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Abstract
Abstract- In this report, an investigation was carried out to evaluate the efficiency of a heliostat on a microcontroller based design and compared the heliostat system design with a stationary system. The main components of the heliostat system were LDR sensors, stepper motors, stepper drivers and the microcontroller. The light dependent resistor (LDR) sensors were used to detect the presence of sunlight. An algorithm was designed to implement the movement of the heliostat based on the voltages of the sensors. The microcontroller was programmed to act as the brain of the system, by controlling the movements of the motors. The experimental results were successful and showed that having a heliostat on a tracking system was highly efficient.
Key Words: LDR, Microcontroller, Drivers, Motors, Heliostat, Solar Panels 

















CHAPTER 1:
 Introduction

Solar energy is ever increasing in power systems due to the fact it is clean and renewable energy. As a result, solar energy technologies are constantly developed to produce a major share of clean renewable energy for the future. It is estimated that solar energy could compete with fossil-fuel power generation within the next decade [1].
Solar energy technologies such as concentrating solar power (CSP) and photovoltaics (PV) systems are the two main options for producing electrical energy in grid-connected and distributed modes. Both of these two technologies are used to produce solar energy. However, photovoltaics systems vary from concentrating solar power systems, because PV which is also known as solar cells, converts sunlight directly into electricity. Concentrating solar power systems, on the other hand, utilizes optical devices to direct the sunlight onto a solar cell. For example lenses or mirrors are used in (CSP) to direct solar radiation that is released from the sunlight to a solar cell, which is made out of semiconductor material. [2]
Concentrating solar power system focuses on technologies such as parabolic trough, solar dish, linear Fresnel reflectors and a central tower with solar cells absorbing all of the solar energy that is reflected from the sun. In order for the solar cells on the tower to receive maximum energy, the lenses or mirrors would need to be constantly oriented towards the sun and the central receiver simultaneously. As a result, this particular approach is highly based on technologies around materials and control strategies to further develop and improve solar energy conversion. [1] [2]. 

One of the controlled strategies is the movement of the mirrors. The mirrors movements are based on a computerized controlled system and this is known as the heliostats. In this kind of solar plant, heliostats are important because they are used to track the movement of the sun and then direct to the sun's light to the central tower receiver. The central tower receiver consists of solar cells that are simply electronic devices that absorb the radiation and transfers it to a working fluid. An example of a solar power plant with a central receiver is shown in Figure 1.
[image: Image result for Concentrating solar power system]








Figure 1 - solar power plant with a central receiver


Tracking 
The tracking mechanism of the heliostat can be very complex to implement in a real world because the location and movement of the sun must be calculated. Once this is done the heliostat would point the sun's radiation to the central tower receiver, regardless of the movement of the sun. [3]
Most trackers are open loop systems, where an algorithm is designed to track the sun’s movement. The closed loop tracker, On the other hand, would use some sensors to implement the sun tracking. However, a closed loop tracker is more complex than the open loop because complex data processing is needed to obtain high precision. [3]
Numerous researches were done on the solar power plants to improve the efficiency of the photovoltaic system modules. Thus, several methods were found to improve the tracking systems of a PV module. However, this report will analyze the efficiency of the heliostat and see how much influence the heliostat has on the solar system. The report will also compare also compare the data collected from the heliostat systems and a stationary solar system.[3]





CHAPTER 2:
 Literature Review

A similar experiment was done by Zafrullah et al (2003). to evaluate various types of solar trackers and to evaluate their advantages and disadvantages. It was reported [4] that dual axes trackers are a more efficient system available. The dual axes tracker was constructed to point directly towards the sun by an integrated sun tracking mechanism with two degrees of rotational freedom. The sun tracker was also controlled by a microcontroller but with precise timing real time circuit that computes the altitude and azimuth of the sun in real time. The system designed by [4] tracked the sun throughout the day and returns to its default position after sunset. The overall cost of the project was $278.59 including a tailored made frame for the prototype. 

Another experiment that was done by Zafrullah et al (2003) was to compare the solar tracker system with a fixed system. A fixed system used in this experiment was mounted on a piece of wood fixed on the roof to capture solar energy from the sun. The tracking systems include electronic circuitry and mechanical elements to follow the sun throughout the day. Book et al pointed out that, single axis trackers are unable to follow the sun with absolute accuracy because of the season variation of the tilt of the earth’s equatorial plane with respect to the earth’s orbital plane. The fact that a single axis tracker has a single degree of rotational freedom about an axis which is approximately parallel to the earth’s axis if rotation that only allows it to follow the sun path from east to west during the day. the performance of the solar tracker compared to the fixed system depends on the latitude of the installation and the design of the tracker. [4]

Zafrullah et al (2013), found that that parabolic solar concentrator cannot be imagined without a precise tracking mechanism to ensure maximum performance. An example given was if a fixed system solar plate was in Mauritius (20 degrees 17) would have to be oriented facing the north at 20 degrees to the horizontal for maximum performance even during the winter months, where the sun duration is shorter and illumination is low. Zafrullah et al. (2013) A dual axes tracking systems produce more power than a single axis tracker. The dual axes tracker functioned at 100% for 9 consecutive hours out of 15 hours of sunlight in Germany. While a single axis tracker only functioned at 100% for 5 hours out of 15 hours and a fixed system only showed the power output for 1 hour. A bar chart for comparison results between dual axes, single axis, and the fixed system is shown in the figure 2 graph. 
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Figure 2 - Single, Dual and Fixed Tracker Results 









CHAPTER 3: 
Research Methodology

Sensor
Optical sensors are devices used to detect the presence of light or the change in the intensity of the light on the sensor. [5]

Different type of optical sensors:
LDR
Photodiodes (Solar Cells)
Phototransistors
Photo interrupters
Reflective sensors (LTV Light to Voltage)

Light-detecting devices that are listed above are designed to take the incoming electromagnetic energy and convert it into electric currents and voltages. This is normally accomplished using photons to liberate bound electrons within the semiconductor materials. [5]
Photons
Photons are the elemental units of electromagnetic radiation. The white light that is perceived when a human eye looks at the sun is actually a combination of the various colored photons such as blue photons and red photons, etc. There is no such thing as a white light. [5]  

