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[bookmark: _Toc196826612]Abstract
The use of renewable energy has increased significantly since its initial utilization. The energy demand surpasses that of the renewable supply however, meaning that fossil fuels are still used in an age when they should not be due to their supposed impact on the environment. Solar PV panels in combination with single/dual/multi-axis systems allow for increased efficiency, combatting this need for fossil fuels. To find out whether this is the case, a single-axis solar tracking system was developed alongside a static solar panel, both of which have the same level of tilt. Using a DC stepper motor, a PIC and a plethora of other components, this system was developed successfully and functioned as intended. When tested against the static solar panel within the conducted experiment, it was found that the perceived benefits of a solar tracker may not be the case. Although unlikely, insufficient evidence failed to provide an answer as to whether a solar tracking system is definitively worth installing within the UK. Further work for this project includes conducting more tests, developing a dual-axis tracker to test both other systems against as well as allowing for manual control of the motor used within the tracking system. 
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1- [bookmark: _Toc196826614] Introduction
[bookmark: _Int_G4ifm9OR][bookmark: _Int_OVtN0RwO]This report aims to clarify whether the use of a solar tracker allows solar PV (photovoltaic) panels to perform better compared to its static counterpart within a UK climate. As the UK varies in weather conditions and can be overcast, even in the summer. This document serves to assess whether the use of solar trackers is appropriate within new or preexisting solar installations within the country. Most solar panels used in the UK are static, mounted either on roofs of buildings or on land within a solar farm. Therefore, research into the development of a low power consumption and flexible solar tracker has been conducted. Developments have made use of this information in the form of a simulated circuit and breadboards containing a microcontroller-based prototype solar tracking system. However, to justify its use, a static solar panel system will be tested alongside the developed system to compare how much power both systems produce. The testing conditions and methods will be listed further in this report.

[bookmark: _Toc196826615]1.1- Aims
1. Design and create a microcontroller-based prototype of a solar tracking system
2. Experiment by comparing the power production of two solar PV systems, one of which uses the solar tracking prototype and the other of which remains static
3. Conclude on which system outperforms the other
[bookmark: _Toc196826616]1.2- Objectives
1. Review prior relevant research undertaken
2. Research into preexisting solar tracking systems
3. Design and code a simulated solar tracking system
4. Build a prototype of the designed system
5. Build a static PV panel system which serves as the control
6. Compare the power production of both systems, tabulate gathered data and analyze the performance of both systems
7. Decide using undertaken research and experiment results which system is more effective outside a controlled environment and if solar trackers are worth being installed
Continuing from the introduction, this report will contain a literature review exploring the use of solar panels, solar tracking systems, the use of motors within these systems and previous experiments using solar trackers. Following this will be a study covering the research into available solar trackers for purchase, the design and research methodology used, design specifications for the solar tracking system, a simulated design of the system with its code, an overview of the full physical design of the solar tracker developed, testing and analysis sections of the experiment and its results, recommended improvements for further iterations of the system and a conclusion outlining the analysis of results and discoveries made.


2- [bookmark: _Toc196826617] Literature Review
[bookmark: _Toc196826618]2.1- Renewables In Relation to the UK
The definition of renewable energy is energy generated by natural means, such as utilizing wind to power turbines, geothermal heat from the ground to make steam for use in a steam powered generator or using sunlight by either PV or concentrated solar power (CSP) means. In 2008 approximately 18% of the energy generated globally was done via renewable means [1]. In 2023 however, solar power was the UKs third largest renewable source of energy behind wind power and biomass and generated 4.9% of the total energy produced by the country [2]. 
The UK aims to reach net zero carbon emissions by the year 2050 [2] in a bid to decrease the amount of greenhouse gases (GHG) the country produces as a result of burning fossil fuels. The global temperature has increased over the past century by 0.7°C due to a multitude of factors. The most popular theory of this is due to GHG/carbon dioxide (CO2) emissions. There are other theories of causes of global warming though, such as the influence of the sun on Earth’s magnetic field and the circulation of the ocean’s waters [3]. The only theory of the cause of global warming due to the actions of Earth’s inhabitants is that burning fossil fuels such as oil causes increased GHG and CO2 emissions which trap heat emitted by the sun into the atmosphere. In approximately 1750, global CO2 levels were at 278ppmv (parts per million/volume), whereas in 2011 the global CO2 levels stood at 390.5ppmv, a 40% increase. Methane and Nitrous Oxide (NO) (also GHGs) levels also increased by 249% and 20% respectively [4].
Although coal (a fossil fuel) was used initially in the thirteenth century, mass usage of fossil fuels as a source of energy did not occur until the late eighteenth century at the dawn of the industrial revolution [5]. Incidentally, Singh et al state that from this period to the present day is the timeframe for which CO2 and other GHG emissions rose [4], directly correlating the mass usage of fossil fuels to GHG emissions. Therefore, to combat further GHG emissions from occurring, the UK is trying to increase its usage of renewable energy.

[bookmark: _Toc196826619]2.2- Solar PV Panels
Before using solar panels, it is important to understand how they work. Solar PV panels consist of an array of solar cells which convert light into DC electricity using the photovoltaic effect. These solar cells consist of a front contact covered in an antireflection coating, underneath which is an emitter (negative), followed by a base (positive) and rear contact. Light which is directed on the surface of the cells (and therefore the panel) causes electron-hole pairs to be generated within the emitter and base of the cell. These electrons move into the emitter and the holes move downwards into the base of the cell. These electrons pass through the front contact to the load and back into the rear contact allowing for conventional current flow through a closed loop [6]. 
It is also important to note that the efficiency of solar cells is dictated by the materials which their semiconductors are made of [7]. PV cells using crystalline silicon, which can be in the form of a single silicon crystal (monocrystalline) or multiple smaller silicon crystals (multi/poly-crystalline), typically have an efficiency of 25% for monocrystalline and 20% for polycrystalline. However, copper indium gallium selenide (CIGs) cells have an efficiency of 13% but are cheaper and more lightweight [8]. CIGs cells are also less common as their materials and cell production waste are more toxic [8]. 
The angle of incidence (AoI) is another factor in all forms of solar PV installations. In terms of PV panels, the AoI is the angle between the source of light and the surface of the solar panel, meaning the more perpendicular the sun is to the PV panel’s face the more power will be produced [9]. 
The anti-reflective coating (ARC) on the surface of the solar panel must also be taken into consideration when choosing an appropriate solar panel for the system. Without ARC on the surface of the panel, light is reflected off it instead of absorbed into it which decreases the panel’s capacity to generate power [10].


[bookmark: _Toc196826620]2.3- Solar Tracking Systems
[bookmark: _Toc196826621]2.3a- Overview
There are various types of solar tracking systems but are generally separated into two separate groups, these being active tracking and passive tracking systems. Active tracking is where the system determines where the sun is and drives the system to face towards the sun using motors. This is done by using sensors or by using the date and time to calculate the sun path and input the information in the system [11]. Passive tracking is where the movement of the tracker is dictated by imbalances of solar heat within the liquids of sensors. They are used for movement of some PV tracking systems but not for a system where a higher degree of precision may be required. This is due to the efficacy of sensors used in passive tracking systems being directly proportional to temperature meaning the lower the temperature the less accurate they are [12]. Clifford et al state that in Nottingham, England, factors such as cloud cover and rain may influence the accuracy of passive trackers and instead suggest using an electronic, active tracker [13].
Methods of rotation of solar trackers also have various types and are known as single-axis (North-South or East-West orientation), Dual-axis (N-S + E-W orientation) or multi-axis (N+S + E-W + panel tilt orientation) trackers [14]. Mousazadeh et al state that solar trackers can increase the power produced by a PV panel by 10-100%. They also found that power consumption of trackers uses 2-3% of this increased power generated and that it is not beneficial to use trackers on smaller scale systems as the driving systems use more power than they help generate [15]. Due to the purpose and cost constraints of this project, this fact will be disregarded. Bahrami et al also note that the tracking period (season) and latitude of the system and panel used also influences the power gain of a tracking system [16], meaning that the higher the system is and the brighter the season is (generally summer) the power gain of the system will increase. For Turkey, Yazar et al mention that comparing a fixed-tilt, single-axis and dual-axis solar trackers, dual-axis trackers deliver the highest electricity production increase but are the least economically feasible as they take the longest time to start producing monetary returns past the initial cost [17].
[bookmark: _Toc196826622]2.3b- Active Tracking
For active trackers such as single and dual-axis trackers, there are various ways of tracking the sun's movement throughout the sky. As mentioned previously, sensors can be used to do so. The most common type of sensor used is a light dependent resistor (LDR) [18]. An LDR (also known as a photoresistor or photoconductive cell) is a variable resistor controlled by light, which decreases its resistance the lighter its surroundings are, meaning that its resistance has an indirectly proportional relationship to light [19]. Another method of tracking the sun’s movement used by active solar trackers is by using a solar position algorithm (SPA) [18]. These SPAs track the sun by calculating the solar azimuth and zenith angles [20]. The solar azimuth angle is the angle of the sun’s rays measured in the horizontal plane from due south (for the UK as it is in the Northern Hemisphere) and can be calculated using  [21]. The solar zenith angle is the angle between directly above the point of measurement and the sun’s current position in the sky [22]. Using these angles, the SPA can calculate where the sun was, is and where it is moving to, allowing for solar tracking to occur. 
Active trackers also contain control systems. These generally come in three forms, these being microcontrollers, programmable logic controllers (PLC) and digital control systems [18]. For a smaller scale system, it is most likely preferable to use a microcontroller and the use of a PLC or digital control system is better suited for larger scale systems. 

