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Abstract 

The object of this capstone is to analyze and simulate solar tracking systems to              

understand how they make solar energy production more optimal. There will be an analysis              

phase where necessary documentation and research will be discussed. A methodology will then             

be constructed for the project, starting from identifying the importance of solar tracking in              

increasing energy production. There will be also a focus on solar geometry and the use of solar                 

angles to optimize the efficiency of solar panels. This analysis will comprise gathering different              

variables including types of tracking , the positioning of the sun in relation to the location of the                  

tracker, and implementing a tracking algorithm. The components of a single axis tracking unit              

will be defined in order to be able to simulate its behavior on the NVIS 6019. Overall                 

optimization of solar trackers will be emphasized through the study of different techniques and              

available literature. 

 

Keywords: Solar tracking, solar angles, simulation, analysis, …. 
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1. Introduction 

1.1. Overview 

Today, one the main concerns of humans is to provide enough energy to fulfill their  

everyday needs. The transition from fossil fuels and other non-environmentally friendly energy            

sources to renewable clean sources like solar power is beneficial but is not developing fast               

enough. That’s where optimization of energy production comes into play. The purpose of solar              

tracking is to make solar panels absorb more solar radiation and ultimately produce more energy.               

Solar trackers are responsible for inclining the panels automatically to ensure maximum intensity             

of solar rays hitting the panels from sunrise to sunset. This will increase significantly the amount                

of energy produced compared to fixed panels which are only optimal only at certain times of the                 

day.  

The goal of this research is to analyze solar trackers and simulate their behavior on the                

NVIS 6019 which is a training system for the study and demonstration of solar tracking. My                

research will mainly consist of experiments conducted on the NVIS 6019 and reporting results.              

In addition to that, I will discuss different ways to optimize sunlight absorption and therefore               

increase energy production using manipulation of solar angles, positioning of the tracker and             

number of axes. 
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1.2. Methodology 

The main objective of this capstone is to analyze the efficiency of different solar tracker               

by simulating and comparing them on the NVIS 6019. According to the different ways a panel                

can be oriented, solar tracking systems can be divided into two main categories: single-axis and               

dual-axis systems. Single axis solar tracking system can only track the sunlight by rotating              

around a fixed horizontal axis azimuthally moving from east to west over the course of a day,                 

while dual-axis solar tracking system can rotate about two axes. On the system single and dual                

axis trackers can both be simulated in automatic and manual rotation. In addition, if the sunlight                

is not available due to weather reasons, we can also simulate the sun using a halogen lamp.  

 

2. STEEPLE Analysis 

2.1. Societal aspect 

The societal aspect of this project is making the tracker affordable for people to use especially in                 

rural areas. Since the performance of the panels will increase with a tracker, there will be no                 

need to add panels for more energy and therefore the cost will be reduced. Also, solar energy is                  

very environment friendly and can be efficient if used correctly, it can be used as an alternative                 

to fossil fuels as they are getting fewer and can cause pollution. Cities or areas that adopt solar                  

energy to power the buildings would benefit from a much cleaner and healthier energy source,               

which in turn can make the citizens and workers in the area live a healthier life. 
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2.2. Technological aspect 

The technological side of this project is that it tries to enhance solar power production by using 

scientific concepts such as solar geometry. This increases the amount of energy produced 

compared to a fixed solar panel which can be good but does not really reach its full potential. 

Solar trackers make solar panels more efficient and therefore they are considered as a great 

scientific breakthrough. Especially, after the fact that they are used in most solar installations 

nowadays.  

2.3. Economical aspect 

There is no general rule to evaluate the economic efficiency of a solar tracker, as its effectiveness 

varies from location to location and depends on the kind of solar tracker used. However, it is 

well known that the energy produced from a fixed amount of fixed panels can be significantly 

increased using solar tracking. The only drawback is the cost of mounting and making these solar 

trackers fluctuates with the advancement of technology. 

 

2.4. Environmental aspect 

Solar trackers have a deep impact when it comes to reducing pollution since they are used to 

concentrated clean energy from the sun. In addition to that, there are less worries when it comes 

to threatening public health and safety. They are also responsible for cutting carbon emission 

which is the main responsible factor for global warming.  
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2.5. Political aspect 

There are no political implications for this project since it’s purely theoretical and based on 

simulations and experiments. 

2.6. Legal aspect 

There are no legal implications that I am aware of. 

 

2.7. Ethical aspect 

The ethical implications of this project include using the solar tracker according to the legal rules 

and moral regulations (i.e. using it for the common good and not for harm). 

