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ABSTRACT

Flat silicon solar cells are the standard for solar technology implementations, due to the simplicity of its form and the
low cost of its material. However, the bare material of such a technology is known to suffer from high reflectivity and
low solar conversion efficiency. Engineered surfaces (e.g., textured) and bulk structures (e.g., quantum dots) are often
used to diminish the reflection and enhance the efficiency, but such processes come at the expense of complexity and
cost. The proposed work responds to these challenges by introducing a new architecture for traditional silicon solar
technology. The architecture takes the form of a Smart Solar Sensing (S-Cubed) Array. It consists of a macroscopic
close-packed array of corner-cube- (CC-) shaped solar cells. Each CC-cell has three silicon solar cells lining its interior
corners. The three silicon solar cells establish multiple internal reflections for enhanced overall absorption. At the same
time, the impedances of the three silicon solar cells in each CC-cell of the S-Cubed Array can be sensed and
independently matched to a common load. This allows for maximized electric power transfer to the load over a broad
range of illumination conditions. It is shown in this work that the collected energy density of the CC-cell array, over the
course of a day, can be increased by 33.02% when compared to an array of conventional (flat) silicon solar cells. Such
findings can lay the groundwork for future implementations of high-efficiency solar technology.
Keywords: Photovoltaics, 3DPV, corner-cube, geometric optics, solar cell, silicon-based photovoltaics, simulation,
texturing

1. INTRODUCTION
There has been a shift in the way the global population thinks about energy production. Governments are looking to
transition from fossil fuels to clean energy1–3 in cost effective ways and companies are beginning to diversify their power
generation expertise and assets. Clean energy is being eagerly pursued, and solar technology has emerged as a major
contender among others. However, solar technology is known to suffer from an axiomatic, cost verses performance,
challenge4,5. An effective solar technology would offer high performance at a low cost. Researchers across the globe are
currently looking for an effective solar technology to meet the ever-increasing demands5,6. The most common approach
to realizing an effective solar technology has focused on solar materials. Examples include various forms of bio-7,8,
nano-9,10, and multi-junction11 photovoltaic (PV) materials, which exhibit either excellent solar conversion efficiencies or
low cost. Unfortunately, this approach typically produces solar technology with only one of these ideal traits. For this
reason conventional silicon-based PV technology dominates the PV market, making up over 90% of solar installations to
date12. The use of conventional silicon-based PV technology is largely due to its ability to exhibit average-cost and
average-performance. This is not only due to the accessibility of silicon, but also decades of silicon-based PV material
research and infrastructure growth. Another approach to realizing an effective solar technology has focused on solar
structures capable of minimizing reflected optical power losses. This increases the captured optical power, increasing
performance, while enabling low cost silicon-based PV technology to be used. These structures can be broadly
categorized into microscopic and macroscopic antireflective structures.
Microscopic antireflective structures have features comparable to wavelengths of light within the solar spectrum. They
are also commonly used in the solar industry to increase the optical efficiency of solar cells. Two examples of
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microscopic antireflective structures used in the solar industry are thin films and textured surfaces. Thin film
antireflective structures are commonly seen as quarter wavelength films13,14 or graded-index films15,16. These typically
suffer from limited directionality or a narrow operation bandwidth and in certain cases can suffer from both issues.
Textured surfaces17 are better omni-directional and broadband antireflection solutions however, they cause an increase in
a process called surface recombination18 which lowers electrical efficiency in solar cells. These two commonly used
microscopic antireflective structures can increase optical efficiencies however, have undesirable caveats including noted
concerns with capital and energy costs during fabrication18,19.
Macroscopic antireflective structures have features considerably larger than the wavelengths of light within the solar
spectrum, and have been the center of notable attention lately. They are similar to their microscopic counterparts in that
they increase the captured optical power by controlling reflections. However, they differ in that their features can be
realized in virtually any three-dimensional form due to the sheer size of their constituents. Two examples of macroscopic
antireflective structures are the four-sided inverted pyramid20 and the solar tower21. The four-sided inverted pyramids
structure, put forward by Xia et al., retains internal reflections to give a 260% increase in the optical to electrical power
conversion efficiency while being able to be effectively scaled up in area with a unity fill factor. Unfortunately, foursided pyramids cannot be implemented with conventional silicon-based PV technology, and are instead implemented
with polymer-based PV technology, due to the necessary (isosceles) triangularly shaped solar cells needed to realize the
structure in its presented form. The solar tower structure on the other hand, put forward by Bernardi et al., can be
constructed from square solar cells, making it compatible with conventional silicon-based PV technology. It also has the
capability of improving the captured optical power by up to 20 times when compared to the capabilities of a standard
flat-cell. Unfortunately, the solar tower cannot be effectively arrayed across a horizontal plane, like the four-sided
inverted pyramid structure, because shadowing by neighbouring solar towers would be a detriment to the arrayed
structure’s performance.
In this work, the idea of a macroscopic solar architecture as an effective solar technology is revisited and an alternative
concept is introduced. The concept showcases a new solar array architecture capable of increasing the captured optical
power density and the generated electrical power density of conventional silicon-based PV technology through the
implementation of corner-cube geometry and a multi-channel maximum power point tracking (MPPT) system. A
theoretical analysis is presented comparing the performance of the new solar array architecture implemented with bare
silicon solar cells to a conventional bare silicon flat cell array. It is found that the new solar array architecture can
provide a substantial increase in electrical power generation per unit area to that of the flat cell array.

2. ALTERNATIVE CONCEPT
At the core of solar technology lies its optical and electrical performance characteristics. Unfortunately, improvements in
one characteristic comes at the expense of the other. As an example, surface micro-texturing on solar cells is often used
in industry to promote light scattering which improves the captured optical power density of the solar cells. However,
texturing the surface of solar cells increases the total surface area of the solar cells which drastically increases surface
recombination. The increase in surface recombination within solar cells results in a decrease of the generated electrical
power density capable of solar cells.
The optical performance metric in this work is the captured optical power density. It is defined as the sum of the optical
power transmitted into the solar cells making up the particular solar array architecture divided by its overall deployment
area. The captured optical power density thus quantifies the ability of a solar architecture to minimize reflections.
Reflection minimization can be achieved with macroscopic solar architectures, avoiding the use of micro-texturing, to
ultimately gain the light scattering benefits of micro-texturing while bypassing the surface recombination problems that
accompany it. If a macroscopic solar architecture is designed to trap internal reflections, it can enhance the captured
optical power density without diminishing the devices electrical performance. For such an architecture to be practical,
however, it should enable implementation via square solar cells, the standard with conventional silicon-based PV
technology, and be able to be deployment in planar arrays with unity fill factor, for a scalable electrical power
generation.

Proc. of SPIE Vol. 10527 105270I-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/19/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

The electrical performance metric in this work is the generated electrical power density. It is defined as the sum of the
electrical power transferred from the solar device making up the particular solar array architecture to the load divided by
the overall deployment area. In general, maximal electrical power transfer is achieved by matching the impedance of a
solar device to the impedance of the load it is serving. This is done traditionally by a single MPPT system. However,
more complicated MPPT system configurations are needed for macroscopic solar array architectures intended for
trapping light. The complexities arise due to differing levels of illumination on individual solar cells within such a solar
array architecture.
In this work, a new concept is introduced. The concept applies a three-sided corner-cube- (CC-) cell as the basic element
within a solar array architecture. The CC-cell captures internal reflections for an increase in captured optical power. It
can also be arrayed with a unity fill factor, to scale the generated electrical power, while applying a multi-channel MPPT
system to optimize the electrical power transfer from the device to a load. The optical and electrical performance
characteristics of the solar array architecture with the multi-channel MPPT system are analysed in the following two
subsections.

