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Abstract

The emerging technology of three-dimensional photovoltaics is explored, shedding light 

on past research, current developments, and recommendations for future work. Research was 

performed at the University of Alaska Fairbanks analyzing six different geometric configurations 

of solar cells, both computationally and experimentally. The primary work described in this 

paper is the design and production of a modular solar array prototype and the experimental setup 

used to test the power output of the different configurations. Data collected from hundreds of 

tests were processed and analyzed to find optimum configuration angles and recommendations 

for future research. Working through the process of designing and manufacturing the equipment, 

and then subsequently using it for experimentation, provided many insights into recommended 

improvements.

This text is organized into eight chapters that detail the background of research in using 

three-dimensional space for solar power generation, the recent project completed at the 

University of Alaska Fairbanks, and the proposed guidance for future work on this topic. This 

paper and use of the sources cited herein should provide the reader with the background and 

tools necessary to continue research. The latter chapters should act as a guide for the future 

design of components to be used in laboratory experimentation. It is hoped that this report, the 

collected data, and associated files from this project will add to the knowledge base of three

dimensional solar arrays and help advance the technology one step closer to real-world 

application.
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Chapter 1 Background

Solar radiation is the primary way our planet receives energy, and using photovoltaics is 

the most direct way to harvest that energy for electric power. Photovoltaic technology has 

advanced significantly in recent years, both in terms of increased efficiency and lower cost. 

However, the majority of these improvements have been in the materials science realm, such as 

increasing the efficiency of the internal structures of the cell to better capture light. By contrast, 

this paper considers the improvement of solar power generation by changing the structure on the 

macroscopic level. As continued research on both macroscopic and microscopic scales advances, 

solar power may become more cost effective for large scale power generation, allowing for 

increased use of a vast renewable resource.

When sunlight strikes a solar panel, typical polycrystalline or monocrystalline silicon 

cells will convert around 20% of the incoming solar radiation into electric power, while the 

remainder is effectively lost after being reflected [1] or converted to unused thermal energy. 

Despite improvements in cell efficiency, the amount of light lost to reflection is a significant 

factor to consider. The amount of sunlight captured is maximum when light hits the cell at an 

angle normal to the face. Since the sun moves across the sky throughout the day and changes in 

angle as the seasons change, optimization to capture the maximum sunlight can be a difficult 

task. Trackers have been used to mechanically move the panel into a position normal to the sun. 

However, they require external power to operate, are bulky to install, and necessitate mechanical 

maintenance for the moving parts. This paper looks at another strategy for increasing solar power 

generation using a stationary system: three-dimensional photovoltaics (3DPV).
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3DPV is a concept initially developed at Massachusetts Institute of Technology (MIT) 

and described in a paper called “Solar Energy Generation in Three Dimensions”, published in 

2011. The fundamental idea of 3DPV is to arrange solar panels in a three-dimensional 

configuration consisting of individual panels at various angles relative to each other. (See 

Figures 1 and 2)

Figure 1 Three 3DPV Configurations Used by MIT [2]

Figure 2 Schematic of Cube 3DPV Configuration
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Due to the varying angle of the sun's rays and the reflected light off the cells, this setup 

provides three possible advantages over a two-dimensional panel: reflection regain, more 

efficient use of vertical space, and improved performance in non-optimal solar conditions.

Reflection regain occurs when unabsorbed light reflects off one panel and into another 

panel in the same structure, preventing that energy from being lost (as shown in Figure 2). The 

use of an open cuboid structure could increase the output when the sun shines into the top 

opening since reflected light will hit multiple panels before bouncing out of the structure. 

Reflection regain will be optimized by finding specific angles of the panel configuration to 

facilitate maximum power output.

Use of vertical space refers to the additional number of solar panels that can be placed in 

a given footprint area. The standard measurement of solar power is expressed in energy per 

footprint area (generally W∙h∕m2). By increasing the number of panels receiving light in a given 

footprint area, one can increase the power output (per footprint area). This is an easily 

identifiable benefit, but introduces higher initial overhead costs due to the purchase of more solar 

panels and necessary structural hardware. However, as solar panel costs have continued to 

decrease in recent years [3, 4], this is becoming a more attractive option. It is important to note 

that 3DPV is optimized by base area, not by the area of photovoltaic material used or by 

overhead cost. The energy generation of a 3DPV structure is not expected to exceed the same 

number of two-dimensional panels if they were separated and oriented at the latitudinal optimum 

angle. However, by using the additional solar cells to form a 3DPV structure, the footprint area 
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required to meet a given load is decreased. This could be beneficial in crowded urban areas, 

whether in parks where it is undesirable to occupy a large space, or on building rooftops where a 

small area is all that is available.

Lastly, 3D solar arrays seem to perform better in non-optimal solar conditions. For 

example, when the weather is cloudy and the light is diffused, 3DPV systems capture light much 

more efficiently than their 2D counterparts, according to MIT's study [2]. More importantly for 

applications in far northern or southern latitudes, the configuration of 3DPV can significantly 

improve the energy production during times in which sunlight is at a low angle relative to the 

panel's plane. This is due not only to the reflection regain, but also the differing angle of the 

multiple panels and the vertical height that is gained. As the sun's position in the sky changes, 

the angle relative to one cell can worsen while that of another improves. This occurs because the 

energy generated by a given solar cell is maximum when light strikes the panel normal to its 

surface. Additionally, when the sun is low in the horizon, the upper vertical panels, or upper 

portions of panels, can perform better simply by virtue of being higher and out of the way of the 

scattering effects of objects on the ground.

Figure 3 shows a comparison of a horizontal panel versus an open cube of the same base 

area. The open cube structure is able to begin generating a significant amount of power early in 

the day and continue with a more constant power generation throughout the day, in comparison 

to the humped curve of the horizontal panel. The flatter curve is desirable not only for the fact 

that it represents more energy over the course of the day, but also because it is easier to utilize 

power from a constant source. Figure 3 shows the advantage of 3DPV when the sun is lower in 
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the sky. However, MIT also noted its advantage when sunlight is diffused, such as in cloudy or 

misty weather.

Figure 3 Comparison of Flat Panel vs. Cubic Structure Power Generation [2]

Due to 3DPV's increased performance in circumstances with non-optimal light 

characteristics, it has the possibility to be particularly beneficial when applied in far northern or 

southern regions (i.e. distant from the equator). The sun's zenith angle (described by the angle 

between the sun and the surface normal at a location) is equal to the latitude on equinox days. 

The vernal and autumnal equinoxes occur around March 21 and September 21, respectively. 

(Unless otherwise specified, this paper performs all calculations and considers angular positions 

assuming the northern hemisphere of the earth. All results can be applied symmetrically to the 

southern hemisphere, where some angles may need to be measured in the opposite direction.) 

Consequently, at higher latitudes, the variance in the sun's position due to seasonal changes is
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greater than at lower latitudes. This makes it particularly difficult for a stationary two

dimensional panel to be optimized for capturing sunlight throughout the year. Mechanical 

tracking can alleviate this issue, but adds an additional capital cost, as well as another potential 

for mechanical failure, to the installation. One overarching goal of this project is to investigate 

stationary solutions that do not necessarily have as significant of a capital expenditure. It would 

often not be possible to produce significant power with a two-dimensional panel, simply due to 

the far-from-normal angle of the sunlight. However, a three-dimensional array may be more 

adaptable to a varying angle of the sun and therefore able to produce more reliable power. Figure 

4 shows a graphical representation of the performance of 3DPV, based upon MIT's computer

generated models.

Figure 4 Ratio of a 3D cuboidal array to flat horizontal panel at varying latitudes [2]

In figure 4 above, part (a) displays the increase in performance of a 3D solar array in a 

particular arrangement (open-top cube) over a two-dimensional horizontal panel (each of equal 

footprint area) for a range of latitudes from -70° to +70°. Part (b) displays the same information 

at a particular longitude (that is irrelevant), but splits the data between summer and winter (data 
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shown for the northern hemisphere only, and is symmetric about the equator). Due to the ability 

of 3DPV to capture light when the sun's elevation in the sky is low, there is a considerable 

increase in the ratio of power between the 3D and flat horizontal photovoltaics for higher 

latitudes (e.g. >50°N) in the winter. It is worth noting, however, that these data compare to a 

horizontally installed panel, which is clearly not the optimum installation in far north and south 

latitudes. A better quantitative comparison may be between the 3DPV and an installation tilted at 

an optimum angle from the horizontal, determined by an empirical relation such as 75% of the 

latitude. When MIT compared 3DPV with a two-dimensional panel tilted at the optimum angle, 

they reported a ratio of increase in energy density of 1.8 - 3, still a significant improvement. 