3. Solar angles and geometry 

3.2.    Angle of incidence 

It’s the angle between the solar rays and the panel. Energy production is optimized when 

the angle of incidence is typically 90°.  

We can calculate it using the following formula: 

 

With β being the tilt angle of the panel 

and ϒ s  being the elevation in this case 
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Fig. 1 The angle of incidence 

3.1. Declination angle (δ) 

It is the angle between the sun’s position in relation to the earth’s equator. The earth’s                

axis is typically tilted 23.34° from the plane of the earth’s orbit around the sun and the earth is in                    

its annual path around the sun causes the declination angle to vary from 23.45° north on                

December 21  to 23.45° south on June 21. [1] 

Declination is calculated using the following formula: 

3.45 in  δ = 2 * s 360
365 (284+N )*

 

N = day number, with January 1 being day 1 
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Fig. 2 the change in the declination angle following the orbit of the earth 

3.2. Elevation/altitude angle (α)  

It shows how t high the sun appears in the sky. The angle is measured between the line that                   

passes through the sun and the horizontal plane the observer is standing on. The altitude angle is                 

negative when the sun drops below the horizon (after sunset). An important parameter in the               

design of photovoltaic systems is the maximum elevation angle, that is, the maximum height of               

the sun in the sky at b a particular time of year. [1] 

Elevation angle is calculated as follows: 

0α = 9 − φ − δ  

δ = Elevation angle 

φ = the latitude of the location of interest  
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3.3. Solar azimuth angle (ϒs) 

It is the angle between the south and the line going through the projection of the sun on                  

the ground. A positive solar azimuth angle shows a position east of south,[1] and a negative                

azimuth angle indicates west of south. At solar noon, the sun is always directly south in the                 

northern hemisphere and directly north in the southern hemisphere. [1] 

The formula to o calculate the solar azimuth angle is as follows: 

 

δ = Declination angle               φ = latitude 

HRA = Hour angle                   α = Elevation angle 

 

 

Fig. 3 Azimuth and Altitude/Elevation 
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3.4. Latitude 

It is a point or location is the angle made by the radial line joining the location to the center of 

the earth with the projection of the line on the equatorial plane.[1] The earth’s axis of rotation 

intersects the n earth’s surface at 90° latitude (North Pole) and −90° latitude (South Pole). Any 

location on the surface of the earth then can be defined by the intersection of a longitude angle 

and a latitude angle. [1] 

4. Calculating the sun’s position in Ifrane 

Now that we know the angles used in pinpointing the sun’s location, we can find it at anytime no                   

matter our location. However, calculating the altitude and the azimuth of the sun can be a tedious                 

task when done manually especially while gathering multiple data about the sun’s movement.             

Consequently, e a more efficient way to calculate the sun’s position in real time is needed.  

I used Python to make a program that outputs the azimuth and elevation of the sun from the                  

latitude, longitude, and date.[7] This program uses a similar algorithm to the one used in solar                

trackers since they have to get the sun’s position and they feed it to the motors so it can always                    

have a  maximum angle of incidence. 

The program contains two main function, one that calculates the azimuth and the other calculates               

the elevation. 
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Fig 4. The function getAZ that calculates the azimuth 

The azimuth calculation function (Fig. 4) uses the equations described beforehand to find             

the necessary variables for the azimuth formula (i.e. declination, hour angle, elevation). Then, it              

corrects the hour angle depending on its value. Finally, it returns the azimuth value to the main                 

function so it can be displayed. 
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Fig 5. The function getSEA that calculates the elevation 

 

The elevation calculation function (Fig. *) also uses the equations described and does 

similar tasks as getAZ.  

 
Fig 6. The main function of the program 
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The program takes as inputs the latitude and the longitude, the utc offset (time zone), and the 

date from the user. Then, it feeds them to getAZ and getSEA and finally outputs the azimuth and 

the sun elevation with reliable accuracy. 

 

Fig 7. Example of the program running 

In fig. 7, we input the latitude and longitude of Ifrane during April 22nd, 2019 at 10:00                 

AM. This gives us an azimuth of 102.906° and an elevation angle of 40.176°. While inputting                

the same parameters on PLANETCALC, which is an azimuth and elevation angle calculator, we              

get an azimuth of 103.2° and an elevation angle of 39.92°. 
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Fig 8. Sun position at different times of the day in ifrane 

When calculating the error between the program and PLANETCALC, we find a value of              

0.28% when it comes to the azimuth and 0.64% when it comes to the elevation angle. The error                  

can be explained due to the program having to convert from latitude and longitude to decimal                

angles which can affect the accuracy of the calculations.[5] This means that we can consider our                

program as being reliable when it comes to calculating the sun’s position in real time. 

