage equal to 0 and
solving for VMP,

⎡
∂P
∂(IV )
∂I ⎤
=
= ⎢I +V
= 0.
∂V V =V
∂V V =V
∂V ⎥⎦ V =V
⎣
MP
MP
MP

(3.13)
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Figure 3.5: I-V Curve of a Typical Photovoltaic Cell
Comparing the rectangle defined by VOC and ISC to the rectangle defined by the
maximum power point gives us a convenient way to characterize the performance of the
cell in terms of the squareness of the I-V curve. This ratio is called the fill factor, FF, and
is given by (Green 1982),
PMP
V MP I MP VOC − kTq ln[qVOC / kT + 0.72]
FF =
=
=
.
VOC I SC VOC I SC
VOC + kTq

(3.14)

If the fill factor is known for a cell, then the power conversion efficiency η of the cell can
be determined from measurements of the VOC, ISC, and the incident light power Pin,

η=

PMP FFVOC I SC
=
Pin
Pin

(3.15)
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3.2.2 Collection Efficiency
If all the photons of light incident on the cell were converted into photoelectrons,
then solving for the power conversion efficiency would only require knowing the incident
power over the area of the cell Pin, and Eq. (3.15). As might be expected, however, there
are other factors of efficiency to be taken into account, which we define as the collection
efficiency. The external collection efficiency takes into account both optical and
recombination losses and is defined as,

ηCext =

I SC
I ph

(3.16)

where Iph is the maximum photocurrent that would flow if all photons with an energy
greater than the semiconductor’s bandgap created electron-hole pairs in the depletion
region that were collected. For a cell of area A, the maximum photocurrent is defined as

I ph = qA ∫

λ < λG

f (λ ) d λ

(3.17)

The internal collection efficiency takes into account only recombination losses,

ηCint =

I SC
I gen

(3.18)

where Igen is the light-generated current that represents what the short-circuit current
would be if every photon that is absorbed is collected, and is given by

I gen = qA(1− s ) ∫

λ < λG

(

)

[1− r( λ )] f ( λ ) 1− e−α (WN +WP ) d λ .

(3.19)
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3.2.3 Spectral Response and Concentration Effects
In Chapter 2, we defined the spectral response of a cell in terms of its quantum
efficiency QE by using Eq. (2.11), Eq. (2.12). Using the short circuit current ISC resulting
from a single wavelength of light, we can also define an external spectral response SRext
and an internal spectral response SRint given by
SRext =

I SC ( λ )
,
qAf ( λ )

(3.20)

and

SRint =

I SC ( λ )
qA(1− s)(1− r( λ )) f ( λ )(e

− α ( λ )Wopt

− 1)

(3.21)

where Wopt is the optical thickness of the solar cell that methods such as light-trapping,
surface texturing, and back surface reflectors seek to increase (Baraona and Brandhorst
1975). Eq. (3.20) can be rearranged to give us yet another expression for short-circuit
current,

I SC = ∫ SRext ( λ ) f ( λ )d λ
λ

(3.22)

By measuring the short-circuit current ISC and the area of the cell, SRext can be
determined experimentally, while SRint is determined from the area of grid shadowing,
Fresnel surface reflections, and optical thickness Wopt.
When cells are placed under concentrated sunlight, they operate with increased
efficiency by increasing the short-circuit current ISC and open circuit voltage VOC by
differing amounts related to the concentration factor, X. In the first-order approximation,
if we assume that the semiconductor properties remain the same for increased

81
concentration, and that the cell temperature is somehow maintained to be the same as
under one sun concentration then the new short-circuit current ISC under concentration is
given by,
Xs
1s
I SC
= X I SC

(3.23)

By substituting this equation into Eq. (3.15), the new efficiency is found to be
Xs Xs
Xs
1s
Xs 1s
FF XsVOC
I SC FF XsVOC
X I SC
FF XsVOC
I SC
η=
=
=
.
PinXs
X Pin1s
Pin1s

(3.24)

From Eq. (3.9), the open-circuit voltage VOC is found to be
Xs
1s
VOC
= VOC
+

kT
ln X ,
q

(3.25)

and the Fill Factor FF is found from Eq. (3.14) to give a concentration efficiency of

η

Xs

kT
ln X ⎞
⎛ FF Xs ⎞ ⎛
q
=η ⎜
1+
⎟
1s ⎜
1s
VOC
⎝ FF ⎟⎠ ⎝
⎠
1s

(3.26)

which is a very important result.
Eq. (3.26) shows us that both factors multiplying the one sun efficiency will
increase as the illumination level increases, the first term linearly and the second term
logarithmically, resulting in increased efficiency of the cells under concentration. The
fundamental limits to this increase occur when the cell operating temperature gets too
high, decreasing the VOC and hence the cell efficiency in Eq. (3.12), and when the FF
eventually decreases with current due to the parasitic series resistance RS when the
generated current gets too high from the diode relationship in Eq. (3.8).
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3.3 MODELING AN ARRAY OF MJ CELLS
When modeling an array of solar cells, the primary figure-of-merit is the
compound I-V curve (I-VCMP) of all the individual cell’s current-voltage characteristics (IVIND). While the maximum power point PMP may be the most important instantaneous
value on the example curve in Fig. (3.5), the shape of the plot also explains a lot about
the quality of the spectral makeup and uniformity of illumination across the array. By
modeling different illumination patterns and spectral content of incident sunlight onto the
array of cells, the form of the compound I-V curve (I-VCMP) can be used as the meritfunction in the illumination optimization, Chapter 5, and spectral optimization, Chapter 6,
of the system.

3.3.1 Single MJ Solar Cell
The I-V characteristic of each individual MJ cell is created by the voltage addition
of each subcell’s own I-V characteristics. For a triple-junction cell to be well balanced in
each subcell, the max power point current IMP for each subcell will coincide with the max
power point current IMP of the complete MJ cell, as shown in the representative I-V curve
addition in Fig. (3.6). Usually, only the I-V curve of the complete MJ cell will be known.

Figure 3.6: MJ Cell I-V curve as a composite of subcell I-V curves
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The current and voltage characteristics of a MJ cell provided by a manufacturer
usually occur on the same data sheet containing the cell’s dimensions. Electrical data is
usually provided graphically in the form of an I-V Curve for the cell held at a fixed
temperature while being subjected to a constant solar irradiance. This reference irradiance
is provided by a solar simulator source with spectral characteristics nominally similar to
that of the AM 1.5 spectrum of sunlight that reaches the earth’s surface (ASTM-173
Direct Low-AOD Spectrum). Since a MJ cell is designed for concentration, this solar
simulator source might generate intensities of 1000x or more solar concentration, and the
concentration factor at which the solar cell’s I-V curve is measured will be given. Usually
the concentration level at which the nominal electrical measurements are taken will
coincide with the concentration for the peak efficiency measurement of the cell.
A typical solar cell’s electrical characteristics are shown below for two different
MJ cells from commercially available suppliers (Boeing Spectrolab and Solar Junction).
This cells have different aperture areas, (A: 10mm, B: 8.8mm), and are being measured
when illuminated under different concentration levels (A: 50X, B: 856X). Their
corresponding I-V curves in these conditions are given in Fig. (3.7).
Cell

E (W/cm2)

A (mm2)

ISC (A)

VOC (V)

FF (%)

Eff (%)

IMP

VMP

PMP (W)

A

50.0

100.0

7.533

3.125

85.1

40.0

7.25

2.76

20.022

B

85.6

77.4

9.56

3.53

84.3

42.2

9.37

3.03

28.391

Table 3.1:

Electrical Characteristics of two typical MJ Solar Cells.
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Figure 3.7: I-V Curves of two typical MJ Solar Cells.
Although both MJ cells are quite similar in materials and layer design, the shape
of the I-V plots shown in Fig. (3.7) are different for a variety of reasons. First, although
Cell A has about a 30% larger area than Cell B, Cell A has a lower ISC because it is
receiving only 60% of the concentration level of Cell B. My multiplying the
concentration level by their respective area in this 1000 W/m2 test, we find Cell A is
receiving 50 W of incident light, while Cell B is receiving 66 W. The ratios of incident
light difference (76%) to ISC difference (78.9%) occur for a variety of reasons related to
the external and internal quantum efficiency of the cell, which include the area of the cell
covered by front bus bars and recombination losses within the cell both being slightly
higher for Cell A because of its larger area.
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Additionally, the change in slope near the open-circuit voltage VOC points is
representative of differing amounts of series resistance within the cells, as represented in
Fig. (3.3). This occurs primarily due to resistive differences in the materials layers
between the sub-cells junctions, and is a prime source of current R&D in materials and
fabrication methods in this industry. Conversely, the flatness of the plots near ISC on both
cells clarifies how large the shunt resistance is in both cells. A low shunt resistance is
primarily due to manufacturing defects instead of poor design, where an alternate path for
the generated photocurrent is found, reducing the cell’s efficiency. However at high light
levels, like the concentrations these cells are exposed to during testing, the amount of
photocurrent is quite high, making ISC large enough that the effect of a low shunt
resistance becomes negligible in Eq. (3.8). Corrected for irradiance and size, both cells
can be expected to have a similar efficiency because of their similar fill factors, FF.

3.3.2 Series Chain of MJ Cells
Earlier sections showed how a single MJ cell’s illumination levels are relatively
proportional to its short-circuit current ISC. When cells are connected in parallel, their
photocurrents effectively add to each other, while when electrically connected in series,
their voltage characteristics add. Under high concentration, MJ solar cells generate a
large amount of current, and are best connected in series to allow their voltages to add so
that the total current passing through the series chain is minimized.
The effect of twelve MJ cells receiving different illumination amounts connected
in series is shown in Fig. (3.8). The addition of multiple individual I-V curves (I-VIND),

86
shown in different colors on the left, creates the compound I-V curve (I-VCMP), shown in
blue on the right. The differing illumination in each I-VIND when the voltages are added
creates a chopped I-VCMP with plateau regions corresponding to the individual MJ cells’
ISC values. PMP is now not as easily found by Eq. (3.13) because there are local maxima
along the shoulder of the curve, resulting in the need for an algorithm that searches for
the maximum power point more globally. The global PMP is easily found using plots of
power vs. voltage and power vs. current, shown in Fig. (3.9), which allow the maximum
power point to more easily be deduced in a mathematical calculation.

Figure 3.8: The compound I-V curve effect

Figure 3.9: Power vs. Current and Voltage for a compound IV-curve
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3.3.3 Electrical Optimization Techniques
Coding the electrical characteristics from Eq. (3.8) of individual MJ cells into
Matlab, I was able to generate ISC and VOC values from incident illumination found from
the optical modeling programs and create compound I-V curves I-VCMP from which the
global PMP for the array could be found.
In the illumination optimization of Chapter 5, often the alignment of the solar
concentrator system on-axis gave good illumination uniformity, but when perturbed offaxis, certain cells would drop in short-circuit current ISC. To determine whether or not this
significantly affects the MJ cell array output at a specific off-axis or component
perturbation, the new global PMP for the array would be found by running the illumination
numbers through the Matlab code. This kind of electrical analysis imbedded in the
illumination optimization allowed more realistic tolerancing scenarios to be modeled with
the correct power response sensitivity.
Two such optimizations are shown in Fig. (3.10) and Fig. (3.11). Histograms of
the twelve individual cell’s relative incident irradiance and the corresponding I-VCMP are
shown are for the case of on-axis, 0.25° off-axis, 0.5° off-axis, and 0.75° off-axis. As
both systems travel off-axis, the histograms demonstrate how far apart the twelve cells’
incident irradiances change. The corresponding I-VCMP at each point show progressive
breakdown with more plateaus and local maxima as the cell irradiance uniformity is lost.
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Figure 3.10: Embodiment 5.3.5 Off-Axis IV-Curve Power Distribution
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Figure 3.11: Embodiment 5.3.6 Off-Axis IV-Curve Power Distribution
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For the embodiment 5.3.5 system modeled in Fig. (3.10), all of the cell’s relative
incident irradiances fall within ± 2% of the ideal relative power (PIDEAL) when the system
is aligned on-axis and remain within ± 6% of the PIDEAL up to 0.5° off-axis. At 0.75° offaxis, one cell has fallen to 78% of PIDEAL in the histogram, and it in turn has brought down
the global PMP in the I-VCMP down to 88% of the global PMP in the on-axis case.
For the embodiment 5.3.6 system modeled in Fig. (3.11), all but one (Cell C) of
the relative incident irradiances fall within ± 2% of PIDEAL when the system is aligned onaxis. At 0.5° off-axis, Cell C has fallen to 85% of PIDEAL in the histogram, and it in turn
has brought down the global PMP in the I-VCMP down to 92.9% of the global PMP in the onaxis case. However, at 0.75° off-axis, Cell C has fallen to 71% of PIDEAL in the histogram,
yet since the other eleven cells in the array are still relatively well powered within ± 10%
of the ideal relative power PIDEAL, Cell C creates a local maximum in the compound IV
curve I-VCMP that does not effect the global PMP. In this second system of Fig. (3.11), Cell
C is designed with an increased on-axis irradiance to balance its loss at 0.75° off-axis,
part of the illumination optimization that we will find beneficial for a CPV system.
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CHAPTER 4: CONCENTRATOR OPTICAL DESIGN

4.1 OPTICAL DESIGN FOR SOLAR CONCENTRATION
Optical design is the process of describing the refracting and reflecting elements
in an optical system so that it meets a set of performance specifications. In the optical
design of a solar concentrator system for both CPV and CSP solar power applications, the
five primary performance specifications are cost, concentration factor, illumination
uniformity, optical throughput, and off-axis performance. To understand how to design
for, measure, optimize, and arrive at high-performing values for each of the final four
specifications, first an understanding of some basic radiometric principles is required.

4.1.1 Radiometric Definitions
Radiometric quantities can be defined by both spatial representations, dependent
on area and solid angle, and spectral representations, dependent on wavelength. The
visual quantities related to the spectral response of the human eye are called photopic
quantities, and since a solar concentrator optical system is usually not intended to be used
as a visual system, discussion of photopic quantities will not be included. Therefore, the
essential radiometric quantities to be discussed for solar concentration are summarized in
Table (4.1), which is a recreation of a table from the Field Guide to Illumination
(Arecchi, Messadi and Koshel 2007). The spectral quantities simply break the
radiometric quantities up into bins of one nanometer wavelength bandwidth, and will be
used later in the spectral analysis of Chapter 6.
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Quantity
Flux

Radiometric

Φ

W (watts)
Power

Spatial

Flux / Area

E

W/m2

Irradiance
Flux / Solid
Angle

Flux /Area /
Solid Angle

Table 4.1:

I

W/sr

(Radiant) Intensity

L

W/m2/sr

Radiance

Spectral

Φλ

W/nm

Power / λ Interval

Eλ

W/m2/nm

Spectral Irradiance

Iλ

W/sr/nm

Spectral Intensity

Lλ

W/m2/sr/nm

Spectral Radiance

Essential Radiometric Quantities

When sunlight arrives at Earth, it spatially resembles a nearly collimated wave (±
0.25° angular divergence), so that the flux of incident sunlight normal to a surface is most
often quantized in units of irradiance E, which is the flux of power Φi arriving at any
illuminated area Ai normal to the incident light given by the relationship in Eq. (1.2),
where the i subscript denotes an incident quantity. If the area Ai of fixed size is rotated by
angle θi relative to the incident light, then the incident irradiance E becomes,

E=

Φi
Ai cosθ i

(4.1)
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This case is shown in Fig. (4.1) for the approximation that the sun is so for away
that it can be considered a point source. The average amount of sunlight hitting an area
on the ground normal to it has an irradiance E of approximately 1000 W/m2. As the area
Ai that is receiving the sunlight is tilted away from normal, it receives less sunlight
because the power flux Φi is arriving only onto the area projected towards the sun. Since
the sun traverses the sky once a day, this is why most solar energy systems require a oneaxis (east-west) or two-axis sun tracking system to collect the most amount of sunlight.
This is also the reason solar panels in the northern hemisphere are normally found tilted
to point south and solar panels in the southern hemisphere are tilted to point north.

Figure 4.1: Irradiance onto a Tilted Surface
The fundamental radiometric quantity for a source is considered to be radiance L,
also called brightness, which is constant along any ray leaving the source and is very
powerful for computing radiative transfer because it is conserved in a lossless system.
When known, the source radiance L provides a relationship between the emission of the
source from each point on its surface as a function of angle. When a source is defined as
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being uniform and Lambertian, meaning its brightness is independent of location on the
source’s surface and the emitting angle (a good approximation for the sun), its radiance is
L=

Φi
Φi
Φi
=
=
,
ω A S cosθ S ω A S , proj ΩA S

(4.2)

where AS is the source area, and ω is the solid angle calculated from the half angle θ0,

ω = 2π (1− cosθ 0 ) ≈

Ai cosθ i
d2

(4.3)

where the right side of the equation is an approximation for when the source is far away
from the receiver (d2 >> Ai). The projected solid angle Ω is then given by,
Ω = ω cosθ S

(4.4)

where the angle θS defines the direction of the ray normal to the tilted source, or equally
the direction that the source is being viewed from as shown in Fig. (4.2). Angle θS can
similarly be used to describe the projected solid angle AS,proj by

AS , proj = AS cosθ S

(4.5)

When used in Eq. (4.2), only one of the projected quantities can be used, but not both.

Figure 4.2: Source Geometry for Radiance and Intensity
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It is vital to recognize that the flux Φi in Eq. (4.2) is defined as only that emitted
from the source passing within the cone of solid angle ω. For the equivalent geometry in
Fig. (4.1), this flux Φi is the same that arrives at the receiver surface Ai in the definition of
irradiance E in Eq. (4.1). This equivalency is important because it allows for a few more
relationships to be established graphically in Fig. (4.2). First, the (radiant) intensity I of
the radiating source in the direction of the illuminated receiver area Ai is related to the
flux Φi that arrives at the receiver by,
Φ i = Iω

(4.6)

If the source radiance is known, LSUN = 2x107 W/m2/sr, and is either small or located far
away, then intensity I can be found by substituting Eq. (4.6) back into Eq. (4.2) to give,
I = LAS cosθ S

(4.7)

If cosθS is essentially constant from all points on the source area to the receiver area, then
Φ i = LASω cosθ S = LS AS Ω

(4.8)

where it is important to recognize that the projected solid angle Ω is always leaving the
corresponding area, AS in Fig. (4.2). This relationship in Eq. (4.8) shown in Fig. (4.2) is
often called ‘no icecream cones’ rule, since the projected solid angle Ω can never be used
with the area it inscribes in Eq. (4.8) to create a complete bounded cone. This is denoted
the correct way by the orange highlights of Ω and AS shown in Fig. (4.2), which do not
together create a complete bounded cone.
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4.1.2 Radiometric Transfer
Eq. (4.8) is used often in radiometry to describe the transfer of energy from one
surface to another. Radiance L is usually not denoted with a subscript because L is
conserved throughout the optical system as long as the rays of light passing from surface
to surface are not lost to effects such as absorption, reflection, and geometric scatter. In
this first-order approximation shown in Fig. (4.3), we can equate the irradiance Ei of the
receiver area Ai to the radiance of the source L by using Eq. (4.8) and the right-hand side
approximation of Eq. (4.3) to get,

E=

Φ i LAS Ω S LAS (ω cosθ S ) LAS cosθ S cosθ i
=
=
=
= LΩi
Ai
Ai
d2
ω d 2 cosθ i

(

)

(4.9)

where the receiving area’s projected solid angle Ωi of the emitting area as viewed from
the illumination location is defined as shown in Fig. (4.3) by
⎛ A cosθ ⎞
Ωi = ω i cosθ i = ⎜ S 2 S ⎟ cosθ i
d
⎝
⎠

Figure 4.3: Geometry for Radiance Transfer

(4.10)
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One result of Eq. (4.9) is that for a known irradiance E at the receiver, the flux Φi
that arrives at the receiver can also be given by the source area AS and the ratio of solid
angles subtended by both areas,
⎛ E⎞
Ω
Φ i = LAsΩ = ⎜ ⎟ AsΩ = EAs
= EAi
Ωi
⎝ Ωi ⎠

(4.11)

where the right side of the equation is simply taken from the definition of irradiance E
given in Eq. (4.1). Rearranging Eq. (4.11) we find that,
AS Ω S = AiΩi

(4.12)

This is a very important result, for it shows that for a lossless optical system, the factor of
area times projected solid angle, AΩ, from any surface in the system is constant. This
quantity is the basis of étendue, one of the foundations of radiometric transfer because it
demonstrates how a bundle of light energy is conserved geometrically in angle and area
distribution as it refracts and reflects through optical elements.
A final quantity to define is the transfer efficiency ηt given by (Koshel 2013),

ηt =

Φ i LAS Ω S AS Ω S
=
=
ΦS
LAiΩi
AiΩi

(4.13)

which describes that the geometrical limit to the amount of flux that can be transferred
from one surface to another is simply the ratio of the AΩ factors for each surface. The
transfer efficiency is especially important in cases when the intent is to couple light from
a large source area and large angle distribution to a small receiver with a small
acceptance angle, such as coupling an LED into an optical fiber.
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4.1.3 Conservation of Etendue
The étendue of an optical system in a medium of index n is (Boyd 1983),

ξ = n2

∫∫ cosθ dA dω
S

(4.14)

pupil

where the integrals of the source area AS and solid angle Ω subtended by the collection
optic are performed over the entrance pupil, usually the collection optic in a concentrator
system. For a lossless system, this quantity is conserved through all parts of the optical
system. The conservation of étendue is based upon the invariant quantity defined in Eq.
(4.12). Given a Lambertian source that is spatially uniform and including the
consideration of refractive index n, Eq. (4.11) can be rewritten in terms of the system’s
étendue ξ as

Φi =

LAS Ω Lξ
= 2
n2
n

(4.15)

where the quantity L/n2 is referred to as the basic radiance.
Like mentioned before, there are many other factors of spectral absorption,
scatter, and reflection losses of components that need to be considered in determining the
true optical throughput, but maximizing étendue should be the primary driver of the basic
concentrator optical design. The combination of Eq. (4.12) and Eq. (4.15) describes that
radiance L is conserved from surface to surface within a single medium of index n, but
what happens in the case that the flux is transmitted through a surface boundary with a
new index n, like that of multiple elements in an optical system?
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Figure 4.4: Geometry for Radiance Transfer through a Surface (Koshel 2013)
Fig. (4.4) details the differential geometry of a surface refraction of a propagating
light beam, and is taken from the book “Illumination Engineering” (Koshel 2013). A
beam element of radiance L with differential solid angle dω, defined by azimuthal angle
dθ and polar angle dϕ, is incident at an angle θ to the surface normal â of differential
surface area dA. The source medium has an index n while the target medium has index n’.
Primed coordinates represent the corresponding refracted beam element in the target
medium. The differential flux carried by this beam is
d 2 Φ = Lcosθ dAdω

(4.16)

nsin θ = n′ sin θ ′

(4.17)

Snell’s law is given in this case by
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A consequence of this is that the refracted ray stays in its plane of incidence so that

dφ = dφ ′

(4.18)

Differentiating Snells’s Law in Eq. (4.17), with respect to the azimuthal angle ϕ,

ncosθ dθ = n′ cosθ ′dθ ′

(4.19)

The ratio of the differential solid angles dω and dω’ is then given by

dω
sin θ dθ dφ
n′ 2 cosθ ′
=
= 2
dω ′ sin θ ′dθ ′dφ ′ n cosθ

(4.20)

After refraction, the radiance L’ emitted from dA from the differential form of Eq. (4.2) is

d 2Φ
L′ =
cosθ ′dAdω ′

(4.21)

which upon substitution of Eq. (4.16) into the numerator, and using Eq. (4.20) yields
L′ =

⎛ n′ 2 dω ′ ⎞ dω
( Lcosθ dAdω )
cosθ dω
n′ 2
=L
= L⎜ 2
=
L
cosθ ′dAdω ′
cosθ ′ dω ′
n2
⎝ n dω ⎟⎠ dω ′

(4.22)

rearranging Eq. (4.22), we arrive at the radiance theorem,

L L′
=
n2 n′ 2

(4.23)

which proves that basic radiance is invariant across a change in index n at refractive and
reflective interfaces, therefore the flux Φi is also conserved through propagation from
conservation of energy. By Eq. (4.15), this means that étendue must also be invariant, and
so the total étendue for a system is found by integrating over the system’s entrance pupil,

ξ=

∫∫ d ξ
2

pupil

(4.24)
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4.1.4 Acceptance Angle and Transfer Efficiency
Eq. (4.15) details how the maximum allowable flux transmitted by the
concentrator system is directly dependent on the system’s étendue, and Eq. (4.24)
explains that the total étendue in the system is defined by the optical system’s entrance
aperture. Knowing this, Eq. (4.14) can be solved for the case of a sun-like source
(Lambertian, spatially uniform disk emitter) that is far enough away so that the solid
angle subtended by the entrance pupil is very small, and our concentrator’s field of view
perfectly matches the sun’s angular extent by substituting the integrand for the
differential solid angle with dω = sinθ dθ dϕ (Koshel 2013),

ξ S (θ A ) = n AS
2

2π θ A

∫ ∫ cosθ sinθ dθ dφ = π n

2

AS sin 2 θ A

(4.25)

0 0

where the solid angle subtense of the optical system is defined by the system’s
acceptance angle θA. The acceptance angle is defined here in the context of solar
concentrators as the angle of the concentrator pointing away from the sun at which the
geometric flux transmitted through the concentrator system drops below 90% of its
maximum value, or MP90%. The MP90% point will be used extensively in the illumination
optimization of Chapter 5 and as a performance metric in Chapter 8.
Eq. (4.25) explains how given a source of fixed area, like the sun, the étendue is
related to the acceptance angle. The theoretical limit of maximum flux occurs when the
source size subtends an entire hemisphere, and the concentrator captures all of the
source’s light, θA = π/2. Citing this as the optimal étendue, given by ξopt = πn2AS , we can

102
further define the transfer efficiency η of a system given in Eq. (4.13) as a function of the
acceptance angle θA. (Rehn 2004),

η (θ A ) =

Φ(θ A ) ξ S (θ A )
=
= sin 2 θ A
Φ opt
ξ opt

(4.26)

where the fractional étendue is given by

ξ S (θ A ) =

ξ S (θ A )
ξ opt

(4.27)

Using Eq. (4.26), we can plot the transfer efficiency η as a function of acceptance angle
θA, or as a function of the fractional étendue given in Eq. (4.27). These plots from
(Koshel 2013) are shown in Fig. (4.5). The acceptance angle plot in Fig. (4.5a) shows
how the transfer efficiency is especially low for small acceptance angles, but increases to
50% as the acceptance angle θA approaches 45°, where the plot is roughly linear.
However, in the fractional étendue plot in Fig. (4.5b), the radius r is constant for each of
the curves so that the acceptance angle θA is varied to maintain étendue.

Figure 4.5: Transfer efficiency vs. θA and fractional étendue (Koshel 2013)
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4.1.5 Concentration Ratio and CAP
Another fundamental geometric quantity for solar concentrators is the
concentration ratio C which relates the input area A to the output area A’ of the system.
This quantity also represents a thermodynamic limit in the case that étendue and radiance
are conserved (Winston, Minano and Benitez 2005), and is given by

C=

A
A′

(4.28)

Using the solution to étendue in Eq. (4.25) for a rotationally symmetric system, Eq.
(4.28) can be rewritten as (Winston, Minano and Benitez 2005), (J. Chaves 2008),
2

A ⎛ n′ sin θ ′ ⎞
C=
=
.
A′ ⎜⎝ nsin θ ⎟⎠

Figure 4.6: Paraboloidal dish concentrator with a central flat receiver.

(4.29)
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This equation is demonstrated graphically in Fig. (4.6) for the simple case of a
round paraboloidal mirror of area A concentrating light onto a flat receiver of area A’.
The incoming irradiation is incident within a cone of angular extent θ at the mirror
surface, while the light exits into a cone of angular aperture θ’ at the receiver surface.
Since the concentrator’s entrance aperture is normally located outside in the air, the index
n is normally set to n=1, while the index n’ of the receiver could be modified if it is
placed within a medium of higher index, such as glass or acrylic.
The concept of conservation of étendue is also demonstrated in Fig. (4.6). The
light is incident with a small angular aperture θ onto a large collection area A. For
étendue to be conserved when the light is concentrated onto a smaller receiving area A’,
the angular aperture of the light at that surface θ’ must increase. The concentration ratio
in Eq. (4.29) is maximized when the light leaving the receiver surface A’ is emitted into a
full hemisphere θ’ = π/2 as

C ≤ Cmax

n′ 2
= 2 .
sin θ

(4.30)

From Fig. (4.6), we can see this would only occur in the extreme case for which
the curve of the paraboloidal dish was continued around to coincide with the plane of the
receiver. Given the earth’s distance from the sun, the angular size of solar radiation from
the sun’s disk is a very small cone with an effective angular aperture θS = ± 0.26°. Using
this angular size in Eq. (4.30), when the exit is also in air, n’=1, results in a maximum
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geometric concentration ratio for solar energy at Earth of about 48,000 Suns, resulting
from placing an image of the sun directly onto the receiver.
Since both thermal receivers and photovoltaic cells have lower absorption at
glancing incidence angles, hemispherical illumination (as described above) is not ideal.
In both applications, this maximal illumination case would require perfect sun tracking
and array alignment, something that is also quite impractical. We will see in Chapter 4.3
how a Köhler projection optic placed at the receiver location can reduce the receiver cone
angle θ’, loosening alignment tolerances, while bringing the cell concentration down to
manageable levels.
An additional consideration when concentrating sunlight onto solar cells is that
the efficiency of the cells is improved when the illumination is more uniform. Without a
secondary optical element (SOE), the illumination pattern across the cell when focusing
the sunlight directly onto it would have a Gaussian profile, yielding a significantly
reduced rate of electrical conversion due to series resistance losses (Katz, Gordon and
Feuermann 2006), (Braun, et al. 2009). In a concentration system, illumination
uniformity of a top-hat square profile can be obtained by using Köhler illumination.
For solar concentrators, an additional equation to consider is the concentration
acceptance product (CAP), defined as (P. Benitez, et al. 2010),

CAP = C sin θ A

(4.31)

where C is the geometric concentration ratio from Eq. (4.28) and the acceptance angle θA
is obtained for parallel incident rays. This equation is commonly used to compare the
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tolerance performance of different concentrator systems to each other. For completeness,
when the angular aperture of the sun is considered, the acceptance angle can be found
experimentally and is given by (P. Benitez, et al. 2010),

CAP* = C sin θ *A ,

(4.32)

where θA* is the effective acceptance angle since it takes into account the finite size of the
sun which causes the rays to arrive at Earth with a ± 0.25° angular divergence.
When the edge of the sun’s angular aperture coincides with the edge of the
system’s acceptance angle, the system is still collecting all the sunlight, but when the sun
is centrally aligned with the edge of the system’s acceptance angle, half of the sunlight
falls outside and is no longer collected. Therefore, the system’s acceptance angle θA is
reduced by about Δθ’ = -0.26° to obtain the effective acceptance angle θA*. Since this
cut-off is not discrete, the effective acceptance angle is found experimentally as the
location where the system’s generated power falls off to 90% of the maximum value onaxis, what we have defined as the MP90% point.
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4.2 CONCENTRATOR DESIGNS
Creating a first-order solar concentrator optical design requires maximizing the
amount of collected sunlight and transferring it through as few elements as possible to the
receiver surface. The required concentration level is dependent on the solar energy
conversion method, where the need for higher concentration is only desired when the cost
of the receiver area is a substantial fraction of the system cost. The needed concentration
level then dictates the type of tracking and associated increase in cost: no tracking (<5x),
one-axis tracking (5-50x), or two-axis tracking (50-2000x).
For concentrated solar power (CSP) applications, an example of a one-axis low
concentration system (<50x) is a parabolic trough system, where the light can be focused
onto extruded absorbing tubes containing hot oil or molten salt. An example of a two-axis
high-concentration system (>500x) in CSP is a ‘Power-Tower,’ where expansive fields of
heliostats (flat solar reflectors) redirect the light to a receiver on a central fixed tower.
Both designs are scaled so that the reflective optics of the system, float-glass backsilvered mirrors, are similar and able to be produced in large quantities at low cost.
For concentration photovoltaic (CPV) applications, an example of a one-axis low
concentration system would be a parabolic trough similar to the CSP case, except where
low-cost Silicon cells are placed at the linear focus. In the following discussion, we will
examine two-axis high-concentration systems for use with the MJ cells described in
Chapter 3, which are only made economical when the concentration level is very high
(Luque and Andreev 2007).
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4.2.1 Abbe and Kohler Illumination
Before looking at specific concentrator designs, it is imperative to understand the
two primary types of illumination systems, Abbe (direct) and Köhler (projection). Abbe
illumination systems image the source directly onto the receiver area. If the source is
round, the illumination pattern on the receiver will be round, while if the source is a
helical light filament, the illumination pattern will mimic the filament’s helical
dimensions. In this way, if uniform illumination onto the receiver is required using an
Abbe design, then the source itself must be fairly uniform and extended, like an
illuminated diffuser (frosted glass), or a well designed ribbon-filament or arc lamp.
The paraxial layout of an Abbe illumination system used for projection is shown
in Fig. (4.7), taken from (Arecchi, Messadi and Koshel 2007). Here the condenser optic
images the source through the image film onto a projection lens. The projection lens then
images the illuminated film onto a screen, out of the original source’s image plane.

Figure 4.7: Abbe Illumination (Arecchi, Messadi and Koshel 2007)
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Köhler illumination systems are used either when the source is non-uniform, such
as a high-powered tungsten filament, or when the source doesn’t have the same
dimensions as the intended receiving surface and overfilling the receiving surface is not
an option. The first case is prominent in the case of microscopes, when a high-powered
lamp is needed to uniformly illuminate a biological sample or other small item. The
second case coincides with solar concentration for photovoltaics where our source, the
sun, is round, but the receiving surface, a solar cell, is square.
The paraxial layout of a Köhler illumination system is shown in Fig. (4.8), taken
from (Arecchi, Messadi and Koshel 2007). The source is directly imaged into the
projection lens so that the source light arrives at the receiver screen with the same
dimensions as the image film. This is done by placing the image film directly at the
condensing optic, and placing the projection lens, which images the film onto the screen,
at the image of the source so that the rays pass through with minimal perturbations.

Figure 4.8: Köhler Illumination (Arecchi, Messadi and Koshel 2007)
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4.2.2 Edge-Ray Design and the CPC
When the sun is the source in a terrestrial optical system, the rays are arriving at
the entrance aperture nearly collimated (parallel) because of the distance from the sun to
the Earth. A useful algorithm for designing a first-order concentrator for collimated rays
is called the Edge-Ray principle, or “String” method. The starting point is Fermat’s
Principle of imaging optical design, recreated in Fig. (4.9a) from (Winston, Minano and
Benitez 2005), which states that the optical path length (OPL) between object and image
points is the same for all rays. When this same principle is applied to “strings” instead of
rays, it yields the edge-ray algorithm of non-imaging optical design shown in Fig. (4.9b).

Figure 4.9: Fermat’s Principle for Rays (Winston, Minano and Benitez 2005)
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Figure 4.10: String Construction (Winston, Minano and Benitez 2005)
To explain what strings are, we look at the example of a flat absorber by Winston
(Winston, Minano and Benitez 2005) shown in Fig. (4.10), where one end of the string is
looped around a rod at an angle θ to the aperture AA’ and with the other end tie the other
end to the edge of the exit aperture B’. Now holding the length of the string fixed, we can
trace out a reflector profile as the string moves from C to A’. The relation BB’=AA’ sin θ
follows and this construction gives the 2D compound parabolic concentrator (CPC).
Rotating this profile about the central axis of symmetry would create a 3D CPC. This
string construction is very useful and can be applied to any flat or convex absorber.
The CPC is very close to an ideal design for capture of sunlight. With the
application of the edge ray principle in Fig. (4.11), the requirement is that all rays
incident on the entry aperture at the extreme collecting angle θi will emerge from the
CPC at the rim point P’ of the exit aperture. By using a parabolic section with its axis
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aligned with the light entering from angle θi, and it’s focus at point P’, the geometry will
assure all the rays from angle θi will arrive at point P’ as shown in Fig. (4.12). The length
of the parabolic section is limited so that the edge ray from the opposite extreme angle
direction will arrive at point P’ as well. Rotating this parabolic section around the
concentrator’s axis then creates the 3D CPC.