[bookmark: _Toc196826623]2.4- Motors In Solar Tracking
For the movement of the panel in a N-S/E-W/tilt orientation DC motors are typically used [23]. This is because the output of a PV panel is DC, so it is easier to supplement some of the power used in the movement of the tracker from the supply for the generated power from the panel. For single-axis systems, one motor rotates the panel along a horizontal or vertical axis. However, for dual-axis systems and or tilt systems, one or more motors may be used to move the panel along two separate degrees of rotation. Boudaraia et al designed a model using CAD to allow for a solar tracker to move the PV panel in two separate degrees of rotation [24]. Figure 1 below shows this:
[image: ]
Figure 1 – Solidworks tracker design [24]
The heavier the load the motor drives the more torque it requires to do so. Anuraj et al designed a solar tracking system using a DC stepper motor.  Their justification was because stepper motors are used for precision positioning control applications due to them being brushless, having good torque and response characteristics. They also use a motor drive [25]. 
Motor drives for DC motors control the current in the conductor by varying the input voltage using a switching power regulator. It does this by switching power to the motor on and off at varying intervals to maintain a steady voltage. The speed at which this occurs dictates the speed of the motor [26]. 
Stepper motors can energize each armature winding within them in sequence [27]. This sequence can be controlled by using a microcontroller when paired with a motor drive. Within unipolar stepper motors, electrical pulses can be sent to each section of the armature winding by switching to allow for each direction of magnetic field within the motor. The magnetic poles within them can also be reversed without changing the direction of current [28]. To do this, a motor drive can be connected to the inputs/outputs of the motor. By switching each input to each winding within the motor at separate intervals, the coils can be energized to drive the motor [29]. Figure 2 below shows this:
[image: ]
Figure 2 – A full-step stepping sequence for stepper motors [29]
This again can be done by halving the resolution of the stepper motor which makes it move half of the distance for each step within the sequence [29]. The example Kissel uses is by using a 200-step motor which has a resolution of 1.8 degrees. So, for each step in the sequence shown in Figure 2, the motor rotates 1.8 degrees. However, with half-stepping, the motor instead has a 400 step cycles and rotates at a resolution of 0.9 degrees. This can be seen below in Figure 3:
[image: ]
Figure 3 – A half-step stepping sequence for stepper motors [29]

 
[bookmark: _Toc196826624]2.5- Previous Experiments Using Solar Trackers
As this report will lead to an experiment, it is important to look in the field of PV panels using solar trackers, see what the experiments tested and the conclusions that were drawn. 
After conducting thorough research into their own system, Jeong et al [30] developed three iterations of a solar tracking system to power a blinds system, shutting the blinds at preferred brightnesses. They found that swapping from a CIGS PV panel to a smaller Silicon PV panel between the first and second iteration was beneficial due to the CIGS panel size being relatively large and cumbersome for the system. They implemented a multi-axis tracker in their design, tracking the vertical, horizontal and azimuth axes. For their circuit, they amplified the current so it could be measured to collate results and used a low-pass filter to remove noise from the system. Finally, they found that a dual-axis tracker can produce more energy than a single-axis tracker rotating about either the horizontal or vertical plane. However, a multi-axis tracker was found to produce even more energy than this by combining a tilt-tracker with a dual-axis tracker to create a multi-axis tracker, meaning that they found that multi-axis trackers were the best in terms of raw energy production [30], investment costs aside.
Reza et al designed a Fuzzy Logic Controller (control rules which address subjective input variables, makes logical decisions and converts this system into an output [31]) using an Arduino Nano to control a single-axis solar tracker. First, they developed a block diagram to initially design their circuit. This can be seen in Figure 4 below:
[image: ]
Figure 4 – A block diagram of a single-axis solar tracking system using an Arduino Nano [32]
It can be seen from Figure 4 that LDRs were the sensors used for this project, as well as a DC motor and motor drive. They also decided to use a 10W polycrystalline PV panel.  After developing this system, they discovered that the maximum output of the panel was at 12:30pm as this was the time where the sun was at its brightest at their location. When comparing their system to another system which did not have a solar tracker and was instead fixed (or static), they found that as the day progressed and the darker it was at their location, the single-axis and fixed systems produced a near identical output voltage and current [32]. From their experiment, it can be inferred that the single-axis tracker produced more power only during peak daylight hours. This experiment was conducted in Dhaka, Bangladesh however, so it is worth noting that these results may differ when a similar test is conducted in the UK.
[bookmark: _Int_oR7anmvL]Olteanu et al [33] ran their own experiment of tracking the sun using Maximum Power Point Tracking. MPPT is when the PV panel/array is automatically directed to face the sun by finding the position where the maximum power output is being produced by the system for a given ambient temperature and radiation intensity [34].  To achieve this, they calculated the optimal value for their given PV panel. This value is then sent to their controller which regulates DC/DC conversion. They developed an algorithm to do this. Although they did not build a physical prototype like the other aforementioned experiments, they simulated their experiment and collated results. They found that compared to a control, an MPPT tracker functioned as intended [34].
Finally, Saeedi et al [35] developed a dual-axis tracking system using LDRs within a Wheatstone bridge circuit. They justified their decision for a dual-axis tracker as single-axis tracking systems do not track as accurately in comparison, which is what Jeong et al [30] proved. Saeedi et al also implemented the use of a Fuzzy Logic Controller similarly to Reza et al [32]. Their Wheatstone bridge circuit can be seen below in Figure 5:
[image: ]
Figure 5 – A Wheatstone bridge circuit using LDRs for use within a dual-axis tracking system [35]
 Saeedi et al combined their Fuzzy Logic Controller algorithm with a particle swarm optimization (an optimization algorithm which performs optimization of Numerics without knowledge of the inputs gradient [34]) to control their system. After designing a full circuit (see Figure 6 below) they designed a physical prototype of their system.
[image: ]
Figure 6 – A circuit schematic for a Wheatstone bridge/LDR hybrid dual-axis solar tracker [35]
Within their physical prototype, they implemented a DC geared motor with a resolution of 168:1. They also placed their LDRs on the top, bottom and sides of their PV panel. After testing against a control, they found that the use of a Wheatstone bridge as a control mechanism within their system in combination with LDRs functioned as intended and thus provided another method of active dual-axis tracking [35].
[bookmark: _Toc196826625]2.6- Study of Preexisting Solar Systems for Purchase
This section of the report is dedicated to identifying the types of solar trackers on the market, along with their functions and prices.
On amazon.co.uk, KEYESTUDIO is selling a DIY Arduino solar tracker for £52. 
[image: ]
Figure 7 – DIY Arduino Solar Tracker by KEYESTUDIO [36]
This system uses 4 LDRs as light detection for panel movement, implying it is a dual-axis tracker (although not specifically stated). In addition to this, it contains a display, a USB connection for phone charging capability as well as a temperature and humidity sensor. It also allows for communication by having I2C, UART and SPI ports but does not seem to use any of these communication methods for its own operation and serves to allow for increased modification capabilities. It is worth noting that the power rating of the solar panel used in this product is also not stated.
A single-axis solar tracker product is provided by ecoflow.com and is sold for £349. 
[image: ]
Figure 8 – EcoFlow Single-Axis Solar Tracker [37]
This product is designed for installation directly onto the balcony of a home or business. It travels along a vertical axis for a N-S orientation. However, this product only has 65° of freedom of movement along this axis. It combines a 400W solar panel within its system, which itself is IP68 rated. This means that it is completely protected against dust and long periods of water immersion  [38]. Its installation is also DIY, however. The rain-light sensor it uses allows for a sun-tracking mode where it points the panel towards the sun and a system sleep mode. It also has an automatic shutdown mode based on poor weather conditions which are detected by the rain sensor. The product description does not state the system allows for further modifications onto it by the user.
Finally, costco.co.uk sells a roof-mounted (static) PV system for £12,999. 
[image: ]
Figure 9 – Fresh Solar 3.4kW Solar PV System with 13.5kW Tesla Powerwall 3 Battery [39]
This system, although not a tracking system, uses an array of 430W panels which are mounted onto the roofs of dwellings and businesses. These PV panels are monocrystalline and have an efficiency of up to 22%. This system also allows for monitoring using a phone application and creates an opportunity to provide energy to its location or sell energy back to the grid. It is worth noting that the installation costs are included in the price and that the battery included is rated at IP55 but there is no information available for the IP rating of the PV panel.
3- [bookmark: _Toc196826626] Design & Research Methodology
[bookmark: _Toc196826627]3.1- Design Methodology
[bookmark: _Toc196826628]3.1a- Simulation & Code
To design a solar tracking system a digital simulation will first be produced, then followed by a physical prototype of the same system. The advantages of this are to ensure that the produced system will work when code is developed and translated onto a PIC. Additionally, it allows for bug identification and rectification as doing this through testing the physical system may take extra time and could potentially damage components. Having a simulated system also provides a schematic as to how the layout of the physical system should look and where its connections should be. The simulated system will be made using the Proteus 8 software. The code will be written in C and will be written within Proteus 8 ‘Source Code’ section of this program. It will be compiled using CCS for PIC. Proteus 8 is used because it provides a streamlined way of producing a schematic diagram for the system, allowing for values of inputs and components such as the voltage source and motor to be changed. As well as this, CCS for PIC allows for the code to be compiled from a .c and .h file into a .hex file.

