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[bookmark: _Toc384908660][bookmark: _GoBack]Abstract:
Solar panel research and development has been around for many years, since the 1800s, and in recent times they have become more popular as a means of primary power generation. Since the sun’s energy is an unlimited energy resource, it has the potential to become the main source of energy in the future. All other forms of energy can be indirectly sourced back to the sun and solar movements. The main objective of our project is to find the most efficient geometry possible for a solar panel, in order to maximize the energy generated for a given base area. With our design, we plan on harvesting the sun’s energy in the most efficient manner, thus reducing dependence on fossil fuels, and greatly reducing the cost of electricity.

























1. [bookmark: _Toc384908661]Introduction:
[bookmark: _Toc384908662]Problem Statement:

Due to the dependence on fossil fuels as an energy source, and the inefficiency of alternate sources, our goal is to design a 3-dimensional solar panel that offers a better energy generation and efficiency than the basic rectangular-shaped solar panel. The sun is a moving source, and therefore the amount of sunlight and the angles of approach are always changing. The most efficient position for a solar panel will always be ninety degrees, or perpendicular, to the rays of sunlight. We have come up with three possible geometries that will give us this maximum absorption at all times: a dome, a parabolic bowl, and a pyramid. Since our design will be portable, we will be able to reach remote areas that either do not have an energy source, or cannot afford one.
A secondary input into our design will be the use of reflectors. By implementing mirrors between the solar cells and/or around the panel itself, the stray sunlight that bounces off the panel can be reflected back to the solar cells where it will be absorbed and utilized, hence increasing absorption of sunlight energy.








[bookmark: _Toc384908663]Motivation:

	Within the last 20 years, environmental impact has been a major consideration in the design and manufacturing fields worldwide. “Going green” has become a world-renowned slogan that influences many decisions in our everyday life. Since the first working plant in the 1980s, Photovoltaic Solar plants have become more abundant, especially in Europe, where ¾ of the worlds’ solar plants are based [20]. In order to reduce the dependence on fossil fuels, implement cleaner energy, and reduce electricity costs, we must focus on alternate energy sources, mainly solar. The sun’s energy is an unlimited resource, and when harvested efficiently, has the potential to become our primary energy source. In our design, we plan to advance the methods of solar energy intake by testing alternate geometries to maximize energy generation and efficiency of the panel.
	There are many countries, and entire regions that either do not have a reliable energy source or cannot afford one. Parts of Central America and Africa for example, that experience a year round supply of hot climate and sunshine, can focus on solar energy as a means of power. The 3-dimensional solar panel is designed to be portable with the absence of a solar tracker and can easily reach remote areas and provide a cheap, efficient energy source that will solve this crisis.












[bookmark: _Toc384908664]Literature Survey:
The idea of solar technology is not new. History of solar technology spans from the 7th century B.C to present [4]. Civilizations in the past have used glass and mirrors to concentrate the sun’s heat to light fires. In present time, technology has developed rapidly. For instance, green buildings are being constructed which are powered by solar panels. Solar technology is being implemented in automobiles, ships, boats, highways, Un-manned Air Vehicles (UAV), furthermore the clothes we wear.  Research and developments in solar technology will continuously expand as we discover new materials, cell designs, and overall panel geometry. Solar panels are made from several Photovoltaic (PV) cells, also called solar cells, interconnected to form a solar panel. Conventional PV cells are made from silicon, and they are in a flat plate form. These panels are very efficient and manufactured with ease. Another type of solar cell are those that are made from thin-films. These cells are made from amorphous silicon or non-silicon materials such as; Cadmium Telluride, Gallium Arsenide, Amorphous Silicon, and Copper Indium Dieseline [6]. Modern solar cells have reached efficiencies of around 35% in some cases [3].  In our survey, we will present the engineering behind Photovoltaic cells which include the design and material used. We will also present the various solar panels.
[bookmark: _Toc384908665]Photovoltaic (PV) Cell:

Photovoltaic is a process of converting the absorption of light into energy at the atomic level. Light consists of photons and electrons. Some materials have a property called photoelectric effect such as silicon. This effect causes such materials to absorb photons and release electrons [7] [8]. From the captured electrons, it induces an electric current which can be used as a power source [5].
Conventional solar cells are made from silicon in a flat plate form (rectangular shape), and these cells are made from mono-silicon or poly-silicon. Mono-silicon cells are processed from a single crystal and poly-silicon cells are made from melting different crystals together.
[image: http://www.hiwtc.com/photo/products/11/00/42/4229.jpg]	[image: polysilicon_04]
[bookmark: _Toc384908743]Figure 1 – Mono Silicon						    	Figure 2 – Poly Silicon	      
[image: ]
[bookmark: _Toc384908744]Figure 3 - Monocrystalline Silicon Atomic Structure [22]
		
[image: ]
[bookmark: _Toc384908745]Figure 4 - Polycrystalline Silicon Atomic Structure [22]
Silicon is a good semiconducting material; therefore, it transports the electric current very efficiently. PV cells are made from a minimum of two silicon film layers, and these layers have two different operating functions. The first layers have a positive charge, and it is called p-type [5] [9]. Second layers have a negative charge, and it is called n-type [5] [9]. When sunlight strikes the semiconducting material, it absorbs the photon and releases the electrons. The flow of electrons is captured by an electric circuit that connects the two layers. This process is called photoelectric effect [5].
[image: ]
[bookmark: _Toc384908746]Figure 5 – Photoelectric effect [5]

[bookmark: _Toc384908666]Solar Panels:
There are several types of solar panels: Mono-crystalline silicon panels, Polycrystalline silicon panels, Building Integrated Photovoltaic (BIPV) panels, and Thin-film panels. Traditionally, these panels are square or rectangular in shape. Mono-silicon panels are shown to be the most efficient out of the four. These are also called single silicon panels. One does not need multiple panels to compare to the other three to generate the same amount of power. Mono-silicon panels are expensive because it is in pure form.
[image: ]
[bookmark: _Toc384908747]Figure 6 - Solar Cell Mono crystalline silicon [10]
Polycrystalline panels are also called multi-silicon because they are made of mixture of other materials. This type of panel is less efficient compared to the other three but it is cheaper. Their design modification can improve the efficiency.
[image: ]
[bookmark: _Toc384908748]Figure 7 - Polycrystalline Solar Cell [10]
Building integrated Photovoltaic (BIPV), these types of panels are overall part of a building such as a roof, and furthermore, the installation is made to look like regular roofing tiles. These types of panels are the least efficient compared to the rest of the panels. Since these panels are the most expensive, the other three types of panels are a better choice. 
[image: solar-shingle]
[bookmark: _Toc384908749]Figure 8 - Integrated photovoltaic panels
Thin-film layer panels are light weight, but it has very low efficiency and is cheaper than the previously mentioned panels. These types of panels are commonly used in huge projects. 

[image: ]
[bookmark: _Toc384908750]Figure 9 - Thin film layer [11]
Solar panels have recently made a significant impact worldwide. Energy generation from solar technology has revolutionized in the past two decades worldwide. Many of the European countries are shifting towards solar technology. Germany is the leading county that produces more than 50 percent of its energy from solar power [2]. Solar panels are environment friendly and considered safe technology.

[bookmark: _Toc370389542][bookmark: _Toc384908667]Project Formulation:
[bookmark: _Toc384908668]Project Objectives:

1. Design and construct a 3-dimensonal solar panel to maximize absorption of sunlight and maximize efficiency.
1. Use a geometric shape that remains perpendicular to the rays of sunlight at all times.
1. Adapt the solar panel to residential needs by making it portable and convenient.
1. Effectively utilize renewable energy by making use of the sun’s unlimited energy.





























[bookmark: _Toc384908669]Conceptual Design:

Solar panel design takes into account a number of factors that will play a significant role in the efficiency of such a panel. Typically, a solar panel is made of a set of photovoltaic modules that are electrically connected and arranged on a given structure. The typical solar panels that can be found in markets today are of a rectangular shape. These solar panels have an efficiency of up to 17% [3]; however, there are other commercially available solar panels that have an efficiency of 27% [3]. The goal for this project is not to increase the overall efficiency of solar panels, but rather increase the energy generated. Several design alternatives have been taken into consideration to make this goal a reality, one of which is to use different geometries for the solar panel design. The idea behind a 3-dimensional geometry is to increase the base area of the solar panel compared to the stationary rectangular shape. This will allow a possibility for increased energy generation. Another consideration for this design is to implement reflectors. The reflectors can be placed between the solar cells or around the solar panel itself. Stray sunlight that bounces off the panel can be reflected back to the solar cells where it will be absorbed and utilized as stored energy.















[bookmark: _Toc370389543][bookmark: _Toc384908670]Proposed Design:

The solar panel relevant to the project objective and design is a 3-dimensional photovoltaic structure. The focus here is set on the increased base area compared to a rectangular solar panel [1]. A dome shaped geometry will be the main area of focus for this project. The sun is the earth’s most predominate energy source and as such, it is of great importance to harvest as much of that energy as possible. Since the earth revolves around the sun, the angle of approach that the irradiation waves make with a solar panel is always changing. With a dome shaped solar panel the angle of approach will almost always be at ninety degrees, which is optimal for energy generation. Since the angle of approach will be close to ninety at any solar time of the day, there will be no need for a sun tracker. Typical rectangular shaped solar panels need a sun tracker to be effective. The absence of a sun tracker will also reduce the cost of installation for a three-dimensional solar panel, which is always a goal when engineering a new product. 

