How sensor are used in a circuit 
Depending on how the sensor is connected in a circuit it can be seen as a variable passive element or just simple switch. If the sensor is configured as a variable passive element, this simple means that the sensor would act like a variable inductor, capacitor or resistor whose value can change in proportion to the physical stimuli. On the other hand, if it configured as a switch, this means the sensor would act as a simple switch, changing its state when the physical stimulus reaches a set threshold. [5]
Data Gathering
There are various ways of collecting data from a sensor; however, microcontrollers are mostly used to gather data from a sensor. If the output of the sensor is an analog signal, then the microcontroller would need an analog to digital converter to convert the signal to a digital signal. [5]

However, if the signal coming from the sensor is digital then the microcontroller would not need an ADC because the digital sensor would have a built-in AD converter, making it possible to interface with the microcontroller directly. Sometimes when designing a circuit using a microcontroller there are cases where the microcontroller doesn’t have a built-in ADC, then a discrete can be used. The discrete ADC approach should be avoided because it is better to start out with the proper microcontroller with built in ADC. [5]

 Photoresistors (LDR)
Photoresistors such as light dependent resistors are light controlled variable resistors. Meaning that when the photoresistor is operating in the dark its resistance is normally very resistive in the megaohms. However, depending on the light intensity that shines on the LDR, the resistance decreases to from the megaohms to a few hundred ohms. [5]
Most photoresistors can be made from a special kind of semiconductor crystal. It can either be made from cadmium sulfide for light or from lead sulfide for infrared. When the light dependent resistor is placed in the dark, the electrons within its structure do not flow through the resistor because the crystal’s atoms bound are too strong. However, when light shines on the LDR surface the photons from the light creates holes and liberates the electrons to flow through the device. This means the resistance decrease down. [5]
Photoresistors require a few milliseconds to fully respond to changes in light intensity and may also require a few more seconds to return to its normal when the light is removed. Although most photoresistors function in a similar manner, the response time and resistance range of each device may vary significantly. Certain photoresistors respond better to lights that contain photons within a certain wavelength of the spectrum. Photoresistors that are made from cadmium sulfide semiconductor respond best to light within the range of 400 to 800nm range, compared to the lead sulfide photoresistors which response best to infrared photons. [5] 

Motor

There’s a wide range of electric motors that are available on the market and different motors are used for different applications. However, the fundamental principle of electric motors is the same. The only difference between a DC (direct current) motor and an AC (alternating current) motor is the production of the rotation field inside. The production field inside a DC motor requires a commutator to switch on one of the armatures that direct the electric current into the correct electromagnetic coil. On the other hand, the rotating field produced by an AC motor does not use a commutator but uses the three-phase mains power supply to circulate the magnetic field around the motor. DC motor simply converts direct current into mechanical energy that turns the motor, while the AC motor a motor that uses both electricity and magnetic field to produce torque that simply turns the rotor inside the motor. [6]

Different types of motors:
Servo motor
DC motor with brushed commutator
AC motor with brushless induction (squirrel cage)
DC motor brushless
Stepper motor
Universal motor with commutator

Servo motor 
There are two classes of servo motors AC induction motor or brushless DC motor and they are normally used for tasks that involve high positioning accuracy, exceptional performance and also quick reserving. One of the advantages of these motors is that they generally provide higher power to size ratio. However, the increased cost is one of the disadvantages over the other motors. [8]
The AC induction servomotors are wound with two phases at right angles and a fixed reference winding is excited by a fixed voltage source. Therefore, a variable control voltage from a servo amplifier excites the winding, which is designed with the same voltage to turns ratio. Thus, the input power at maximum fixed phase excitation is balanced with the maximum control phase signal. [9]
AC induction servomotors are used in applications that involve rapid and accurate response characteristic and they also have small diameters for low inertia, and fast starts, stops, and reversals. Thus, servomotors are designed to use feedback for closed-loop control systems in which is the variable. [9]
Figure 3 - DC Brush motor









On the other hand, the brushless DC motor is also used for servo application because some windings are interconnected in an array and are also known as three-phase PMDC (permanent magnetic) motors. This motor is consisting of a stator and an armature and similar to the other DC motors, the armature rotates inside a magnetic field.  The main principle of any DC motor is based on the fact that current carrying conductor is placed inside the magnetic field. The magnetic field is established by the type of magnetic inside the motor. As a result, the magnet found inside the motor can determine if the motor is an electromagnet or permanent magnet. Therefore, if the permanent magnet is used to create the magnetic field inside the motor, then the motor would be referred as permanent DC motor or PMDC motor. The magnetic field generated by a permanent magnet cannot be controlled externally. For this is the reason why this motor is normally used where there no need of speed control of the motor by controlling the magnetic field of the motor. [9]

Stepper Motor
Stepper motor is a DC electric motor that splits one full rotation into a number of unique steps. These steps are equally measured and they stop at a known angle of rotation. Furthermore, the stepper motor holds the torque that provides a certain amount of holding power in a static position when the coil inside the motor is energized. [7]

There are three types of stepper motors:

Variable reluctance motors (VRM)
Permanent magnet stepper motors (PMSM)
Hybrid stepper motors (HSM)

Variable reluctance motors
The variable reluctance motor consists of toothed soft-iron rotors and the arrangement of the windings around the stator determines which type of stepping motor it is from an electrical point of view. The variable reluctance motors are distant to the other stepping motors because both permanent magnet stepper motor and hybrid stepper motors may be wound using either unipolar windings, bifilar windings or bipolar windings. The variable reluctance motors are similar to the hybrid stepper motor because they both use the reluctance principle. However, the reluctance motor utilizes a different method to produce the magnetic field inside the motor. Thus, the magnetic field is produced by a stationary current carrying windings. On the other hand, the hybrid stepper motor differs to the variable reluctance motor, because of the addition of the permanent magnet on the rotor that gives rise to the description of hybrid. [11]
These two types of stepping motors use the same principle, but in practice, the variable reluctance motor is attractive for the larger steps angles such as 15, 30, 45 angles to that of the hybrid stepper motor, which tends to be suited for small angles such as 1.8 and 2.5 angles. The variable reluctance stepper motor consists of a six or three coil pair stator and a four-toothed ferromagnetic rotor. Thus, most variable reluctance motors with higher angular resolution are normally designed with more coil pairs and more rotor teeth. [11]