3. OPTICAL PERFORMANCE CHARACTERISTICS
A CC-cell is constructed with three mutually-orthogonal square solar cells, enabling compatibility with conventional
silicon-based PV technology. The theoretical analysis in this work implements the square solar cells with bare silicon,
i.e. silicon without micro-texturing or thin film antireflective structures. This allows the aforementioned costs and pitfalls
associated with these processes to be avoided and scattering to be disregarded. The CC-cell array is shown in Fig. 1 as a
coloured rendering with the square solar cells within the CC-cells grouped in three families. The family shown in green
corresponds to the family containing solar cells named solar cell x (SC-x), the family shown in blue corresponds to the
family containing solar cells named solar cell y (SC-y), and the family shown in red corresponds to the family containing
solar cells named solar cell z (SC-z).

Figure 1. A representation of CC-cells arranged in a close-packed array with its silicon solar cells shaded in colours
corresponding to the three solar cell families: green for the SC-x family; blue for the SC-y family; red for the SC-z family. The
global frame, seen on the left half of the array, shows an incident light ray in grey at a solar zenith angle of θ and solar azimuth
angle of ϕ split into its directional cosine components of α', β', and γ'. The body frame, seen on the right half of the array, shows
the directional cosine components of the incident light ray in the global frame after the coordinate transformation as α, β, and γ.

The optical performance characteristics of the CC-cell are quantified by its ability to capture optical power per unit area
for varying illumination conditions that normally occur over the course of a day. A benchmark for quantifying this
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captured optical power density is created through contrasting the results of the CC-cell array to those of a standard flatcell array with a unity fill factor. A ray-tracing model, making use of two coordinate frames, is applied for this. The
global frame, seen on the left half of Fig. 1, is denoted by the primed coordinates x', y', and z'. Its x'y'-plane is in the
northern hemisphere and on the surface of the Earth with its x'-axis directed South, its y'-axis directed East, and its z'-axis
directed up towards the sky. The incident angle of light coming from the sun is defined with the solar zenith angle, θ, and
solar azimuth angle, ϕ, on the global frame22. The body frame, seen on the right half of Fig. 1, is denoted by the
unprimed coordinates x, y, and z. The body frame is shown within a CC-cell, with its x, y, and z axes all normal to SC-x,
SC-y, and SC-z, respectively. Within the body frame, the CC-cell has its central axis of symmetry parallel to the z'-axis
of the global frame.
Incident light rays are defined within the global frame, as seen on the left half of Fig. 1, with a solar zenith angle of θ and
solar azimuth angle of ϕ. The projection of the ray onto the x', y', and z' axes are defined as the directional cosines

α ' = cos φ sin θ ,

(1)

β ' = sin φ sin θ ,

(2)

γ ' = cos θ .

(3)

The coordinates are then transformation and redefined as the directional cosines α, β, and γ, along the x, y, and z axes of
the body frame, respectively. The coordinate transformation matrix is

⎡α ⎤ ⎡ 1 / 6
⎢β ⎥ = ⎢ 1 / 6
⎢ ⎥ ⎢
⎢⎣γ ⎥⎦ ⎢− 2 / 3
⎣

− 1 / 2 1 / 3 ⎤ ⎡α '⎤
⎥
1 / 2 1 / 3 ⎥ ⎢⎢ β '⎥⎥ .
0
1 / 3 ⎥ ⎢⎣γ ' ⎥⎦
⎦

(4)

The directional cosines α, β, and γ are used to describe internal reflections within the CC-cell which allows the
calculation of the captured optical power densities of the constituent solar cells within the CC-cell. A CC-cell's captured
optical power density is defined as the total optical power transmitted through the surfaces of its three constituent solar
cells divided by its overall deployment area, 3½A, which is the projected area of the CC-cell in the x'y'-plane. This sort of
analysis follows that of our prior work23. However in this work it is necessary to broadened the reflection and
transmission characteristics of the CC-cell architecture to encompass all solar zenith angles, 0° < θ < 180°, and solar
azimuth angles, –180° < ϕ < 180°. The extension of the previous analysis takes into consideration all relevant
contributions from shadowed orientations.
The benchmark for the encroaching analysis is set by the optical performance characteristics of a standard flat-cell. The
captured optical power density of the flat-cell can be found simply by
POP - FC (θ ) = (1 − Rθ ) I 0 cos( θ ) ,

(5)

where θ is the solar zenith angle, Rθ is the angular-dependent reflectivity of unpolarized light striking the surface at an
incident angle of θ, as defined by the Fresnel equations24, and I0 is the incident irradiance. This expresses the captured
optical power density of a single flat-cell however, it is equally true for a flat-cell array with unity fill factor. This is
compared to that of a CC-cell, through the definition of the captured optical power densities for the three constituent
cells, SC-x, SC-y, and SC-z, in the CC-cell.
The captured optical power density for SC-x is denoted by POP-x(α,β,γ). It is formed from three contributions described
as primary, secondary, and tertiary optical power densities. The primary optical power density contribution is the
incident optical power that illuminates SC-x directly, divided by the area of the constituent cell. It is denoted by δPOPx(α,β,γ). The secondary optical power density contributions are the reflected optical powers that illuminate SC-x off
neighbouring solar cells, divided by the area of the constituent cell. The reflection off SC-y onto SC-x is denoted by
δPOP-yx(α,β,γ) and the reflection off SC-z onto SC-x is denoted by δPOP-zx(α,β,γ). The tertiary optical power density
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contributions are the reflected optical powers that illuminate SC-x from reflections off of two neighbouring solar cells,
divided by the area of the constituent cell. The reflection off SC-z then SC-y onto SC-x is denoted by δPOP-zyx(α,β,γ) and
the reflection off SC-y then SC-z onto SC-x is denoted by δPOP-yzx(α,β,γ). These definitions are used to define the total
captured optical power density for SC-x,
POP - x (α , β , γ ) = (1 − Rα ) ( δPOP - x (α , β , γ )
+δPOP - yx (α , β , γ ) + δPOP - zx (α , β , γ )

(6)

+δPOP - yzx (α , β , γ ) + δPOP - zyx (α , β , γ ) ) .

The factor of (1 – Rα) in (6) represents transmission of optical power through the surface of SC-x. It is a function of the
angular-dependent reflectivity, Rα, which uses the Fresnel equations24 for unpolarized light striking a surface. The
difference between (6) and (5) is the incident angle of arccos(α) instead of the solar zenith.
The captured optical power density for SC-y is denoted by POP-y(α,β,γ). It is also formed from multiple incident optical
power densities. The primary optical power density contribution, δPOP-y(α,β,γ), is the incident optical power that
illuminates SC-y directly, divided by the area of the constituent cell. The secondary optical power density contributions,
δPOP-zy(α,β,γ) and δPOP-xy(α,β,γ), are the reflected optical powers that illuminate SC-y off neighbouring solar cells,
divided by the area of the constituent cell. The tertiary optical power densities, δPOP-xzy(α,β,γ) and δPOP-zxy(α,β,γ), are the
reflected optical powers that illuminate SC-y following reflections off of two neighbouring solar cells, divided by the
area of the constituent cell. These definitions are used to define the total captured optical power density for SC-y,
POP- y (α , β , γ ) = (1 − Rβ ) ( δPOP- y (α , β , γ )
+δPOP- zy (α , β , γ ) + δPOP- xy (α , β , γ )

(7)

+δPOP- xzy (α , β , γ ) + δPOP- zxy (α , β , γ ) ) .