[bookmark: _Toc370389544][bookmark: _Toc384908671]Project Management:
[bookmark: _Toc384908672]Timeline:

[bookmark: _Toc384908719]Table 1 – Timeline
[image: ]
[bookmark: _Toc384908673]Team Responsibilities:
· Muhammad Arif: Material selection, Geometric calculations, Testing setup, Solar Panel assembly
· Christian Bernard: Parts selection, Prototype manufacturing, Power generation calculations, Solar cell tabbing
· Karel Jie Tjoe Foek: CAD design, Specific geometric calculations, Prototype manufacturing, Solar cell tabbing





[bookmark: _Toc384908674]Hours Expended: 

[bookmark: _Toc384908720]Table 2 - Total hours spent (Fall-2013)
	Hours Spent

	Date
	Activities
	Karel
	Christian
	Muhammad

	27/08/13
	Topic research
	6
	6
	6

	30/08/13
	Talk to various professors
	4
	4
	4

	03/09/13
	Choosing a topic
	2
	2
	2

	04/09/13
	Find an advisor
	1
	1
	1

	09/09/13
	Solar Panel Research
	5
	5
	5

	10/09/13
	Meeting with Dr. El-Zahab
	1.5
	1.5
	1.5

	13/09/13
	Team responsibilities
	1
	1
	1

	16/09/13
	Solar panel research
	3
	3
	3

	24/09/13
	Finding relevant journals
	1
	1
	1

	26/09/13
	Working on first presentation
	2.5
	2.5
	2.5

	1/10/13
	Solar panel research
	2
	2
	2

	7/10/13
	Meeting with Dr. El-Zahab
	1.5
	1.5
	1.5

	15/10/13
	Working on project synopsis
	2
	2
	2

	17/10/13
	Research and reading
	2
	2
	2

	21/10/13
	Synopsis due
	0
	0
	0

	28/10/13
	Final 10% report
	4
	4
	4

	29/10/13
	Team poster & GL presentation
	4
	4
	4

	11/11/13
	Preparing for final presentation rehearsal
	2
	2
	2

	19/11/13
	In-class presentation rehearsal
	1
	1
	1

	25/11/13
	25% Report Due
	5
	5
	5

	26/11/13
	Formal presentation rehearsal
	2
	2
	2

	3/12/13
	Final team poster due
	1
	1
	1

	Total
	----------
	53.5









[bookmark: _Toc384908721]Table 3 – Total hours spent (Spring-2014)
	Future hours

	Date
	Activities
	Karel
	Christian
	Muhammad

	10/01/14 
	First group meeting for Spring 2014
	2
	2
	2

	16/01/14
	Meeting with Dr. El-Zahab
	1
	1
	1

	20/01/14
	Working on project calculations
	3
	3
	3

	23/01/14
	Working on 50% Report
	2
	2
	2

	30/01/14
	Project calculations
	3
	3
	3

	8/02/14
	Purchasing parts
	3
	3
	3

	12/02/14
	Meeting with our advisor
	2
	2
	2

	14/02/14
	Working on the 75% Report
	5
	5
	5

	19/02/14
	Solar cell testing
	4
	4
	4

	25/02/14
	Power generation calculations
	2
	2
	2

	1/03/14
	Solar panel frame construction
	7
	7
	7

	10/03/14
	Solar cell tabbing
	13
	13
	13

	12/03/14
	Solar panel frame reconstruction
	5
	5
	5

	15/03/14
	Wire solar cells in series
	5
	5
	5

	16/03/14
	Attach solar cells to frame
	5
	5
	5

	20/03/14
	Solar cell tabbing
	4
	4
	4

	28/03/14
	Solar panel testing
	12
	12
	12

	31/03/14
	Data and Results evaluation
	2
	2
	2

	1/04/14
	Working on 100% Report
	7
	7
	7

	4/04/14
	Solar panel testing
	12
	12
	12

	5/04/14
	New data evaluation
	3
	3
	3

	7/04/14
	Revise 100% Report
	7
	7
	7

	Total
	----------
	137
















[bookmark: _Toc384908675]Analytical Analysis:
The analytical analysis for the design of a 3-dimensional solar panel requires an understanding of mathematical formulas and heat transfer concepts such as radiation. 
The analysis of power production is of utmost importance for the design and development of a 3-dimensional solar panel. The main objective for this project is to increase the power production of a solar panel. A series of steps must be taken in the analysis of a solar panel. First, the power required to operate appliances. For testing purposes appliances will be used that have known power consumption. This will aid in the calculation of power consumption. Second, the amount of energy that the battery can store must be determined. Third, the energy generation for a solar panel must be determined.  
Once these factors are known, the main focus can be set on collecting the solar energy. In order to complete this task, a few equations will be used to calculate the angle between a solar panel and a central ray from the sun. This angle is known as the angle of incidence. It is instrumental in solar panel design, because the maximum amount of sun radiation that can reach the surface of the panel is reduced by the cosine of this angle. 
[bookmark: _Toc384908676]Power consumption:
Appliance power consumption [Wh] = P [W] x hours of use [h] [19]
[bookmark: _Toc384908677]Battery storage:
Battery capacity [Ah] =  [19]

Battery loss = 0.85 [19]
Depth of discharge = 0.6 [19]
[bookmark: _Toc384908678]Solar panel energy generation:
Solar panel energy needed [Wh] = Appliance power consumption [Wh]  energy loss factor [19]
Energy loss factor = 1.3 [19]
[bookmark: _Toc384908679]Angle of incidence:
[image: ]

[bookmark: _Toc384908751]Figure 10 - Solar Panel Orientation towards the Sun [18]

N = unit vector normal to the panel
S = unit vector pointing from the panel towards the sun
i = angle of incidence
 = tilt angle
 = azimuth angle
Ne = cos  [18]
Nz = sin  sin  [18]
Nn = sin  cos  [18]
Angle of incidence:  [18]
[bookmark: _Toc384908680]Major Components:
As the diagram below shows, there are four main components that are required in the energy generation process to convert the sun’s energy into usable current for appliances. These are the solar panel, charge controller, battery and inverter.

[image: ]

[bookmark: _Toc384908752]Figure 11 - Solar Energy Generation Process [12]

[bookmark: _Toc384908681]Solar panel:
The solar panel is made up of photovoltaic cells, which absorbs the sun’s radiation and converts it into electricity. These cells are made up of two silicon film layers: the positively charged layer (p-type) and the negatively charged layer (n-type) [5] [9]. When the sunlight strikes the surface of the PV cells, photons are absorbed and electrons are released. Silicon is a semiconducting material, so it transports electric current efficiently. The electric circuit that connects the two layers then captures the flow of electrons. Below is a diagram showing the make-up of the photovoltaic array that covers the surface area of the solar panel.

[image: ]

[bookmark: _Toc384908753]Figure 12 - Make-up of Photovoltaic Array [13]

[bookmark: _Toc384908682]Charge Controller:
The charge controller is used to regulate the output voltage between the solar panel and the battery. This voltage needs to be regulated so that no damage is done to the battery due to voltage overload. Charge controllers use a 3-stage cycle [14]:
· Bulk: batteries draw maximum current while voltage rises to bulk level.
· Absorption: current decreases while voltage remains at bulk level.
· Float: batteries draw small amount of current while voltage is lowered to float level.
The diagram below shows the current and voltage during the three stages.
[image: ]

[bookmark: _Toc384908754]Figure 13 - 3-Stage Cycle of Charge Controller [14]

[bookmark: _Toc384908683]Battery:
The battery is used for storing the energy absorbed. The system is inoperable without the battery, since the power is stored and drawn from the battery to be used or converted. The energy stored in the battery is determined by the voltage and charge capacity in the relation:

Another important factor in the battery is the cycle capability or efficiency. This is determined by:





[bookmark: _Toc384908684]Inverter:
The inverter is used to convert the DC supply to the AC output. Most appliances run off of 120 V power sources, so the low voltage DC produced must be converted in order to be usable. There are different types of power inverters, but we will be utilizing a Moderate Sine Wave Power Inverter. It produces an AC waveform that is a cross between a square wave and a sine wave. A True Sine Wave Inverter is the most efficient, but also the most expensive, so due to financial restrictions, we will be using the moderate, which is half the price.






























[bookmark: _Toc384908685]Solar Analysis:
[bookmark: _Toc384908686]Solar Time:

In order to design a solar panel that will generate the maximum amount of usable energy, a prediction must be made in which direction the sunrays will point relative to a given location [18]. The position of the sunrays is essential to collecting the maximum amount of solar radiation. This is why solar time is of great importance for solar energy generation. Solar time is a different concept than the commonly known local time or local clock time. The true solar time is measured by observing the motion of the sun, whereas, local time varies due to time zones and daylight savings. The position of the sun can be determined by using the hour angle equation, given below.
 [23]
 = Hour Angle [°]
ST = Solar Time
The hour angle is 0° at solar noon, when the sun is at its highest in the sky and pointing directly south. Every hour away from solar noon corresponds to an angular motion of the sun, since the sun rotates about 15° every hour in a 24 hour day. Thus, in the morning before solar noon the hour angle should be negative and after solar noon it should be positive [18]. Table 4 below shows the time of the day with the corresponding hour angle.




[bookmark: _Toc384908722]Table 4 - Time of the day with corresponding Hour Angle
	Time of the day
	Hour Angle

	[Hours]
	[Degrees]

	7.00
	AM
	-75

	8.00
	AM
	-60

	9.00
	AM
	-45

	10.00
	AM
	-30

	11.00
	AM
	-15

	12.00
	PM
	0

	13.00
	PM
	15

	14.00
	PM
	30

	15.00
	PM
	45

	16.00
	PM
	60

	17.00
	PM
	75

	18.00
	PM
	90

	19.00
	PM
	105
















[bookmark: _Toc384908687]Solar Power Generation:

Calculating the absorption of the solar panel is a process that goes through many steps. The wavelength, band gap and energy of the sunlight, the angle of incidence, the solar cell material and efficiency are all aspects that must be considered.  The band gap is the minimum amount of energy required for an electron to break free of its bound state [22]. It determines how much energy is generated. When the energy of a photon is equal to or greater than the band gap of the material, the photon is absorbed by the material and excites an electron into the conduction band [22]. Photovoltaic energy is based on the energy generated by these photons. Materials with a high absorption coefficient are able to absorb photons more easily. The diagram below shows the absorption coefficients of multiple materials including silicon (Si), which is our chosen cell material. Absorption coefficient ( is calculated using the following formula:
 [22]
 = absorption coefficient
k = Boltzmann’s constant
 = wavelength
[image: ]
[bookmark: _Toc384908755]Figure 14 - Absorption and Reflection of irradiation for a semitransparent medium [24].
[image: ]
[bookmark: _Toc384908756]Figure 15 - Absorption Coefficient [22]
Figure 15 above shows that the absorption coefficient strongly depends on the wavelength.

The absorption coefficient determines how much light is absorbed, and in turn gives us the generation rate of electrons. The intensity of light (I) is calculated by:
 [22]
I = light intensity
 = absorption coefficient
x = distance into material
I0 = light intensity at top surface

	Generation rate is greatest at the surface of the material, as that is where the light is absorbed, but since the light absorbed has numerous wavelengths, generation rate (G) must be calculated for each one:

 [22]
G = generation rate
N0 = photon flux at surface
 = absorption coefficient
x = distance into material

[image: ]
[bookmark: _Toc384908757]Figure 16 - Generation rate at Depths 0-300 µm [22]




Solar radiation is absorbed in two ways by the photovoltaic cell: the first is absorption from the direct sunlight, and the second is absorption due to blackbody radiation of the earth. The area surrounding the solar cell is heated by the sun, and also reflected rays make up the secondary absorption. 
The absorption form the sun is:

[image: ]

The absorption from the black body radiation is:

[image: ]

Therefore, total absorption is given by:

[image: ]

C = capacitance
 = frequency
h = Planck’s constant
c = speed of light
EG = band gap
E = energy
k = Boltzmann’s constant
TSun = temperature of sun

It is important to estimate the amount of useable energy generated by the 3 dimensional solar panel. Sunray radiation is different for various locations on earth and as such, the following equation will be used to calculate the total energy in a given day for such a location:

 [1]
E = Energy [kWh/day]
Δt = time step [hrs]
Pk = Total Power Generated 
k = solar time step

For calculating the total energy generated by the 3 dimensional solar panel for a specific period, the energies generated for each day and period must be summed together. 
The power generation term can be calculated using the equation:

 [1]
m = number of light ray reflections

Furthermore, the terms Pk(0) and Pk(1) can be expanded and thus become:

 [1]
 [1]
 = incident energy flux from the sun
k = time step
 = unshaded area of solar cell
l = lth number solar cell
 = reflectivity 
 = angle of incidence
= solar cell efficiency
 = angle of incidence with reflected ray

The first bracket in the Pk(1) term illustrates the power generated after the absorption of direct sunlight. In the second bracket mirror reflections of sunlight are absorbed by the solar cells according to the given efficiency.