Permanent magnet stepper motors (Unipolar, Bipolar, Universal steppers)
Unipolar Steppers
The permanent magnet motor has a similar stator arrangement as the variable reluctance stepper motor, but the permanent magnet motor uses a permanent magnet rotor and it also has different internal arrangements. The stator inside these motors is constructed as a stack of two windings enclosed in metal stampings that resemble tin cans. This is one of the reasons the permanent magnet motors are less expensive to manufacture. 
The stator has a magnetically soft iron structure and a number of energizing coils. These motors are normally designed with step sizes from 30 degrees to 3.6 degrees per unipolar stepper. These unipolar steppers have a four pole or two coil pair stator with center taps between coils pairs and a six-toothed permanent magnetic rotor. The center taps are brought outside the motor sometimes as two separate wires or connected together as one wire. Thus, unipolar motors have 5 or 6 wires in total. Nevertheless, all the unipolar stepper motors are driven in the same manner. Where the center taps are normally tapped to the positive supply voltage and the ends of the coils are grounded to reverse the direction of the field provided by that winding. [11]
[image: Unipolar-Stepper-Motor]





Figure 4 - Unipolar Stepper Motor


Bipolar Steppers
These steppers motors are similar to the unipolar steppers, but their windings are composed differently. The bipolar stepper motors are designed with two windings and only have four wires; in addition, their coils do not have center taps. One of the advantages of not having center taps is that current flows through entire winding at a time instead of just half of the winding. Thus, the supply voltage is alternately applied to different coils rather than the supplying a fixed supply voltage to a lead like the unipolar stepper motor.
Generally, the bipolar steppers generate more torque than unipolar steppers of the same size. However, the disadvantage of the bipolar is that the control circuitry is more complex, but its unique polarity shifting feature gives it a better size to torque ratio. The current flow in the bipolar stepper motors are bidirectional and this means the polarity of each winding end changes. The current runs in the opposite direction when the polarity on each end is swapped. One of a common control circuit used to control a bipolar stepper motor is the known as the H-bridge. This control circuit is used to change the polarity on the end of one winding. [11]
[image: bipolar stepper motor - circuit specialists blog]




Figure 5 - Bipolar Stepper Motor



Universal Steppers
Universal stepper motors represent a type of both unipolar and bipolar hybrid motors. These motors have four independent windings and eight wires. Universal steppers can be converted to unipolar by connecting the coils windings in parallel; nevertheless, it can also be converted to the bipolar stepper motor.
[image: Image result for universal stepper motor]




Figure 6 - Universal Stepper Motor



Hybrid stepper motors
Out of the three different types of stepper motors, the hybrid motor was used in the project. The hybrid stepper motor is similar to any other motor which has a stator and a rotor. Each stator inside the motor has various coils around it, which is known as windings. Thus, the windings are in an angular array about the chassis that function as electromagnets. The rotor inside the motor rotates about the axis on bearings or brushing inside the stator. The rotor inside the hybrid motor is made of a cylindrical permanent magnet with its poles oriented along the length of the axis. One end of the axis is magnetic north, while the other is magnetic south and each of the magnets have a number of grooves cut into it, and the ungrooved portions form teeth. [7]
The most common hybrid motor is the two-phase bipolar stepper motor as shown in figure 7. The two-phase hybrid motor has 50 teethed cups into each cup, yielding a pitch of 7.2 degrees per tooth. On the other hand, the second cup is offset 3.6 degrees and each step is half distance or 1.8 degrees. Normally inside the hybrid there two sets of phases. Each of the phases has four winding which is wrapped around the stator at 90 degrees apart from one another. The winding spaced at 90 degrees, so that if one of the phases is at 0, 90,180 and 270 degrees, then the other phase will be at 45, 135, 125, and 315 degrees. Thus, if one phase is energized, the winding at 0 and 180 become magnetized in one direction and the other windings at 90 and 270 are also magnetized but in the opposite direction.  [7]

The hybrid motor can hold its position when a phase inside the motor is energized it locks that position. For example, if one phase of the motor is energized, its rotor teeth attract the teeth of the stator teeth so that they will be aligned. However, when this occurs some teeth would be out of alignment by three-quarters, one-half, and one-quarter of a tooth pitch. As the energized phase, de-energises and the next phase is energized, the rotor will rotate so the rotor teeths which are close will align to the stator teeths that are close. Thus, each full step movement would be one-quarter of a tooth pitch or 1.8 degrees. [7]

Figure 7 - Two-Phase Hybrid Motor 













Out of all the different types of motors listed above, the stepper motor was selected for this project for several of reasons. One of the reasons, the stepper motor was selected was for accurate positioning. Furthermore, stepper motors are commonly used for low power, small mechanisms such as printers, robots and vending machines. Thus, the stepper motor was used for this project to achieve a precise position. Stepper motors that are found in printers and robots are used to maneuver different parts within the devices. [6]

The second reason why the stepper motor was selected for this project was to maneuver the solar panel and maintain certain positions indefinitely. The stepper motor holds this position until the microcontroller sends another signal to the driver for the motor to move. The third reason the stepper motor was selected, was the fact that these small motors are cheap and now easy to interface, especially for microcontroller products. Normally, the stepper motor would need an external circuitry to rapidly switch current between coils in order to rotate the magnetic field. However, using the stepper motor in an embedded project allows the designer to write codes to the microcontroller to send signals and steps to the driver. [6]
 
Stepper motors are much more reliable than any other motors listed above because stepper motors are inductively coupled. This means that there are no commutators or brushless that can be worn out, nor do they have positional feedback so there are no potentiometers to fail. [7]