[bookmark: _Toc196826629]3.1b- PIC Programming
As stated above CCS for PIC is the compiler being used, meaning that a PIC microcontroller is also included as a controller for the project. This will be programmed using hardware known as a PICkit3 PIC programmer. Using the .hex file generated by the compiler, the PICkit3 can be connected to a breadboard containing a PIC to program it. By interfacing the PICkit3 with a computer by using a USB connection, the PICkit3 can connect to software known as MPLAB IPE. Using this software and the hardware connection, a supply voltage can be sourced from the computer to the chosen PIC which powers and allows for code to be installed to it.

[bookmark: _Toc196826630]3.1c- Breadboard Circuit
Once the PIC is programmed, a prototype of the system will be built using breadboards and other various components. A breadboard will be used as it ensures stable physical connections between contacts connected to the PIC and other parts of the system. Additionally, a breadboard allows for easy modification as other methods of building circuits like this such as a PCB design mean that soldering must occur. This takes time and additional resources. It also allows for the rectification of mistakes as if components are placed in the wrong position or connections are made wrongfully, they can just be pulled out and placed correctly. Whereas, for a PCB design as a first iteration of a physical prototype, a soldering iron and other tools would be used to replace these components. In terms of wrongfully made connections, a completely new PCB would most likely need to be designed.