[bookmark: _Toc384908688]Solar Cell Parameters:

Solar cell parameters are essential to understanding the power output of such a cell. The solar cell used in this project is a 3x6 inch “string ribbon” polycrystalline cell, as seen in Figure 17 below. 
[image: ]
[bookmark: _Toc384908758]Figure 17 - Actual Solar Cell used in this project

The silicon substrate is pulled in a ribbon rather than cast. In this section various solar cell parameters will be calculated to determine the efficiency of the solar cell. Solar cell efficiency is the ratio of the input energy from the sun to the output energy of the solar panel. It is dependent on the sunlight intensity and the solar cell’s temperature. The efficiency of a solar cell is determined as the fraction of incident power, which is converted to electricity [22]:
 [22]
 [22]
Pmax = maximum power
Pin = input power
Voc = open-circuit voltage
Isc = short-circuit current
FF = fill factor
η = efficiency
Before calculating the solar cell efficiency, a few necessary variables must be determined, such as: the open-circuit voltage, the short-circuit current, fill factor and the input power. The short circuit current is directly measured from the solar cell. Theoretically, this current is the maximum current through the solar cell when the voltage across the cell is zero, hence the name “short-circuit” current. The short-circuit current; measured directly from the cell itself is 3.285 Amps. 
The maximum available voltage from the solar cell is known as the open-circuit voltage. This occurs when the current through the cell is zero. Measure directly from the solar cell, the open-circuit voltage is 0.553 Volts. A commonly used equation to calculate the open-circuit voltage is given by:
 [22]
Io = dark saturation current [A]
q = elementary charge = 1.602176565 x 10-19 coulombs
k = Boltzmann constant = 1.3806488 x 10-23 J/K
T = temperature [K]
n = ideality factor = 1
IL = ISC = light generated current [A]

Even though the open-circuit voltage and the short-circuit current are known, the power output from the solar cell is still zero. This is where the fill factor plays an essential role. Together with the open-circuit voltage and the short-circuit current, the maximum power can be determined from the cell. Fill factor is simply defined as the ratio of maximum power of the cell to the maximum voltage and current. A commonly used equation for the calculation of the fill factor is given by:
 [22]
 = normalized VOC = 



The efficiency of the cell can now be determined using the short-circuit current, open-circuit voltage, and fill factor found previously.  An assumption for the input power will be made, where Pin = 1000W/m2 or 100mW/cm2. 





[bookmark: _Toc384908689]Design Analysis:
[bookmark: _Toc384908690]Sun’s Position:

The sun’s position and location are crucial variables when designing any type of photovoltaic module. It is for this reason that special attention will be given to the sun’s path over the course of a day. Research has shown that the earth rotates around the sun every 365 days in an elliptical orbit. Also, the earth rotates around its own axis once every 24 hours. The axis of the earth is neither horizontal nor vertical, but at a slight angle of 23.45° relative to the earth’s elliptical path around the sun [18]. Figure 18 shows that the earth’s axis is inclined towards the sun during the summer and in the winter it is inclined away from the sun. The inclination of the earth’s axis during the summer and winter period is referred to as the solar declination (δ). This simply means that the amount of solar radiation received in a given time period is not constant and is mostly determined by the latitude (φ) of a given location as well as the solar declination [23]. 
[image: ]
[bookmark: _Toc384908759]Figure 18 - Earth's orbit around the sun and axis orientation in 365 days [23]

Figure 18 depicts the earth’s position around the sun during the 365 days. Also, the solar declination can be seen clearly at each major season. To calculate the declination angle, the following equation is used:

δ = declination angle [°]
d = day of the year with Jan. 1 as (d = 1)

[image: ]

[bookmark: _Toc384908760]Figure 19 – The Solar Declination angle for a specific location [23]

Figure 19 above shows the solar declination for the Summer solstice for a location with latitude φ. The highest elevation of the sun for the Summer solstice is calculated using the following equation: 



 = Maximum Elevation
 = Latitude

The direction from which sunlight reaches the earth is another essential component in photovoltaic design and placement. This can be determined by calculating the azimuth angle, which determines the direction of the sun and is given by the following equation:

 [22]
= azimuth angle
 = solar declination
 = latitude
 = hour angle
 = elevation
[image: ]
[bookmark: _Toc384908761]Figure 20 - Azimuth Angle of the sun [22].
At exactly 12.00, solar noon, the sun is facing directly south in the northern hemisphere and directly north in the southern hemisphere [22]. The azimuth angle changes throughout a 24 hour day. When the sun rises in the east the azimuth angle is 90 ° and when it sets in the west the angle is 270° as seen in Figure 20.
The angular height is an additional variable that can contribute to the sun’s position throughout the day. This is known as the elevation angle and it measures the angular height of the sun from the horizontal. The following equation is used to obtain the elevation angle:

α = elevation angle [°]
δ = declination angle [°]
φ = latitude of location [°]
The elevation angle depends on the latitude of a specific location and varies throughout the day. At solar noon, the elevation angle is at its maximum and at sunrise the elevation is at its minimum. 
Another frequently used angle to indicate the sun’s position is the zenith angle. Unlike the elevation angle, which is measured between the sun and the horizontal, the zenith angle is measured between the sun and the vertical. The following equation is used to calculate the zenith angle:

ζ = zenith angle [°]
α = elevation angle [°]


Figure 21 below shows a clear graphical illustration of both the elevation and zenith angle.
[image: ]
[bookmark: _Toc384908762]Figure 21 - Elevation and Zenith Angle
Table 5 below depicts all the calculated angles with respect to each hour of a solar day.

[bookmark: _Toc384908723]Table 5 - The Sun' Position Calculations
	Sun's Position for each Hour Angle

	Time of the day
	Hour Angle
	Elevation Angle
	Zenith Angle
	Azimuth Angle

	[Hours]
	[Degrees]
	[Degrees]
	[Degrees]
	[Degrees]

	7.00
	AM
	-75
	14.548
	75.452
	94.415

	8.00
	AM
	-60
	27.915
	62.085
	101.710

	9.00
	AM
	-45
	40.880
	49.120
	110.870

	10.00
	AM
	-30
	52.886
	37.114
	124.117

	11.00
	AM
	-15
	62.537
	27.463
	145.895

	12.00
	PM
	0
	66.630
	23.370
	180.000

	13.00
	PM
	15
	62.537
	27.463
	145.895

	14.00
	PM
	30
	52.886
	37.114
	124.117

	15.00
	PM
	45
	40.880
	49.120
	110.870

	16.00
	PM
	60
	27.915
	62.085
	101.710

	17.00
	PM
	75
	14.548
	75.452
	94.415

	18.00
	PM
	90
	1.052
	88.948
	87.823

	19.00
	PM
	105
	-12.385
	102.385
	81.137




For the calculations in Table 5 we need to first calculate the declination angle for Miami, Florida. The day of the year (d) must be established. Since the test day was on March 28, the day of the year is 87. The declination angle for March 28 is as follows:









[bookmark: _Toc384908691]Structural Design:

In our research of solar panels thus far, the majority of information comes from the basic, rectangular solar panel geometry. In order to meet the project goals, our structure must be of a geometry that is able to give us greater efficiency than the average 17% efficiency of this basic geometry. A total of four possible geometries were considered as potential candidates for our design, namely: a pyramid, a dome, a cube and a parabolic shape (shown below), which was finally chosen for its geometry and convenience. In order to maximize the energy generation of the panel, we are also implementing reflectors into the design. These reflectors will surround the panel, positioned at an angle to catch the stray sunlight and reflect it back to the areas of the panel that are not in direct sight of the sunlight. 

[image: ]
[bookmark: _Toc384908763]Figure 22 - SolidWorks model of the parabolic shaped Solar Panel
The second option that we proposed was the pyramid. Due to its design it will always have an open face in the direction of the sunlight, regardless of the time of day. However, surface area restrictions would make comparison with the rectangular shaped solar panel less than ideal. The pyramid would have some solar cells not affected by direct sunlight and thus would have been useless to the absorption process. Below is a rough model of the proposed pyramid.

[image: ]
[bookmark: _Toc384908764]Figure 23 - SolidWorks model of the pyramid shaped Solar Panel

During testing of the design, a comparison will be made between the parabolic panel and a rectangular panel of the same surface area. Each solar cell on the panel has an area of 18 in2 (3in x 6in) and with a total of 10 cells per panel; the total surface area is 180 in2. The rectangular panel is shown below:
[image: ]
[bookmark: _Toc384908765]Figure 24 - Conventional Solar Panel

[bookmark: _Toc384908692]Stress Analysis:

A static stress analysis was performed on the frame of the curved solar panel using the SolidWorks Simulation feature. This would allow us to calculate the maximum stress the panel can endure before yielding. Also, the program can determine a FOS for the frame design to show if the structure is in fact safe for certain load conditions. The bottom of the frame will be fixed, as seen in Figure 25.
[image: ]
[bookmark: _Toc384908766]Figure 25 - Applied forces and Constraints

 A force will be applied to the entire parabolic surface of the panel as in Figure 25. This load will simulate the wind speed on the panel. First the wind speed in miles per hour (mph) must be converted to pound per square feet (psf). Than we can convert pound per square feet to pressure in Pascals (Pa). The following conversion will be used for mph to psf:

V = wind speed [mph]

Followed by a conversion of psf to Pa:

The material that was applied to the frame is Balsa wood and the applied force to the frame is 196 Pa, which is equivalent to a wind speed of approximately 40 mph. 
The minimum factor of safety for the parabolic shaped solar panel is 36.77, which proves that the structure is quite safe under wind speeds of 40 mph. This factor of safety is considered to be acceptable due to the fact that the frame can support a maximum force of 7207 Pa, which is calculated using the following equation:

m = minimum factor of safety
F = applied force
[image: ]
[bookmark: _Toc384908767]Figure 26 - Factor of Safety Simulation
If yielding would occur, which is unlikely under normal weather conditions, it would happen at the free end of the solar panel as seen in the figure below.
[image: ]

[bookmark: _Toc384908768]Figure 27 - Location where yield would first occur

The maximum and minimum displacement for the solar panel can be seen in Figure 28. At the outer edge of the parabolic shape, where the frame is colored in red, is where the panel will deform the most by 0.4836 mm. The blue area will barely deform under stress and if that is the case, the deformation will only be by 0.001 mm.