(MIT used the definition for optimum angle that was determined by a study done for the 

continental United States, as well as their own calculations [2, 5].) Therefore, the overall trend 

remains and is motivation for this deeper study. These findings seem to draw special attention for 

3DPV utilization in northern regions such as Alaska.

Though the use of 3D solar arrays is not expected to necessarily yield greater 

improvements beyond that observed with the same number of flat panels oriented at latitude- 

optimal angles over a large area, 3DPV may still provide other comparable power advantages 

over conventional 2D arrangements. These benefits include reflection regain, use of vertical 

space, and better performance during non-peak solar conditions. Benefits can be especially 

pronounced in high-latitude regions, motivating research into applications specific to Alaska. 

While some research has been started, a deeper look with further experimentation could be 

useful in gaining more specific information relevant for northern regions. This paper will review 

that research which began at the University of Alaska in the autumn of 2018.
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Chapter 2 Focus of this Research

This research begins with the previously-mentioned work by MIT as its guide and 

motivation, though it should be noted that other experimentation has been done on the subject of 

three-dimensional arrangement of solar cells. Few analyses seem to have been done with the 

cubical and angled arrangements proposed by MIT. Instead, much of the subsequent research 

tends to focus on mimicking trees and the photosynthesis found in nature. One publication 

performed testing with three array types: a branched, tree-like structure; a curved ellipsoid 

structure; and a flat two-dimensional array [6]. With a constant number of cells in each array, the 

tree structure significantly outperformed the ellipsoid structure and slightly outperformed the flat 

module. This research and its conclusions seemed to focus on optimizing the use of vertical 

space and the arrangement of the “tree branches” according to the golden ratio and Fibonacci 

sequence so as to prevent cell shading. Little panel-to-panel reflection was achieved due to 

distance, as might be expected by these arrangements. Optimizing with respect to the number of 

panels would necessitate minimizing cell shading. (Tests were performed near the equator on 

days near the equinox.)

Additional research has also been done to look at improving the use of the available base 

area by adding solar cells vertically, either in a branched formation or simply stacked in parallel 

orientations [7]. Tree formations following the Fibonacci sequence seem to do well at avoiding 

shading of lower branches. However, if multiple solar trees were installed on a farm - or even 

just a few trees together - they would need to be sufficiently widely spaced and carefully 

arranged in order to prevent excessive shading of one tree by its neighbor. This consideration 
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would also apply to the research and arrays performed as a part of this paper. The focus of this 

research, in contrast, is primarily focused on determining optimum angles between cells so as to 

interact best with the sun's constantly changing angle of incidence. It is assumed that stacking 

cells higher in an array will be able to increase power generation per base area and that angular 

optimizations should be able to be extrapolated to larger arrays.

Chapter 3 Significance and Background

The relatively high cost of energy in Alaska due to its remote location, paired with its 

somewhat unique environment, make it a good candidate for investigating novel developments in 

solar power. Remote Alaska villages sometimes pay three or more times the national average per 

kilowatt hour for their electricity [8]. Because of these high prices, the Power Cost Equalization 

program was put in place to provide economic assistance for rural Alaskan communities [9, 10]. 

As of 2008, approximately 175 remote Alaskan villages relied almost exclusively on imported 

diesel fuel [11]. Due to the remoteness of these villages, fuel must be flown or barged in. This 

shipping process accounts for a majority of the expense. High costs have spurred research into 

local and renewable energy sources such as solar, wind, and biomass in Alaska. In addition to 

high fuel costs, most of these communities are islanded microgrids, with no electrical connection 

to neighboring grids. They must be self-sufficient in producing power, so any addition of local 

generation without imported shipments could be a significant benefit. Through the further 

development of renewable energy, these villages could mitigate the high and volatile cost of 

energy while reducing reliance on outside fuel shipments.
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Beginning in 2018, the author and three additional Mechanical Engineering students at 

the University of Alaska Fairbanks began work on a prototype solar cell housing that would 

facilitate experimental research in 3DPV. Several criteria and goals were established for the 

design of the housing. The resulting product was the focus of their capstone senior design 

project. The overarching goal was to allow for relatively facile adjustment to the number, angle, 

and configuration of the solar cell structures, henceforth called arrays. The team successfully 

designed and fabricated a modular prototype, which was then used in the current research to 

assemble array configurations and test them for power output. This experimental research is 

meant to add to the knowledge base of 3DPV, and to help set a foundation for further research in 

this nascent area. During the design and testing process, challenges were encountered that gave 

insights into potential improvements to make in future research, yet was beyond the scope of this 

current work. The final goal of this thesis is to present those recommendations to facilitate the 

continuation of this research. The next section will describe the design process and final concept 

for the solar array prototype as well as the subsequent experimental setup and its iterations.

Chapter 4 Setup and Methods

4.1 Solar Array Prototype Design Strategy

The approach used in the development of the 3DPV units was an iterative design process. 

In this process, a design was 3D printed, analyzed and tested, and design adjustments made in 

the model and/or printing that were deemed necessary. We continued printing subsequent 

designs, making multiple revisions until we were satisfied with the final product. In the end, our 

design consisted of three basic components: the hinge, the housing, and the clip. Early in the 

iterative process, the hinge mechanism was integrated onto the housing. After several iterations, 
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however, we decided to completely separate the hinge part from the housing. Near the end of the 

design process, a clip was incorporated that served both to mechanically hold the cells in place, 

as well as to electrically connect each cell to the next in series. We decided to use 3D printing 

technology to produce the base parts, facilitating the iterative design process.

4.2 Photovoltaic Cells

The solar cells used in our design were generic 2-inch square solar cells sold by Aoshike 

and obtained via Amazon. The seller advertised a power output of 0.46 watts at 0.5 volts. These 

cells were selected because they were inexpensive and square. The use of square cells allowed 

for a square housing without the waste of excess surface area that would not be covered by a cell. 

However, many of these positive attributes also lead to many design challenges as described 

next.

The solar cells had several characteristics that ultimately made them the weak link in the 

design. The silicon cells had a thickness of 0.2 mm and were made of brittle material, which led 

to fracture under even light stresses. The terminals on the cells also caused initial difficulties in 

the electrical design, though they later became an interesting benefit. When purchased, the cells 

do not come packaged in any casing or with accompanying wiring, so the cell itself acts as its 

own terminals. The bottom of the cell is the negative terminal, and the top of the cell is the 

positive. This meant that the terminals that needed to be connected for a series configuration 

were on opposite sides of adjacent panels, which complicated the connections.
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Figure 5 Schematic of Electrical Configuration of Panels

Soldering wires to the cells was not a viable option due to poor adhesion and the overall 

fragility of the cells. However, the fact that the connections were not simply bare wires forced us 

to design a unique electrical connection method which was integrated with the design of the 

clips, accomplishing both electrical connection and mechanical stability within one part. This 

was an efficient design, apart from the frequent connection difficulties arising from the necessity 

to be gentle with the cells. It was speculated that, in some test runs, poor connections increased 

resistance, thereby disturbing power measurements.

In addition, there was some concern as to the quality of the manufacturing of the cells. 

There were clear inconsistencies in both appearance and power output under identical conditions. 

Finally, the cells do not have the coatings usually included on solar panels for functional outdoor 

use. During experimental testing, it was determined that a very likely effect of this would be a 

significant difference in the light reflected off the cell. One of the benefits of 3DPV depends on 

the reflected light off one panel to another. Lower reflective properties might not clearly 

demonstrate this benefit of 3DPV in its power production. Due to these concerns and other 

experimental experience, it will be recommended that future research be performed using solar 
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panel cells of higher quality. As the cells are central to the design, much of the prototype would 

need to be altered if these suggested changes in solar panel cells were observed in future 

research.

4.3 Components of the Prototype

Several future design modifications can be made based on the testing and analysis of the 

current prototype. There are three main components in each array piece: housing, hinges, and 

clips. Figure 6 shows an assembled array for reference (set up in configuration #5 and lacking

panel connection clips).

Figure 6 Assembled Array Prototype in Configuration #5
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Panel housings refer to the flat plates used to hold the cells in place. During our first 

iteration, we used only one cell, but subsequently decided to increase the overall size by 

designing each housing to hold four cells. The housing is a rigid plastic plate which protects the 

delicate cells when installed. Using another type of solar cell that was sturdy, had a reflective 

coating, and was manufactured inside a casing would allow the 3D printed housing to be 

minimal in comparison. Housing for higher quality solar cells would not need to be as strong, or 

even have a solid backing.