Figure 4.11: Edge-Ray Principle (Winston, Minano and Benitez 2005)

Figure 4.12: CPC Construction (Winston, Minano and Benitez 2005)
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Simple trigonometry will show that the focal length of the parabola will be

f =

a′
1+ sin θ i

(4.33)

a′
sin θ i

(4.34)

and the diameter of the entry aperture is

a=

this result shows that the CPC in theory would have the maximum concentration ratio
from Eq. (4.30),

a
1
=
a′ sin θ i

(4.35)

as long as all the rays inside collecting angle θi are able to emerge from the exit aperture.
This isn’t true in reality because the 3D CPC has multiple reflections, and these can
actually turn back the rays that enter within the maximum collecting angle (Winston,
Minano and Benitez 2005).
Although the CPC design using the edge-ray method achieves exceptional
concentration for a large acceptance-angle, the length to input area ratio is so large that it
is not economical to fabricate in large volume for low-cost solar energy collection.
Because of this, a more economical solar concentrator needs to have a shorter length.
However, the CPC still has many uses in the field of illumination. When used in reverse,
a high-powered LED or other light source with wide angular divergence can be placed at
the concentrated exit surface to emit light uniformly out of the entrance aperture.
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4.2.3 Fresnel Designs
One way to shorten the concentrating optical system’s length is through the use of
a Fresnel lens as the collection optic. Fresnel lenses were originally developed by French
physicist Augustin-Jean Fresnel for lighthouses. The Fresnel lens has a short focal-length
but large aperture, and the stepped design allows the mass and volume to be kept low,
perfect for collecting the light from a lamp and collimating it out into the sea.
The construction of a typical Fresnel lens is demonstrated in Fig. (4.13). A
conventional lens is divided up into a set of concentric annular sections and each section
has its thickness reduced until the lens is nearly equal thickness throughput. Many zones
can be created so that the lens almost appears to be flat. The downside of this lens is that
it reduces the image quality of the light passing through it, yet in illumination
applications where the purpose is simply to focus a source of light, the Fresnel lens
excels. Most Fresnel lenses are made of glass or plastic, with ones created for solar
concentrators requiring UV-resistant materials to outlast long exposure to the sun.

Figure 4.13: Fresnel Lens Construction
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Circularly symmetric Fresnel lenses with round entrance apertures can be cut into
square entrance aperture sections so that they can be tiled in arrays to effectively collect
all the incoming light, something a round CPC is unable to do - although square CPC’s
are made as well. The simplest Fresnel concentrator design would collect the incoming
sunlight and focuses it directly onto a solar cell like shown in Fig. (4.14). One drawback
to this design is that is uses simple illumination through direct imaging, placing a round
image of the sun directly onto a square solar cell, creating non-uniform illumination, or
hot spots, and ineffectively using the cell’s area. Another drawback is the accuracy
required in maintaining system alignment with the sun, as the sun disk will move quickly
off of the cell area for even the slightest amount of system mispointing.

Figure 4.14: Simple Fresnel Lens Concentrator
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More practical Fresnel lens designs use a secondary-optical element (SOE) to
help redistribute the focused light near the cell. Some examples of SOE use with Fresnel
lenses are shown in Fig. (4.15) from (Chaves and Hernandez 2013). A nomenclature has
developed to explain concentrator designs with multiple elements by their type and
number of optical surfaces. The letter ‘X’ is given for reflecting elements, while ‘R’ is
given for a refracting element. An ‘F’ will designate a Fresnel design, while ‘K’ implies
Köhler illumination is being used. In Fig. (4.15), the SILO secondary design stands for
Single Optical surface, the XTP secondary optical element stands for reflective X
truncated T pyramid P, while RTP stands for refractive R truncated T pyramid P.

Figure 4.15: SOE for Fresnel Designs (Chaves and Hernandez 2013)
The Fresnel-Köhler FK design was first described by (P. Benitez, et al. 2010) and
is an example of a Fresnel based concentrator that uses Köhler illumination to achieve
high uniformity onto a single solar cell, even for off-axis pointing. It does this by placing
the sun’s image from the Fresnel lens within the refractive SOE, the front powered
surface of which acts as the projection optic in the Köhler illumination system.
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Figure 4.16: FK Design (Chaves and Hernandez 2013)
The precursor to the Fresnel-Köhler FK design is shown in Fig. (4.16). On-axis
rays Fig. (4.16a) travel directly through the front surface of the SOE before arriving
uniformly at the cell, while off-axis rays Fig. (4.16b) are refracted from the front surface
of the SOE and made to re-align themselves at the cell’s surface. This design was created
using Miñano and Benítez’s Simultaneous Multiple Surfaces SMS method, which allows
the design of two or more free-form surfaces to be optimized simultaneously. In short, the
SMS design method takes two freeform wavefronts as the input, and perturbs these
wavefronts with non-uniform rational b-spline (NURBS) surfaces to get at the output two
freeform wavefronts that matched the required illumination profile. A good overview of
the SMS method is found in Chapter 4 of (Koshel 2013).
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Figure 4.17: FK Design (Chaves and Hernandez 2013)
By applying the SMS method to a series of smaller Köhler illumination subsystems in a single design, the Fresnel-R Köhler integrator is created (Chaves and
Hernandez 2013). If Köhler integration is applied in two directions, smaller off-axis subsystems can be made to have good uniformity onto a square. My making a Fresnel lens
composed of four off-axis subsystems as in Fig. (4.17a), each with an off-axis Köhler
illumination SOE design, a full on-axis Fresnel-R Köhler integrator can be designed, as
shown in Fig. (4.17b) (P. Benitez, et al. 2011). Since the grooves of the Fresnel lens are
created from a mold, creating four different zones in a Fresnel lens is not a significant
technological hurdle. The creation of the non-symmetric SOE however is a little more
complex, and requires molding techniques that are only now becoming available for
acrylic materials (Evonik Industries 2012), but not yet for glasses such as fused silica.
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4.2.4 Cassegrain Designs
The Cassegrain system is a reflective CPV concentrator, designed specifically
with a shortened concentrator length in mind. It takes its design cues from that of
Cassegrain-type telescopes, where the converging light cone from a primary mirror is
picked up and reflected by a secondary mirror. This secondary mirror is designed to bring
the sunlight to a focus near the center of the primary mirror’s vertex. A simple Cassegrain
design is shown in Fig. (4.18). By using two reflective surfaces, the ray deviation caused
by each surface can be large, allowing the convergence of the beams onto the solar cell to
be achieved in a relatively short form factor. CPV units composed of tiled Cassegrain
optics have been fabricated and are generally thinner than their Fresnel counterparts.

Figure 4.18: Simple Cassegrain Concentrator
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When the SMS design method is applied to create a Cassegrain-type system, a
system like that shown in Fig. (4.19) is developed. This system is said to aplanatic, which
means that both spherical aberration and coma are eliminated by choice of both the
mirror’s placement and surface figure. The Köhler integration in one direction causes the
blue vertical rays to arrive at the center of the receiver, while the orange edge rays from
either end of the acceptance angle θA are brought to a focus at the edges of the receiver.
To create this effect, the primary mirror is nearly parabolic, while the secondary mirror is
highly aspheric, meaning its surface is not defined by a simple spherical curvature.

Figure 4.19: SMS Cassegrain Concentrator (Chaves and Hernandez 2013)
Fabrication technology for the creation of molded reflective optics for Cassegrain
systems is quite mature, however the protection and longevity of front surface reflective
optics with highly reflective metals is not well tested for 20 years in the field; large
Cassegrain telescope systems recoat their mirrors once every two years, which isn’t
economical for the CPV industry. The need for an additional protective cover glass over
the incoming light-path also limits the optical efficiency of the complete system.
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4.2.5 Dish-Based Designs
A dish-based design utilizing a paraboloidal dish to focus sunlight onto an array
of solar cells is shown in Fig. (4.20). As mentioned in Chapter 1.3, the use of a reflective
paraboloidal dish to focus sunlight was the first effectively demonstrated concentration
method. It is therefore not surprising that commercial CPV systems utilizing a fast
paraboloidal dish are not new. Solar Systems Pty Ltd of Australia uses a 15 m diameter
segmented dish to illuminate a square 0.5 m dense-packed array of MJ cells surrounded
by reflectors on all sides (Solar Systems Pty Ltd. 2013). This design cools the densepacked array of cells with active liquid cooling via a heat exchanger to keep the MJ cells
at an efficient operating temperature even under concentrations exceeding 1000x suns.

Figure 4.20: Simple Dish-Based Concentrator
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While large parabolic collecting mirrors enable the use of many MJ cells at each
focus, dense-packed arrays introduce several technical challenges. Often, no provision is
made to direct light away from the light-insensitive electrical bus-bars on the front
surface of the array, causing losses and reduced efficiency. Also, the illumination is not
uniformly distributed across the array, causing loss of power when individual cells are
connected in series. Furthermore, small mispointing of the optical axis away from the sun
causes the illumination to become more uneven, which further reduces power output. The
heavy, high-performance trackers used to mitigate this problem through precision
pointing drive up the total cost of the systems.
The advantages of achieving more uniform concentrator cell illumination and a
higher acceptance angle through the use of Köhler illumination design are well known for
the Fresnel and Cassegrain cases (P. Benitez, et al. 2010) (Casserly 2001). In recent years
there has been progress made on Köhler integrators utilizing freeform Fresnel lenses and
Dish mirrors to achieve a CAP as high as 1.0 for reflective primary optical element (POE)
designs (Hernandez, et al. 2007) (Dross, et al. 2008).
Because of free-form manufacturing limitations, these designs are limited in unit
size so that a single POE is coupled to a single SOE illuminating only one cell. To
increase module power, multiple units are tessellated into rectangular or hexagonal arrays
with the cells separated by the width of each unit. Because of their low cell density,
passive cell cooling through convection is the only economical choice to keep the cells
efficiently cooled, thermally limiting the maximum concentration.
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4.3 XRX-KÖHLER CONCENTRATOR DESIGN
The drawbacks to dish-based CPV designs, namely uneven illumination
uniformity and stiff tracking tolerances, are mitigated with the use of an XRX-Köhler
Concentrator design (Coughenour, Stalcup, et al. 2014). This design seeks to merge
large-scale sunlight collection and high tolerance to mispointing, while maintaining
uniform illumination of an array of MJ cells with simple low-cost optics. The separation
of tlarge components that can last 20+ years, the two-axis tracker and mirrors, from a
smaller upgradeable power conversion unit (PCU) containing the MJ cells is an economic
strength in a fluctuating solar energy market with changing demands and requirements.
The XRX-Köhler Concentrator design utilizes a paraboloidal dish reflector to first
focus sunlight into the center of a fused-silica ball lens, shown in Fig. (4.21). The Köhler
stabilization from a projection optic is performed by the refracting surfaces of this lens.
Shown in Fig. (4.21a), the lens images the square paraboloidal collecting mirror onto a
curved image surface, achieving stabilized illumination across the curved image surface
defined by the system’s Petzval curvature. Due to the imaging property of this projection
optic, on-axis parallel light rays are seemingly unperturbed by the lens, Fig. (4.21b),
while off-axis rays within the system’s acceptance angle are bent back onto the curved
image surface by the lens, Fig. (4.21c). Equating this to Köhler Illumination in Fig. (4.8),
the primary mirror acts as the condenser, placing an image of the sun source into the
center of the projection optics, the ball lens. The ball lens then images the condenser
mirror onto the curved image surface to achieve equal illumination.

124
Curved Image Surface

Curved Image Surface

Ball Lens

Curved Image Surface

Ball Lens

Mirror

Ball Lens

Mirror

(a)

θ

Mirror

(b)

(c)

Figure 4.21: XRX-Köhler Advantages
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Figure 4.22: XRX-Köhler Concentrator XTP Design.
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After the concentrated sunlight is stabilized on the curved image surface, the light
bundle then needs to be binned into equal portions and further concentrated onto each
individual MJ cell in the separated array. This is achieved using a closely spaced array of
reflective truncated pyramids (XTP), each located with their entrance aperture coincident
with the curved image surface and their exit aperture illuminating a single concentrator
cell as shown in Fig. (4.22). The angle and depth of each XTP is chosen such that the
light reflected off their inner faces will evenly overlap onto the active cell area, even for
off-axis pointing Fig. (4.22b), an edge-ray design condition for a flat cone concentrator.
The biggest difference of our approach to this XRX-Köhler compared to an XRKöhler or RX-Köhler is in the design methodology. Instead of specifying the primary
optical element (POE) and secondary optical element (SOE) as freeform surfaces, we
limit these first two elements to curvatures that are easily manufactured even at low
volume, and very cheap to produce in high volume. The POE is simply a mirror slumped
into a paraboloidal shape, which generates a high power point focus, while the SOE is a
readily fabricated quartz sphere. This creates a symmetric all-glass POE/SOE system that
is easy to manufacture and align with no complex material molding. All the design
complexity in splitting up the light and achieving uniformity is then left to the XTP array,
which together divide the bundle of well-controlled light at the curved image plane into
bins of equal flux. The number of bins and concentration level at the cell exit face of the
XTP array design can be tailored to match requirements, and can be fabricated out of
metal or glass in any number of ways depending on the volume needed.
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4.3.1 Primary Collector Design
In a solar concentration system, the form of the primary collecting surface is
vitally important for a number of reasons. First, the sunlight incident on the area of the
primary collecting surface is ideally the only sunlight that has the opportunity to pass
through the optical system and reach the receiver or cells. As such, the precise area of the
collection surface can be used in conjunction with a Direct Normal Insolation DNI
measurement to determine the absolute instantaneous efficiency ηINS of the total system.
The DNI measurement is a measure of incident energy per unit time, in Joules/s,
across all solar wavelengths arriving at a flat area, in m2, placed perpendicular to the sun.
Therefore the fundamental quantity being measured is energy per unit time per unit area
Joules/s/m2, which will be easily recognized as the radiometric quantity of irradiance E,
given in Watts/m2. Using Eq. (4.1), multiplying the DNI irradiance E by the collection
aperture area projected normal to the sun gives the total power incident onto the
collection aperture. Actively measuring this incident power quantity at the same time as
the system’s output power gives an instantaneous efficiency ηINS number from

η INST =

Output(W )
Output(W )
=
2
Incident(W ) DNI(W m ) ⋅Collecting Area(m2 )

(4.36)

In addition to the projected area APROJ of the collecting surface, the actual shape is
important for Kohler illumination optimization assuming the primary collecting surface is
imaged onto a receiving surface at which light must be broken up in equal quantities.

127
In the XRX-Köhler design, the collecting surface is a square paraboloidal mirror.
Assuming the mirror is made from a heat-slumped piece of square glass, the projected
area of the slumped glass normal to the sun is not a perfect square, but instead a smaller
area because of the edges that have been curved towards the parabolic focus. To find the
form of the mirror’s projected area, we start with the equations that govern the arc length
of a parabola. Fig. (4.23) and Eq. (4.37-4.41) detail the trigonometry for finding arc
length and the corresponding variables. The focal length of the parabola is given by f, the
radius r is the perpedicular distance from the axis of symmetry to the edge of the
parabola, a is the parabolic arc length, and s is the sag from the edge of the parabola to
the axis intersection. θ is the diagonal angle of rotation, perpendicular to the optical axis,
that sweeps out the arclength segment to make a curved three dimesional mirror segment.

Figure 4.23: Geometry for finding the length of a parabolic arc
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h=
q=

a=

r
2

f 2 + h2

(4.37)

(4.38)

⎛ h + q⎞
hq
+ f ln ⎜
f
⎝ f ⎟⎠

(4.39)

rθ =0
cosθ

(4.40)

r2
4f

(4.41)

a=

s=

For a round or square mirror of given dimensions, we use these equations with the
arc length a as a known quantity and solve for the radius r and sag s for different arc
lengths from the center of the mirror. For most slumping applications involving thin plate
glass where the thickness is much less than the length and width, we can assume the
thickness of the glass remains constant so that the original outside dimensions of the glass
will be equivalent to the arc length of the formed mirror.
Fig. (4.24) and Fig. (4.25) demonstrate the slumping property of the square mirror
design. The square purple surface is the square form of a glass mirror before slumping,
while the yellow surface is after slumping. The yellow line on the purple surface is the
projected mirror area onto a flat surface after slumping – this is the area of the mirror that
is seen by the sun. If the mirror had retained the same projected area before and after
slumping, it would have the form of the blue surface outlining the yellow surface. This
blue surface is the amount of projected surface area that is lost by the slumping process.
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Figure 4.24: Paraboloidal Slumped Mirror Projection

Figure 4.25: Paraboloidal Slumped Mirror Projections (closer view)
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The final parabolic form of a square mirror is slightly more complex to find than
that of a round dish because the arc length is not rotationally symmetric. For an example
with scale, we use our Gen 3 prototype system, which uses a square piece of glass with
dimensions 1.65 m x 1.65 m that will be slumped to a 1.5 m focal length. The projection
of this dish is shown in Fig. (4.26).

Figure 4.26: Square Paraboloidal Slumped Mirror Projection
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θ

a (mm)

f (mm)

q (mm)

h (mm)

r (mm)

s (mm)

0°

825.00

1500

825.00

407.55

815.1

110.731

5°

828.15

1500

828.15

409.05

818.1

111.548

10°

837.73

1500

837.73

413.7

827.4

114.098

15°

854.10

1500

854.10

421.55

843.1

118.470

20°

877.95

1500

877.95

433.05

866.1

125.022

25°

910.29

1500

910.29

448.55

897.1

134.131

30°

952.63

1500

952.63

468.8

937.6

146.516

35°

1007.14

1500

1007.14

494.75

989.5

163.185

40°

1076.96

1500

1076.96

527.8

1055.6

185.715

45°

1166.73

1500

1166.73

570

1140

216.600

Table 4.2:

Slumped Square Mirror Example Dimensions

From the dimensions in Table (4.2), a slumped mirror is constructed in a
mechanical Computer Aided Design (CAD) program like Solidworks, and found to have
a projected area of 2.633 m2, nearly 3% less than the non-slumped glass area of 2.715 m2.
This 3% difference will be significant when calculating the instantaneous efficiency ηINS
of the system.
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4.3.2 Projection Optic Optimization
The design considerations of the reflective X and refractive R surfaces of the
XRX-Köhler optical design are detailed in Fig. (4.27), which is recreated from (Angel
2013). Collimated on-axis light reflects off the mirror at an angle β with the optical axis.
Light rays pass through the focal point of the mirror, located inside the ball lens of radius
a, before arriving at the curved image surface with radius b from the center of the ball.
To optimization the Köhler illumination properties of this design, the ball lens
size is first tailored as a field lens to increase the system’s acceptance angle θA. The
practical limitation of the field lens to stabilize the irradiance on the receiver is defined
by the focal length of the reflector f and the ball radius a. Aberrations at the stabilized
receiving surface remain low as long as the off-axis sun image falls within a/2 of the ball
center. Thus, the maximum allowable misalignment, or acceptance angle θA, is given by

θA =

a
,
2f

(4.42)

where θA is in radians. For a fixed acceptance angle θA, Eq. (4.42) shows that as the focal
length f of the mirror decreases, so does the radius of the ball lens a. The ball lens volume
is proportional to the cube of the ball lens radius, and so for economically practical
purposes, we desire the ball size to be minimized so that the mass and therefore cost of
fused silica is reduced.
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Figure 4.27: XRX-Köhler Optical Design
The radius of the curved image surface b is found by solving for the focal length
of the ball lens. Assuming that the focal length of the mirror f >> a, the ball lens will act
as though imaging a distant object, the mirror, onto its focal plane, the curved image
surface. Given the index of fused silica at 500 nm is n = 1.458, the effective focal length
of the ball lens eflBALL is found from the paraxial imaging relation (Greivenkamp 2004)
eflBALL =

nR
1.458a
=
= 1.59a.
2(n − 1) 2(0.458)

(4.43)

Because of spherical aberration, the optimum location of the image surface b is actually
within the paraxial focus found in Eq. (4.43). The best image of the concentrator over the
stabilized region is actually located at an intermediate focus located between the ball
lens’ paraxial and marginal foci given by
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b = 1.546a

(4.44)

Next, the mirror’s focal ratio, or ‘F-number’ given by F/# = f/D, is optimized to
increase the concentration level. To find how concentration depends on the mirror’s focal
length, first the distance s, between the paraboloidal mirror surface and the focus is found
using trigonometry in Fig. (4.27) to be

s=

⎡
⎛β⎞
⎛ β⎞⎤
f 2 ⎢1+ 2 tan 2 ⎜ ⎟ + tan 4 ⎜ ⎟ ⎥ .
⎝ 2⎠
⎝ 2⎠⎦
⎣

(4.45)

Using Eq. (4.45), the concentration on the curved image surface, C1, can be found by
solving Eq. (4.28) for f, b, and the reflection angle β to obtain

A ⎡ s 2 / b2 ⎤ ⎛ β ⎞ ⎛ f ⎞
C=
=⎢
=
⎥ cos
A′ ⎣ cos( β / 2) ⎦ ⎜⎝ 2 ⎟⎠ ⎜⎝ b ⎟⎠

2

⎡
2⎛ β⎞
4⎛ β⎞⎤
⎢1+ 2 tan ⎜ ⎟ + tan ⎜ ⎟ ⎥ .
⎝ 2⎠
⎝ 2⎠⎦
⎣

(4.46)

Eq. (4.46) is plotted below in Fig. (4.28), showing how C1 increases rapidly across the
curved image surface as reflection angle β increases away from the optical axis.

Figure 4.28: Reflection Angle β vs. Concentration Level
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The maximum reflection angle β is limited by the maximum diameter of the
mirror D as shown in Fig. (4.27). As the reflection angle β decreases, better uniformity
across the curved image surface is obtained and the F/# increases (f/D>>1) with the
reduced relative mirror diameter D. However, this has an adverse effect on the system
cost because as the relative mirror focal length f is increased, from Eq. (4.42) so does the
ball radius a, if the same acceptance angle θA is to be maintained. A larger ball lens is not
practical, as again we desire to reduce the mass and cost of the fused silica. Given that the
ratio f/b from Eq. (4.46) is fixed by the desired concentration, the ratio of ball radius a to
mirror diameter D, and β, can only be reduced by using a mirror of reduced F/#. This
requirement for a small focal ratio drives the XRX-Köhler design in two important ways.
First, given a higher angle β, there will be a significant change in concentration
level across the curved image surface. Using the relation given in Eq. (4.44), the ratio of
edge C1edge to center C1center concentration depends only on F/#, and is solved to be

C1edge
C1center

= 1+

1

8( F # )

2

+

1

256 ( F # )

4

.

(4.47)

As an example, the Gen 2 prototype system described in Section 5.3.1 has a fast focal
ratio of F/0.46 defined from corner to corner of the square paraboloidal dish. In this
system, C1 increases from 465x at the center to 780x at the edge of the curved image
surface. To achieve equal concentration of sunlight at the cells, the design of the XTP
array located at this surface must take this concentration profile into account by reducing
the size of their entrance apertures, defined by α, as reflection angle β increases outward

136
from the optical axis as shown in Fig. (4.29). When the entrance apertures are designed
correctly for the integrated concentration across their areas, the integrated irradiance
reaching each MJ cell will be equivalent and matched over the entire segmented array.
Second, because a fast paraboloidal mirror as seen from its focus subtends a wide
angle, a field lens must image over a correspondingly wide field of view. This wide field
of view is achieved by the symmetry of the ball lens focusing onto a deeply curved
concentric image surface. By substituting Eq. (4.42) and Eq. (4.44) into Eq. (4.46), we
find that the maximum acceptance angle θA, is related to the central concentration C1 by

C1 ≈

0.1
.
θ A2

(4.48)

For the Gen 2 prototype system, the silica ball lens chosen to be used with the
F/0.46 reflector to produce a geometric concentration C1 = 465x at the curved image
surface will provide illumination independent of mispointing angle up to θA = 0.015 rad =
0.85°. If we solve Eq. (4.42) with the Eq. (4.31) expression to obtain the acceptance angle
for the edge of the curved image surface with C1 = 780x, we obtain the same result.
4.3.3 XTP Design Optimization
The reflective truncated pyramid XTP array serves two purposes. First, it further
concentrates the sunlight by an amount C2, unique to each funnel, so as to compensate for
the varying concentration C1 across the curved image plane. Second, it provides for gaps
between each individual MJ cell for electrical conduction and optically inactive parts of
the cell, virtually eliminating gap losses between cells found in dense-packed arrays.
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The XTP design consisting of hollow metal elements with silvered reflective X
sides is the basis for the second ‘X’ designation in the XRX-Köhler name and are special
in relation to other Kohler concentrator systems in that they split the light up into an array
of solar cells. These metal elements could also be replaced by an array of glass total
internal reflection concentrators (TIRC). A comparison of XTP versus TIRC performance
for this system shows that while the TIRC obtains a 5% better acceptance angle for the
system from the increased index, the TIRC front-surface adds an additional loss that is
not present in an XTP element containing an equal number of internal reflections. Due to
this additional Fresnel reflection, the TIRC array forfeits a more substantial 2.5% total
system efficiency loss compared to the loss from silvered, 96% reflective XTP elements
in the array geometry shown in Fig. (4.29) (Coughenour, Wheelwright and Angel 2012).
g
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Figure 4.29: XRX-Köhler XTP Design
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Fig. (4.29) shows the geometry of on-axis rays reflected off the XTP’s inner
facets, whose edges are tilted from the entrance face normal by slope angle ω. The rays
pass through the center of the lens and into the entrance aperture of the XTP at a distance
b and subtending angle α from the center of the ball lens. The exit of the XTP is reduced
in area relative to the entrance aperture by the secondary concentration ratio C2 given by
−2

⎡
⎤
2t
C2 = ⎢1−
tan(ω ) ⎥ .
⎣ αb
⎦

(4.49)

This is the average XTP concentration ratio, as in general the slope angles for different
sides of each XTP will be different as the concentration C1 across the curved image
surface changes with reflection angle β as given by Eq. (4.46). For the geometry shown in
Fig. (4.29) with the XTP depth optimized for uniform cell illumination, the preferred
ratio of XTP depth t to entrance aperture width is dependent only on XTP slope angle ω
and α. This is because the condition for uniform illumination on-axis occurs when the
extreme edge ray reflects to strike the center of the exit aperture. Equating the half-width
of the entrance face given by the incident and refracted arrays, we obtain
1

2

b⋅sin α = t ⋅ tan(2ω + α / 2),

(4.50)

which is solved to obtain the ratio of XTP depth t to entrance face width αb via
t / αb =

1

2

tan(2ω + α / 2).

(4.51)

Plugging this into Eq. (4.49), the secondary concentration C2 for uniform illumination is

⎡
⎤
tan(ω )
C2 = ⎢1−
⎥.
⎣ tan(2ω + α / 2) ⎦

(4.52)
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This relationship was used to design an XTP array model in non-sequential raytracing code. By varying the cell depth within the XTP, a raytrace was used to find the
concentration level C2 that achieved the best uniformity, quantified by a merit function
σ/<E> where E is the collected power and σ is the standard deviation of the irradiance. It
was found that this merit function was minimized for concentration ratio C2 = 2.57x
(Butel, et al. 2011). To achieve good uniformity for off-axis pointing as well, the average
concentration ratio of the funnels was designed to be a C2 = 2.5, a little less than the onaxis optimum.
If the optical transfer efficiency of the system is defined as ηOPT, then the overall
concentration C seen by the cells is
C = ηOPT C1C2

(4.53)

so that if the optical efficiency ηOPT = 80%, the average C1 = 500x and average C2 = 2.5x,
then the system will have an overall concentration C = 1000x at the cells. It is important
to note that a deeper XTP has a higher concentration C2 so that a smaller concentration C1
is required at the curved image surface. An important consequence is that for a given
overall concentration, an XRX-Köhler system with an array of deep XTP’s have
increased tolerance to mispointing since the acceptance angle θA set by the ball lens
radius in Eq. (4.42) applies only to the curved image surface’s concentration C1.
It is by optimizing this XRX-Köhler system design with respect to radiometric
principles that the concentration factor, illumination uniformity, optical throughput, and
off-axis performance be optimized in a cost-effective manner.
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CHAPTER 5: ILLUMINATION OPTIMIZATION
To optimize a complex illumination system like that of the XRX-Köhler design,
many operations are processed as the designer tweaks and tailors the optical components.
To allow for rapid, fine adjustment of specific optical components, computer aided
techniques are needed. As each component is adjusted, the designer examines the effect
on the overall performance of the system. To observe how one surface adjustment affects
how the light passes to the next surface, light is broken up into many rays, which travel
straight in the medium between components. Upon reaching a component, a ray will then
refract, reflect, scatter, or be absorbed depending on the component’s optical properties.
The computer algorithms and software packages used to launch rays from a source and
perturb them with optical components are collectively called ray-tracing software.

5.1 SEQUENTIAL RAY-TRACING OPTIMIZATION
Optical system design was once a process done on paper, with a designer
sketching rays and calculating angles from one optical surface to the next until the rays
from an object arrived at an image plane. Optimization was then a step-by-step process
where each surface was perturbed in the sketch and the new ray angles traced until the
marginal and chief rays arrived at the image plane at the correct locations to give a good
image. This type of design and optimization is called sequential ray-tracing, because
each ray propagates through a series of surfaces in a fixed order.
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When designing a basic illumination system the designer is not often interested in
the location of an object or image. Instead, the illumination designer is more often
attempting to get the rays emitted from a source to arrive with a specific pattern and angle
distribution onto a target surface. In this case, rays may refract or bounce off any number
of optical surfaces before arriving at the detection area and so the ray-tracing algorithm
must not be restricted to a particular sequence. This type of design and optimization is
called non-sequential ray-tracing, because each source ray is allowed to refract, reflect, or
be absorbed upon reaching any optical element regardless of the order.

5.1.1 Ray-Tracing Software
Although illumination systems most often involve non-sequential ray-tracing of
sources, sequential ray-tracing is still needed when some properties of the illumination
system are dependent on imaging constructs. Often times, an illumination system
contains both imaging and non-imaging aspects, e.g. microscopes and projectors.
A projector that uses Köhler illumination is shown in Fig. (5.1) from (Arecchi,
Messadi and Koshel 2007). It has two optical sub-systems that can be designed as
separate configurations in a ray-tracing system. The first sub-system can be designed
with non-sequential software to image the source into the projection optic via the
condenser lens. In the second sub-system, a projection optic images the film at the
condenser onto the viewing screen. This second sub-system is designed using sequential
ray-tracing to take a flat object and magnify it into a large image.
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Figure 5.1: Köhler Imaging Sub-Systems
The projection system design is not unlike that of the XRX-Köhler design, as
shown in Fig. (5.1). The condenser of the projector can be equated to the primary
concentrating mirror, while the projection lens is similar in function to the ball lens. The
first optical sub-system, denoted by the orange rays in Fig. (5.1), consists of the sun
source, concentrating mirror, and sun image within the projection lens, and can be
designed primarily using non-sequential ray-tracing. The second optical subsystem,
denoted by the black rays in Fig. (5.1), consists of the mirror as the object, projection
lens, and solar cell image surface, and can be designed best using sequential ray-tracing
software because of the need for image quality optimization.
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5.1.2 Basic Imaging and Fields
There are many sequential ray-tracing programs available to the optical designer,
chief among them ZEMAX, Code-V, and Oslo. Purely because of my familiarity with
ZEMAX, I chose to do optimization in this software package. Below in Fig. (5.2) is an
example of the GUI for ZEMAX, which is representative of most sequential ray-tracing
programs. The optical system being modeled is that of the second Köhler optical subsystem that uses the projection lens to image the primary mirror onto a cell image plane.
This example is actually a version of the Flat Telecentric Wedge System embodiment of
Section 5.3.5. The lens design optimization in ZEMAX is done to bring an image of the
large, steeply-curved primary mirror onto a flat image plane, where an array of secondary
concentrators breaks up the light evenly and distributes it onto a flat array of MJ cells.

Figure 5.2: Sequential Ray-Tracing GUI
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The Lens Data Editor (LDE) in the center of the screen in Fig. (5.2) is shown in
detail in Fig. (5.3). The LDE is where most of the user inputs happen in the optical design
code. It lists in sequential order the optical surfaces and their properties, such as radius,
thickness and glass type, which can be edited by the user. Each property can be fixed or
made to be variables that the optimization process will use in an attempt to minimize the
optical quality merit function specified by the user. Values in the LDE are in millimeters.
In Fig (5.3), the first row of the LDE specifies the object surface. The object
surface properties in this case are left undefined so that the object can be instead defined
by the next three surfaces, a paraxial surface 1 that launches the object rays toward a
focus 1.5 m away, a second surface 2 with a thickness of 1.5 m that places the third
surface 3 a focal distance way from the paraxial image plane. Surface 3 then takes on the
qualities of a paraboloidal mirror, shown in Fig. (5.4) with radius 3 m, focal length 1.5 m,
and a conic of -1.0. The mirror is made square by selecting the surface and assigning in a
square aperture with corners defined by the LDE’s semi-diameter field. In this example,
the mirror size and focal length had already been optimized for a low F/#, as shown in
Fig. (5.4), which is an important part of the XRX-Köhler design.