[image: ]

[bookmark: _Toc384908769]Figure 28 - Deformation of the solar panel subjected to an applied force
Figure 29 depicts the maximum and minimum Von Misses stress that the frame can handle. The maximum stress is 0.544 MPa and the minimum stress is 0 MPa. 

[image: ]

[bookmark: _Toc384908770]Figure 29 - Von Mises stress for the solar panel

[bookmark: _Toc384908693]Structure Material:

For the structure of the panel, 3 possible materials were considered. This makes up the actual base of the panel for the photovoltaic cells to be attached on. The first option was polycarbonate material, which is commonly used as a base in many electrical components, such as cell phones. For example the iPhone 5C is made of a colored polycarbonate structure. It is a durable material that can be used over a wide temperature range, and can undergo large plastic deformations without cracking or breaking. It is especially applicable for our design, as it is a good electrical insulator, and has heat-resistant properties. The properties of polycarbonate are shown in the table below.
[bookmark: _Toc384908724]Table 6 - Polycarbonate Properties [16]
	Polycarbonate
	Value
	Unit

	Density
	1210
	kg/m3

	Refractive Index
	1.585
	--------

	Young’s Modulus
	2.2
	GPa

	Tensile Strength
	65
	MPa

	Poisson’s Ratio
	0.37
	--------

	Melting Temperature
	428
	K

	Specific Heat Capacity
	1250
	J/(kg-K)

	Thermal Conductivity
	0.205
	W/(m-K)




[image: ]																		   [image: ][bookmark: _Toc384908771]Figure 30 – Polycarbonate example [28]

[bookmark: _Toc384908772]  	     Figure 31 – Polycarbonate Atomic Structure [29]




Alternative materials for the structure of the panel are also considered. The two main options are: Styrofoam and wood. Styrofoam can be easily molded and shaped into any design, and it will save time and money to use this instead of other materials. It is made of polystyrene foam, which has a composition of 98% air, making it light weight and convenient for our hopes of easy portability for the panel, and it is also a very good insulator. The properties of polystyrene are shown in the table below.



[bookmark: _Toc384908725]Table 7 - Polystyrene Properties [25]
	Polystyrene
	Value
	Unit

	Density
	0.60 – 0.65
	g/cm3

	Refractive Index
	1.6
	--------

	Young’s Modulus
	3000 - 3600
	MPa

	Tensile Strength
	30 - 60
	MPa

	Melting Temperature
	240
	C

	Specific Heat Capacity
	1250
	J/(kg-K)

	Thermal Conductivity
	0.14
	W/(m-K)





[image: ]				[image: ][bookmark: _Toc384908773]Figure 32 - Polystyrene Example [31]

[bookmark: _Toc384908774]     	Figure 33 - Polystyrene Atomic Structure [30]


The final option for the frame of the panel is plywood. Plywood is also a light material that can easily bend to form the shape of our desired parabola. One example of this is the use of plywood in skateboard ramps, since it is easily bent and has a smooth surface. The final decision was made to use the plywood, as it was easily available and molded to make the frame of the panel. The Properties of plywood are shown in the table below.




[bookmark: _Toc384908726]Table 8 - Plywood Properties [26]
	Plywood
	Value
	Unit

	Density
	0.15
	g/cm3

	Young’s Modulus
	0.7
	GPa

	Tensile Strength
	31.0
	MPa

	Poisson’s Ratio
	0.3
	--------

	Specific Heat Capacity
	2.9
	kJ/(kg-K)

	Thermal Conductivity
	0.048
	W/(m-K)




[image: ]

[bookmark: _Toc384908775]Figure 34 - Plywood Example


















[bookmark: _Toc384908694]Optimization:
Due to the reflection of the silicon solar cells, not all light that reaches the surface of the cells is absorbed. Due to the high refractive index of silicon, reflection of the surface is over 30% [22]. Reflectivity of silicon varies according to the wavelength as shown in the diagram below.
[image: ]
[bookmark: _Toc384908776]Figure 35 - Reflectivity of Silicon [22]

Reflectivity between two materials with different refractive indexes can be calculated using the formula: 
R = Reflectivity
n0 = Refractive index of surroundings
nSi = Refractive index of silicon


[image: ]
[bookmark: _Toc384908777]Figure 36 - Reflection of Silicon Cells [22]

It is important to reduce the reflection of the solar cells in order to maximize absorption, but an alternative solution is to implement reflectors into the design to catch the stray sunlight and allow it to make another pass across the cell. Using the 3 dimensional geometry will expose the cells to more sunlight than a basic rectangular panel, but it still doesn’t have 100% absorption of all incident sunlight so the reflectors will raise the efficiency and further maximize absorption. 
Using the mirrors in the design has to be calculated and done carefully, as using too many mirrors can cause an excess of sunlight and overheat the panel, causing permanent damage. The placement of the reflectors is also an important factor, as placing them above or on the sides of the panel will cause blockage of sunlight at certain times of day and a shadow will cover the panel during these time frames. Due to these factors, the best placement of the mirror will be on the ground beneath the panel. At no time will it block the sunlight, and it will reflect the stray sunlight back above to the panel. The diagram below shows the theory behind the ground reflector.
[image: ]
[bookmark: _Toc384908778]Figure 37 - Reflector used for maximum absorption [27]

There are only two setbacks to implementing these reflectors into the design: Placing the mirrors below a panel that is on the roof may be ineffective due to the angle of the roof, and most of the reflected sunlight will miss the panel. Also, there are certain days of the year that the mirrors will be ineffective as the angle of the sun changes and the angle of reflection will in turn change, making the reflectors useless during this time period. 
Another useful way to optimize a solar panel is to use better solar cells. The most commonly used solar cells are polycrystalline cells with an efficiency in the range of 14% - 16%. One must note that better solar cells also mean an increase in the cost of a solar panel. 
Also, to help reduce reflectivity from the solar cell surface, we can implement solar glass to encase the cells in. 
An interesting method for increasing a solar panel’s energy output and one that is not talked about much, is to decrease the temperature of the solar cells. The higher the temperature of the solar cells, the less efficient they are. Thermal insulation will come in very handy to combat the rising temperatures of a solar cell. 

[bookmark: _Toc384908695]Cost Analysis:
The total cost of the project is comprised of labor, parts, materials and testing. In this section labor will the main topic of concern, since many man hours will be spent on this project. The team met every week and spent at least 5 hours working on the project. The table below shows all the hours spent on the project by each team member.  For every man hour of work a cost of $30 will be factored in.

[bookmark: _Toc384908727]Table 9 - Cost Analysis of Man Hours spent
	Description
	Days
	Karel Jie Tjoe Foek
	Muhammad Arif
	Christian Bernard
	Cost/hour

	--------
	--------
	Hours
	Hours
	Hours
	($30/hour)

	Research
	50
	12
	12
	12
	$1,080

	Analysis
	31
	9
	9
	9
	$810

	CAD
	15
	6
	6
	6
	$540

	Simulations
	10
	6
	6
	6
	$540

	Total
	106
		33	
	33
	33
	$2,970


  
















[bookmark: _Toc384908696]Prototype Construction:
[bookmark: _Toc384908697]Prototype System Description:
Photovoltaic solar systems already exist and are becoming a common product for energy production. Most of these solar panels are of rectangular geometry, so our prototype will be constructed as a parabolic curve, and compared to a rectangular panel of same surface area. Our goal is to make it more efficient by choosing the parabolic geometry, which allows the cells to absorb more sunlight during the morning and afternoon hours where the sun isn’t directly overhead.
[bookmark: _Toc384908698]Prototype Cost Analysis:
The prototype is being constructed at a size that is big enough to produce significant power, but small enough to be portable, convenient and cost effective. Since it is not a funded project, budget is a main factor in our decisions and expenditure. The prices of the main components are shown below:

[bookmark: _Toc384908728]Table 10 - Prototype Cost Analysis
	Part
	Amount
	Cost

	Solar Cells
	40
	$50

	Plywood
	3 sheets
	$ 30

	Multi-meter
	4
	$ 120

	Other
	1
	$ 100





The following items are required in order for the solar panel applications for household needs or power conversion.


[image: ]                                           [image: ][bookmark: _Toc384908779]Figure 38 – Charge Controller [15]

[bookmark: _Toc384908780]                                                                      Figure 39 – Power Inverter [15]


[image: ]                                                        [image: ][bookmark: _Toc384908781]Figure 40 - Battery [15]

[bookmark: _Toc384908782]                                                       Figure 41 - Polycrystalline Solar Cell [21]                 

                                          
[bookmark: _Toc384908699]Plan for Test on Prototype:
	The prototype will be tested by placing it outdoors for a full day of solar exposure, along with a rectangular solar panel of the same surface area, so that data can be recorded and compared between the two panels. This will determine whether our design is indeed more efficient than the basic design. Figures 43 and 44 show the testing station for the solar panels. They were placed next to each other for a full solar day, where the voltage and current was recorded every 5 minutes for approximately 12 hours. A screenshot of the program is seen in the figure below.
[image: ]
[bookmark: _Toc384908783]Figure 42 - Program used to log data every 5 minutes

 The test location of the solar panels will play a significant role in the positioning of these panels. Typically, one wants to face a solar panel south in the northern hemisphere and north in the southern hemisphere towards the equator. Since our solar panels were tested in a location in Miami, Florida, they faced south at an approximate angle of 24° during the spring season. The angle at which to face them south was calculated using the following equation:

The tilt angle is not a constant variable and can be changed for different seasons. This will ensure optimal energy generation from the solar panels. The following equations can be used to determine the best tilt angle for a module during a specific season.



[image: ]
[bookmark: _Toc384908784]Figure 43 - Testing station for the solar panels

[image: ]

[bookmark: _Toc384908785]Figure 44 - Testing station for the solar panels (side view)

[bookmark: _Toc384908700]Data and Results:
[bookmark: _Toc384908701]Ideal Conditions:

During our first day of testing, we showed that the flat panel produced 26 W*hr and the curved panel produced 47 W*hr. Since on this day weather conditions weren’t ideal, we proceeded to calculate what the energy generation would have been for this day under ideal conditions. For the exact time frame that we used for testing, with perfect outputs from start to finish the energy generation would be 142 W*hr. On a perfect day of solar testing, it is proven that maximum 4 hours of perfect solar energy is obtained, due to shadings and weather conditions. 
[bookmark: _Toc384908729]Table 11 - Energy comparisons for both panels under ideal conditions
	Energy comparison for ideal conditions

	Ideal Conditions
	8 hours
	142
	W*hr

	
	4 hours
	71
	W*hr

	Overcast
	Flat
	26
	W*hr

	
	Curved
	47
	W*hr

	Sunny
	Flat
	57
	W*hr

	
	Curved
	82
	W*hr



From the data obtained in these calculations, and knowing that 4 hours of full power output is attainable during a day of testing, our results seem accurate, as during the cloudy day of testing, we got about 1 ½ hours’ worth of solar energy for the flat and 2 2/3 hours for the curved. During the sunny day of testing, the flat generated 3.2 hours’ worth of energy, while the curved generated 4.6 hours’ worth. This proves that the curved panel produced more energy during this day than the flat panel is capable of producing during an ideal day of testing.