[bookmark: _Toc196826631]3.2- Research Methodology
[bookmark: _Toc196826632]3.2a- Hypothesis
It is hypothesized that using a PV panel in combination with a single-axis solar tracker will produce a higher power output over a given period than that of a PV panel with no tracking capability.
[bookmark: _Toc196826633]3.2b- Testing Within the Simulation
Although no results will be gathered from the simulated design of the system, testing and verification of the solar tracker’s function will occur using Proteus 8 as mentioned above. Testing this will simply include verifying that the motor used by the system operates as intended. Also, the behavior of the LDRs and their influence on the motor's operation will be tested this way.
[bookmark: _Toc196826634]3.2c- Testing on The Prototype
[bookmark: _Int_VkZxyz0T]To attain the power output of both systems' PV panels, a multimeter will be used to collect data on the system's voltage output. This is because power can be calculated by V/R=I, using the load resistance and the voltage across it. From this VxI=P will be used to calculate the power output of the panel. A multimeter will be used as it can test the voltage. The multimeter is also handheld, meaning that the same measuring instrument can be used when testing both systems, ensuring fair testing practices are taking place. If this was not the case and two separate devices were used, one device may not be calibrated or calibrated to a specific degree of accuracy. This impacts the measurements taken and produces inaccurate results for comparison. When testing using the multimeter, the dial will be set to 20V within the DC voltage section to accurately gather reading up to 20V DC. 
The connections made from the multimeter to the PV panels will be made through a separate circuit, containing the same load for both systems (loads which are not connected and remain individual for each system). The loads connected will be constructed using breadboards, a resistor rated at 280Ω and an LED to show power generation of the panels. It is worth mentioning that delivery postponement meant that the ideal rating of 30Ω resistors were unable to be used.  Load connections to the PV panels and the multimeter are necessary as the tracking system panel will not be connected electrically to any other part of the system. Equally, the static system that serves as a ‘control’ will not have any connections anyway. Load connections to the panels are also necessary as without them, the voltage measured will be classed as an open circuit voltage. To get an accurate representation of the power produced by both panels, a closed circuit must be in place to allow for proper current flow and voltage to drop under load conditions.
[bookmark: _Toc196826635]3.2d- Validity & Reliability
The experiment is somewhat valid as closed-loop circuit measurements are being taken as mentioned above. Additionally, the same measurement device is being used throughout the experiment. Other steps will be taken to ensure that a fair test is being conducted amongst both systems. An example of this will be that both the single-axis and fixed systems will be placed side by side throughout the duration of the experiment. More of these steps will be mentioned below. By recording the voltage produced by the panels across their respective loads separately, current and power can be calculated and recorded. Any anomalies or outliers will also be recorded, highlighted and explained.
This experiment is sufficiently reliable. This is because multiple readings of voltage will be taken over a period of hours. If only one recording is taken, a set of results showing the sun's movement throughout the sky will not be possible. The sun’s movement along the sun path over the testing location will be slow, therefore requiring multiple measurements to be taken, ensuring reliability. External factors such as the testing location may impact the reliability of this experiment, however.
[bookmark: _Toc196826636]3.2e- Testing Overview
Here is a step-by-step list of how testing of both systems will occur:
1. Turn on the tracking system.
2. Allow tracking system to move accordingly by giving it time to move as it needs to (approximately 3 minutes).
3. Once the tracker prototype has stopped moving, record the current time of day.
4. Test both panels voltage whilst connected to their loads.
5. Record voltage data in table form and calculate for current and power output of both panels using the equation mentioned above. This will serve as the starting point and will be listed as ‘Recording 1’ for the tracking system and ‘Recording A’ for the static system.
6. Repeat the testing of voltage under load of both panels every 15 minutes and record the gathered data.
7. Once 6-8 hours have passed since Recording 1, record data for a final time.
8. Record current time of day.
9. Analyze the data.
If this sequence of testing occurs multiple times over the course of multiple days, it is important to start the testing at the same time of day to ensure reproducible results. Even if resultant values differ at the same time of day on different days, they can still be compared between each other as factors relevant to the UK such as cloud cover and rain can influence these and must be considered. 
4- [bookmark: _Toc196826637] Design & Implementation
[bookmark: _Toc196826638]4.1- Requirements
Through research found in the literature review, a design specification can be listed. The design of the system can be split into eight sections, these being:
1. Power rectification section
2. Microcontroller section
3. LDR connections 
4. Motor and motor drive connections
5. System base
6. Panel Structure
7. Panel Load
8. The Panel Itself
[bookmark: _Toc196826639]4.1a- Power Rectification Requirements
[bookmark: _Int_eRRjyTGg][bookmark: _Int_ptBOVCbv]Power rectification takes up a relatively large portion of the system. Not only does it include the power source itself, but it also includes a voltage regulator and other necessary components to get it to function properly. To form a power rectification circuit a multiple battery supplied voltage source has been chosen as it is cheap, easy to implement and is also a reliable and steady power supply. These six batteries are housed within a battery holder to allow them to connect to the rest of the circuit. Between the rest of the circuit and batteries will be a switch to allow for easy power supply control of the whole circuit. The battery supply then connects to a 7805 voltage regulator which steps the voltage down to 5V with the assistance of additional capacitors. A 7805 voltage regulator was chosen as it allows the voltage rectification section of the system to provide a +5V steady voltage source which is required by other components such as the PIC and the motor drive. Although other voltage regulators could have been used, a 7805 was chosen as it is affordable and simple to use. Noise reduction is mostly ignored for this as although it may be needed, the measurements are not taken from the tracker section of the system itself as stated previously. Therefore, no noise reduction methods such as filters have been used within the tracking system.
[bookmark: _Toc196826640]4.1b- Microcontroller Requirements
The microcontroller requirements are few but important. It requires 6 analog pins and a speed of 4MHz. Because of this, a PIC18F4520 has been chosen. It has 40 total pins allowing for space between inputs and can operate under the required speed and voltage. This PIC also allows for further communication methods to be implemented on future iterations of the project, supporting I2C, UART and SPP protocols. No implementation of these protocols has been considered as they are not required for the experiment to occur.
[bookmark: _Toc196826641]4.1c- LDR Requirements
The LDR requirements are vital to this project's success. They must be sensitive to light but not too much to the point where it causes unwanted panel rotation by the solar tracker. As this is the case, the NSL-19M51 Luna Optoelectronics LDR is chosen. It provides a similar response to that of the human eye, thus serving as a good choice for the light detection part of the tracker. Within the system itself, it is connected to the power source (after regulation), a resistor and the PIC as well as ground. The sensitivity of this LDR can be found in other LDRs but is one of the cheaper options.
[bookmark: _Toc196826642]4.1d- Motor & Motor Drive
The motor and drive system have also been identified. It was concluded from the research made in the literature review section that a stepper motor is the ideal motor for this tracking system. This is because it allows for rotation of the panel in small increments, a necessary detail for the system. Stepper motors also have the torque requirements to rotate a heavy load, as the PV panel itself and its structure combined will be heavy. The stepper motor chosen is the 28BYJ-48 stepper motor. When combined with a driver such as the ULN2003, it can rotate according to the required intervals in the sequence previously mentioned [29]. Only one motor is required for this experiment as only one single-axis tracker has been developed. Other DC motors were ignored as a motor choice due to having different movement characteristics.
[bookmark: _Toc196826643]4.1e- System Base Requirements
The system base consists of two sections, one of which is the multiple breadboards used to connect the system and the other being the area where these breadboards sit. The breadboards chosen for the system are an 830-hole breadboard for the tracker system circuit, a 400-hole breadboard for the voltage regulation circuit and two 170-hole breadboards for the two panel loads. The base these sit on is a metal backbox. It provides weight to the system which is one sided as most of the weight comes from the PV panel. The displacement of this weight also varies throughout the experiment as the panel is moved from one point to another.
[bookmark: _Toc196826644]4.1f- Panel Structure Requirements
The panel structure providing a level of tilt to both the single-axis tracker and the static ‘control’ panel is made of wooden popsicle sticks and glue. This allows both panels to stay at a 45° tilt angle vertically when made as a pyramid-like structure as the tracker itself is an E-W single-axis tracker. As the ‘control’ static panel is being compared against, it also has this level of tilt. It is worth noting that this is not the optimal tilt angle for both panels, but to achieve this would have been time consuming and require more tools to implement correctly. The support for the single-axis tracker panel is also made from wooden popsicle sticks and glue and has been glued between the motor’s stator and the pyramid structure. Again, this has been chosen as this is cheap and easy to implement/replicate. 
[bookmark: _Toc196826645]4.1g- Panel Load Requirements
The panel load requirements are few. A 280Ω resistor and LED have been chosen for each panel load as a closed-circuit loop is required for correct testing. Although unnecessary, an LED is chosen as it provides a visual representation of both panels providing power to a load. It also shows the power being produced, as the more power the panels are producing the lighter the LED shines.
[bookmark: _Toc196826646]4.1h- Panel Requirements
The panel requirements are few but vital to the design of the system. If the panel is too heavy, the motor may be unable to drive it. If the surface area of the panel’s face is too small, the panel may not produce enough power to measure accurately. If the panel uses solar cells with low efficiency, again not enough power may be produced to measure accurately. To combat all this, the chosen panel is a 3W monocrystalline solar panel. Its dimensions are 160x138x2.5mm.

[bookmark: _Toc196826647]4.2- Single-Axis Tracking System Block Diagram
Before making a simulated circuit, a block diagram was produced:
[image: ]Figure 10 – A circuit block diagram of the designed single-axis solar tracking system
Figure 10 above shows the directions of power and signals between the PIC microcontroller and the rest of the system. At the top, the voltage regulator circuit supplies and returns its power to and from the PIC. From this, the PIC provides pulses which are sent to the motor drive in sequence to rotate the motor one step at a time as previously mentioned [29]. The East and West LDRs input analog signals to the PIC to communicate with it. By doing this and using code, the PIC knows whether the order of stepping sequence input to the motor drive should ascend or descend, allowing for the motor to reverse when required.
[bookmark: _Toc196826648]4.3- Simulated Circuit
As mentioned previously, the simulated circuit was made using Proteus 8 software. Although slightly different to the physical prototype of the system, the simulated circuit design was intended to allow for testing and bugfixing of the code, as well as to provide a guideline for the connections made between components on the breadboard prototype. The simulated circuit can be seen below in Figure 11:
[image: ]Figure 11 – Simulated version of the developed single-axis solar tracker using Proteus 8
As shown above, there are various connections between multiple components. The top section of the circuit shows the voltage regulator circuit and can be seen in more detail below in Figure 12:
[image: ]
Figure 12 – Voltage regulation circuit of the developed single-axis solar tracker
The circuit above shows the 12V battery supply connected to the VI input of the 7805 voltage regulator. When this is connected to capacitors which are in parallel to each other, it steps down the voltage to 5V. This supplies the rest of the circuit with a steady 5V DC voltage and connects to the systems VCC as can be seen by the ‘5V Supply’ output on the right side of the image. 
Connected to VCC is the PIC and LDRs. A closer look at this can be seen below in Figure 13:
[image: ]Figure 13 – PIC and its connections for the developed single-axis solar tracker
The Figure above shows a PIC18F4520 microcontroller. Its master clear pin (MCLR) is tied to VCC. Its Port A pins A0 and A1 are connected to two separate LDRs each, which in turn are connected to a 10k resistor and VCC from one end and ground from the other. Its Port B pins B1, B2, B3 and B4 input to IN3, IN1, IN2 and IN4 input pins on the ULN2003 respectively. 
Pins IN1 to IN4 on the ULN2003 motor drive receive pulses from the PIC. These connections can be seen below in Figure 14:
[image: ]Figure 14 – Motor drive input connection from the PIC and output connections to the stepper motor for the developed single-axis solar tracker
As shown above, the ULN2003 has inputs IN1, IN2, IN3 and IN4 received by the PIC into its pins 1B, 2B, 3B and 4B respectively. For its output pins, COM is connected to the stepper motor and VCC. Pins 1C, 2C, 3C and 4C are also connected to the motor. Pins 1C to 4C are all responsible for energizing one of the four coils within the motor for stepping to occur [27]. IN1 is responsible for energizing the coil connected to 1C, meaning that when a pulse is sent from the PIC to IN1 (or 1B), the top left coil becomes energized. The nominal voltage of this unipolar stepper motor seen above is 5V and its step angle is 5.625°. This is because these values are identical to those found within the 28BYJ-48 datasheet [40]. 
It is worth mentioning that there is no solar panel present on this simulated circuit. This is a limitation of the Proteus 8 software as it does not contain a configurable solar panel. There is also no separate static solar panel circuit present. As the solar panels connections and its load are separate yet simple, they will only be used within the prototype builds of both systems.
[bookmark: _Toc196826649]4.4- Code
Figures 15, 16 and 17 show the source code for the developed single-axis solar tracker below:
[image: ]
Figure 15 – First section of code for the developed single-axis solar tracker
[image: ]
Figure 16 - Second section of code for the developed single-axis solar tracker
[image: ]Figure 17 - Third and final section of code for the developed single-axis solar tracker