Figure 5.3: Lens Data Editor
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The following fields in the LDE specify the surfaces of the multi-element
projection lens in this example, shown in graphical detail in Fig. (5.5). Surfaces 4 and 5
specify a thin curved piece of glass of radius 500 mm and thickness 7.5 mm. This optical
element has no power, but is designed to act as protection of the surfaces placed closer to
the high-flux focus. Surface 6 defines the system stop location, which is ideally where the
image of the sun source will be located in the XRX-Köhler system, and is made variable
in the LDE. Surfaces 7 and 8 define a thick concave-convex fused silica lens that bends
the light rays incident from the fast paraboloidal mirror at large angles around towards a
controlled focus. Surfaces 9 and 10 define a bi-convex fused silica lens that acts to take
the bent rays from the previous lens and control their focus onto a flat, image plane
defined by surface 11.
This multi-element projection lens creates an optical system that is substantially
telecentric, meaning that rays entering the system parallel to each other exit the system
parallel to each other. This is apparent if we observe the on-axis rays, the central most
lines, in each subset of different color raysets in Fig. (5.5). On-axis rays incident on the
mirror are parallel to each other before being reflected in the way shown in Fig. (5.4).
When they leave the final lens and arrive at the image plane in Fig. (5.5), the central rays
of each rayset arrive at the image plane parallel to each other. Next an explanation is
needed for why each subset of rays is shown as 10 lines diverging from different points
on the mirror and converging onto the image plane. To understand that, we must look at
the field points specified by the Field Data Editor (FDE) shown in Fig. (5.6).
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Figure 5.4: Optical Model of Paraboloidal Mirror Concentrator

Figure 5.5: Optical Model of Projection Lens
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Figure 5.6: Field Data editor

Figure 5.7: Field Bundles launched from Mirror Locations
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The FDE specifies which object points rays should be traced from. Since these ray
bundles are then used for system optimization, generally a few important points of the
object should be traced. For a rotationally symmetric system, three common field points
are often chosen on-axis, at the objects absolute height, and at 0.7 of the objects height,
since half of the object’s light by area will fall within a circle radius of 0.7, and half will
fall outside of this radius.
For a non-rotationally symmetric system, like that of the XRX-Köhler system,
more points are needed to better optimize system performance. In the Field Data Editor
(FDE) in Fig. (5.6), 10 field points are specified based on angle from the origin of the
system. The ray bundles traced from these corresponding field points located on the
primary mirror are shown in Fig. (5.7). Central locations and edges of the mirror are
chosen so that a representative sample of the mirror object area is taken into
consideration by the merit function. The ray bundles in Fig. (5.7) are launched toward the
system stop at the focus of the mirror, which is half the distance of the mirror’s radius of
curvature. Around this system stop is where the projection lens element or elements are
placed.
Fig. (5.8) shows a closeup of the ray bundles traveling through the projection lens.
If the lens system is optimized so that all 10 field points on the mirror come to a good
focus on a square flat surface located behind the projection lens, then this imaging system
is considered to be well optimized. The image footprint diagram of Fig. (5.9) provides a
way to visualize the size of each field bundle’s focus spot.
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Figure 5.8: Bending of Field Bundles through Projection Lens

Figure 5.9: Image Footprint Diagram
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Additional features that are observed in ray-tracing codes are optical effects like
vignetting. This is shown in Fig. (5.8) for the off-axis bundles of light where substantial
numbers of the light rays in each cone from the larger field angles are seemingly cut-off
as they pass through certain optical surfaces. This effect means that less light from that
specific object point is reaching its intended target on the image plane. In an optical
camera system, this is observed by the apparent effect of darkening around the outer
corners and edges of an image. In an illumination system, less light arriving on the outer
parts of the image plane relative to the center of the image plain indicate a decrease in
illumination uniformity.
The footprint diagram of Fig. (5.9) details the size of all 10 image fields from
each infinitely small spot on the primary mirror’s surface. This image size is 96 mm
square, so each spot size is approximately 8 mm in diameter. This means that the image
of the primary mirror would be blurred in all directions by about 8 mm. While this is not
acceptable image quality for a camera system, the uniformity of the spot size across this
field is probably acceptable for most illumination applications considering the correction
that has been done on the field angles to make them telecentric to the image plane.
In addition to the spot size, the number of rays from each bundle in Fig. (5.9) also
expresses the number of rays in each bundle that made it through the optical system. The
4 outermost fields have a substantially fewer number of rays in their spots due to
foreshortening of the pupil and vignetting of their ray bundles at the first optical surface
as shown in Fig. (5.8). If the sun angular size were comparable to these ray bundles at the
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focus, then parts of the concentrated sunlight from those field positions would actually be
blocked by non-optical components in the projection lens system.
The optimization of this system is done via perturbation of variables in the LDE
to iteratively minimize the merit function, a numerical estimate of optical performance.
The merit function is composed of a set of operations assigned in the Merit Function
Editor (MFE), shown in Fig. (5.10). The merit operation name is listed in the first two
columns, followed by the surfaces that operation applies to. The last four columns detail
the target number for that function, the weight placed on reaching that number relative to
the other merit operation, the current value of that merit operation, and the amount that
merit operation contributes to the total system optimization in percent.
This DIST operation expresses the desired distance between surface 0 and 1 to be
close to 10mm. This number is obtained from the desired location of the sun spot focused
from the mirror. The RANG operation expresses the desired ray angle to be 0 between
surface 11 and 1, effectively forcing the rays arriving at the image plane to be parallel or
image-space telecentric. The EFFL operation expresses the desired effective focal length
of the lens system to be 63mm, a number obtained from the desired concentration level at
the image plane. The DMFS operation expresses the default merit function, which
specifies that either spot size or field slope be reduced to as small as possible at the image
plane. After all these operations are specified, the optimization tool is run which perturbs
the different variables of the LDE, determines whether the merit function has gotten
better or worse, and iterates until the differential performance change is minimal.
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Figure 5.10: Merit Function Editor

5.1.2 Aberration Correction
The example of Section 5.1.1 was optimized for the specific application of
imaging a primary concentrator mirror onto a flat image plane in the smallest distance
possible. No attempts were made in the merit function to correct for even first-order
aberrations such as spherical, coma, and astigmatism. To demonstrate a merit function
optimization for some simple aberrations, another concentration system is shown below
in Fig. (5.11).
This system contains the same primary mirror, but now only two lenses are placed
following the system’s stop. As detailed in the LDE of Fig. (5.12), these lenses are both
restricted to one flat surface and one-spherical surface to make them ideal lenses that
could be manufactured at low cost as whole spheres and simply chopped in half before
being mounted into the optical system. The lens are fixed relative to each other, but the
distance to the stop and to the image plane on either side is set to be variable.
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Figure 5.11: Half-Spheres Optical System and Footprint Diagram

Figure 5.12: Half-Spheres LDE

Figure 5.13: Half-Spheres MFE
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The image surface is a 46 mm square and as demonstrated by the footprint
diagram of Fig. (5.11) achieves and even smaller spot size than the previous example,
especially for the large field angles representing the edges of the mirror. This imaging
performance is achieved by correcting for the first-order aberrations of astigmatism and
coma, as denoted by ASTI and COMA in the MFE of Fig. (5.13). While the same merit
operations for effective focal length and ray angle are kept from the previous example,
the addition of aberration merit operations contributes far more to the total merit function
calculation: astigmatism is a 12% contribution, while coma is a 50% contribution. The
correction for coma is so strong because of the wide field angles from the mirror.
An additional aberration correction in this example is for distortion, given by
DISG in the MFE. Distortion is especially high in the system, at 34% contribution,
because we are imaging a concave curved object onto a square image plane. This
conjugation causes pincushion distortion, which for this example is corrected so strongly
it has overcompensated into slightly barrel distortion. The distortion is seen by careful
inspection of the footprint diagram in Fig. (5.11). While the yellow and green dot both lie
equally square to the central blue dot, the red dot at the corner fall slightly inside of the
square’s corner. Apart from achieving perfectly corrected distortion, where the rod dot
would coincide with the square corner, barrel distortion is better than pincushion
distortion for a solar concentrator focusing onto a flat field because it will still allow all
of the light rays to will fall within the active solar cell area.
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5.1.3 Aspheric Lenses
An additional way to correct aberrations with minimal optical components is by
using aspheric optical surfaces. In the example of Section 5.1.2, there were only 4
variables that could be tuned to correct for focal length, astigmatism, coma, and
distortion. In this next example shown in Fig. (5.14), only one lens is used, but its two
surfaces are made to be aspheric, meaning in addition to a spherical term, each has
aspheric departures defined by a conic and a 2nd order term. Since thickness of the lens is
also variable, there are now 9 separate variables that the merit function can adjust for, as
shown in the LDE of Fig. (5.15).
In the merit function editor of Fig. (5.16), the effective focal length again sets the
concentration level while astigmatism, coma, and distortion aberrations are all
compensated for. Of these corrections, the only substantially uncorrected aberration is
distortion, which still takes up 17% of the merit function contribution. Since all the other
terms seen are near zero contribution, the other 83% of the merit function is contributed
entirely to the default merit function, which is attempting to make all 5 field bundles
converge into perfect spots.
The incredible correction of all fields is shown in the footprint diagram of Fig.
(5.14). The image is 60mm square, and the largest spot is only about 3mm in diameter.
Given how close the green spot is to the corner of the image array it is hard to imagine
there being much distortion at all, yet the merit function contribution demonstrates that
indeed the distortion level is on the same order as the spot size correction.
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Figure 5.14: Aspheric Optical System and Footprint Diagram

Figure 5.15: Aspheric Lens LDE

Figure 5.16: Aspheric Lens MFE
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In this first aspheric lens example the merit function made no attempt to have the
rays arrive at normal incidence to the image plane, meaning it wasn’t optimized to be
substantially telecentric in image space. Telecentricity can be helpful in a CPV system
because the cell response drops off with high incident angles of light. In the aspheric lens
of Fig. (5.14), although the rays arriving on the image plane from the outer field are well
corrected, the efficiency of the cells placed in the corners will be less even if the
irradiance pattern is relatively uniform. Because of this, we want the rays from each field
point to be incident relatively close to normal onto the image plane.
If we add this RANG operation to the merit function editor, set it to 0 in the MFE
and optimize, we obtain the example shown in Fig. (5.17). In this example the ray
bundles from each field point are arriving near normal to the image plane. What has been
sacrificed now is a larger image plane at 104 mm square, meaning a lower concentration
level, and a decrease in imaging quality from larger spot sizes, 8 mm diameter in the
corner field case.
Aspheric lenses are great in theory for image correction, and if they can be
molded out of spectrally clear materials, like fused silica, at low-cost, they could be used
substantially in dish-based CPV systems. However, beyond fabrication difficulties of this
lens, reliability concerns are also given to this design because of how close the front
aspheric surface lies to the focused solar spot. This design could cause smoking of the
front lens element from dust or foreign particles unless a glass window is added to protect
it as in the example of Section 5.1.1.
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Figure 5.17: Telecentric Aspheric Optical System and Footprint Diagram

Figure 5.18: Telecentric Aspheric Lens LDE

Figure 5.19: Telecentric Aspheric Lens MFE
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5.1.4 High Powered Spheres
The possibility of a glass window allows another way to use an aspheric surface
to make a correction to large field angles. A prime example it that of a negative powered
plano-concave aspheric window bending light before the solar focus and into a ball lens
as shown in Fig. (5.20). This window is helpful in correcting large field angles at certain
areas of the surface, ray bundles from only one field angle pass through it. By adjusting
the shape of the window locally at this location, correction can be made only to that
specific ray bundle while the other fields are unperturbed. Since the window is also at a
plane of lower concentration, it can be made of a more standard material like BK-7. With
this material, the window could have its convex aspheric surface molded, greatly
reducing the cost of fabrication.
By then focusing the light rays on a ball lens, the cost of manufacture is also
minimized while the window provides additional protection from the environment. When
you view something through a negative lens, it appears smaller than without it. Similarly,
from the ball lens perspective, the mirror now appears smaller with less extreme field
angles like shown in Fig. (5.20), meaning the fields are now easier to bend onto a flat
imaging surface. In the MFE, astigmatism, coma, and distortion can all be significantly
corrected by the variation of the aspheric surface and its distance to the solar focus.
However, creating an image space telecentric system is hard to achieve because of the
lack of ball variables. In the LDE of Fig. (5.21), the only ball variable is radius since its
thickness and spherical curvature are set by the restrictions of it being a ball.
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Figure 5.20: Negative Aspheric Imaging System

Figure 5.21: Negative Aspheric Imaging System LDE

Figure 5.22: Negative Aspheric Imaging System MFE
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To examine the changing image quality with ball lens radius, and thus optical
power, we only need look at the footprint diagram in each case. Fig. (5.23) details an
example of changing focus with ball lens radius. In Fig. (5.23a), the ball lens radius is
made to be 60mm. The effect is that the total power of the ball lens is reduced on each
surface causing the rays to not bend as significantly, thus not coming to a focus at the
image plane. The footprint of Fig. (5.23a) shows how rays arriving at a plane before
coming to their best focus create a ring pattern defined by spherical aberration.
The desire for reduced ball radius is an economical one, as the volume of the glass
in the sphere V = 4/3πr3, doubles for a radius increase of only 25%. However if it gets too
small, the lens has too much power. For the example of when the ball radius is reduced
by 20% from the nominal dimension to 40mm, the lens has too much power. As shown in
Fig. (5.23c), the rays come to a focus before the image plane, creating a beam footprint
with a central core surrounded by many rays that have since diverged from the focus spot.
This is what spherical aberration does to the focus spot beyond the marginal focus.
When the sphere radius is chosen right between these two values, a radius of 50
mm as shown in the LDE of Fig. (5.21), the system is optimized for best focus. This is
shown in Fig. (5.23b), where the beam footprint of the central field spot is a well-defined
spot with an RMS radius that is smaller than the after, Fig (5.23a), and before, Fig.
(5.23c) spots. The location and quality of the green corner field point shows that there is
still substantial spherical aberration and barrel distortion in the image of the primary
mirror, but not so much to make this system unusable. The simple fact that the more
easily fabricated ball lens can get such exceptional image quality at high concentration is
a testament to the symmetry of the system. If the image plane was allowed to be curved,
the image quality is better, even in the absence of a window with aspheric correction.
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Figure 5.23: Through Focus with Changing Ball Diameter
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5.1.5 Off-Axis Field Correction
Simple estimates of illumination field performance can be modeled in sequential
ray-tracing to view how rays from on and off-axis sun field angles arrive at the image
plane of a previously optimized system. This is demonstrated by using an optimized
example of Section 5.1.4 with the lens data of a different imaging configuration, shown
in Fig. (5.24) and represented in Fig. (5.25). Here, the field angles are defined as in Fig.
(5.26) to represent the on-axis and off-axis cases of ± 0.25° and ± 0.5° for a star-like
source before arriving at the mirror. After mirror reflection and refraction from the
window, these rays are shown to arrive at the solar focus in the center of the ball that is
spread out depending on the field angle they were launched from. Since the sun subtends
± 0.25° itself, the size of the sun image can be estimated from these field angles.
A solid rendering of these ray sets is shown in Fig. (5.27), and the corresponding
footprint at the cell-imaging plane after the solar focus is shown in Fig. (5.28). This
footprint demonstrates the illumination field correction for both on and off-axis system
illumination. The separation of field spots demonstrates light density, with a larger
separation meaning a lower irradiance as seen in the corners. The pincushion distortion
created by this optimization is clearly viewed in all fields, from the on-axis blue rays to
the ± 0.5° off-axis purple and yellow rays. With this type of illumination pattern arriving
at the target plane, it is clear that the secondary concentrators placed at this surface must
collect all of the on and off-axis distorted light bundles and appropriately distribute them
to the cells. This task requires optimization with non-sequential ray-tracing algorithms.
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Figure 5.24: Negative Aspheric Illumination Configuration

Figure 5.26: Negative Aspheric Illumination Configuration LDE

Figure 5.25: Negative Aspheric Illumination Field Data
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Figure 5.27: Negative Aspheric Illumination Configuration Fields

Figure 5.28: Negative Aspheric Illumination Configuration Footprint
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5.2 NON-SEQUENTIAL RAY-TRACING OPTIMIZATION
When the rays in an optical system must be allowed to trace through multiple
optical paths in a sequence that is not pre-defined, a non-sequential ray-tracing algorithm
is needed. This is especially common in illumination because the most valuable metric is
often identifying all possible ray paths leaving the source and deciding which paths are
optimal.
An example of multiple ray paths in the XRX-Köhler concentrator system is
shown below in Fig. (5.29), which could easily be the next progression in optimization of
the design from the ball lens example of Section 5.1.5. The ball lens here is partially
surrounded in one hemisphere by an array of secondary concentrating funnels, the second
‘X’ in the XRX designation. These optical elements are fundamentally dissimilar from
the single concentrating mirror ‘X’, and single projection optic ‘R’, because they serve to
strip the single bundle of light from these components into multiple bundles of light that
don’t interact with the adjacent bundles. This is the benefit of non-sequential ray-tracing.
The rays of light, shown in black in Fig. (5.29) are light rays from the solar disk
that are focused into the ball from a mirror located to the left of the image. The thinnest
part of the bundle, the light ‘waist’, near the center of the ball lens is where the focus of
the sun is located. This waist describes the angular divergence of the sun’s focused image
at the center of the ball lens when the system is aligned with the sun on-axis. The light
rays then diverge from this waist, exit the ball, and arrive at the front face of the
secondary concentrating elements where they are split into 7x7 equal bundles of light.
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Figure 5.29: Non-Sequential Ray-Tracing
The light rays of each new ray-path then reflect down the tapered sides of a
concentrating element and emerge at the cell locations. When split at the front face of the
concentrating elements, ideally rays that enter the new ray-path do not interact with the
light rays of the other ray-path. However, if the rays are retro-reflected, scattered, or
transmitted out of each concentrator element, they may re-enter the ball lens or pass into
an adjacent concentrator’s ray path. Non-sequential ray-tracing allows all of these
possibilities to occur based on the multiple properties of each ray: angle, power,
wavelength, polarization, etc., and properties of each surface: index, refraction,
reflection, absorption, scatter, etc. that the ray might arrive at.
This unconstrained ray-tracing allows much more realistic lighting scenarios to be
modeled, because light rays in reality are not constrained to interacting only with
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particular surfaces. Variants of the algorithms used in non-sequential ray-tracing software
are used to approximate realistic lighting in Computer Generated Graphics (CGI) like
those found in video games and films. The difference in accuracy and processing speed is
entirely in how precise the algorithms used are. Realistic lighting in computer graphics
that are generated in real-time, like at 60 frames-per-second in video, are currently done
using algorithms that quickly approximate the light source ray path, power, surface
reflections, and diffuse characteristics.
Non-sequential ray-tracing programs for optical design, however, are much more
exact. Given an infinite number of rays and surfaces of materials with characteristics that
are perfectly measured and represented, a realistic model of the illumination pattern in a
scene from one or more light sources could be represented exactly how it appears in
reality. Here reality can be a little bit fuzzy though, because the human’s eye perceptive
resolution, focus, and color characteristics are a bit different in every person, yet a good
visual approximation can usually be made.
The use of non-sequential ray-trace programs to calculate precise irradiance maps
and fluxes onto detector surfaces is especially important for solar concentrators utilizing
MJ cells. Example non-sequential ray-tracing design programs include LightTools,
FRED, ASAP, and TracePro. Purely because of my familiarity with FRED, I chose to
perform illumination optimization in this software package. Shown in Fig. (5.30) is an
example of the Graphical User Interface (GUI) for FRED, which is representative of most
non-sequential ray-tracing programs’ interfaces.
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Figure 5.30: Non-Sequential Ray-Tracing GUI
Most of the graphical interface in a non-sequential ray-tracing program displays
the three-dimensional layout of the illumination system. In Fig. (5.30), the secondary
optical system of the XRX-Köhler design is displayed with rays from a solar source
tracing through it at an off-axis incident angle. The embodiment shown is detailed more
in Section 5.3.6, and includes a spherical ball lens followed by four flat quadrants of cells
each with an array of concentrating wedges located above them.
On the left of the graphical interface is an object tree that displays all the elements
of sources, solid geometry, and detector surfaces contained in the system. Each element’s
ability to have rays interact with it can be toggled on or off – an operation that makes the
element ‘traceable’ or ‘untraceable’.
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It is in the object tree that the locations and type of optical and mechanical
materials are specified, which can be either created in the program or imported from
sequential ray-trace programs or mechanical CAD programs. The ability to work with
existing geometries allows rapid illumination analysis of optical and mechanical designs.
In the optical arena, an imaging system from ZEMAX could be imported, and a nonsequential ray-trace performed to determine uniformity of illumination on the detector,
ghost-reflections off of optical surfaces, or stray-light from mechanical mounting
surfaces. An example of stray-light analysis is shown in Fig. (5.31) for the embodiment
in Section 5.3.6. Light rays traced at 1° off-axis pass through the ball lens onto optical
surfaces that reflect the light off into the interior of the mechanical structure
encapsulating the ball lens and wedge optics.

Figure 5.31: Stray-Light Analysis
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In the mechanical arena, a mechanical design from a CAD program like
Solidworks can be imported, its surfaces given optical characteristics like reflection,
scatter, and absorption, and a non-sequential ray-trace of relevant sources will provide
data on localized flux maps of heating and absorption. The example in Fig. (5.32) is a
simple model of a rapid heating oven for slumping float glass. Here sources with
blackbody spectra of 500°C and 900°C are modeled on the walls and lid of a box the size
of the oven while a detector surface, with the size and absorption characteristics of the
glass to be melted, is placed within the interior. After tracing 14 million rays for multiple
configurations of heater source powers, a uniform flux pattern is determined for the mold
heating that can be used as a baseline for testing. More examples of using non-sequential
ray-tracing to determine thermal characteristics of mechanical surfaces are described in
Chapter 7.

Figure 5.32: Simple Oven Illumination Model
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One of the strongest features of non-sequential ray-tracing is the source modeling.
A source’s characteristics can be defined will beyond just the wavelength, like as a
blackbody of the oven example. The positions and directions of the rays leaving the
source’s surface can be intricately defined in location and angle. To define a solar source
with an angular departure of ± 0.25° angular divergence over a square incident area that
has a 837 mm semi-aperture, half the side length of a square, the source positions and
directions are given as shown in Fig. (5.33). The number of random ray launch positions
on the plane is 1 million, and 5 random rays are traced from each launch position into an
angular cone of ± 0.25° maximum angular divergence, meaning 5 million total rays will
be traced from this source.

Figure 5.33: Source Position and Direction Settings.
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The creation of optical geometry in the illumination system is especially strong in
non-sequential ray-tracing. Fig. (5.34) shows the optical specifications window for the
ball lens of the example shown in Fig. (5.30) and Fig. (5.31). Both radii of the lens are
given, set equal and opposite, as well as the ball thickness and its semi-aperture made
larger than the radius of the lens. The materials are specified from the optical material
catalogue, where the choice of Heraeus HOQ 310 is a fused-silica material I have added
to the materials catalogue using the index and absorption characteristics of the datasheet
from Heraeus, the supplier. Settings are then given for the location of the lens, located in
Fig. (5.34) at z = -43.16 mm from the optical origin. All of these numbers can be changed
and optimized through the scripting language of the software. For example, if the ideal
ball radius for uniform illumination is to be obtained, the ball radius would be perturbed
in a script loop until the standard deviation of irradiance over a detector was minimized.

Figure 5.34: Lens Optical Settings
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The final important element in the non-sequential ray-trace is the detector that the
optical elements place the source rays onto. Each detector’s location and size is specified
in a similar way to the source and optical specifications. Fig. (5.35) shows the irradiance
patterns of the detectors placed over the exit faces of the example secondary
concentrators shown previously in Fig. (5.29). In this format, the green represents the
average illumination, while blue areas are regions of lower irradiance. In this example,
the irradiance pattern changes throughout the array of hemispherical arranged cells, but
the integrated irradiance on each cell is approximately equal. The more rays that are
traced through the system, the greater the fidelity and accuracy of the detector analysis.

Figure 5.35: Irradiance Profiles onto Multiple Detectors
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To look in more detail at an individual detector, an additional analysis can be
done of the irradiance spread function, as shown in Fig. (5.36). This detector simulates
the irradiance pattern that arrives onto a 15 mm square cell. The height and colors of the
irradiance profile are representative of the irradiance E arriving onto the cell in
approximately 1 mm square bins. The noise located in the detector analysis on the left is
representative of not tracing enough rays to determine a statistically uniform pattern. The
detector analysis on the right could be representative of having traced enough rays
through the system so that the irradiance pattern is clearer. In this example, however, the
right analysis of Fig. (5.36) is simply the data in the left analysis after a statistical average
smoothing of adjacent half-widths of the 1 mm square bins is performed. Since tracing
rays is processing intensive, the number of rays traced and detector bin size is often
chosen intentionally so that faster analysis is performed through statistical averaging.

Figure 5.36: Detector Irradiance Profiles
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5.2.1 Concentration Factor
A high concentration factor in a CPV system is crucial to achieving the lowest
cell cost, and high concentration acceptance angle product CAP from Eq. (4.31). The
limits to concentration of a solar concentration system are defined by the system’s
étendue, described in Chapter 4, that make the angles of incoming light large when the
concentration area is made small. Section 5.1 detailed some optical design tricks that
allowed the sun’s rays from even the extreme edges of the entrance pupil to arrive at
near-normal incidence to the cell surface, but often required many complex surfaces.
The equations that govern the concentration factor for the XRX-Köhler design
with a singular spherical ball lens as the projection optic were given in Section 4.3. Using
these equations, Table (5.1) is created to express how choosing different concentration
factors C1 and C2, number and size of the secondary concentration SOE elements, and
cell size in the embodiments detailed in Section 5.3 affect the ball lens’s radius and the
location of the curved image surface distance. The geometrical cell concentration CG here
is defined the same way as in Eq. (4.53), only without the optical efficiency ηOPT factor.
This table clearly shows that the larger the CG, the smaller the total cell area and ball
radius are, both quantities we wish to minimize to save cost. This is a vital part of the
XRX-Köhler design optimization, as the motivation for smaller cells and less glass are
well aligned with the desire for higher concentration. In addition to concentration, this
merit function must be balanced with illumination uniformity, throughput, and most
especially off-axis performance in order to achieve good optimization.
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Completed Prototype

Gen2

Embodiment

5.3.1

5.3.2

5.3.3

5.3.4

5.3.5

5.3.6

POE Mirror Focal Length (m)

2.00

1.50

1.50

1.50

1.50

1.50

POE Mirror Side Length (m)

3.20

1.60

1.60

1.60

1.60

1.60

POE Mirror Area (m^2)

10.24

2.56

2.56

2.56

2.56

2.56

500

400

450

710

400

520

SOE Array Size (#)

6

5

7

6

6

6

SOE Elements (#)

36

25

49

36

36

36

C1 - Image Concentration (x)

Total SOE Area (m^2) 0.0205

Gen3

0.0064 0.0057

0.0036 0.0064

0.0049

SOE Array Side Len (mm)

143

80

75

60

80

70

Average SOE Side Len (mm)

23.9

16.0

10.8

10

13.3

11.7

SOE Lateral Magnification 0.0447

0.0500 0.0471

0.0375 0.0500

0.0439

C2 - SOE Concentration (x)

2.53

2.56

3.84

0

1.78

1.77

Cell Side Length (mm)

15.0

10.0

5.5

n/a

10.0

8.8

100.00

30.25

100.00 100.00

77.44

0.0025 0.0015

0.0036 0.0036

0.0028

Individual Cell Area (mm^2) 225.00
Total Cell Area (m^2) 0.0081
CG – Cell Concentration (x)

1264

1024

1727

710

710

918

Incident Cell Power (W)

284.4

102.4

52.2

n/a

71.1

71.1

n/a

n/a

1.4878

Ball Lens Index 1.4878

1.4878 1.4878

Ball Lens Radius

61.4

51.8

38.6

n/a

n/a

45.1

Ball Lens Diameter

122.8

103.5

77.3

n/a

n/a

90.2

Image Surface Distance

94.9

80.0

59.7

n/a

n/a

69.7

Table 5.1:

Concentration Factor Table
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5.2.2 Illumination Uniformity
The need for illumination uniformity onto an MJ cell is paramount to both the
electrical output of each cell and its ability to last reliability for many years. If too much
of the incident light only arrives onto one region of the cell, a so called hot-spot, the
increased current density in the thin layers can lead to resistive losses in the cell. These
resistive losses increase the local temperature of the cell, giving rise to the thermal effects
described in Section 3.1.3. Non-uniformities in cell temperature will lead to inefficient
cell cooling that will cause thermal stresses in the die-attach of solder layers as the cells
heat and cool throughout the day and year, causing increased chance of failures.
The ratio of concentration level received by the Köhler image surface C1 to the
additional concentration created by the secondary concentrator elements C2 is especially
important for illumination uniformity. The secondary concentrator elements for
embodiments 5.3.1-5.3.3 are of the tapered-funnel type, while embodiments 5.3.5 and
5.3.6 use wedges that separate strips of cells. Referring again to Table (5.1), it is clear
that regardless of the Köhler image surface concentration C1, there must be an optimal
secondary concentration level of about C2 = 2.5 for the tapered funnel embodiments, and
C2 = 1.78 for the wedge elements.
We first examine the effect tapered funnels have on the concentrated sunlight that
passes through them. Guillaume Butel showed that as light arrives normal to a truncated
pyramid XTP funnel with a square entrance and exit aperture, light in the central region
passes straight through without reflection, as demonstrated in Fig. (5.37) (Butel, et al.
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2011). For a short funnel like Fig. (5.37b), most light outside the central region will
reflect off the inside facets of the concentrator once before arriving on the exit face, while
for a deeper funnel like Fig. (5.37e), more light will have at least two reflections before
arriving at the exit face. In this way, too short a funnel creates an irradiance pattern with
increased concentration near the edges, a cold cross, while too long a funnel creates an
irradiance pattern with increased concentration near the edges, a hot cross. The third
funnel, Fig. (5.37c), clearly shows a central cold cross because the reflections from the
two opposite sides did not yet join in the center. The fifth funnel, Fig. (5.37e), shows a
hot cross because the reflection from opposing sides crossed over the middle.

Figure 5.37: Irradiance Pattern vs. SOE Funnel Thickness (Butel, et al. 2011)
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To find the best secondary concentration ratio, G. Butel defined a merit function,
C2 =

σ
E

(5.1)

where <E> is the normalized irradiance at the exit face and σ is the standard deviation of
the irradiance E. By minimizing this merit function, the best secondary concentration
ratio C2 can be found. This merit function if plotted in Fig. (5.38), where the solid line
represents the mathematical model while the dots represent non-sequential ray-tracing
simulations for both on and off-axis rays launched into the funnel. The minimum is
located at approximately C2 = 2.57x. For a square tapered funnel, this is the optimal
secondary concentration ratio to use to couple light from the Köhler image surface to a
square cell uniformly, hence embodiments 5.3.1-5.3.2 have a C2 ratio near this number.

Figure 5.38: Concentration Ratio vs. Merit Function (Butel, et al. 2011)
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Eq. (4.30) explains that by increasing the index of refraction of the concentrating
element, the maximum concentration can be increased. If the tapered funnel is made to be
a glass total-internal reflection concentrator TIRC instead of a hollow reflective
concentrator HRC, then the front surface refraction will cause the rays to effectively bend
less when reflecting off the inside TIR interfaces as shown in Fig. (5.39). The ultimate
effect is that for the same incident angles, the glass TIRC forms a cold cross. To find a
new minimum on the merit function of Eq. (5.1), the TIRC must be made longer, and will
thus have a higher optimum secondary concentration ratio C2 given by the plot in Fig.
(5.38) shifted to the right by a multiplicative factor of the index (Coughenour,
Wheelwright and Angel 2012). For a molded glass funnel of n = 1.5, the minimum C2 is

C2,TIRC ≈ n ⋅C2,HRC = 1.5⋅ 2.57 = 3.86,
near the optimum value in the quadrant TIRC funnel system of embodiment 5.3.3.

Figure 5.39: HRC vs. TIRC SOE (Coughenour, Wheelwright and Angel 2012)

(5.2)
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While this incredible illumination uniformity on the cell surface is optimal and a
not unremarkable design considering the illumination stabilization of the XRX-Köhler
design, there are reasons to believe this level of uniformity is not required in a
commercial system. A version of the ConcentrixTM CPV modules used by Soitec uses a
Fresnel lens to place the round disk of the sun directly onto the square solar cell like that
shown in Fig. (4.14), avoiding the use of any SOE (Gombert, et al. 2011). Even with the
lack of illumination uniformity causing an efficiency loss to the cells, the ultimate cost
saving of the system by removing more expensive secondary concentrating SOE optics is
such that it is still made economical. As of the time of this writing, Soitec is one of only
two companies in the CPV market currently installing new systems.
With this in mind, additional SOE designs for an XRX-Köhler concentrator
system were examined that would achieve similar off-axis illumination stabilization, but
sacrificed a degree of illumination uniformity for lower cost. The first concepts stemmed
from using advanced lens designs like those shown in Section 5.1 to bring the
concentrated sunlight to single flat Köhler image surface, where cheaper SOE elements
would break the light up into equal proportions over multiple strips of MJ solar cells that
are connected electrically in parallel. Although the uniformity of the cells is diminished,
the increased concentration levels are found on the edges of the cells closest to the
busbars, minimizing the electrical losses from high current density in thin conductive
pathways.
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Figure 5.40: Wedge Reflector SOE Dimensions
The embodiments 5.3.5 and 5.3.6 both place the light onto flat arrays of MJ cells
at near normal incidence in the on-axis cases. Instead of truncated pyramids, an SOE in
the form of a reflective wedge is used that runs the length of the cells, in the shape and
size shown in cross-section in Fig. (5.40). The wedge is suspended above the cell card
features between each row of cells so that the wedge width is greater than the underlying
cell card feature size. The height to width ratio of the wedge has a strong effect on offaxis performance in embodiment 5.3.6, which will be discussed farther in Section 5.2.3.
The difference in illumination uniformity at the cells from the funnels of
embodiment 5.3.1 to the wedges of embodiment 5.3.6 for the on-axis case is shown in
Fig. (5.41). The thresholds in 40% increments of the average concentration values are
labeled for both cases.
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Figure 5.41: Illumination Uniformity of Em 5.3.1 (left) vs. Em 5.3.6 (right)
The illumination uniformity of the funnels in embodiment 5.3.1 is incredibly good
in the on-axis case, with only the corner most cells showing any sign of difference greater
than ± 20% from average. The decrease in illumination uniformity for the wedges of
5.3.6 is noticeable, with cold spots in the center and hot spots in the peripheral corners of
each parallel-connected cells. However, the hottest spots in embodiment 5.3.6 are only
roughly 180% stronger than the average illumination, and the cool spots only 60% lower
than average, resulting in a not substantially mismatched level of irradiance.
From Chapter 3, what is most important in the electrical series chain of the cells is
that they each generate nearly equal amounts of photocurrent. By making each
rectangular area of embodiment 5.3.6 fall onto a strip of 3 cells connected in parallel, the
integrated irradiance E across all 12 of the areas shown in Fig. (5.41) is equal.
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5.2.3 Off-Axis Performance
The off-axis characteristic of the design is important because it allows for the
complete CPV system to be more tolerant to mispointing. By achieving a better off-axis
performance metric, the tracking structure that aligns the optical components with the sun
can be less stiff, resulting in less cost associated with precision tracking components. The
results of the off-axis performance metric will be used in the opto-mechanical tolerancing
of Chapter 7 and system-engineering down-selection of Chapter 8, but for now we
examine how the off-axis performance is optimized with regards to wedge geometry.
The balancing of off-axis performance with other system requirements is best
shown by the example of wedge geometry optimization for embodiment 5.3.6. The basic
wedge geometry was shown in Fig. (5.40). To compare wedge geometry, we’ll use the
six example wedge sizes shown in Fig. (5.42), which contain different wedge widths, 3
mm and 3.5 mm, and different heights, 6-9 mm, to observe the effect on off-axis
performance. During optimization, the off-axis performance of a system is measured in
the non-sequential ray-tracing program by tracing rays from the sun at off-axis fields into
the concentrator system. For each off-axis field, the irradiance at each detector surface is
measured and these numbers are run through the script in Matlab that generates
individual I-V curves and models the series connected compound I-V curves in the
manner described in Section 3.3. The max power point calculated for the array from each
mispointing field when translated off-axis in one direction is then used to draw linear
translation off-axis plots, in Fig. (5.43), for each of the example wedge geometries.
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Figure 5.42: Example Wedge Sizes for Analysis

Figure 5.43: Off-Axis Performance vs. Wedge Size
In Fig. (5.43), the baseline plot is representative of the performance of
embodiment 5.3.1, while the following six colored plots demonstrate the performance for
each of the wedge geometries of Fig. (5.42). While all versions of wedge geometry reach
a MP90% point at lower off-axis angle then the baseline case, it is clear that regardless of
wedge angle, the wedges with a larger width experience worse off-axis performance.
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Figure 5.44: Off-Axis Performance vs. Wedge Size
A more comprehensive analysis of how wedge height and width impacts on-axis
and off-axis performance is shown in Fig. (5.44). It is clear that the wedge width is
tightly coupled to the cell card feature size shown in Fig. (5.40). The motivation for a
bigger cell card feature size is electrical in that it allows more room for current-carrying
lands on the cell card to transmit high currents down each side of the parallel cell lands.
The smaller the cell card feature size, the higher the I2R losses from reduced conductor
cross-section. Since off-axis performance is tightly coupled to cell card feature size, the
optimization steps taken to optimize the final wedge design follow this pathway:
1. Determine wedge width from cell card feature limits
2. Develop a family of wedge angles for given width
3. Balance wedge height for desired on/off-axis performance
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In this optimization example, it is clear that the fundamental limits of current
density and size constraints in the electrical materials present in power electronics
directly influence the illumination design process. What may not be as easily apparent is
that it also demonstrates how important it is to have the accurate compound I-V curve
electrical modeling detailed in Section 3.3 included in the analysis.
For the case of wedges with a 3.5 mm width, Fig. (5.45) demonstrates the
difference in calculated off-axis performance if simply the lowest cell power point is
used, simply the integrated irradiance E at the cell, instead of the max power point PMP
calculated from the actual compound I-VCMP at each off-axis point. If this modeling
wasn’t performed, it would appear that both the baseline and wedge array are producing
less power on-axis and reach a MP90% point at a much lower acceptance angle θA, when in
fact they will produce more relative power when connected in a series electrical chain.
The results of this more detailed modeling of cell electrical characteristics provide
a more accurate picture of off-axis performance in our operational system. Because the
compound I-V curve modeling places less emphasis on the lower power of one specific
cell, we find our optical illumination model of embodiment 5.3.6 actually becomes more
relaxed in terms of wedge width, enabling greater flexibility in cell size and feature
width. Additionally, by relating the optimal wedge width to the optical cell size, the
optimum secondary concentration factor C2 for the wedge SOE is found to be C2 = 1.77.
This value is found to be substantially the same optimum value for the flat telecentric
wedge system of embodiment 5.3.5 as well.
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Figure 5.45: Lowest Cell Power vs. Actual I-V Curve Modeling

Figure 5.46: Off-Axis Performance Comparison
This linear performance comparison with compound I-V curve modeling is
especially useful in comparing the acceptance angle θA that coincides with the MP90%
point for multiple embodiments, as shown in Fig. (5.46). When a system’s off-axis
performance is not rotationally symmetric in azimuth and elevation direction, the angle
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that coincides with the MP90% point is not as easily determined. The plots of Fig. (5.46)
are vertical cross-sections of the off-axis performance maps shown in Fig. (5.47). The
edge of the white areas in Fig. (5.47) define the MP90% contour line, which varies in
acceptance angle θA depending on the planar direction the embodiment is translated offaxis. To determine the embodiment’s singular acceptance angle θA number, an average
MP90% point is found my integrating the 90% contour line around all angles of the map.
The acceptance angle θA of a concentrator is used to define the CAP given by Eq.
(4.31). The CAP quantity is used to compare dissimilar concentrators because it
combines geometrical acceptance with concentration level, both quantities that are
competing in the optimization to maximize system étendue. Therefore, an optical system
with a higher CAP is thought to have made more effective use of the illumination
restrictions placed on a concentrator by the conservation of étendue. Now knowing the
concentration factor and acceptance angle θA, the CAP is given in Table (5.2) for all the
embodiments of Section 5.3, which varies substantially from 0.31-0.50 depending on the
embodiment’s designed concentration level and ray-trace measured off-axis performance.
Completed Prototype

Gen2

Embodiment

5.3.1

5.3.2

5.3.3

5.3.4

5.3.5

5.3.6

CG - Concentration

1264

1024

1727

710

710

918

Acceptance Angle

0.80

0.55

0.75

0.85

0.70

0.60

CAP

0.50

0.31

0.54

0.40

0.33

0.32

Table 5.2:

Gen3

Concentration Acceptance Angle Product
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Figure 5.47: Off-Axis Performance Azimuth/Elevation Map
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5.2.4 Optical Throughput
What the concentration acceptance angle CAP quantity fails to capture is
throughput in the sense of optical transfer efficiency ηOPT. In short, although the
geometrical concentration factor CG may be high, it may have achieved the required
geometry by using a large number of optical elements with many Fresnel surface
reflection losses, reflective optics with non-specular finishes, or freeform optics made of
materials with large spectral absorption characteristics. Typical optical efficiencies for
CPV systems are in the range of ηOPT = 0.75-0.85. With this in mind, the actual
concentration given by Eq. (4.31) may be quite lower.
Measuring optical transfer efficiency ηOPT experimentally is a matter of measuring
the instantaneous efficiency ηINS given by Eq. (4.36) and a good understanding of the cell
efficiency ηCELL at the temperature the system is working at. Then ηOPT is ideally given by:

ηOPT ( λ ) =

η INS
ηCELL ( λ )

(5.3)

where it is important to remember that the cell efficiency and optical efficiency are
intricately dependent on wavelength because of the spectral response of the bandgaps in
the MJ cell. Further spectral efficiency and optimization will be discussed in Chapter 6,
but in this section we will assume the throughput of any optical surfaces is being
calculated for a fixed wavelength to simplify the calculations.
Unlike flat panel PV systems, CPV systems can contain many optical
components. Before light hits a solar cell in a CPV system, it first must pass through the
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necessary optical elements to concentrate, focus and distribute the incident sunlight
evenly. Thus while the conversion efficiency of CPV cells is typically twice that of flat
PV, care must be taken to minimize losses in the optical elements if the concentrator
system is to preserve this efficiency advantage. Therefore, characterizing and improving
the radiometric losses from optical components is critical to improving total system
conversion efficiency.
Our approach to optimizing throughput in our dish-based solar concentration unit
relies on accounting for all sunlight entering the system as it passes by the central
conversion unit, is reflected by the primary concentrating mirror and through the
secondary optical elements SOE to the solar cells. Since effects from physical optics are
negligible in a large dish-based system, each component within the optical path can only
reflect, transmit, absorb, or scatter light. Due to the large amount of photons, the
aggregate radiometric losses from each optical component can be characterized and
measured using geometrical and optical techniques in the non-sequential ray-trace model.
The total of these losses can be used to calculate the optical throughput.
In most dish-based CPV systems, the sunlight incident on the primary optics is
partially obscured by mechanical features of the design, which often places the focus of
the parabolic dish or trough within the collecting area projected on sky. Since the
secondary optics are placed at the focus of the three-dimensional optical system, their
housing similarly shadows a cross-section of the sunlight received by the primary mirror.
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For the purpose of characterization and analysis of this shadowing loss, we will
use functional components from our prototype system of embodiment 5.3.1. The entrance
aperture is a 3.16 m square (10 m2 area) back-silvered dish reflector, which focuses light
to the ball lens and SOE array in our power conversion unit (PCU). Since the secondary
optic’s front faces are conjugate in object space with the primary mirror surface in the
XRX-Köhler concentrator, a similarly sized loss of rays is translated into the funnels at
the center. For the Gen 2 implementation of embodiment 5.3.1, an engineering solution
was designed by supplementing the power output of this central cell with a DC-to-DC
converter in the cell series chain.

