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ABSTRACT
The ever-increasing use of renewable energy technology now accounts for the largest growth in new energy production worldwide and renewable technologies, such as solar and wind, are now cheaper than fossil fuel technologies in the production of electricity. This trend indicates public acceptance that renewable energy technologies are going to be the energy sources of the future.
Solar Photovoltaic (PV) is now the fastest growing renewable power source worldwide. Solar PV panels work by absorbing sunlight via their photovoltaic cells and generating direct current (DC). Most solar panels are not working at their optimum efficiency as they are positioned at a fixed angle to the sun. The efficiency can be increased by moving the panel throughout the day so that it is aligned to face the sun. To prove that Solar PV panels can be more efficient when better aligned to face the sun, this project develops an automatic solar tracking system to keep solar panels aligned with the sun to maximise power. The automatic solar tracking system can sense where the highest light intensity is and align the Solar PV panel via an electric motor. The highest light intensity is detected via the difference in resistance levels of two Light Dependant Resistors (LDRs) that are placed apart on a solar panel.
The light intensity signals from the two LDRs are used to calculate the required directional adjustment of the panel. The calculations are performed by a microcontroller. From the magnitude and “sign” of the light intensity calculation, the microcontroller is able to calculate the magnitude and polarity of the control signal that will cause the alignment motor to turn the panel in the direction of the sun.
The Solar PV panel tracking system has been tested against an identical fixed solar PV panel under test conditions and is shown to be nearly 40% more efficient than a fixed panel.   








[bookmark: _Toc39487940]CHAPTER 1 - INTRODUCTION
[bookmark: _Toc39487941]1.1 Project Background
The rise in Solar Photovoltaic energy to generate electricity has increased over the last decade at an unprecedented rate. Factors such as high oil prices, public awareness on environmental issues and government policies have taken what was once viewed as an expensive and low yielding technology and transformed it into the fastest growing energy source around the world. Many studies predict this to continue as Solar Photovoltaic is now viewed as a feasible alternative over fossil fuels.  With the growing concerns of Western governments about environmental issues, there has been a move away from the traditional fossil fuel generated power model to a model where renewable power is the fastest growing sector of their national power generation. With government policy prompting tenders for green energy projects, growing interest in the far-reaching potential of Solar Photovoltaic energy systems has never been more popular as it is at present. The revived interest is driven by factors such as people wanting clean energy, as well as the renewable technologies becoming more affordable and efficient.  
Most Solar Photovoltaic systems around the world have Solar Photovoltaic panels that are mounted on solid structures such as roofs or on frames in open areas to face the sun, and most panels are attached in a fixed position. This approach is not the best method to maximise their power generating potential as the sun light is not always perpendicular to the panel to allow the highest concentration of light to reach it due to the position of the sun changing throughout the day.
Firstly, this project sets out to prove that Solar Photovoltaic systems can operate closer to their maximum power output efficiency when they are aligned with the sun. One such system that is commonly used to do this is called a solar tracker. Solar trackers can position their payload to face the sun.
This project proposes to design and build a Solar Photovoltaic sun tracking system that can control the movement of a solar voltaic panel to maximise the power output by keeping it closely aligned to the sun. The sun tracking system will use a microcontroller to determine the sun’s position, by using the values of two independent light sensor inputs. Software will be written on to the microcontroller so that it can calculate from the inputs the best angle of alignment and instruct an electric geared motor with output signals to provide adjustments to the positioning of the panels.    
Secondly, by means of experimenting with a working solar tracking system, data will be produced that confirms that solar tracking systems produce more power output compared to an equivalent static system controlled to maximise the power output potential of solar PV panels compared to an equivalent static system. There are three main aims that the project should meet.

[bookmark: _Toc39487942]1.2 Aims
· Design and build a working Solar Photovoltaic (PV) sun tracking system that is controlled by a microcontroller.
· Collect, analyse, and evaluate the performance of photovoltaic cells with and without solar tracking.
· Research various sun tracking technologies
[bookmark: _Toc39487943]1.3 Objectives
· Design and build a single axis automated solar tracking that is controlled by a microprocessor.
· Prove with data generated from the tracking system that the tracking PV systems can be more efficient than a fixed PV system.
This report is split into chapters. Chapter two is the literature review and will discuss renewable energy, different ways to utilise solar energy, Photovoltaic cells, improving efficiency of PV cells, solar tracking systems, solar PV tracking components and integrated circuit microcontrollers. Chapter three concerns the research methodology. Saunders’ Research Onion will be used to facilitate this. Chapter four describes the project design and implementation. This chapter will describe the general design concept of the micro controlled solar PV tracking system followed by the system diagram, schematic, the build, and printed circuit board (PCB) design.  

[bookmark: _Toc39487944]1.4 PROJECT PLANNING

This project is a considerable undertaking, from the inception of the initial project proposal, investigations into existing literature relevant to the proposal, and finally to the design and implementation of a solution, all within a timed deadline. For this reason, comprehensive project planning is essential to guide the project through all its phases and bring it to a successful outcome.
During this project, several tasks may be active at any one time.  It is, therefore, essential to the success of the project that each individual task is completed on schedule. To manage what needs to be done throughout the project, it is necessary to visualise all the tasks and their interdependencies from the outset so that the critical dates of each are clearly scheduled and monitored.
For this project, a Gantt chart will be used to plan and schedule the project. The reason a Gantt chart is being used is because the information for each stage of the project can be visually displayed against a timeline. This feature helps to manage tasks by highlighting tasks that are falling behind schedule and appropriate actions, such as redirecting resources or a change in approach, can be put in to affect. When starting the Gantt chart all the tasks entailed in the project will be listed and a time frame set for each task. This helps to establish a critical path for completion as well as estimated time frames.
The project has been broken down into the following headings as a work break down structure, listing and explaining all the areas that need to be delivered and activities that must be carried out to complete the project.

· Project Proposal - Think of an idea that has good reason and wide enough scope to be taken forward to form a major project that demonstrates knowledge and skills in the field of Electrical and Electronic Engineering that can be completed within the time frame.
· Project Planning (Gantt Chart) – List all the topics and objectives that the project will need to go through and put them in a Gantt chart to be used as visual aid to controlling the progress of work.
· Literature Review – Identify what has been done in previous studies and identify gaps in knowledge that the project can answer or confirm.  
· Design Schematic – Design the project using a computer program that can simulate electronic circuits.
· Select Components – While designing the circuit on a computer, choose and order the appropriate components that will be use in the design based on factors such as availably and cost.
· Coding Phase – State the problem, put forward a solution, design a flow chart, write the code.
· Debug & Testing – Test and debug the written code.
· Bill of Materials – List from the design a bill of materials (BOM).
· Parts Procurement for Prototype – Source and order all required components and materials
· Building prototype – Construct a working functional prototype
· Programming microcontroller – Transfer project code on to microcontroller.
· Testing – Test the system and carry out tuning, reprogramming until it meets requirements.
· Implementation – Carry out experiment and produce data from the system.
· Evaluation – Assess the project against the objective and what other research has been done.


[image: ]
[bookmark: _Toc39487993]Figure 1 Showing a Gantt chart that will be used in the project.
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This section firstly aims to provide an overview into the topics required to fully understand the complex technologies involved in the project. Secondly this section aims to discuss what research has been carried out around solar tracker and the results that have been found. In this literature review the following areas will be covered.
· Where Solar Power Began
· Efficiency of Solar Trackers compared to static solar systems
· Sun Tracking
· Types of Solar Trackers
· Efficiency of a single axis vs duel axis solar tracker
· Renewable Energy
· Different ways of utilizing solar energy for power generation
· Photovoltaic (PV) cells
· Solar tracking components
[bookmark: _Toc39487946]2.1 Where Solar Power Began.
Solar voltaic cells have a history dating back to 1883 when Charles Fritts made the first solar cell out of Gold and Selenium. The big advancement came in 1954 when scientists at Bell Laboratories built and demonstrated that solar cells designed around P-N junctions on signal silicon crystal had 5-6% efficiency [1]. 
Since then research and development has continued to make solar voltaic cells more efficient in order to improve the power they can harness from the sun. The solar radiation flux in hottest regions on Earth will sometimes reach 1KW/M, this is one reason solar energy has historically been dismissed for technology utilization especially in colder regions. One of the best ways to rectify this problem and optimise the solar cells efficiency is positioning the cells that are laid out on a panel to be directly facing the sun, this will provide the cells with maximum intensity of solar radiation flux levels from the sun. A common device that can move the solar panels is called a solar tracker.  Since the nineteen fifties Solar tracking systems have been designed to and implemented into PV systems to ameliorate the power collected by the panels increasing the power output by 10-100% depending on time and geographical conditions [1]. 
Many sun tracking systems have been invented. However only three types are widely used. They can be classified as follows: passive, microcontroller and electro-optically controlled [1].  The passive system uses the expansion of different gases in containers warmed by the sun's rays, that causes causing the containers to move in a certain direction. The second type, controlled by a microprocessor, calculates the sun's position at the current time. Using sensors and sometimes local area data, motors then adjust the panel according to the microcontroller's output command. The third type uses a differential amplifier to compare the outputs of two sets of light detectors (the resistance of Light Dependent Resistors (LDR) for example) such that when these are equal the panel is pointing in the direction of the sun. The output of the amplifier provides the input to the motor control circuit that determines the motion of the panel.
Many of the solar tracker systems use additional sensors. This adds extra cost and complexity to the tracking system. There is a method that uses only the solar cell or panel itself as an input, the input from the solar cell of the panel is the power output of the cell or panel. This method limits the information and measurements available to detect the sun and uses the output power of the PV panel as the parameter. This system uses trial and error algorithm to find angle by taking power output readings from the panel at various angles, using them to calculate where the highest output should be, then adjusting its angle to that optimum. The process is then repeated to get a more accurate position until the power output is maximized.
[bookmark: _Toc39487947]2.2 Efficiency of Solar Trackers compared to static solar systems
There have been many studies that have compared the efficiency of solar tracking systems against equivalent static systems [2]. These studies set out to maximise the performance of PV systems. One study used a method that tracks the maximum power angle of the PV system and a solar tracking method that PV panel surfaces perpendicular to the sun. It was found that globally solar tracking greatly enhances the PV systems performance by 10-75% when compared to static PV systems [2]. ‘’Studies  state that Solar irradiance (W/m) is a measure of the amount of sunlight that falls on a surface and it the most crucial factor in determining the performance of a PV system’’ [2]. These studies prove that the solar energy captured by the PV system is directly proportional to the solar irradiance that they receive [2]. The performance of Solar tracking systems differs from country to country due to geographical location and conditions such as climate landscape. Also, the efficiency of the tracking systems varies throughout the year. Summer has the greatest increase in performance, with all other seasons having only marginal or average increases in performance [2]. 
[image: Fig. 1. Efficiency of solar tracker works reported around the world]
[bookmark: _Toc39487994]Figure 2 Map showing varying efficiency of solar tracking throughout the world [2].