In the initial design, one half of each hinge was to be permanently attached to the housing 

edges, making it simple to connect one housing to its neighbor. However, for several design 

reasons, we decided to separate the entire hinge from the housing, allowing the hinges to be 

removed when not needed. Hinges are attached by pushing them onto the protruding tabs shown 

in figure 6, above. This made the housings less bulky and easier to manufacture and helped with 

the modularity of the array.

Since the entire bottom side of the cell serves as its positive terminal, and in contact with 

the housing plate, another solution was needed to address electrical continuity. To accomplish 

this, small nickel strips were added to the housing which allowed for electrical contact when 

clips were in place. This arrangement is shown in figure 7.
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Figure 7 Showing the Nickel Strip Electrical Contact

Hinges simply provided an adjustable mechanical connection between housings. We 

went through many design iterations, aiming to make them with the smallest profile and with the 

largest range of capability for analog angles in a range. We also designed for the smallest profile 

to be efficient in the use of space, seeking the least possible area to be taken up by plastic parts, 

as opposed to solar cells.

The rationale behind the goal of a continuous range of angles (i.e. analog as opposed to 

discrete) was to allow freedom regarding exactly which angle at which to set the panels. For 

example, if computer simulations found an optimal configuration with an angle of 37°, the panels 

could be set to that angle. During testing, however, I did not rely on the computer models for 

angles to test, though that might be part of future work. Instead, I moved through a particular 

range of angles at 15° increments. Therefore, I might recommend hinges that locked or rested in 

place at 15° increments. A design that had discrete angles at 15° increments by utilizing grooves, 

a cotter pin system, etc. could be helpful. Such a system would allow the hinge to be set securely 

at each angle, thereby simplifying this step of the experimentation process. Nonetheless, the 

current hinges generally accomplished their task both simply and effectively, and allowed for 
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custom angles if that were to become necessary in future work. These hinges rely on friction and 

their design was optimized to provide rigidity as well as relative uniformity in strength around 

their approximately 210o range. Figures 8 and 9 show the cylindrical hinge design.

Figure 9 Cylindrical Hinge Made Up of Two Parts 
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The last component of the solar array is the clip, which served two purposes: the 

mechanical and electrical connections. The clips work mechanically to secure the cell in place 

within the borders of the housing. In addition, the clips work electrically to provide connection 

between cells. They push one corner of each cell down to ensure its contact with the nickel tab 

that is part of the housing, and they maintain contact between this tab and the top of the adjacent 

panel. A majority of the work in clip design involved the right material to use, and choosing the 

right tolerances in dimensioning. Carefully chosen tolerances were needed to push against the 

cell and housing to ensure secure electrical connections without fracturing the cell. Each clip 

must touch both the top of one cell and the exposed metal tab that was in contact with the bottom 

neighboring cell. Most clips simply connected these two by way of a diagonally placed wire and 

a nickel tab, as shown in figure 10.

Figure 10 Schematic and Photo of Clip Design

These clips are built to connect one cell in a housing with the one directly adjacent to it. 

The other main type of clip is built to connect one housing with another adjacent housing across 

the gap spanned by a hinge. These are made with flexible wires that maintain connection while 

the angles of the array are being altered. Figures 11 and 12 show this second style of clips. These 
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electrical configurations result in all cells being connected in series. Lastly, for each array, there 

is one clip connector that simply provides positive and negative terminals for the entire array.

Figure 11 Schematic of Clip Design for Connecting Housings

Figure 12 Photos of Clip Design for Connecting Housings

These components allowed the modular assembly of various shapes of arrays, referred to 

here and later as configurations. During the experimental research, eight different configurations 

were analyzed, and adjusted at different angles according to the abilities of each (more 

information given in section 5.1). These configurations were tested for power output over the 

course of a simulated day. The next section will detail the experimental setup and procedures.
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4.4 Experimental Apparatus

The goal of the experimental apparatus is to simulate the solar illumination of the sun as 

it moves across the sky. The sun emits a range of electromagnetic frequencies, most of which do 

not fall within the visible spectrum. More pertinent to this research is that frequencies below a 

critical point do not contribute to photovoltaic power generation. The numeric value of this 

critical frequency depends on the particular chemistry of the PV cell. However, the conclusions 

from this experimental research rely only on the relative amounts of power generation for the 

same type of PV cell, and under the same lighting conditions. Therefore, it was not necessary to 

duplicate actual solar irradiation characteristics exactly. Thus, an LED gardening grow lamp was 

selected, and a spectrometer indicated that the illumination contained nearly all wavelengths 

within the visible spectrum in addition to higher frequencies. This is discussed more in section 

6.3.

Instead of moving the lamp in a large semicircular arc over the solar cells, the cells were 

secured to a small acrylic platform that could rotate 180°, while the lamp remained stationary, 

positioned directly above the rotating platform apparatus. Both the experimental setup and 

design underwent various iterations before yielding measurements sufficiently satisfactory to 

begin data collection. The final design and configuration of the rotating platform apparatus is 

shown in figure 13.
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Figure 13 Rotating Platform Apparatus

The clear acrylic “platform” was rotated by the servo at the left side of the apparatus, 

which was controlled with an Arduino microcontroller. Triangular holes were laser cut into the 

acrylic to provide an easy way to attach the solar array. The platform was set to rotate 180° from 

“sunrise” to “sunset” in 36 seconds. This time was somewhat arbitrary while allowing time 

sufficient for data collection, and of a duration that was straightforward to correlate with the 

simulated time of day. The voltage, current, and angular location were monitored and recorded 

over the interval by sensors connected to a Vernier LabQuest 2. Four samples were taken every 

second, resulting in 144 data points for each experimental variable (plus some data that acted as 
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a buffer before and after the test). For a day with 12 hours of light, this setup simulates samples 

being taken every 5 minutes as the sun makes its path across the sky. This was sufficiently 

granular to result in data curves that were adequately smooth. Additionally, by tilting the entire 

mechanism at an angle on two of its feet, the path of the lamp relative to the array roughly 

simulated the sun's path at different latitudes.

Figure 14 Diagram of Apparatus at Angle

Tests were conducted at angles of 0°, 20°, 45°, and 65°, assuming the sun's perfectly 

straight semicircle across the sky, with 12 hours of light, to correspond to the two annual 

equinoxes. However, this method of tilting and rotating the solar array was only truly accurate at 

solar noon for non-zero latitudes. At sunrise and sunset, the solar array experienced the sun as 

meeting the horizon further south than it should have. The tests performed at 0° latitude correctly 

simulate the path of the sun at the equator on the equinox; the 20° latitude tests more accurately 

simulate the path of the sun at the equator on November 21. The 45° and 65° latitude tests did not 

perfectly simulate the sun's path in any circumstance, particularly at the beginning and end of the 
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day. (This variance is due to the declination angle. Angles and recommendations for the 

apparatus design are explained further in sections 6.1 and 7.3 respectively.) They are still used in 

this research, however, since they closely approximate the path of the sun in the middle of the 

day (and match exactly at solar noon), for the given latitudes on equinox days. Future 

experimentation should better account for sunrise and sunset angles by employing a slightly 

different design in construction of the apparatus. (Again, see section 7.3.) (It should also be 

noted that a device already exists that can accomplish this task, either automatically or manually 

setting a given location, date, and time. This device is referred to as a heliodon and is generally 

used in architecture for predicting the patterns of shadows cast by buildings. Inspiration for the 

future experimental setup could be gained by a study of various heliodons in use.)

Equinox days could be considered rough averages in terms of insolation throughout the 

year for a given latitudinal location, although they do not represent a true mathematical mean. 

Power measurements throughout an equinox day are useful data as they approximate the 

insolation for a given latitude, allowing for a comparison between the varying array 

configurations. However, recommendations for future research would include the ability for the 

experimental apparatus to simulate specific days through the year. As for the exact simulation of 

nonzero latitudes, the second degree of freedom will need to be utilized to adjust the apparatus 

for the date. Additionally, the speed of the 180° rotation of the platform would need to vary with 

the tilt of the apparatus in order to simulate daylight time that was either longer or shorter than 

12 hours. This was beyond the scope of the current research, but is entirely possible with further 

design modifications. An apparatus that was adjustable for different days throughout the year 

could be used to estimate energy generated over the entire year collectively for given locations 
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on the globe, thereby providing a better understanding of which solar arrays perform best, 

specific to location.