[bookmark: _Toc384908702]Experimental Results:
[bookmark: _Toc384908703]Overcast:

Two solar panels (flat and curved) of the same surface area were tested side by side for a 12-hour period, where voltage and current were measured every 5 minutes. During the early hours of sunlight, the curved panel clearly absorbed a considerable amount more than the flat, as shown in the figures below. Towards the middle of the day, when the sunlight approached the position directly above, the curved and flat rate of absorption evened out and shown in the convergence in the graphs. As the sun started to go down in the afternoon time, the curved panel once again proved to absorb more sunlight, due to the surface area being more exposed during these hours. The graphs of the voltage and current readings throughout the day are shown below.


[bookmark: _Toc384908786]Figure 45 - Comparison plot of Voltage vs Time for both solar panels


[bookmark: _Toc384908787]Figure 46 - Comparison plot of Current vs Time for both solar panels

Using the data obtained by measuring voltage and current, the power was calculated and plotted using the formula:

Once again, the plot below of power vs. time show the power generated by the curved panel to be greater throughout the day, especially during morning and afternoon times when the sun isn’t directly overhead.

[bookmark: _Toc384908788]Figure 47 - Comparison of generated Power vs Time for both solar panels
By integrating under the power vs. time curve, the energy in Watt-Hours is obtained. Equivalently, the energy can also be calculated by the following formula using the data from the table on our excel file, which contains the power calculation for a time period of every 5 minutes.

Example Calculation:
 

	Table 11 below shows the energy generated by both the flat and curved panels. It was proved that the curved panel generated 75% more energy than the flat panel over the course of one solar day.



[bookmark: _Toc384908730]Table 12 - Experimental Energy for both solar panels
	Energy

	Flat
	Curved
	Units

	26.840
	46.869
	Whr

	0.027
	0.047
	kWhr

	96.626
	168.727
	kJ



The graph below shows the difference in percentage of energy generated throughout the day between the curved and flat panels. The plot shows that during the early hours, the curved panel produced almost 450% more energy than the flat panel. Even though it decreased as the sun rose, it maintained a steady lead until later in the day when it began to rise again. The testing on this day was cut short due to unfavorable weather conditions, but the increase in energy generation later in the day proves that it would have only kept rising as the sun went down.

[bookmark: _Toc384908789]Figure 48 - Percent improvement from the Flat to the Curved solar panel
[bookmark: _Toc384908704]Sunny:

In order to confirm the results from the first day of testing, the panels were tested a second time using the same procedure. Unlike the first day, which was partially cloudy for most of the day, we tested on a day that was considerably sunnier and hence got results that showed an increase in power. Once again, the curved panel proved to absorb more sunlight and produce more power throughout the day, but as the graphs show, the difference between the two panels in the middle of the day was not as great, as this is when the flat panel is at maximum efficiency.

[bookmark: _Toc384908790]Figure 49 - Voltage vs Time for both solar panels on a clear day



[bookmark: _Toc384908791]Figure 50 - Current vs Time for both solar panels on a clear day
As seen in the previous results, the power is once again calculated by multiplying the voltage by the current. The power generated during this day’s testing was greater than the previous day due to favorable weather conditions, thus giving us more sunlight.

[bookmark: _Toc384908792]Figure 51 - Power vs Time for both solar panels on a clear day

Energy is again calculated by integrating below the power vs. time curve. The table below shows the energy generation for the given day, and it was proven that the curved panel once again produced a greater amount of energy, with 45% more energy than the flat.
[bookmark: _Toc384908731]Table 13 - Energy generation for both solar panels on a clear day
	Energy

	Flat
	Curved
	Units

	56.999
	82.423
	Whr

	0.057
	0.082
	kWhr

	205.197
	296.724
	kJ



The graph below shows the percentage improvement of the curved panel to the flat panel. The plot shows a large difference of up to 130% during the early hours of the day, before leveling out at closer to 20% during the middle of the day. Once the sun began to go down, so did the energy generation of the flat panel, which lead to the increase in improvement in the plot below, as the curved panel continued to generate larger amounts of energy.

[bookmark: _Toc384908793]Figure 52 - Percent improvement from flat to curved on a clear day
[bookmark: _Toc384908705]Theoretical Results:

[bookmark: _Toc384908706]Overcast:

In order to confirm our results obtained from testing, we also calculated theoretical values for the energy generation using solar data relevant to the day we performed our experiment. The total energy generated during the day was found by using the formula:
 [32]
E = Energy
A = Total surface area
r = Solar panel yield
H = Annual average irradiation
PR = Performance ratio
After inputting the variables into the formula, the results obtained are as follows:

[bookmark: _Toc384908732]Table 14 - Theoretical Energy for the Flat solar panel
	Flat

	A
	0.116
	m²

	r
	0.143
	%

	H
	1000
	kWh/m² (annually)

	PR
	0.750
	

	E (annual)
	12.455
	kWh (annually)

	E (daily)
	0.034
	kWh



The surface area was calculated by adding together the area of each solar cell: 
A = (3x6) in x 10 = 180 in2 = 0.116 m2
The solar panel yield was obtained from the manufacturer of the solar cells:
r = 14.3%

Using the following chart and adjusting to suit the weather conditions of the testing day, we obtained average solar irradiation:
[image: World Insolation radiation PV Global]
[bookmark: _Toc384908794]Figure 53 - Average solar irradiation for Florida [32]

Performance ratio was calculated using the following factors:


[bookmark: _Toc384908733]Table 15 - Performance ratio for different variables [32]
	Performance Ratio

	Temperature losses (5% to 15%)
	 8%

	Inverter losses (6% to 15 %)
	 8%

	DC cables losses (1 to 3 %)
	 2%

	AC cables losses (1 to 3 %)
	 2%

	Shadings 0 % to 40% (depends of site)
	 3%

	Losses weak irradiation 3% to 7%
	 3%

	Losses due to dust, snow... (2%)
	 2%




[bookmark: _Toc384908734]Table 16 - Theoretical Energy for the Curved solar panel
	Curved

	A
	0.116
	m²

	r
	0.143
	%

	H
	1300
	kWh/m² (annually)

	PR
	0.860
	

	E (annual)
	18.566
	kWh (annually)

	E (daily)
	0.051
	kWh



[bookmark: _Toc384908707]Sunny:

In order to confirm the accuracy of the experimental results, theoretical calculations were performed again for the second day of testing. The energy equation below was used and variables were adjusted to suit according to the solar irradiation data of the day of testing.
 [32]
[bookmark: _Toc384908735]Table 17 - Theoretical energy calculation for the flat panel on a clear day
	Flat

	A
	0.116
	m²

	r
	0.143
	%

	H
	1700
	kWh/m² (annually)

	PR
	0.750
	 

	E (annual)
	21.173
	kWh (annually)

	E (daily)
	0.058
	kWh







[bookmark: _Toc384908736]Table 18 - Theoretical energy calculation for the curved panel on a clear day
	Curved

	A
	0.116
	m²

	r
	0.143
	%

	H
	2200
	kWh/m² (annually)

	PR
	0.860
	 

	E (annual)
	31.419
	kWh (annually)

	E (daily)
	0.086
	kWh



[bookmark: _Toc384908708]Comparison graphs:



[bookmark: _Toc384908795]Figure 54 - Voltage vs Time comparison graph for both a sunny and cloudy day


[bookmark: _Toc384908796]Figure 55 - Current vs Time comparison graph for both a sunny and cloudy day




[bookmark: _Toc384908797]Figure 56 - Power vs Time comparison graph for both a sunny and cloudy day

[bookmark: _Toc384908709]Error Analysis:

[bookmark: _Toc384908710]Overcast:

As shown in the results obtained by testing and theoretical calculations, there is a slight difference in the energy values between the two. With regards to the flat panel, theoretical calculations gave us a total energy generation of 0.034 kWh while results from testing gave us 0.027 kWh. This gives an error of 20%, which is fair due to the unpredictability of the weather conditions during testing.
	For the curved panel, the theoretical energy of 0.051 kWh differed to the experimental energy of 0.047 kWh by an error of 7%. Both errors are relatively low and are due to natural factors such as cloud cover, and shading that may have affected the absorption of sunlight by the solar cells.
[bookmark: _Toc384908737]Table 19 - Error Analysis estimate for the solar panels
	Error

	 
	Flat
	Curved

	Theoretical
	0.034
	0.051

	Experimental
	0.027
	0.047

	Error
	0.206
	0.078

	% Error
	20.588
	7.843













[bookmark: _Toc384908711]Sunny:

In the table below, both the experimental and theoretical results are shown and compared in order to test the accuracy. The results for the flat panel were almost ideal as a minimal error of 1.7% was obtained. For the curved panel, the error was also very low at 4.7%. These small errors are most likely because of cloud cover and unexpected shadings throughout the day, as theoretical calculations are done for ideal conditions and real life conditions can differ.
[bookmark: _Toc384908738]Table 20 - Error analysis estimate for both solar panels on a clear day
	Error

	 
	Flat
	Curved

	Theoretical
	0.058
	0.086

	Experimental
	0.057
	0.082

	Error
	0.017
	0.047

	% Error
	1.724
	4.651


























[bookmark: _Toc384908712]Projected Savings:

In order to calculate how the increase in energy generation can be converted into cost effectiveness, we used data from the Florida Power and Light Company to prove our savings. Firstly, since our panel is relatively small and rated at 18 watts, we scaled our results and converted it to a 100 watt panel to predict what the energy generation would be, thus predicting the savings. We chose to use a 100 watt panel for this calculation because it is the most common solar panel available on the market and therefore most convenient to relate to. The table below shows the energy generation for our 18 Watt panel and the predicted energy generation for the 100-Watt panel.
[bookmark: _Toc384908739]Table 21 - Calculated energy generation for a 100 W panel
	Energy Generation

	 
	Panel
	kWh / day
	kWh / month

	18 Watt Panel
	Flat 
	0.026
	0.78

	
	Curved
	0.047
	1.41

	100 Watt Panel
	Flat 
	0.144
	4.33

	
	Curved
	0.261
	7.83



Once these values were calculated, we then used FPL pricing to estimate the savings when using the curved panel compared to using the flat panel. The average Florida household uses approximately 1000 kWh of energy per month, at a cost of 10 cents per kWh. Using these prices, we compared the savings that are shown in the table below.
[bookmark: _Toc384908740]Table 22 - Predicted savings based on FPL costs
	Cost

	per kWh
	10
	cents

	Flat
	43
	cents

	Curved
	79
	cents

	Savings
	36
	cents

	% Savings
	83.72
	%


As shown above, the flat solar panel would produce 43 cents worth of energy per month, whereas the curved solar panel would produce 79 cents worth of energy per month, generating savings of up to 83%. Even though the figures are small, it is on a relative scale, meaning that if we were to power a house using a series of solar panels, the savings would be much greater and has the potential to completely wipe out electricity costs.
