[bookmark: _Toc39487948]2.3 Sun Tracking
The sun moves throughout the day from east to west, it also rises and sets throughout the day. The height at which the sun rises in the day varies throughout the year, with summer being the time it rises to its highest point and winter its lowest.
[image: ]
[bookmark: _Toc39487995]Figure 3 showing the path of the sun throughout the day [3].
The sun’s position throughout the day is broken down in to two different angles: The Zenith and the Azimuth angles. The sun’s Zenith angle starts at 0ᵒ at sunrise then increases until midday when it reaches its maximum angle. From there on it decreases back to 0°at sun set.
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2

[bookmark: _Toc39487996][image: Solar Zenith Orientation]Figure 4 Showing Zenith angle.
The Zenith refers to the angle looking up to the sun with reference from the horizontal ground. It is 0ᵒ on the ground and 90ᵒ when directly above [3].




[image: Solar Azimuth Orientation]
The Azimuth angle is the compass direction from where the sun is at. At noon, the sun is directly south in the northern hemisphere and north in the southern hemisphere. In the morning, the sun starts at -90ᵒ then noon it is at 0ᵒ then sunset +90ᵒ [3].

[bookmark: _Toc39487997]Figure 5 Showing the Azimuth angle.

[bookmark: _Toc39487949]2.4 Types of solar trackers
Solar trackers can be categorized first by its means of actuation. They can be manually, passively, or actively controlled. 
Manually involves person or personnel going around manually adjusting the solar tracker as the sun rises and falls and moves from east to west throughout the day. This type of tracker is costly as it is only used in developing countries where labour is cheap. 
Passive trackers use a liquid with a low boiling point which evaporates when exposed to the sun. By using two cylinders with the liquid in and placing them either side of the tracker, when one cylinder is heated by the sun it causes an imbalance which makes the tracker cylinder expand on one side and the panel leans towards the direction of the suns rise. This type has the advantages of having few moving parts compared with active solar trackers making it cheap and efficient. This tracker is not exactly accurate due to temperature variations and when the sun is obscured behind clouds.
[image: See the source image]
Picture 1 Passive design for a single axis solar tracker [4].

Active solar trackers use hydraulic or electrical actuators, to change the position of the tracker but the positioning of the panels is determined by various controlled systems. The control unit executes the tracking algorithm and coordinates the adjustment in the movement of the tracking system. The units can be microcontrollers or programmable logic controllers.
Real-time light intensity algorithm: this method uses the light intensity signal from light sensors to calculate, via a computer program or electronic circuit, the direction of the highest level of sunlight is and moves the panels to orientate it in that direction. This method does not work well in cloudy conditions, requires constant hunting for the strongest signal.
Solar Position algorithm (SPA): The sun’s zenith angle and azimuth position in the sky for any area in the world can be predicted by using (SPA) algorithm. By using this method, the panels are orientated via a pre-determined or estimated position based on the panel’s location in the world and the time and date.  The system is particularly good when the sky is cloudy as its control system is not reliant on the sun’s, or any other natural parameter, for positioning as the control system for positioning is all predetermined.

[image: See the source image]           [image: See the source image]
Picture 2 Showing duel axis trackers  [5].		Picture 3 A single axis tracker. [6] .
The second means of categorizing solar trackers is by their axis of rotation: single and duel axis which can be horizontal, vertical or duel tracking systems.

Horizontal single axis solar trackers will track the sun as it rises and falls in the sky. It will move on a north to south axis of rotation. They are used in location with latitude closer to the equator; they are the most widely use trackers when it comes to commercial applications.
[image: See the source image]
Picture 4 single axis horizontal type tracker  [7].

 

Vertical single axis solar trackers track the sun as it moves from east to west. These trackers are more commonly used in the higher and lower latitudes regions of the globe. 
[image: See the source image]
Picture 5 single axis vertical type tracker [7].

Duel axis solar trackers can move with 2 degrees of freedom, combining the horizontal and vertical trackers in one, resulting in a tracker that can track the sun on an east to west axis and a north to south axis.

[image: Dual-axis solar tracker - solar-tracking.com]
Picture 6 duel axis tracker [7]
[bookmark: _Toc39487950]2.5 Efficiency of a single axis vs duel axis solar tracker.
There have been studies that have carries out to compare the performance of single and duel axis trackers by comparing the power outputs throughout the day [8]. The study compared a single axis tracker on a horizontal axis that has an east to west rotation with a duel axis tracker and a fixed mount system. The results concluded that when comparing a single axis tracking system against a fixed system the power output is 13% more for the single axis system [8]. The power output from the duel axis tracker was 25% greater than the fixed mount system [8].

[bookmark: _Toc39487951]2.6 Renewable Energy.
Renewable energy technologies are the fastest growing energy sources in the energy sector, solar energy especially, as it has been the fastest growing source of energy in the world since 2016. [9] ‘’Solar has accounted for two thirds of new power added to the worlds grids’’. [9] This trend is set to continue; within the next two years solar PV capacity will be higher than any other renewable technology up to 2022. The capacity for solar forecast has been revised upwards annually.   
 [image: ]
[bookmark: _Toc39487998]Figure 6 International growth in Gigawatts and Predicted growth of renewable energy. [9]
The expansion of renewables, internationally, is dominated mainly by China who have the largest expansion. Figure 6 shows China has accounted for almost half the solar PV installed. Driving this is their government policy together with the falling cost of PV manufacture. India’s solar progress has been somewhat bottlenecked by issues integrating solar to their grid. However, India is set to double by 2022 overtaking growth in the EU [9]. The US renewable energy market is still the fastest growing, but uncertainty with political policy over a promised revival of their coal power energy makes it hard to predict an accurate future.   
[image: ]
[bookmark: _Toc39487999]Figure 7 showing growth and predicted growth of renewable power capacity in gigawatts of various nations and continents [9].

It can be seen in Figure 7 that this trend in renewable energy, being the fastest growing source of new energy in internationally, is also mirrored in the UK. The rise in the production of renewable energy sources in the UK has made renewables the fastest growing energy source in the UK making up 38.9% of the UK electricity generation. 
[image: ]
[bookmark: _Toc39488000]Figure 8 showing renewable sources share of electricity generation in the UK for Q3 2018 and 2019 [10] .
The latest figures show that by the end of Q3 2019, the UKs capacity was 46.9GW up 7.2%(3.2GW) from the previous year; wind energy accounted for the majority of (1.7GW) the total increase.
[image: ]
[bookmark: _Toc39488001]Figure 9 showing the UKs renewable electricity capacity in each quarter from 2016, up to Q3 2019. 


[image: ]
[bookmark: _Toc39488002]Figure 10 the UKs electrical generating capacity levels (GW) from renewable energy from 2000 up to 2018..

The UK renewables generated 38.9% in its last quarter Q3 2019, and is a sizable amount of the UKs total of 73.9TWh for that quarter up 6% from previous year. [11] 

[image: ]
[bookmark: _Toc39488003]Figure 11 the UKs renewable electricity generation in each quarter from 2016, up to Q3 2019.

[image: ]
[bookmark: _Toc39488004]Figure 12 UKs total yearly electricity generation totals from 2000 upto and including 2018.