CHAPTER 4: 
Design Approaches
Before designing any block diagram or a circuit diagram for the project. The first step was to carefully consider how the heliostat would function in this project. The design of the heliostat required careful consideration because it was a key part of the project. Instead of using mirrors to direct the sunlight onto a solar panel, as it normally does on a heliostat, a different method was developed to make a heliostat. This method was to have a solar panel mounted on top of a motor. This method presented two ideas on how the project was going to be designed. The two ideas were either to read the voltage coming out directly from a solar panel (solar design) or to have LDRs to act as sensors in the project (LDR design). 
The solar design as previously mentioned was read the voltage coming from the solar panel, and use it to determine the movement of the heliostat. The voltage from the solar panel would be converted into a digital signal that goes into a microcontroller, which then determined the direction of the heliostat. The LDR design, on the other hand, would require LDR components to act as sensors in the project. The LDRs would be used to detect sunlight and produce output voltages which could also be used to determine the movement of the heliostat. Although, both design approaches were fit to solve the problem they both also had their advantages and disadvantages. Out of the two design ideas, the LDR approach was selected to solve the problem because LDRs are great electronic devices used to measure sunlight and easy to interface with a microcontroller. 
Sensors
Signal conditioning
Microcontroller
Driver
Motor
Rotation Mechanism (Heliostat)
Power Supply
Power Supply
LED








Figure 8 - Block Diagram 



Figure 8, shows the block diagram was created based on the LDR design which included, sensors, signal conditioning circuits, microcontroller, LED, power supply, stepper motor driver, and dc motor. 
Sensors  
Four LDRs were used to measure the sunlight intensity and they also acted as the sensors for the heliostat. Two of the sensors were used for vertical alignment, moving the heliostats up and down. The other two motors rotated the motor horizontally from left to right, tracking the movement of the sun. Therefore the overall arrangement of the sensors only consisted of four LDRs. All of the LDRs voltages were fed to the ADC module of the microcontroller. 
Signal conditioning
The sensors needed signal conditioning system to clamp the voltage produced from the LDRs and also protect the microcontroller from being destroyed. Each of the LDRs had a voltage range of 0V to 5V. The LDRs were clamped to a maximum voltage of 5V because of the signal condition circuit placed between the sensors and the microcontroller. Thus, the stepper motors would move based on the potential changes between the two LDRs. 

PIC Microcontroller
The microcontroller was used in this project to control the rotation mechanism of the heliostat. The microcontroller has an ADC (Analog Digital Converter) ports to convert the analog signals coming out from the sensors into digital signals. Having an ADC module inside a microcontroller was vital because the sensors used for this project were analog sensors and not digital. The analog data acquired from the sensors were processed to produce digital output to interface with the motor’s driver.

Driver
Every motor requires a driver circuit to drive it. A driver was used in this project to control the current flow sent to the coils of the motor. However, the driver itself is controlled by the logic signals coming out from the microcontroller.

Stepper motor
Stepper motor was used in this project to control the movement of the solar panel and to act as the heliostat. The motor had the solar panel mount on them, rather than having mirrors constantly directing the sunlight onto a central tower with a receiver (solar panel). A single stepper motor was used to move the heliostat horizontally. The stepper motor used had torque specification as 3.7 kg-cm with a current rating of 1.8A. Most load carrying stepper motors draw high current. Thus, the driver provides the current needed for the motor to operate.
Algorithm of the Heliostat

Scan voltage across the LDR
Start
End
Move Up
If Voltage (V1 > V2, V3, V4)
If Voltage (V2 > V1, V3, V4)
If Voltage (V3 > V1, V2, V4)
If Voltage (V4 > V1, V2, V3)
Move right
Move down
Move left










Figure 9 - Main state machine of the algorithm. The state was selected depending on the voltages across the LDRs.




An algorithm was needed to determine how the motors would move based on the voltages from the sensors. The LDRs were the main components of the system because they determined how the algorithm would control the heliostat. The microcontroller was equally important to the sensors because it had mechanical control over the stepper motors to produce the sun tracking (Heliostat). The algorithm consists of several state machines as shown in figure 9. The first step was to scan the voltages across LDRs and move the heliostat based on the differential voltage signals. The system would move the heliostat vertically when V1 or V3 (voltage across LDR 1 or LDR 3) was greater than all the other voltage across the LDRs. Similarly, the system would also move the heliostat horizontally, if V2 or V4 (voltage across LDR 2 or LDR 4) was greater than all the other voltages. 




LDR Design
LDRS
Motor 2 
Motor 1









Figure 10 - Dual-Axis tracker 



This algorithm was designed based on the idea to move a dual axis sun tracker (Heliostat). Meaning that the heliostat had the mechanism to move around vertically and horizontally searching for the sunlight.  However, this algorithm was not fit for this project because of the data acquired from the sensors. The fact that all four sensors were going to be placed in the same place was an issue. 

Based on this algorithm (figure 9), if all the sensors received different voltages simultaneously, the motor would be moving in different directions constantly without holding a fix position for a certain amount of time. Therefore the algorithm was inefficient for the purpose of the experiment between the stationary and the heliostat solar systems. 
Hysteresis
As a result, two approaches were taking to improve the algorithm. One approach was to have hysteresis on the system. Hysteresis would prevent the system to constantly move in different directions when operating close to the set point voltage. Hysteresis was included in the system by setting an upper and lower threshold voltage. This means the motor will only move if the voltage goes beyond the upper threshold or if it falls below the lower threshold but nothing will happen to the motors in-between the thresholds. Thus, the motors would move over a restricted range.

Single axis or dual-axis
Another approach was to reduce the amount motors include in the project. As it was previously explained, the initial idea was to have two motors in order to move the heliostat vertically and horizontal.one of the motors was removed to make the tracker a single axis. A single axis tracker only has one rotational freedom either vertical or horizontal. LDR Design
LDRS
Motor 









Figure 11 - Single-Axis tracker 


Based on the fact that the sun only moves in one direction meant that a single tracker could track its path from sunrise to sunset (figure 12). This point it decided that the motor would move horizontally at an angle to track the sun path. 