Figure 5.48: Central Obscuration Geometrical Ray Loss
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The first component seen by the light in our example system is an obscuration
resulting from the PCU and the ‘spider’ support structure used to hold it. To characterize
the amount of light obscured, we have taken a picture of the illuminated pupil at night, as
shown in Fig. (5.48a). To simulate this blocking the non-sequential ray-tracing model, I
created native geometry of the central obscuration using measurements of its mechanical
housing dimensions. Placing it around the secondary optical system at the correct
location, I assigned it the ray-tracing property of ‘halt-all’ so that all rays hitting the
mechanical system would be eliminated. For a closer approximation to reality, the
surfaces could be assigned a scatter model for brushed aluminum. Fig. (5.48b) shows the
silhouette of the PCU and accompanying spider in the Gen 2 system, an image captured
while the tracking sub-system is pointed across the horizon.
Through pictorial analysis of the mechanical silhouette over the collecting mirror
and confirmation by non-sequential ray-tracing, the obscuration in Gen 1 was found to be
6%, Fig. (5.48a), Gen 2 was 1.9%, Fig. (5.48b), and later in Gen 3 it is found to be 1.7%.
In addition to the central obscuration, geometric ray shadowing can also occur
near the entrance face of the cells. Due to the high level of optical concentration on the
cells, even a small bundle of rays that fail to reach the cells can result in a significant
amount of lost energy. Furthermore, lost rays at high concentration tend to undesirably
heat up mechanical components within the receiving unit. In our system, substantial light
loss can be created by misaligning of the SOE array’s front-faces with each other and
their rear-faces with the cells. Light loss can also be created by a shift in focus, or
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decentering, resulting in light spilling unevenly over the outside of the funnel collection
area. Net area measurements similar to the central obstruction measurement can be done
to quantify and minimize the amount due to decenter or defocus.
A good example of this quantification was done for the wedge optics of
embodiments 5.3.5 and 5.3.6 by measuring the SOE components and calculating the
expected geometrical loss for the total system. The wedges were made of pre-coated
reflective aluminum sheets that were cut and bent into wedges to create the array, an
assembly process described later in Section 7.3.2.
Since the bend radius of metal cannot have zero thickness, there will be some
optical scattering loss from that radius. After bending, the aluminum piece knife-edges
and inner bevels were measured using calipers and shim stock under a microscope. For
the knife-edge measurement shown in Fig. (5.49), both the shim size and caliper
adjustment shown are known to be 175 µm, or 0.007”. The knife-edge is discernibly
nearly equal to the shim stock and caliber adjustment. The inner bevel shown in Fig.
(5.50) is perceptibly smaller than the shim stock. The shim size shown is known to be 75
µm, or 0.003”. In this case, a considerable fraction of the light incident on the inner bevel
will still reflect onto the cells, but in our analysis we will assume all of it is lost. Fig.
(5.51) details where on the SOE wedge array these losses come from and their respective
lengths. Using these measurements, the total geometrical optical ray loss from these
physical gaps was found to be a 1.665% loss of the total irradiance E incident onto the
SOE wedge array.
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Figure 5.49: Measurement of Wedge Knife Edges

Figure 5.50: Measurement of Wedge Inner Bevels

Figure 5.51: Measurement of Wedge and Bevel Lengths
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In addition to the geometrical ray-losses causing a decrease in optical throughput,
there are reflective aspects of the optical components that cause light to not reach the
solar cells. In the XRX-Köhler system, the dish reflector is a large back-silvered
parabolic mirror made from low-iron float glass. To characterize the reflectivity of the
prototype mirror, measurements using polarized 405 nm, 532 nm, and 633 nm lasers are
taken at intervals across the mirror resulting in a mean reflectivity of 92.7% in the visible
range. This result is similar to the theoretical maximum based on models of silver
reflectivity at near-normal incidence and low-iron float glass transmission. This value
corresponds with an optical component loss of 7.3%.
The mirror contains surface errors as well that could also induce ray loss from
reflection of light away from the focus. These errors are further examined experimentally
in Section 8.2.1. For a large acceptance angle provided by the ball lens, small defects in
the reflector figure cause only minimal loss in total light throughput.
At the focus of the primary mirror in the XRX-Köhler system is a fused-silica ball
lens. While the fused silica of the ball lens achieves very high transmission across the
solar spectrum, there are still Fresnel surface losses from the uncoated front and rear
surface reflections. Introducing an anti-reflective (AR) sol-gel coating onto the ball lens
significantly increases the light transmission to about 97.6%, resulting in a 2.4%
component optical efficiency loss. The reflectivity of the SOE wedge reflectors was also
measured and found to be 96.4% reflective, resulting in a secondary component optical
efficiency loss of 3.6%.
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Figure 5.52: System Efficiency Waterfall showing Optical Efficiency
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When all of these optical component losses are taken together and examined in
the non-sequential ray-tracing program, the result is a model of optical throughput that
can help predict the on-sun performance of the system before it has been constructed.
This process was done for the Gen 2 and Gen 3 prototype systems, embodiments 5.3.1
and 5.3.6 respectively, and a resulting breakdown of the component optical losses is
shown in the system efficiency waterfall of Fig. (5.52).
The optical efficiency ηOPT is defined by the sum of all of the ray losses from
components that reside between the input sunlight and the MJ cells. For both
embodiments, the XRX-Köhler design achieves an optical efficiency of approximately
84.0 ± 0.5%. In addition to the CAP for each embodiment, this waterfall is useful in
comparing system efficiency, as different systems can have substantially different optical
throughput losses. For example, embodiment 5.3.3 achieves the highest CAP of the
embodiments examined due to its use of TIR glass funnels. However, the optical loss
through those transmissive molded secondary optics from the front-surface Fresnel
reflection and internal spectral absorption is significant enough to reduce the
embodiment’s optical efficiency to below 80%, a much lower efficiency than the other
embodiments using hollow reflective funnels or wedges.
It is also important to remember that the spectral losses from the optical
components are a function of wavelength and so assigning one loss number for an optical
component is only an approximation. Chapter 6 will examine how optical efficiency ηOPT
and cell efficiency ηCELL are dependent on wavelength for our CPV system.
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5.2.5 Obscuration Compensation
If a dish-based concentrator system is designed on-axis so that the sunlight from
the dish collector is brought to a central focus in front of the collector, there will be a
central obscuration. This obscuration loss was explained in Section 5.2.4 to be from the
mechanical unit that holds the optical elements and solar cells at the focus. The unique
quality of the XRX-Köhler design is that the image of the primary mirror is conjugate
with the array of solar cells. This means that blocking light reaching a corner of the
mirror blocks light reaching the respective corner cell that receives light from that part of
the mirror. When the light is blocked centrally, then the central cells receive a lesser
amount of light that ultimately causes a decrease in the quality of the compound I-V
curve of the solar cell array, reducing efficiency and thus power output.
In the Gen 1 and Gen 2 systems with the central obscuration of Fig. (5.48), these
central cells were compensated by the use of a DC-DC power inverter that artificially
boosted the power output of those cells to flatten and improve the quality of the
compound I-V curve. In the redesign and creation of embodiments 5.3.2-5.3.6, the SOE
array was designed to take this central obscuration into account. By separating the SOE
elements into four distinct rectangular quadrants, a central block of unused sunlight in the
center of the cell array appears. Depending on the width to length a to width b ratio of the
rectangular quadrants, the size of the central inactive area c can be sized appropriately for
the blocked light from the central power conversion unit, as shown in Fig. (5.53).
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Figure 5.53: Sizing of Central Inactive Area

Figure 5.54: Primary Mirror to Solar Cell Array Correspondence
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This one-to-one relationship between the primary mirror aperture and the cell
array of embodiment 5.3.5 is shown in Fig. (5.54). For this embodiment, the primary
mirror area is blocked by the power conversion unit (PCU), and its support arm, shown in
Fig. (5.54a). This masked section of the mirror then blocks the obscured area in the solar
cell array as well as one solar cell, as shown in Fig. (5.54b).
The solar cell array’s quadrants are sized so that the central inactive area is
slightly oversized with respect to the obscured area caused by the PCU shadow. This is
done for two reasons. First, the PCU shadow will move away from the center of the
mirror as the system moves around. By carefully selecting the oversizing of this central
area on the solar cell array to still contain the PCU shadow at any system pointing
location within the system’s acceptance angle, there will never be a ray shadow and thus
reduction in power onto any cells due purely to off-axis pointing.
Second, this extra light arriving into the central inactive area of the solar cell array
that is un-obscured by the PCU shadow can be used to compensate the blocked solar cell
of Fig. (5.54b) by means of a tailored central reflector that redirects this extra light onto
that cell. This central reflector slopes away from the blocked solar cell so that light is
redirected off it into that cell’s active area, as demonstrated for embodiments 5.3.5 and
5.3.6 in Fig. (5.55). In this figure, the un-obscured central rays are those that make it from
the primary mirror past the obscured area of the PCU and would be absorbed in the
central inactive area of the solar cell array if they weren’t redirected by the central
reflector.
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Figure 5.55: Central Obscuration Compensation

Figure 5.56: Compensation Off-Axis Performance
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By non-sequential ray-traces of the PCU and PCU support arm blocking the
mirror, the central reflector’s dimension can be tuned to compensate the blocked solar
cell by the correct amount both on and off-axis. This is a delicate procedure that can only
be performed effectively through ray-tracing because of the changing projected geometry
of all components involved in each off-axis field during misalignment. An important
take-away from this is to understand the mechanical requirements of the PCU hardware
package and support arm to estimate what the final dimensions of these components will
be. Only then can the central reflector’s compensation be considered accurate.
The results of adding the compensation factor for embodiment 5.3.6 are shown in
Fig. (5.56). The blocking of the cell-projected area on the mirror is shown on the left,
while the off-axis performance map is shown in contour in the center, and in false color
on the right. With no obscuration, it is clear from the contour plot that the 95% PMP point
is clearly achieved out to 0.4° in the azimuth and elevation direction. When the
obscuration is added with no compensation, the power is clearly reduced across the entire
off-axis field map, with the 90% PMP contour line barely observable on the map.
However, when the central reflector compensation is added back in, the 95% PMP contour
returns to its same value in one direction, and is only reduced by 0.2° in one off-axis
direction. This analysis was the result of a first demonstration to show that this feature
could be used to compensate for the central obscuration effectively. The design values for
the optimized central reflector feature in embodiments 5.3.5 and 5.3.6 will be detailed
further in Section 5.3.
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5.3 MULTIPLE DESIGN EMBODIMENTS
Using the raytracing software, multiple XRX-Köhler dish-based design
embodiments were modeled and optimized. This effort was undertaken to develop a
family of solutions that balance illumination uniformity and off-axis performance with
ease of manufacture in different ways, by adding different layers of complexity to both
the transmissive and reflective optics of the RX components. Each system uses the
system model of the dish-based concentrator mirror on a two-axis tracking system with a
Power Conversion Unit (PCU) at the focus in Fig. (5.57). Each of these systems is unique
in how the secondary optics bring the light to the MJ solar cells within the PCU package.

Figure 5.57: System Embodiments Overview
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The first three embodiments, detailed in Sections 5.3.1-5.3.3, achieve high
illumination uniformity through the use of tapered concentrating funnels designed to
overlap the light evenly onto the solar cells. By adjusting the area of the funnel front
faces in the array and placing them at the curved image plane created from a single
spherical ball lens projection optic, the integrated irradiance across each cell can be made
to be equal, causing good electrical series matching in the MJ cell array. In these
embodiments, the imaging refracting R elements of the system are kept as a simple ball
lens, transferring the complexity to the non-imaging reflective X SOE elements.
In the second three embodiments, detailed in Sections 5.3.4-5.3.6, illumination
uniformity onto square cells is sacrificed in favor of strips of cells coupled with
secondary concentrators that are easier to manufacture, while achieving off-axis
performance similar to the first three embodiment. In these embodiments, the imaging
refracting R elements of the system are made more complex, with the exception of
embodiment 5.3.6, and the non-imaging reflective X SOE elements are thus made
simpler, and much easier to manufacture using fewer materials and steps.
In all of the embodiments, the imaging refracting R element is designed to direct
rays to arrive substantially perpendicular to the planar array of cells. The embodiment
described in Section 5.3.1 does this onto 36 individual planar arrays, one for each cell.
The other five embodiments are designed to bring light to flat arrays of solar cells, either
as four flat quadrants or one single flat array. The motivation for fewer flat arrays is to
simplify the PCU’s cell card hardware for manufacture, greatly reducing system cost.
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5.3.1 Hemispherical HRC Funnel System
The first system embodiment to be examined is the ‘classical’ XRX-Köhler
system governed by the equations given in Section 4.3. This system was the basis for the
Gen 1 and Gen 2 prototypes tested at the Steward Observatory Solar Lab. The fieldperformance of these units is detailed in Section 8.2.1. A back-silvered, paraboloidal dish
reflector of 10 m2 area and 2 m focal length was used. As shown in Fig. (5.58), a fusedsilica ball imaging lens of radius 60 mm is placed at the focus, and the light separation is
made at the curved Köhler image surface using an array of 36 metal funnels, or hollow
reflecting concentrators (HRC), that further concentrate the light onto 15 mm cells. The
average geometric concentration CG at the cells is 1250x, and with an estimated optical
efficiency ηOPT = 80%, the final concentration at the cell is approximately 1000x.
This system is designated ‘hemispherical’ because each of the 36 funnels bring
light to the 36 cells located on individual flat surfaces that are substantially normal in
angle to the rays incident onto the funnel entrance faces. This allows incredible
illumination uniformity to be achieved onto the cell surface, even for off-axis pointing.
Using the design variables of Section 4.3, and illumination optimization described in
Section 5.2.2, a 6x6 secondary optics array was designed as shown in Fig. (5.59a). The
entire array has an average concentration factor of 2.5x that changes with funnel entrance
aperture concentration by the relationship given in Eq. (4.52). The changing secondary
concentration C2 level with angle is shown in detail with design values in Fig. (5.59b).
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Figure 5.58: Cross-Section of Hemispherical HRC Funnel System

Figure 5.59: HRC Funnel Array and Diagonal Cross-Section
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5.3.2 Quadrant HRC Funnel System
The Quadrant HRC Funnel System takes the same basic design of Section 5.3.1,
but with two distinct exceptions. The first is that each funnel’s exit faces are not all
substantially perpendicular to the incoming rays, because the cells are arranged into four
flat quadrants instead of 36 individual flats. Instead, the center of each quadrant is made
substantially perpendicular to the incoming rays so that the funnel entrance faces roughly
approximate the spherical symmetry of the curved Köhler image surface to maintain
equal illumination distribution among the cells. This geometry allows some spherical
symmetry to be retained while simplifying the architecture of the cells onto fewer flat
substrates. With this design, only four identical cell cards are needed in each PCU,
instead of 36 distinct cell cards.
The second difference is that each quadrant of funnels is designed so that it can be
molded out of a single-pull injection mold. In addition to reducing cost, this feature
greatly simplifies the manufacture of the HRC array because now each quadrant of
secondary optical elements will come pre-aligned to each other, requiring less need for
precision alignment.
The design of the Quadrant HRC Funnel System is shown in Fig. (5.60a). Rays
from the edge of the sun’s disk arrive at the focus of the ball lens and transmit through it
before arriving at the curved Köhler image surface. Once there, a smaller 5x5 array of
HRC secondary elements further concentrates the light onto the MJ solar cells.
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Figure 5.60: Quadrant HRC Funnel Array and Diagonal Cross-Section
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A rendering of the three-dimensional system with quadrants of 3x2 HRC elements
is shown in Fig. (5.60b). By making the quadrants into rectangles in the optimization
described in Section 5.2.5, a central in-active area can be created allowing active
obscuration compensation. In this design, the area of the central square is designed to
slightly overfill the darkened area masked by the PCU.
How the system responds to off-axis light is shown in Fig. (5.61). On-axis rays
pass nearly straight through the system, while off-axis rays are bent around to fall back
onto the HRC funnel array. Edge-ray design is used to prohibit off-axis rays from retroreflecting back out of the funnels, even after 2 or more reflections, up until a specific offaxis angle. The off-axis performance of the system is in this way limited by the angles of
the outer inside faces of each quadrant.
The retro-reflection of rays for different angles onto a quadrant is shown in Fig.
(5.62). At 0.5° off-axis, some rays are missing the solar cells by leaking back into the ball
lens or missing the quadrant array, while at 1.0° off-axis, a substantial amount of rays are
missing the solar cells by leaking back into the ball lens or missing the quadrant array
altogether. Ray-trace visualization like this allows the designer to tailor the shape of the
individual surfaces so that the acceptance angle θA that coincides with the MP90% point
lies between 0.5° and 1.0° off-axis. After analysis this is found to indeed be the case, with
a modeled acceptance angle in the non-sequential raytrace code of θA = 0.55°.
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Figure 5.61: Quadrant HRC Funnel Off-Axis Rays
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Figure 5.62 Quadrant Funnels off-axis ray loss

Figure 5.63: Quadrant HRC Funnel Illumination Uniformity
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Figure 5.64: Moldable HRC Quadrants
Collection
Aperture

F/0.66 Square Paraboloidal Mirror with 2.56 m2 area, f = 1.5m

Lens Element

f = 72mm, n = 1.46 @ λ = 500nm, Sphere @ Parabolic Focus
Surface 1: R1 = 49mm
Thickness: 98mm
Surface 2: R2 = -49mm

Non-Imaging
Optics

Type: Flat moldable funnels
Angle: Variable
Location: Center of quadrants located at 94mm from parabolic focus
Thickness: 15-20mm toward parabolic focus from quadrants

Solar Cells

Type: Triple Junction Solar Cells
Array Size: 24x 10mm square @ 94mm from parabolic focus
Concentration Factor: 1067x

System
Properties

Silica Mass: 450 g/m2
MP90% at θA = 0.55°
CAP = 0.31
Table 5.3:

Embodiment 5.3.2 Optical Prescription
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The irradiance distribution among each of the 6 unique cells in each quadrant is
shown in Fig. (5.63). These values given are the integrated irradiance relative to the
average geometrical concentration level at the cells. Also shown in Fig. (5.63) is the
relative irradiance pattern in black and white. It is clear that the central two cells in each
quadrant have a more uniform pattern, while the 4 corner cells have an x-pattern than is
slightly offset with respect to the center of the cell.
Fig. (5.64) shows an example of how this single quadrant of HRC funnels would
be molded from a male and female mold with a single straight pull. The funnel array
would likely me made of a thermally conductive plastic or metal, which would be overcoated with silver after molding, as done in the previous embodiment 5.3.1.
Table (5.3) gives the prescription of this optimized embodiment. At 2.56 m2 area,
the collecting mirror is a quarter-size of the one used in the first embodiment. The F/#
defined here uses a diameter set by the outermost corners of the square dish. The ball lens
used is made of fused silica and is 98 mm in diameter, giving a focal length of f = 72
mm. 24 solar cells are used, each designed to be 10 mm square, giving a resulting
geometric concentration factor CG = 1024.
With all the benefits this system enjoys over the previous embodiment, the largest
downside is off-axis performance, because of the low acceptance angle dictated by the
constraint on the angles of the funnels. The strongest features against manufacturability
are the low thermal conductive properties, high CTE, and specularity of plastics currently
available to be made in this injection molding process.
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5.3.3 Quadrant TIRC Funnel System
The quadrant design of embodiment 5.3.3 can be modified to produce better offaxis performance through use of secondary concentrator elements made of glass or
acrylic. Instead of reflective metals, this SOE use total internal reflection to concentrate
the light rays, so they are named total internal reflection concentrators (TIRC).
In the simplest form, these TIRC elements are simply short light-pipes. Light rays
come in one end and exit at the other end. Depending on the angles of incoming light, the
light will refract into the medium and then reflect off of any sides that the ray approaches
with an angle greater than
⎛n ⎞
θ C = arcsin ⎜ 2 ⎟
⎝ n1 ⎠

(5.4)

measured with respect to the normal of the surface in question. From this equation it is
clear that total internal reflection can only occur when n2 < n1, which is true when the
light is propagating in a medium like glass and the ray encounters an interface with air.
When the light leaving the ball lens encounters the first air-glass interface of the
TIRC elements, the rays refract into an angle closer to normal according to Snell’s Law
given in Eq. (4.17). In many TIRC elements used in concentration the first interface is
flat, however in this system, the front face is given optical power so that it becomes
curved, or pillowed, on the front surface. Adding optical power to the front surfaces
bends rays entering near the edges of each TIRC elements more, increasing the angle at
which the rays approach the sides, so that the TIR condition is more easily met.
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Figure 5.65: Quadrant TIRC Funnel Array and Diagonal Cross-Section

219
The design of the Quadrant TIRC Funnel System is shown in Fig. (5.65a). Rays
from the edge of the sun’s disk arrive at the focus of the ball lens and transmit through it
before arriving at the curved Köhler image surface. Once there, a 7x7 array of TIRC
secondary elements further concentrates the light onto the MJ solar cells arranged in four
flat quadrants. Since the incident rays are refracted from the front faces of the TIRC
funnels before reflecting off of the TIR surfaces, a more truthful designation of this
system would perhaps be an XRRX-Köhler design, but since we have already discounted
the second refraction of the ball lens surface, dropping another R would be appropriate. A
rendering of the three-dimensional system with quadrants of 4x3 TIRC elements is shown
in Fig. (5.65b). By making the quadrants into rectangles in the optimization described in
Section 5.2.5, a central in-active area can be created allowing active obscuration
compensation. In this design, the area of the central square is designed to slightly overfill
the darkened area masked by the PCU.
How the system responds to off-axis light is shown in Fig. (5.66). On-axis rays
pass nearly straight through the system, refracting only off the edges of the pillowed
surfaces that act to bend the light closer to normal with the solar cells. The combination
of both the ball lens and funnels being refractive powered elements is especially
important for the off-axis rays, since rays encountering the pillowed surface at high
angles are refracted more strongly and therefore allow TIR to occur. The off-axis
performance of the system is in this way limited by the pillowed surface’s power and the
TIR condition on the inside surface of the outermost TIRC elements in each quadrant.
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Figure 5.66: Quadrant TIRC Funnel Off-Axis Rays
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Figure 5.67: Quadrant TIRC Funnel Illumination Uniformity

Figure 5.68: Moldable TIRC Quadrants
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Collection
Aperture

F/0.44 Square Paraboloidal Mirror with 2.56 m2 area, f = 1.0m

Lens Element

f = 44mm, n = 1.46 @ λ = 500nm, Sphere @ Parabolic Focus
Surface 1: R1 = 30mm
Thickness: 50mm
Surface 2: R2 = -30mm

Non-Imaging
Optics

Type: Powered glass moldable funnels
Angle: Variable
Location: Center of quadrants located at 54mm from parabolic focus
Thickness: 10-15mm toward parabolic focus from quadrants

Solar Cells

Type: Triple Junction Solar Cells
Array Size: 48x 5.5mm square @ 54mm from parabolic focus
Concentration Factor: 1763x

System
Properties

Silica Mass: 100 g/m2
MP90% at θA = 0.75°
CAP = 0.54
Table 5.4:

Embodiment 5.3.3 Optical Prescription

The irradiance distribution among each of the 12 unique cells in a quadrant is
shown in Fig. (5.67). These values given are the integrated irradiance relative to the
average geometrical concentration level at the cells, and it is clear that the power
distribution is not perfectly optimized, as the value fluctuates from 86.4% to 110.5%
across the array. Also shown in Fig. (5.67) is the relative irradiance pattern in black and
white. It is clear that the central 6 cells in each quadrant have a more uniform pattern,
while the 4 corner cells have an x-pattern than is substantially offset with respect the
center of the cell. The patterns vary due to the varying thickness of the TIRC funnels and
how much more rays are bent from the pillowed surfaces at the edges of each quadrant.
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Fig. (5.68) shows an example of how this single quadrant of TIRC funnels would
be molded from a male and female mold with a single pull. The funnel array would likely
me made of glass or acrylic, with the front surfaces coated with an anti-reflection coating
after molding. This figure demonstrates the change in power across the array as well as
the limits on TIRC element arrangements that can be molded out of a single piece.
Table (5.4) gives the prescription of this optimized embodiment. The collecting
mirror is the same size as the previous embodiment, but with a shorter focal length, the
F/0.44 is substantially faster than the previous embodiment, as seen in Fig. (5.65) and
Fig. (5.66). The ball lens used is made of fused silica and is only 50 mm in diameter,
giving a focal length of f = 44 mm. 48 solar cells are used, each designed to be 10 mm
square, giving a resulting geometric concentration factor CG = 1763.
This system was designed to examine the addition of TIRC elements to greatly
increase off-axis performance and push the limits of the dish-based Köhler concentration
ability. In doing so, a smaller system size is created with a shorter focal length, smaller
lens element, and correspondingly much higher concentration level. While interesting as
an illumination design, the biggest inhibitor in the creation of this embodiment is that the
mold dimensional accuracy and CTE stresses of the bond between the TIRC array and the
solar cells is currently insurmountable with currently available glass and acrylic molding
methods. These same materials greatly reduce the spectral optical throughput of the
system beyond the other embodiments, and the reliability and lifetime of the adhesive
bond with the cells is not well understood when used at such high concentration levels.
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5.3.4 Flat Aspheric Dense System
This embodiment shifts the complexity from the SOE elements to the projection
optic of the XRX-Köhler design. Using the sequential ray-tracing optimization of Section
5.1, a bi-convex aspheric lens is created that corrects the field curvature and distortion of
the collecting mirror so that the Köhler image plane is now flat and substantially square.
Pincushion distortion arises because the perimeter of the dish reflector as seen from the
PCU is a deep concave square. This correction is made using only a single optical
element very near the focus of the paraboloidal mirror with both lens surfaces aspheric to
add compensating barrel distortion.
The design of the Flat Aspheric Dense System is shown in Fig. (5.69a). Rays
from the edge of the sun’s disk pass through a protective window and arrive at the front
surface of the aspheric lens, transmitting through it before arriving at the flat Köhler
image surface that in this case is coincident with the cell surface. Once there, a 6x6 array
of dense-packed MJ cells accepts the light, bounded by a perimeter reflector array that
protects against off-axis pointing. Since the incident rays in the on-axis case are ideally
not reflected from the perimeter reflector, this is perhaps best called a XR-Köhler design.
A rendering of the three-dimensional system with a flat dense-packed array of MJ
cells is shown in Fig. (5.69b). By arranging the dense-packed arrays into rectangular
quadrants like the optimization described in Section 5.2.5, a central in-active area can be
created allowing active obscuration compensation. In this design, the area of the central
square is designed to slightly overfill the darkened area masked by the PCU.
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Figure 5.69: Flat Aspheric Dense System and Diagonal Cross-Section
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How the system responds to off-axis light is shown in Fig. (5.70). On-axis rays
pass straight onto the dense packed array at diverging angles, while off-axis rays are bent
around to fall back onto the dense packed array in the same square format. Edge-ray
design is used to design the perimeter reflector by placing it at the same angle of the offaxis edge rays from the edge of the system’s acceptance angle. The perimeter reflector on
the opposite side of the array reflects rays back onto the dense-packed MJ cell array.
The inventive step is in using optical surfaces not to purely image the pupil of the
system onto the cells, or to purely mix the light as other systems do, but instead to take
uniform illumination from the curved optical input surface and distort the flux map to
recover a square image and uniform illumination at the flat output image plane. The
illumination uniformity of this flux map is shown in Fig. (5.71).
The prescription of the system is given in Table (5.5). The dish shape is the same
as embodiment 5.3.2, allowing rays to come in with less departure from the optical axis
to more easily achieve correction to a flat field. Since the aspheric lens accepts the highconcentration at one surface, it must be made of fused quartz to avoid heating by
absorption of the highly concentrated sunlight. Preferably to avoid contamination of the
front lens surface, an entrance window is added. The low-cost creation of a moldable
fused silica lens is the biggest manufacturing challenge to this system, while cell losses
from dense-packing at high angles of illumination is an optical efficiency concern. There
is also concern to the reliability and longevity of the system due to the high-powered
solar concentration onto the front aspheric lens surface.
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Figure 5.70: Flat Aspheric Dense System Off-Axis Rays
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Figure 5.71: Flat Aspheric Dense System Illumination Uniformity
Aperture

F/0.66 Square Paraboloidal Mirror with 2.56 m2 area, f = 1.5m

Optical
Window

Flat, n = 1.53 @ λ = 500nm, t = 4mm
Dimensions: 140mm square, at +60mm from parabolic focus

Lens Element

f = 70.6mm, n = 1.46 @ λ = 500nm, Surface 1 @ Parabolic Focus
Aspheric Surf 1: R1 = 49.7mm with Conic = -110.33, r2 = 0.0046
Thickness: 54.3mm
Aspheric Surf 2: R2 = -65mm with with Conic = -9.76, r2 = 0.0082

Non-Imaging
Optics

Type: Flat silvered wedges around perimeter, angle: 11.3°
Location: -92mm from parabolic focus, t = 55mm

Solar Cells

Array Size: 24x 9mmx16.5mm @ -92mm from parabolic focus
Concentration Factor: 720x

System
Properties

Silica Mass: 200 g/m2
MP90% at θA = 0.85°, CAP = 0.40
Table 5.5:

Embodiment 5.3.4 Optical Prescription
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5.3.5 Flat Telecentric Wedge System
This embodiment combines complexity from the SOE elements with that of the
projection optic of the XRX-Köhler design. Using the sequential ray-tracing optimization
of Section 5.1, a plano-convex aspheric lens and a bi-convex lens corrects the field
curvature and distortion of the collecting mirror so that the Köhler image plane is flat and
substantially square and the rays arrive image-space telecentric, or substantially normal to
the image plane. Instead of placing the image plane coincident with the MJ cells as in
embodiment 5.3.4, a wedge-shaped SOE array is added to divert rays of light from the
conductive surfaces of the cells, minimizing ray loss. (B. Coughenour, Solar Generator
with Large Reflector Dishes and Concentrator PV Cells in Flat Arrays 2013)
The design of the Flat Telecentric Wedge System is shown in Fig. (5.72a). Rays
from the edge of the sun’s disk pass through a protective window and arrive at the dish
focus in air before passing through the front flat surface of the aspheric lens, transmitting
through it and the bi-convex telecentric lens before arriving at the flat Köhler image
surface. Once there, a 6x6 array of wedge SOE elements cells accept the telecentric light,
breaking it into equal proportions onto rectangular strips of parallel-connected MJ cells.
A rendering of the three-dimensional system with a wedge-separated array of MJ
cells is shown in Fig. (5.72b). By arranging the cells into rectangular quadrants like the
optimization described in Section 5.2.5, a central in-active area can be created allowing
active obscuration compensation. In this design, the area of the central square is designed
to slightly overfill the darkened area masked by the PCU.
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Figure 5.72: Flat Telecentric Wedge System and Diagonal Cross-Section
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Figure 5.73: Flat Telecentric Wedge System Off-Axis Rays
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How the system responds to off-axis light is shown in Fig. (5.73). On-axis rays
pass through the lens arriving substantially normal to the image plane before being
broken up by the wedge array, while off-axis rays are bent around so that they leave the
final surface of the bi-convex lens parallel to each other yet tilted with an angle to the
optical axis. Edge-ray design is used to design the perimeter reflector and wedge array
angles by placing them at the same angle of the off-axis edge rays from the edge of the
system’s acceptance angle. The perimeter reflector on the opposite side of the array
reflects rays back onto the dense-packed MJ cell array in much the same way as in
embodiment 5.3.4.
Table (5.6) gives the prescription of a preferred design of an optimized lens
prescription and placement. The primary dish reflector is a paraboloid with 1.5 m focal
length and a 1.6 m square perimeter The central obscuration caused by the PCU is a 16
cm diameter square in front of the dish reflector, while the oversized un-obscured area of
Fig. (5.74a) being 25.6 cm as projected onto the dish reflector The optical system is
designed to illuminate 36 10 mm x 10 mm square MJ cells configured as 12 groups, each
group with three cells in parallel, and each group having a total photovoltaic active area
of 30 mm x 10 mm. The 12 groups are configured as shown in Fig. (5.74b) with 5 mm
wide gaps between the photovoltaic active areas of adjacent cell groups
Above each gap is a 5 mm wide and 10 mm high wedge reflector meaning the
wedge surface’s angle from normal is 14°. The wedge front knife-edges are made to be
approximately coincident with the flat Köhler image plane of the system.
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Collection
Aperture