[bookmark: _Toc384908713]Conclusion:
In the design of the 3-dimensional solar panel, we are trying to increase sunlight absorption and efficiency of the panel. The sunlight is absorbed by the photovoltaic cells, and converted into usable energy. During our initial design, we considered several different geometries for analysis and simulation. There are many geometries that we believe are more efficient than the flat panel, but we focused on the design of a parabolic curve to perform our experiment and confirm our theory of greater absorption and efficiency.
	We believe that our project will have a positive impact on the environment and on society. By implementing solar power into residential and commercial areas, eventually it can become the primary power source, and reduce the dependence on fossil fuels and the negative environmental impacts that come with it. Not only is solar energy clean, but also it is in abundance and comes from an unlimited resource; the sun.
	Between the extensive research, design and manufacturing of the panels, the theoretical calculations and the experimentation, the process was a long and tedious one to prove that our 3-dimensional solar panel was indeed more effective than a basic, flat panel. Testing was done simultaneously with these two panels, and from the data obtained, we proved that our panel generated 75% more energy than the flat panel during a one day testing period.
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[bookmark: _Toc384908716]Appendix A: Sun’s Position Hand Calculations
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[bookmark: _Toc384908717]Appendix B: Power Hand Calculations
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[bookmark: _Toc384908718]Appendix C:
Climate data for Miami, Florida.

[bookmark: _Toc384908741]Table 23 - Average Climate Data for Miami, Florida [17]
	 
	Jan
	Feb
	March
	April
	May
	June

	Average high in °F
	76
	78
	81
	84
	87
	89

	Average low in °F
	60
	60
	64
	68
	72
	75

	Av. precipitation - inch
	1.89
	2.09
	2.56
	3.35
	5.51
	8.54

	Days with precip.
	6
	5
	6
	7
	10
	13

	Hours of sunshine
	222
	227
	266
	275
	280
	251




[bookmark: _Toc384908742]Table 24 - Average Climate Data for Miami, Florida [17]
	Annual average high temperature
	84.2 °F

	Annual average low temperature
	69.1 °F

	Average temperature
	 76.6 °F

	Average annual precipitation
	58.5 in.

	Days per year with precipitation
	128 d.