[image: ]







Figure 12 - The Sun path 

Position of the Sun

The solar panels are designed to produce energy from the sunlight. Therefore, the solar panel would be more efficient if it is pointed towards the direction of the sun. The best position for a solar panel towards the sun can be determined so that the solar panel is receiving the most sunlight.

Hemispheres
[image: ]










Figure 13 - Map of World Hemispheres 


The map of the world above shows all the four hemispheres of the world. The line that separates the northern hemisphere and southern hemisphere is known as the equator. Countries that are located close to the equator experience very hot weather compared to other countries that are further away, because the sun remains directly overhead every day. [13]
As the sun circles, the earth on the equator the sun’s rays remains directly overhead of these countries, and all the other countries experience different season based on the movement of the sun. For example, some part of Europe experiences different season because some countries spend some year near the sun and some of the years further away from it. [14]

The solar panel should be facing south
Europe is in the northernn Hemisphere part of the world and thus most of the solar panels in the northern Hemisphere are placed pointing towards the south. This is the case because if solar panels are placed facing south, they tend to receive light throughout the whole day and the fact that the sun is found at its highest midday. [15]
[image: C:\Users\Feran\Desktop\Position of the Sun\word-image.png]








Figure 14 - Sun’s Path in the Sky 



The angle of the solar panel
After determining the position to which the solar panel should face the next step is to determine the angle at which the solar panel would be. The angle of the solar panel is calculated based on latitude. However, most general photovoltaic solar panels are mounted at an angle of 10 to 15 degrees on top of the area’s latitude. For example, if the area’s latitude is 51 degrees then you would normally add 10 to 15 degrees on top of that to have the solar panel mounted at an angle of approximately 65 degrees. [16]






As well as removing one of the motors, the next step was to also remove the extra two LDRs that were on the tracker. Only two LDRs were needed to complete this task (figure 15). As the figure 12 shows, the sun rises from the east and sets in the west. Besides, the sun follows this path every day of the year. However, the distance at which the sun is from earth various depending on the season. 
LDR Design
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Figure 15 - Single-Axis tracker 


The next step was to design a new algorithm for the system (figure 17). Another component was added to the block diagram. An LCD screen (figure 16) was added to the design so that the user could read the voltages coming from the sensors. Adding an LCD screen also helped in the breadboard process. Both voltages across the LDRs were displayed on the screen and a threshold was determined based. 
Sensors
Signal conditioning
Microcontroller
Driver
Motor
Rotation Mechanism (Heliostat)
Power Supply
Power Supply
LED
Power Supply
LCD








Figure 16 – Developed Block diagram

.
Algorithm of the Heliostat
Start


Initialise


Read set port 0 - 255


Read LDR 0 - 255


Display on LCD Line 2 

Scale LDR for Display

	
If (LDR 1) >
(LDR2+5)


Yes 

Turn Stepper Motor Right 
(One Step)


No 
Display on LCD Line 2 


If (LDR 1) <
(LDR2+5)



Turn Stepper Motor Left
(One Step)

Yes 

No 

Read LDR 0 - 255


Initiate Count/ Flash LED

Yes 
If (LDR 1) =
(LDR2) 





No 
Yes 
Is Count = 10



Figure 17 – Flow Chart
No 

	
LDR
	
Type
	
Dark Resistance
	
Resistance Lux
	
Power Rating
	
Voltage Rating
	
Price

	[image: EXCELITAS TECH VT90N1]
	
EXCELITAS TECH (VT90N1)
	

200K
ohms
	

12K
     ohms
	

 80
       mW
	

100V
Peak
 AC/DC

	

£3.86

	[image: ADVANCED PHOTONIX NSL 4960.]
	

ADVANCED PHOTONIX (NSL 4960)
	

1M
     ohms
	

17K
     ohms
	

500
      mW
	

320V
Peak
 AC/DC

	

£4.67

	[image: EXCELITAS TECH VT20N2]
	

EXCELITAS TECH (VT20N2)
	


      500K
     ohms
	


34K
     ohms
	


50
       mW
	


100V
Peak
 AC/DC

	


£12.36

	[image: ADVANCED PHOTONIX NSL 4962.]
	
ADVANCED PHOTONIX (NSL 4962)
	

1M
     ohms
	

17K
     ohms
	

250
mW
	

320V
Peak
 AC/DC




	

£1.36


LDR


Table 1 - Components Lists - LDRs 








Solar Panels

	
Solar Panel
	
Type
	
Efficiency
	
Dimensions
	
Peak current
	
Peak Voltage
	
Price

	[image: ]
	

Polycrystalline
Solar
Cell
	

16.0%
	

60mm x 60mm x 3mm
	

 100
mA
	

4.0V

	

£3.86

	[image: ]
	

Polycrystalline
Solar
Cell
	

   15-16%
	

92mm x 61mm x 3mm
	

     200
     mA
	

3.0V

	

£6.20

	[image: ]
	

Monocrystalline
Solar 
Cell
	


   16-17%
	


95mm x 51mm x 3mm
	


70mA
	


6V

	


£6.20

	[image: HOBBY COMPONENTS LTD Solar Panel 5.5v 90mA 0.6W Mini Solar Cell 6.5 x 6.5cm]
	

Polycrystalline
Silicon
Solar
            Cell
	


    16.0%
	


6.5 x 6.5cm
	


90mA
	


5.5V




	


£3.79



Table 2 - Components Lists – Solar Panels







Stepper motor

	
Stepper
	
Type
	
Number
Wires
	
Step
 Angle
	
Current 
Rating
	
Voltage
Rating
	
Price

	[image: Sanyo Denki Bipolar Bipolar, Unipolar Stepper Motor 1.8°, 0.265nm, 24 V dc, 1 A, 4 Wires]
	

Bipolar/
Unipolar
	

6
Wires
	

1.8
degrees
	

 1.2A
	

24V
	

£15.54

	[image: NANOTEC ST4118L1804-A]
	