The factor of (1 – Rβ) in (7) represents the transmission of optical power through the surface of the SC-y. It is a function
of the angular-dependent reflectivity, Rβ, which uses the Fresnel equations24 for unpolarized light striking a surface. The
difference between (7) and (5) is the incident angle of arccos(β) instead of the solar zenith.
The captured optical power density for SC-z is denoted by POP-z(α,β,γ). It is also formed from multiple incident optical
power densities. The primary optical power density contribution δPOP-z(α,β,γ), is the incident optical power that
illuminates SC-z directly, divided by the area of the constituent cell. The secondary optical power density contributions,
δPOP-xz(α,β,γ) and δPOP-yz(α,β,γ), are the reflected optical powers that illuminate SC-z off neighbouring solar cells,
divided by the area of the constituent cell. The tertiary optical power densities, δPOP-xyz(α,β,γ) and δPOP-yxz(α,β,γ), are the
reflected optical powers that illuminate SC-z following reflections off of two neighbouring solar cells, divided by the
area of the constituent cell. These definitions are used to define the total captured optical power density for SC-z,
POP- z (α , β , γ ) = (1 − Rγ ) ( δPOP- z (α , β , γ )
+δPOP- xz (α , β , γ ) + δPOP- yz (α , β , γ )

(8)

+δPOP- xyz (α , β , γ ) + δPOP- yxz (α , β , γ ) ) .

The factor of (1 – Rγ) in (8) represents the transmission of optical power through the surface of the SC-z. It is a function
of the angular-dependent reflectivity, Rγ, which uses the Fresnel equations24 for unpolarized light striking a surface. The
difference between (8) and (5) is the incident angle of arccos(γ) instead of the solar zenith.
The expressions for POP-x(α,β,γ), POP-y(α,β,γ), and POP-z(α,β,γ) in (6), (7), and (8) depend upon the directional cosines, α,
β, and γ, in a complicated piecewise manner. This complicated piecewise form of manifests itself through 10 independent
illumination conditions for POP-x(α,β,γ), POP-y(α,β,γ), and POP-z(α,β,γ). As an aid to describe the method used to develop
each of these 10 cases, the first of the 10 cases, with the directional cosine definition of _, is explored in detail. The
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description is visualized using the aid of figures 2, 3, and 4 for the captured optical power densities of SC-x, SC-y, and
SC-z, respectively.
Calculating the captured optical power density for SC-x is done with the aid of Fig. 2. Figure 2a depicts the physical
structure of the CC-cell, as viewed parallel to collimated light rays of a representative orientation of the given
illumination case of 0 < γ < β < α. The sub-figures 2b-2f show the contributions to the captured optical power density of
SC-x according to a ray-tracing analysis. Figure 2b shows the direct illumination of SC-x forming the primary incident
optical power density (in bold orange) of

δPOP - x (α , β , γ ) = I 0α .

(9)

Figure 2c depicts the illuminated area of SC-y that is reflected and projected onto SC-x to form the secondary incident
optical power density (in medium orange) of

⎛
⎝

δPOP - yx (α , β , γ ) = I 0 Rβ ⎜ β −

βγ ⎞
⎟.
2α ⎠

(10)

Figure 2d depicts the illuminated area of SC-z that is reflected and projected onto SC-x to form the secondary incident
optical power density (in medium orange) of

⎛
⎝

δPOP - zx (α , β , γ ) = I 0 Rγ ⎜ γ −

βγ ⎞
⎟.
2α ⎠

(11)

Figure 2e depicts the illuminated area of SC-y that is reflected and projected onto SC-z and then onto SC-x to form the
tertiary incident optical power density (in dim orange) of

⎛ βγ ⎞
⎟.
⎝ 2α ⎠

δPOP - yzx (α , β , γ ) = I 0 Rβ Rγ ⎜

(12)

Figure 2f depicts the illuminated area of SC-z that is reflected and projected onto SC-y and then onto SC-x to form the
tertiary incident optical power density (in dim orange) of

⎛ βγ ⎞
⎟.
⎝ 2α ⎠

δPOP-zyx (α , β , γ ) = I 0 Rβ Rγ ⎜

(13)

In accordance with (6), we sum the incident optical power densities described in (9)-(13) and multiply the result by the
transmissivity of the SC-x surface, (1 – Rα). This gives, for the case of 0 < γ < β < α, a captured optical power density for
SC-x of

⎛
γ ⎞
β ⎞
⎛
⎛
⎛ βγ
POP - x (α , β , γ ) = (1 − Rα ) I 0 ⎜⎜ α + Rβ β ⎜1 −
⎟ + Rγ γ ⎜1 −
⎟ + Rβ Rγ ⎜
⎝ 2α ⎠
⎝ 2α ⎠
⎝α
⎝

⎞⎞
⎟ ⎟⎟ .
⎠⎠

Proc. of SPIE Vol. 10527 105270I-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/19/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

(14)

a

Y

Figure 2. Representation of the contributions to the captured optical power density for cells in the SC-x family within the CC-cell
for the case of 0 < γ < β < α. The captured optical power density of SC-x manifests itself for such illumination as a primary
contribution (shown in bold orange), secondary contributions (shown in medium orange), and tertiary contributions (shown in dim
orange). a, Shows the physical structure of the CC-cell with silicon solar cells. b, Shows the primary incident optical power
density of δPOP-x(α,β,γ). c and d, Show the secondary incident optical power density contributions of δPOP-yx(α,β,γ) and δPOPzx(α,β,γ), respectively. e and f, Show the tertiary incident optical power density contributions of δPOP-yzx(α,β,γ) and δPOP-zyx(α,β,γ),
respectively.

The captured optical power density for SC-y is calculated in a similar manner with the aid of Fig. 3. Figure 3a depicts the
direct illumination of SC-y that forms the primary incident optical power density (in bold orange) of

δPOP- y (α , β , γ ) = I 0 β .