The first servo used was a standard 9 gram type, which proved to be insufficient to rotate 

the platform reliably. It was replaced with a stronger servo. It is important to note that a servo is 

controlled by varying its position between discrete angles, as opposed to a motor providing 

continuous motion. The Arduino code that was used to actuate the servo rotated the drive in 

small discrete angles with a slight delay between actions. Therefore, the motion was not strictly 

constant. Averaged over time, however, the platform rotated at a constant angular velocity 

regardless of load (within the abilities of the servo to provide adequate torque). Clearly, it is 

important to have constant velocity rotation in order to simulate the earth's rotation and, thereby, 

the perceived path of the sun across the sky. The step size of the rotation was calculated to 0.2° 

per step, or one step every 40 milliseconds. This stepping action, as opposed to a continuous 

rotation, helped to determine the sampling rate. Making the sample rate of the sensors larger than 

that of the driving inputs allowed the sensor to read an average angular speed over multiple 

steps. In the initial tests, the servo step sizes were larger, leading to the choice of a relatively low 

sample rate.

Using the angular position sensor was advantageous for two reasons: it allowed the final 

curves to be graphed at power vs. angle, instead of power vs. time, and it provided a quick check 

as to the constant angular velocity of the test. If the platform rotation appeared to fluctuate 

significantly during a test, it was easily verified with a glance at the angular velocity curve. If the 

variations were beyond acceptable limits, the test could be redone. It was not unusual for the 
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velocity to fluctuate somewhat, due to the changing load on the servo. Different configurations, 

and even different angles of a configuration, resulted in varying magnitudes of moment applied 

to the servo shaft. Due to the changing load and low-powered motor, it was difficult to establish 

a steady rotation rate although the servos are positionally actuated.

4.5 Experimental Setup

In preparing for data collection, several important protocols were established for the 

apparatus and experimental design. The lamp was initially placed approximately 12” above the 

array. After informal tests were conducted with the spectrometer, it was determined that 

maximum intensity with good light dispersion occurred around 15”- 20”. However, after 

examining data taken at this distance, it became apparent that the light was saturating the cells, 

producing a plateau in the power vs. angle curve when the output reached a certain maximum 

level. This made it difficult to pinpoint which angles between panels were optimum. In addition, 

with the lamp so close, the electrical current appeared to vary significantly due to reflection off 

nearby surfaces or any slight movement of the lamp if it was bumped. To mitigate these effects, 

the distance from the lamp to the apparatus was increased and the surroundings were made more 

uniform. Specifically, the rotating platform apparatus was moved to a table farther from the 

white wall, and the table was covered with a dark cotton fabric. After experimenting with 

varying distances, the lamp was hung at a height of 42” above the array. This decreased the 

intensity of the light, thereby preventing the cells from becoming saturated, and allowing a more 

pointed curve in the graph of power vs. angle.
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Chapter 5 Results

5.1 Data Collection

Experimental data were collected using a Vernier LabQuest 2. The module was 

connected with a Vernier Energy Sensor and a Vernier Rotary Motion Sensor. The energy sensor 

yielded voltage, current, resistance, power, and energy (The sensor's range was ± 30 volts and ± 

1000 milliamps with a resolution of 0.016 volts and 0.52 milliamps [12].) For the majority of the 

tests, the applied load was a constant 300Ω resistance. The rotary motion sensor measured 

angular position, velocity, and acceleration (This sensor's resolution was 1° [13].) Both inputs 

were plotted with respect to time, but angular position was used for the horizontal axis in all 

graphs.

Data were collected in a group of experiments, each comprising one “test”. Each test 

consisted of a single trial with one array configuration, at one latitude, for multiple different 

variation angles, if applicable. The assembly of the panels (specific configuration) did not 

change within a given test. However, multiple configurations had the ability to vary the relative 

angle between panels via the hinges at increments of approximately 15°. This variance of the 

angle constituted one run and the angle is measured between the movable panel and the ground. 

Depending on the configuration, there could be from 1 to 7 runs per test. For example, a single 

flat panel might only have one run, while a pair of panels connected by a hinge may have up to 7 

runs, from 90° to 0° at 15° increments. Due to the space constraints of the apparatus platform 

size, some tests were unable to go all the way to 0°. Theoretically, however, this value should be 

equal to the product of the power generated from a single flat panel and the number of panels in 

that configuration. Tests were performed for eight different configurations, ranging from a single 
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flat panel, to a nine-panel open box configuration. Each configuration was tested at four

latitudes: 0o, 20o, 45o, and 65o. The maximum latitude, 65o, was chosen for its close 

correspondence to the latitude of Fairbanks, Alaska. Each test combination of configuration and 

latitude was repeated twice, for a total of three trials at each combination. A table displaying 

each of the eight configurations is shown below. (Naming convention for the tests, as used in the 

titles of Excel files containing the data, is explained in the readme file included with the data.)

Table 1 Configurations Tested
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Configuration #1
1 panel

Configuration #2
1 panel, varying 
angles

Configuration #3
2 panels, varying 
angles

Configuration #4
2 panels, bifacial 
arrangement, albedo

Configuration #5
3 panels, varying 
angles

Configuration #6
3 panels, varying 
angles

Configuration #7
4 panels, varying 
angles

Configuration #8
9 panels, bifacial 
arrangement



5.2 Data Analysis and Results

All data were saved in comma-separated variable (CSV) files and then moved to 

Microsoft Excel spreadsheets to be processed. Processing consisted of plotting curves of Voltage 

vs. Sun Angle, Current vs. Sun Angle, Power vs. Sun Angle, and Resistance vs. Sun Angle. 

Many tests were chosen to have the additional variable plotted of Power Density vs. Sun Angle 

(also sometimes referred to as “corrected power”). The power density is determined by dividing 

the power by the footprint area. As described in the Background chapter of this text, the 

convention of measuring insolation is expressed in energy per area or power per area (usually W

• h/m2 or W/m2). Researchers studying 3DPV continue to use these units to measure and 

compare array configurations. This same convention is maintained here. It is important to 

remember that this analysis seeks to optimize output for a given area, and not economy 

(monetary cost). As photovoltaic technology continues to advance on the microscopic level, cost 

per panel declines [3, 4]. This makes optimizing according to area more viable. Additionally, 

there are applications--especially those in small, noncommercial areas--in which spatial 

resources may be limited. Harvesting the most energy possible throughout the year, for a 

particular footprint area could prove to be worth the initial investment needed for additional solar 

cells in an array. Therefore, many of the tests were analyzed beyond the absolute power, by 

plotting Power Density vs. Sun Angle.

It is also important to note that the calculated area used in this analysis depended on both 

the configuration and variation angle. Unlike the research done by MIT, where all panels were 

required to fit inside a set square base area, this analysis divided the absolute power output by the 

area taken up by a direct downward projection of the 3D array. The angles of panels with relation
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to each other (which changed between individual runs of a given test) were used to calculate the 

area of the downward projection; in this way, the power density was obtained. (The corner areas 

between tilted panels were considered occupied since they would be too close and shaded to use 

by another solar cell. However, as the panel angle decreases, it becomes more likely that the area 

would be used for an additional panel, introducing another variable into the analysis that was not 

mathematically considered.)

Energy totals for the entire day were calculated as the integral of power, employing a 

Riemann sum approximation and using the time sample rate for step size. These energy 

measurements were formatted as bar graphs to show differences for angles of a configuration. 

Samples of two such sets of graphs are shown below in Figures 15 and 16. The yellow bars in the 

bar graph represent the area under the related curve.
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Figure 15 Test 75 Configuration #3 Latitude 45°
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Figure 16 Test 65 Configuration #6 Latitude 0°

Figure 15 shows Test 75, which was performed at 45° latitude with configuration #3.

Different colors in the upper graph correspond to the angles at which the solar panels are 

positioned, shown in the three-dimensional model. Note that these power density curves vary 

significantly among the different angles. Energy, being the integral of power, is shown in the bar 

graph. The left (blue) column for each angle represents absolute energy, while the right (yellow) 

column represents energy density. Energy density follows a slightly different pattern due to the 
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changing area that the configuration occupies. In this example, the absolute energy yield is fairly 

constant for differing angles. The energy density however, is highest at 90°, indicating that a 3

dimensional structure would be best for power generation per footprint area.