Bipolar
	

4
    Wires
	

1.8
   degrees
	

     1.8A
	

3.15V

	

£23.87

	[image: NANOTEC ST4209S1006-B]
	


Bipolar/
Unipolar
	


6
Wires
	


0.9
degrees
	



0.95/067A
	


4V

	


£30.09

	[image: ASTROSYN MY4001]
	


Hybrid

	

4
    Wires
	

1.8
   degrees
	


0.75A
	


24V




	


£33.22




Table 3 - Components List – Stepper Motors 


	


Stepper motor Drivers
	
Drivers
	
Type
	
Step 
modes
	
Protection
	
Current 
Rating
	
Voltage
Rating
	
Price

	[image: https://a.pololu-files.com/picture/0J4578.600x480.jpg?c171a8f68733c1b8c094925e676964d5]
	


A4988
Pololu
Step-Stick
	
Full

½, ¼, 1/8

1/16
Steps
	

Over
current

Over
temperature
	

 
2A
	


35V
max
	


£5.95

	[image: Image result for A4988 RAMPS Pololu-Step-Stick Stepper motor driver and heatsink, Sanguinololu]
	


A4988
RAMPS
Pololu
Step-Stick
	
Full

½, ¼, 1/8

1/16
Steps
	

Over
current

Over
temperature

	


     
     2A
	


35V
max 
	



£23.87

	[image: https://a.pololu-files.com/picture/0J5806.600x480.jpg?c8b077547880443247671b2d4d534ef4]
	


DRV8825
Pololu
Step-Stick
	

Full

½, ¼, 1/8, 1/16 

1/32
Steps
	


Over
current

Over
temperature

	



2.2A
	


45V
max

	



£8.95

	[image: https://a.pololu-files.com/picture/0J6381.600x480.jpg?7f3cb8d3569f0e5e6b69d125187895de]
	


AMIS-30543
Pololu
Step-Stick
	

Full

½, ¼, 1/8, 1/16, 
1/32,1/64 

1/128
     Steps
	

Over
current

Over
temperature

	




3A
	



30V
max



	




£19.95



Table 4 - Components List – Stepper motor drivers




[image: ]PIC Microcontroller
Figure 18 - All MCU Products


 
      PIC16F877 -  microcontroller was chosen from the PIC family.










Figure 19 - Gantt chart stage highlighted!




[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\PIC16F877.jpg]Circuit Diagram
Proteus









Figure 20 - PIC16F877




One of the requirements for this project was to have an embedded circuit. Thus, after selecting the PIC16F877 from the families of PICs, the next step was to design the project on simulation software. The project’s circuit was implemented on Proteus software because this software allows the user to program and test circuits. This software also allows users to program the PIC based on instructions of a flow chart. The PIC could be programmed using simple instructions such as variables, looping, and decisions. The Proteus software has a wide range of electronic components from where the user could select and build any circuit. In addition, this software has a simple programming langue with a CCS compiler that uses ANSI standard syntax and structure. The compiler inside Proteus can compile for any microcontroller and it uses its own processor operation for processing inputs and outputs. 
Figure 20, shows the PIC16F877 selected from the components lists to build a circuit which was designed on the block diagram. The first step was to select the PIC and then build components around it. The PIC could be programmed by simple sequences of instructions, conditional repetition of sequences and selection of alternative sequences. An example of sequence instruction could be a simple command to read an analog port and a conditional repetition sequence could be a simple command like ‘while the input signal is high switch on LED’. 

[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\7805.jpg]Figure 21 - 7805 voltage regulators 



Once the PIC was selected the next step was to power it up. Thus, a voltage regulator was built with using a 7805 regulator (figure 21) to produce the correct voltage to the PIC without destroying it. Another voltage regulator was designed to power up the motor as it shown in figure 22.

[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\7812 voltage regulator.jpg]
	Figure 22 - 7812 voltage regulators 






[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\LDRs and PIC.JPG]











Figure 23 - LDRs and PIC




A few components were added on to the circuit to build the first part of the block diagram.  LDRs were used for the sensors and a voltage clamp was also designed to protect the PIC from receiving high voltages that could damage the PIC. One of the advantages of this software was that once the circuit is built it could be tested to see if it is functioning correctly. A simulation test was carried out to see how the LDRs would respond to different light intensity. Secondly, another test was done to check if the clamp was functioning correctly. 

Figure 10, LDR
 regulators




[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\LDRs and PIC volt.jpg]Figure 24 - LDRs
 regulators




Figure 24, shows that both circuits were working correctly because a voltmeter was connected across both LDRs at different light intensities. The clamp also worked correctly because the software indicated that there was no voltage flowing down the Zener diodes. 





[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\L293D Driver.jpg]Figure 25 - L293D Driver 1
 regulators



At this point, the sensor part of the block diagram was completed and the next step was to implement the stepper driver and the motor part of the block diagram. An L293D component driver was used to drive the dc motor. The PIC was programmed using C language. A few lines of codes were written to drive the motor and this code is normally written in using lower case and upper case for special keyword in C language. The main purpose of writing lines of codes is to either read data, control it or process them and the outputs could be operated to meet the requirements. Thus, a few lines of code were written to test the driver and the motor.







[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\L293D Driver 1.jpg]Figure 26 - L293D Driver 2

 regulators




Figure 26, shows that the driver was functioning correctly because the motor moved in the right direction when the steps and direction signals were given from the PIC to the driver. Figure 27, also shows the second test was done to check if the motor would move in the opposite direction when the signals were provided from the PIC and this test was also successful because the code to perform this was not complex.