(15)

Figure 3b depicts the illuminated area of SC-x that is reflected and projected onto SC-y to form the secondary incident
optical power density (in medium orange) of

⎛
⎝

δPOP - xy (α , β , γ ) = I 0 Rα ⎜ β −

βγ ⎞
⎟,
2α ⎠

(16)

Figure 3c depicts the illuminated area of SC-z that is reflected and projected onto SC-y to form the secondary incident
optical power density (in medium orange) of

⎛ βγ ⎞
⎟.
⎝ 2α ⎠

δPOP-zy (α , β , γ ) = I 0 Rγ ⎜

(17)

Figure 3d depicts the illuminated area of SC-x that is reflected and projected onto SC-z and then onto SC-y to form the
tertiary incident optical power density (in dim orange) of

⎛ βγ ⎞
⎟,
⎝ 2α ⎠

δPOP - xzy (α , β , γ ) = I 0 Rα Rγ ⎜

(18)

Figures 3e and 3f depict the illuminated area of SC-z that is reflected and projected onto SC-x and then onto SC-y to
form the tertiary incident optical power density (in dim orange) of

⎧
⎛
⎪ I 0 Rα Rγ ⎜⎜ 2γ
⎪
⎝
δPOP - zxy (α , β , γ ) = ⎨
⎛
⎪ I R R ⎜ βγ
⎪⎩ 0 α γ ⎝ α

−

βγ αγ ⎞
⎟, α < 2β
−
α 2β ⎟⎠

⎞
⎟, α > 2β
⎠

.
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(19)

The piecewise form of (19) manifests itself because the tertiary projections, off of SC-x and onto SC-y in Figs. 3e and 3f,
form trapezoidal shapes in the xz-plane that may be completely within or partially within the area of SC-y. If α < 2β, the
trapezoidal projection off of SC-x is completely within SC-y, which establishes the first condition in (19). If α > 2β, the
trapezoidal projection is partially within SC-y, which establishes the second condition in (19).
In accordance with (7), we sum the incident optical power densities described in (15)-(19) and multiply the result by the
transmissivity of the SC-y surface, (1 – Rβ). This gives, for the case of 0 < γ < β < α, a captured optical power density for
SC-y of
⎛
⎛
βγ αγ
⎧
⎜
⎜
−
2γ −
, α < 2β
⎪
γ
β
βγ
⎪
⎛
⎞
⎛
⎞
α 2β
+ Rγ γ ⎜
+ Rα Rγ ⎜
+⎨
POP - y (α , β , γ ) = (1 − Rβ ) I 0 ⎜ β + Rα β ⎜1 −
⎟
⎟
⎜
⎜ 2α ⎪ βγ
⎝ 2α ⎠
⎝ 2α ⎠
, α > 2β
⎜
⎜
⎪⎩ α
⎝
⎝

⎞⎞
⎟⎟
⎟⎟ .
⎟⎟
⎟⎟
⎠⎠

(20)

The captured optical power density for SC-z is calculated in a similar manner with the aid of Fig. 4. Figure 4a depicts the
direct illumination of SC-z that forms the primary incident optical power density (in bold orange) of

δPOP- z (α, β , γ ) = I0γ .

(21)

Figure 3. Representation of the contributions to the captured optical power density for cells in the SC-y family within the CC-cell
for the case of 0 < γ < β < α. The captured optical power density of SC-y manifests itself for such illumination as a primary
contribution (shown in bold orange), secondary contributions (shown in medium orange), and tertiary contributions (shown in dim
orange). a, Shows the primary incident optical power density contribution of δPOP-y(α,β,γ). b and c, Show the secondary incident
optical power density contributions of δPOP-xy(α,β,γ) and δPOP-zy(α,β,γ), respectively. d, Shows the non-piecewise tertiary incident
optical power density contribution of and δPOP-xzy(α,β,γ). e and f, Show the piecewise tertiary incident optical power density
contributions of δPOP-zxy(α,β,γ) for α < 2β and δPOP-zxy(α,β,γ) for α > 2β, respectively.

Figure 4b depicts the illuminated area of SC-x that is reflected and projected onto SC-z to form the secondary incident
optical power density (in medium orange) of

⎛
⎝

δPOP - xz (α , β , γ ) = I 0 Rα ⎜ γ −

βγ ⎞
⎟,
2α ⎠

(22)

Figure 4c depicts the illuminated area of SC-y that is reflected and projected onto SC-z to form the secondary incident
optical power density (in medium orange) of
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⎛ βγ ⎞
⎟.
⎝ 2α ⎠

δPOP - yz (α , β , γ ) = I 0 Rβ ⎜

(23)

Figure 4d depicts the illuminated area of SC-x that is reflected and projected onto SC-y and then onto SC-z to form the
tertiary incident optical power density (in dim orange) of

⎛ βγ ⎞
⎟,
⎝ 2α ⎠

δPOP - xyz (α , β , γ ) = I 0 Rα Rβ ⎜

(24)

Figures 4e and 4f depict the illuminated area of SC-y that is reflected and projected onto SC-x and then onto SC-z to
form the tertiary incident optical power density (in dim orange) of
⎧
⎛
⎪ I 0 Rα Rβ ⎜⎜ 2γ
⎪
⎝
δPOP - yxz (α , β , γ ) = ⎨
⎛
⎪ I R R ⎜ βγ
⎪⎩ 0 α β ⎝ α

−

βγ αγ
−
α 2β

⎞
⎟, α > 2 β
⎠

⎞
⎟⎟, α < 2 β
⎠
.

(25)

The piecewise form of (25) manifests itself because the tertiary projections, off of SC-x and onto SC-z in Figs. 4e and
4f, form trapezoidal shapes in the xy-plane that may completely illuminate or partially illuminate the identity line (i.e.,
the line y = x) of the plane within SC-z. If α < 2β, according to Fig. 4e, the trapezoidal projection off of SC-x completely
illuminates the identity line within SC-z, which forms an illuminated area in the shape of a pentagon within SC-z and
establishes the first condition in (25). If α > 2β, according to Fig. 4f, the trapezoidal projection off of SC-x partially
illuminates the identity line within SC-z, which forms an illuminated area in the shape of a trapezoid within SC-z and
establishes the second condition in (25).
In accordance with (8), we sum the incident optical power densities described in (16)-(20) and multiply the result by the
transmissivity of the SC-z surface, (1 – Rγ). This gives, for the case of 0 < γ < β < α, a captured optical power density for
SC-z of

⎛
⎛
⎞⎞
βγ αγ
⎧
⎜
⎜
2γ −
, α < 2β ⎟ ⎟
−
⎪
β ⎞
βγ ⎪
⎛
⎛ γ ⎞
α 2β
⎟⎟
POP- z (α , β , γ ) = (1 − Rγ ) I 0 ⎜ γ + Rα γ ⎜1 −
+⎨
⎟ + Rβ β ⎜
⎟ + Rα Rβ ⎜
⎜
⎜
⎟⎟
βγ
α
α
α
2
2
2
⎝
⎝
⎠
⎠
⎪
, α > 2β
⎜
⎜
⎟⎟
⎪
⎩ α
⎝
⎠⎠ .
⎝

(26)