[bookmark: _Toc196826650]4.4a- Lines 1-11
Figure 15 shows the first section of code for the solar tracking system. Lines 1 to 2 show the include header file for the PIC18F4520 as well as the fuses which are no watchdog timer, no low voltage protection and no circuit protection. Line 3 shows the delay, which sets the PICs internal frequence to 4MHz. As the PIC is capable of operating at frequencies between 31kHz and 8MHz [41], this halfway point was chosen. If this frequency was higher, longer delays would be required further along in the code. If this frequency was lower, shorter delays would be required. Following this, pins B1 to B4 are defined as IN1, IN2, IN3 and IN4 (not respectively). After this in line 11, the variable ‘sequence’ is defined as an integer and set to 0. 
[bookmark: _Toc196826651]4.4b- Lines 13-62
Lines 13 to 62 show the void ‘step_sequence(int rotation)’ which provides the switch-case statements for each step in the sequence. Each case shown within this void represents one of the four coils within the motor being energized and can be identified by looking at the comments within the code in Figures 15 and 16. Although other, more complex methods could have been used to implement the step sequence required for a stepper motor to function intendedly such as outputting high or low to each relevant pin using their assigned hex ID, defining pins and outputting pulses to these is a more simple and time efficient way to achieve the same result. There are also 10ms delays between each output within each case statement. This was done to ensure that the operation occurs as intended. If multiple interactions between the PIC and the ULN2003 occur simultaneously it may lead to issues and is typically good practice to implement short delays between each operation.
[bookmark: _Toc196826652]4.4c- Lines 64-70
Lines 64 to 70 within Figure 16 show void ‘dontmoveplease’. This is to allow an operation of the PIC to set all outputs to pins 1B to 4B from input pins B1 to B4 as low. This deenergizes all four coils of the stepper motor and prevents its movement.
[bookmark: _Toc196826653]4.4d- Lines 75-117
Lines 75 to 117 show the void main and can be seen in Figures 16 and 17. Line 76 sets east and west as integer variables. Line 88 sets pins AN0, AN1 and VSS-VDD as ADC ports. Line 81 is a while statement which embeds the rest of the code for the system. This while statement will keep the operation of void main for tracker running indefinitely or until it is turned off by the switch. Lines 82 to 84 show, firstly, the ADC channel being set to ‘0’ for pin A0 (the pin connected to the ‘east’ LDR) for line 82. Then in line 83 a 10ms delay occurs to allow for correct operation to occur as was mentioned above. Finally, in line 84, the analog value is read from ‘east’ (the LDR connected to pin A0) and converted to a digital output to be read by the PIC. Lines 86 to 88 show the same occurring for the second LDR connected to pin A1(‘west’), where the ADC channel is set to ‘1’ for pin A1. Another 10ms delay occurs in line 87. Finally, in line 88, the analog value is read from ‘west’ (the LDR connected to pin A1) and converted to a digital output to be read by the PIC. 
[bookmark: _Int_olfotcGC]Lines 91 to 100 show an if statement embedding an if else statement and can be seen in Figure 17. Line 91 states that if the digital reading from ‘east’ (pin A0) is greater than ‘west’ (pin A1) then execute the code embedded within. Line 93 shows that if the sequence variable is equal to 4, then set it back to 0. If sequence equals 0, case 0 is the currently selected switch. If sequence equals 1, case 1 is the currently selected switch and so on. As there is no case 4 within the switch-case statement, sequence must be an integer ranging from 0 to 3 which is why this is done. Following this on line 95, an else statement is made in which on line 96, sequence is incremented by 1. Line 98 shows that this change is then inputted into the switch-case step_sequence, descending within the sequence from case X to case X+1. A delay of 30ms then occurs after this on line 99. The delay period is so because for the motor to rotate no more than 3 degrees/second a delay of 30ms is required. This was calculated by dividing the step angle by the gear ratio, which is 5.625°/64=0.0879° rotation/step. To then calculate the required steps needed for 3° of rotation, 3°/0.0879°=34.15 steps moved to rotate 3° in either direction. The time taken per step was then calculated, 1 second/34=29.4ms. This value was then rounded up. Line 100 concludes the if statement, if east is greater than west. 
[bookmark: _Int_75pZSZA4]Line 101 shows another if embedding an if else statement and can also be seen in Figure 17. This if statement however states that if the digital reading from ‘west’ (pin A1) is greater than ‘east’ (pin A0) then execute the code embedded within it. Line 103 shows that if sequence is equal to 0, set the value of sequence to 3. There are no cases stated within the switch-case statement less than 0 which is why this occurs, like before. Line 105 shows an else statement in which sequence is decremented by 1. Line 108 shows this change being inputted into the switch-case step_sequence, ascending within the sequence from case X to case X-1. A delay of 30ms occurs on line 109. Line 11 concludes this if statement. 
[bookmark: _Int_II9Ui2Ko]Line 112 is another if statement, where if east and west (the digital values read from pins A0 and A1) are equal, execute the dontmoveplease void on line 114, deenergizing all four coils within the stepper motor and preventing movement. Line 116 concludes the while loop and line 117 concludes the void main.
[bookmark: _Toc196826654]4.5- Physical Prototype
 The breadboard circuit for the prototype single-axis solar tracker can be split into two main sections, the first being the voltage regulator section and the second being the PIC/LDR/Motor section. Figure 18 below shows the prototype in its entirety:
[image: ]
Figure 18 – Image of the prototype single-axis solar tracker
[bookmark: _Toc196826655]4.5a- Voltage Regulation Breadboard
Figure 20 below shows the voltage regulation section of the system:
[image: ]
Figure 19 – Voltage regulation section of the prototype
As seen above in Figures 19 and 20, the voltage regulation part of the system is implemented onto a breadboard in a similar manner to that of the simulated circuit’s design. One notable difference between the two is that the simulated circuit used a third capacitor between the VO connection of the 7805 and the 5V supply to the rest of the circuit whereas the prototype does not. As this was an unnecessary oversight, free space on the breadboard was used up by adding an LED and resistor instead to verify that there is a voltage between the +5V VO pin and ground. This just serves as a visual representation that this section of the circuit is working as intended. When voltage is tested for using a multimeter between the VO pin on the 7805 regulator and ground, a steady flow of 4.98V DC is shown as a result. This also verifies the voltage regulator works as it is meant to. 
[bookmark: _Toc196826656]4.5b- PIC Connections Breadboard
Figure 21 shows the rest of the circuit and can be seen below:
 [image: ]
Figure 20 – Breadboard and PIC connections to the ULN2003, voltage regulator and LDRs for the prototype tracker
Figure 21 above shows the breadboard connections to, from and between the PIC and other components of the circuit. The blue wire at the bottom of Figure 21 is the power connection from the voltage regulator section, providing 5V DC to the power plane of the breadboard. The black wire directly is the common ground connection between the voltage regulator and the PIC. Initially, when testing the prototype, it would turn on for a few seconds and stop working. This is because this common ground connection was not present and so this was rectified. The black and red wires between planes provide a common ground and power to both ground and power planes of the circuit. This was done to allow for ease of use and modification during construction. The white/purple and brown/yellow wires show connection between the PIC and LDRs and can be seen more clearly in Figure 19. The green, purple blue and ground wires connected to port B pins B1 to B4 of the PIC connect to the driver board’s inputs IN4, IN2, IN1 and IN3 respectively, like the simulated circuit and the definitions in Figures 13 and 15. A power and ground connection have also been made between the breadboard and the driver board. These driver board connections can be seen below in Figure 22:
[image: ]
Figure 21 – Driver board/PIC connections on breadboard of the prototype tracker
Finally, the master clear pin is tied to the 5V power plane with a resistor and can be seen at the top left of the PIC (seen in Figure 21).
[bookmark: _Toc196826657]4.5c- Panel Load Breadboards
Figure 23 below shows the panel load breadboards:
[image: ]Figure 22 – The load breadboards for use when testing the single-axis tracker and static PV system
These breadboards serve to allow for an easy connection of the PV panels to their loads for testing as mentioned previously. These two circuits are identical.
[bookmark: _Toc196826658]4.5d- Panel Tilt, Structure and Base
Figures 24, 25 and 26 below show the mount for the tilt of the tracking system PV panel and its connection to the motor, the mount for the tilt of the static panel and the base which the tracking system in its entirety sits upon:
[image: ]
Figure 23 – Mount and motor connection for the solar tracker’s PV panel
[image: ]
Figure 24 – Mount for the static solar tracker’s solar PV panel
[image: ]
Figure 25 – The base that the tracking system sits upon
Figures 24 and 25 show the previously described popsicle stick-glue structure made to prop up and tilt the panels. By making the mount a pyramid, a 45° angle of tilt is provided. Figure 26 shows the base the tracking system sits upon. As mentioned earlier in the requirements section of this report, its only requirements were that it is large enough by area and that it is heavy enough to support the system in its entirety. It is worth noting that both main breadboards are glued to the base, allowing for easy transportation. 
[bookmark: _Toc196826659]4.5e- Testing Panels Side By Side
Figure 27 below shows the final testing setup (please note that Figure 28 was not taken at the time of testing):
[image: ]Figure 26 – The final testing setup of the experiment
5- [bookmark: _Toc196826660] Testing Data
A spreadsheet of collated data of the two separate systems tests can be seen below in Figure 28:
[image: ]
Figure 27 – Experiment Data Spreadsheet
6- [bookmark: _Toc196826661] Analysis
Figure 28 provides a lot of data. Figures 29 and 30 show this data more clearly in graphs:
[image: ]Figure 28 – Graph showing power output of the solar tracking system PV panel
[image: ]Figure 29 – Graph showing power output of the static system PV panel
Immediately, it can be seen when comparing Figures 28, 29 and 30, the solar tracking system has utilized the position of the sun to generate a more consistent power output throughout the day. Using the data from Figure 28, the mean power generated for the day can be calculated for both the tracking system and static system. The mean power output for the tracking system is 0.15392W and the mean power output for static system is 0.15279W. This is clear evidence showing that, on average, the solar tracking system produces more power than that of the static system. More evidence of this is that although the static system had a higher peak power output, the solar tracking system does not produce power as low as the static system during the later stages of the test.
[bookmark: _Int_iEXULsVW]Using the mean values, the efficiency can be calculated. By using 0.15392/0.15279, it can be calculated that the solar tracker improves power output efficiency by +0.007%. This value, however, is small. There are a few potential causes of this. The first cause can be seen in Figure 28, where an anomaly lies for Recording 5 of the solar tracker test data. This anomaly can be seen clearer in Figure 29, where there is a sharp decrease in the power generated by the system. The cause of this was due to an LDR falling off the top of the panel. Consequently, the system detected this as darkness and decided to turn away from the sun. The second cause for such a low efficiency increase may have been due to the location of the test, as it was done behind glass, facing buildings which had the sunlight reflecting in their windows. This may have prevented the LDRs from correctly identifying the sun compared to the sun’s reflection in a window. Another potential cause for this may also be related to the location of testing. As the test was conducted indoors on a windowsill facing outside, some sunlight may have been prevented from being collected as it was not conducted in a wide space, yet the tracker is an E-W tracker. The static system was also potentially more central on the windowsill than the tracking system at the time of testing. An additional reason for this may be since this test was conducted in summertime, both systems panels were irradiated fully throughout the duration of the test. This is justification for the experiment to take place over a longer period if reproduced. The final possible reason for this could be that only one experiment occurred, meaning that the data pool is very small. This was the case due to time constraints. The reason as to why the efficiency is so low is most likely due to a combination of all these factors. 
7- [bookmark: _Toc196826662] Evaluation
Although the hypothesis was proven true by the results, it should not be proven as valid or true as a fact. This is due to a multitude of reasons, ranging from time constraints and build defects to improper testing procedures and external environmental/loctional factors. 
The data gathered from the experiment does back up the points made about an efficiency increase when using a solar tracker within the literature review. Again, the values used within the literature review and the values calculated from the gathered data differ massively. The objectives stated within the introduction have been achieved except for objective 7, as a clear decision on whether a solar tracking system is more suitable for use within the UK cannot be made. The root cause of this is inconclusive evidence. The results are not as expected because of this. 
If this experiment were to be conducted again, a minimum of three tests would be conducted to determine whether solar tracking systems are worth being used within the UK. Additionally, a wider, more open space outdoors (a park for example) would be used to conduct these tests as factors such as reflected light or lack of testing space will affect the experiment a lot less.
8- [bookmark: _Toc196826663] Recommended Improvements for Future Work
Here is a list of recommended improvements for future work:
· Turn system from a single-axis solar tracker to a dual-axis solar tracker
· Implement another motor
· Design a method of which the system can be used as a dual-axis solar tracker by only using one motor
· Implement a system for manual control of the trackers movement, by using multiple buttons to control the direction of rotation for example
· Design code and implement a way to wirelessly switch the tracker on and off
· Design a method to record and store the data of output of the PV panels power by using a communication method such as UART and a USB stick
· Interface to an LCD using a communication method such as RS232 and display the system status 
· Provide better physical housing for the system allowing for safe transportation
· Tidy up connections on the breadboard by cutting wires and making the connections taut
· Use a designed dual-axis solar tracker within another experiment to compare the power output of itself between a single-axis solar tracker and a static solar tracker
· Do more than one experiment to gain a larger pool of data for analysis
· Extend the period in which experiments take place. The experiment could also have been at least an hour longer as the data collected in this extra time would provide a more accurate display of how solar panels run throughout a whole day when supplying a load under a UK climate; and not just a part of the day when both panels are fully irradiated
· Try the experiment at a different time of year
9- [bookmark: _Toc196826664]      Conclusion
[bookmark: _Int_VK9DSCaW]To conclude, most of the objectives set out in the beginning of this report have been met, except for a conclusive answer as to whether the implementation of solar trackers within the UK are a viable alternative to static PV systems. The other objectives were met by conducting a thorough literature review, developing a simulated and physical prototype of a single-axis solar tracker as well as using this system to experiment and collate results. Analysis of these results ultimately provided more questions than answers as they were not comparable to the experimental results mentioned within the literature review. However, possible factors causing these results to be as they were, were also not found during the literature review. This provides others with cautionary knowledge as to how oversights, external factors and developmental defects can influence a project such as this one. Further testing may have combated this, but overall, the testing conditions might not have been wholly optimal.
10- [bookmark: _Toc196826665]Reflection
In retrospect, a dual-axis tracker using one or two stepper motors could have been developed instead of a single-axis tracker. The only challenges in doing this would be to write extra code for N-S orientation which is, in essence, the same as the code written for the E-W orientation. The other challenge in doing this would be to develop a structure to rotate the PV panel in two separate degrees of rotation. The reason this did not take place was because the knowledge collated from the literature review and wider, personal reading was severely underestimated. Timing constraints also prevented this.
This project also required some creative thinking. An example of this can be found in the code where switch-case statements were used for the stepping sequence. Only after trial and error writing the code was this discovered as a simple yet effective way to achieve this. Another example of this was making the mount to be a pyramid-like structure. Providing tilt to the panel this way was simpler than other methods and cheaper too.
The literature review also helped with this project's progression immensely. Without a deep understanding of how active and passive solar trackers work, how other people developed and experimented with their solar trackers and how stepper motors work, the developmental side of this project may not have come through to fruition. This would have had a knock-on effect, preventing any experimentation from even taking place.
The main challenge of the project was analyzing the testing data after conducting the experiment. Both systems produced a near identical power output to one another which was very unexpected. With few anomalies, no clear justification as to why the results were so and not enough time to find answers to these questions, the analysis of the project's results was difficult to conclude. 
Other challenges of the project were that, due to inexperience, building the physical prototype of the tracker on a breadboard was time consuming. Another challenge was deciding how to code the stepping sequence and implement it correctly. Only after a multitude of time was using a switch-case statement even considered. This was a complete oversight. The only other challenge worth mentioning is that this project was initially going to cover the design, implementation and experimentation of a heliostat system, not just a solar tracker. Lots of time at the project’s inception was spent researching heliostats. This ultimately meant time that was not spent on this project. This was a major setback and took approximately two months away from the project’s lifespan. Additionally, this was emotionally draining and required vast amounts of motivation to overcome.
Overall, time should have been managed better. Some research undertaken was mostly unnecessary and not included. An example of this is research undertaken on torque, weight and how the system's weight should be calculated to choose a PV panel light enough for a regular DC motor to drive. This occurred before research on stepper motors was conducted. Another time sink was that a blink LED section of code was intended to be implemented to show the system had power. Time was spent attempting to put this into the void main, but this prevented all other operations of the system from occurring. This was removed as it was identified to be unnecessary. It was instead placed within the voltage regulation of the circuit.
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Figure 1 – Solidworks tracker design [24] 
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Figure 2 – A full-step stepping sequence for stepper motors [29] 
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Figure 3 – A half-step stepping sequence for stepper motors [29] 
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Figure 4 – A block diagram of a single-axis solar tracking system using an Arduino Nano [32] 
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Figure 5 – A Wheatstone bridge circuit using LDRs for use within a dual-axis tracking system [35] 
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Figure 6 – A circuit schematic for a Wheatstone bridge/LDR hybrid dual-axis solar tracker [35] 
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Figure 7 – DIY Arduino Solar Tracker by KEYESTUDIO [36] 
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Figure 8 – EcoFlow Single-Axis Solar Tracker [37] 
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Figure 9 – Fresh Solar 3.4kW Solar PV System with 13.5kW Tesla Powerwall 3 Battery [39] 
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Figure 10 – A circuit block diagram of the designed single-axis solar tracking system
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Figure 11 – Simulated version of the developed single-axis solar tracker using Proteus 8 
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Figure 12 – Voltage regulation circuit of the developed single-axis solar tracker 
[image: A diagram of a computer