F/0.66 Square Paraboloidal Mirror with 2.56 m2 area, f = 1.5m

Optical
Window

Flat, n = 1.53 @ λ = 500nm
Dimensions: 16cm square, at +85mm from parabolic focus
Thickness: 4mm

Lens Element
1

f = 106mm, n = 1.46 @ λ = 500nm
Surface 1: R1 = 0 at -40mm from parabolic focus
Thickness: 46mm
Surface 2: R2 = 53.56mm with Conic = -0.9

Lens Element
2

f = 183mm, n = 1.46 @ λ = 500nm
Surface 1: R1 = 160mm at -87mm from parabolic focus
Thickness: 41mm
Surface 2: R2 = -160mm2

Non-Imaging
Optics

Type: Flat silvered wedges, angle: 14°
Location: 191mm from parabolic focus
Thickness: 20mm toward parabolic focus at edges, 10mm b/w cells

Solar Cells

Type: Triple Junction Solar Cells
Array Size: 36x 10mm square @ 191mm from parabolic focus
Concentration Factor: 710x

System
Properties

Silica Mass: 400 g/m2
MP90% at θA = 0.70°, CAP = 0.33
Table 5.6:

Embodiment 5.3.5 Optical Prescription
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Figure 5.74: Flat Telecentric Wedge Central Obscuration Compensation
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As described in Section 5.2.5, compensation of the shadowed cell in this
embodiment is done by addition of a central reflector as recreated in Fig. (5.74). Fig.
(5.75) and Fig. (5.76) give the results of illumination performance calculations for the
preferred design of embodiment 5.3.5. Due to the high degree of symmetry, the optical
irradiance balancing of the total of 12 parallel cell groups for on-axis pointing is made
between only 3 unique parallel cell groups, outer, middle and inner, located in each
quadrant. Each of these cell groups receives ideally 8.3% (1/12) of incident light power.
In practice, 98.2% of the light incident across the full aperture of the reflector
reaches the cells, i.e. 8.2% of the light is received by each parallel cell group. If we
assume a PCU support arm width of 25 mm, then the loss of 1.8% of the incident light is
from blocking by the PCU and support arm shadows, as shown in Fig. (5.74a). The
blocking contributions are 1% PCU shadow and 0.8% support arm shadow. While the
PCU shadow area does not correspond to the projected areas of light reaching each cell
group, the support arm shadow does in Fig. (5.74a). The black strip of the PCU support
arm shadow in blocks one projected area of light reaching a cell group, so that the cell’s
ideal proportion of total light power drops from 8.2% to 7.4%. This upsets the balance of
the 3 unique cell groups in that quadrant, so that the inner cell group receives only 90%
of the light the 11 other cell groups receive.
This imbalance is compensated for by oversizing the central area by 0.8% of the
total area so that the central area obscured by the PCU is equivalent to the area shadowed
by the support arm. Since the PCU shadow’s length is 16 cm (256 cm2 area), this means
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the central square length is oversized to be 21.4 cm (456 cm2 area), so that the central area
unshadowed by the PCU will be 200 cm2, or 0.8% of the total area. As shown in Fig.
(5.74b), When these central un-obscured light rays are incident on the unshadowed area
reach the image plane, they are now redirected by the central reflector to the blocked
inner cell group, boosting its light power by 0.8% of the total to raise its proportion of
total light power from 7.4% to 8.2%, restoring the balance of all 12 parallel cell groups.
With this compensation in effect, the differences in outer, middle and inner
groups integrated irradiance is the geometric collection efficiency at the optimization
condition. Fig. (5.75) shows the relative integrated cell illumination amount when the
system is on-axis, Fig. (5.75a), and when it is off-axis 0.5°, Fig. (5.75b). Cells of lower
integrated irradiance are shown in darker gray, while areas of high irradiance are shown
in lighter gray. The standard deviation of the integrated illumination across all 12 parallel
cell groups is 1.2% for on-axis and 2.9% for the 0.5° off-axis case. The inner parallel cell
group that was obscured by the support arm and compensated by the central reflector, is
labeled C. The cell electrical chain for the on-axis, 0.25°, 0.50° and 0.75° off-axis cases
was shown in Fig. (3.10). It is apparent that this compensation technique works, both in
the on and off-axis cases, as the cell group is tied as the limiting cell irradiance in the onaxis case, and is not the limiting irradiance in the off-axis case.
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Figure 5.75: Flat Telecentric Wedge Central Power Distribution
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Figure 5.76: Flat Telecentric Wedge Central Irradiance Pattern
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An additional performance characteristic is the active cell area irradiance pattern
on each parallel cell group. Fig. (5.76) details this characteristic for the preferred design
of embodiment 5.3.5 when the system is on-axis, Fig. (5.76a), and when it is off-axis
0.5°, Fig. (5.76b). The geometrical concentration is 710x. Areas of low irradiance are
shown in darker gray, while areas of high irradiance are shown in lighter gray with the
relative irradiance contours labeled in 40% increments.
Within each parallel group, the irradiance reaches a maximum at the corners.
These peaks occur because of light incident on the corners of the cell group comes from
overlapping incident rays reflected from two adjacent perpendicular wedges. For the onaxis case, the maximum irradiance across all cells is 208% ± 20.4% larger than the
average, and the peak occurs in the innermost central corners of the inner cell group. For
the off-axis case, the maximum irradiance across all cells is 194% ± 16.6% larger than
the average and the peak occurs in the innermost central corners of the inner cell group.
The higher irradiance at the corners will not cause significant power loss from ohmic
losses as the generated photocurrent is in close proximity to the cell edge electrodes. This
proximity enables an easier conduction path that is not realized in systems that focus the
sunlight directly on the center of a solar cell, achieving maximum irradiance near the
center. The minimum irradiance occurs down the centerline of each parallel cell group
array. These valleys occur because of the lack of reflected light from wedges landing on
the central region of the cell. For the on-axis case, the minimum irradiance within each
cell group is 40% ± 0.2% smaller than the average and occurs equally in the center of all
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parallel cell groups. For the off-axis case, the minimum irradiance within each cell group
is 40% ± 3.8% smaller than the average occurring equally in the center of all parallel cell
groups. The compensated cell group experiences a similar irradiance pattern to the others.
In the optimization sequence, after the irradiance had been equalized across all 12
cells, the off-axis performance was optimized by adjusting wedge height as detailed in
Section 5.2.3. Our optimization tends to value higher acceptance angle over irradiance
uniformity, which is why the irradiance is not highly uniform over the parallel cell groups
in the optimization example shown in Fig. (5.76).
The other consideration in optimizing off-axis performance comes from clipping
the off-axis rays coming to a telecentric focus. This is best illustrated in the off-axis ray
diagram of Fig. (5.77b), which shows 0.75° off-axis rays arriving at the cells in the
preferred design. Most rays leaving the telecentric lens convex back surface at 0.75° offaxis are not clipped by any reflecting surfaces as these rays have the same relative angle
as the wedge planar reflective side 1, and the perimeter inward sloping reflectors. While
the planar reflective side 1 may not be reflecting any off-axis rays, the left planar
reflective side 2 is reflecting rays onto the cells so that one half of the active area is more
strongly illuminated than the other. This effect is also shown in Fig. (5.76b) for the ray
distribution in the 0.5° off-axis case, where the cells’ less illuminated regions shift left as
no off-axis rays are reflected onto that portion of the active cell area.
The manufacture of this telecentric embodiment is most inhibited by the same
concern in embodiment 5.3.5, the creation of molded aspheric surfaces of fused silica.

241

Figure 5.77: Flat Telecentric Wedge Array Closeup
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5.3.6 Quadrant Wedge System
Like embodiments 5.3.2 and 5.3.3, this embodiment shifts the complexity from
the projection optic entirely onto the SOE elements of the XRX-Köhler design. Building
upon the non-sequential ray-tracing optimization of Section 5.2.3, a quadrant wedge SOE
design is created that resembles a collapsed version of embodiment 5.3.5. Instead of
using aspheric lenses to create a substantially flat Köhler image plane, instead this plane’s
field curvature is left uncorrected, with the front knife-edges of the wedge reflector array
approximating the curve. (B. Coughenour, Solar Generator with Large Reflector Dishes
and Concentrator PV Cells in Flat Arrays 2013)
The design of the Quadrant Wedge System is shown in Fig. (5.78a). Rays from
the edge of the sun’s disk pass through a spherical ball lens, and transmit through it
before arriving at the curved Köhler image surface. Once there, a 6x6 array of wedge
SOE elements cells accept the light in quadrants whose centers are substantially normal
to the incoming rays, breaking it into equal proportions onto rectangular strips of parallel
connected MJ cells.
A rendering of the three-dimensional system with a wedge-separated array of MJ
cells is shown in Fig. (5.78b). By arranging the cells into rectangular quadrants like the
optimization described in Section 5.2.5, a central in-active area can be created allowing
active obscuration compensation. In this design, the area of the central square is designed
to slightly overfill the darkened area masked by the PCU.
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Figure 5.78: Quadrant Wedge System and Diagonal Cross-Section
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Figure 5.79: Quadrant Wedge System Off-Axis Rays
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How the system responds to off-axis light is shown in Fig. (5.79). On-axis rays
pass through the lens arriving normal to the curved Köhler image plane before being
broken up by the wedge array, while off-axis rays are bent around so that they leave the
final surface of the bi-convex lens tilted with varying angles to the optical axis. Edge-ray
design is used to design the exterior and interior reflectors and wedge array angles by
placing adjustment so that no off-axis edge rays from the edge of the system’s designed
acceptance angle are retro-reflected out of the system.
Table (5.7) gives the prescription of a preferred design of an optimized lens
prescription and placement. The primary dish reflector is a paraboloid with 1.5 m focal
length and a 1.6 m square perimeter The central obscuration caused by the PCU is a 15.2
cm diameter circle in front of the dish reflector, while the oversized un-obscured area of
Fig. (5.74a) is 19.6 cm as projected onto the dish reflector. The optical system is designed
to illuminate a total of thirty-six 8.8 mm x 8.8 mm square cells configured as three groups
on each of 4 planar cards. Each group with three cells in parallel, and each group having
a total rectangular photovoltaic active area of 26.4 mm x 8.8 mm. The 3 groups on each
planar card are configured as shown in Fig. (5.80b), with 3 mm wide gaps between the
photovoltaic active areas of adjacent cell groups. Above each gap is a 4.2 mm wide and 9
mm high wedge reflector, with the wedge surfaces and angle from normal averaging
approximately 13°. The wedge knife-edges are made substantially coincident with the
curved Köhler image plane of the primary dish reflector.
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Collection
Aperture

F/0.66 Square Paraboloidal Mirror with 2.56 m2 area, f = 1.5m

Lens Element

f = 48.1mm, n = 1.46 @ λ = 500nm, vertex located 60mm in front of
Parabolic Focus
Surface 1: R1 = 43.5mm
Thickness: 87mm
Surface 2: R2 = -43.5mm

Non-Imaging
Optics

Type: Flat silvered wedges
Angle: 14°
Location: Center of quadrants located at 83mm from parabolic focus
Thickness: 6mm toward parabolic focus from quadrants

Solar Cells

Type: Triple Junction Solar Cells
Array Size: 36x 8.8mm square on 4 separate circuit cards
Concentration Factor: 918x

System
Properties

Silica Mass: 450 g/m2
MP90% at θA = 0.60°, CAP = 0.32
Table 5.7:

Embodiment 5.3.6 Optical Prescription
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Figure 5.80: Quadrant Wedge Central Obscuration Compensation
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As described in Section 5.2.5, compensation of the shadowed cell in this
embodiment is done by addition of a central reflector as recreated in Fig. (5.80). Fig.
(5.81) and Fig. (5.82) give the results of illumination performance calculations for the
preferred design of embodiment 5.3.5. Due to the high degree of symmetry, the optical
irradiance balancing of the total of 12 parallel cell groups for on-axis pointing is made
between only 3 unique parallel cell groups, outer, middle and inner, located in each
quadrant. Each of these cell groups receives ideally 8.3% (1/12) of incident light power.
In practice, 98.5% of the light incident across the full aperture of the reflector
reaches the cells, i.e. 8.2% of the light is received by each parallel cell group. If we
assume a PCU support arm width of 25 mm, then the loss of 1.5% of the incident light is
from blocking by the PCU and support arm shadows, as shown in Fig. (5.80a). The
blocking contributions are 0.7% PCU shadow and 0.8% support arm shadow. While the
PCU shadow area does not correspond to the projected areas of light reaching each cell
group, the support arm shadow does in Fig. (5.80a). The black strip of the PCU support
arm shadow in Fig. (5.80a) blocks the projected area of light reaching one cell group, so
that the cell’s ideal proportion of total light power drops from 8.2% to 7.4%. This upsets
the balance of the 3 unique cell groups in that quadrant, so that the inner cell group
receives only 90% of the light the 11 other cell groups receive.
This imbalance is compensated for by oversizing the central area, by 0.8% of the
total area, so that the central area obscured by the PCU is equivalent to the area shadowed
by the support arm. Since the PCU shadow’s diameter is 15.2 m (182 cm2 area), this
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means the central square length is oversized to be 19.6 cm (382 cm2 area), so that the
central area unshadowed by the PCU will be 200 cm2, or 0.8% of the total area. As shown
in Fig. (5.80b), When these central un-obscured light rays incident on the unshadowed
area reach the image plane, they are now redirected by the central reflector to the blocked
inner cell group, boosting its light power by 0.8% of the total to raise its proportion of
total light power from 7.4% to 8.2%, restoring the balance of all 12 parallel cell groups.
With this compensation in effect, the differences in outer, middle and inner
groups integrated irradiance is the geometric collection efficiency at the optimization
condition. Fig. (5.81) shows the relative integrated cell illumination amount when the
system is on-axis, Fig. (5.81a), and when it is off-axis 0.5°, Fig. (5.81b). Cells of lower
integrated irradiance are shown in darker gray, while areas of high irradiance are shown
in lighter gray. The standard deviation of the integrated illumination across all 12 parallel
cell groups is 1.6% for on-axis and 5.6% for the 0.5° off-axis case. The inner parallel cell
group that was obscured by the support arm and compensated by the central reflector is
labeled C. The cell electrical chain for the on-axis, 0.25°, 0.50° and 0.75° off-axis cases
was shown in Fig. (3.11). It is apparent that this compensation technique works, both in
the on and off-axis cases, as the cell group is tied as the limiting cell irradiance in the onaxis case, and is not the limiting irradiance in the off-axis case.
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Figure 5.81: Quadrant Wedge Central Power Distribution
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Figure 5.82: Quadrant Wedge Central Irradiance Pattern
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An additional performance characteristic is the active cell area irradiance pattern
on each parallel cell group. Fig. (5.82) details this characteristic for the preferred design
of embodiment 5.3.6 when the system is on-axis, Fig. (5.82a), and when it is off-axis
0.5°, Fig. (5.82b). The geometrical concentration is 918x. Areas of low irradiance are
shown in darker gray, while areas of high irradiance are shown in lighter gray with the
relative irradiance contours labeled in 40% increments.
Within each parallel group, the irradiance reaches a maximum at the corners.
These peaks occur because of light incident on the corners of the cell group comes from
overlapping incident rays reflected from two adjacent perpendicular wedges. For the onaxis case, the maximum irradiance across all cells is 203% ± 3.3% larger than the
average, and the peak occurs in the innermost central corners of the inner cell group. For
the off-axis case, the maximum irradiance across all cells is 196% ± 10.1% larger than
the average and the peak occurs in the innermost central corners of the inner cell group.
The higher irradiance at the corners will not cause significant power loss from ohmic
losses as the generated photocurrent is in close proximity to the cell edge electrodes. This
proximity enables an easier conduction path that is not realized in systems that focus the
sunlight directly on the center of a solar cell, achieving maximum irradiance near the
center. The minimum irradiance occurs down the centerline of each parallel cell group
array. These valleys occur because of the lack of reflected light from wedges landing on
the central region of the cell. For the on-axis case, the minimum irradiance within each
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cell group is 26% ± 8.2% smaller than the average, with this minimum occurring at the
edge of the inner cell group C that is blocked and compensated.
For the off-axis case, the minimum irradiance within each cell group is 27% ±
8.1% smaller than the average, occurring at the edge of the of the inner cell group that is
blocked and compensated. This is best illustrated in the off-axis ray diagram of Fig.
(5.83b), which shows 0.6° off-axis rays arriving at the cells in the preferred design. Most
rays leaving the lens convex back surface at 0.6° off-axis are not clipped by any interior
or perimeter reflectors. However, off-axis rays are clipped by the interior reflector in the
location marked D. This thin clipped region on the compensated cell group is similarly
labeled D in Fig. (5.82b).
In the optimization sequence, after the irradiance had been equalized across all 12
cells, the off-axis performance was then optimized by adjusting the individual wedge’s
height and width. Our optimization tends to value higher acceptance angle over
irradiance uniformity, which is why the irradiance is not highly uniform over the parallel
cell groups in the optimization example shown in Fig. (5.82).
On average, while the planar reflective side 2 of Fig. (5.83) may not be reflecting
many off-axis rays, the left planar reflective side 1 is reflecting rays onto the cells so that
one half of the active area is more strongly illuminated than the other. This effect is also
shown in Fig. (5.82) for the ray distribution in the 0.5° off-axis case, where the cells’ less
illuminated regions shift left as no off-axis rays are reflected onto that portion of the
active cell area. The design achieves acceptable illumination uniformity for low cost.
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Figure 5.83: Qaudrant Wedge Array Closeup
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CHAPTER 6: SPECTRAL OPTIMIZATION

6.1 SPECTRAL MODELING
In addition to the optical and illumination challenges posed by a CPV system,
there is the matter of dealing with light of a broad wavelength range. Solar PV systems
are notorious for being hard to model spectrally for a variety of reasons. The composition
of the solar spectrum that reaches Earth can vary quite widely by location, altitude, time
of the year, and local weather conditions each day.

6.1.1 Solar Spectrum
To be prepared for any range of weather conditions, the choice is often to model
the optimum spectrum for a sunny day at the location the solar energy system will be
operating at. There are two standard terrestrial solar spectral irradiance distributions that
are generally used to model PV energy systems, given by the ASTM G-173-03 document
(American Society for Testing and Materials 2008). The two spectra define a standard
direct normal spectral irradiance, and a standard global spectral irradiance. The receiving
surface is defined as a plane inclined with a 37° tilt toward the equator facing the sun, so
that the surface normal points towards the sun at an elevation of 41.81°. This tilt angle is
approximately the average latitude for the 48 contiguous US states. The standard
atmospheric conditions selected are based on the temperature, pressure, and particle
density of the 1976 U.S. Standard Atmosphere and include an absolute air mass (AM) of
1.5, a total column of water vapor equivalent of 1.42 cm, a total column ozone equivalent
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of 3.4 mm, and surface spectral albedo of ‘Light Soil’ as documented by JPL ASTER
(NREL 2007).
These spectra are shown in Fig. (6.1) and are available for download from NREL
at <rredc.nrel.gov/solar/spectra/am1.5/>. The quantity of Spectral Irradiance Eλ was
defined in Chapter 4, having units of W/m2/nm, which is essentially the standard
irradiance E broken up into 1 nm wavelength sized bandwidths. The spectrum most
relevant to CPV systems is the direct normal spectral irradiance, because it defines the
wavelength makeup of the sunlight incident onto a collection aperture that can be
concentrated down an optical axis aligned with the sun. By convolving this spectrum with
the spectral throughput of our optical system and the spectral response of our MJ solar
cells, we can model the photoelectron current output of our system.

Figure 6.1: Terrestrial Reference Spectrum
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When the spectral throughput of the system is defined using spectral irradiance
Eλ, it is essentially as though the optical system has been broken up into thousands of
smaller optical sub-systems, each with the same geometry but responsive to only a single
nanometer wavelength bandwidth of light. Each of these systems will have a different
optical efficiency ηOPT, defined by how well that optical system efficiently transmits light
of that single wavelength bandwidth. The linear addition of all these smaller subsystems
will yield a spectral optical efficiency ηOPT(λ) that is wavelength dependent. Up until this
point, the optical efficiency was simply an averaged sum of the spectral optical
efficiency, weighted correctly for the relevant wavelengths of our solar cell response.

6.1.2 Dispersion and Absorption
To understand deeper as to how the optical materials in the system response to
light of different wavelengths, it’s important to understand dispersion, or how the
refractive index of a material n(λ) is dependent on the wavelength of light passing
through it. The Sellmeier equation is an empirical relationship between refractive index
and wavelength that allows the numerical modeling of a glass’s dispersion and given by
n2 ( λ ) = 1+

B1λ 2
B2 λ 2
B3λ 2
+
+
λ 2 − C1 λ 2 − C2 λ 2 − C3

(6.1)

where B1,2,3 and C1,2,3 are experimentally determined coefficients for each glass material.
Typical Sellmeier coefficients for common glasses and plastics used in solar is shown in
Table (6.1) and plotted in Fig. (6.2). These values were taken from Schott’s glass
catalogue (Schott 2007) and (Ishigure, Nihei and Koike 1996).
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Glass Fused Silica

N-BK7

P-SK57

PMMA

B1 0.696166300

1.03961212

1.31053414

0.4963

B2 0.407942600

0.231792344

0.169376189

0.6965

B3 0.897479400

1.01046945

1.10987714

0.3223

C1 (µm2) 0.00467914826

0.00600069867 0.00740877235 0.008473488

C2 (µm2) 0.0135120631

0.0200179144

0.0254563489

0.010835128

C3 (µm2) 97.9340025

103.560653

107.751087

38.4437251

Table 6.1:

Sellmeier Coefficients of Typical Solar Materials

Figure 6.2: Dispersion of Typical Solar Materials
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The plots of dispersion for typical solar transparent optical materials in Fig. (6.2)
generally take the same form, but are shifted higher and lower in index. Fused Silica has
a lower index than the moldable glass P-SK67, so that an element made of Fused Silica
would bend light less than the P-SK67 glass would for the same element geometry.
Within the same material, like N-BK7, solar irradiation arriving at 500 nm will see an
effective index of n=1.525 and thus refract or bend more than the solar irradiation
arriving at 2300 nm where N-BK7 has an effective index of n=1.49. For partiallyimaging CPV systems that rely on refraction to bring the sunlight to a well defined focus,
like Fresnel systems, having substantial dispersion means that different portions of the
sunlight will arrive with different spot sizes onto the cells and might require correction.
For partially-imaging CPV systems that rely on large amounts of reflection, like
Cassegrain systems or our Dish-Based system, dispersion is much less of an issue
because all light is spectrally reflected in the same direction at an angle twice that of the
incident angle to normal, regardless of wavelength. However, chromatic dispersion can
still be an issue in a Köhler concentrator system if the projection optic near the focus is
substantially powered, as is the case of the embodiment 5.3.4 system.
In CPV, perhaps more important than material dispersion is the spectral
absorption, which both reduces the spectral throughput of the system and can cause the
materials to heat up when placed at a location of high-concentration. To understand how
to quantify absorption, we must break up the index of refraction of glass into its real and
imaginary components. This is called the complex index of refraction and is given by
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n = n + iκ

(6.2)

where the real part of the refractive index, n is the phase speed, and 𝜅 is the extinction
coefficient. The real an imaginary parts of the index of refraction are related through the
Kramers-Kronig relations.
For simplicity, often the extinction coefficient of a glass 𝜅 is given by the
manufacturer in units of cm-1/nm. Graphically this is shown in units of cm-1 versus a
spectrum of wavelengths. An example of this extinction coefficient graph for two types
of Fused Silica over the range of 0.3-2.9 μm is shown in Fig. (6.3). The extinction
coefficient is plotted on a log base 10 scale to better see visible spectrum range detail.
The glass types compared in Fig. (6.3) represent Fused Silica made with different
amounts of OH content and the their relative absorptions. OH bonds are a significant
contribution to infrared absorption in glasses, and this data shows graphically how much
more relative absorption there is in the near infrared range for Silica with an OH content
of around 200 ppm (parts per million) compared to a Silica with an ultra low OH content
(<10 ppm). Choosing a glass with the appropriate OH content is important for solar
concentration because of the high costs associated with achieving low-OH glass.
Depending on the glass type, the OH content might not effect the spectral throughput
over the wavelength bandwidth that corresponds with the spectral response of the solar
cells, but the UV absorption could be high enough to cause solarization or yellowing of a
material, or the infrared absorption could be sufficiently high to cause excessive heating,
as will be examined in Chapter 7.1.
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Fused Silica Extinction
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Figure 6.3: Fused Silica Extinction for Silica with different levels of OH

6.1.3 Transmission and Reflection
Sometimes, instead of the extinction coefficients, the glass datasheet will simply
list the internal transmittance for a range of wavelengths, calculated experimentally using

τ i ( λ ) = τ 0 e−α ( λ )id

(6.3)

where α(λ) is the wavelength dependent absorption parameter given in units of m-1, and d
is the sample thickness. If the surface reflections are neglected, τ0 = 1. The internal
transmittance data for N-BK7 and P-SK57 for a 1 cm thick sample is plotted in Fig. (6.4)
alongside the internal transmittance for a 1 cm thick sample of the 200 ppm OH Silica
given in Fig. (6.3). It is clear over the wavelength range of 300-2500 nm, the 200 ppm
OH Silica achieves better transmission in the near-IR than the standard optical glasses.
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Figure 6.4: Internal Absorption of Typical Solar Materials

Figure 6.5: Internal Transmission of Typical Solar Materials
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If the internal absorption is the only spectral quantity removing light from the
system, then the internal transmission is simply one minus the absorption, as shown in
Fig. (6.5). To get a full picture of the spectral light loss, we must also take into account
the Fresnel reflection of the front and rear surfaces given by squaring the reflection
coefficient r0 for normal incidence when the incident medium is air n1(λ) = 1,

R( λ ) = ( r0 )

2

2

2

⎛ n ( λ ) − n1 ( λ ) ⎞ ⎛ n2 ( λ ) − 1⎞
=⎜ 2
⎟ =⎜
⎟ ,
⎝ n2 ( λ ) + n1 ( λ ) ⎠ ⎝ n2 ( λ ) + 1⎠

(6.4)

For a typical solar material like PMMA acrylic glass with a refractive index at
n2(500 nm) = 1.497, the reflection from one surface at 500 nm is 3.962%, and therefore
7.923% for two surfaces. For most glasses with an index around n2(λ) = 1.5, we can
approximate the Fresnel reflection loss to be about 4% for each surface. For multiple
refractive surfaces in a CPV system, this reflection loss can add up quick. This is the
reason we therefore wish to add anti-reflection coatings when necessary. A broadband
AR coating will be shown for the projection optic throughput of Section 6.2.2.
Neglecting scatter, geometry and other non-linear effects, the total spectral
transmission T is found when both external reflection R and internal absorption A are
taken into account in the relationship given by,

T ( λ ) = 1− R( λ ) − A( λ )

(6.5)

Taking external reflection into account, Fig. (6.5) becomes the total spectral transmission
of Fig. (6.6). Understanding how these quantities relate to each other is important in the
next sections discussing optical throughput of both reflective and refractive elements.
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Figure 6.6: Total Transmission of Typical Solar Materials
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6.2 SPECTRAL THROUGHPUT
Using the spectral properties of glass, the spectral throughput of our dish-based
CPV system can be modeled. By modeling and measuring each reflective component’s
absolute reflectance, and each refractive component’s absolute transmission, we will then
have the necessary data to model the throughput of the system for each of the 1 nm
bandwidth optical subsystems.

6.2.1 Primary Mirror Throughput
The first optical material the sunlight hits in a dish-based CPV system is the
paraboloidal mirror. Second-surface, back-silvered glass reflectors are preferred for solar
concentrators because of the mechanical and chemical stability of glass and the high,
broad-band reflectance of silver. Solar reflectors made with silver deposited on the
backside of glass and protected by paint are preferred by CSP and CPV solar plant
suppliers because the glass provides good protection of the silver from environmental
attack, robustness, relatively light weight, and silver’s high reflectance which is typically
a 94% average solar-weighted hemispherical reflectance (SWV), weighted by the G17303 solar spectrum shown in Fig. (6.1) (American Society for Testing and Materials 2008).
However, second-surface silvered glass reflectors have less than ideal reflectance
for two reasons. First, the intrinsic reflectance of silver, while extremely high at visible
and infrared (IR) wavelengths, drops off in the violet and ultraviolet (UV). Second, even
small iron impurities in the glass cause it to absorb in the red and infrared. The residual
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impurities in “low-iron” float glass can absorb several percent of the reflected energy in
the near infrared (NIR) wavelengths. As an example, a 4 mm thick soda-lime glass
reflector used in parabolic troughs for structural rigidity loses 8% of its energy in
absorption at around 1 μm. The theoretical reflectance calculated for 3.3 mm, low-iron
soda-lime glass with refractive index n = 1.514 and 4 mm, low-dispersion optical crown
glass with an index of n = 1.514 is shown in Fig. (6.7) (Butel, et al. 2012).

Figure 6.7: Optical Crown Glass vs. Low-Iron Soda-Lime Glass
The difference between the two glasses is their absorption coefficient, which
varies significantly over the solar spectrum. For example, at 1 μm, 𝜅 = 1.02×10−6 for lowiron glass and 𝜅 = 10−8 for crown glass. A very significant improvement in reflectance is
obtained across the near infrared when comparing the crown glass and the soda-lime
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glass, the highest improvement being 8% at the 1.1 μm wavelength. The reflectance
improvement averaged over the full solar spectrum is 3.7%. Further improving the
reflectance of the second-surface silvered primary mirror with a spectrally tailored highreflection coating will allow more light to be converted into electricity at the desired
wavelengths.
Because of the spectral response of the CPV cells from 400 nm to 2 μm, high
reflectance across this part of the spectrum is desirable. As shown in Chapter 3, the MJ
cell junction with the least photocurrent limits the current and hence maximum power
output of the full cell. Typically, the shorter wavelength sub-cell sets this limit because
under the typical solar spectrum, the longest wavelength junction is broader than is
needed. Improved performance for CPV can thus be obtained by increasing the
reflectance for the two sub-cells that convert light at wavelengths below 900 nm.
Different materials can be used to create a highly reflective surface; metals such
as aluminum (Al) or silver (Ag) are the most common candidates and have been used for
centuries in optics and astronomy to make efficient mirrors (Thomas and Wolfe 2000)
(Song, et al. 1985). Various designs have also been tested for concentrating solar energy,
mainly using first-surface reflectors (Kennedy, et al. 1998). Dielectric coatings can be
used, but are not as efficient over the broadband spectrum, 350 nm to 1800 nm, that is
needed to generate solar energy. The use of triple junction cells where each junction has a
specific quantum-efficiency spectrum makes CPV systems very efficient. To maximize
the current, a new coating was designed using both metal and dielectric materials to
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increase the reflectance in the shorter wavelengths of the specific spectral distribution of
sunlight and to therefore boost the output power of the total system.
The optical thin-film software program Essential Macleod was used to create a
thin film coating for silver that boosts the reflectivity of the blue part of the spectrum
while losing a bit of the reflectivity in the near-infrared part of the spectrum. By adding a
quarter-wave stack of high-index and low-index layers between the glass and silver
surface, constructive interference can be created in the 500 nm - 600 nm wavelength
range to boost the total reflection of the mirror in that region while destructive
interference lowers the reflectivity in the region above 900 nm. The design of the optical
coating created by electron beam evaporation is shown in Table (6.2) and the blueboosted coating theory is plotted along with un-boosted silver coating theory in Fig. (6.8).

Table 6.2:

Material

Layer Thickness

Crown Glass

4 mm

Ta2O5

52 nm

SiO2

58 nm

Al2O5

10 nm

Ag

100 nm

Al2O5

10 nm

Cu, Paint

200 nm

Dielectric Layers Design of Blue-Boost Silver Coating
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Figure 6.8: Blue-Boosted Coating Theory

Figure 6.9: Blue-Boosted Coating Measurement
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The coated glass samples were optically characterized by NREL on a PerkinElmer Lambda 900 with a 60 mm integrating sphere. Fig. (6.9) shows the hemispherical
reflectance for the two glass samples—both as measured and the theoretical curves of the
design. The 2σ (95.4% confidence level) uncertainty in the measured reflectance R at a
specific wavelength is ± 0.4% of the measured value over the spectral range of interest,
300 nm - 500 nm, or the measured reflectance ± (R × 0.4)% for each wavelength. The
largest contribution to the 2σ standard deviation occurs at the sharp transition in the silver
spectrum where the reflectance of silver rapidly drops between 380 nm and 420nm.
The highest measured reflectance for the enhanced sample on crown glass is 97.5
± 0.4% at 550 nm, and the reflectance stays above 96% between 420 nm and 1600 nm.
The solar weighted reflectance is 95.4%. The low iron glass sample has much reduced
reflectivity in the near infrared. The difference in reflectivity between the two glasses
follows theory with a predicted absorption coefficient of about 10% at 1 µm for the lowiron glass. However, the measurements for both the crown and low-iron samples fall
about 1% below the theoretical value in the visible, 2% around 1 µm, and 1% in the IR.
This is most likely to due absorption in the crown glass from residual iron, or errors in the
optical constants of the actual materials used being different than the modeled
parameters. Regardless, the high reflectivity is still the best ever measured by NREL, and
so this result is a testament to the marketability of dish-glass reflectors for future CPV
and CSP use.
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6.2.2 Projection Optic Throughput
In the XRX-Köhler concentrator system, the second optical element reached is the
projection optic, which for a majority of the embodiments and all operating prototypes is
a spherical ball lens made of fused silica. This glass is chosen because it is the only glass
material available that can withstand solar concentration levels of 20,000x in the center
without substantial heating. It is also extremely inert, having a low temperature
coefficient of refractive index dn/dT of 11.9 ppm/°C
As was demonstrated in the extinction coefficient graph of Fig. (6.3), there are
varying types of fused silica made with different OH content that lead to different
amounts of spectral absorption. Modeling the absorption of the available silica types
allows us to make a value decision on whether choosing a cheaper glass will cause a
substantial performance loss.
Knowing the extinction coefficient in units of cm-1 over the range of relevant
wavelengths enables us to find the percent absorption per wavelength for light passing
through a given thickness of this glass used in our system. In the embodiment 5.3.6
system used in the Gen 3 prototype, the fused silica ball lens is nearly 9 cm thick with
most of the light traveling through the entire diameter of the lens on axis. So simply
changing the y-axis of Fig. (6.3) from log base 10 to linear, and multiplying the y-values
by 9 cm will give the percent absorption expected in our fused silica ball lens for the
different types of glass per unit wavelength, shown in Fig. (6.10).
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Figure 6.10: Fused Silica Absorption for 9cm Silica Lens
This plot shows that the absorption is only significant in the near-infrared
wavelength regions, with the 200 ppm OH silica having significantly more absorption.
This data gives us the percent absorption regardless of the amount of incoming light, and
in addition to using it to find the transmission of the ball lens, convolving this with the
incident flux from the mirror it will allow us to find how much power we expect to be
absorbed by the glass in the fused silica ball lens in Chapter 7.
As in Section 6.1.1, we can find the internal transmission for a 9 cm thick ball
lens made of both kinds of fused silica using Eq. (6.5) to simply subtract the absorption
from the Fresnel reflection losses. When this is done we get the plot shown in Fig. (6.11).
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Figure 6.11: Ball Lens Absolute Transmission
This plot shows that the absolute transmission of the ball lens is about 92% for
both types of fused silica throughout most of the spectral bandwidth of the MJ cells, 350
mm – 1800 nm. The 200 ppm OH-silica has a distinctly larger spike in transmission loss
around 1380 nm than the Low-OH silica. If we were to find later in the model that this
spike significantly reduces that current density of the third spectral sub-cell so that it
becomes the limiting cell, we may have to resort to the more expensive Low-OH silica.
However, as mentioned in the previous section, the current density of the first
sub-cell is often the limiting cell, based on the reduced spectral irradiance available in
that part of the AM 1.5 solar spectrum.
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In much the same way a broadband high-reflectivity (HR) dielectric coating was
designed for the back-silvered mirror, a broadband anti-reflective AR coating can be
designed for the ball lens that similarly boosts the blue transmission of the ball lens. The
added benefit with coating the outside of a refractive optical element is that it can greatly
reduce the Fresnel surface reflection losses. Since the ball lens is steeply curved and this
coating will be exposed to the environment, a prime coating candidate is a single-layer
solgel coating made of a suspension of silica nanoparticles in an alcohol solution. What
makes solgel so practical as a single layer solar coating is its effective refractive index.
For a single layer of index n1 between materials of lower index n0 and higher index n2, if

n1 = n0 n2

(6.6)

then the two corresponding reflections, from the air/coating and coating/substrate
interface, will be exactly out of phase and destructively interfere because the second
reflection has traveled exactly half its wavelength upon returning to the first surface. For
air and glass of index n0 =1 and n2 =1.5 respectively, the ideal coating index is n1 =1.22,
an index which is close to the n2 =1.25 of cured silica solgel.
Since the coating is single layer, it will still have a peak transmission value that
can be tuned easily by designing for a specific coating thickness. Since the blue sub-cell’s
strongest response is in the 350 nm – 650 nm visible light range, we can design the antireflection peak to correspond with 500 nm. Since the coating is a quarter-wave layer at
this design wavelength, the thickness of the solgel applied should be approximately

λ PEAK / 4 = 500nm / 4 = 125nm.