The steps followed for the first case, according to (9)-(26), can be followed for the nine remaining cases, each having a
unique relationship between α, β , and γ. All ten illumination cases for SC-x, SC-y, and SC-z, including the case derived
above, are summarised in table 1 below and are used to define the total captured optical power density of a single CCcell.
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Figure 4. Representation of the contributions to the captured optical power density for cells in the SC-z family within the CC-cell
for the case of 0 < γ < β < α. The captured optical power density of SC-z manifests itself for such illumination as a primary
contribution (shown in bold orange), secondary contributions (shown in medium orange), and tertiary contributions (shown in dim
orange). a, Shows the primary incident optical power density contribution of δPOP-z(α,β,γ). b and c, Show the secondary incident
optical power density contributions of δPOP-xz(α,β,γ) and δPOP-yz(α,β,γ), respectively. d, Shows the non-piecewise tertiary incident
optical power density contribution of and δPOP-xyz(α,β,γ). e and f, Show the piecewise tertiary incident optical power density
contributions of δPOP-yxz(α,β,γ) for α < 2β and δPOP-yxz(α,β,γ) for α > 2β, respectively.
Table 1. Shows the captured optical power densities of each solar cell family, POP-x, POP-y, and POP-z, for all possible cases of the
illumination conditions. Columns 2, 3, and 4 show the relevant illumination condition cases for SC-x, SC-y, and SC-z,
respectively. Column 5 shows the expression for the captured optical power density, POP-i, where i denotes the component x, y, or z
for the relevant case of interest. The min(.) and max(.) functions find the minimum and maximum values of α, β, and γ for each
case. The mid(.) function finds the value that is neither minimum nor maximum of α, β, and γ for each case. The norm(.) function
finds the value that is the normal component for α, β, and γ from of either SC-x, SC-y, or SC-z depending on the case. The R
denotes angle and wavelength dependent reflectivity for SC-x, SC-y, and SC-z and should be thought of as R(α, β, or γ) which is
dependent on the nature of the transmitted or reflected component of PSC-i.
Case

POP-x Relevant
Cases

POP-y Relevant
Cases

POP-z Relevant
Cases

α>β>γ>0
α>γ>β>0

β>α>γ>0
β>γ>α>0

γ>α>β>0
γ>β>α>0

2β>γ>β>α>0
2γ>β>γ>α>0
2α>γ>α>β>0
2α>β>α>γ>0
γ>2β>β>α>0
β>2γ>γ>α>0
γ>2α>α>β>0
β>2α>α>γ>0

2β>γ>β>α>0
2β>α>β>γ>0
2α>γ>α>β>0
2γ>α>γ>β>0
γ>2β>β>α>0
α>2β>β>γ>0
γ>2α>α>β>0
α>2γ>γ>β>0

2γ>β>γ>α>0
2γ>α>γ>β>0
2α>β>α>γ>0
2β>α>β>γ>0
β>2γ>γ>α>0
α>2γ>γ>β>0
β>2α>α>γ>0
α>2β>β>γ>0

4

α>-β>γ>0
α>γ>-β>0
α>β>-γ>0
α>-γ>β>0

β>-α>γ>0
β>γ>-α>0
β>α>-γ>0
β>-γ>α>0

γ>-α>β>0
γ >β>-α>0
γ>α>-β>0
γ>-β>α>0

=I0 1-R

5

-β>α>γ>0
-β>γ>α>0
-γ>α>β>0
-γ>β>α>0

-α>β>γ>0
-α>γ>β>0
-γ>α>β>0
-γ>β>α>0

-α>β>γ>0
-α>γ>β>0
-β>α>γ>0
-β>γ>α>0

=I0 1-R

1

2

3

POP-i , i=x, y, or z
R 1+
=I0 1-R

norm α,β,γ +min α,β,γ

mid α,β,γ mid α,β,γ
min α,β,γ max α,β,γ
mid α,β,γ
+R2
max α,β,γ

norm α,β,γ +R norm α,β,γ
=I0 1-R

=I0 1-R

+R2 mid α,β,γ

2-

max α,β,γ
mid α,β,γ
2 max α,β,γ 2mid α,β,γ

norm(α,β,γ)+R norm(α,β,γ) +R2

3mid(α,β,γ)·min(α,β,γ)
2max(α,β,γ)

mid(α,β,γ)·min(α,β,γ)
2max(α,β,γ)
mid(α,β,γ)·min(α,β,γ)
+R mid(α,β,γ)+
max(α,β,γ)

max(α,β,γ)+min(α,β,γ)-

-

mid(α,β,γ)·max(α,β,γ)
2min(α,β,γ)
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mid α,β,γ

1
min α,β,γ
2 max α,β,γ
min α,β,γ
min α,β,γ · max α,β,γ
12
2 max α,β,γ
2 mid α,β,γ
+R
2min α,β,γ
+
mid α,β,γ

mid α,β,γ

1
min α,β,γ
2 max α,β,γ
max α,β,γ
min α,β,γ
+R -1
2 min α,β,γ 2 max α,β,γ

=I0 1-R

mid α,β,γ

1
min α,β,γ
+
2 max α,β,γ
3 min α,β,γ
+R 1+
2 max α,β,γ

=I0 1-R

max(α,β,γ)+mid(α,β,γ)+min(α,β,γ)+

+

6

7

8

9

10

2α>γ>α>-β>0
2α>β>α>-γ>0

2β>γ>β>-α>0
2β>α>β>-γ>0

2γ>β>γ>-α>0
2γ>α>γ>-β>0

2α>γ>-β>α>0
2α>β>-γ>α>0

2β>γ>-α>β>0
2β>α>-γ>β>0

2γ>β>-α>γ>0
2γ>α>-β>γ>0

γ>2α>α>-β>0
γ>2α>-β>α>0
γ>-β>2α>α>0
β>2α>α>-γ>0
β>2α>-γ>α>0
β>-γ>2α>α>0
α>-β>-γ>0
α>-γ>-β>0
-β>α>-γ>0
-β>-γ>α>0
-γ>α>-β>0
-γ>-β>α>0
α<0

γ>2β>β>-α>0
γ>2β>-α>β>0
γ>-α>2β>β>0
α>2β>β>-γ>0
α>2β>-γ>β>0
α>-γ>2β>β>0
β>-α>-γ>0
β>-γ>-α>0
-α>β>-γ>0
-α>-γ>β>0
-γ>-α>β>0
-γ>β>-α>0
β<0

β>2γ>γ>-α>0
β>2γ>-α>γ>0
β>-α>2γ>γ>0
α>2γ>γ>-β>0
α>2γ>-β>γ>0
α>-β>2γ>γ>0
γ>-α>-β>0
γ>-β>-α>0
-α>-β>γ>0
-α>γ>-β>0
-β>-α>γ>0
-β>γ>-α>0
γ<0

=I0 1-R

=I0 1-R

+

mid(α,β,γ)·min(α,β,γ)
max(α,β,γ)

=0

The total captured optical power density for a single CC-cell is the sum of the optical powers transmitted into the
surfaces of SC-x, SC-y, and SC-z divided by the overall deployment area of the CC-cell, 3½A,
POP - CC (α , β , γ ) =

POP - x (α , β , γ ) + POP - y (α , β , γ ) + POP - z (α , β , γ )
3½

.

(27)

This expression also applies to the summed optical power densities of all solar cells in the SC-x, SC-y, and SC-z families
in the context of an arrayed implementation.
A fair performance comparison of flat-cell and CC-cell arrays is made via the respective expressions of (5) and (27),
assuming that the transfer of electrical power to a load is equally effective for solar cells in both arrays. This assumption
may not be valid given that there can be differing optical powers on the solar cells within the CC-cell array which results
in cells having differing impedances. The issue of differing impedance among solar cells is considered in the following
subsection concerning electrical performance characteristics.