[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\L293D Driver 2.jpg]

Figure 27 - L293D Driver 3

 regulators













[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\LCD.JPG]







Figure 28 - LM041, LCD

 regulators



The next step after the motor was to implement the LCD screen part of the block diagram. This was done by simply selecting an LCD screen from the components list and placing it on the circuit diagram. A few connections were made from the LCD screen to the PIC and a few lines of code were also written to initialise the LCD screen and to also display the voltages of both LDRs. It thought to also add a few guidelines on the display to demonstrate if the code was working correctly or not. The voltages of the LDRs were displayed as steps and each time a decision was made it would automatically update the information on the LCD screen as it shown in both figure 29 and 30.
[image: ][image: ]
Figure 30 - LM041, LCD

 regulators

Figure 29 - LM041, LCD

 regulators


[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\LED1.jpg]Figure 31 - LED FLASHING

 regulators



Figure 31 and 32 illustrates, the execution of the count that was included in the code to flash a Led each time the count was count to 10. Base on the flowchart each time the LDRs voltages were equal a count to ten was initiated and moved the motor a step to the right until the voltages were different again. The idea was that if both LDRs received the same amount of light it could mean that something was wrong or the solar panel is facing the wrong way. As a result, the motor would move to find the sunlight (figure 12). However, this only the case if the LDRs are mounted on the sides of the solar panel.
[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\LED2.jpg]



       



Figure 32 - LED FLASHING

 regulators
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Figure 33 - Scan the LDR
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Figure 34 - Scan the LDR


[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Full Project.jpg]Figure 35 - Complete Working Project

 regulators



Figure 35, shows the complete working project on Proteus and the next stage after this on the Gantt chart was to start prototyping.

[image: ] Figure 36 - Gantt chart stage – Circuit Prototyping

 regulators



Chosen Components
The following components were selected from the table of components previously shown. Some were ordered from online shops and others were available from the store lists. The stepper motor driver device was ordered and took 2 weeks before arriving. However, this was not an issue because the order was placed before the prototype stage to prevent delays in the prototyping process. 

1) Small Solar Panel (£3.79)

High-Efficiency Miniature Solar Cell can easily be arranged for larger load applications including higher voltage and current loads. 

[image: HOBBY COMPONENTS LTD Solar Panel 5.5v 90mA 0.6W Mini Solar Cell 6.5 x 6.5cm]Miniature compact size with solid attractive casing

Perfect for charging 2AA or 2AAA 1.2V batteries

Specifications

Polycrystalline silicon Solar Cell
Efficiency: 16.0%
Colour: Blue
Peak Voltage (Vmp): 5.5V
Open Circuit Voltage (Voc): 6.96V
Peak Current (Imp): 90mA
Dimensions: 6.5 cm X 6.5 cm (L X W)Figure 37 - Small Solar Panel



2) LDR (£3.86)

[image: EXCELITAS TECH VT90N1]EXCELITAS TECH (VT90N1) LDR, 200KOHM, 80MW, VT900 SERIES 

The VT90N1 is a Photoconductive Cell in the ceramic device. It can be used as night light control and dusk to dawn light switching.
· Responsive to Very Low Light Levels (Moonlight) and Very High Light Levels (Sunlight)
· Wide Dynamic RangeFigure 38 - LDR


· Low Noise and Distortion
· Suitable for 120/240VAC Applications
· Easy to Use in Both DC and AC Circuits
Voltage Rating: 100V 
Dark Resistance: 200kohm 
Resistance @ Lux: 12kohm
Resistor Case Style: - Power Rating: 80mW Operating Temperature Min: -40°C
Operating Temperature Max: 75°C




3) Stepper motor (£15.54)

NEMA 17-size hybrid stepping motor 1.8 step angle (200 Steps/Revolution), 42X48mm, 1.2 A/phase

Step Angle: 1.8
[image: Sanyo Denki Bipolar Bipolar, Unipolar Stepper Motor 1.8°, 0.265nm, 24 V dc, 1 A, 4 Wires]Holding Torque: 3.2kg-cm (44oz-in)
Number of wires: 6
Voltage Rating: 24Vdc 
Frame Size: 42 x 48mm
Stepper Motor Type: Bipolar, Unipolar
Shaft Diameter: 5mm
Current Rating: 1.2 A
Resistance per Phase: 3.3 OhmFigure 39 - Stepper motor








4) Stepper motor driver 5X (£4.50) OR (£1.75 Each)

A4988 RAMPS Pololu-Step-Stick Stepper motor driver and heatsink, Sanguinololu

Features and Benefits 
[image: 5x-A4988-RAMPS-Pololu-StepStick-stepper-motor-driver-and-heatsink-Sanguinololu]Low RDS (ON) outputs
Automatic current decay mode detection/selection
 Mixed and Slow current decay modes
Synchronous rectification for low power dissipation
Internal UVLO 
Crossover-current protection ▪ 3.3 and 5 V compatible logic supply 
Thermal shutdown circuitryFigure 40 - A4988 stepper motor driver


Short-to-ground protection
Shorted load protection
Five selectable step modes: full, 1/2, 1/4, 1/8, and 1/16

5) [image: 1PCS-LCD-16x4-1604-Character-LCD-Display-Module-LCM-Yellow-Blacklight-5V]16 x 4 Character LCD Display, Module, LCM Yellow Backlight 5V (£3.15)

• Type: Character
• Display format: 16 x 4 characters
• Built-in controller: ST 7066 (or equivalent)
• Duty cycle: 1/16
• 5 x 8 dots includes cursorFigure 41 - LCD Display


• + 5 V power supply (also available for + 3 V)
• B/L to be driven by pin 1, pin 2, pin 15, pin 16 or A and K
• N.V. optional for + 3 V power supply
6) [image: Image result for pic16f877]Microcontroller - PIC16F877 (£6.50)



Figure 42 - PIC16F877




[image: ]Table 5 - PIC16F877 specification 











Testing it (Breadboard)
Sensors

1. Experiment on the differences between the two LDRs

[image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_130437.jpg]The design approach for the project was to move the stepper motors based on the differences of voltages between the two LDRs. This design idea was great in theory, however, when the concepts were carefully scrutinized, a problem was found that would make this concept difficult in the real world. 