AI-generated content may be incorrect.]
Figure 13 – PIC and its connections for the developed single-axis solar tracker 
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Figure 14 – Motor drive input connection from the PIC and output connections to the stepper motor for the developed single-axis solar tracker 
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Figure 15 – First section of code for the developed single-axis solar tracker 
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Figure 16 - Second section of code for the developed single-axis solar tracker 
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AI-generated content may be incorrect.]Figure 17 - Third and final section of code for the developed single-axis solar tracker 
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Figure 18 – Image of the prototype single-axis solar tracker 
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Figure 19 – Voltage regulation section of the prototype 
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Figure 20 – Breadboard and PIC connections to the ULN2003, voltage regulator and LDRs for the prototype tracker 
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AI-generated content may be incorrect.] 
Figure 21 – Driver board/PIC connections on breadboard of the prototype tracker 
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AI-generated content may be incorrect.]Figure 22 – The load breadboards for use when testing the single-axis tracker and static PV system 
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Figure 23 – Mount and motor connection for the solar tracker’s PV panel 
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Figure 24 – Mount for the static solar tracker’s solar PV panel 
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Figure 25 – The base that the tracking system sits upon 
[image: Inserting image...]Figure 26 – The final testing setup of the experiment 
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Figure 27 – Experiment Data Spreadsheet 
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AI-generated content may be incorrect.]Figure 28 – Graph showing power output of the solar tracking system PV panel 
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AI-generated content may be incorrect.]Figure 29 – Graph showing power output of the static system PV panel 
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1 #include <18F4520.h>
2 #fuses HS, NOWDT, NOLVP, NOPROTECT