4. ELECTRICAL PERFORMANCE CHARACTERISTICS
The electrical performance characteristics of any photovoltaic technology can be optimized by maximizing the electrical
power transfer between itself and a load. This is done using an appropriate MPPT implementation—which matches the
impedance of the solar cells making up the device to a load, thus maximizing the generated electrical power density of
the device. For the flat-cell array, a traditional single-channel-MPPT (single-MPPT) implementation is considered25,26.
The single-MPPT flat-cell array is used as the benchmark in the upcoming analyses.
The MPPT implementation necessary for the CC-cell array however, must be more carefully considered. One MPPT
channel may not be able to match the three distinct impedances of the solar cells undergoing differing illumination to the
one load impedance. For the desired electrical power transfer, a multi-channel-MPPT (multi-MPPT) implementation is
introduced. It uses three separate MPPT channels to maximize the electrical power transfer from the three solar cell
families in the CC-cell array to the load. The electrical performance characteristics of the multi-MPPT and single-MPPT
CC-cell arrays are compared over a broad range of solar zenith and solar azimuth angles to the single-MPPT flat-cell
array. The solar cells applied in this study are selected to each have identical optical and optoelectronic specifications
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based on those summarized by Green et al.27 These parameter values were experimentally verified in this study. An
effective refractive index of neff = 4.06 for silicon is used. The effective refractive index is the result of a weighted
spectral average of the wavelength-dependent refractive indices of silicon at normal incidence across the AM1.5
spectrum. It is then used to calculate the Fresnel equation-based24 angular-dependent reflectivity of the silicon solar cells
for both the flat-cell and CC-cell deployment. The short-circuit current density used in this work, JSC = 38.00 mA/cm2, is
also consistent with industry standard silicon solar cells and previous work28.
The single-MPPT flat-cell array is the first generated electrical power density considered. Its generated electrical power
density is the product of the voltage produced by an individual flat-cell, VFC, and its current density, according to

PEL-FC(θ ) = VFC ( JSC ⋅

POP-FC(θ )
− Jsat(eVFC / Vt −1) ) ,
POP-STC

(28)

where JSC is the short-circuit current density, POP-FC(θ) is the captured optical power density from (5), and POP-STC is the
optical power density under standard test conditions (STC) that produces JSC for a single flat-cell at normal incidence29.
The generated electrical power density for the flat-cell array is maximized by performing the first derivative test on (28)
with respect to VFC and setting the result to zero. This process gives

⎛
dPEL- FC (θ )
P
V
(θ )
= J SC ⋅ OP- FC
+ J sat ⎜⎜1 − eVFC / Vt − FC eVFC / Vt
dVFC
POP-STC
Vt
⎝

⎞
⎟⎟ = 0 .
⎠

(29)

This equation can then be solved to find the maximum power point voltage, VFC, which yields the maximal generated
electrical power density for the single-MPPT flat-cell array.
The single-MPPT and multi-MPPT cases for a CC-cell array are considered next. The generated electrical power
densities of the SC-x, SC-y, and SC-z families are the products of their own respective voltages, Vx, Vy, and Vz, and
current densities, which differ depending on incident illumination according to

PEL-x (α , β , γ ) = Vx ( J SC ⋅

PEL- y (α , β , γ ) = Vy ( JSC ⋅
PEL- z (α , β , γ ) = Vz ( J SC ⋅

POP-x (α , β , γ )
− J sat (eVx / Vt − 1) ) ,
POP-STC

POP- y (α , β , γ )
POP-STC

V y / Vt

− J sat (e

(30)

− 1) ) ,

(31)

POP- z (α , β , γ )
− J sat (eVz / Vt − 1) ) .
POP-STC

(32)

In (30), (31), and (32), the captured optical power densities for the SC-x, SC-y, and SC-z families are POP-x(α,β,γ), POPy(α,β,γ), and POP-z(α,β,γ) respectively. The generated electrical power density for the CC-cell array is then given by the
sum of the contributions from the three solar cells, according to

PEL-CC(α, β ,γ ) =

PEL-x (α, β ,γ ) + PEL-y (α, β ,γ ) + PEL-z (α, β ,γ )
3½

.

(33)

For the single-MPPT CC-cell array, the generated electrical power density is maximized with only a single MPPT
channel—forcing the voltages on the three solar cells to be equal. Thus, we set Vx = Vy = Vz = Vxyz and the generated
electrical power density for the single-MPPT CC-cell array is maximized by performing the first derivative test on PELCC(α,β,γ) in (33) with respect to Vxyz. This gives
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dPEL-CC (α , β , γ ) dPEL- x (α , β , γ ) dPEL- y (α , β , γ ) dPEL- z (α , β , γ )
=
+
+
= 0.
dVxyz
dVxyz
dVxyz
dVxyz

(34)

Solving (34) gives the maximum power point voltage, Vxyz, which ultimately yields the greatest generated electrical
power density for the single-MPPT CC-cell array.
For the multi-MPPT CC-cell array, the generated electrical power density is maximized with three separate MPPT
channels—allowing the voltages on the three solar cells to differ. The generated electrical power density for the multiMPPT CC-cell array is then maximized by performing the first derivative test on PEL-x(α,β,γ), PEL-y(α,β,γ), and PELz(α,β,γ) in (30), (31), and (32) with respect to Vx, Vy, and Vz, respectively, and setting the individual results to zero. This
gives

dPEL-CC (α , β , γ ) dPEL- x (α , β , γ ) dPEL- y (α , β , γ ) dPEL- z (α , β , γ )
=
=
=
=0.
dVFC
dVx
dVy
dVz

(35)

Solving the equations in (35) result in the maximum power point voltages Vx, Vy, and Vz, which ultimately yield the
greatest generated electrical power density for the multi-MPPT CC-cell array.
Although expressions (34) and (35) have virtually identical terms, they differ in operation. This difference in operation
can yield dissimilar maximum power point voltages and generated electrical power densities if the incident optical
powers on the SC-x, SC-y, and SC-z families differ greatly. The following section considers these differing operations by
looking at results for distinctive illumination conditions.

5. SIMULATION RESULTS
In this section, the electrical performance characteristics of the single-MPPT flat-cell array, single-MPPT CC-cell array,
and multi-MPPT CC-cell array are analysed for two installation deployments.
The first deployment is chosen to have a high level of illumination symmetry—in that the solar trajectory results in a
perfectly symmetric illumination of the CC-cell at noon. An example of such a condition is on the summer solstice, June
21, 2017, at a latitude of 23.45°N. This is roughly similar to the latitudinal location of Dubai, United Arab Emirates.
Three views of the deployed CC-cell array are shown in Fig. 5. Figs. 5a, 5b, and 5c, are perspectives as viewed along
incident light rays at 09:20 (θ = 37°, φ = -98°), 12:00 (θ = 0°, φ = 0°), and 17:40 (θ = 77 °, φ = 110°), respectively.
The generated electrical power densities, given the first deployment, of the flat-cell array and of the individual SC-x, SCy, and SC-z family contributions within the CC-cell arrays are shown in Fig. 6a. The normalized responses are shown as
a function of time over the course of the day. The response of the single-MPPT flat-cell array is labelled PEL-FC and is
shown as a solid black curve.
C

8=77°
0=110°

Figure 5. Shows the three representative views of the CC-cell array for the first deployment with a high level of symmetry for
illumination. a, Shows the view of the CC-cell array at t1 = 09:20 corresponding to illumination having solar zenith and solar
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azimuth components of θ = 37° and φ = -98°. b, Shows the view of the CC-cell array at t2 = 12:00 corresponding to illumination
having solar zenith and solar azimuth components of θ = 0° and φ = 0°. c, Shows the view of the CC-cell array at t3 = 17:40
corresponding to illumination having solar zenith and solar azimuth components of θ = 77° and φ = 110°.