(6.7)
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Figure 6.12: Ball Lens Absolute Transmission with Solgel Coating
When this coating is applied uniformly to both hemispheres of the ball lens with
125 nm thickness, the resulting theoretical transmission achieved is shown in Fig. (6.12)
for the case of the 200 ppm OH Fused Silica. This ideal coating achieves a transmission
above 99.6% in the 510 nm – 560 nm region of the spectrum. When this coating is
measured with three lasers of wavelength 405 nm, 532 nm, and 633 nm near the peak of
the AR coating, the transmission measurements show great agreement with the coating
theory, as shown in Fig. (6.12).
The boost to the first sub-cell in the MJ cell by this AR coating is incredibly
useful, and the adjustment of the coating thickness provides a powerful lever for further
spectral fine-tuning of the current density received by the junctions in the MJ cell.
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6.2.3 Secondary Concentrator Throughput
The final component the light passes through before arriving at the solar cells is
the secondary concentrator optical array. The spectral modeling of this component is very
important because the high angles of incidence onto the silvered reflective surfaces can
have different spectral reflectivity than when rays arrive at normal incidence onto the
optical surfaces. The concentrator geometry is also spectrally unique in that some rays
from the projection optic pass straight through the secondary concentrator array without
interacting with the elements, while a substantial portion of the rays are reflected from
the inside faces of the concentrator elements and arrive at the cell with a reduced spectral
loss. This geometrical factor will have to be taken into account.
When the elements are glass TIRC elements like in embodiment 5.3.3, the
internal reflection spectral reflectivity is uniform as long as the rays meet the TIR
condition of Eq. (5.4), yet all rays will pass through these elements so that the Fresnel
front surface losses and internal absorption must be modeled correctly for the geometry
of the system. Since the TIRC elements were never realized in our prototypes, we will
restrict our analysis to only the two types of secondary concentrators we have used,
namely the hollow reflective concentrator HRC funnels of embodiment 5.3.1 and the
reflective wedge concentrators of embodiment 5.3.6.
The difficulty in applying a spectrally reflective coating to the HRC elements of
embodiment 5.3.1 was a process challenge I faced for the first two years of my graduate
work. The funnel elements all had twisted sides that required them to be electroformed
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out of nickel before having the coating placed onto them. This required coating the
elements with evaporative silver at a high-angle of incidence, which generally creates
non-uniform surface deposition leading to hazing of the ideally spectrally reflective
surfaces. This problem was solved by developing a coating process that simulates the
silver evaporation from a point source by using a evaporation boat above the silver
material with an appropriately sized hole in it, as shown in Fig. (6.13). This process
allowed more consistent specular coatings to be created on the inside of the HRC element
and reduce the amount of wasted silver in the process.

Figure 6.13: Specular Silver Evaporation Process
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Additionally, since the silver coating is a front-surface coating, it needs to be
protected from the environment to prohibit oxidization. This was done with a single-layer
MgFl overcoat, deposited using the same technique as Fig. (6.13). As in the previous
coating examples, the thickness of the MgFl coating could also be tailored to give a slight
boost in the reflectivity at high incidence in the 350 nm – 650 nm range corresponding to
the spectral response of the first MJ sub-cell.
The theoretical reflectance for the front-silvered secondary optics at 75° angle of
incidence with and without the MgFl overcoat is shown in Fig. (6.14). The silver coating
achieves greater than 98% reflectivity if the coating is specular, with a slight boost in the
visible range due to the MgFl overcoat.

Figure 6.14: HRC Secondary Optics Reflectivity
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To model the spectral throughput of the wedges SOE array, I first tabulated the
spectral reflectivity of the MIRO-SILVER® product we are using from Anomet,
recreated in Fig. (6.15) (Anomet 2014). This material comes in silver-coated aluminum
sheets that have an additional proprietary dielectric over-coat that protects the silver and
boosts reflectivity. Comparing it to Fig. (6.14), it has a significant boost in the visible
range of the spectrum, but is about 3% less reflective above 900 nm than the silver overcoated with MgFl in the HRC funnels. The choice to use this material was made because
of the ease in manufacturing the reflective wedge SOE array for the embodiment 5.3.6
system, and we hope to work with the Anomet company in the future to develop a
reflective silver material specific to our high angular illumination needs.

Figure 6.15: Wedge Secondary Optics Reflectivity
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Figure 6.16: Wedge Secondary Optics Reflectivity Measurement
The reflectivity curve and measured values for the MIRO-SILVER® product is
shown in Fig. (6.16). The purple line represents the reflectivity at normal incidence as
provided by the manufacturer, while the round circles indicate our measurements of the
material at a 75° angle of incidence – the average incident angle at which the light will
reflect off our secondary optics. The blue line represents an approximation of the spectral
reflectivity at the 75° angle by scaling the normal incidence curve scaled to match our
measurements. This curve represents a conservative reflectance approximation, as in
practice the coating might easily be designed for maximum throughput at a 75° angle of
incidence instead of normal incidence.
To determine the total optical throughput of the wedge array system, in addition
to the spectral reflectivity we also consider the geometry of the wedge array to account
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for both the rays that reflect off the wedges and the rays that pass straight through to the
cells. Since the secondary concentration for embodiment 5.3.6 is C2 = 1.78, as given in
Table (5.1), we expect approximately

% REFL =

(C2 − 1) (1.78 − 1) 0.78
=
=
= 43.8%
C2
(1.78)
1.78

(6.8)

of the incident light to be reflected with the spectral properties of the MIRO-SILVER
shown in Fig. (6.15), and the other 56.2% passing through untouched. This is just an
approximation, but one that can be measured experimentally.
To perform an accurate average throughput measurement, an optical illumination
setup was designed to mimic the characteristics of how the light arrives at the wedge
array, shown in Fig. (6.17). This illumination system uses the Köhler illumination
projection technique to ensure a square column of diverging light arrives at the wedge
array with equal illumination, Fig. (6.18a). A mask is used to project a square image of
the mirror and designed central obscuration onto the wedge array, Fig. (6.18b).

Figure 6.17: Illumination Test System Design
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Figure 6.18: Illumination System with Mask

Figure 6.19: Embodiment 5.3.6 Wedge Array Throughput Test
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To illuminate the array with a light spectrum similar to that incident from the sun,
a 20 W Tungsten-Halogen source was used to simulate a good first-order approximation
to a solar black body radiator. A series of silicon solar cells are placed at the exit
apertures to read out the photocurrent in units of mA. To measure the throughput,
difference measurements are made. The first measurement occurs when the assembled
reflector wedge array is placed over the array Fig. (6.19a), and the second measurement
occurs when the reflective array is removed Fig. (6.19b)
Using this illumination measurement technique, I found the combined reflective
and geometrical rays losses to total to 5.56% ± 0.50%, meaning the measured wedge
array throughput was 94.4% ± 0.50%. By subtracting the 1.665% geometrical ray loss of
the wedges found in Section 5.1.4, the secondary spectral throughput loss averaged over
the geometry of the array is found to be 3.6% over the response spectrum of silicon,
which is approximately 400 nm – 1100 nm.
The average spectral reflectivity loss across that range in the graph of Fig. (6.16)
is approximately 3.58%, which agrees quite well with the 3.6% absorption measured in
the experiment. From this, we expect to be able to use the scaled graph in Fig. (6.16) as
the spectral reflectivity of the wedge array SOE elements.
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6.3 SPECTRAL ADJUSTMENT
The spectral throughput of the system components can be tailored to the spectral
response of the cells to achieve equalized power output. To understand which spectral
knobs to turn, we must understand the quantum efficiency of the MJ cell and how we use
it to arrive at the output power, where the figure of merit is the sub-cell’s current density.

6.3.1 Cell Quantum Efficiency
The quantum efficiency at 25°C of the three junctions of a typical triple junction
cell is shown in Fig. (6.20), for C4MJ+ cells made by Boeing Spectrolab. The response of
the first junction goes from about 350 nm to 675 nm, the second from about 675 nm to
925 nm, and the third sub-cell from about 925 nm to 1835 nm. Each of the three sub-cells
has a distinct quantum efficiency: Q1(λ), Q2(λ), and Q3(λ), for the top, middle, and bottom
sub-cells, respectively. Sometimes these are referred to as the first, second, and third subcells which categorizes them by the order in which the light passes through them.
Because the junctions are electrically interconnected in series in the concentrator
cell, the smallest sub-cell current limits the entire cell and is the final current flowing in
the cell. As a simplified approximation, we consider direct solar radiation is reflected
onto a bare cell. We take for the solar spectrum the AM 1.5 spectral irradiance EAM1.5(λ)
of Fig. (6.1). ηOPT(λ) is the spectral optical throughput of the system and Qi(λ) is the
quantum efficiency of the considered band i. The current density Ji of electron-hole pairs
created per second in each junction is given by integration across the optical spectrum,

285

Figure 6.20: Triple Junction Cell QE (Boeing Spectrolab 2011)

Ji =

q
λ ⋅ E AM 1.5 ( λ ) ⋅ ηOPT ( λ ) ⋅Qi ( λ )d λ ,
hc ∫λ

(6.9)

where i references the bandgap number. Integrating across the region for each sub-cell
gives the current density shown in in Table (6.3). With the solar irradiance, the first and
second sub-cells are equal yet substantially underpowered compared to the third sub-cell.

Table 6.3:

Sub-Cell

Current Density

Total

442.1 A/m2

J1

124.0 A/m2

J2

125.9 A/m2

J3

192.2 A/m2

Current Density of MJ Sub-cells for AM1.5 Spectrum
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6.3.2 Spectral Waterfall
To determine how the spectral throughput of each optical component reaching the
final solar cell effects the balance of each sub-cell’s current density, we must convolve
the AM 1.5 spectral irradiance of Fig. (6.1) with the complete spectral throughput of all
the components in Section 6.2. Only then will we calculate the actual spectral irradiance
at the cell, allowing us to then tailor the spectral coatings of the components to achieve a
better current density balance.
This is most easily done by creating a spreadsheet that breaks up the absolute
reflectivity and transmission efficiencies of the optical components into 1-nanometer
bandwidths. By multiplying the AM1.5 spectral irradiance data EAM1.5(λ) by the spectral
throughput efficiencies ηOPT(λ) of each component, the optical system’s throughput in
terms of spectral irradiance EOPT(λ) is found

EOPT ( λ ) = E AM 1.5 ( λ ) ⋅

∑η

OPT

( λ ),

(6.10)

COMP

As the spectral irradiance data is multiplied be each component’s spectral
throughput efficiency, the resulting spectral irradiance of the light can be plotted in a
graph, as shown in Fig. (6.21). This graph is our first example of a spectral waterfall,
where the effect of each optical component’s spectral efficiency on the light it receives is
clearly shown. Being able to look at this graphical data in high resolution will show
which optical components have greater loss effects on different parts of the spectrum,
allowing spectral optimization through compensation and balancing of the various
reflective and transmissive surfaces and their optical coating parameters.
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Figure 6.21: Spectral Optical Efficiency Waterfall

Figure 6.22: Spectral Quantum Efficiency Waterfall
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Using the spectral irradiance EOPT(λ), the next step is to use the quantum
efficiency Qi(λ) of the MJ cell to calculate the output current density of each of the subcells. The current density is found in the spreadsheet by substituting Eq. (6.10) into Eq.
(6.9) and changing the integration to a discrete summation over 1-nanometer wavelengths
λ max

q i
Ji =
∑ λ ⋅ EOPT (λ ) ⋅Qi (λ )Δλ ,
hc λi min

(6.11)

For the spectral bandwidths of each subcell given by the spectrolab C4MJ+ cells (Boeing
Spectrolab 2011), the resulting current densities are found using the equations

J1 =

q λ =675nm
∑ λ ⋅ EOPT (λ ) ⋅Q1(λ )Δλ ,
hc λ =350nm

(6.12)

J2 =

q λ =925nm
∑ λ ⋅ EOPT (λ ) ⋅Q2 (λ )Δλ ,
hc λ =675nm

(6.13)

J3 =

q λ =1835nm
∑ λ ⋅ EOPT (λ ) ⋅Q3 (λ )Δλ ,
hc λ =925nm

(6.14)

An even more accurate way to find the check the results of this spreadsheet model
is to input the optical spectral parameters of each component into the non-sequential raytracing program. By tracing millions of rays, each defined by a randomly selected
nanometer wavelength from an AM 1.5 spectral solar source, the resulting spectral
irradiance at the cell surface can be calculated, and can be analyzed for agreement. This
is especially useful when analyzing coating performance at high angles of incidence and
off-axis spectral performance.

289
6.3.3 Cell Spectral Optimization
Now that we have the tools necessary to change the spectral throughput of each
component and quantify the effect on the sub-cell’s current density, we can analyze a
range of spectral properties.
For the Gen 2 system fashioned after embodiment 5.3.1, the optimal spectral
design called for making the mirror using B270 glass from Schott, with the blue-boosted
high reflective HR coating to be added, as shown in Fig. (6.8). Low-OH fused silica, like
that shown in Fig. (6.11), from Heraeus would be used in the ball lens projection optic,
with a solgel AR coating applied to both sides of it, Fig. (6.12). The secondary
concentrators were reflective silvered HRC funnels over-coated with MgFl, as shown in
Fig. (6.14). When the appropriate absorption added for the thicknesses of the B270 and
the low-OH fused silica, the resulting spectral waterfall yielded the values of 117.7,
120.2, and 180.5 A/m2, shown in Table (6.4).
Analysis of our capabilities showed we were not going to be able to produce the
blue-boosted coating at a reasonable cost, and so this coating was removed in place of the
basic silvered rear surface. The corresponding loss in the top cell’s bandgap was
compensated by reducing the thickness of the ball lens’ coating, from 110 nm to 100 nm,
to cause the peak of the anti-reflection coating to occur at a slightly lower wavelength,
allowing more shorter-wavelength photons to pass. This optimization effectively shifted
the spectral optical efficiency of the top-cell slightly higher compared to the middle-cell
in an attempt to boost the current density of the top-cell.
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Optimum Design

Capability

Actual

Mirror Glass

B270

B270

B270

HR Coating

Boosted Silver

Plain Silver

Plain Silver

3.10 %

4.13 %

8.45 %

Low-OH Silica

Low-OH Silica

Low-OH Silica

AR Coating thick.

110 nm

100 nm

100 nm

Ball Loss J1

0.56 %

0.52 %

0.52 %

HRC Funnels

HRC Funnels

HRC Funnels

Secondary Loss J1

2.42 %

2.44 %

4.40 %

Total ηOPT (lambda)

93.71 %

93.34 %

87.36 %

Top-Cell ηOPT

94.03 %

93.04 %

87.08 %

Middle-Cell ηOPT

95.47 %

94.99 %

88.90 %

Bottom-Cell ηOPT

Mirror Loss J1
Ball Lens

Secondary Conc.

93.85 %

94.10 %

88.07 %

2

418.5

416.8

390.1

2

117.7

116.3

108.8

2

J2 (A/m )

120.2

119.6

111.9

J3 (A/m2)

180.5

181.0

169.4

(A/m )
J1 (A/m )

Table 6.4:

Spectral Balancing for Gen 2 System

When tested on-sun, the actual spectral efficiencies stayed relatively even
normalized to each other, while the spectral reflectivity loss from the mirror was greater
than expected due to manufacturing errors with the coating that caused the silver not to
be created thick enough. The spectral loss from the funnels nearly doubled due to an
approximately 2% scatter function of the surface reflection. The actual spectral waterfall
and quantum efficiency waterfall for this system is shown in Fig. (6.23) and Fig. (6.24).
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Figure 6.23: Gen 2 Spectral Optical Efficiency Waterfall

Figure 6.24: Gen 2 Spectral Quantum Efficiency Waterfall

292
For the Gen 3 system fashioned after embodiment 5.3.6, the optimal spectral
design called for making the mirror using a much cheaper PPG Solarphire glass, with the
blue-boosted high reflective HR coating to be added. The more absorptive 200 ppm-OH
fused silica from Heraeus would be used in the ball lens projection optic, because of the
considerable reduction in material cost being more substantial than the minimal
throughput losses for the smaller size ball lens, 9 cm versus 12 cm thick in the Gen 3
system. Again a solgel AR coating would be applied to both sides of the lens.
The secondary concentrators are now the wedge optics created from the MIROSILVER material shown in Fig. (6.15). Since the reflectivity of these materials dropped
off at the higher angle when measured, the scaled version of the spectral reflectivity
shown in Fig. (6.16) was used. When the appropriate absorption added for the thicknesses
of the PPG Solarphire and the 200 ppm-OH fused silica, the resulting spectral waterfall
yielded the values shown in Table (6.5).
Analysis of our capabilities showed we were again not going to be able to produce
the blue-boosted coating at a reasonable cost, and so this coating was removed from the
PPG Solarphire glass in place of the low-cost basic silvered rear surface. The
corresponding loss in the top cell’s bandgap was again compensated by reducing the
thickness of the ball lens’ coating, cause the peak of the anti-reflection coating to occur at
a slightly lower wavelength, allowing more shorter-wavelength photons to pass.
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Optimum Design

Capability

Expected

Mirror Glass

PPG Starphire

PPG Starphire

PPG Starphire

HR Coating

Boosted Silver

Plain Silver

Plain Silver

3.47 %

4.51 %

8.45 % (est.)

200ppm Silica

200ppm Silica

200ppm Silica

AR Coating thick.

110 nm

100 nm

100 nm

Ball Loss J1

0.51 %

0.47 %

1.31 %

HR Wedges

HR Wedges

HR Wedges

Secondary Loss J1

4.97 %

5.11 %

5.07 %

Total ηOPT (lambda)

91.14 %

90.69 %

86.83 %

Top-Cell ηOPT

91.26 %

90.19 %

86.46 %

Middle-Cell ηOPT

94.06 %

93.59 %

89.44 %

Bottom-Cell ηOPT

Mirror Loss J1
Ball Lens

Secondary Conc.

90.63 %

90.87 %

87.06 %

2

408.7

407.0

389.0

2

J1 (A/m )

115.7

114.2

109.5

J2 (A/m2)

118.7

118.1

112.8

J3 (A/m2)

174.3

174.7

167.4

Total J1 (A/m )

Table 6.5:

Spectral Balancing for Gen 3 System

When tested on-sun, the actual spectral efficiencies from the ball loss and
secondary loss was known, while the spectral loss from the mirror was still unknown as
the mirror designed for the system has yet to be manufactured, so the use of a different
mirror was used. As a conservative worse case scenario, we estimate the spectral loss
from the Gen 3 mirror to be as bad as the Gen 2 mirror, resulting in a ~87% spectral
conversion efficiency. Using these numbers, the expected spectral waterfall and quantum
efficiency waterfall for this system is shown in Fig. (6.25) and Fig. (6.26).
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Figure 6.25: Gen 3 Spectral Optical Efficiency Waterfall

Figure 6.26: Gen 3 Spectral Quantum Efficiency Waterfall
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CHAPTER 7: HARDWARE DESIGN
Any optical system is only made practical if it can be manufactured, aligned, and
implemented effectively at low cost into a working hardware package. For solar
concentrators, the hardware can take many forms, from small packages containing all the
concentrating optics and solar cells mounted on single tracking structures, to distributed
systems with many structures holding separate optical components and packages of solar
cells or thermal collectors.
For our dish-based CPV system, the tracking structure and collection optics, the
mirrors, are separated in space from the power conversion unit at the focus. However, all
components are mechanically linked, both for optical co-alignment and for electrical and
cooling connections. While the design of the tracking structure and mirrors can be a
straightforward mechanical engineering problem, arriving at the most efficient design of
the power conversion unit is highly dependent on the available optical, metal, and plastic
materials and their thermal and electrical properties.
Finally, the advantage of the XRX-Köhler design is that it should provide a large
tolerance to mispointing. For the tracking system, this translates to a larger optomechanical tolerance, allowing it to be less stiff. Also, if the power conversion unit is
made lightweight it will allow the supports arms to be less massive. Taken altogether,
when the whole system is well optimized and mechanically balanced, the hardware can
be made with fewer materials and less mass, reducing cost and making it easier to install.
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7.1 THERMAL DESIGN
When sunlight is concentrated into a small focus, naturally anything placed at or
near the focus location will experience thermal effects. Designing for this concentrated
sunlight with the properties of different materials in mind and an understanding of
possible failure modes allows the thermal effects to be effectively mitigated. To do this,
we first approach the system in its ideal case - when it is correctly aligned with the sun
and generating power. We then look at the possible thermal failures that can occur when
the system malfunctions, and finally considerations of thermal stresses over its lifetime.

7.1.1 Secondary Optics Absorption
Calculating thermal stress from absorption is best done through a spectral analysis
in a similar way to Chapter 6. The spectral absorption per unit wavelength can be used to
calculate the change in temperature with power absorbed, and the corresponding
expansion of the material. In a CPV system that is correctly tracking the sun, the first
component that experiences the concentrated sunlight is the secondary optics. In the
XRX-Köhler design, this is our ball lens component, shaped out of Fused Silica, which as
discussed in Section 6.2.2, has considerably less absorption across the solar spectrum
than more common glasses. At wavelengths between 300 nm and 2 μm, the absorption is
generally less than 1% through 1 cm of fused silica, but from 2 μm - 3 μm the absorption
can rise dramatically due to OH absorption. This absorption at thermal wavelengths
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combined with high incident flux (~1000x) can lead to significant thermal loads on the
ball lens depending on the grade of Fused Silica used.
Fig. (7.1), recreated from Fig. (6.10), shows that the absorption is only significant
in the near-infrared wavelength regions; with the silica with a higher OH content having
significantly more absorption. This data gives us the percent absorption regardless of the
amount of incoming light. To find how much power we expect to be absorbed by the
glass ball lenses made of different types of silica, we need to know the input power per
unit wavelength. For our concentrator’s purposes, we will estimate this by using the
direct component of the AM1.5 Spectrum, detailed in the ASTM G173 Reference Spectra
from NREL and given in Fig. (6.1).
As shown in Chapter 6, the Direct+Circumsolar (red curve) of Fig. (6.1) gives the
spectral irradiance Eλ incident on our system in units of W/m2/nm. Multiplying this curve
by the size of our example system’s entrance aperture, 2.6325 m2, and the primary
mirror’s spectral optical efficiency, ηOPT(λ) ≈ 96%, gives the amount of power per unit
wavelength incident on the secondary optics. Multiplying this weighted spectral
irradiance by the percent absorption found in Fig. (7.1), we obtain the expected ball lens
absorption in units of mW/nm. How much power is absorbed by the ball for the different
grades of Fused Silica glass is then shown in Fig. (7.2).
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Secondary Optics % Absorption for T = 9cm
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Figure 7.1: Fused Silica Absorption for 9cm Silica Lens

Figure 7.2: Fused Silica Ball Lens Power Absorption
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As Fig (7.2) shows, the 200 ppm OH Silica absorbs nearly 3x the amount of
power as the Low OH Silica. The majority of this absorption is from the glass’ 2.2 μm
OH peak that collects the sunlight that managed to pass through the atmosphere near
those same wavelengths. The high percent absorption in the 2.5 μm - 2.9 μm range shown
in Fig. (7.1) doesn’t manifest itself in the actual glass absorption of Fig. (7.2) because the
sunlight of those wavelengths has already been absorbed by one of the H2O water
absorption bands in the atmosphere, shown in Fig (6.1).
Integrating the power absorbed in the plots of Fig. (7.2), we find that the absorbed
power for the Low OH and 200ppm OH silica is 6.18 W and 20.56 W respectively. The
thermal conductivity of fused silica is 1.3 W/m/K, so that an upper limit for the rise in
temperature for a 9 cm diameter, 200 ppm OH fused silica ball can be estimated by

ΔT =

φ
20.56W
=
= 175.7°C.
k (0.09m) ⋅1.3W m⋅K

(7.1)

Fused silica’s linear coefficient of thermal expansion αL (CTE) is only 5.5x10-7/°C, and
for isotropic materials, the linear CTE αL is related to the volumetric CTE αV by αV = 3αL
so that the change in radius of the ball lens is estimated by
ΔV = V α V ΔT =

4

3

π (45mm)3 ⋅(3⋅5.5 × 10−7 °C) ⋅175.7°C = 110.7mm3 ,

(7.2)

which results in an upper limit change in radius of 3 mm assuming there is no substantial
conduction to the metal ball holder or radiative coupling to the air, both which will
reduced this value. With a more complete analysis, other materials can be examined for
their absorption and expansion to determine whether they can handle the appropriate flux.
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7.1.2 Stray Light Absorption
When the system is not perfectly aligned on-axis, or when the sun is translating
into the system from off-axis pointing directions, the mechanical housing of the power
conversion unit will be illuminated. In the Gen 3 system, with a design of embodiment
5.3.6, this housing must therefore be capable of handling an illumination flux of 2.6 kW
onto a small mechanical area. To determine the shape and power of the beam for off-axis
pointing onto the unit, the non-sequential ray-tracing modeling of Chapter 5 was used.
The geometry of the power conversion unit was recreated in FRED and modeled with a
solar source of the appropriate flux undergoing on and off-axis pointing, as in Fig. (7.3).

Figure 7.3: Example Ray Paths for Converging Light
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To examine the flux levels onto specific regions of the system, an idealized ballmounting scheme was designed, shown in Fig. (7.4). This mounting scheme was
designed to reduce the number of components and ease assembly. A curved ball plate,
later referred to as the curved ball shroud (CBS) was used to mount the ball lens and to
protect the mechanical structure behind it. After illumination analysis, it was found
beneficial to curve the ball plate more quickly away from the equator of the ball to
remove most of the housing volume away from the high flux area near the focal plane of
the primary mirror. An O-ring holds the ball around its equator, while a slotted ring
clamp holds it in place with internal screws.

Figure 7.4: Idealized Ball Mounting Scheme
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Figure 7.5: Detector Surfaces
Detector surfaces were placed over the cylinder of the PCU external housing, the
hemisphere of the curved ball plate, the ball ring seal, and around the internal area
between the ball plate and secondary reflector array to measure stray light within the
PCU. These detector surfaces are shown in a wireframe visualization in FRED
demonstrating pixel size in Fig. (7.5).
In the ray-tracing analysis, the sun was translated off-axis in one direction in 0.1°
increments. The instantaneous integrated light across all pixels on each detector for each
off-axis point was found and is plotted in Fig. (7.6). This plot demonstrates that until
about 1° off-axis, the majority of lost light is simply bouncing around within the PCU.
Above 1°, the light begins to hit the ball plate, with a peak of 1900 W at about 1.8° offaxis. The absorption by the ball plate is plotted along with the incident light if we assume
it is made of aluminum and polished to 80% reflectivity. With the geometry of Fig. (7.4),
the peak light absorbed by the PCU housing is at 2.9° off-axis, shown also in Fig. (7.8).
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Figure 7.6: Instantaneous Off-Axis Integrated Incident Light

Figure 7.7: Instantaneous Off-Axis Peak Light Density
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Also important is not just the total integrated flux onto a surface, but also the
concentration level or density of light flux. The peak light density across all pixels on
each detector for each off-axis point is plotted in Fig. (7.7). Like the integrated light, this
plot demonstrates that no mechanical component receives a significant amount of light
density until about 1° off-axis, when the focused spot begins to fall directly on the ball
plate surface. The peak light density of about 9 W/mm2, or 9000x, occurs at 1.5° off-axis,
which for aluminum with 80% reflectivity, corresponds with an absorption of nearly 2
W/mm2, or 2000x. Also seen in this plot is the peak concentration on the ball ring seal, at
about 0.4 W/mm2, or 400x, right when the focus spot is passing over it at 1.3°. This is
important because assuming that most of the light hitting the ball ring seal is transferred
into the O-ring at that location, the O-ring must be chosen so that it can withstand 400x
concentrated sunlight without melting or burning.
Fig. (7.8) details the ray bundle and absorbed light distribution on the mechanical
components for four relevant off-axis cases given by the instantaneous integrated heat
and peak absorption measurements. At 0.7°, all incident light is still falling within the
ball lens with minimal stray internal light. At 1.3°, the total amount of stray internal light
has peaked and the peak absorption on the O-ring occurs, where the focus spot is
seemingly split evenly along the edge of the ball radius. At 1.8°, the peak amount of light
being absorbed by the ball plate occurs, which is clearly when nearly all the concentrated
sunlight is impinging upon it. Finally, at 2.9°, the peak amount of light being absorbed by
the PCU housing occurs, with no more light incident on the ball plate.
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Figure 7.8: Ray Bundle and Absorbed Light Distribution
This analysis clearly shows which off-axis light angles we wish to avoid for this
geometry, but also which cases to design mitigation strategies for. There is an also an
additional failure mode that can be easily examined using this data, when the tracker
motors fail. In this case, if the tracker is not made to stow, the sun will slowly translate
across the housing as it moves through the sky at a rate of 0.7° per minute, as shown in
Fig. (7.9) and Fig. (7.10). For our PCU size, this takes ~15 minutes until the housing is
no longer illuminated, during which the PCU components must survive this heating. This
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data can be used to develop the thermal cooling pathway and material requirements for
the PCU housing and design mitigation strategies for thermal failure modes.

Figure 7.9: Instantaneous Integrated Heat on Components with Time

Figure 7.10: Instantaneous Peak Absorption on Components with Time.
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7.1.3 Cells Card Cooling
Operating solar cells at high solar concentrations, >500x, creates a substantial
thermal challenge. If a MJ cell is 40% efficient, then 60% of the incident light is
converted into thermal energy. For our dish system, when ~2.5 kW of power is incident
and 850 W is converted into electrical power, roughly 1.65 kW is converted into heat.
For the Gen 3 system of embodiment 5.3.6, the active cell card area for 36 cells
each with an active area of 8.8 x 8.8 mm is 27.87 cm2. With the bypass diodes added to
the cooling area, the square active cooling area becomes 38.1 cm2. Combining this with
the heat power to be dissipated results in a thermal power density of

ρT =

Φ HEAT 1650W
=
= 43W cm2
2
ACELLS 38.1cm

(7.3)

Cooling the cells at this power density could be done with either passive or active
cooling, each with vastly different levels of cooling efficiency. The analysis of Section
3.1.3 showed us that a change in temperature can have an adverse effect on the VOC of the
solar cell, on the order of a few millivolts per degree centigrade, so that the conversion
efficiency of the cells are reduced. Solving Eq. (3.11) for a typical MJ cell like that
discussed in Chapter 6, at a temperature of 300 K yields a change in VOC of

ΔVOC
( EG [λ = 0.65µm]) ≈ 3.4 mV °C
ΔT

(7.4)

ΔVOC
( EG [λ = 1.8µm]) ≈ 7.5mV °C
ΔT

(7.5)

for the top cell, and

308
for the bottom cell. Since the bottom cell exhibits the greater temperature response, we
will use it to approximate the response of the entire MJ cell. From Table (3.1) and the
plots in Fig. (3.6), we can qualitatively estimate that a drop in VOC by approximately 400
mV constitutes at 2.2% drop in cell efficiency. With a temperature response of -7.5
mV/°C in the bottom cell, by heating the cell by 50°C, we would expect a 2.2% drop in
conversion efficiency, meaning a coefficient of efficiency loss with temperature dη/dT =
-0.044 %/°C. For the solar cell we use in the Gen 3 system, the coefficient for loss is
experimentally found to be closer to dη/dT = -0.055 %/°C.
When the desire is to keep the cells substantially cooler to help them maintain
high conversion efficiency, an active cooling solution is needed. For the size of the cell
unit, an active heat exchanger based on fluid jet impingement into a pin array is needed,
as shown in Fig. (7.11). The desire was to keep the cells at less than 25°C above ambient
to reduce the cell’s thermal efficiency loss to less than 1% of their measured ideal
conversion efficiency at 20°C. Using these numbers, it was determined that a heat
exchanger with a desired thermal resistance of less than 0.17°C/(W/cm2) was needed to
achieve a steady state cell temperature at the cells of less than 25°C above ambient.
To see if the fluid jet pin-cooling system would achieve this thermal resistance,
the 43 W/cm2 incident heat flux of the system was experimentally tested using a heater,
shown in Fig. (7.12), attached to the pin-cooling array with coolant flowing through it. In
this prototype cooler, the pins are 1 mm square, 2 mm deep, with 400 μm wide channels
and arranged in a 10x10 array as shown on the left in Fig. (7.11). With the coolant
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amount adjusted, the heater was turned on, and the temperature of the heated face
measured with a thermocouple. The result of this test is shown in Fig. (7.13).

Figure 7.11: Active Cooling Pin Plates

Figure 7.12: Experimental Cooling Setup
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Figure 7.13: Experimental Cooling Test
The coolant flow was adjusted to give a pressure drop of 100 mBar, which
resulted in a flow rate of 2.12 L/min for the scaled test. After reaching equilibrium, the
thermal resistance RT is found by the formula
RT =

ΔTFace− Input
Heat / Area

=

38°C − 33.9°C
= 0.096°C / (W cm2 )
43W cm2

(7.6)

This result shows that this type of heat exchanger meets the desired thermal transfer
efficiency, < 0.17°C/(W/cm2), and so can be used to effectively cool the cells. Since the
coolant flow rate is directly proportional to the area of the pin area of the heatsink,
scaling the test setup from 2.25 cm2 to 38.1 cm2 while maintaining the same 100 mBar
pressure drop requires increasing the flow rate from 2.12 L/min to 36 L/min.
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To test the heatsink designs for the actual cell card, we designed coolers that were
fabricated out of 3D-printed plastic. The pin heatsink was made of copper-tungsten that
had channels cut into it to create a turbulent flow path over the required simulated area of
the cell card. This inlet and outlet cooler design was also created to demonstrate a onepiece manifold design and size that could be injection molded for the PCU in large
quantities. This prototype cooler is shown in Fig. (7.14). The pin heatsink was thermally
bonded to a block of aluminum containing holes in it that housed two heating elements
that could together generate the required head load received by one of the 4 cell cards,
412 W = 1650/4, and demonstrated the required cooling capacity.