	Average annual hours of sunshine
	2903 h
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[bookmark: _Toc384908798]Figure 57 - Miami, Florida Climate Chart [17]
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% Improvement	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	392.656875834446	440.90100770598679	258.63808322824713	218.69453192098479	227.78146427781459	183.12879387701241	203.42442061570401	176.33738867221609	328.02408319649697	163.445645263827	131.3910108367383	149.4390173130864	158.5383029022685	159.41043083900229	164.39342480641221	157.910865948691	139.6337055185156	140.99451055815999	202.90010741138559	138.1849315068493	62.666735070798268	49.119318181818151	65.041268177649656	58.806491885143537	54.494937961482833	82.979447200566923	67.531278608483376	67.425200168563009	51.260857383020458	51.426912806223172	44.742555831265499	37.037793667007143	54.191197084384633	54.528817587641093	55.950752393980842	91.119691119691069	53.764207923146429	64.36781609195404	54.352226720647749	61.82082075052088	45.827505827505803	58.756191010185951	59.091021671826638	46.483375959079268	57.268871107683417	51.251045706897848	54.529914529914528	47.002644725242412	63.811861147657083	51.894622879826798	72.240612648221344	54.846845909823656	53.995168853313132	40.50997025986058	56.217176397899259	52.18855218855218	49.785327608736203	60.977555579193648	55.444964871194372	57.687709230033498	57.153811903230597	58.791262611421281	60.573375691740132	51.861924686192438	58.695541271298822	55.390856209817301	59.839171112657532	56.972272819267353	59.334537789822321	55.60781651554089	55.319836045211773	55.611472000410842	53.363493312352453	57.68707482993193	49.447197865040039	59.074166251866593	58.859470468431773	58.892128279883359	63.053049440635149	53.855494839101382	55.523613963039018	57.217372791143298	56.76381035232712	54.455345146652483	66.404788627010817	58.533533533533543	60.207793809347621	55.516171909614549	139.94979079497901	135.49470421079829	170.53558327219369	183.08838967037579	181.38634046890931	173.21945859554481	170.9056712962963	Time
% Improvement
Voltage
Flat	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	3.93	3.95	3.9649999999999999	3.992	4.1099999999999994	4.21	4.13	4.1899999999999986	4.0599999999999996	4.29	4.33	4.22	4.2300000000000004	4.41	4.33	4.2300000000000004	4.22	4.2300000000000004	4.41	4.38	4.43	4.8	4.49	4.5	4.53	4.1499999999999986	4.5199999999999996	4.5199999999999996	4.9800000000000004	4.95	4.96	4.95	4.92	4.95	4.93	4.9000000000000004	4.8899999999999997	5	4.9400000000000004	4.91	4.95	4.92	4.75	4.76	5.0599999999999996	4.87	4.95	4.92	4.8199999999999994	4.8899999999999997	4.5999999999999996	4.6899999999999986	4.91	4.7699999999999987	4.9800000000000004	4.84	4.87	4.76	4.88	4.92	4.93	4.9800000000000004	4.76	4.78	4.84	4.78	4.79	4.88	4.92	5.03	4.8499999999999996	4.93	4.96	4.9000000000000004	4.88	4.9000000000000004	4.91	4.9000000000000004	4.8899999999999997	4.88	4.87	4.88	4.84	4.87	4.8599999999999994	4.8599999999999994	4.7699999999999987	4.88	4.78	4.74	4.3499999999999996	4.33	4.3599999999999994	4.26	4.3199999999999994	Curved	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	4.92	5	5.04	5.0599999999999996	5.1099999999999994	5.17	5.1599999999999993	5.1599999999999993	5.0999999999999996	5.18	5.21	5.21	5.14	5.2	5.26	5.26	5.28	5.23	5.4	5.35	5.42	5.43	5.43	5.39	5.1599999999999993	5.47	5.49	5.48	5.49	5.48	5.49	5.1599999999999993	5.5	5.51	5.51	5.5	5.48	5.5	5.49	5.53	5.52	5.57	5.49	5.53	5.53	5.28	5.28	5.22	5.63	5.49	5.49	5.27	5.33	5.24	5.37	5.28	5.44	5.31	5.4	5.45	5.43	5.59	5.45	5.49	5.41	5.39	5.44	5.54	5.57	5.63	5.39	5.46	5.52	5.49	5.6	5.51	5.46	5.5	5.51	5.43	5.41	5.47	5.44	5.44	5.56	5.43	5.47	5.4	5.31	5.1599999999999993	5.37	5.34	5.3599999999999994	5.26	5.25	Time
Voltage
Current
Flat	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	0.77	0.77	0.79	0.78	0.81	0.77	0.89	0.93	0.96	1	0.98	1.04	1.1100000000000001	1.1200000000000001	1.1200000000000001	1.1499999999999999	1.21	1.1499999999999999	1.21	1.27	1.5	1.43	1.47	1.51	1.53	1.51	1.47	1.52	1.5	1.54	1.7	1.76	1.85	1.86	1.78	1.85	1.86	1.8	1.91	1.9	1.98	1.93	1.94	1.96	1.99	1.97	2	2	2.0499999999999998	2.1	2.1	2	2.1	1.99	1.97	1.92	1.88	1.95	1.87	1.83	1.82	1.87	1.76	1.73	1.7	1.7	1.69	1.74	1.76	1.74	1.65	1.73	1.7	1.7	1.75	1.56	1.52	1.45	1.55	1.36	1.34	1.27	1.4	1.26	1.24	1.22	1.3	1.23	1.22	1.2	1.17	1.17	1.1599999999999999	1.1200000000000001	1.1299999999999999	Curved	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	1.37	1.37	1.4	1.41	1.42	1.3	1.44	1.45	1.46	1.49	1.5	1.45	1.55	1.53	1.52	1.55	1.64	1.67	1.72	1.76	1.69	1.87	1.87	1.89	1.94	1.85	1.96	1.97	2.04	2.2000000000000002	2.1	2.16	2.2000000000000002	2	2.2200000000000002	2.19	2.31	2.2000000000000002	2.27	2.14	2.2200000000000002	2.23	2.2400000000000002	2.27	2.19	2.2999999999999998	2.31	2.3199999999999998	2.34	2.3199999999999998	2.4300000000000002	2.35	2.35	2.21	2.34	2.2999999999999998	2.27	2.25	2.33	2.19	2.11	2.09	2.17	1.99	1.9	1.95	1.97	1.98	1.97	1.96	2	1.95	1.93	1.9	1.9	1.96	1.87	1.85	1.8	1.88	1.84	1.79	1.84	1.89	1.83	1.84	1.87	1.78	1.82	1.84	1.81	1.85	1.83	1.82	1.83	Time
Current
Power
Flat	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	3.0261	3.0415000000000001	3.1323500000000002	3.1137600000000001	3.3290999999999999	3.2416999999999998	3.6757	3.8967000000000001	3.8975999999999988	4.29	4.2434000000000003	4.3887999999999998	4.6952999999999987	4.9391999999999996	4.8495999999999997	4.8644999999999987	5.1061999999999994	4.8644999999999987	5.3361000000000001	5.5625999999999998	6.6449999999999978	6.863999999999999	6.6002999999999998	6.7949999999999999	6.9309000000000003	6.2665000000000006	6.6443999999999983	6.8704000000000001	7.47	7.6229999999999993	8.4320000000000004	8.7119999999999997	9.1020000000000003	9.2070000000000007	8.7753999999999994	9.0649999999999995	9.0953999999999997	9	9.4353999999999996	9.3290000000000006	9.8010000000000002	9.4955999999999996	9.2149999999999999	9.3295999999999992	10.0694	9.5938999999999997	9.9	9.84	9.8810000000000002	10.269	9.66	9.3800000000000008	10.311	9.4923000000000002	9.8106000000000009	9.2927999999999997	9.1555999999999997	9.282	9.1256000000000004	9.0036000000000005	8.9725999999999999	9.3125999999999998	8.3775999999999993	8.2693999999999992	8.2279999999999962	8.1259999999999994	8.0951000000000004	8.4911999999999992	8.6592000000000002	8.7522000000000002	8.0024999999999995	8.5288999999999984	8.4320000000000004	8.33	8.5399999999999991	7.6440000000000001	7.4631999999999996	7.1050000000000004	7.5795000000000003	6.6368	6.5257999999999994	6.1976000000000004	6.7759999999999998	6.1361999999999997	6.0264000000000006	5.9291999999999998	6.2009999999999996	6.0023999999999997	5.8315999999999999	5.6879999999999997	5.0895000000000001	5.0660999999999996	5.0575999999999999	4.7712000000000003	4.8815999999999997	Curved	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	6.7404000000000002	6.85	7.0559999999999983	7.1345999999999981	7.2561999999999998	6.7210000000000001	7.4303999999999997	7.4820000000000002	7.4459999999999997	7.7181999999999986	7.8149999999999977	7.5544999999999991	7.9669999999999996	7.9560000000000004	7.9951999999999996	8.1530000000000005	8.6592000000000002	8.7340999999999962	9.2879999999999985	9.4160000000000021	9.1598000000000024	10.1541	10.1541	10.187099999999999	10.010400000000001	10.1195	10.760400000000001	10.7956	11.1996	12.055999999999999	11.529	11.1456	12.1	11.02	12.232200000000001	12.045	12.658799999999999	12.1	12.462300000000001	11.834199999999999	12.2544	12.421099999999999	12.297599999999999	12.553100000000001	12.1107	12.144	12.1968	12.1104	13.174200000000001	12.736800000000001	13.3407	12.384499999999999	12.525499999999999	11.580399999999999	12.565799999999999	12.144	12.348800000000001	11.9475	12.582000000000001	11.935499999999999	11.4573	11.6831	11.826499999999999	10.9251	10.279	10.5105	10.716799999999999	10.969200000000001	10.972899999999999	11.034800000000001	10.78	10.647	10.653600000000001	10.430999999999999	10.64	10.7996	10.2102	10.175000000000001	9.9179999999999993	10.208399999999999	9.9543999999999997	9.7912999999999961	10.009600000000001	10.281599999999999	10.174799999999999	9.9911999999999992	10.228899999999999	9.6120000000000001	9.6641999999999992	9.4944000000000006	9.7197000000000013	9.8789999999999996	9.8088000000000015	9.5731999999999999	9.6074999999999999	Time
Power
% Improvement	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	122.7421433528304	125.21782015452899	125.26218334477311	129.13133960228151	117.9628127722207	107.3294876145232	102.14925048290119	92.008622680729829	91.040640394088697	79.911421911421897	84.16835556393454	72.131334305504893	69.680318616488762	61.078717201166178	64.863081491256978	67.602014595539089	69.58207669108144	79.547743858567145	74.059706527238987	69.273361377772957	37.844996237772747	47.932692307692299	53.843007136039269	49.920529801324498	44.431459117863483	61.485677810580057	61.946902654867287	57.132044713553817	49.927710843373482	58.152958152958171	36.729127134724862	27.933884297520681	32.937815864645152	19.691539046377731	39.391936549900869	32.873690016547137	39.178046045253652	34.444444444444443	32.080250969752207	26.853896451924111	25.032139577594119	30.80900627659128	33.451980466630481	34.551320528211299	20.272310167437979	26.580431315731879	23.20000000000001	23.0731707317073	33.32861046452787	24.031551270815061	38.102484472049703	32.030916844349662	21.477063330423821	21.997829819959371	28.08390924102499	30.68181818181818	34.8770151601206	28.716871363930181	37.875865696502153	32.563641210182567	27.692084791476258	25.454760217339921	41.168114973262043	32.114784627663411	24.927078269324259	29.344080728525711	32.386258353818967	29.18315432447713	26.719558388765709	26.080299810333379	34.707903780068719	24.83438661492103	26.347248576850081	25.222088835534191	24.590163934426229	41.282051282051263	36.80726765998498	43.209007741027442	30.852958638432611	53.81509161041464	52.539152287842107	57.985349167419649	47.721369539551368	67.556468172484557	68.837116686579023	68.508399109491961	64.955652314142881	60.135945621751297	65.721242883599672	66.919831223628705	90.975537872089618	95.00207260022502	93.941790572603651	100.64553990610329	96.810471976401161	Time
% Improvement
Voltage vs Time