Figure 16 shows test 65, which was performed for 0° latitude with configuration #6. In 

this case, the effect of changing area did not directly change the pattern of power output. That is 

to say, with this configuration, both the power density increased proportionally to the absolute 

power, as the 3D structure “opened up” (the angle decreased from 90°). For this configuration, it 

appeared that the best variation was the lowest variation angle. At its most extreme, 0°, it would 

no longer be a 3D structure at all, but a 2D flat panel. This makes sense when thinking about the 

shading that occurs for this configuration at 0° latitude. In this case, reflection regain does not 

overcome the negative effects of shading.

5.3 Parasitic Dark Currents

MIT noted power losses due to a phenomenon called parasitic dark currents (or simply 

dark currents) [2, 14, 15]. Dark currents occur due to the p-n junction that makes up the 

photovoltaic cell. Even without incoming light, the cell can have small variations in electron 

movement, thus producing current flow despite being in a “dark” environment. Dark currents 

and current anomalies were produced when the panels were partially shaded by each other. 

Furthermore, some measurements actually resulted in negative current--meaning current in the 

opposite direction. MIT succeeded at alleviating dark currents by installing blocking diodes 

within the wiring of the photovoltaic cells. While diodes were used in some informal 

experimentation covered here, none of the recorded tests were performed with them. As 
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experimentation proceeded to more complicated array configurations, and more cell shading was 

introduced over the course of the simulated day, the measured current occasionally became quite 

noisy and/or unusually low. In some tests, the current became negative--though fairly stable--in a 

curve that was inverted about the 0 milliamp axis. This resulted in a mathematically negative 

power curve because voltage remained positive and unaffected.

All tests were conducted in a dark room. The experimental light was turned on before the 

platform began rotating so the full light shone from a 0° angle at “sunrise.” Voltage and current 

were always zeroed in darkness. It is interesting to note that small currents usually registered in 

the dark, when the sensors were first turned on or reset. Zeroing the sensors in the dark, however, 

did not differ from zeroing the sensors by connecting the positive and negative with no source, as 

specified in the Vernier procedure. It is the belief of this researcher that dark currents from the 

photovoltaic cells combined with small irregularities in the sensor equipment and, in accordance 

with the sensor's precision, introduced noise into the sensitive current readings. Since these cells 

produce such little power output and were loaded with a 300Ω resistance, the induced current 

was small compared to the random variations, making it difficult to measure precisely. It is 

assumed that both the issues of noise and of dark currents could be significantly reduced, if not 

nearly eliminated, by improving the reliability of the electrical connections between cells by 

using soldered wires, equipping the experimental prototype with slightly larger solar cells of 

higher quality, and placing blocking diodes between panels. The sensors could have been zeroed 

at sunrise with the light on, but this would have only succeeded in cutting off the bottom strip of 

the graph. In addition, it would have provided no reference point of complete darkness. The 
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power data for time before the light was powered on are essentially disregarded in this analysis, 

but would have been impossible to retrieve if the sensors had been zeroed with it on.

5.4 Observations

Regardless of the fluctuations, some conclusions could still be drawn from this data 

regarding configuration angles. It would be difficult to establish any rules or identify particular 

configurations with certainty based upon this initial experimental verification of 3DPV; however, 

three observations have been made that may be helpful in guiding future research.

The first observation from configuration angles that seemed to improve power output was 

noted at high latitudes, corresponding to the tests at 65°N. Many of the tests performed at this 

latitude showed that the highest power density was achieved when the panels were arranged at a 

90° angle, directly south. This is consistent with practices commonly seen in locations of high 

latitude such as Fairbanks where, rather than being placed on roofs, panels are sometimes 

mounted vertically on the south-facing walls of buildings. While this is advantageous in the 

winter months, much of the available sunlight is not captured in the longer days of summer. It is 

interesting to note, however, that the power density of a 90° south-facing panel in conjunction 

with a horizontal panel (and possibly other panels, depending on the configuration) outperformed 

the 75° or 60° angle configurations, both of which would more closely approximate the direction 

of the sun's rays. Despite the fact that highest photovoltaic power generation is achieved at 

normal angles between the light and the cell surface, an angle of 90° often yielded the highest 

power densities for upper latitudes, presumably due to reflection regain and the effect of 

normalizing by area. (It should also be noted that the 90° case should be expected to provide 
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significant improvement to the power density over a 2D horizontal panel case, since it adds solar 

panels to the array without technically increasing the base area at all.)

Another observation that likely has similar origins applies to lower and mid latitudes. For 

some tests, a slight increase of the angle from the normal direction of the sun resulted in the 

highest power densities. Again, though a normal sunlight angle should produce the highest 

power for an individual cell, it was observed that small variations from normal did not 

significantly affect the amount of energy harvested. It can, however, add the benefits of slight 

reflection regain in a 3D structure, as well as decreasing the footprint area.

Lastly, it should be remembered that these tests only apply, in rough estimation, to two 

days out of 365. The rest of the days in that year will not only have more or less hours of light, 

which affects their relative weight toward the total energy production in a year, but will also 

have a different path that the sun will traverse across the sky. Especially for upper latitudes, the 

angle between the sun and the horizon, called altitude and given by α, will vary significantly 

based on date. This variance seems to result in a higher power yield from 3D arrays over a flat 

optimally-positioned panel. This may be due to widening the range where the sun's rays would 

hit at least one panel at an angle sufficient to produce power, or by providing additional power 

via reflection regain.

5.5 Computational Results

Much of the work done by MIT was in producing a computer simulation model to 

computationally test the setups of solar arrays. Their computer code allowed for an input file 
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representing the geometric array of solar cells, and then output energy generation over a day for 

a given location and date. This code could be used to computationally test different 

configurations, and it made the way for a genetic algorithm that could find possible solar array 

structures based on highest energy output. Although the project outlined in this paper was 

focused more on experimentation, it also involved studying and utilizing MIT's computer 

simulation. Once understood, the code was used to run simulations with four 3D configurations 

at the four latitude values, conforming to laboratory experiments. Future work should include the 

use of computer simulation to predict optimum configurations, with attention given to 

constraining the computer model to configurations that can be realistically built, based on the 

prototype design.

Chapter 6 Theoretical Verification

6.1 Defining Terms

This section is meant to expound on some of the calculations performed behind the 

scenes, as well as to describe certain concepts that were explored during design of the 

experiments. The general goal of the experimental side of this research was to simulate the real 

world environment to a sufficient degree that its findings could be effectively applied to the 

future design and construction of solar arrays. Neither the lamp nor its “path across the sky” 

needed to identically mimic the sun, but it was important that the experimental setup was a 

reasonably accurate approximation. The figure below helps define terms for the angles that will 

be discussed throughout the remainder of this paper.
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Figure 17 Angle Definitions

The diagrams in Figure 17 are referred to as celestial spheres. The observer--in this case 

the solar array--is positioned in the center, as on the surface of the earth, with the cardinal 

directions extending outward. The left side of figure 17 shows the sun at different positions 

through the day: sunrise, morning, and solar noon. The angles are labelled for the morning 

position. The zenith direction is straight up, normal to the surface of the earth. The angle 

between this direction and the sun is the zenith angle, z. The altitude angle (also sometimes 

called solar elevation), is labelled α and given by the angle between the horizon and the sun, and 

is complementary to the zenith angle. At solar noon on an equinox day, the zenith angle is equal 

to the latitude at that global location. On non-equinox days, an angle called the declination (to be 

further discussed in Section 7.3) alters the zenith angle. The azimuth angle, β, is measured in the 

plane of the earth's surface, from true north to a projection of the sun's position downward onto 

the earth's surface. Solar noon always occurs at an azimuth angle of 180o for any location.

Additionally, sunrise occurs at an azimuth angle of 90° for equinox days at any location. As seen 

on the right in figure 17, for winter (non-equinox) days, sunrise will occur at an azimuth angle 

greater than 9θo. The University of Oregon produced a free online tool that generates
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downloadable graphs called sun path charts, which plot the paths of the sun as altitude vs. 

azimuth angle for every month, for any given location. See reference [16]. Another online tool to 

help visualize the path of the sun and the shadows produced as a result of the sun's path is given 

in reference [17]. With a definition of the angular terms, the discussion can proceed.