Figure 7.14: Test Cooling Setup
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Among the components absorbing the 1650 W of heat power in the system, the
wedge array placed directly over the cells is the second biggest absorber. Even though
these surfaces are ~95% reflective, the ~5% absorption must be modeled to determine the
appropriate thermal conduction pathway for the hardware elements. The absorption is
found by using non-sequential ray-tracing to determine the absorption flux map onto the
wedge surfaces, approximately 5 W/cm2. This absorption map is then used in the
mechanical CAD program to simulate steady-state thermal equilibrium when the wedges
are mechanically bonded to a metal frame that is then heat sunk to the edge of the cell
cards. This thermal analysis is shown in Fig. (7.15).

Figure 7.15: Wedge Array Thermal Modeling
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7.2 ELECTRICAL DESIGN
When forcing a high flux of photons onto a small photoelectric device under
concentration, it should not be surprising that a high photon density corresponds with a
high current density on the solar cells. In Chapter 6 we showed how MJ cells experience
current densities in their sub-cells above 110 A/m2 without concentration. For strips of 3
parallel connect cells in embodiment 5.3.6, each of size 8.8 mm square, their resulting
total area is only 2.32 cm2. With a geometric concentration of 918x, this means
photocurrents IPC are generated in embodiment 5.3.6 in excess of
I PC = C ⋅ J PC ⋅ ACELL = (918X ) ⋅(110 A / m2 ) ⋅(0.000232m2 ) = 23.4 A.

(7.7)

For MJ cells of this type, the VMP is approximately 3 V, with a resulting twelvecell series chain operating at a 36 V potential. We see these values are consistent with an
optimistic expectation of the system’s power output,
P = IV = 23.4 A⋅36V = 842W

(7.8)

It is important to use these optimistic numbers so that the electrical circuit can handle
even more than the ideal conditions at 1000 W/m2 DNI. There are often days in the US
southwest when this value is exceeded, and indeed there are other locations, such as in
the Atacama Desert in Chile, where these conditions are regularly exceeded.
In order for our CPV system to handle these high currents and voltages when
placed in any location, careful powered electronics design is required to prohibit shortcircuits, minimize I2R losses, and prevent dielectric breakdown between mechanical
components at vastly different voltages with appropriate insulating materials.
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7.2.1 MJ Cell Electrical Circuit
The MJ cell circuit of the Gen 3 system ideally operates at 23.4 A with a potential
difference of 3 V between each cell. Since there are twelve cells, this means there are 13
potential lands, which we will label 1-13. The base of the cell is the positive electrode
connection, the departing location of the conventional current, while the busbars on either
side of the top surface of the cell are the negative electrode connection. When twelve
cells are strung together in a series connection of parallel groups of three, the circuit
diagram shown in Fig. (7.16) is created. In this circuit, bypass diodes are placed between
each potential to redirect the current passed a group of parallel-connected cells to prevent
them from becoming reverse-biased if they are either shorted out or under-illuminated. In
this way, all of the current is allowed to travel through the cell chain regardless of flux.

Figure 7.16: Cell Card Electrical Circuit
An idealized version of the electrical connections of the parallel cell groups is
shown in Fig. (7.17). Here the equipotential lands, labeled 1-4, are linked to the other
equipotential lands through wirebonds attached to the negative electrodes of the cells.
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Figure 7.17: Parallel Cell Groups Electrical Connections

Figure 7.18: Cell Card Equipotential Layout of Embodiment 5.3.5

316

Figure 7.19: Cell Card Equipotential Layout of Embodiment 5.3.6
Fig. (7.18) and Fig. (7.19) demonstrate how these equipotential lands of Fig.
(7.17) are laid out into cell cards of embodiments 5.3.5 and 5.3.6 respectively. Etched
regions of the DBC cell card insulate the equipotentials from each other while the
positive electrode of each cell is soldered to an equipotential land. The wirebonds in Fig.
(7.17) then connect the negative electrode of each cell, their busbars, to the more negative
potential lands on either side of the cells.
The bypass diodes are also placed to link the equipotential lands to each other,
while a bond area between the cell groups and diodes forms a thermally conductive
perimeter around the active cell areas that will allow the thermal connection of the
secondary reflectors to be made through conduction, as shown previously in Fig. (7.15).
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7.2.2 Reducing Resistive Losses
The copper traces between the parallel cell groups in Fig. (7.17) each carry half of
the total cell current, 23.4 A. If the cross-sectional area of these traces is made too small,
significant electrical power can be dissipated due to I2R losses, also called Copper loss.
These losses are a result of Joule heating, in reference to Joule’s First Law, which states
that the energy loss each second, or power, increases as the square of the current through
the conductor and in proportion to the electrical resistance of the conductors given by,

PCopperLoss = I 2 ⋅ R = I 2 ⋅

ρl
,
A

(7.9)

where ρ is the resistivity of the conductor, l is the length of the conductor the current is
traveling along, and A is the cross-sectional area of the conductor. If the current is being
removed along the length l, then the total loss is found by integrating the current I across
small sub-lengths dl via

PCopperLoss =

1
1
⋅ ∫ I 2 ρ dl = ⋅ ∑ l I 2 ρΔl
A l
A

(7.10)

For the secondary wedge optics to redirect off-axis light effectively onto the cells,
we showed in Section 5.2.3 that the cell card features must be made as small as possible.
The desire for a larger cross-section for the two copper traces within these cell card
features acts to counteract this illumination requirement. This tradeoff, system off-axis
performance vs. circuit card resistive losses, is one of the fundamental challenges with
this cell card/secondary optics design, and requires delicate balancing to achieve good
performance on both fronts.
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Figure 7.20: Calculating I2R Losses
Using the piecewise nature of Eq. (7.10), the I2R losses can be calculated in a
spreadsheet using the geometry shown in Fig. (7.20), which attempts to detail how the
losses are distributed in the cell circuit. The full current I enters the copper equipotential
land from one side and is split into two paths each carry a current of I/2 before running
down the length of each copper trace of cross-sectional area A and length l, with sublengths dl between each wirebond that transmits a fractional amount of the current.
As an example, we’ll walk through one such optimization of the Gen 3 system for
8.8 mm cells. Each cell generates 9 A, a substantial safety factor over the expected 7.8 A.
It is linked to the copper traces by 16 bondwires, eight along each side, so that the current
transmitted by each bondwire is 0.56 A. If the cells are 8.8 mm square, three being placed
next to each other will require that a copper trace running the length is at least 26.4 mm
long. This creates 24 trace sub-lengths dl each 1.1 mm long.
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Figure 7.21: Copper Trace Cross-Section
The cross-sectional dimensions for this example are shown in Fig. (7.21). If the
separation in active area of adjacent parallel cell pairs is 3.60 mm, and the cell busbars
are 180 μm wide, then the actual space between adjacent cells is 3.24 mm. If the
minimum copper etch feature width is 300 μm, and three etches are need to separate the
two copper traces from the cells, them the copper traces can only be 1.17 mm wide. From
the cell card manufacturer, the maximum allowable direct bond copper thickness is 125
μm, so that the cross-sectional area of each trace is A = 0.146 mm2.
Plugging these numbers into a spreadsheet to calculate Eq. (7.10) in steps down
the length of a single trace receiving 13.5 A of total current, the total loss for each trace is
found to be 0.39 W. In the final cell card design, there are only two of these one-sided
exit copper traces per card, resulting in a total potential power loss of 3.13 W, or 0.3% of
estimated power. This calculation pathway will be used in the cell size down-selection
analysis of Section 8.1, where this merit function of I2R power loss will be weighted
against off-axis performance and ball volume for various cell sizes.
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7.3 MECHANICAL DESIGN
Only after understanding the thermal and electrical requirements on the geometry
and materials of the system can the mechanical design of the cell cards, ball lens
mounting, secondary optics mounting, and power conversion unit architecture truly take
shape. A safety factor of approximately 1.2 is used to model the maximums of thermal
and electrical quantities in order to compensate for adverse operating conditions and
degradation over time.
The design philosophy for the third generation system was to maintain the same
optical performance of the Gen 2 system while substantially reducing the number of
unique parts and fasteners, and making the final product easier to assemble. Because of
the extreme light fluxes, high electrical currents, electrical and thermal characteristics of
the metals, and a limited number of plastics and adhesives available with the necessary
thermal properties, the success of this vision can only be achieved through careful
mechanical design.
Many of the final mechanical models of our system’s Gen 3 power conversion
unit were completed by fellow UA Graduate student Andrew Geary, with the optical
components, geometric size, and thermal requirements for various components provided
by myself as the optical engineer. Therefore, I will focus in the next sections only on the
mechanical parts that were fully designed by me, and are more than 90% my own design.
The final section will detail the completed unit as designed jointly by Andrew and I, but
it should be understood that this system was only made possible through a team effort.
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7.3.1 Cell Card Design
The cell card is the most complicated single component of the system. This
should be expected because of its intrinsic importance to the viability of an effective CPV
system. The all-important MJ solar cells are placed onto a substrate that must effectively
allow 200W of power transmission with a 20 A electrical photocurrent, while at the same
time maintaining active cooling of nearly 400 W of thermal power. The distribution of
the thermal power is also non-uniform as it comes from both the solar cell efficiency loss,
~60% of 500 W incident light power being 300 W, and the dissipation of heat from the
secondary reflector frame absorption being approximately 100 W.
This thermal stress puts substantial pressure on the coefficient of thermal
expansion of the cells, substrate, and adhesives bonding the cell card to the rear cooling
pins. The substrate was chosen to be a ceramic material with low thermal expansion, and
the cooling pins on the back were made of a copper-tungsten alloy with a similar CTE.
Solder of differing melting temperatures was used to bond the solar cells, bypass diodes,
jumper links, and poke home connectors as laid out in Fig. (7.22).
Additionally, the electrical current and voltage applies pressure on the placement
tolerance and electrical insulating properties of the adhesives used to bond the electrically
conductive secondary reflector frame to this cell card. At the same time, the adhesive
must be thermally conductive, limiting the number of adhesives available. The final
design of the card shown in Fig. (7.22) was only arrived at after careful selection of
components and iteration with the power electronics fabrication company, APEI.
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Figure 7.22: Solar Cell Card Drawing
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Figure 7.23: Fabricated Solar Cell Card Features
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The completed cell card and its various features are shown in Fig. (7.23). The
tolerances given on the drawing of Fig. (7.22) were achieved. Looking closely, it is clear
that there are only two copper traces on each cell card that have only one exit side, both
on either side of the central parallel cell group. While these features contribute to a notinsignificant 0.3% I2R loss of system power, this loss is dwarfed by that from the gaps
separating the three cells in each parallel cell group. There are 6 cell gaps on a card, each
with a design specification of 12 mils, or 300 μm. At this gap size, approximately 2.2%
of the concentrated light arriving onto the rectangles of active cell area is lost. The
relationship between cell gaps and system power loss is shown in Fig. (7.24).
Since the loss from cell card gaps is an order of magnitude greater than that of the
I2R losses, much more development effort was spent on reducing the gap size. In future
iterations, we are working with cell card manufacturers to make rectangular cells that
would take the place of the 3 parallel cells, effectively eliminating this 2.2% power loss.

Figure 7.24: Cell Gap Losses
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7.3.2 Secondary Optics Design
The method of creating the wedge reflectors out of flat sheets of reflective metal
is shown in Fig. (7.25), recreated from the patent application (B. Coughenour, Solar
Generator with Large Reflector Dishes and Concentrator PV Cells in Flat Arrays 2013).
A preferred reflective material is thin aluminum, polished to high specularity and coated
with silver and a protective layer. The reflectivity of this material was shown in Section
6.2.3. Multiple dielectric layers may be used to enhance reflectivity and stability without
driving up costs, because manufacturing methods for coating very large flat sheets at high
speed are already well developed. The wedge reflector below is designed for use with
cells in identical quadrants, each quadrant having three elongated cell groups.
Fig. (7.25a) shows one of 4 identical folded reflectors which, when fitted together
form a complete reflector wedge assembly. The assembly in Fig. (7.25a) incorporates 7
of the eight planar surfaces that reflect light to one quadrant, and one of the 8 surfaces
that reflect light to the next quadrant – the bridge reflector. This configuration is chosen
so that the knife edge that splits light between adjacent quadrants is made by a fold in one
piece of reflector material, and does not require the difficult butting of separate pieces to
form a knife edge. The 2 cutouts that form the reflector assembly are the interior reflector
cutout and perimeter reflector cutout. Fig. (7.25b) shows the underside of a rectangle of
pre-coated reflective material with the outlines of cutouts that will be folded to become
an interior reflector and perimeter reflector. Undercuts and perimeter wedge notches are
milled away from the sheet prior to cutting out each reflector.
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To create the interior reflector, the outline shown is cut from the reflective sheet,
as shown in Fig. (7.25c), and is bent around the central undercut edge, Fig. (7.25d). This
creates a single interior wedge reflector, Fig. (7.25e), with a knife edge, and left and right
planar reflective sides. The undercuts are made so as to almost cut through the material,
so that folding yields a sharp knife edge on the reflective side.
To create the perimeter reflector, the cutout from the sheet, shown in Fig. (7.25f),
has a more complex shape to yield four linked planar facets, labeled 1-4, after folding.
The perimeter reflector left side 1 is bent away from the undercut edge dividing it from
the perimeter reflector right side 2, while the perimeter reflector roof outside 4 is bent
around the undercut edge 1 dividing it from the perimeter reflector roof inside 3, Fig.
(7.25g). The perimeter reflector roof comprising 3 and 4 is then bent around the undercut
edge 1 dividing it from the perimeter reflector right side 2, Fig. (7.25h). When rotated
around, this three-fold part creates the entire perimeter reflector shown in Fig. (7.25i).
The interior reflectors and perimeter reflector are then combined as in Fig. (7.25j) to
create a complete wedge reflector assembly.
Fig. (7.26) details how each wedge reflector assembly is inserted into the
quadrants of embodiments 5.3.5 and 5.3.6. In Fig. (7.26a), four of the wedge reflector
assemblies are brought together to create the secondary optics in each quadrant of
embodiment 5.3.5. In Fig. (7.26b), four of the wedge reflector assemblies are brought
together to create the secondary optics in each quadrant of embodiment 5.3.6. Bonding
these flat reflectors into the reflector frame provides the thermal connection.
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Figure 7.25: Reflector Unfolding
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Figure 7.26: Reflector Placement
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The wedge reflectors receive heat during operation because their reflectivity is not
perfect, as shown in Section 6.2.3. The preferred method to dissipate this heat is by
thermal conduction to the cell card below. The conduction path for the folded wedge
reflector assemblies of Fig. (7.25) is performed via bonding them to a wedge reflector
frame using a thermally conductive adhesive, as shown in Fig. (7.27). The heat absorbed
by the interior wedges is preferably conducted outward along the reflector frame to the
perimeter reflector where the perimeter notches are located. Gaps are provided through
the notches located on faces 2 and 4 for the support structure, as shown in Fig. (7.25i). As
shown in Fig. (7.27), the reflector frame is then bonded to the cell card along the
perimeter using thermal adhesive over the adhesive bond area region. In this way, heat is
carried by conduction down through the perimeter’s thermal adhesive footprint into the
ceramic cell circuit card. This thermal adhesive footprint surrounding the parallel cells is
also shown in Fig. (7.18) for embodiment 5.3.5 and Fig. (7.19) for embodiment 5.3.6.
The thickness and compliance of this thermal adhesive layer is preferably chosen
so as to take the differential thermal expansion between the wedge support structure and
the circuit card without excessive mechanical stress, and the thermal conductivity is
chosen to be high enough to transmit the heat without an excessive temperature gradient.
The placement of a completed reflector wedge assembly into an aluminum
reflector frame is shown in Fig. (7.28). This test fit is made to determine if the reflectors
are manufactured correctly. After compliance is assured, the perimeter reflectors are then
bonded into place using the thermal adhesive, followed by the interior reflector bonding.
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Figure 7.27: Reflector Frame Thermal Connection

Figure 7.28: Reflector Wedge Assembly placed in Frame
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7.3.3 PCU Design
The design of the Gen 3 power conversion unit was a joint effort with the
company commercializing the technology, REhnu. They received a Department of
Energy Sunshot Incubator Grant in 2012 to take the Gen 2 system concept developed at
the University of Arizona, and develop it into a smaller commercial product. The analysis
of Chapters 4-6 led to the down-selection performed in Section 8.1, which directly
resulted in the final hardware unit detailed in this section.
An exploded view of the power conversion unit is shown in Fig. (7.29). Light
from the F/0.66 paraboloidal dish mirror enters from the left side, passing through the
optical engine containing the projection ball lens and origami secondary reflectors of
embodiment 5.3.6 of the XRX-Köhler concentrator optical design.

Figure 7.29: Gen 3 PCU Exploded View
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Surrounding the ball lens is a ball shroud made of aluminum, designed to the meet
the thermal requirements from stray incident light given by the Section 7.1.2 analysis.
This aluminum ball shroud contains a rotationally symmetric cooling channel, shown in
the drawing of Fig. (7.30), that provides active cooling to the unit in the case that the
focused light from the paraboloidal mirror is focused onto it. In the worst case scenario,
when the ~2.6 kW of focused sunlight continues to illuminate the reflected surface of this
shroud, the conductive transfer provided by the active cooling will keep this aluminum
component below 200°C to avoiding mechanical failure. An O-ring is placed around the
ball, and it is held in place by a retaining ring of similar design to the ideal mounting
scheme I envisioned in Section 7.1.2. The space between the exit face of the ball lens and
the solar cells is hermetically sealed with O-rings to prohibit oxidation and dust buildup.
The four solar cell cards placed in the middle of the PCU separate the optical
engine from the cooling subsystem. As shown in Section 7.3.1, these powered electronics
on ceramic substrates each contain nine 8.8 mm square triple-junction cells, providing
200 W of electrical power generation. The 450 W of heat is removed from the backsurface of the cell cards via liquid connections through manifolds of the cooling
subsystem, made mostly of injection-molded plastics. These plastics are filled with a
certain amount of glass and contain a resin to make them resistant to ultraviolet light.
A thin-walled aluminum housing and back plate round out the mechanical
components, and the whole unit is sealed watertight using a few O-rings and mechanical
bolts. The final dimensions of the unit are shown in the drawing of Fig. (7.30).
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Figure 7.30: Gen 3 PCU Drawing
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7.4 OPTO-MECHANICAL TOLERANCING
Ultimately realizing the XRX-Köhler optical design in a working CPV system
involves holding the optics to within well-defined mechanical tolerances under a variety
of conditions. For the mechanical or systems engineer, the tolerances determine how
strict part machining, molding, and mechanical alignment must be in order for the real
optical performance of the system to match the modeled optical performance.
Performing simple perturbations of the optical elements in the non-sequential raytracing model and observing the degradation in system performance is the easiest way to
create a first-order tolerancing analysis. Small perturbations that cause meaningful
system degradation mean that that optical element is sensitive to misalignment, while
larger perturbations that cause minimal system performance degradation indicate low
sensitivity to misalignment.

7.4.1 Single System Tolerancing
The internal alignment of a PCU’s optical components and the co-alignment of a
single PCU to its dish collector create the smallest optical module unit of the system. The
optical sensitivity analysis is shown below for the optical components of the PCU in
embodiment 5.3.6. This is used to generate the tolerances that the internal support
structure within the PCU needs to maintain. In Fig. (7.31), a simplified sketch of the PCU
structure and its optics is drawn in the non-sequential ray-tracing program, visually
showing the distortion directions for which optical sensitivity was found.
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The secondary reflector frame (SRF) of the PCU holds the wedge reflectors onto
the cell cards. The outer frame of the SRF provides the mechanical connection to the
curved ball shroud of the PCU internal structure, shown in Fig. (7.30). The PCU is then
attached to a support arm using some mechanical structure. Three different tolerancing
sensitivities are shown in Fig. (7.31). The PCU support XY flexing A is the amount of
degrees the PCU can flex internally from the SRF location on the isolation ring to where
it attaches to the PCU attachment arm. The SRF XY rotation B demonstrates the tilt
sensitivity the SRF can be misaligned with the optical axis, while the Ball Lens lateral
translation C demonstrates how sensitive the ball is to being centered on the optical-axis.

Figure 7.31: Tolerancing Sensitivities of Embodiment 5.3.6 PCU
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Figure 7.32: Sensitivity Results from Non-Sequential Ray-Tracing
A script is run in the non-sequential ray-trace program to measure the output
power of the system for perturbations of each component in two directions. This script is
similar to that used to calculate off-axis performance in Section 5.2.3, except in that case
it was the whole optical system of the PCU co-aligned with the dish mirror that was being
perturbed in angle relative to the sun source. Again, the I-V curve modeling of Section
3.3 is used to determine what the max power point would be for each perturbed location.
The results for each of the three cases are shown in Fig. (7.32), where the angular or
distance perturbation that creates a well-defined power loss is measured in each plot.
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Figure 7.33: Tolerancing Analysis
Dividing the perturbation amount in length l or angle θ from the corresponding
power loss PL in % given by that perturbation results in the sensitivity of that
component’s movement in that direction, given by,

Sensitivity(% / l,θ ) =

PL (%)
Perturbation(l,θ )

(7.11)

The values of sensitivity for the three example cases as well as other PCU component
movements are shown in the spreadsheet of Fig. (7.33).
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This spreadsheet represents a sensitivity analysis approach to tolerancing,
providing an easy way to see which component’s placements are more sensitive to
movement and allowing the mechanical structure to be tuned accordingly. Using Eq.
(7.11), the sensitivity of the PCU flexing and axial focus, SRF translations and rotation,
and Ball Lens translations are all calculated and compared to each other. It is clear from
the top section of Fig. (7.33) that both the SRF and Ball Lens’ lateral movements,
meaning orthogonal translations away from the system’s optical axis, are the most
sensitive component movements. The sensitivities tell us that translating the SRF laterally
by only 1 mm will reduce the system’s power output by 1.67%, and translating the Ball
Lens by a similar amount will reduce the power output by 1.33%.
These sensitivities are translated to the bottom section, where new tolerances are
assigned to each component movement. The new expected power loss from each
proposed tolerance on the component will be given by

PL (%) = Sensitivity(% / l,θ ) ⋅Tolerance(l,θ ),

(7.12)

and the total system power loss will be found in a root-sum-squared RSS fashion via

PL,RSS (%) =

m

∑ (P

L,i

)2 = (PL,1 )2 + (PL,2 )2 +…+ (PL,m )2 .

(7.13)

i=1

By assigning stricter tolerances to more sensitive perturbations, the total power loss from
component misalignments can be minimized. Given the tolerance values of Fig. (7.33),
the expected RSS power loss is 1.578%, which means for an ideal max power of 840 W,
we would expect a system built to these tolerances to have a max power of 826.7 W.
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7.4.2 System Array Tolerancing
When multiple optical systems are aligned together on a support structure, optical
alignment tolerances must be found so that the stiffness and rigidity of the support
structure maintain adequate alignment of the optical systems for all ranges of operating
conditions. For a solar tracking system, the optical modules might be supported by a oneaxis or two-axis mount depending on the system type. For a CPV system, a two-axis
system is usually used to allow the optical system to maintain precise alignment with the
sun throughout the day. The proposed two-axis tracking structure to carry the third
generation XRX-Köhler concentrator modules is shown in Fig. (7.34).

Figure 7.34: 8 Unit Two-Axis Tracker

340
The mechanics of this tracking structure require not just that each mirror is coaligned with its respective PCU, but also that all eight optical modules are co-aligned to
each other so that when it faces the sun, all eight modules are producing power. Since the
structure is symmetric about its pedestal, only 4 of the 8 units need to be modeled
together, as shown in Fig. (7.35). This modeling is done using the same non-sequential
ray-tracing model used to tolerance a single module, only now, four modules are placed
together on one side of the elevation structure while rays are traced, as in Fig. (7.36).
To ensure that the deflections are symmetric, the axis of the system is defined
about the center of the elevation’s tracking structure. Each component is then attached to
the tracking structure through a series of reference nodes, each referencing its parent
node. These nodes are defined in the geometry tree of the program as in Fig. (7.37).

Figure 7.35: Tracker Angled View

341

Figure 7.36: Tracker Rear View with Rays

Figure 7.37: Tracker Node Assignments
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As the mechanical structure bends for different elevation angles, the deflection of
the structure must be accurately modeled in mechanical CAD software. The output of the
CAD software serves as the inputs for the non-sequential ray-tracing software, telling the
nodes how much they should bend or translate relative to their parent nodes. The nodes
deflected in Fig. (7.37) in turn move the optical components, and rays are traced onto all
four entrance apertures to determine the power loss from the four optical modules.
The largest concerns are self-weight deflection when the system is both horizon
pointing and zenith pointing. At horizon pointing, the mirrors axis are orthogonal to
gravity so that the outer two mirrors of the tracker are made to bend toward the earth by
some amount dependent on their weight and the stiffness of the elevation support. An
exaggerated view of this deflection is shown in Fig. (7.38). By looking down the axis, the
left side is without the deflection, while the right side shows the exaggerated deflection.

Figure 7.38: Tracker Horizon Pointing Gravity Deflection
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Figure 7.39: Tracker Zenith Pointing Gravity Deflection

Figure 7.40: Tracker Zenith Pointing Gravity Deflection with Rays
At zenith pointing, the mirror’s axis are parallel to gravity so that the outer two
mirrors’ axis on the tracker are made to bend toward the earth by some amount dependent
on their weight and elevation support stiffness. An exaggerated view of this deflection is
shown in Fig. (7.39). By looking across the mirrors, as would be seen by a ground-based
observer looking horizontally, the left side is without the deflection, while the right side
shows the exaggerated deflections. When rays are traced in Fig. (7.40), it is clear that at
this exaggerated deflection, the rays reflecting off the outer mirrors are wholly missing
the ball lens of their respective PCU’s, meaning this deflection amount is unacceptable.
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To determine what is an acceptable deflection, we first begin with the off-axis
performance parameter for the system embodiment. For embodiment 5.3.6, it was found
that it maintains MP90%, or 90% power performance, for up to 0.6° off-axis in any
direction. To be acceptable, the tracker must maintain a co-alignment of less than 0.6°
angular departure between modules under all manufacture and weather conditions.
To determine if the tracking structure meets the alignment specs, it must take into
account the gravity deflection that bends the elevation axis downward and the wind
deflection, under a 33 mph wind specification, that bends the elevation axis horizontally.
It must also account for the optical modules co-alignment on the tracker, as well as the
elevation and azimuthal pointing error. These are also idealized numbers for the case in
which all optical module components are perfectly aligned. Perhaps most important are
the localized angular surface errors on the mirrors that lead to ray errors of twice the
magnitude. Additionally, when in operation the tracker moves in discrete steps, so
alignment must account for the tracking updates between steps.
All of these errors must be measured. When added up for a tracker of a given
strength and stiffness, the resulting RSS error must be on the order of 50% of the MP90%
point to give a substantial safety factor of co-alignment. In Table (7.1), the tabulated
values were calculated for the gravity, wind, and pointing errors made in the mechanical
CAD program, while PCU assembly error and mirror rays errors were calculated from
measurements of the real components, and the tracking update and pointing errors were
estimated from the drive motors gear ratios and tracking software.
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Error Quantity

Module Co-alignment Angular Errors

Gravity Deflection

1.50 mrad

0.09°

Wind Deflection

5.00 mrad

0.29°

Mirror Ray Error

2.00 mrad

0.11°

PCU Assembly Error

1.00 mrad

0.06°

Mirror Alignment

1.00 mrad

0.06°

Azimuthal Pointing

1.00 mrad

0.06°

Elevation Pointing

1.00 mrad

0.06°

Tracking Update

1.00 mrad

0.06°

RSS Error

6.02 mrad

0.35°

MP90 of Em. 5.3.6

10.50 mrad

0.60°

Table 7.1:

Tracker Module Alignment Tolerancing

Table (7.1) gives the RSS error for this mechanical tracker model as 6.02 mrad,
about 57% of the MP90% calculated for embodiment 5.3.6. This is substantially acceptable
performance, especially when the biggest contributing factor the angular system coalignment error is from the 33mph wind deflection, which the tracker is likely to see less
than 5% of the time it is in operation. Without it, the RSS error would be only 3.35 mrad,
or only about 32% of the MP90%. It is still important to consider this wind error, as
knowing the wind strength at which the system is causing multiple PCU’s to drop below
MP90% is necessary to tell the tracking electronics when to move into wind stow position.
Using this tolerancing analysis, I was able to work with the tracker’s mechanical
engineer to determine when the design met my optical specifications. The tracker was
then fabricated according to the validated mechanical model.
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CHAPTER 8: SYSTEM ENGINEERING
To make sure that all aspects of a solar energy generation system are considered
when integrated into a whole requires system engineering. From the NASA Systems
Engineering Handbook, “System engineering is a robust approach to the design, creation,
and operation of systems. In simple terms, the approach consists of identification and
quantification of system goals, creation of alternative system design concepts,
performance of design trades, selection and implementation of the best design,
verification that the design is properly built and integrated, and post-implementation
assessment of how well the system meets (or met) the goals” (NASA 2005).
The goal of the work in Chapters 1-3 was to identify and motivate the design
process, while Chapters 4-6 brought a quantification of the system goals, alternative
system designs and modeled performance of the design trades. Chapter 7 considered how
to best implement the design into a mechanical package, including additional optomechanical considerations that must be made. This chapter seeks to motivate the
selection of the best design, verify that the design is properly built, and provide an
assessment of how well our CPV system meets the performance requirements.

8.1 SYSTEM DEVELOPMENT
The development of the Gen 3 XRX-Köhler CPV system was done over the
course of mid 2012 to early 2014. The act of down selecting a system embodiment
among the various versions described in Chapter 5 was performed in early 2013.
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8.1.1 Down Selection
As said before, the design philosophy for the third generation system was to
maintain the same optical performance of the second generation system while
substantially reducing the number of unique parts and fasteners, and making it easier to
assemble. I believe this goal was ultimately achieved using careful and complete
illumination modeling that took into account the fundamental spectral and electrical
properties of the MJ solar cells, with performance trade-offs made when appropriate for
substantial reductions in cost.
Furthermore, reducing the cost of materials and of manufacture is especially
important in the system being made commercially viable, and so trade-offs that led to
decreased system cost at the expense of decreased performance were consistently made.
Because of the proven simplicity in creating the ball lens, the commercial availability of
the wedge reflector secondary optics material, and the ease of wedge reflector assembly
as described in Section 7.3.2, embodiment 5.3.6 was selected as the primary design
embodiment to pursue. In this embodiment, MJ cells are mounted on four flat cards
where each card is one quadrant and has 3 sets of 3 cells connected in parallel.
With embodiment 5.3.6 chosen, further optimization was done to choose the
appropriate cell size for the cell cards. The cell size is directly linked to a number of
important factors in the system. By going to smaller cells, the concentration is increased,
and the ball lens radius is reduced. However, with smaller cells, in order to maintain offaxis performance the feature size between the wedges is reduced, increasing I2R losses.
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The primary metrics to be weighted against each other were:
•

Larger Cells Favorability
1. Off-Axis performance: Larger Cells -> Greater θA, Higher MP90%
2. Electrical Power Loss: Larger Cells -> Less I2R Losses on Cell Card

•

Smaller Cells Favorability
3. Ball Size: Smaller Cells -> Smaller Ball -> Less Volume -> Lower Cost
4. Cell Size: Smaller Cells -> Less Cell Area -> Lower Cell Cost
The goal is to lower the Silica and Cell cost per Watt of output power without

substantially decreasing the off-axis performance or creating significant I2R losses. Based
on the embodiment 5.3.6 optical design, we had a choice of cell sizes between 8 mm and
10 mm, so the integer cell sizes I chose to compare to were 8.2 mm, 8.8 mm, 9.4 mm, and
10 mm square. Because of the imaging property of the XRX-Köhler system, the image
created by the projection optic has a specific size related to the optic’s optical power.
Since the image size is directly related to cell size and concentration factor of the
secondary wedge optics, the driving metric of cell size directly affects ball size and
separation between parallel strips of cells on the cell card.
Four versions of embodiment 5.3.5 were modeled and optimized for the four cell
sizes. Off-axis performance was determined for each, as well as optimum ball size and
cell separation feature size. This feature size was then run through the analysis of Section
7.2.2 to determine I2R losses. The cost values for the ball and cells were estimated, and
the results of this analysis are shown in the summary of Fig. (8.1).
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Figure 8.1: Cost-Benefit Analysis for Cell Size
After a quick look over the numbers, it was immediately obvious that the
electrical power loss difference between the cell size steps was roughly 0.3% for all
embodiments, and should have a small impact on our decision. Therefore, metric #2 was
found insignificant and the primary reason to have larger cells was for metric #1, better
off-axis performance. However, the gain still wasn’t that great – a change in acceptance
angle θA defined by MP90% point from 0.5° for 8.2 mm cells to 0.63° for 10 mm cells.
The cell size cost, metric #4, increased by about 30% when going from 8.2 mm to
10 mm cells. However, the ball lens cost, metric #3, was by far the most influential with a
cost increase of 82% from 8.2 mm to 10 mm cells – a significant amount. To better
visualize these trade-offs, a merit function editor was made that allowed different weights
to be applied to off-axis performance, system cost, and power loss, shown in Fig. (8.2).
By moving each slider, its assigned weight in the total merit function changes, allowing a
visual representation of how each metric impacts the preference for cell size.

350

Figure 8.2: Cell Size Merit Function Sliders
By assigning off-axis performance a weight of 25/100, total system cost a weight
of 65/100, and electrical power losses a weight of 10/100, the balance is easily shown to
tip the total merit function towards a preference for small cells. This was to be expected,
as we know the primary driver for higher concentration in CPV systems is to use less
solar cell material and reduce cost. What is interesting about the XRX-Köhler design is
how ball lens cost enhances this concentration-cost dependency.
Because of the ready availability of 8.8 mm cells from the vendor supplying the
highest efficiency MJ cells at the time of system manufacture, we ultimately settled on
8.8 mm square cells. This enables a system with 918 geometrical concentration CG, with
an acceptance angle θA ≈ 0.55°, a ball lens of radius 87 mm at a cost of approximately
$0.4/W. For the first iteration of a commercial CPV system, we found this acceptable.
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8.1.2 Fabrication and Assembly
The construction of the PCU was performed using the specifications and
tolerances of the mechanical design in Chapter 7. To create the projection ball lens, glass
was first cut and polished from 200 ppm OH grade Fused Silica, labeled HSQ 100, from
commercial vendor Heraeus, shown in Fig. (8.3). The ingot side is 91 mm in diameter
and 94 mm long, which is appropriately sized for our 87 mm diameter sphere. The bubble
content was found to be small enough for our solar application, and the cost was
representative of the estimate made in the down-selection of the previous section.
After polishing to the appropriate radius, the spherical lens was coated with a
SiO2 Hybrid-Sol modified solgel, called Solarpur® from EMD Millipore chemicals. This
material is a colloid alcoholic-aqueous solution of 1% nanosized SiO2. This porous SiO2
is similar in composition to the one used in the Gen 2 prototype and has an effective
refractive index of approximately n = 1.25, close to the ideal n = 1.22.
The coating process involved filtering the solgel solution before applying it to the
top of each hemisphere of the ball lens while it was spinning in a chamber kept at a high
humidity level, shown in Fig. (8.4). By adjusting the rotational velocity of the ball, the
coating could be made to evenly coat each hemispherical surface at 100 nm, achieving
the spectral throughput of Fig. (6.12). This coating technique was originally developed by
student Ivan McCrea, with additional optimization performed by Safatul Islam for the
Gen 3 system. After this procedure, the coating is cured by firing the ball lens in a small
oven for one hour at 800°C to temper it, as in Fig. (8.4), making it difficult to remove.
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Figure 8.3: HSQ-100 Fused Silica ingot and bubble measurement.

Figure 8.4: Fused Silica Ball Coating and Firing Procedures
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The wedge optical elements are milled out of the MIRO-SILVER® product with
the spectral reflectivity of Fig. (6.16). The machining process cut outs the perimeter
reflector into the form of Fig. (8.5) and the folding process follows the procedure of Fig.
(7.25) to create a folded quadrant shown in Fig. (8.6). The MJ cell cards were created by
APEI as shown in the various close-up shots of Fig. (7.23) and with a hand for scale in
Fig. (8.8). When all perimeter reflectors and interior reflectors are properly inserted into
the reflector frame and attached to the cell cards, the array shown in Fig. (8.8) is created.