5. Types of solar tracking 

5.1. Single axis solar tracking 

Like its name suggests, this type of tracking relies solely on one axis which means it has 

one degree of freedom only. Single axis tracking can be basically realized using a stepper motor 

and light dependent resistor (LDR) sensors. Their job is simple: making sure that sun rays make 



19 
 

a right angle with the panels at all times. This simple tracking can increase energy production by 

up to 30 %.[1] 

5.1.1. Horizontal single axis tracker (HSAT) 

These trackers have a horizontally positioned axis with respect to the ground. They rotate 

from east to west around that axis.[1] It was shown that the east west placed solar tracker is less                   

efficient than the north south placement. The tracker is navigated through a small motor/actuator              

related to the lengthy crucial power arm which rotates east to west between rows of panel set up                  

on torque tubes 

5.1.2. Vertical single axis tracker (VSAT)  

The axis of rotation in these trackers is vertical with respect to the ground. The rotation 

typically happens from east to west. The vertical single axis monitoring additionally referred to              

as azimuth tracking is especially used to growth strength manufacturing which could attain an              

performance of 40% greater in comparison to tilted static panels. Vertical single axis trackers              

typically have the face of the unit oriented at an angle with respect to the axis of rotation.  

5.1.3. Tilted single axis tracker 

The tracker with axes of rotation between horizontal and vertical is named as tilted single               

axis tracker. Tracker tilt angles are often set as such to reduce the effect of wind and control the                   

elevated end height. They can be packed without causing any problems such as shading in               

respect to their axis of rotation at any density. However, the packing parallel to their axes of                 

rotation is limited by the tilt angle and the latitude. 
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5.2. Dual axis solar tracking 

Dual axis trackers have two degrees of freedom that act as axes of rotation perpendicular               

to one another. The axis that is fixed with respect to the ground is a primary axis. The orientation                   

of the module with respect to the tracker axis is what matters when is comes to measuring the                  

power production or the performance. Dual axis trackers allow for optimum solar energy levels              

due to their ability to follow the Sun vertically and horizontally. No matter where the sun is in                  

the sky, dual axis trackers are able to angle themselves to be in direct contact with the sun.[1] 

5.2.1. Tip tilt solar trackers (TTADT) 

A tip-tilt dual axis tracker is so-named because of the reality the panel array is set up at                  

the pinnacle of a pole. The array is rotated throughout the pole and acts like a sunflower. The                  

axis that follows the azimuth is fixed to offer flexibility. difficulty layouts with tip–tilt dual axis                

trackers are very bendy. The smooth geometry approach that maintaining the axes of rotation              

parallel to each other is all that is required for appropriately positioning the trackers with respect                

to each different axis. Usually the trackers might need to be placed at quite low density in order                  

to avoid one tracker casting a shadow on others while the sun is low in the sky. Tip-tilt trackers                   

can make up for this tilting in the direction of horizontal to lower solar shading and consequently                 

maximize the overall power being collected.[1] 

5.2.2. Azimuth altitude solar trackers (AADAT) 

The primary axis in this example is likewise referred to as the azimuth axis and is vertical to the                   

ground. They're just like tip-tilt systems in operation, but they range inside the manner the array                
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is circled for day by day tracking. instead of rotating the array across the pinnacle of the pole,                  

AADAT systems can use a large ring installed on the floor with the array established on a series                  

of rollers. the primary advantage of this arrangement is the weight of the array is distributed over                 

a part of the ring, rather than the unmarried loading factor of the pole inside the TTDAT. This                  

lets in AADAT to aid a whole lot large arrays. in contrast to the TTDAT, however, the AADAT                  

gadget cannot be placed nearer collectively than the diameter of the hoop, which can also lessen                

the device density, especially thinking about inter-tracker shading.[1] 

5.3. Other types of solar tracking 

The following diagram shows different tracking techniques and how they relate to each other. 

 

Fig 9. Different solar tracking techniques [1] 
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6. Simulation and Results 

6.1. The NVIS 6019 

The NVIS 6019 is a training system for simulating and demonstrating solar tracking. It uses a                

DC motor to move the panel through the four directions (East,West, North, South) which is               

linked to a microcontroller. In addition to that, it is also equipped with a tilt sensor to keep track                   

of the tilt angles. Phototransistor senses the light and is responsible for calculating a signal that is                 

proportional to the light intensity that falls on the panel. All of these components are linked using                 

a master control interface that is controlled by the user. The NVIS 6019 can simulate single and                 

dual axis trackers depending on the options chosen. The most important aspect that I relied               

heavily on is the single axis tracking since the dual axis feature was defectious. However, I was                 

still able to gather significant data. 