6.2 Zeroing the Energy Sensors

In section 5.3 of this paper, it was noted that the lamp was turned on after the sensors 

started taking samples, but before the platform began its rotation. Thus at a sun angle of 0°, or 

sunrise, the lamp was fully on, shining sideways at the array. This is not an accurate simulation 

of how locations on the earth encounter the sun, however. Instead, as the sun rises, the light 

intensity begins at zero and slowly increases to 100%. This is partially due to the curvature of the 

earth, in addition to the light's interaction with our atmosphere through reflection, absorption, 

and refraction. Technically, the fullest intensity of the sun's light is not reached until solar noon 

(z = 0°), when the light encounters the atmosphere at a normal angle and therefore must travel 

through it for the shortest distance. However, the most notable effect of the atmosphere on solar 

radiation happens only at the beginning and ending of the day, when the sun's light passes 

through much of the atmosphere nearly horizontally, resulting in a decrease in the intensity of the 

light. The light is filtered through the atmosphere creating the recognizable dusky appearance. 

This could be described as a continual increase in the intensity of the light from 0% to its diffuse 

presence at sunrise and, eventually, to 100% at solar noon. It is speculated that there is a range 

around 20° (depending on location and other factors) at the extreme ends of the day during which 

the sun is at a significantly lower intensity and that, outside those ranges, it can be assumed 

100% intensity for experiments. Simulating the adjustment of the light intensity for dawn and 
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dusk was beyond the scope of this research and would most likely have a small enough effect on 

overall results that it need not be factored into most simulations in the future. It should be taken 

into consideration, however, while reading data at the extreme edges of the graph. One of the 

major strengths attributed to 3DPV is its increased generation when the sun is at low altitude 

angles. For this reason, the power graph has higher values at the far ends, and tends to be a more 

constant curve throughout the day.

6.3 Efficiency & Reflectivity

To obtain an estimate of intensities at various distances and the irradiation qualities of the 

lamp, approximate measurements were made with a spectrometer near the beginning of the 

experimentation process. It was discovered that the lamp was initially too close to the array, as 

the graph of power indicated that the cells were becoming saturated with light. In order to avoid 

causing saturation, the final distance from the lamp to the array was increased to 42” and more 

careful irradiance measurements at the new height were taken.

The spectrometer produces a graph of intensity over a range of wavelengths. This 

provided a way of verifying that the light from the lamp was full spectrum and satisfactorily 

simulated the sun for this application. Since the energy in light increases with decreasing 

wavelength, there is a maximum wavelength (minimum energy) that will stimulate electrons, 

producing electricity in silicon photovoltaic cells. At an energy lower than this minimum, the 

light will not generate electricity in the solar cell as the energy is not sufficient to move an 

electron across the band gap [18]. Additionally, when the incoming light has a higher energy 

than is necessary to cross the band gap, some energy is inherently wasted. Measurements from 
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the spectrometer showed that the LED lamp produced light across nearly the full visible 

spectrum, although not with the same relative intensities as the sun. The visible spectrum was 

assumed for all calculations, with the knowledge that slight differences will exist between 

laboratory and real world results. However, since the experimentation depends on noting relative 

power generation among geometric variations, the disparity in light characteristics was 

considered acceptable.

By integrating under the curve of intensity vs. wavelength with an approximation, the 

lamp's total insolation was found in W/m2. Multiplying this value by the area of a set of four 

cells yielded a maximum theoretical power production for a single housing that contains four 

cells.

Using the tests for a single housing (configuration #1), the maximum absolute power that 

can be experimentally generated is found by the value of the power curve when the platform is 

rotated to 90°. The peak of the curve is at 90°, when the light strikes normal to the cells (the 

orientation used to calculate maximum lamp output measured by the spectrometer).

Dividing this experimentally-generated power by the maximum theoretical power of the 

lamp mentioned above yields a panel efficiency of approximately 7.6%. Some known errors 

exist such as solar cell quality, spectrometer light pollution, and balance between voltage and 

current (driven by the resistive load) to achieve maximum power. However, on the whole, this 

measurement followed expectations drawn from information about the solar cells advertised 

online.
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Exploring the efficiency helped to identify another property relevant to the discussion: 

reflectivity. It is helpful for computer modeling and theoretical calculations to consider the 

amount of light reflected off the cell, especially because 3DPV is expected to utilize some of this 

light by reflection regain. However, not all of the absorbed light is converted into electricity. In 

other words, the efficiency is not simply the percentage of the energy that was not reflected; it is 

the value that accounts for both the energy lost by reflection, and that lost due to the inequality 

between the band gap energy and the light wavelength energies.

The authors of Solar Energy in Three Dimensions noted that efficiency and reflectivity 

were separate, but related, values. Both must be defined to facilitate computer modeling [2, 19]. 

Reflectivity varies depending upon the brand and material properties of the photovoltaic cell, 

which give it a certain refractive index. The refractive index is determined mainly by the coating 

which has been applied to the face of the cell. Unlike most solar cells, those used in this research 

were not covered in any kind of protective epoxy or glass. Therefore, reflectivity was expected to 

have been lower than average. The amount of light absorbed primarily depends upon the angle of 

incidence. This angle is considered 0o at a normal orientation (solar noon) and increases to 90o at 

an orientation parallel to the plane of the cell, thus producing a power curve that resembles a 

sinusoid. It would be useful in future research to run tests with consistent angles and 

configurations, but to replace some solar cells with mirrors. These would achieve zero power 

generation, but approximately 100% reflection to other panels (less heat dissipation and 

scattering). Doing so would have the benefit of a significant decrease in installation price.
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6.4 Mathematical Verification of the Power Curve

To verify the overall accuracy of the experimental setup when testing began, a flat plate 

situation was compared with a theoretical curve. This was done for a standard horizontal panel 

(configuration #1) at 0° latitude. An experimental curve of power vs. angle was averaged over 

three trials, reaching a peak of approximately 3 milliwatts. A fourth-order polynomial trendline 

was used to approximate this graph with an R-squared value of 0.99.

Existing values were obtained by graphs of insolation found in the textbook, Solar 

Engineering of Thermal Processes [19]. One such graph expressed a unitless ratio of hourly 

radiation to the daily total radiation. It used curves plotted for times during the day, given as the 

number of hours from solar noon. To obtain the desired results for this research, the equations 

associated with these curves were plotted with respect to an axis of the sun's angle across the 

sky, with 0° corresponding to sunrise and 180° to sunset. This range is valid for the equator on 

the equinox and is consistent with the experimental setup with which the textbook values are 

being compared. The curves are plotted as the ratio of each particular hour's solar radiation to 

the radiation over the entire day, meaning that integrating over the interval from 0°-180° equals 

one. Additionally, the apex of the curve occurs at 90° and represents the solar radiation when the 

sun's rays are directly normal to the panel. According to efficiencies and reflectivity, solar cells 

do not accept 100% of the available insolation. Therefore, the curve approximating insolation 

taken from the textbook was scaled down to match the maximum output of the solar cells. The 

two polynomial approximations, when plotted over each other, matched with surprising and 

reassuring accuracy. Figure 18 shows the two overlaid plots.
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Figure 18 Theoretical & Experimental Verification Over a 12-hour Day (MatLab plot)

The primary deviations between the curves resulted from a slight horizontal shift of the 

experimental data, and separation of the curves at the extreme ends of the range. These extreme 

edges, however, are somewhat unreliable due to the way in which the graphs were plotted based 

upon the information that was available in the textbook graphs. Additionally, the extremes are 

the portions of the range that are most likely to have non-negligible light refraction through the 

atmosphere and clouds. Therefore, little concern is given to the 15° on either end of the 

spectrum, other than to note a general continuance of the downward trend. Lastly, the theoretical 
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curve from the textbook is based on solar insolation, not counting the inefficiencies of a solar 

cell's harvesting. Therefore, the close match between the theoretical and experimental curves 

also tends to support the assumption of a quasi-static efficiency.

Chapter 7 Recommendations

7.1 Solar Cells

As the goal of this text is to prepare for future research in this area, it was appropriate to 

dedicate a section toward recommendations for the experimental setup. Most of the solar array 

prototype and testing apparatus designs were discovered through trial and error, and some of the 

desired improvements fell beyond the scope of this project.

The first recommendation will provide a good starting place for future research projects, 

as it relates to the selection and purchasing of solar cells. The README file included with the 

associated project data contains specific names of panels identified as being suitable for this 

research. Panels should be at least as large as those used in this research, and could be larger 

depending on the size constraints of the experimental apparatus. Maximizing the size, while still 

maintaining the constraints of a convenient model, will increase voltage and current outputs 

which, in turn, will decrease the relative effect of noise on the data. Sizing the resistive load 

appropriately will also be important. Too large of a resistance will weight power toward the 

voltage and make the current difficult to read; too small of a resistance will produce the opposite 

effect and may even cause the resistor to heat up or burn out. It should be considered that the 

power output will vary due to the light, as well as the changing number of cells involved in each 

configuration.
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It is recommended that photovoltaic cells be square in order to facilitate assembly of the 

different configurations and to simplify calculations and computer modeling. The individual cells 

must be sturdy, providing their own structural integrity. They should be capable of reliable 

electrical connections--using solder and wire--and of standard, polycrystalline silicon makeup, 

with an epoxy or similar coating for durability and reflectivity. Utilizing solar cells that more 

closely approximate those in practical application will enable results to be more readily 

extrapolated to larger systems.