Figure 8.5: Perimeter Reflector Cutout

Figure 8.6: Folded Perimeter Reflector
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Figure 8.7: Completed MJ Cell Card

Figure 8.8: Reflector Array placed onto Cell Cards
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The water manifolds made to the back of the cell cards are fabricated using
injection molded plastic, as shown in Fig. (8.9). One of the benefits of plastic components
is the opportunity to replace fasteners with snap hooks to facilitate quick and easy
assembly, shown in Fig. (8.10). Snap hooks hold bonded components together while the
adhesive cures, eliminating the need for fixturing. The snap hooks were carefully
designed to require zero undercuts in molded components. This allows the use of simple
two-part straight-pull molds to keep initial mold cost and per-part cost down. With the
use of snap hooks we reduced the number of fasteners per PCU from over 1000 in the
Gen 2 system to only 33 in the Gen 3 system. In addition to fastener reduction, the use of
plastics helped reduced the material usage as shown in Table (8.1).

Mass per Generated Power (g/W)
Materials

Gen 2

Gen 3

% Reduction

Aluminum

20.81

5.86

71.8 %

Plastic

1.14

1.38

-20.8 %

Fused Silica

0.69

0.94

-35.3 %

Rubber

0.74

0.01

98.6 %

Steel

9.35

0

100.0 %

Brass

0.91

0.01

99.2 %

Table 8.1:

Gen 3 Reduced Material Usage
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Figure 8.9: Plastic Water Manifolds

Figure 8.10: Snap-Together components.
These components were built up axially as shown in the exploded view of Fig.
(7.29) and drawing of Fig. (7.30) to create the final PCU package shown in Fig. (8.11).
The unit is 6” in diameter, 8” long from ball vertex to water manifold, and weighs
approximately 7 pounds when filled with water. It is shown being held in my hand and
after being mounted on its support arm for on-sun validation testing in Fig. (8.12).
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Figure 8.11: Completed Gen 3 PCU with hand for scale

Figure 8.12: Gen 3 Handheld PCU mounted on Support Arm
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8.2 SYSTEM DEPLOYMENT
After assembly, the next step is to verify that the system achieves the performance
it was modeled to have. The primary metrics to validate CPV system performance are
system efficiency, illumination uniformity, and off-axis performance, all of which can be
verified by measuring electrical output of the system.
For system efficiency, the desire is to measure the instantaneous efficiency ηINS
number from the output power, given the input DNI and collector surface area when
aligned on axis, as given by Eq. (4.36). If this efficiency number matches closely with the
modeled throughput from the geometrical losses, spectral optical losses, and cell losses of
the system efficiency waterfall in Section 5.2.5, then the model is found to be in good
agreement with the data.

8.2.1 Field Testing
Our Gen 1 prototype unit consistently generated 2.2 kW of power normalized to
1000 W/m2 DNI in over 200 hours of on-sun testing in 2011. The Gen 2 prototype unit
has been in operation since June 2012 and utilized greatly improved optical coatings to
increase the optical throughput to nearly 85% (Coughenour, Stalcup, et al. 2014). This
operational prototype consistently generates 2.7 kW of power normalized to 1000 W/m2
and has logged over 500 hours of on-sun testing (Stalcup, et al. 2012). The Gen 2 system
operating on-sun is shown on the University of Arizona’s Steward Observatory two-axis
tracking structure Fig. (8.13), and in a closer view of the optical system in Fig (8.14).
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Figure 8.13: Gen 2 System Tracker Operation

Figure 8.14: Gen 2 Optical System Closeup
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To measure the power output, a resistive load bank was designed that cycles
through changing resistances to find the output current at each applied voltage. An
example I-V curve generated in this fashion is shown in Fig. (8.15). We know from
Chapter 3 that the flatness of the top of the I-V curve provides information about both
illumination uniformity and shunt resistance. Since this particular I-V curve doesn’t show
any substantial discontinuities in the top of the I-V curve, we can see the illumination
uniformity across the 36 cells in the Gen 2 system is quite good.
However, the intrinsic slope to the top of the I-V curve in Fig. (8.15) establishes
the existence of a low parallel shunt resistance across the cells. This was consistently
found in the Gen 2 system because of the way the electrical connections between the cells
were made, and its measured effect on the cell’s fill factor contributed to a desire for
smaller cells from a different manufacturer architecture in the Gen 3 system.

Figure 8.15: Gen 2 Example I-V Curve
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By taking many I-V curves throughout the day, the max power point is
consistently found and the resistance tuned to gather the highest current/voltage
combination at this point. By tracking that output power point and corresponding DNI
throughout a day, the daily generated power and DC net efficiency can be calculated as
shown in Fig. (8.16). By averaging the kW of power produced over each hour, the kWh
of energy produced for each day can be estimated and used later in Section 8.2.2 to
predict large-scale system power output. The plot in Fig. (8.16) was created for a sunny
September day in the fall of 2012, with a DNI reaching above 800 W/m2 for most of the
day, clearly showing the system efficiency between 25% and 30%. This prototype’s peak
operating efficiency was independently validated to be 28.6% ± 0.5% by UA Physics
professor Alexander Cronin, whom specializes in photovoltaic measurement.

Figure 8.16: Gen 2 Example Daily Power Output
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Figure 8.17: Gen 2 Daily Cell Operating Temperature
In addition to daily power output, we are also interested in the performance of the
optical cooling system throughout the day. By measuring the ambient air temperature T
and the MJ cell VOC, we can determine the cell’s operating temperature using Eq. (3.9) by,

⎛ V (25°C) − VOC (T ) ⎞
TCELL = 25°C + (1− ηCELL (25°C) ) ⎜ OC
⎟
ΔVOC ΔT
⎝
⎠

(8.1)

where ηCELL is the cell conversion efficiency at 25°C, and ΔVOC/ΔT is the temperature
coefficient of open-circuit voltage, calculated in Section 7.1.3. Fig. (8.17) details cell
temperature throughout a typical day, verifying that the cells consistently maintain an
operating temperature of only 20°C above ambient (Stalcup, et al. 2012).
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That our active cooling system works as expected on cells at 1000x concentration
is quite an achievement. Even more surprising is that this cooling is achieved with a
parasitic loss from the pump and fan unit of 63 W, or only 2.3 % of the system power.
This power loss is comparable to the light power lost from the central obscuration.
An additional loss previously considered but as yet uncharacterized is that of the
primary dish mirror’s slope error. Float glass with the spectral absorption given in
Section 6.2.1 is slumped into a steel mold in an oven to achieve the required paraboloidal
shape, Fig. (8.18). They are then coated with wet silver to achieve their desired reflective
properties. Four of off-axis paraboloidal mirrors are then placed together to create a
singular dish for the Gen 2 system were measured using a laser Hartman test, Fig. (8.19).
This laser test, originally developed by Guillaume Butel and later optimized for
more precision by Brian Wheelwright, reflects co-aligned collimated lasers off of the
mirror. When brought to the same focus, the difference in laser position with the optical
axis of the mirror gives the angular reflected error. Dividing this quantity by 2 gives the
mirror’s local slope error. These slope measurements are shown in Fig. (8.20), showing
that more than 90% of the mirror area has a slope error of less than 2.5 mrad. The RMS
slope error for this mirror is found to be 1.25 mrad, a smaller slope error than any other
dish mirror currently used in commercial solar energy concentrator systems.
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Figure 8.18: Gen 2 Paraboloidal Mirrors

Figure 8.19: Gen 2 Dish Laser Hartmann Test
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Figure 8.20: Gen 2 Mirror Slope Distribution
From Section 5.3.1, we know the acceptance angle of the Gen 2 system is
modeled to be θA = 0.8°. My convolving this angle with the RMS slope error of the
primary mirror, 1.25 mrad, we calculate an expected acceptance angle of θA = 0.7° for our
perfectly aligned prototype. The actual acceptance angle of the Gen 2 system can be
measured by translating the system off-axis in either direction and measuring the power
drop-off. From this data, the experimental MP90% point can be found.
The calculated and measured acceptance angle of the Gen 2 system is shown in
Fig. (8.21). The measured pointing error of 1.0° between the MP90% point in each
direction yields an effective acceptance angle of θA* = 0.5°, resulting in an effective CAP*
of 0.31. This is not quite as good as we hoped to achieve, but is contributed mostly to
misalignment of the four mirrors made to act as a single 10m2 dish mirror.
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Figure 8.21: Gen 2 Acceptance Angle Measurement
This Gen 2 data greatly influenced the direction of the commercial redesign for
the Gen 3 system. We knew that if we could maintain the same optical efficiency through
all of the XRX-Köhler optical components, then the use of more efficient cells would
push the total system efficiency over the 30% point. We also hypothesized that using a
similar active cooling system should achieve the same level of cell cooling with
comparable parasitic loss.
Changing to system embodiment 5.3.6 reduces the ideal modeled acceptance
angle to θA = 0.6°, with an effective acceptance angle expected to be marginally lower.
However, by using single mirrors with even better slope errors, the off-axis performance
should be boosted, resulting in a smaller difference between modeled and measured
effective acceptance angle.
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The Gen 3 power conversion unit was first built in February 2014 and tested onsun for the first time in April 2014. Unfortunately, the new F/0.66 mirror was not yet
created by this time, and so the F/0.44 Gen 1 mirror was modified to test the Gen 3 PCU.
To make a F/0.44 mirror with a 2 m focal length act as an F/0.66 with a 1.5 m focal
length is only possible when the aperture of the F/0.44 is much larger than the F/0.66
one. By translating the ray angles of the F/0.66 mirror at 1.5 meters back to the larger
mirror at 2 meters, the same angular cone of light is maintained. However now the mirror
collection aperture is too large, so to diminish the amount of sunlight reflected, a polkadot mask is added to reduce the reflective area to 2.605 m2, about 1% smaller than that of
a single 65” slumped dish mirror. This mirror mask is shown in Fig. (8.22).

Figure 8.22: Gen 1 Mirror Mask for Gen 3 PCU Testing
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Figure 8.23: Gen 3 PCU tested on-sun
The Gen 3 PCU recently began on-sun testing with the masked mirror on the test
tracker, as shown in Fig. (8.23). Initial commissioning was performed at an effective DNI
of 198 W/m2 by covering the Gen 1 masked mirror of Fig. (8.22) with a partially
transmitting screen. Being an older testing mirror, its reflectivity was also 2-3% lower in
the visible wavelengths than current commercially available mirrors.
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Figure 8.24: Gen 3 I-V Curve Data
An I-V curve obtained during this procedure is shown in Fig. (8.24). It is clear
from the top part of this I-V curve that there is a mismatch in illumination between the 12
parallel cell groups. This step at 10 V might initially be construed to be relatively
consistent with the mismatch in the embodiment 5.3.6 design for the cell masked by the
PCU support arm is overpowered for on-axis operation, but as Fig. (8.25) shows, this is
not the case. Instead of cell A being overpowered, we find that three cells, B, C, and D, in
the upper left-hand corner are overpowered, while the lower right hand cell E is
underpowered.
The deviation from the aligned model is easily described by a misalignment error
where the PCU is clocked around a diagonal axis with the orientation shown in Fig.
(8.25b). For the one corner of the cell array closer to the ball lens, the illumination
concentration level is increased across the wedge array openings, while for the opposite
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corner the illumination level is decreased. Differences in how the rays reflect off the
wedges during this misalignment results in more cells appearing overpowered while only
one cell appears underpowered. With accurate alignment, the I-V curve of Fig. (8.25b)
should look more similar to the I-V curve of Fig. (8.25a).

Figure 8.25: Gen 3 I-V Curve Explanation
After low-flux testing, the system was tested under a full DNI flux level of 996
W/m2. During this procedure, a short was found between the cell cards and secondary
reflector frame. However, one card still functioned correctly at an operating temperature
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of TCELL = 41°C. Given that the ambient air temperature was only 26°C, this average of
17°C above ambient is well within the requirement of 25°C above ambient for all cells.
TCELL was found by using Eq. (8.1) when the cell conversion efficiency ηCELL =
42% at 25°C, and ΔVOC/ΔT = 4.5 mW/°C, both given by the cell manufacturer. The card
at this temperature was producing 201 W of power, which when corrected for the cell
operating at 16°C above the reference 25°C, the efficiency was reduced by 0.96% on
42%. Correcting to a cell temperature of 25°C thus will increase the power by a factor
2.3%. Parasitic loss correction is 2.4% of rated power. So these two corrections cancel to
0.1%, and the final corrected system efficiency is found to be ηINS = 31.9%. Assuming the
other three cell cards hadn’t developed a short, this corresponds to a total levelized power
output of 828 W for a full PCU, with the components losses detailed in Table (8.3).
Finally, the acceptance angle was measured by introducing a pointing offset and
recording the maximum power at each offset angle. As shown in Fig. (8.26), the effective
acceptance angle using the masked mirror was measured to be θA* = 0.44°, resulting in an
effective CAP* of 0.23. As in the Gen 2 system, this is not quite as good as we hoped to
achieve, but when later coupled to the new F/0.66, we believe to achieve an effective
acceptance angle of closer to θA* = 0.5°, an effective CAP* of closer to 0.26.
Achieving such an effective concentration acceptance angle product on a
completed system with such high optical efficiency ηOPT ≈ 85% is a considerable
achievement, and one that we are proud to have accomplished for the first example of a
lightweight commercial PCU used at the focus of a dish-based concentrator.
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Figure 8.26: Gen 3 I-V Off-Axis Performance
To better quantify the achievement, it is necessary to relook at the system
efficiency waterfall of the Gen 2 system and compare it to the Gen 3 system. The system
efficiency waterfall previously shown in Fig. (5.52) is updated in Fig. (8.27) with the
actual modeled numbers for the Gen 2 and Gen 3 systems. The component loss
breakdown for the Gen 2 system is given in Table (8.2) for the independently measured
peak efficiency of η = 28.6% ± 0.5% under a 976 W/m2 DNI flux. The component loss
breakdown for the Gen 3 system is given in Table (8.3) for the single cell card measured
instantaneous efficiency of ηINS = 31.9% ± 0.5% under a 996 W/m2 DNI flux.
The breakdown of component losses for each component included both spectral
and geometrical losses from optical slope errors and surface scatter. The optical
efficiency slightly increased in the Gen 3 system, 84.3% vs. 83.3%, but the biggest
efficiency gain was from the more efficient MJ cells. For equivalency with the Gen 2
system architecture that does not contain illuminated gaps between the cells, the cell gap
losses in the Gen 3 system are included in the cell loss value of Table (8.3).
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Figure 8.27: System Efficiency Waterfall
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Component
Losses

Component
Throughput

Total System
Throughput

Power
Breakdown

n/a

n/a

100.0%

9496 W

Obscuration

1.9%

98.1%

98.1%

9316 W

Primary

7.3%

92.7%

90.9%

8633 W

Ball Lens

2.4%

97.6%

88.7%

8425 W

Secondary

4.1%

95.9%

85.0%

8076 W

Ray Losses

2.0%

98.0%

83.3%

7914 W

Cell Losses

63.2%

36.8%

30.7%

2912 W

IV Matching

4.6%

95.4%

29.3%

2779 W

Parasitic Loss

2.3%

97.7%

28.6%

2716 W

Sunlight

Table 8.2:

Gen 2 System Efficiency Waterfall Breakdown

Component
Losses

Component
Throughput

Total System
Throughput

Power
Breakdown

n/a

n/a

100.0%

2595 W

Obscuration

1.7%

98.3%

98.3%

2552 W

Primary

7.3%

92.7%

91.1%

2364 W

Ball Lens

2.4%

97.6%

88.9%

2308 W

Secondary

3.6%

96.4%

85.7%

2224 W

Ray Losses

1.7%

98.3%

84.3%

2186 W

Cell Losses

60.0%

40.0%

33.7%

875 W

IV Matching

3.5%

97.0%

32.7%

848 W

Parasitic Loss

2.4%

97.6%

31.9%

828 W

Sunlight

Table 8.3:

Gen 3 System Efficiency Waterfall Breakdown
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8.2.2 Power Prediction
To predict the power output of a solar energy system over time requires the
simplification of some variables and complex expansion of other variables. The first
important factor to simplify is the spectral response. From experience, we know that
when the system peers at the sun through different air masses, the spectral response of the
system is affected.
Since the MJ cells respond to different part of the spectrum, the spectral waterfall
analysis of Section 6.3.2 using the AM 1.5 spectrum is only valid for the average air mass
seen through a day averaged over a standard year. In reality, since a larger air-mass
scatters more blue light because of Raleigh scattering, the top cell spectral response is
reduced when the sun is closer to sunrise or sunset. Around noon in the American
southwest, when the smaller air-mass scatters less blue light than the AM 1.5 spectrum
accounts for, there can be a condition where the middle cell’s spectral response is
reduced more than the top cell, making it the current limited MJ sub-cell.
Fig. (8.28) demonstrates the assumption of an ideal spectrally balanced system,
where the top cell is limiting the system power output through the morning and evening,
while the middle cell is limiting the power throughout midday. Our assumption is that if
the top and middle cell are spectrally balanced to the AM 1.5 spectrum, then this is cell
limiting behavior that would occur, splitting the spectral limits of the subcells equally
throughout the day to maximize power. With this assumption in place, we can remove
spectral dependence from our wholesale power prediction calculations.
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Figure 8.28: Spectrally Balanced System
To predict how much power is generated by a system through a year, we use real
solar direct and circumsolar forecast data for each hour of the day to create the 8760
numbers of the system, so-called because there are 8760 hours in a year. This is
especially useful when comparing different types of solar energy systems to each other in
various locations. Fixed-axis PV generates different amounts of power than 1-axis PV
and 2-axis CPV throughout the day based on both how the system’s entrance aperture is
tilted normal to the incident sunlight and the angular collection response.
1-axis silicon PV is compared with a 2-axis REhnu system for two different
locations for which hourly 8760 numbers of AM1.5 Global and AM1.5 Direct can be
found, averages from Golden, Colorado for 1961-1990 obtained from NREL and
measurements from Tucson, Arizona for 2010 obtained from Davis-Monthan Air Force
Base. An 8780 spreadsheet is created that provides the watt hour per unit area in kWh/m2,
external temperature TEXT in °C, and sun zenith angle θZEN for each hour of the year.
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For the REhnu tracking system shown in Fig. (7.34) that contains 8 PCU/mirror
modules, the total mirror area facing the sun is 21m2. For a commercial unit of this size
installed in 2015, we expect a system efficiency of η = 33% for a rated power output of
6.1 kW at 850 W/m2 DNI, or 764 W per PCU. The instantaneous power produced by a
square meter of the tracking system at 850 W/m2 DNI we will denote as the power PSQM.
Using the temperature effect on cell efficiency, calculated in Section 7.1.3, a
power loss based on system operating temperature can be calculated, what we will call
the γT coefficient. Similarly, the effect of air mass on power lost to the limited cell can be
summarized in a PAM coefficient. Finally, since the parasitic loss PPARA from the pump and
fan in the active cooling system is constant, that can be found and subtracted from the
total power generated. When taken together with the 8760 numbers depicting incident
solar irradiance, external temperature, and sun zenith angle, the actual power produced
for each hour of a simulated year can be calculated using

P(Wh) = [PSQM ⋅ DNI(Wh m2 )] − [ ρTEMP ⋅TEXT ] − [ ρ AM ⋅cos −1 (θ ZEN )] − PPARA (W ).

(8.2)

When this value is summed over all 8760 hours of the year, the total annual production
can be predicted in kWh/kW for the various locations. For the system described above,
Eq. (8.2) yields a value of 3065 kWh/kW for Tucson, Arizona. If our CPV system was
installed and operating for the whole of 2010, this is what the expected annual production
would be. This value will be used in the LCOE estimate of Section 8.3.2.
A similar calculation can be done from the 8760 data to estimate the power output
of a 1-axis PV plant installed in the same location. While the expected annual production
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of the silicon PV plant would be less, approximately 2300 kWh/kW, the amount of power
generated from the plant throughout any given day of the year can be quite different than
the CPV plant based on the ratio of direct sunlight to global sunlight.
To illustrate this, I have plotted the daily energy output in kWh/hr/kW for both
systems for four days of 2010 Tucson, Arizona data in Fig. (8.29). While the energy
generated by both systems is roughly equivalent around the spring and fall equinox,
represented by the days of March 24th and October 16th, it is quite different for the
summer and winter solstices, represented by the data for June 17th and December 24th. We
see that during the summer when the sun is high in the sky, the increase in global sunlight
actually allows the 1-axis PV system to generate more energy throughout the day, yet in
the winter months, the 2-axis CPV system generates significantly more energy each day.

Figure 8.29: 1-axis PV vs. 2-axis CPV kWh/hr/kW Comparison
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8.3 MARKET FACTORS
The energy market is ultimately the deciding factor on whether the solar energy
system we have designed will be economical or not. The drop in PV panel prices
attracted investors away from the CPV industry for a short while from 2010 through
2013, but now the global market for CPV installations is entering a growth phase with
worldwide installations projected to rise from 160 MW installed in 2013 to 1362 MW
installed by 2020 (IHS Solar Solutions 2013). Installation percentages are expected to
increase at double-digits every year through 2020, as shown in Fig. (8.30).

Figure 8.30: CPV Installation Forecast (IHS Solar Solutions 2013)
However, to see our dish-based CPV system be competitive in this market, it must
have a levelized cost of energy LCOE in production that will be competitive with not
only existing CPV technologies, but emerging PV technologies as well.
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8.3.1 Cost Analysis
To understand the cost of our system at large scales, we must attempt to place
estimates on the individual components. While the individual component cost data is held
as proprietary information by REhnu Inc., the company licensing the technology from the
University of Arizona, I can say what the cost estimates are for two fictional HCPV cases
in 2015 and 2018, each of a 5 MW project size.
At the 6.1 kW per tracker size in 2015, it would take 164 eight-mirror tracking
units to create a 1 MW power-generating solar energy field. This corresponds with
roughly 1309 PCU’s per MW. An upgraded tracker with 45% efficient MJ cells in 2018
would have an efficiency of 36%, allowing it to generate roughly 6.67 kW. This outlook
would require 150 trackers per MW, or 1200 PCU’s.
For a the 2015 case, the total cost of the tracker including the hardware, warranty,
and over-head costs is estimated to be $19,000, which for a 6.1 kW system translates to
$3.15/W. For the 2018 case, the reduction in cost from mass production further reduces
this value to only $1.07/W. How this cost for a 5 MW plant compares to Thin-film and 1Axis Silicon for both cases is shown in Table (8.4), where the total cost is found from
CAP($) = ProjectSize(W ) ⋅( $ W + OwnerCosts) ⋅OverRate,

(8.3)

where other owner’s costs are summarized in OwnerCosts and the over-rate for DC–AC
conversion is denoted OverRate. This estimate shows how a 5 MW sized plant of our
Dish-based HCPV system would be more expensive than Thin-Film and 1-Axis Silicon
in 2015, but would have the opportunity to overcome the cost competition by 2018.
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2015 Case

2018 Case

Thin-Film

x-Silicon

HCPV

Thin-Film

x-Silicon

HCPV

5 MW

5 MW

5 MW

5 MW

5 MW

5 MW

$/W

1.60

2.25

3.15

1.10

1.25

1.07

Other Costs

0.70

0.60

0.60

0.50

0.45

0.45

Over Rate

1.25

1.25

1.25

1.20

1.20

1.20

$14.3 M

$17.8 M

$23.4 M

$9.6 M

$10.2 M

$9.1 M

Table 8.4:

5 MW System Cost Estimate Comparison

Project Size

CAP($)

8.3.2 LCOE
While Table (8.4) might paint an optimistic outlook, there are additional factors to
consider in order to better compare these systems to other energy systems. As shown in
Section 8.2.2, each system has a different annual production based on the system
efficiency and how it collects the forecasted sunlight from the 8760 numbers. In addition
to capital costs, there are also differences in annual degradation, costs associate with
operation and maintenance that are both fixed and variable, and discount rates that differ
greatly from country to country and state to state. By taking into account all of these
factors, the levelized cost of energy, or LCOE can be found via

LCOE =

Costs(Lifetime)
TC
=
Energy(Lifetime) TEP

(8.4)
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The LCOE calculation is found for a fixed lifetime of a system, where the total
lifetime energy production TEP is found over the lifetime y of the system by
TEP =

y MAX

∑ TAP ⋅ ⎡⎣1− (( DEG ⋅ y) − DEG )⎤⎦,

(8.5)

y=1

where DEG is the measured system degradation in percent per year and the total annual
production TAP is for the first year of the specified plant size given in kWh or MWh. For
a 5 MW installation of our Gen 3 system in Tucson, this can be found from the 8760
prediction numbers of Section 8.2.2 that gave 3065 kWh/kW to be
TAP = 3065 kWh

kW

⋅5MW = 15,325MWh

(8.6)

For a system designed to last 25 years, with an estimated annual system degradation DEG
of 0.50%, we can estimate the total lifetime energy production TEP25 of our system to be
25

TEP25 = ∑15,325MWh ⋅ ⎡⎣1− ( (0.5% ⋅ y) − 0.5% ) ⎤⎦ = 352,982 MWh

(8.7)

y=1

I have also alluded to an upgradeable PCU to give the system a 40 year lifetime,
If we assume that the MJ cells maintain their same efficiency increase by a rate of 0.8%
per year, then a PCU operating with 33% efficiency in 2015 could be upgraded in 20
years with a PCU operating with 49% efficiency and a 20,401 MWh TAP. This would
yield an estimated total lifetime energy production TEP40 of our upgraded system to be
20

TEP40 = ∑15,325MWh ⋅ ⎡⎣1− ( (0.5% ⋅ y) − 0.5% ) ⎤⎦
y=1

20

+ ∑ 20,401MWh ⋅ ⎡⎣1− ( (0.5% ⋅ y) − 0.5% ) ⎤⎦ = 672,618MWh
y=1

(8.8)
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Going back to the LCOE calculation of Eq. (8.4), we will now look at the total
costs TC calculation which is a function of the total capital costs TCAP, and operational
costs both fixed OPSFIX and variable OPSVAR over the lifetime y of the system,

TC = TCAP( y) + OPS FIX ( y) + OPSVAR ( y)

(8.9)

Total capital costs TCAP can be found by adding the additional costs from upgrades
throughout the lifetime of the project to the initial capital cost CAP found in Eq. (8.3) and
incorporating the discount cost DC of the project,
TCAP( y) =

y MAX

1

∑ (1+ DC) (CAP + Upgrades( y))
y

y=1

(8.10)

while the fixed operational costs OPSFIX are found via
OPS FIX ( y) =

y MAX

1

∑ (1+ DC) (CAP ⋅OM ) ⋅ ⎡⎣1+ ((OM
FIX

y

y=1

ESC

⋅ y) − OM ESC ) ⎤⎦

(8.11)

where OMFIX represents fixed operating and maintenance costs as a function of capital
costs, and OMESC is an estimated escalation in operation and maintenance costs over time.
The variable operational costs OPSVAR are found in a similar way via
OPSVAR ( y) =

y MAX

1

∑ (1+ DC) ( y ⋅OM ) ⋅ ⎡⎣1+ ((OM
y=1

y

VAR

ESC

⋅ y) − OM ESC ) ⎤⎦

(8.12)

where OMVAR represents operating and maintenance costs as a function of the year. In
general, both the fixed OPSFIX and variable OPSVAR operational costs rise each year
through a project, while the total capital costs TCAP is mostly the initial capital cost
CAP, with only small increases as upgrades are needed every 10 years or so.
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For the Gen 3 system with an initial capital cost of $23.4 M given in Table (8.4),
we assume inverter replacements of 0.25 $/W every ten years and a discount rate of 10%
for the state of Arizona. We also assume fixed operational and maintenance costs OMFIX
of 1.2% of the initial capital cost, variable operational and maintenance costs OMVAR of
0.0075 $/kWh, and an operational and maintenance cost escalator of OMESC of 2.5%.
Using Eq. (8.10-8.12) we can calculate the various costs components contributing to the
total capital costs TC for the 25 year and 40 year Gen 3 systems as shown in Table (8.5).
Knowing the total energy produced TEP for both cases from Eq. (8.7-8.8), we can
calculate the LCOE for each case. These values are tabulated in Table (8.5). It is clear
that the total costs associated with both the 25 year non-upgraded and 40 year upgraded
system are similar, but the total energy produced is almost a factor of 2 larger for the 40
year system. This again demonstrates the savings in creating a system that is upgradeable.
25 year

40 year

TCAP

$ 22,335,473

$ 24,798,258

OPSFIX

$ 2,752,984

$ 3,068,280

OPSVAR

$ 1,057,152

$ 1,259,127

TC

$ 26,145,609

$ 29,125,664

TEP

352,981,965 kWh

672,618,399 kWh

LCOE

7.41 c/kWh

4.33 c/kWh

Table 8.5:

LCOE comparison for 25 and 40 year Gen 3 Systems
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2015 Case

2018 Case

Thin-Film

x-Silicon

HCPV

Thin-Film

x-Silicon

HCPV

Project Size

5 MW

5 MW

5 MW

5 MW

5 MW

5 MW

System Eff.

14%

20%

33%

15%

22%

36%

An. kWh/kW

1800

2300

3065

1929

2530

3079

Availability

99%

99%

98%

99%

99%

99%

Annual kWh

8.9 M

11.4 M

15 M

9.5 M

12.5 M

15.2 M

An. Degradation

0.80%

0.50%

0.50%

0.80%

0.50%

0.50%

Fixed O&M

1.00%

0.85%

1.20%

0.90%

0.75%

1.00%

O&M $/kWh

0.0055

0.005

0.0075

0.005

0.0045

0.005

LCOE (25 years)

7.92

7.19

7.41

5.12

3.94

3.05

LCOE (40 years)

-

-

4.33

-

-

2.03

Table 8.6:

5 MW System Cost Estimate Comparison

LCOE is especially useful in comparing the cost of generating electricity at the
point of connection to the electricity grid. The LCOE calculation in cents per kWh is
shown in Table (8.6) for various solar energy systems installed in both 2015 and 2018. In
both cases, the annual kWh for the dish-based HCPV installation far exceeds the annual
production from the Thin-Film and 1-Axis Silicon PV installations. However, in the 2015
case the 1-Axis Silicon makes up for this by having lower fixed and variable operation
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and maintenance costs over a 25 year time frame, giving it a 25 year LCOE of 7.19
c/kWh, less than the LCOE of 7.41 c/kWh for our Gen 3 CPV system.
More changes in LCOE come with systems installed after the initial systems, as in
the case where a second 5 MW plant is installed in 2018. Here, the initial capital and
operational costs are substantially offset from the first 5 MW installation of the HCPV
system by so much that the LCOE can simply not be matched by the 1-Axis Silicon.
Since the same manufacturing line and tooling from the 2015 plant are used in the 2018
plant, the capital cost is estimated to reduce by about 50% which reduces the fixed
operational costs as a function of capital costs given in Eq. (8.10) by a similar amount.
This results in an LCOE for the dish-based CPV system of 3.05 c/kWhr, lower than the
3.94 c/kWhr LCOE for 1-Axis PV systems reusing the same manufacturing apparatus.
In the case where the PCU units in our dish-based HCPV system are upgraded
with newer cells at least once in their 40 year lifetime, the LCOE for both the 2015 and
2018 cases drops significantly to 4.33 c/kWh and 2.03 c/kWh respectively. These values
are again optimistic, but seek to demonstrate to what level LCOE can be reduced for a
solar energy generation system if the fundamental conversion components, namely the
solar cells, are contained within the system architecture in such a way that they are easily
replaced or upgraded over time.
Table (8.7) provides a way to compare these LCOE values to other power
generation methods to be brought online by 2018, via the Levelized Cost of New
Generation Resources estimate provided by the US Energy Information Administration’s
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Annual Energy Outlook 2013 (DOE 2013). Solar PV is estimated in the US to get to an
average LCOE of 8.66 c/kWhr, in line with the LCOE estimates for thin-film PV, 1-axis
silicon PV, and 2-axis HCPV of 7.19-7.92 c/kWhr calculated for Table (8.5). However,
with recent technology advances in natural gas hydraulic fracturing, solar PV may not be
able to compete in the near-term with natural gas systems at 4 c/kWhr (DOE 2013).
Power Conversion Method

Coal

Natural Gas

Nuclear

Renewables

Table 8.7:

LCOE (c/kWhr)

Conventional

6.01

Advanced

7.38

With Carbon Capture

8.13

Conventional Combined Cycle

4.03

Advanced Combined Cycle

3.94

Advanced CC with CCS

5.60

Conventional Combustion Turbine

7.82

Advanced Combustion Turbine

6.28

Advanced Nuclear

6.50

Geothermal

5.38

Biomass

6.66

Wind

5.20

Wind - Offshore

13.29

Solar PV

8.66

Solar Thermal

15.69

Hydroelectric

5.42

Comparable LCOE 2018 Estimates (DOE 2013)
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8.4 CONCLUSIONS
Despite the continued existence of a lower LCOE for conventional fossil fuel
burning resources in the near future, the prospects for new solar energy generation
systems is high. This optimism is even more likely for high-concentration photovoltaic
HCPV systems like the one described here, because of HCPV’s superior efficiencies over
conventional solar generation solutions and gradually increasing efficiency outlook. The
cell efficiency of commercial HCPV systems, currently at about 42%, will exceed 45%
by 2017, as shown in Fig. (8.31) provided by an analysis by IHS Technology (IHS 2014).
While these gains need to be balanced against additional manufacturing costs
associated with 2-axis tracking, no other type of solar energy generation method can yet
match system efficiencies of greater than 30%, and it simply is not physically possible for
most conventional PV to ever reach these numbers. With the market growth forecasting
that the United States and Central America will install the largest number of HCPV
systems by 2017, additional research and development in the US Southwest is vital.

Figure 8.31: CPV Installation Forecast (IHS 2014)
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8.4.1 Achieved Goals
With a dish-based HCPV system that obtains a high-optical efficiency with a
long-lasting, lightweight, and upgradable system architecture, I believe our optical design
is the most practical dish-based solar concentrator design. The XRX-Köhler design
utilizes tried and tested illumination optical principles to achieve superior illumination
uniformity compared to other concentrator designs, an advantage that enables the use of
MJ cell arrays in a unique way that has not been achieved before.
Furthermore, the design choices and lessons learned in the Gen 2 power
conversion unit design were successfully translated into a smaller, low-cost, and easily
fabricated hardware unit. When coupled with the collecting mirror, the final small,
lightweight, and handheld Gen 3 power conversion unit placed at the focus generates
over 800W. After fabrication, on-sun testing verified that both completed systems’
illumination, spectral and electrical performance closely matched the predicted models.
On the system hardware level, the mechanical components achieved the required
tolerances and the thermal performance of the active-cooling system worked as designed.
The success of the Steward Observatory Solar Lab’s Gen 3 prototype
development was made possible by investment from the University of Arizona, REhnu
Inc., and the DOE Sunshot Program. Future iterations of this system are sure to have a
valuable renewable energy impact and the lessons learned by the Steward Observatory
Solar Lab on this project will be transferred into other solar concentrator designs,
encouraging the expansion of new optical designs in the solar photovoltaics industry.
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8.4.2 Further Work
Additional on-sun testing of the Gen 3 PCU must be completed with the new
F/0.66 paraboloidal mirrors that it was originally designed and optimized for, now being
fabricated in the UA Steward Observatory Mirror Lab. After this validation, this basic
system module must be integrated into the eight unit tracking structure currently being
designed. After field performance is certified, longevity tests must be done on the system
to ensure that the exposed optical elements and active-cooling system withstand
environmental field conditions with minimal degradation and maintenance.
A key step moving from the Gen 2 to Gen 3 system was the allowance for less
illumination uniformity at the cell level. This was achieved by allowing some rays
reflected off the secondary optics to arrive at the cells active surface at angles with a large
departure from normal incidence. The illumination model approximated the cells as
perfect spectral absorbers, converting all incident light into either photoelectron current
or heat energy, when in reality some of the rays will reflect off at glancing incidence.
Further modeling work should be performed on the response of the MJ sub-cells to light
rays incident at high angles of incidence and of different spectral balance levels.
Finally, work must be done to ensure that material cost estimates can be realized,
even for production of a small number of concentrator units below the 1 MW level.
Access to a robust, repeatable, and low-cost anti-reflective coating for the fused silica
ball lens is of paramount importance, as is the availability of low-iron float glass and a
repeatable wet-silver coating process with uniform reflectivity across the dish mirrors.
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