The rise in renewable energy generating capacity can be contributed to a combination of factors: a large factor is that Government policy has changed from the traditional fossil fuel generated power model to a model where renewable power and cleaner lower carbon schemes and projects are actively promoted through Government climate change polices. Secondly, Government policies that have contributed are The Renewable obligation (RO) and the Feed in Tarif (FiT)schemes. The RO requires suppliers to source energy from renewable energy sources and this supports large renewable energy installations. The FiT scheme guaranteed that electricity customers that produced their own renewable energy would be paid a set price for the energy that they produced and provided back to the grid. The FIT scheme was aimed at small scale renewable and low carbon electricity projects within 5MW capacity. The FIT supported a range of renewable technologies such as wind, solar and hydro, with different tariffs depending on the various generating cost of the individual technology.  This Government Feed in Tariff policy contributed in a huge uptake in domestic and commercial renewable systems; when it ended in April 2019, there were 980,000 installed and eligible for the FiT scheme [11]. Of the 980,00 renewable installations eligible, 99% were solar PV installations producing 81% of the energy generating capacity [11]. Half of the installations are sub 4KW systems with 2,596W accounting for 49% in 2019 Q1, indicating that domestic homes are accounting for half [11].The FiT scheme ended as of March 2019 but existing installations will continue support for the next 25 years. The FiT scheme has been replaced by the Smart Export guarantee that offers small scale, low carbon generators payments for every KW they export to the grid [12]. There are now an estimated 800,000 homes that have solar PV electricity panels [13].


Internationally the most important renewable energy source is solar energy, which is why solar energy has been chosen for this project.
[bookmark: _Toc39487952]2.7 Different ways of utilizing solar energy for power generation
The sun has a seemingly endless supply of energy; the energy it provides in the form of heat and light has produced technologies to harness this energy. The two technologies that are used to generate electricity from the sun are Concentrated Solar Power (CSP) and Photovoltaic (PV). These two technologies are both quite different in their approach and offer different advantages and disadvantages.
 Types of Solar Energy Production: 
Concentrated Solar Power (CSP) produces electricity by using a thermal approach, converting the suns light into heat, by using mirrors angled in a configuration to reflect the sun’s rays into a concentrated area that becomes highly heated. The effect of the highly heated area is then used to drive a heat engine that in turn drives an electrical generator. The AC electrical energy it produces is fed straight to the grid. This is an indirect way of producing electricity [14].
[image: ]
Picture 7 showing the how cocentrated solar poer workes [15].


Photovoltaic (PV) produces electricity by using the quantum approach, using large per-photons of solar radiation to excite electrons in photovoltaic cells. The solar PV cells absorb the suns light that excite electrons until they become loose and produce a current; this current is harvested as a direct current. The DC current requires converting to AC via invertor before it can be fed to the grid; this is a direct approach as the reaction produces electricity [16].

[image: How do solar panels work]
Picture 8 showing the how Solar PV cells produce current.
Energy Storage
A main advantage of CSP is its ability to store energy; this is achieved by storing energy as heat (thermal storage) and this helps to provide energy when required or at night. The energy storage ability of CSP helps with grid integration by supplying energy on demand and reducing the irregularities associated with solar energy, making it more flexible. The storage of energy in a PV system requires a chemical battery; this is an expensive technology. Used domestically it is feasible, however, large scale grid power level electricity is far more expensive that thermal storage and is, therefore unfeasible at grid level.
Future
The future investment in each of the solar technologies will be based on the cost of energy, how much cost is incurred based on the levelized cost of electricity, and also, the cost of ancillary services and power dispatch-ability on demand. CPS was once seen as the technology that achieved the best balance in all three factors. However, due to a fall in production costs and retail price of PV panels, investors have turned towards PV systems; this trend will continue as long as PV prices decline.  

	Concentrated solar Power CSP

	Pros
	Efficiency is higher
Can store energy as heat.
Stored energy can be released on cloudy times or at night.

	Cons
	Large scale power systems, area, requirements of subsystems, not for commercial use
Direct sunlight required, non-cloudy
High capital cost

	Photovoltaic 
 

	Pros
	Large- and small-scale systems
Price of PV Panels continues to fall


	Cons
	Low efficiency
High cost to store energy.


[bookmark: _Toc39488184]Table 1 Listing the Pros and Cons of the two Solar technologies.
Solar PV Bright future
The reasons for focusing on PV cells in this report are that they are widely used and can be built on a small domestic scale, whereas CSP require large industrial and high complexity. Over the last 40 years the price of solar panels has dropped by 99%. [17] Government policy helped to grow the market and the advances in technology allow increased efficiency in amount of power generated from the sunlight. The fall in cost of PV is not solely down to these two factors, there have been many other reasons such as: 
· The rising popularity. The public are increasingly more in favour of renewable energy, such as solar. As the market increases, there is more capital available for research and development into improving and lowering future cost in the design, effectiveness and production of solar panels.
· The advances in solar panel efficiency has opened markets in regions where solar was once though ineffective or not worth the investment due to low levels of sun. This has broadened the market further.
· With large business adopting solar panels to their outlets, this acts as social influencer to other businesses to do the same. Studied show that companies are more influenced by other companies adopting solar than by households [18].
· The materials used in the production of solar PV has come down; this has been attributed to the rise in demand and increase in resource allocation for the materials used in PV systems.
· The soft cost associated with a domestic solar system or a commercial system that include all the non-hardware costs such as permits, installation and financing have come down with investment in training and reduced red tape for projects with government fast-tracking renewable projects and with interest-free loans up to £17,500 in some parts of the UK. [19].


[bookmark: _Toc39487953]2.7 Photovoltaic (PV) cells

Photovoltaic Cells are specific semiconductor diodes. They can produce electrical energy from visible light. A Photovoltaic cell directly converts sunlight to DC electricity. Multiple cells are grouped in a frame to create a module. The modules can be combined in groups to provide more power called arrays.
[image: https://www.solar-energy-at-home.com/images/solar_cell_module_array.gif]
Picture 9
[bookmark: _Toc39487954]2.7.1 How they are made
Solar PV cells are made from silicone, this material is not found in a pure form, It is mixed in with various rocks. The most popular material used to produce silicone is sand. The way to produce silicone from sand requires a varied treatment process that removes impurities before it can be used.  The process starts by adding carbon to the sand and heating it to over 2000°C to remove the oxygen; this purifies it to metallurgical-grade silicon 99% pure. The metallurgical grade silicon still contains 1% of impurities and solar power production requires a purity level of 99.999999%. The metallurgical -grade silicon is further purified in a second purification process called the Siemens process that involves turning the silicon in to a gas and mixing it with either silane or trichlorosilane then in a distillation process takes place in a vacuum chamber where the deposition of silicon from the other gases takes place over many hours finally depositing onto rods as polysilicon SiOx . The solar grade polysilicon SiOx is either bagged in fragments or shaped by melting then pouring into ingots. Silicon wafers are made by fine cutting of the pored ingots [20]. 
[image: See the source image] [21]   [image: See the source image] [22]
Picture 10 showing metallurgical-grade silicon 99% pure.              Picture 11 showing polysilicon silicon 99.99999% pure.
Three different types of wafers are cut from the ingots: 
· Monocrystalline: these are extremely thin slices cut from an ingot with a single crystal structure that is a uniform crystal of silicon.
· Polycrystalline: These are cut from a cubed shaped ingot that is made of multiple crystal structures. Polycrystalline is considered more efficient than Monocrystalline.
· Silicon ribbons: These are thin sheets of Polycrystalline that are flexible.
The pure silicon wafers will not conduct electricity at this point because silicon has a low electrical conductivity level. This is due to the silicon atom having 4 valance electrons in its outer shell that bond tightly with other silicon atoms in a Christal lattice structure.

[image: ] 
Picture 12 Silicon Atom
[image: ] 
Picture 13 Showing silicon atoms bonded togeather.
								

Sun light energy can move electrons from this lattice structure but would require a high level of sun light and few electrons would move. A process called doping is used to integrate impurities into the lattice structure that raise Silicon’s conductivity level by increasing the amount of charge carriers that in turn allows energy to pass more freely. There are two types of doping, N type and P type. The type of doping depends on number of electrons in the dopants outer shell. 
N-type doping is when a material that has 5 electrons in its outer shell is integrated into the silicon lattice structure. Doping silicon this way will produces a lattice structure that will share an extra outer electron than the silicon, this extra electron will be the charge carrier. This is because the extra electron is weekly bonded in the lattice and requires little energy to move the lattice freely. This type of doping where the dopant material has an extra electron is referred to as an electron donor. 
P-type doping is when a material with 3 valent electrons in its outer shell is integrated to the silicon’s lattice structure. This is the opposite to N-type resulting in the P-type material attracting an electron from the silicon valance resulting in the silicon valance having a hole in its valance band, the hole can be treated as if can move freely on its own in the lattice. This type of doping is called acceptor. 
[image: ]
Picture 14 showing the comparison of lattice structure of silicon after n or P type impurities have been added.
When N-type and P-type are placed close the free N-type electrons move to fill the holes in the P-type allowing for increased current to flow. By doping silicon with impurities, a defined modification of the silicon can be achieved, and the silicon’s conductivity can be increased by a factor of 1000,000.  
The Doping Process:
[bookmark: _Hlk32765720]P-Type process takes the polysilicon SiOx usually in fragmented form and placed in a crucible. A vial of dopant is then added and melted in an oven. Close regulation of the cooling ensures unwanted substances are removed.
N-Type involves a diffusion process, where individual polysilicon SiOx wafers have a dopant coat applied to the surface and are then placed in an oven at up to 900⁰C causing the applied dopant to diffuse on one side of the cell. The depth of the diffused dopant is very shallow only approximately 100nM deep.
The two most common materials that are used for doping PV cells are phosphorus for N-type (5 valence/5 valent) and boron for p-type (3 valence/3 valent). Polysilicon SiOx is an intrinsic semiconductor (pure) as it has the properties of both insulator and conductor. After doping, the Polysilicon SiOx can pass energy more freely resulting in the silicon’s conducting property increasing. It then becomes an extrinsic semiconductor. The silicon’s conductivity is proportional to the amount of dopants added. Both N-type and P-type will cause the conductivity to increase.
[image: https://qph.fs.quoracdn.net/main-qimg-98761ff6f5cdad889c358ca8efca95ff]