 
Fig 10. The NVIS 6019 system 
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5.2. Single axis tracking vs. Static solar panel 

As I mentioned earlier, solar tracking will make the solar power production more efficient 

and will increase it greatly. Nevertheless, what we are interested in is the characteristic curves of 

the current and voltage for each case in order to study their behaviour. 

5.2.1. Experiments & Calculations 

We start by simulating a solar panel without a tracker by not changing its position at different 

points in time with a variable position light source. The latter is either natural like the sun or is 

accomplished using a halogen lamp. We also link a rheostat to our system in order to test for 

different values of voltage and current. 

The following table summarizes the results found. 

Voltage (V) Current (mA) Power (mW) 

1.76 2.51 4.42 

1.94 3.64 7.06 

1.98 4.45 8.81 

2.11 5.94 12.53 

1.94 5.43 10.53 

Table 1. voltage, current and power data from static solar panel at different time 
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Fig 11. graph for the static solar panel power generation 
 

The same experiment is conducted but this time using the single axis solar tracker to see how the 

power production would differ. 

Voltage (V) Current (mA) Power (mW) 

1.94 3.98 7.72 

1.97 4.76 9.38 

2.04 5.40 11.02 

2.14 6.11 13.08 

2.05 5.87 12.03 

Table 2: voltage, current and power data from solar panel with single axis tracker at different 

time 

The following graph includes the data from table 2 to have a better behaviour visualization of the 

power while controlling the tracker manually. 
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Fig 12. Graph of the power generation for the solar tracker 

 

Juxtaposing both the graphs gives the difference in power during the same 4 hours of the 

day with and without the use of the tracker. 

 

Fig 13. Power difference between static solar panel and with a solar tracker 
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5.2.2. Conclusions 

From this data, we conclude that using a tracker manually on the NVIS 6019 can increase the 

power production compared to static solar panels. It shows that solar tracker is able to receive 

more sunlight.Throughout this paper, we’ve been discussing ways to make solar production as 

optimal as it can get. The most basic way to do so is using mechanical tracking (single or dual 

axis). However, there are other ways to increase energy in by manipulating different components 

of electric generation (current, voltage, conductance,...etc) which brings us to the following 

section. 

6. Further optimization of solar tracking 

6.1. Problematic 

The high cost of photovoltaic generators may justify the addition of auxiliary equipment to better               

manage the available energy. In particular, when it comes to the current-voltage characteristic of              

the generator (which depends on the conditions of light, temperature, and age), there is an               

operating point where the power output is maximum. Optimization is to achieve this point              

continuously by acting automatically on the load seen by the generator [3]. This load adaptation,               

whose principle is now conventional, is usually performed using a static converter which energy              

losses should be as low as possible and which can, moreover, provide a formatting of an output                 

quantity (AC-DC or DC-DC conversion). That’s where the maximum power point tracking            

comes into play. 
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6.2. The Maximum Power Point Tracking (MPPT) 

Maximum Power Point Tracking (MPPT) is a principle that follows, as its name suggests, the               

maximum power point of a nonlinear electrical generator. This means that for the same lighting,               

the delivered power will be different according to the load [4]. A MPPT controller thus makes it                 

possible to control the static converter connecting the load (a battery for example) and the               

photovoltaic panel so as to permanently provide maximum power to the load at every moment,               

thus making mechanical solar tracking more optimal.  

 

Fig 14. I-V curve of solar cell in varying sunlight 

In different conditions, the curve relating the current to the voltage always contains a point               

where it’s at maximum power output. These values are typically at the “knee” of the curve (Fig.                 



28 
 

13). The MPPT search algorithm can be more or less complex depending on the type of location                 

chosen and the desired performance [5]. However in the end, all the powerful algorithms must               

play on the variation of the duty cycle of the associated power converter. 

7. Conclusion and future work 

Throughout this research, I’ve been looking through ways to optimize energy production by solar              

panels using solar tracking. However, I’ve been only able to do experiments using single axis               

tracking due to faulty equipment. In addition to that, I emphasized on the importance of solar                

geometry and its accuracy when it comes to knowing the position of the sun. A Python code was                  

implemented to take as inputs the latitude and the longitude with the date and outputs the                

altitude and azimuth which are the defining variables of the sun. Furthermore, I also discussed               

further ways to optimize mechanical tracking by manipulating electrical variables (i.e. Maximum            

Power Point Tracking). The main constraint that I faced is the fact that the weather in Ifrane is                  

unpredictable which made it hard for me to conduct experiment using natural sunlight.  
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