The individual contribution of the SC-x family in the single-MPPT and multi-MPPT CC-cell arrays are labelled PEL-x and
are shown as solid and dashed green curves, respectively. The individual contribution of the SC-y family in the singleMPPT and multi-MPPT CC-cell arrays are labelled PEL-y and are shown as solid and dashed blue curves, respectively.
The individual contribution of the SC-z family in the single-MPPT and multi-MPPT CC-cell arrays are labelled PEL-z and
are shown as solid and dashed red curves, respectively. Three observations can be made from the responses. First, the
amplitude of PEL-FC is lower than those of PEL-x, PEL-y, and PEL-z for the SC-x, SC-y, and SC-z families in the CC-cell. The
larger amplitude of each CC-cell constituent is due to the ability of the CC-cell to capture internal reflections. The SC-x,
SC-y, and SC-z families all receive primary, secondary, and tertiary optical power throughout the majority of the day, so
their contributions greatly outperform that of the flat-cell given their small projected area. Second, the PEL-FC response
shows simple symmetry with respect to its maximum, at 12:00 (θ = 0°, φ = 0°), while the PEL-x, PEL-y and PEL-z responses
are seen to be complementary. The PEL-x response peaks early in the day, around 09:50 (θ = 29°, φ = -96°), the PEL-y
response peaks later in the day, around 14:10 (θ = 29°, φ = 96°), and the PEL-z response peaks at the midpoint of the day,
12:00 (θ = 0°, φ = 0°) corresponding to solar soon. Third, the responses of the single-MPPT and multi-MPPT CC-cell
arrays, seen as solid and dashed curves respectively, are very similar. They differ on average by roughly 1.53%
throughout the day. This similarity between the two MPPT implementations is due to the high level illumination
symmetry in the deployment under investigation. The symmetry yields comparable incident optical powers and
impedances for the SC-x, SC-y, and SC-z families, which ultimately forms similar generated electrical power densities
for the single-MPPT and multi-MPPT CC-cell arrays.
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The summed generated electrical power density (left vertical axis) and the total generated electrical energy density (right
vertical axis) for the flat-cell and CC-cell arrays are shown in Fig. 6b for the first deployment. The normalized responses
are a function of time throughout the day. The response of the single-MPPT flat-cell array is labelled PEL-FC and is shown
as a solid black curve. The responses of the single-MPPT and multi-MPPT CC-cell arrays are labelled PEL-CC and are
shown as solid grey and dashed dark grey curves, respectively. It is clear that the generated electrical power density for
the CC-cell array dominates that of the flat-cell array.

Figure 6. Shows the electrical power density and electrical energy density of the CC-cell array versus time of day for the first
deployment. a, Shows the normalized electrical power density versus time of day for the CC-cell array, with its green solid/dashed
curve for SC-x labeled PEL-x, blue solid/dashed curve for SC-y labeled PEL-y, and red solid/dashed curve for SC-z labeled PEL-z, and
the flat-cell array, with its solid black curve labeled PEL-FC. b, Shows the normalized electrical power density versus time of day
for the CC-cell array, with its solid/dashed curve labeled PEL-CC, and the flat-cell array, with its solid curve labeled PEL-FC. The
normalized electrical energy density is also shown in this subfigure, unlabelled and rising to the right, with a solid/dashed curve
for the CC-cell array and a solid curve for the flat-cell array. For both subfigures, the solid curves correspond to the single-MPPT
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implementations and the dashed curves correspond to the multi-MPPT implementations. Orange vertical dashed lines are shown at
times of t1 = 09:20, t2 = 12:00, and t3 = 17:40.

For instance, at 12:00 (θ = 0°, φ = 0°), the PEL-CC response is 49.11% higher than that of the PEL-FC response. The CCcells dominant generated electrical power density performance leads to a corresponding predominance of the generated
electrical energy density. By the end of the day, the CC-cell array has a generated electrical energy density that is
33.02% higher than that of the flat-cell array. The strong similarity in results between the single- and multi-MPPT CCcell arrays is due to the high level of illumination symmetry in the first deployment. By the end of the day, the generated
electrical energy density of the multi-MPPT CC-cell array is only 1.10% higher than that of the single-MPPT CC-cell
array.
The second deployment is chosen to have a low level of illumination symmetry. Low illumination symmetry can be seen
on September 22, 2017, at a latitude of 35.00°N. During this time the SC-z family in the CC-cell array has minimal
illumination at noon which has the potential to cause impedance matching problems for the single-MPPT CC-cell array
implementation. For reference, the latitude of 35.00°N is roughly similar to the latitudinal location of Santa Fe, New
Mexico, USA. Three views of the deployed CC-cell array are shown in Fig. 7. Figs. 7a, 7b, and 7c, are perspectives as
viewed along incident light rays at 06:20 (θ = 84°, φ = -85°), 12:00 (θ = 35°, φ = 0°), and 15:00 (θ = 55°, φ = 60°),
respectively.
The generated electrical power densities, given the second deployment, of the flat-cell array and of the individual SC-x,
SC-y, and SC-z family contributions within the CC-cell arrays are shown in Fig. 8a. The normalized responses are shown
as a function of time over the course of the day. The response of the single-MPPT flat-cell array is labelled PEL-FC and is
shown as a solid black curve. The individual contribution of the SC-x family in the single-MPPT and multi-MPPT CCcell arrays are labelled PEL-x and are shown as solid and dashed green curves, respectively. The individual contribution of
the SC-y family in the single-MPPT and multi-MPPT CC-cell arrays are labelled PEL-y and are shown as solid and dashed
blue curves, respectively. The individual contribution of the SC-z family in the single-MPPT and multi-MPPT CC-cell
arrays are labelled PEL-z and are shown as solid and dashed red curves, respectively. Three observations can be made
from the responses. First, amplitude of the PEL-FC response is lower than those of PEL-x and PEL-y for the SC-x and SC-y
families in the CC-cell. However, the amplitude of the PEL-FC response is higher than that of PEL-z for the SC-z family in
the CC-cell. The amplitude of the PEL-z response is lower here because the SC-z family is almost completely immersed
in shadow in this deployment and receives no secondary optical power contributions from SC-x or SC-y either.
Fortunately, both of the SC-x and SC-y families are nearly normal to the sun in this deployment and receive strong
primary and secondary optical power contributions, thus they are able to capture substantially more optical power than
the flat-cell. Second, the PEL-FC response is seen to have simple symmetry with respect to its maximum, at 12:00 (θ =
35°, φ = 0°), while the PEL-x, PEL-y and PEL-z responses are seen to be complementary.
a