[image: ]
Diagram 1 Showing n and p type doping structure [23].
How Solar creates energy from the sun.
Solar Photovoltaic cells have the ability to convert the sun’s energy into electricity. 
The most basic cells have two silicon wafers; they have to be doped with materials that have either 5 or 3 valance electrons in their outer shell to produce one layer with an excess of free electrons for each atom (N type) and a layer with an excess of holes for each atom (P type). These wafers, once joined together, develop a depletion region where there are no free electrons or holes; along the region they are joined due to electrons from the N side moving across to fill the holes in the P region. This causes a potential difference in this region, the N side to be slightly positively charged, and the P side negatively charged. This electrical field produces the driving force; if the two layers are placed with the N type on top, when the sun light shines on the cell its rays shine through the N type layer and through to the P type, in doing this it drives out the electrons and holes from the depletion region causing a higher PD in the depletion region. If a load is connected across the two regions, a current will flow allowing electrons to combine with holes in the P region. As long as light rays (photons) cause a PD in the depletion region a current will current will be able to flow across the load. 
Efficiency:
All solar cells have a maximum theoretical efficiency.
Measuring efficiency: 
The standard test condition that every Solar PV panel undergoes is conducted under the following conditions Airmass 1.5AM, Temp 25°C, Irradiance 1000W/m².
The way silicon crystals are formed makes them reflect light. The solar panels require an anti-reflective coating to stop the light being reflected. Without this coating they would produce little electricity. 
[bookmark: _Toc39487955]2.7.2 Types of Solar Cells
There are many variations of solar cells. However, the most common solar cell technology is made from crystalline silicone and cells made with thin film technology.
Crystalline silicone cells
Almost 90% of the solar cells that are manufactured are made from silicone.  Over 95% of silicone solar cells that are produced are either Monocrystalline Silicone or Polycrystalline Silicone. 
Monocrystalline Silicone- These cells are made from very pure silicone 99.999999%. The purer the silicone the better aligned their molecules are. This maximises the cells efficiency at converting the sun’s light to electricity, giving them efficiency over 20%. They are square shaped cut from cylindrical ingots meaning that their edges are rounded; this process causes up to 50% of wasted silicon. The high efficiency means that a system made from Monocrystalline Silicone will occupy the least space.  Also, Monocrystalline Silicone has the longest life cycle, up to 25 years. The performance of Monocrystalline is reflected in the cost, making them the most expensive technology.
Polycrystalline Silicone- This technology is sometimes called multi-silicon cells. These were the original commercial solar cells that saw large scale use on domestic homes over 30 years ago. They are not as pure as monocrystalline and are therefore this results in Polycrystalline cells being less efficient than Monocrystalline silicone. Polycrystalline does not generate electricity as well as Monocrystalline at high temperatures. Their efficiency is at around 15%.
Thin Film Solar Cells
This category of solar technology is extremely fast growing and is said to be the future alternative to crystalline silicone, requiring far less material to convert sun light to electricity. They are also far cheaper to manufacturer. All solar cells have a maximum theoretical efficiency. Most thin films have a higher theoretical efficiency than crystalline silicone. Therefore, research into this technology has received substantial amounts of finance. The efficiency gap between crystalline and thin film technologies is narrowing.
They are made by using a substrate and depositing thin layers of photovoltaic material on the substrate. The layers are extremely thin ranging from few nm to 10s of µ m in thickness.
The three main thin film solar technologies are Cadmium Telluride (CdTe), Amorphous Silicon (a-Si) and Copper Indium Gallium Selenide (CIGS). 

Amorphous Silicone Solar Cells- This technology has been around for many years; it is widely used in powering of small devices such as calculators and small portable camping gadgets. The efficiency is around 12% [24] .
[image: https://energyinformative.org/wp-content/uploads/2013/06/graphic_asi.jpg]
Picture 15 Showing the layors of a  Amorphous Silicone Solar Cells [25].

[bookmark: _Hlk39350447]Cadmium Telluride Solar Cells- This technology can be manufactured cheaper than crystalline silicone, giving this technology the faster payback on investment, sometimes under a year. There is uncertainty about the technology due to the materials used because Cadmium is a toxic material and Tellurium is a rare metal. They have good efficiency at around 21% for cells 18% for panels [24].
[image: https://energyinformative.org/wp-content/uploads/2013/06/graphic_cdte.jpg]
Picture 16 showing the layors of a Cadmium Telluride Solar Cells  [25]













Copper Indium Gallium Selenide Solar Cells- This technology is still in the early stages of development. However, their efficiency levels look promising being able to outperform polysilicon at cell level 22.9% [24] efficiency. These cells can be made without heavy metals such as cadmium and/or lead Currant efficiency 19.2% [24].
[image: https://energyinformative.org/wp-content/uploads/2013/06/graphic_cigs.jpg]
Picture Showing the layers of a Copper Indium Gallium Selenide Solar Cells  17 [25].


[bookmark: _Toc39487956]CHAPTER 3 - METHODOLOGY
[bookmark: _Toc39487957]3.1 Research
This project will contain multiple fields of electronic disciplines such as, Solar PV, electrical motors, sensors, and microcontrollers.   In addition, environmental considerations, such as sunlight and geographic location, will all be considered as factors in the overall project. For this reason, comprehensive research is required to gather the required information to have a full understanding of the scope of the project. The literature review will research the following three areas of expertise.
 
· Discover what experiments others have done in and around this project. 
· Solar tracking systems technology 
· Investigation into Solar Panel technology  
 
To give this project the best chance of achieving its objectives there should first be considerable research undertaken to gain knowledge and better understanding of the various aspects that are involved in this project. Research is a planned investigation carried out in an organised and systematic way; this should produce data that, when analysed, tells us something we did not know or were unsure about before carrying out the research [1],  [2]. 
[bookmark: _Toc39487958]3.2 The Research Onion
There are various research method models that can aid or guide researchers through the stages that researchers must go through to achieve answers, in this case by experiment. The research method used in this project is the Research Onion which was first published in a book by Saunders, Lewis, and Thornhill (2015) entitled Research Methods for Business Students. This method has six stages or layers, starting from the outside and working into the centre, the aim being for the research project to be more organised and meet the aims of the project [2], [20].  
   
[image: ] 
Picture 18 Showing Research Onion. 
[bookmark: _Toc39487959]3.3 Research Philosophy  
This layer of the Research Onion has a wide choice of philosophies. It is especially important to choose the most appropriate philosophy.  This is because philosophy choice can put limitations on the way the data is collected and analysed. The choice of research philosophy depends on the philosophy that is most suitable for the question that the project is seeking to answer.
This project will use realism as the research philosophy; it was chosen because realism keeps what is happening and the researcher independent of each other, resulting in an unbiased approach when investigating a phenomenon.
  
 
[bookmark: _Toc39487960]3.4 Research Approach 
For the purpose of this study the deductive approach will be used, this is because a deductive approach is aimed at testing a theory. This project is based on recreating, and thereby testing, previous experiments that use solar cells with sun tracking systems and compare the power outputs of these systems against static solar cells [18], [20].  
 
 
[bookmark: _Toc39487961]3.5 Research Strategy  
As this research project aims to recreate previous theories, the research strategy is therefore an experiment, because it can be replicated. In addition, this research project aims to generate research data to compare and contrast power outputs that can be statistically analysed [18], [19].   
 
[bookmark: _Toc39487962]3.6 Data collection method 
This project will gather quantitative data, in this case, the power output of the solar cells. In addition, the mono-method will be used as this research project will only use one data collection method. [18], [19], [20].  
 
 
[bookmark: _Toc39487963]3.7 Time Horizons 
Due to the time limitations of the academic year, this being a major project report, this study will have a cross-sectional time horizon, rather than a longitudinal study, as date will be collected at one single point in time rather than across several different time points over months or years [18], [19].  
 
 
[bookmark: _Toc39487964]3.8 Data Collection and analysis 
Data will be collected throughout the day by taking samples of the power output when the solar tracking systems is operational. This data will be entered into an Excel document for quantitative analysis [18], [19]. 
 
[bookmark: _Toc39487965]3.9 Conclusion 
By choosing different approaches from the R O, a clearer methodology is formed to aid in generating a solution to the objectives of this research project. The pathway chosen for this project is: 

· Realism 
· Deductive 
· Experiment 
· Mono-method 
· Cross section time horizon 
· Quantitative analysis 

[bookmark: _Toc39487966]CHAPTER 4 - DESIGN
[bookmark: _Toc39487967]4.1 Design 
The solar tracker system that has been designed for this project is a single axis tracker that consists of a small solar panel mounted onto the shaft of a bidirectional geared motor at a fixed azimuth angle best suited for the regional area condition. The direction the motor turns is controlled by a PIC microcontroller that determines the direction from the difference in resistance between two Light Dependent Resistor (LDR) sensors situated above the solar panel. The design offers a reliable and economical way to align a solar panel with the sun.