Flat (overcast)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	2.996	3.3740000000000001	3.9649999999999999	3.992	4.1100000000000003	4.21	4.13	4.1900000000000004	4.0599999999999996	4.29	4.33	4.22	4.2300000000000004	4.41	4.33	4.2300000000000004	4.22	4.2300000000000004	4.41	4.38	4.43	4.8	4.49	4.5	4.53	4.1500000000000004	4.5199999999999996	4.5199999999999996	4.9800000000000004	4.95	4.96	4.95	4.92	4.95	4.93	4.9000000000000004	4.8899999999999997	5	4.9400000000000004	4.91	4.95	4.92	4.75	4.76	5.0599999999999996	4.87	4.95	4.92	4.82	4.8899999999999997	4.5999999999999996	4.6900000000000004	4.91	4.7699999999999996	4.9800000000000004	4.84	4.87	4.76	4.88	4.92	4.93	4.9800000000000004	4.76	4.78	4.84	4.78	4.79	4.88	4.92	5.03	4.8499999999999996	4.93	4.96	4.9000000000000004	4.88	4.9000000000000004	4.91	4.9000000000000004	4.8899999999999997	4.88	4.87	4.88	4.84	4.87	4.8600000000000003	4.8600000000000003	4.7699999999999996	4.88	4.78	4.74	4.3499999999999996	4.33	4.3600000000000003	4.26	4.32	Curved (overcast)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	4.92	5	5.04	5.0599999999999996	5.1100000000000003	5.17	5.16	5.16	5.0999999999999996	5.18	5.21	5.21	5.14	5.2	5.26	5.26	5.28	5.23	5.4	5.35	5.42	5.43	5.43	5.39	5.16	5.47	5.49	5.48	5.49	5.48	5.49	5.16	5.5	5.51	5.51	5.5	5.48	5.5	5.49	5.53	5.52	5.57	5.49	5.53	5.53	5.28	5.28	5.22	5.63	5.49	5.49	5.27	5.33	5.24	5.37	5.28	5.44	5.31	5.4	5.45	5.43	5.59	5.45	5.49	5.41	5.39	5.44	5.54	5.57	5.63	5.39	5.46	5.52	5.49	5.6	5.51	5.46	5.5	5.51	5.43	5.41	5.47	5.44	5.44	5.56	5.43	5.47	5.4	5.31	5.16	5.37	5.34	5.36	5.26	5.25	flat (sunny)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	3.2959999999999998	3.7240000000000002	4.3650000000000002	4.2919999999999998	4.46	4.6100000000000003	4.43	4.54	4.46	4.59	4.68	4.62	4.53	4.76	4.7300000000000004	4.53	4.5699999999999994	4.6300000000000008	4.71	4.7299999999999995	4.83	5.0999999999999996	4.84	4.9000000000000004	4.83	4.5	4.92	4.8199999999999994	5.33	5.3500000000000005	5.26	5.3	5.32	5.25	5.2799999999999994	5.3000000000000007	5.1899999999999995	5.35	5.3400000000000007	5.21	5.3	5.32	5.05	5.1099999999999994	5.3599999999999994	5.22	5.25	5.27	5.12	5.2399999999999993	5	4.99	5.26	5.17	5.28	5.1899999999999995	5.2700000000000005	5.0599999999999996	5.2299999999999995	5.32	5.2299999999999995	5.33	5.16	5.08	5.1899999999999995	5.1800000000000006	5.09	5.2299999999999995	5.32	5.33	5.1999999999999993	5.33	5.26	5.25	5.28	5.2	5.26	5.3000000000000007	5.1899999999999995	5.2299999999999995	5.2700000000000005	5.18	5.1899999999999995	5.2700000000000005	5.16	5.21	5.17	5.18	5.13	5.1400000000000006	4.6499999999999995	4.68	4.7600000000000007	4.5599999999999996	4.67	curved (sunny)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	5.22	5.35	5.44	5.3599999999999994	5.46	5.57	5.46	5.51	5.5	5.4799999999999995	5.56	5.61	5.4399999999999995	5.55	5.66	5.56	5.63	5.6300000000000008	5.7	5.6999999999999993	5.82	5.7299999999999995	5.7799999999999994	5.79	5.46	5.8199999999999994	5.8900000000000006	5.78	5.84	5.8800000000000008	5.79	5.51	5.9	5.81	5.8599999999999994	5.9	5.78	5.85	5.8900000000000006	5.83	5.8699999999999992	5.9700000000000006	5.79	5.88	5.83	5.63	5.58	5.5699999999999994	5.93	5.84	5.8900000000000006	5.5699999999999994	5.68	5.6400000000000006	5.67	5.63	5.8400000000000007	5.6099999999999994	5.75	5.8500000000000005	5.7299999999999995	5.9399999999999995	5.8500000000000005	5.79	5.76	5.79	5.74	5.89	5.9700000000000006	5.93	5.7399999999999993	5.86	5.8199999999999994	5.84	6	5.81	5.81	5.9	5.81	5.7799999999999994	5.8100000000000005	5.77	5.79	5.8400000000000007	5.8599999999999994	5.7799999999999994	5.87	5.7	5.6599999999999993	5.5600000000000005	5.67	5.6899999999999995	5.7600000000000007	5.56	5.6	Time Interval
Voltage (Volts)
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Flat (Cloudy)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	0.01	0.2	0.28000000000000003	0.35	0.33	0.36	0.35	0.41	0.27	0.44	0.52	0.49	0.47	0.5	0.51	0.54	0.59	0.59	0.38	0.6	0.88	0.88	0.85	0.89	0.87	0.85	0.87	0.84	0.86	0.87	0.91	0.89	0.87	0.85	0.86	0.74	0.86	0.87	0.9	0.87	0.91	0.87	0.85	0.92	0.82	0.81	0.78	0.83	0.82	0.85	0.88	0.82	0.86	0.86	0.78	0.81	0.88	0.79	0.84	0.85	0.82	0.82	0.82	0.9	0.81	0.82	0.81	0.81	0.81	0.82	0.83	0.79	0.82	0.81	0.86	0.82	0.77	0.77	0.85	0.81	0.8	0.77	0.76	0.81	0.66	0.74	0.68	0.74	0.5	0.49	0.47	0.44	0.45	0.47	0.48	Curved (Cloudy)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	0.03	0.73	0.79	0.88	0.87	0.83	0.85	0.92	0.92	0.96	1	0.99	1	1.1000000000000001	1.1100000000000001	1.1200000000000001	1.1299999999999999	1.1499999999999999	0.94	1.17	1.17	1.1599999999999999	1.1599999999999999	1.18	1.18	1.18	1.2	1.1599999999999999	1.18	1.19	1.19	1.17	1.2	1.18	1.2	1.26	1.18	1.3	1.25	1.25	1.19	1.22	1.17	1.1599999999999999	1.18	1.1299999999999999	1.1299999999999999	1.1499999999999999	1.1499999999999999	1.1499999999999999	1.27	1.1299999999999999	1.22	1.1000000000000001	1.1299999999999999	1.1299999999999999	1.18	1.1399999999999999	1.18	1.21	1.17	1.1599999999999999	1.1499999999999999	1.19	1.1499999999999999	1.1299999999999999	1.1399999999999999	1.1200000000000001	1.1399999999999999	1.1399999999999999	1.1599999999999999	1.1100000000000001	1.1299999999999999	1.1399999999999999	1.1200000000000001	1.1599999999999999	1.1000000000000001	1.0900000000000001	1.23	1.1200000000000001	1.1200000000000001	1.08	1.06	1.1200000000000001	0.96	1.05	0.95	1.04	1.08	1.06	1.03	1.01	1.03	1.04	1.07	Flat (Sunny)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	0.77	0.77	0.79	0.78	0.81	0.77	0.89	0.93	0.96	1	0.98	1.04	1.1100000000000001	1.1200000000000001	1.1200000000000001	1.1499999999999999	1.21	1.1499999999999999	1.21	1.27	1.5	1.43	1.47	1.51	1.53	1.51	1.47	1.52	1.5	1.54	1.7	1.76	1.85	1.86	1.78	1.85	1.86	1.8	1.91	1.9	1.98	1.93	1.94	1.96	1.99	1.97	2	2	2.0499999999999998	2.1	2.1	2	2.1	1.99	1.97	1.92	1.88	1.95	1.87	1.83	1.82	1.87	1.76	1.73	1.7	1.7	1.69	1.74	1.76	1.74	1.65	1.73	1.7	1.7	1.75	1.56	1.52	1.45	1.55	1.36	1.34	1.27	1.4	1.26	1.24	1.22	1.3	1.23	1.22	1.2	1.17	1.17	1.1599999999999999	1.1200000000000001	1.1299999999999999	Curved (Sunny)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	1.37	1.37	1.4	1.41	1.42	1.3	1.44	1.45	1.46	1.49	1.5	1.45	1.55	1.53	1.52	1.55	1.64	1.67	1.72	1.76	1.69	1.87	1.87	1.89	1.94	1.85	1.96	1.97	2.04	2.2000000000000002	2.1	2.16	2.2000000000000002	2	2.2200000000000002	2.19	2.31	2.2000000000000002	2.27	2.14	2.2200000000000002	2.23	2.2400000000000002	2.27	2.19	2.2999999999999998	2.31	2.3199999999999998	2.34	2.3199999999999998	2.4300000000000002	2.35	2.35	2.21	2.34	2.2999999999999998	2.27	2.25	2.33	2.19	2.11	2.09	2.17	1.99	1.9	1.95	1.97	1.98	1.97	1.96	2	1.95	1.93	1.9	1.9	1.96	1.87	1.85	1.8	1.88	1.84	1.79	1.84	1.89	1.83	1.84	1.87	1.78	1.82	1.84	1.81	1.85	1.83	1.82	1.83	Time Interval
Current (Amps)
Power vs Time
Flat (Cloudy)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	2.9960000000000001E-2	0.67480000000000007	1.1102000000000001	1.3972	1.3563000000000001	1.5155999999999998	1.4454999999999998	1.7179	1.0962000000000001	1.8875999999999999	2.2516000000000003	2.0677999999999996	1.9881	2.2050000000000001	2.2082999999999999	2.2842000000000002	2.4897999999999998	2.4957000000000003	1.6758000000000002	2.6279999999999997	3.8983999999999996	4.2240000000000002	3.8165	4.0049999999999999	3.9411	3.5275000000000003	3.9323999999999995	3.7967999999999993	4.2827999999999999	4.3064999999999998	4.5136000000000003	4.4055	4.2804000000000002	4.2075000000000005	4.2397999999999998	3.6260000000000003	4.2054	4.3499999999999996	4.4460000000000006	4.2717000000000001	4.5045000000000002	4.2804000000000002	4.0374999999999996	4.3792	4.1491999999999996	3.9447000000000005	3.8610000000000002	4.0835999999999997	3.9523999999999999	4.1564999999999994	4.048	3.8458000000000001	4.2225999999999999	4.1021999999999998	3.8844000000000003	3.9204000000000003	4.2856000000000005	3.7604000000000002	4.0991999999999997	4.1819999999999995	4.0425999999999993	4.0835999999999997	3.9031999999999996	4.3020000000000005	3.9204000000000003	3.9196	3.8799000000000001	3.9528000000000003	3.9852000000000003	4.1246	4.0254999999999992	3.8946999999999998	4.0671999999999997	3.9690000000000007	4.1967999999999996	4.0179999999999998	3.7807000000000004	3.7730000000000006	4.1564999999999994	3.9528000000000003	3.8960000000000004	3.7576000000000001	3.6783999999999999	3.9447000000000005	3.2076000000000002	3.5964	3.2435999999999998	3.6111999999999997	2.39	2.3226	2.0444999999999998	1.9052	1.9620000000000002	2.0021999999999998	2.0735999999999999	Curved (Cloudy)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	0.14759999999999998	3.65	3.9816000000000003	4.4527999999999999	4.4457000000000004	4.2911000000000001	4.3860000000000001	4.7472000000000003	4.6920000000000002	4.9727999999999994	5.21	5.1578999999999997	5.14	5.7200000000000006	5.8386000000000005	5.8912000000000004	5.9664000000000001	6.0145	5.0759999999999996	6.2594999999999992	6.3413999999999993	6.2987999999999991	6.2987999999999991	6.360199999999999	6.0888	6.4545999999999992	6.5880000000000001	6.3567999999999998	6.4782000000000002	6.5212000000000003	6.5331000000000001	6.0371999999999995	6.6	6.5017999999999994	6.6119999999999992	6.93	6.4664000000000001	7.15	6.8625000000000007	6.9125000000000005	6.5687999999999995	6.7953999999999999	6.4233000000000002	6.4147999999999996	6.5254000000000003	5.9664000000000001	5.9664000000000001	6.0029999999999992	6.474499999999999	6.3134999999999994	6.9723000000000006	5.9550999999999989	6.5026000000000002	5.7640000000000011	6.0680999999999994	5.9664000000000001	6.4192	6.053399999999999	6.3719999999999999	6.5945	6.3530999999999995	6.4843999999999991	6.2675000000000001	6.5331000000000001	6.2214999999999998	6.0906999999999991	6.2016	6.2048000000000005	6.3498000000000001	6.4181999999999997	6.2523999999999988	6.0606000000000009	6.2375999999999987	6.2585999999999995	6.2720000000000002	6.3915999999999995	6.0060000000000002	5.9950000000000001	6.7772999999999994	6.0815999999999999	6.0592000000000006	5.9076000000000004	5.7664000000000009	6.0928000000000013	5.3375999999999992	5.7015000000000002	5.1964999999999995	5.6160000000000005	5.7347999999999999	5.4696000000000007	5.5311000000000003	5.3933999999999997	5.5208000000000004	5.4703999999999997	5.6175000000000006	Flat (Sunny)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	3.0261	3.0415000000000001	3.1323500000000002	3.1137600000000001	3.3291000000000004	3.2417000000000002	3.6757	3.8967000000000005	3.8975999999999993	4.29	4.2434000000000003	4.3887999999999998	4.6953000000000005	4.9392000000000005	4.8496000000000006	4.8645000000000005	5.1061999999999994	4.8645000000000005	5.3361000000000001	5.5625999999999998	6.6449999999999996	6.8639999999999999	6.6002999999999998	6.7949999999999999	6.9309000000000003	6.2665000000000006	6.6443999999999992	6.8703999999999992	7.4700000000000006	7.6230000000000002	8.4320000000000004	8.7119999999999997	9.1020000000000003	9.2070000000000007	8.7753999999999994	9.0650000000000013	9.0953999999999997	9	9.4353999999999996	9.3290000000000006	9.8010000000000002	9.4955999999999996	9.2149999999999999	9.3295999999999992	10.0694	9.5938999999999997	9.9	9.84	9.8810000000000002	10.269	9.66	9.3800000000000008	10.311	9.4922999999999984	9.8106000000000009	9.2927999999999997	9.1555999999999997	9.282	9.1256000000000004	9.0036000000000005	8.9725999999999999	9.3126000000000015	8.3775999999999993	8.269400000000001	8.2279999999999998	8.1259999999999994	8.0951000000000004	8.4911999999999992	8.6592000000000002	8.7522000000000002	8.0024999999999995	8.5289000000000001	8.4320000000000004	8.33	8.5399999999999991	7.644000000000001	7.4632000000000005	7.1050000000000004	7.5794999999999995	6.6368	6.5258000000000003	6.1975999999999996	6.7759999999999998	6.1362000000000005	6.0264000000000006	5.9292000000000007	6.2009999999999996	6.0023999999999997	5.8315999999999999	5.6879999999999997	5.0894999999999992	5.0660999999999996	5.0575999999999999	4.7712000000000003	4.8815999999999997	Curved (Sunny)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	6.7404000000000002	6.8500000000000005	7.0559999999999992	7.1345999999999989	7.2561999999999998	6.7210000000000001	7.4303999999999997	7.4820000000000002	7.4459999999999997	7.7181999999999995	7.8149999999999995	7.5545	7.9669999999999996	7.9560000000000004	7.9951999999999996	8.1530000000000005	8.6592000000000002	8.7340999999999998	9.2880000000000003	9.4159999999999986	9.1597999999999988	10.1541	10.1541	10.187099999999999	10.010400000000001	10.1195	10.760400000000001	10.7956	11.1996	12.056000000000003	11.529000000000002	11.145600000000002	12.100000000000001	11.02	12.232200000000001	12.045	12.658800000000001	12.100000000000001	12.462300000000001	11.834200000000001	12.2544	12.421100000000001	12.297600000000001	12.553100000000001	12.1107	12.144	12.196800000000001	12.110399999999998	13.174199999999999	12.736799999999999	13.340700000000002	12.384499999999999	12.525500000000001	11.580400000000001	12.565799999999999	12.144	12.348800000000001	11.9475	12.582000000000001	11.935499999999999	11.457299999999998	11.6831	11.826499999999999	10.9251	10.279	10.510499999999999	10.716800000000001	10.969200000000001	10.972900000000001	11.034799999999999	10.78	10.647	10.653599999999999	10.430999999999999	10.639999999999999	10.7996	10.2102	10.175000000000001	9.9179999999999993	10.208399999999999	9.9544000000000015	9.7912999999999997	10.009600000000001	10.281600000000001	10.174799999999999	9.9911999999999992	10.228899999999999	9.6120000000000001	9.6641999999999992	9.4944000000000006	9.7197000000000013	9.8789999999999996	9.8088000000000015	9.5731999999999999	9.6074999999999999	Time Interval
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