7.2 Prototype

After changing the photovoltaic cells, the housing prototype would need to be adjusted as 

well. However, assuming the use of durable cells with terminal leads, the housing would only 

need to provide attachment points for the hinges and, possibly, guides for the wiring. Although 

the 3D models used in this project are included with the collected data, it may be easier for future 

researchers to begin 3D modelling from scratch rather than attempt to adjust the current design.

The hinges worked well and could certainly be used again with success. However, if 

desired, the existing design could be improved by adding a cotter pin or implementing a design 

change for adjusting panel angles by 15° increments.

The clips would change in purpose and may even become obsolete depending on the 

solar cells being used. Cells with soldered wires and small wire connectors would have the 

advantage of providing reliable electrical contact without significantly affecting resistance. In 
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this case, the clips would not be necessary to facilitate electrical contact, but may be required to 

hold the cells in place, especially as the housings are repeatedly rotated on the platform. The 

necessity of the clips would depend, of course, on both the construction of the housing and the 

type of cells selected. During this research, a housing was designed with tight tolerances for 

some small rectangular cells. The cells were lightly snapped by a friction fit into a 3D-printed 

housing, providing a reasonable assurance of safety.

An additional recommendation for the prototype is the use of blocking diodes between 

solar panels. Further experimentation is needed to determine the number and placement of diodes 

required to prevent dark currents. Finally, as previously mentioned, consideration should be 

given to replacing some solar cells with mirrors in certain configurations, as they would be 

inexpensive and still make use of reflection at angles.

7.3 Apparatus

The final iteration of the apparatus worked well, but could be improved for greater 

accuracy and increased testing capabilities. Construction materials consisted primarily of 3D- 

printed parts, a laser-cut acrylic platform, and fasteners. The servo at one end rotated a gear that 

turned the platform, while at the other end, the Vernier Rotary Motion Sensor reported the 

angular position as a function of time. The servo gear could be disengaged from the platform 

gear so as to allow the platform to freely rotate without affecting the servo. This was very helpful 

between tests for securing configurations to the platform as well as for general access. In 

addition, it allowed for the protection of the prototype from jolts that occurred when the servo 

was powered on or made a rapid rotation.
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Recommendations for the apparatus would include an overall more robust design, a 

stronger motor to drive the rotation and the capability for sun altitude adjustments. Ideally, the 

platform would have an available area at least three times that of the housing so that all 

configurations could be laid out flat, even one with a central panel and hinged panels on all four 

sides. While the platform would not need to be quite this wide, there must be sufficient space for 

the extended panels to lay out past the edges of the platform and still rotate 180o. There must also 

be the ability to secure the prototype to the platform. This was accomplished in the current 

design by cutting triangular holes into the platform surface and attaching the prototype by wire 

ties.

The most important recommendation for the apparatus is to introduce an additional 

degree of freedom. In order to collect data for different latitudes, the entire apparatus had to be 

tilted up on one end and this still provided a poor approximation. Due to the 23.5o tilt of the 

earth's axis, relative to the plane of its rotation around the sun, there is an annual change in the 

altitude of the sun (shown in figure 17 with an explanation of α and β following). The data 

gathered by the apparatus used in this research can only truly apply to the equator at different 

days through the year, and does not perfectly approximate the arc of the sun beyond the equator, 

even for equinox days. To add this capability, another degree of freedom would need to be 

implemented. The sun's path at various latitudes is depicted in Figure 19.
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Figure 19 Path of the Sun at Various Latitudes for Solstices and Equinoxes [16]

There are a multitude of ways this second degree of freedom could be achieved. One 

option would be to follow the design of this apparatus and implement a driver to control the 

tipping of the apparatus during the test. This would require one end to be lifted and lowered 

during the rotation of the platform. Another option would be to place a stationary wedge with an 

angle corresponding to the latitude on the rotating platform, and secure the array to the wedge. 

Then, by changing either the position of the lamp or the overall tipped angle of the apparatus to 

match the declination (given by time of year), the path would be simulated with only one axis of 
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driven motion. Although this method would require more time to set up, and would represent 

increased weight and space on the platform, it would have the benefit of simplifying the design 

by only needing one driver. All such apparatus that simulate the sun's moving light are called 

heliodons. Future research would benefit from surveying alternative designs. Some may be able 

to limit the loads induced on a motor by changing the axis of rotation.

Declination is given by a sinusoidal curve completely dependent on date. It is labelled 

“decl” in figure 19, above. The National Oceanic and Atmospheric Administration (NOAA) has 

a useful tool on their website at https://www.esrl.noaa.gov/gmd/grad/solcalc/ [20] that can 

accurately predict the position of celestial bodies when a particular latitude and date are entered. 

Note that, in addition to the positions, the rate at which these angles are reached must also be 

considered, regardless of the design chosen.

Machining parts and purchasing gears would be beneficial to increase the precision of the 

apparatus. The rotary sensor provided ample precision for reading the angular position, but there 

were occasional inconsistencies in the angular velocity of the servo. The trouble resulted from 

the changing load on the driving shaft during the operation of a test. Most motors act with 

constant torque as opposed to constant speed, the latter of which is necessary for this application. 

As previously mentioned, the required torque will vary substantially due to the forces acting on 

the shaft throughout the testing. (This assumes an apparatus similar to the one used here, but may 

also apply to other designs.) For example, a flat panel (configuration #1) would have a negligible 

effect on the induced moment. In comparison, configuration 8, with eight of its nine panels 

oriented vertically, will induce a large moment when the platform is oriented at 0° or 180°. In 
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addition, the moment will be maximized in a direction opposite to that of the shaft's rotation 

when the test starts at “sunrise,” or 0°. When the simulation reaches “noon,” or 90° of platform 

rotation, the moment will have decreased to zero and become negative, with an increasing load 

in the same direction as that of the platform's rotation. For the second half of the day, the motor 

must continue rotating, while preventing the platform from falling too fast and turning the shaft 

ahead by gravity. Note that the load will also change based on the zenith angle at which the 

apparatus is positioned (the degree to which the entire apparatus is tilted). The further from a 

zenith angle of 0°, the more the direction of gravity will be parallel to the shaft, thereby 

decreasing the load experienced by the driver. Lastly, since the number of hours of daylight in a 

day fluctuates through the year, the speed at which the motor is rotated must vary between tests, 

while still remaining constant throughout each individual test. To summarize, in designing the 

next apparatus, future researchers should first identify the maximum induced moment based on 

the number of panels, the configuration, and the angles involved (including a wedge, if used). 

Then, a driving motor must be selected that will be able to withstand that torque pulling in each 

direction of rotation, while still maintaining angular velocity at a constant setpoint.

The motor will need to be started and stopped at precise locations in order to begin and 

end tests, with necessary adjustments being made to the prototype between runs. (It is possible 

that this level of precision could be avoided by additional data processing, as long as the saved 

data was only that which was acquired between 0° and 180°.) To restart a run, either the motor 

will have to rotate in reverse, or the apparatus will need to be constructed to allow the full 

rotation of the array underneath the shaft. Although the driving gear should be easy to disengage 

from the platform rotation, this method is not recommended for restarting every run. Not only 
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would it be time-consuming, it would also introduce a source of potential error as the gear teeth 

must be lined up at the beginning of each run in order to ensure that the test was started at 0° 

each time.

One option for overcoming the challenges of the driver is to fit the platform with a large 

gear (or half gear) and turn it with a worm drive. This would significantly reduce the torque on 

the motor, thereby allowing it to run at a higher speed. Using a more powerful servo than the one 

employed here, or a precision stepper motor would also sufficiently address the issue.

Finally, depending on the design, the speed of the platform rotation may need to be 

variable to simulate the correct duration of daylight. In these experiments, a 36-second rotation 

was used (with four samples per second) to simulate a 12-hour day, (each second representing 20 

minutes). Since this ratio must remain consistent for all other day lengths, the speed of the 

platform rotation should be altered accordingly. Using the NOAA calculator to determine the 

times of apparent sunrise and sunset, would provide the necessary data to ascertain the length of 

day. (Note that areas near the poles may be difficult, depending on the construction of the 

apparatus. However, these upper latitudes may be irrelevant due to the significant lack of 

population and infrastructure, as well as the long durations of complete darkness that occur 

beyond the Arctic and Antarctic circles.)