[image: ]                                  
[bookmark: _Toc39488005]Figure 13 Showing the initial design concept.




 

[bookmark: _Toc39487968]4.2 System block diagram

The operation of the sun tracker is based around two elements, which are the hardware and the software that have been designed so that the  microcontroller can determine the direction the solar panel needs to move so it can always be perpendicular to the sun. The input signals are obtained from two LDRs that can sense light strength. The microcontroller receives the light readings from the LDRs and processes the readings using software code written to determine which LDR is receiving the strongest amount of light. The microcontroller will send out an input signal to one of two pins in the motor driver if the calculated difference between the LDR signals are greater that a set value, turning the motor in one of two directions. 
The hardware requires two supply voltages, 12 and 5 volts. The LDRs and PIC microcontroller require 5 volts and the motor drive requires 12 volts.

[image: ]
[bookmark: _Toc39488006]Figure 14 Showing the principle parts of the project in and their relation in block form.

All the principle parts in the block diagram (see Fig 1) except the solar panel are designed into a functional electronic circuit. Knowledge and experience were used to make appropriate choices of components and materials.
[bookmark: _Toc39487969]4.3 Schematic Design programming and simulation.
The circuit (see Fig 15) was designed and simulated using the electronic circuit design software program Proteus. 
Proteus simulates the design to prove that the real-world implementation will function as intended. It also works with the microcontroller compiler CCS which means it can be used to write program code and compile it to create a Hex file for programming the PIC.
[image: ]
[bookmark: _Toc39488007]Figure 15 Showing the solar tracking system designed on Proteus.




[bookmark: _Toc39487970]4.4 Circuit design and choice of Components
The choice of active and passive components and the design techniques were carefully considered to achieve a working prototype that fulfils the project’s objectives. The design also complied with the objectives in the most cost-effective way by using common components, as well as keeping the size and weight to a minimum.

[bookmark: _Toc39487971]4.4.1Voltage Regulator
The voltage regulator is used in this design to keep the supplied voltage levels close to the safe operating levels for every component. There are two voltage output levels in this circuit, these are an unregulated +12 volts that powers the motor and a regulated +5 volts that is required for the microcontroller to operate. Throughout the schematic design different parts of the circuit are referenced to either the 12-volt unregulated or the 5-volt regulated source. The PIC microcontroller requires 5V to operate. The LDR sensors operate from the 5V supply because their output goes to the PIC and the PIC input ports will be damaged if the voltage exceeds 5V. The motor requires 12V to work at optimal level. This is why there are two voltage levels in the circuit. 
To achieve this a LM7805 voltage regulator is used, the LM7805 takes an unregulated DC 12V battery or power supply as input and produces a regulated output of 5 volts (see Fig 17). Using a LM7805 will ensure safety against input fluctuation that may damage other components in the circuit such as the PIC microcontroller.[image: ]
[bookmark: _Toc39488008]Figure 16 Showing the Voltage Regulator Circuit that has a 12Volt output and a regulated 5volt output through a LM7805.
[image: Lm7805-pinout-diagram-300x238][image: ]
[bookmark: _Toc39488009]Figure 17	Showing the LM7805 regulator.	                        Picture 19 Showing the voltage regulator circuit built.

[bookmark: _Toc39487972]4.4.2 Input sensors
The sun tracker circuit is designed as a closed loop configuration that requires sunlight levels to be constantly sampled due to the sun constantly moving. To sample the sunlight levels Light Dependant Resistors (LDRs) are used (see Fig 18 and Fig 19). LDRs are active components that change their resistance depending on the light levels they are exposed to. The LDRs used exhibit photoconductivity, resulting in their resistance decreasing when light levels increase, and increasing when light levels decrease. The resistor has a resistance of 120Ω in the daylight and 20MΩ in dark.  


[image: ]
[bookmark: _Toc39488010]Figure 18 Graph showing how the resistance changes with light.
[image: ]
[bookmark: _Toc39488011]Figure 19 Showning an LDR.

 
The two light sensors are separated by a partition or divider that casts a shadow to create a different light intensity over the LDRs, and hence a difference in resistance, if the panel is not perpendicular to the sun (see Drawing 1 ). The difference in resistance is what the system uses to determine the direction of the sun. It commands the motor to turn in the direction of the LDR that has lower resistance until both LDRs have equal resistance or are within a specified range of each other.
 [image: ]                        
Drawing 1 Showing how the divider will shade the areas over the LDRs if no facing the sun,
 [image: ] [image: ] [image: ] 
Picture 20 Showing the LDRs recessed into the mount to increase shading and the divider in the middle.
The LDRs are independent of each other so their output readings require two input ports on the microcontroller. The LDRs output reading are read by the micro input port as values between 0-5 volts (see Fig 20) The PIC micro has 10 bit analogue to digital convertors so the 0-5 volts appear as a value between 0-1023. Although the initial simulated Proteus design worked, the actual working prototype required minor modifications for it to function as intended. These modifications included a programme modification to set a minimum value for the difference in LDR resistance before an output signal is sent to turn the motor. This small “dead band” acts to prevent the system constantly hunting for the LDR input values to be the same. Hardware changes included recessing the LDRs to produce more shade on days when there is cloud.
[image: ]
[bookmark: _Toc39488012]Figure 20 Showing the circuit design for the LDR input sensors.
[bookmark: _Toc39487973]4.4.3 Microcontroller
The choice of Microcontroller for this project is one of the Microchip Programmable Interface Controllers (PIC) family of microcontrollers. They are a popular choice for the type of application that this project covers. They are extensively used in industry as they have high performance with low power consumption. There are many supporting hardware and software tools available to aid in simulating debugging and compiling these devices. Microchip have a wide variety of PICs, to find the PIC that is suitable for this project the following design specification was derived.
Required Micro specification:
Bit Length- There are PIC micros that come in family of 8,16 and 32 bits. For this project there are 2 LDRs that require 10 bits as a minimum. 
Memory Size- The programable memory that holds the code will require around 2Kbytes, so for this project the spec will be increased to 8Kbytes.
Pin Count- The number of pins that are specified for the design is calculated by totalling the input and output pins required in the design. In the design there are four input pins. The input pins required are: one pin for a start button that is an analogue, two pins for the light sensors (one for each LDR - these need to be analogue) and one pin from the solar panel that is digital. This gives a total of four input pins. The output pins are required are: two for the motor control that are digital, two RS232 pins for debugging and two pins for power. Thus the design requires a minimum of 10 pins, two of which require analogue to digital convertors. 
Frequency- An extremely fast clock speed in not appropriate for this program.  20MHz or above is suitable.
Debugging feature- Yes
Digital communication- UART required.
With this specification a chip was sought using Microchip’s Microchip Advanced Part Selector (MIPS) on their website. The results from the search narrowed the appropriate PICs down to one PIC the PIC16F1578, this PIC exceeds the projects specification list in every field [24] .
	Features
	Project Requirements
	PIC 16F1578

	Package
	PDIP
	PDIP/SOIC/SSOP/UQFN

	Analog to Digital Converter (10 bit)
	2
	12

	Pins
	=>10
	20

	Bit Length
	=>10
	16

	Programable memory
	=>8Kbytes
	14Kbytes

	Speed
	=>20MHz
	32MHz

	Operating Voltage
	5V
	2.3-5.5V


[bookmark: _Toc39488013]Figure 21 Showing the requirements of the Microcontoller and the PIC16F1578 secifercation.

[image: ] [image: ]
[bookmark: _Toc39488014]Figure 22 Showing PIC16F1578 pin configuration [26]. 	Figure 23 Pin Allocation Table for PIC16F1578 [26].
            

[bookmark: _Toc39487974]4.4.4 Motor 
The motor chosen for the project is a geared DC motor. It is used for positioning of the panels. Stepper motors were considered but the geared motors available on the market have excellent low speed control with high torque and good holding torque. 
· The construction of the motor was chosen due to the following attributes:
· This product is a DC geared motor with high precision metal gears, providing stable working 
· This DC motor features high torque, low speed, and low noise.
· The motor has metal gears that are wear and shock resistant, providing a long service life.
· The motor windings are pure copper wire, giving low resistance and thus low loss.