B = 84°
0 = -85°

b
o = 35°
0 = 0°

B=

55°

0=co°

Figure 7. Shows the three representative views of the CC-cell array for the second deployment, which has a low level of
symmetry for illumination. a, Shows the view of the CC-cell array at t1 = 06:20 corresponding to illumination having solar zenith
and solar azimuth components of θ = 84° and φ = -85°. b, Shows the view of the CC-cell array at t2 = 12:00 corresponding to
illumination having solar zenith and solar azimuth components of θ = 35° and φ = 0°. c, Shows the view of the CC-cell array at t3
= 15:00 corresponding to illumination having solar zenith and solar azimuth components of θ = 55° and φ = 60°.
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The PEL-x response peaks early in the day, around 09:50 (θ = 47°, φ = -48°), the PEL-y response peaks later in the day,
around 14:15 (θ = 47°, φ = 48°), and the PEL-z response stays relatively flat throughout most of the day. Third, the
responses of the single-MPPT and multi-MPPT CC-cell arrays, shown as solid and dashed curves respectively, show
larger differences than the previous deployment and differ on average by roughly 4.30% throughout the day. This
relatively large difference, in contrast to that seen for the first deployment, is due to the low level of illumination
symmetry with the second deployment resulting in a lower incident optical power on the SC-z family, with respect to the
SC-x and SC-y families. This ultimately forms dissimilar generated electrical power densities for the single-MPPT and
multi-MPPT CC-cell arrays.
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The summed generated electrical power density (left vertical axis) and the total generated electrical energy density (right
vertical axis) for the flat-cell and CC-cell arrays are shown in Fig. 8b for the second deployment. The normalized
responses are a function of time throughout the day. The response of the single-MPPT flat-cell array is labelled PEL-FC
and is shown as a solid black curve. The responses of the single-MPPT and multi-MPPT CC-cell arrays are labelled PELCC and are shown as solid grey and dashed dark grey curves, respectively. It is clear that the generated electrical power
density for the CC-cell array dominates that of the flat-cell array. For instance, at 12:00 (θ = 35°, φ = 0°), the PEL-CC
response is 37.66% higher than that of the PEL-FC response The CC-cells dominant generated electrical power density
performance leads to a corresponding predominance of the generated electrical energy density. By the end of the day, the
CC-cell array has a generated electrical energy density that is 17.58% higher than that of the flat-cell array. Additionally,
the results of Fig. 8b show a visible difference between the single-MPPT and multi-MPPT CC-cell arrays due to the low
level of symmetry for illumination with the second deployment. By the end of the day, the generated electrical energy
density of the multi-MPPT CC-cell array is 3.52% higher than that of the single-MPPT CC-cell array.

Figure 8. Shows the electrical power density and electrical energy density of the CC-cell array versus time of day for the
second deployment. a, Shows the normalized electrical power density versus time of day for the CC-cell array, with its
green solid/dashed curve for SC-x labeled PEL-x, blue solid/dashed curve for SC-y labeled PEL-y, and red solid/dashed
curve for SC-z labeled PEL-z, and the flat-cell array, with its solid black curve labeled PEL-FC. b, Shows the normalized
electrical power density versus time of day for the CC-cell array, with its solid/dashed curve labeled PEL-CC, and the flatcell array, with its solid curve labeled PEL-FC. The normalized electrical energy density is also shown in this subfigure,
unlabelled and rising to the right, with a solid/dashed curve for the CC-cell array and a solid curve for the flat-cell array.
For both subfigures, the solid curves correspond to the single-MPPT implementations and the dashed curves correspond
to the multi-MPPT implementations. Orange vertical dashed lines are shown at times of t1 = 06:20, t2 = 12:00, and t3 =
15:00.

6. DISCUSSION
The proposed work is motivated by the need for an effective solar array architecture defined in terms of low cost and
high performance. The introduced CC-cell array concept is a realization of this definition as it enables low-cost due to its

Proc. of SPIE Vol. 10527 105270I-16
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/19/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

ability to be implemented with conventional silicon-based PV technology and simultaneously enables high-performance
due to its improved generated electrical power/energy densities. Three primary improvements are discussed in this
section.
The first improvement seen by the CC-cell array is the generated electrical energy density which is found to be
significantly higher than that of the flat-cell array. The improvement in generated electrical energy density could be as
high as 33.02% for the CC-cell array over that of the flat-cell array, given the first deployment which had a high level of
illumination symmetry. This improvement is due to the nature of the CC-cell array's geometry, allowing it to protrude
slightly above the horizontal plane in a uniform fashion and capture internal reflections in an onmi-directional manner.
The second improvement seen by the CC-cell array is the generated electrical energy density which is found to be
increased by using the multi-MPPT implementation, rather than the single-MPPT implementation. It should however, be
noted that such performance improvements depend upon the deployment. Upon comparing the generated electrical
energy density of the multi-MPPT CC-cell array over that of the single-MPPT CC-cell array it was shown that there was
a performance improvement of only 1.10% during days with a high level of illumination symmetry and that there was a
performance improvement of 3.52% during days with a low level of illumination symmetry. These differing
improvements can be seen by examining equations (32) and (33), which govern the electrical optimization of the singleand multi-MPPT CC-cell arrays, respectively. While the CC-cell array is illuminated the SC-x, SC-y, and SC-z families
usually capture different optical powers and are characterized by different impedances. This causes the demands for
impedance matching to differ between the cell families. For high levels of illumination symmetry, the cell families
capture nearly identical optical powers, so the resulting performance metrics of the single- and multi-MPPT CC-cell
arrays differ only slightly. For low levels of illumination symmetry, the cell families may capture dissimilar optical
powers, so the resulting performance metrics of the single- and multi-MPPT CC-cell arrays can differ greatly. The
decision to employ the single- or multi-MPPT implementation should be made with consideration to the location of the
deployment on the globe and the physical orientation of the deployment.
The third improvement seen by the CC-cell array is the generated electrical power density of the CC-cell array which is
found to improve upon that of the flat-cell array at early and late times of day. These improvements are a consequence of
the orientation of SC-x and SC-y, which is nearly normal to the sun, given a symmetric due-North alignment of SC-z
during sun rise and sun set. This is in contrast to the flat-cell, which has the sun very far from normal at sun rise and sun
set. The improved performance of the CC-cell array over the flat-cell array during sunrise and sunset is also seen to be
further enhanced for the multi-MPPT CC-cell array due to the low level of illumination symmetry during sunrise and
sunset. The improved performance of the multi-MPPT CC-cell array can also be exploited to address the peak demands
for power seen at sunrise and sunset. These types of dynamic demands are a growing concern in large population
densities including states such as California for which the trend has become known as the Duck Curve30.

7. CONCLUSION
In conclusion, this work introduced a new solar array architecture in the form of a CC-cell array, which was shown to be
an effective solar technology. Its effectiveness was seen by its low-cost enabling implementations through its
compatibility with the standardized form (square) and material (silicon) of conventional solar cells. Its effectiveness was
also seen by improved performance. Performance improvements were realized through the CC-cell array's ability to
capture internal reflections. This increased the generated electrical power density by up to 49.11% at noon, leading to a
33.02% increase in generated electrical energy density over the course of a day when illumination symmetry is high.
Performance improvements were also realized by the CC-cell array's ability to exploit a multi-MPPT implementation.
The multi-MPPT implementation was shown to enhance the generated electrical energy density by up to 3.52%, as
compared to a single-MPPT implementation for a deployment with low illumination symmetry. Finally, it was found that
the generated electrical power density could be preferentially increased during sunrise and sunset to promote electrical
power generation during peak demand. This preferential enhancement could help to alleviate the opposing trends seen
for electrical supply and demand, such as the Duck Curve30. Overall, the CC-cell array was found to be a promising solar
array architecture for future implementations seeking cost-effective deployment and high-performance operation.
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