7.4 External Setup

Another optional modification for future research would be adding the ability to vary the 

intensity of the light. While not necessary, this would increase the accuracy of the simulation. As 
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previously mentioned in section 6.2, the sunlight must pass horizontally through the atmosphere 

during sunrise and sunset. As it does, the light is partially absorbed and scattered. Although this 

effect cannot be perfectly simulated in the lab, adding a dimmer to the light to produce a gradient 

of intensity over the extreme ends of the range may come close. Regardless, since one aspect of 

this research focuses on harvesting light that comes in at non-optimal angles--especially when 

the sun is close to the horizon--this effect should not be completely ignored.

7.5 Data Collection

Some recommendations were also noted regarding data collection and organization. 

Increasing the quality of the apparatus and the prototype should improve the precision and 

reliability of the data substantially; however, it can still be assumed that outliers will exist. In the 

event that outliers are found in the power curve, they should be removed prior to the integral 

calculation of energy. Additionally, the graph of resistance should be monitored for constancy. 

Unfortunately, the resistance did not stay fixed at the rated value of the resistors. This tended to 

happen most often toward the edges of the graph, where the voltage and current were lowest.

The first data collected for this research was taken prior to the acquisition of a rotary 

sensor. Because of this, the energy data was plotted against time rather than angle. Plotting 

against angle is preferable, as it helps to determine the optimum angles at which the sun's rays 

interact with certain configurations. The sensor monitored the rotation of the platform, which 

ranged from 0o-180o. Though this will likely still hold true in future testing, it should be noted 

that the actual course of the sun's path will rarely be a perfect 180o semicircle (see figure 19). 

The speed of the platform rotation will change to accommodate the varying length of daylight 
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hours. This will affect how much time is represented by one degree of rotation (depending on 

apparatus construction). Therefore, it would be advisable for most final curves to be plotted 

against the hour of the day rather than the angle of the sun. Plotting the variables against time 

will also allow for a correct integral approximation of energy, when lengths of daylight hours 

differ.

It is recommended that a better method for organizing data should be implemented. A 

quick online search reveals alternative database systems that may be more efficient than the 

multiple Excel spreadsheets utilized in this research. Two highly desirable features to consider 

would be a searchable database, and the ability to auto-populate calculations and graphs across 

the entire data set, beyond an individual Excel workbook. A comprehensive database system 

would also simplify certain data analyses and comparisons. For example, the graphs shown 

above allow for the comparison of all variation angles for a given configuration and latitude. 

However, in order to make other comparisons--such as among all configurations for a given 

variation angle and latitude--the current data organization system required opening multiple 

Excel spreadsheets and manually reviewing the graphs. The same was true of comparisons 

between trials of the same test, and this would become even more complicated when adjusting 

for a particular day of the year. A good database tool would be invaluable for simplifying this 

process and providing various insights from the data.

7.6 Determining Best Configurations

Graphing the performance of various configurations determines those that are “best” in 

terms of the amount of energy produced; however, sheer volume of energy may not always 
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represent the best option. Solar energy generation results in a curve beginning at zero power at 

sunrise, fluctuating somewhat throughout the day, and then returning to zero again at sunset, 

where it remains for the rest of the night. Human power consumption does not coincide with this 

pattern, however. A power consumption curve can indicate the times throughout the day when 

there is the greatest electrical load on the system, and will vary based on many factors.

Although there are advances being made in mass energy storage and low-loss electrical 

transmission, there is still a major shortage in the current development of these technologies. 

This lag, combined with other social and economic variables, currently prevents renewable 

energies from becoming more prevalent [21-23]. Additionally, renewable energy generation such 

as solar and wind can be unpredictable and unreliable due to climate variations. These limitations 

can be mitigated by utilizing renewables to carry only a portion of the electrical load. Doing this 

prevents utility companies from producing more power than will be consumed, but also limits 

the renewable penetration.

Three-dimensional photovoltaics, however, displays the ability to exert some control over 

the shape of the power curve. By allowing the configuration and its particular strengths (as 

defined by the shape of its power curve) to be tailored to a specific location and application, the 

greatest amount of power can be provided at the times when it is most needed, thereby reducing 

dependence on grid power or energy storage. This could prove quite valuable since the power 

consumption curve, though often similar, is not the same across locations. Different areas may 

have consumption curves that vary based upon prevailing weather conditions, major industries or 

applications, and even cultural norms. For example, a consumption curve could be obtained for 
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an office building or manufacturing plant so that customized 3DPV modules could be mounted 

on the roof. Beyond normal daily consumption, most locations have cyclical patterns in power 

usage over the course of the year. In warmer climates, more power may be used during the 

summer to run air conditioning units, while in colder climates, the heating load may significantly 

increase usage in winter. Due to annual changes in the sun's path, certain configurations and 

angles will tend to have better power output during some seasons than others. By monitoring 

usage over time, it may be possible to customize a 3D array that would provide better power 

generation than a 2D configuration.

The use of 3DPV also tends to widen out the power curve, increasing the number of 

hours during which a significant amount of power is generated. This is due to the solar array's 

ability to continue to harvest light even in non-optimum conditions. These conditions result from 

several factors, including latitude, terrain (nearby mountains can block out low angles of the 

sunrise/sunset), and climate. The ability to organize results and view energy outputs by month 

would be helpful in matching power output curves with the power consumption of the 

application. This information may reveal that the “best” option is not always the one with 

maximum absolute energy generation, but the one that best fits the situation. The approach of 

matching generation and consumption curves has the potential to build high efficiency into the 

system. However, recall that 3DPV is generally optimized for highest power generation within a 

specific footprint area. Therefore, if the same number of panels was optimized purely according 

to maximum annual power generation, the resulting configuration would be one in which all 

panels were separated and tilted at the same angle (the optimum angle for that latitude).
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Lastly, outdoor verifications would provide some useful information. Since lab data is 

meant to simulate the real world, deviations between observations made in the lab and those 

made outdoors could indicate areas for possible improvement in the experimental setup. One of 

the first places 3DPV is likely to be implemented is in outdoor walking areas, as artistic 

structures. Using 3DPV as an artistic piece allows it to stand alone, without significant shading 

from nearby solar arrays or other obstructions. These structures would be both aesthetically 

pleasing and functional. One application surveyed by MIT was the use of a 3DPV structure to 

charge electric bikes in a park. Bicycles could be stationed around the structure and a battery 

placed in its base. Other potential applications could include lighting, parking meters, interactive 

maps, tourism information stations, shopping center speakers, advertising boards, and electronic 

bus schedules.

Chapter 8 Conclusions

In this research, eight configurations of the modular array system were designed and 

tested at four latitude tipping angles, with three trials for each combination. No one configuration 

was identified as the absolute best, but some insight was gained from generalities, such as the 

increased power generation at high latitudes for 3D structures with 90o angled cells. The testing 

apparatus was built to replicate the real world case, but could be significantly improved by a new 

design that more accurately replicated the path of the sun for different dates and global locations.

This project began with a review of the research conducted at MIT in the area of 3DPV. 

It aimed to verify their findings, add to the knowledge base, consider applications relevant to 

northern latitudes, and expand the previous limits of computational and experimental results.
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Although the results of this research have been limited in terms of final applications, it is hoped 

that the lessons provided will be used to help launch further research on this topic at the 

University of Alaska Fairbanks.

The Setup & Methods chapter explains the procedures used in designing and assembling 

the current system. The Theoretical Verification chapter shows the verifications that were 

conducted to evaluate the testing methods, many of which will be required to verify future 

systems. The Results chapter reviews the data and makes a few hypotheses at configuration 

optimization. Finally, the Recommendations chapter provides suggestions for future research 

based on this author's experiences with the current project. These insights, in conjunction with 

the previously published texts cited by this paper, should be useful resources for anyone 

interested in further 3DPV research. In addition, the raw and processed data, associated computer 

files, and supplies gathered and utilized in this research are left in the custody of the Engineering 

Department at UAF. It is this author's hope that further experimentation and computational 

analysis will lead to a better understanding and verification of the benefits of 3DPV technology. 

The eventual goal of these incremental gains is the design and manufacture of modular systems 

for use in real-world applications, thereby increasing our ability to use solar power as a 

significant renewable resource.
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