This selected motor is a 12V Brush DC motor 10RPM model: GA5YN370[image: ] [image: ]
Picture 21 The geared DC bidirectional motor chosen to for use in the project.
It is widely used for applications such as electronic locks, robots, electric curtains, electric doors, micro mixers, monitoring equipment and pet feeding machines so it is very versatile and well suited to this project.
Specification:
	Model: 

	GA5YN370

	Rated Power:
	3.5 (W)


	Product Type:
	Brush DC motor


	Rated voltage: 

	5-12 (V)

	Rated current: 
	0.06 (A)

	Gear ratio
	1: 150

	Speed
	10RPM



	At 12V
	No load
	Load
	Stall

	Current     
	<170MA
	<100MA
	<2.1A

	Speed   
	10RPM
	7RPM
	

	Torque
	
	980gf.cm
	14.8kgf.cm



[bookmark: _Toc39487975]4.4.5 Motor Driver
The PIC is limited as to the voltage and current it can give out, so a motor driver is required to deliver the required voltage and current to drive a motor. The motor driver circuit works as an interface between the control circuit (PIC) and the motor taking the low voltage output signals from the PIC and delivering the high current signals that the motor requires to operate at its optimum designed level. 
The chosen geared motor could have been powered via an H bridge built from discrete components. An H bridge has the capability to turn the motor in either direction by changing/reversing the polarity of the voltage it delivers (see Fig 24). This is allows the solar tracker to turn the solar panel clockwise and anti-clockwise. The H Bridge is constructed from 4 transistors, two of the NPN type and two of the PNP type, as shown in Fig xx bellow. As illustrated, the H bridge is able to drive the motor in either direction. Opening the upper left and bottom right transistors allows current to flow in one direction through the motor then if they are then turned off and the upper right and bottom left are turned on, the current flows through the motor in the other direction. [image: See the source image]    [image: ]
[bookmark: _Toc39488015]Figure 24 Showing the H bridge has two paths to drive the motor in two directions.
Alternatively, the motor driver could be built from an H bridge of MOSFETs This would be done in the same way as the transistors are laid out in the circuit in Fig 24, but replacing two P channel MOSFETs for the top two PNP transistors and replacing two N channel MOSFETs for the bottom two NPN transistors. 
The problem with both of these solutions this is that the circuit can suffer from shoot though current, this happens when both transistors or MOSFETs on the left or both on the right are switched on allowing a large current to flow down one side of the circuit and not through the motor. A shoot through current like this can easily damage the transistors or MOSFETs. For this project, a H Bridge IC chip will be used called L293D. 
The L293D is a quadruple high current half H bridge driver housed in a 16 pin IC. It is rated for high voltage and suited for applications driving inductive loads such as motors. It has two enable inputs so the device can be disabled independently from the input signal. It can supply voltages from 4.5v up to 36V, handling up to 600mA of DC current.  It incorporates overtemperature protection and has no need for an external protective circuit of diodes [27].
   [image: ]     [image: L293D Motor driver]
[bookmark: _Toc39488016]Figure 25	Showing the proteus component.		Figure 26 Showing the Pin layout for the component L293D

[image: ] [image: L293D | STMicroelectronics L293D, Brushed Motor Driver IC, 36 V ...]
[bookmark: _Toc39488017]Figure 27	Showing detailed internal of the driver IC.	Picture 22 Showing the L293D.
[bookmark: _Toc39487976]4.4.6 Circuit Protection
The PIC micros are sensitive to electrical spikes that can cause them to reset or be damaged. To protect the PIC this design incorporates some protection. To protect the PIC output pins there are Optical couplers sometimes called opto-isolators (see Fig 28 and Fig 29). The optical couplers will function as switches to connect the electrical circuit by means of light. They use an internal LED as an emitter and an internal photo sensitive device as a receiver. The output signal from a PIC can turn on the LED that produces infra-red light inside the Optical coupler. This light is then detected by the semiconductor photo sensitive device that switches to its low resistance state. In this way the outputs of the optical couplers can be switched on or off while the inputs (the PIC side) remain isolated from any electrical spikes that can reach their outputs. 
The design also provides circuit protection from voltage spikes at the inputs where the LDR signals enter the PIC. The inputs on the PIC are protected by a clamp circuit that will limit any input signal voltage to 5.1 volts (see Fig 30).  
With these features designed into the circuit the PIC micros is adequately protected. The L298N motor driver has circuit protection built in to allow the motor coils to discharge though low impedance path and not damage the L298N. The capacitor (1uF) suppresses the initial spike each time the motor is turned on or its direction is changed.
 [image: phototransistor optocoupler]               [image: ]      
[bookmark: _Toc39488018]Figure 28 Showing how an Optocoupler.                              Figure 29 Showing where the Optocouplers are in the design.

[image: ]                       [image: ]
[bookmark: _Toc39488019]Figure 30 Showing clamp circuit to protect Microcontoller.    Figure 31 Showing technical data about the Optocouplers used.

[bookmark: _Toc39487977]4.5 Programming the PIC16F1578
The PICs can be programmed in low level assembly language called MPASM or high-level languages such as Basic or C. This project used the programming language C. Using a high-level language gives many advantages over the low-level languages like MPASM. High level languages are programmer friendly so easier to write to PICs that are unfamiliar. They are machine independent and easier to debug. The drawbacks are that they are slower in execution than assembly language, do not communicate directly with the hardware and take more memory. However, the advantages outweighed the disadvantages in this project because the code is small, the PIC16F1578 was an unfamiliar device and high speed was not an issue. Due to the program being written in C an extra compiling stage was required to turn the C code into machine code or assembly language. This project used a compiler program called CCS. Using a compiler gives the advantage of not having to deal with the low-level detail such as the Microcontrollers registers control, thus reducing the programming time and allowing more time for testing and evaluating the system. 
To get the PIC programmed there are various stages that take place there are shown in the Figure 30.Program_name_C

First the program is Written in C.
Compiler

The C compiler, CCS, Converts the program into
Assembler language.Program_name_asm

The program is now in Assembler language, asm.
Assembler

The Assembler converts asm code to HEX code.Program_name_hex

Program translated to HEX this is what the PIC
understands. 
This transfers the HEX code into the PICs memory.Program Device

                                               
                    [image: ]
[bookmark: _Toc39488020]Figure 32 Showing the steps that are required to program a PIC in C language.
[bookmark: _Toc39487978]4.6 Flowchart Block diagram
Before the program was written a flowchart was created. A flow chart helps to visualise all the steps the system will need to take to perform an algorithm or a complete programme. Steps such as inputs, outputs and decisions that require comparisons or calculations can be represented by the flowchart symbols. By creating a flowchart before writing the code the steps of the system can be arranged and the algorithm assessed for issues. It can also help to explain the system to others. 
[image: ]
[bookmark: _Toc39488021]                                                        Figure 33 Flowchart program for Microcontroller.
[bookmark: _Toc39487979]4.7 Programming in C
The system schematic was designed, simulated and programmed on Proteus, this is due to the CCS compiler being linked into Proteus. 
[image: ]
[bookmark: _Toc39488022]Figure 34 Showing all the code writen for the PIC micro writen in C.
The program in Fig 34 is linked into the Proteus program and can be simulated. The program has noticeably short delays and narrow ranges so that the simulation will update almost instantly. This can be seen in Figs 37 and 38 on the virtual terminal that displays the input readings from the LDR sensors. If the difference between LDR value readings is +/-200 or less then the outputs to the motor 1 and motor 2 pins are low, resulting in the motor being stationary. If the LDR value readings have a difference of more than +/-200 then the motor 1 or motor 2 pin will go high, depending on the sign of the difference, and the motor moves in the corresponding direction. The controller loop for the program is illustrated in Fig 35. This can be simulated on Proteus as in Figure 39 where LDR1 reading is 974 and LDR2 reading is 10, the difference is 964 so the motor will turn as it is exceeding the difference range of 200.
[image: ]
[bookmark: _Toc39488023]Figure 35 Showing the process how the LDRs values will be calculated by the code.
[image: ]
[bookmark: _Toc39488024]Figure 36 Final Proteus design simulating different input values from the two LDRs.



The circuit was simulated and the input reading going into the PIC from the LDRs were displayed on the virtual terminal. The readings on the left are from LDR 1 and those on the right are from LDR 2.
[image: ]
When both LDRs are equal values are within 200 the motor tops turning.

[bookmark: _Toc39488025] Figure 37
[image: ] 
[bookmark: _Toc39488026]Figure 38
When the result of LDR 1 – LDR 2 has a value greater than 200 the motor turn clockwise. 









[image: ]
Figure 39
When the result of LDR 1- LDR 2 has a value greater than –200 the motor turns anti clockwise.






[bookmark: _Toc39487980]4.8 Building the Prototype
The program that had been written on Proteus worked and met the project objectives when simulated. The written program then had to be programmed on to the PIC micro so it was made into a .hex file that could be uploaded to the PIC by a Microchip program called MPLAB IPE using a piece of hardware called PICKIT3 (see Picture 23). [image: ]
Picture 23 Using the program MPLAB IPE and the PICKIT3 tool to put the program on to the PIC16F1578.