53 #use delay(clock4200000) J/Sets internal clock to 4z

3

s

6 #define N1 PIN B2 /sets NI as pin B2

7 #define T2 PIN B3 7/sets N2 as pin 63

8 #define N3 PINBL 7/sets I3 as pin 61

9 #define Ina PIN B4 7/sets INa as pin 64

10

11 int sequence = 03

12

13 void step_sequence(int rotation) //case void for switching sequence of stepper motor
=R

15 suitch(rotation)

68 {

17 case o: //energizes top Left coil within motor

18 output_high(In1);

19 delay_ns(10);

20 output_Tow(IN2);

21 delay_ns(10);

22 output_Tow(IN3);

23 delay_ns(10);

24 output_Low(I4);

25 delay_ns(10);

26 return;

27

28 case //energizes botton Left coil within motor
20 output_Low(IN1);

o delay_ns(19);

51 output_high(INi2);

52 delay_ns(10);

53 output_Low(IN3);

s delay_ns(10);

s output_Low(I4);

6 delay_ns(10);

57 return;

58

o case 2: //energizes botton right coil within motor
0 output_Low(IN1);

i1 delay_ns(10);

12 output_Tow(IN2);

i3 delay_ms(19);

0s output_high(Ii3);

is delay_ns(10);

15 output_Low(I4);

47 delay ns(10);

a5 b
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se case 3: //energizes top right coil within motor
51 output_Low(In1);

s2 delay_ns(10);

53 output_Tow(IN2);

sa delay_ns(10);

ss output_Tow(IN3);

s6 delay_ns(10);

57 output_high(Iiia);

E delay_ns(10);

59

60 return;

61}

&2 )

6

64 _void dontmoveplease() //void to output Low oLl IN pins, means no motor movement
5B

66 output_low(IN);

67 output_low(mn2);

68 output_low(IN3);

69 output low(na);

)

7

72

7

7

75 Elvoid main() {

76 it east, west; //setting variables for LORS

77 setup_ade_ports(ANe_TO_ANL, VSS_VDD);

78 setup_adc(ADC_CLOCK INTERNAL);

79

0

81E  while(TRUE) {

52 Set_adc_channel(9); //sets channel. to 0

8 delay_ns(10);

P cast = read_ade(); J/sets "east” to read channel 0
85

6 set_ade_channel(1); //sets channel. to 1

57 delay_ns(10);

88 west = read adc(); //sets ‘west' to read channel 1




image18.png
28

if (east > west)

{

1f(sequence

4) sequence=0;
else

sequencett;

step_sequence(sequence);
delay_ms(167);

if (west > east)

{

1f(sequence

) sequence=3;

else
sequence:

step_sequence(sequence);
delay_ms(167);

3

iF (east = west)

dontnoveplease();

//if statement where if east adc read value is greater than west

//if the sequence reaches case 4, reset to case 6

//else increment the sequence by one (plus one step, clockwise movement)

//change case to the next case along in the sequence (+1 case)
//delays next step from occuring for 167ms

//if statement where if west adc read value is greater than east

//if the sequence reaches case 4, reset to case 6

//else decrement the sequence by one (minus one step, anticlockwise movement)
//change case to the next case along in the sequence (-1 case)

//delays next step from occuring for 167ms

//if east and west adc values match

//output Low/deenergize all four motor coils (no movement)




image19.jpeg




image20.jpeg




image21.jpeg




image22.jpeg




image23.jpeg




image24.jpeg




image25.jpeg




image26.jpeg




image27.jpeg




image28.png
1/Resistance= 280 Ohms
2[Test1 Commencing11:03 End 17:48
3|Recording Number (Tracking) Time Voltage (V)
4/|Recording1 B

5/Rec

6

7

8

9

20 Recor
21 Recor

22 |Recor

23 Recor

24 Recording21
25 Recording22
26 Recording23
27 Recording 24
28 Recording 25
29 Recording 26
30 Recording27

31 |Recor

228

656
658
658
657
645
659
662
662
662

66
661
662
661
661
659
658
659
658
656
655
657
655
653
652

65

65
6.48
6.47

Current (A)

Mean=

0.023428571
0.0235
0.0235

0.023464286

0023035714

0023535714

0.023642857

0.023642857

0.023642857

0.023571429

0.023607143

0.023642857
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0.023607143

0023535714
0.0235

0023535714
0.0235

0.023428571

0.023392857

0.023464286

0.023392857

0.023321429

0023285714

0.023214286

0.023214286

0.023142857

0.023107143

Power (W) for Tracking
0.153691429
0.15463
0.15463
0.154160357
0.148580357
0.155100357
0.156515714
0.156515714
0.156515714
0.155571429
0.156043214
0.156515714
0.156043214
0.156043214
0.155100357
0.15463
0.155100357
0.15463
0.153691429
0.153223214
0.154160357
0.153223214
0.152288929
0.151822857
0.150892857
0.150892857
0.149965714
0.149503214
0.153917207