The circuit was laid out using solderless breadboards, giving an opportunity to quickly build the prototype circuit and test components. Being solderless it is easy to change or add additional components.
[image: ]
 Picture 24 Initial testing using a two different power supplies due to delays in part arriving in the post.
[image: ]
Picture 25 Showing a working prototype ready to collect data.
[bookmark: _Toc39487981]4.9 Bill of Materials
In the table below is a list of the parts used in this project. It can be used to rebuild the system or order repair parts. Most parts were purchased from electronic suppliers over the internet through mail order. Some everyday household products were used, such as an old car phone windscreen attachment that can be seen in the Picture 25 being used as the base to hold the motor with a Velcro tape. The total cost for the system comes to £77.59. 
Features:
· 360ᵒ single axis vertical tracking.
· Bidirectional motor.
· Low power 12V.
· Portable, less than 1KG in weight.
· modular approach, easily scalable for larger projects.
· Made with common components.
· Cost less than £100.
	Item No
	Part 
	Supplier/Stock N°
	Manufacture/ Stock N°
	Qty
	Unit cost (£)
	Total (£)
Include
(VAT
Handling
Shipping)

	1
	Light Sensor (LDR)
	RS 914-6714
	NORPS-12
Luna Optoelectronics
	2
	2.93
	5.86

	2
	Solar Panels
	Ebay  
	Unbranded
	2
	8.96
	8.96

	3
	Motor
	Ebay 
	Unbranded
	1
	6.99
	6.9

	4
	Motor Driver L293D
	RS 714-0622
	 STMicroelectronics L293D 
	1
	3.77
	3.77

	5
	PICKIT3
	Ebay
	PG164130
	1
	58
	9.95

	6
	Breadboards 830 Points
	Farnell 2770323
	MULTICOMP MC001795
	3
	6.56
	

	7
	Base
	Poundland
	-
	1
	1
	1

	8
	PIC16F1578
	Mouser Electronics
579-PIC16F1578-I/P
	Microchip Technology
PIC16F1578-I/P
	5
	£1.03
	17.50

	9
	Zener 1N751A
	Farnell
1861484
	MULTICOMP PRO
1N751A
	2
	0.08
	5.70

	10
	Diode 1N4007
	Farnell
2395843
	VISHAY
1N4007-E3/73
	5
	0.17
	5.78

	11
	Voltage regulator 7805
	RS 298-8508
	STMicroelectronics
L7805ACV
	2
	2.42
	2.42

	12
	Battery 12V
	RS PRO 777-0371
	RS PRO 777-0371
	1
	25.24
	30.29

	13
	Capacitor Elec 
	RS 711-1407
	RS PRO
	2
	0.044
	3.70

	14
	Capacitor
	RS 711-1396
	RS PRO
	2
	0.025
	2.10

	15
	LED (Green)
	RS 228-6004
	Kingbright L-53GD
	1
	0.43
	1.80

	16
	LED (Red)
	RS 228-5988
	Kingbright L-53HD
	1
	0.50
	2.10

	17
	Photocoupler PC817
	RS  
815-2588
	VISHAY ILD2
	1
	0.92
	0.92

	18
	Resistors 10KΩ
	RS PRO 707-7745
	RS -PRO
	6
	0.13
	1.08

	19
	 Resistor 10Ω
	RS 707-7509
	RS PRO
	2
	0.146
	1.22

	20
	Resistor Ω
	RS 707-7612
	RS PRO
	2
	0.142
	1.18

	21
	Switch
	RS 135-9601
	C & K PTS645SH502 LFS
	1
	0.05
	0.80

	Total (£) 
	77.59


Note: All total column prices includes VAT, handling, and shipping.
[bookmark: _Toc39488185]Table 2 Showing all the components used in the design of the Solar Tracking system.
[bookmark: _Toc39487982]4.10 Implementation
[bookmark: _Toc39487983]4.10.1 The Experiment 
The solar tracker prototype is working, now it is time test the solar tracking system with an experiment. The experiment sets out to see if a solar panel can produce more power throughout the day if it is combined with a solar tracker system prototype.
[bookmark: _Toc39487984]4.10.2 Method
The solar tracker system was placed next to a fixed solar system outside in an open area that had no shade. Starting at 8am until 7pm voltage and current output readings were taken from each solar panel every hour using a Digital Multimeter. To increase the ability of the experiment to measure the effect, the following conditions were put in place.
· Identical solar panels were used in each system see figure 39.
· The experiment was conducted on a day that had clear sky conditions.
· The experiment was conducted on a day that had overcast sky conditions.
· The experiment was conducted on a day that had semi cloudy sky conditions.
· Measurements were taken using the same measuring instrument at the same time of day.
· The experiment was conducted over the same time period.
· The experiment was placed in the same location.
· The panels were fixed at the best tilt angle for the location and time of year, 36.62ᵒ [29].
· Results were recorded in the same tables see tables 3,4,5.
[bookmark: _Toc39487985]4.10.3 Pre-Experimental Tests
The solar panels were tested by pointing them towards the sun at midday to establish the maximum voltage and current. The maximum voltage was found to be 6.22 Volts and the maximum current was 240 mA. This slightly exceeded the advertised output power.  
[image: ]
[bookmark: _Toc39488027]Figure 40 Showing one of two identical solar panels that have been chosen to be used in the experiment.
[bookmark: _Toc39487986]4.10.4 Weather Conditions
The Solar Tracking system was tested over 3 days to see how it performed in different weather conditions. The weather conditions were as follows:
Day 1: Sunny and dry all day with no clouds.
Day 2: Overcast all day but dry.
Day 3: Cloudy in the morning with clear skies all afternoon.
[bookmark: _Toc39487987]4.10.5 Results
Day 1
	[bookmark: _Hlk39150925]Hour
	Solar Tracker Panel
	Static Solar Panel

	
	Voltage 
(V)
	Current
(mA)
	Power
(W)
	Voltage
(V)
	Current
(mA)
	Power
(W)

	0800
	6.02
	140
	0.84
	5.01
	27
	0.13

	0900
	6.12
	170
	1.04
	5.61
	43
	0.24

	1000
	6.15
	172
	1.05
	5.80
	88
	0.51

	1100
	6.20
	180
	1.11
	6.10
	160
	0.97

	1200
	6.25
	220
	1.3
	6.21
	220
	1.36

	1300
	6.22
	230
	1.43
	6.25
	232
	1.45

	1400
	6.22
	224
	1.39
	6.20
	196
	1.21

	1500
	6.20
	219
	1.35
	6.0
	184
	1.1

	1600
	6.00
	190
	1.14
	5.8
	140
	0.81

	1700
	6.01
	187
	1.12
	5.00
	88
	0.44

	1800
	6.00
	170
	1.02
	4.9
	40
	0.19

	1900
	5.8
	140
	0.81
	4.0
	25
	0.1

	Total
	13.59
	Total
	8.51


[bookmark: _Toc39488186][bookmark: _Hlk39151564]Table 3 Shows the readings and data taken while undertaking in the experiment on day 1 with sunny day with clear sky conditions. 


[bookmark: _Toc39488028]Figure 41 Showing a power output comparison graph for a Tracking and a Fixed solar panel on a sunny day with clear skys.
Day 2
	Hour
	Solar Tracker Panel
	Static Solar Panel

	
	Voltage 
(V)
	Current
(mA)
	Power
(W)
	Voltage
(V)
	Current
(mA)
	Power
(W)

	0800
	3.77
	9
	0.03
	3.63
	7
	0.02

	0900
	4.29
	12
	0.05
	4.20
	12
	0.05

	1000
	4.72
	18
	0.08
	4.21
	15
	0.06

	1100
	5.10
	24
	0.12
	4.66
	20
	0.09

	1200
	5.42
	38
	0.20
	5.52
	42
	0.23

	1300
	5.54
	42
	0.23
	5.42
	40
	0.21

	1400
	5.62
	36
	0.20
	5.63
	38
	0.21

	1500
	5.16
	26
	0.13
	5.10
	27
	0.13

	1600
	4.73
	18
	0.08
	4.48
	14
	0.06

	1700
	4.51
	17
	0.08
	4.26
	10
	0.04

	1800
	4.22
	11
	0.07
	4.10
	8
	0.03

	1900
	4.06
	10
	0.04
	3.7
	6
	0.02

	Total
	1.31
	Total
	1.15


[bookmark: _Toc39488187]Table 4 Shows the readings and data taken while undertaking in the experiment on day 2  with overcast sky conditions.

[bookmark: _Toc39488029]Figure 42 Showing a power output comparison graph for a Tracking and a Fixed solar panel on a overcast day.







Day 3
	Hour
	Solar Tracker Panel
	Static Solar Panel

	
	Voltage 
(V)
	Current
(mA)
	Power
(W)
	Voltage
(V)
	Current
(mA)
	Power
(W)

	0800
	3.46
	11
	0.03
	3.12
	5
	0.01

	0900
	4.37
	17
	0.07
	3.89
	12
	0.04

	1000
	4.87
	25
	0.12
	4.26
	20
	0.08

	1100
	5.62
	38
	0.21
	5.22
	26
	0.13

	1200
	6.15
	213
	1.30
	6.17
	218
	1.34

	1300
	6.14
	210
	1.28
	6.22
	214
	1.33

	1400
	6.06
	205
	1.24
	6.02
	195
	1.17

	1500
	6.09
	200
	1.21
	6.01
	189
	1.13

	1600
	6.00
	195
	1.17
	5.83
	175
	1.02

	1700
	6.01
	182
	1.09
	5.32
	165
	0.87

	1800
	6.00
	171
	1.02
	4.9
	101
	0.49

	1900
	5.8
	138
	0.80
	3.93
	21
	0.08

	Total
	9.54
	Total
	7.69


[bookmark: _Toc39488188]Table 5 Shows the readings and data taken while undertaking in the experiment on  day 3 with cloudy morning then clear afternoon sky.

[bookmark: _Toc39488030]Figure 43 Showing a power output comparison graph for a Tracking and a Fixed solar panel on day 3 with cloudy morning then clear sunny afternoon.