Recording Letter (Static)  Time Voltage (V) Current (A) Power (W) for Static
RecordingA B 6.43 0.0229643 0.147660357
RecordingB 6.45 0.0230357 0.148580357
Recording C 6.48 0.0231429 0.149965714
Recording D 6.53 0.0233214 0.152288929

6.53 0.0233214 0.152288929

6.57 0.0234643 0.154160357
Recording & 6.59 0.0235357 0.155100357
RecordingH 6.62 0.0236429 0.156515714
Recording| 6.63 0.0236786 0.156988929
Recording) 6.64 0.0237143 0.157462857
Recording K 6.67 0.0238214 0.158888929
Recording L 6.68 0.0238571 0.159365714
RecordingM 6.66 0.0237857 0.158412857
RecordingN 6.67 0.0238214 0.158888929
Recording O 665  0.02375 0.1579375
Recording P 6.62 0.0236429 0.156515714
RecordingQ 6.61 0.0236071 0.156043214

6.61 0.0236071 0.156043214

658 0.0235 0.15463
Recording T 6.56 0.0234286 0.153691429
RecordingU 6.49 0.0231786 0.150428929
Recording V. 6.46 0.0230714 0.149041429
RecordingW 6.45 0.0230357 0.148580357
RecordingX 6.42 0.0229286 0.147201429
Recording Y 64 0.0228571 0.146285714
RecordingZ 6.39 0.0228214 0.145828929
Recording AA 6.38 0.0227857 0.145372857
Recording AB 6.35 0.0226786 0.144008929

Mean= 0.152792092
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1 #include <18F4520.h>
2 #fuses HS, NOWDT, NOLVP, NOPROTECT

53 #use delay(clock4200000) J/Sets internal clock to 4z

3

s

6 #define N1 PIN B2 /sets NI as pin B2

7 #define T2 PIN B3 7/sets N2 as pin 63

8 #define N3 PINBL 7/sets I3 as pin 61

9 #define Ina PIN B4 7/sets INa as pin 64

10

11 int sequence = 03

12

13 void step_sequence(int rotation) //case void for switching sequence of stepper motor
=R

15 suitch(rotation)

68 {

17 case o: //energizes top Left coil within motor

18 output_high(In1);

19 delay_ns(10);

20 output_Tow(IN2);

21 delay_ns(10);

22 output_Tow(IN3);

23 delay_ns(10);

24 output_Low(I4);

25 delay_ns(10);

26 return;

27

28 case //energizes botton Left coil within motor
20 output_Low(IN1);

o delay_ns(19);

51 output_high(INi2);

52 delay_ns(10);

53 output_Low(IN3);

s delay_ns(10);

s output_Low(I4);

6 delay_ns(10);

57 return;

58

o case 2: //energizes botton right coil within motor
0 output_Low(IN1);

i1 delay_ns(10);

12 output_Tow(IN2);

i3 delay_ms(19);

0s output_high(Ii3);

is delay_ns(10);

15 output_Low(I4);

47 delay ns(10);

a5 b
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se case 3: //energizes top right coil within motor
51 output_Low(In1);

s2 delay_ns(10);

53 output_Tow(IN2);

sa delay_ns(10);

ss output_Tow(IN3);

s6 delay_ns(10);

57 output_high(Iiia);

E delay_ns(10);

59

60 return;

61}

&2 )

6

64 _void dontmoveplease() //void to output Low oLl IN pins, means no motor movement
5B

66 output_low(IN);

67 output_low(mn2);

68 output_low(IN3);

69 output low(na);

)

7

72

7

7

75 Elvoid main() {

76 it east, west; //setting variables for LORS

77 setup_ade_ports(ANe_TO_ANL, VSS_VDD);

78 setup_adc(ADC_CLOCK INTERNAL);

79

0

81E  while(TRUE) {

52 Set_adc_channel(9); //sets channel. to 0

8 delay_ns(10);

P cast = read_ade(); J/sets "east” to read channel 0
85

6 set_ade_channel(1); //sets channel. to 1

57 delay_ns(10);

88 west = read adc(); //sets ‘west' to read channel 1
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if (east > west)

{

1f(sequence

4) sequence=0;

else
sequencett;

step_sequence(sequence);
delay_ms(167);

if (west > east)

{

1f(sequence

) sequence=3;

else
sequence:

step_sequence(sequence);
delay_ms(167);

3

iF (east = west)

dontnoveplease();

//if statement where if east adc read value is greater than west

//if the sequence reaches case 4, reset to case 6

//else increment the sequence by one (plus one step, clockwise movement)

//change case to the next case along in the sequence (+1 case)
//delays next step from occuring for 167ms

//if statement where if west adc read value is greater than east

//if the sequence reaches case 4, reset to case 6

//else decrement the sequence by one (minus one step, anticlockwise movement)
//change case to the next case along in the sequence (-1 case)

//delays next step from occuring for 167ms

//if east and west adc values match

//output Low/deenergize all four motor coils (no movement)
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1/Resistance= 280 Ohms
2[Test1 Commencing11:03 End 17:48
3|Recording Number (Tracking) Time Voltage (V) Current (A) Power (W) for Tracking Recording Letter (Static)  Time Voltage (V) Current (A) Power (W) for Static
4/|Recording1 B 6.56 0.023428571 0.153691429 RecordingA B 6.43 0.0229643 0.147660357
5/Rec 6.58 00235 0.15463 RecordingB 6.45 0.0230357 0.148580357
6 6.58 00235 0.15463 Recording C 6.48 0.0231429 0.149965714
7 6.57 0.023464286 0.154160357 Recording D 6.53 0.0233214 0.152288929
8 645 0023035714 0.148580357 6.53 0.0233214 0.152288929
9 659 0023535714 0.155100357 6.57 0.0234643 0.154160357
6.62 0.023642857 0.156515714 Recording & 6.59 0.0235357 0.155100357
6.62 0.023642857 0.156515714 RecordingH 6.62 0.0236429 0.156515714
6.62 0.023642857 0.156515714 Recording| 6.63 0.0236786 0.156988929
66 0.023571429 0.155571429 Recording) 6.64 0.0237143 0.157462857
6.61 0.023607143 0.156043214 Recording K 6.67 0.0238214 0.158888929
6.62 0.023642857 0.156515714 Recording L 6.68 0.0238571 0.159365714
6.61 0.023607143 0.156043214 RecordingM 6.66 0.0237857 0.158412857
6.61 0.023607143 0.156043214 RecordingN 6.67 0.0238214 0.158888929
659 0023535714 0.155100357 Recording O 665  0.02375 0.1579375
6.58 00235 0.15463 Recording P 6.62 0.0236429 0.156515714
659 0023535714 0.155100357 RecordingQ 6.61 0.0236071 0.156043214
6.58 00235 0.15463 6.61 0.0236071 0.156043214
6.56 0.023428571 0.153691429 658 0.0235 0.15463
655 0.023392857 0.153223214 Recording T 6.56 0.0234286 0.153691429
Recording21 6.57 0.023464286 0.154160357 RecordingU 6.49 0.0231786 0.150428929
25 Recording22 655 0.023392857 0.153223214 Recording V. 6.46 0.0230714 0.149041429
26 Recording23 653 0023321429 0.152288929 RecordingW 6.45 0.0230357 0.148580357
27 Recording 24 652 0023285714 0.151822857 RecordingX 6.42 0.0229286 0.147201429
28 Recording 25 65 0.023214286 0.150892857 Recording Y 64 0.0228571 0.146285714
29 Recording 26 65 0.023214286 0.150892857 RecordingZ 6.39 0.0228214 0.145828929
30 Recording27 648 0.023142857 0.149965714 Recording AA 6.38 0.0227857 0.145372857
31 Recording 28 647 0023107143 0.149503214 Recording AB 6.35 0.0226786 0.144008929

32 Mean= 0.153917207 Mean= 0.152792092
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'EIGHT STEP INPUT SEQUENCE

MODE"
STEP swi_sw2_swo_owa
T__ON_OFF _ON __OFF

2 ON_OFF OFF OFF

3 ON_OFF _OFF _ON
«_OFF_OFF_OFF _ON

5 _OFF_ON_OFF_ON

OFF _ON__OFF_OFF

7_OFF _ON__ON_OFF

@ OFF_OFF _ON__OFF.
T ON_OFF ON_OFF
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