	Weather Conditions
	Fixed System (Wh)
	Tracking System (Wh)
	Increase in Power (%)

	Sunny Clear Sky
	7.8
	12.45
	59

	Overcast
	1.05
	1.2
	15

	Cloudy with Sunny Intervals
	7.05
	8.75
	20

	Total
	15.9
	22.4
	40


[bookmark: _Toc39488189]Table 6 Showing the total average daily power output for each system in watt-hour (Wh).


[bookmark: _Toc39487988]CHAPTER 4 – ANALYSIS 
The results that were recorded throughout the experiments are displayed in tables, one for each day. The power output values are also shown graphically in figures 40,41 and 42. The average total daily power output has been calculated in watt-hours for each system and each day in Table 6 along with the percentage increase in power between the two systems. 
Day 1: The weather on this day was sunny with clear skies all day.  Looking at the results in table 3 the solar tracker system had a high power output at the start of the day compared to the fixed system, power output gradually became equal around noon but then the power output widened greatly again in the afternoon. The solar tracker operated very well on this day and was able to follow the sun and maximise its power output. The chart clearly shows that the solar tracker was able to produce far more power in the early morning and afternoon than the fixed system. 
After calculating the average total daily power output for the tracking system to be 12.45Wh and the fixed system to be 7.8Wh. The solar tracker produced 59% more power than the fixed system.
Day 2: The weather on this day was cloudy and overcast all day. Looking at the readings in table 4, the solar tracking system and the fixed system have remarkably similar reading. The tracking system was outperformed by the fixed at times points in the day however the power outputs were so low that this could have been a false reading. 
The power output totals for this day were extremely low from both systems, however the tracking system produced 15% more power than the fixed system.  
Day 3: The weather on this day was cloudy in the morning until the afternoon when the sky became clear and sunny. Both systems had similar output power readings until 11am, then both systems power output increased when the sun came out. In the afternoon, the tracking system retained a significantly higher power output compared to the fixed system. The tracking system was 20% more efficient than the fixed system at producing power.
By looking at the results from the experiment clearly shows that both the solar panels power output are very similar in the afternoon this being when both panels are aligned with the azimuth and zenith.  
The results in table 6 show the average power increase over the three-day period, the increase for the tracking system would be 40%. These results demonstrate that the solar tracker is far more effective at increasing the power output levels than what was stated in the literature review, the literature review gave solar tracking systems in the UK a 23% performance increase. This may have been due to the weather conditions during the experiment being 50% clear sunny skies. Some other reasons or factors for the difference in performance the duration of the test period and time of year that the results were collected in the literature review. The project tested over a short time period and only in the summer.

[bookmark: _Toc39487989]CHAPTER 5 – EVALUATION
The project produced a small sample of data over just three days. This data was quite varied due to the weather conditions being so different on each day. The solar tracking system did however produce more power than the fixed system on every day. So, it can be said that the solar tracking system is more efficient than a fixed system. 
The data that was produced by the experiment showed that the solar tracking system was on average over the three days 40% more efficient. However, the literature review suggested that for this region a solar tracking system would be expected to be around 23% more efficient, so the results of this project were significantly better than the expected results. The exact reasons for this are not yet known. One reason may be the small scale of the experiment; another is almost certainly its limited duration, since data was only collected over three days. To get a more accurate evaluation of the solar tracking system’s performance relative to a fixed system, a full year of data should be collected in order to include the whole range of seasonal conditions, in particular the full range of sunrise and sunset bearings. In the depths of winter the sun’s azimuth will deviate less much less from the fixed panel’s optimum angle as it travels from sunrise to sunset than it does in the height of summer.
Having met its initial objective of successfully designing and building a functional prototype solar tracker that was controlled by a microcontroller, the prototype could now be taken to the next stage of development by designing a PCB upon which to assemble it and an enclosure in which to house it and protect it from the environment. 
Upon reflection, a different approach should be taken if the project was repeated. Far more time should be given to the design and testing of the tracking system because this is where unforeseen issues caused delays. The prototype build produced most delays due to the need for hardware and software troubleshooting and refinement. The delays in the design and building of the system pushed the experimental phase too far back against the end date. 
It was surprising to see by just how much the solar tracking system outperformed the fixed system under sunny conditions. It clearly shows that in early morning and later afternoon at the time of year that the experiment was conducted there is a lot of power that fixed systems cannot access and that solar tracking systems are able to make use of. On the other hand, using the solar tracker in cloudy overcast weather was shown not to be greatly beneficial, requiring direct sunlight to demonstrate any real advantage.

[bookmark: _Toc39487990]CHAPTER 6 – CONCLUSIONS AND RECOMMENATIONS
Clearly the core objectives of the Project have been met. A solar tracking system has been designed and constructed and its performance has been experimentally compared to a reference system aligned to the optimum azimuth for the experimental site. 
This single axis solar tracker can follow the sun’s azimuth but not its elevation, thus enabling it to maintain its solar panel in an orientation relative to the sun’s direction that is closer to the optimum perpendicular than a fixed system mounted to achieve optimum alignment at just one time of day.
During the conduct of the project, a number of key decisions were made, and observations recorded, resulting in the following conclusions and recommendations:
1) Using a geared motor with a low speed and high torque reduces program complexity by eliminating the need to control the motor’s speed in software. This however does represent a loss of flexibility since a change to a more massive panel assembly, or perhaps installation in a site where wind pressure is a problem, may necessitate a change of motor, i.e. a physical change, rather than a software modification. 
2) The objective of constructing a single axis solar tracker that increases the power output relative to a static solar panel has been achieved but the experimental results - although limited – show that, at locations where there is likely to be significant cloud cover for much of the time, the improvement is minimal.
3) Considering the other extreme, it is suggested that, at locations where solar radiation is, to all intents and purposes, unlimited, the cost of introducing a solar tracking system and its associated maintenance requirements (especially considering the mechanism required to actually rotate the panels) might not be justified.
4) In the light of the two observations above, it is probable that solar tracking systems are best suited to installations where panel area is constrained in some way, either by space available, by weight limits. This certainly includes mobile installations e.g. military vehicles, mobile homes and the like. A longer period of experimental evaluation would be required - preferably an entire year – to decide on the most appropriate applications and hence, inevitably, on the configuration of useful and commercially viable products.
5) Only one method and one mode of solar tracking was evaluated. Alternatives that should be investigated before any commitment to the current design is made, include tracking of the sun’s elevation in addition to its azimuth and so-called “maximum power point” tracking.
6) The prototype could be much improved by further development, for example making a PCB for the electronics, housing the parts in a weatherproof enclosure and designing a plastic moulded or cast mounting for the sensors. 
7) The importance of planning was highlighted throughout this project and was essential to reaching the milestone objectives in a timely manner and achieving the deadline. The fact that delays in the design phase led to shortening of the experimental phase provided an object lesson in “on the fly” progress monitoring of a small project.

[bookmark: _Toc39487991]CHAPTER 7 - REFLECTION
Projects such as this provide an interesting and rewarding experience for students, together with an opportunity to gain a substantial level of knowledge in specific fields of technology, in this case Solar Tracking.   It quickly became apparent that the scale of this project was considerable, with feelings of being overwhelmed and the worry of underperforming.  Without previous knowledge and experience of designing and building a physical electronic circuit with this level of complexity, the learning process can feel overwhelming, like a never-ending task.  It is, however, helpful to remember that learning is a continuous process.   It is important to keep focused on the information and knowledge required to complete the tasks for the assignment.  During the project, many new software packages were learnt such as Proteus, CCS compiler and MPLAB IPE. These were essential to aid in the designing, testing and finally building a working Solar Tracking device.  The disadvantage was that they were time consuming to learn and building this into the planning timeframe proved difficult.  However, the knowledge and understanding gained will be very advantageous for the future.
A major factor throughout the project was the time frame for the completion date, beginning with the initial idea, to the design and testing stages.  A major learning experience was the importance of the planning process, and the appreciation that it was not just an initial exercise at the beginning of the project, but a constant on-going process to ensure that each stage was successfully completed and the final deadline was met.  Listing all the different component parts of the project helped.  Some stages took far longer than anticipated, such as the time frame for learning new software. The importance of effective planning is arguably one of the most important learning experiences that students will take forward into their future careers.   
Reflecting on the project overall, there were areas that could have been taken further, such as designing a PCB and having it manufactured.  However, the prototype did work and was able to demonstrate that a Solar Tracker could be designed to prove the efficiency advantages as stated in the literature review.
The outbreak of the coronavirus and the subsequent lockdown sometimes caused anxiety and uncertainty in the face of massive disruptions to learning and work routines.  This meant that rapid adjustments had to be made. It was especially difficult for students with young children who had to work from home without dedicated study space with young children demanding the attention of parents not normally at home during the daytime.  The efforts of the lecturers were appreciated but, despite their support, on-line communication is not the same as one-to-one contact and it is of concern that this may have a negative impact on the final quality of the work.
The research for this project will enhance the knowledge of solar energy as an inexhaustible and versatile fuel source and the increasing importance of renewable energy as the major energy source of the future throughout the world.  Solar energy efficiency is still improving and developing and will offer career opportunities for electronic engineering students, of which there is already a shortage in the UK.  This should give electronic engineering students much optimism for the future.
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cent in 2018 Q4.

Wind remains the principal source of renewable generation with onshore and offshore wind
comprising 19.0 per cent of total generation, with bioenergy the other significant component at 12.0
per cent.
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