The idea of having two LDRs to detect the sunlight was and still is a great concept but the major problem in the case of this project was that, if the both LDRs are oriented towards the sun, then they would both be receiving the same of amount sunlight. Therefore, there would be no differences between the voltages. The circuit was done on a breadboard to observe the outcome of this concept. Figure 43 - Two LDRs


Two LDRs were placed on a breadboard, both the LDRs were separated into two circuitries and a 4.7K resistor was placed in series to the LDR in a way that, as the light increases on the LDR, the output voltage would also increase. An input voltage of 5V was then fed into the circuit and the output voltage was measured.
 Thus, both LDRs did receive the same amount of light, because this experiment was done in the laboratory and there was no difference in the output voltage.  The next step to solving this problem was to change the direction of both of the LDRs. In the case one of the LDR was placed slightly bent towards the left and the other LDR was also slightly bent toward the other direction (right). However, both of the LDRs were still pointing upwards but only at an angle so that they were not directly vertical.
2. [image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_130534.jpg]The result of Left LDR (Light from the laboratory)









Figure 44 - LDRs testing





3. The result of right LDR (Light from the laboratory)
[image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_130552.jpg]







Figure 45 - LDRs testing





4. The result of both LDRs (Light from the laboratory)

[image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_130644.jpg]







Figure 46 - LDRs testing


The conclusion was that even though the two LDRs were bent and pointed slightly at an angle towards the light, the output voltage coming from one of the left LDR was slightly bigger to the output voltage of the right LDR. The differences in the voltages were not huge but only a few volts (0.04V) to be precise.

5. The result of both LDRs (Light from the laboratory) 
[image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_130934.jpg]














Figure 47 - LDRs testing


The fact that there was no much difference between the output voltages coming from both of the LDRs, another idea was introduced to try and create a shadow on one of the LDRs. The concept of this idea was to try and create a shadow on one of the LDRs by placing a piece of paper in between the two LDRs. As soon as the paper was placed in between the LDRs, the output voltage across the left LDR was bigger than that of the right LDR by a few voltages (0.11V) to be precise, which was larger than the previous results before the paper was placed. In order to cast a shadow on one of the LDRs, the paper that was placed in between the two had to be longer than both of the LDRs. 

This concept would very useful if the project was placed outside on a sunny day because there would be visible shadows on the LDRs. However, if the project is placed outside on a cloudy day, then the LDRs wouldn’t be much useful because the clouds would be blocking the sunlight. Although the solar panel would be receiving some small amount of energy on a cloudy, but it wouldn’t be efficient compared to a sunny day. 


























Voltage Regulator 12V to 5.0V
On/Off Switch and a LED to display the power






[image: C:\Users\Feran\Google Drive\Major Project\BreadBoard\11 February 2017\Circuit\20170207_155710.jpg][image: C:\Users\Feran\Google Drive\Major Project\BreadBoard\11 February 2017\Circuit\20170207_155640.jpg]









Figure 49 - LDRs testing
Figure 48 - LDRs testing


In order to protect the microcontroller from receiving voltages above its maximum voltage rating, a voltage regulator circuit was designed and placed at the beginning of the circuit. The device that was used to design the voltage regulator was a 7805 (5V) IC and this chip can handle a maximum output of 1.5A if properly heat sunk. The voltage regulator that was used in this part of the project was designed to keep the output voltage below 5V.
Figure 48, shows the test that was done on voltage regulator circuit before connecting this part of the circuit to the sensors or the rest of the circuit. Before, undergoing any tests on the circuit a few extra components were added. A switch was added to switch the circuit ON and OFF, and a LED (Light emitting diode) was also added to indicate whether the circuit is on or off.  


Figure 48, shows the first test that was done on the circuit. A function generator was used as the power supply, supplying the input voltage of 12V to the voltage regulator circuit. The switch was on kept in an OFF state and a voltmeter was used to measure the output voltage. At this point, the voltage regulator was working successfully because there was no voltage coming out from the circuit. 

At this first, the circuit appeared to be working correctly because when there was no voltage coming out of the circuit. However, when the switch was switched ON, there was no voltage coming out the circuit and this was a problem because the voltage regular was supposed to reduce the voltage from 12V to 5V. It wasn’t until after a few minutes that the source of the problem was identified. After revising the circuit it was found that the 7805 IC chip was placed facing the wrong way and this meant that the chip was not connected correctly. This problem was solved by simply changing the way the chip was connected.

As a result, the test was redone and when the switch was switched ON, immediately the LED came ON, indicating that there was an output voltage. A 100ohm resistor was placed across the LED to limit the amount of current that flows through it and this was done to protect the LED from being destroyed. At this point, a voltmeter was used to measure the output voltage and as it displayed on figure 49, the voltage was below 5V. A few 0.01 – 0.1 microfarad capacitors were also added to the circuit to remove any unwanted spikes coming out from the power supply (function generator) and also from the output of the circuit. 
[image: C:\Users\Feran\Google Drive\Major Project\BreadBoard\11 February 2017\Circuit\20170207_162202.jpg]








Figure 50 - the voltage regulator to the LDR circuit!
!



Based on the fact that the voltage regulator was working correctly without faults, the next step was to connect the LDR circuitry. Figure 50, above shows the voltage regulator circuit connected to the LDRs circuit. This was done so that, regardless of the voltage applied to the circuit, the input voltage of the LDR circuit would remain below would 5V. 

Since the input of 5V voltage was applied directly to the LDR and a 47K resistor was placed in series with the LDR meant the output voltage would be kept around 2V, based on the light intensity on the LDR. Figure 51, below show the voltage across both of the LDRs sensors with an input voltage of 4.9V. 

 [image: C:\Users\Feran\Google Drive\Major Project\BreadBoard\11 February 2017\Circuit\20170207_162138.jpg]Figure 51 - Voltages from both LDRs taking simultaneously!




It can be seen that the LDRs were not receiving the same amount of light because there was a difference of 0.10V between the two (figure 51). This showed that there was no need of the paper between the two LDRs to create a shadow, but by simply bending the LDRs away from each other created sufficient voltage difference needed to operate the stepper motor.



Solar Panels

1. [image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_131329.jpg]Solar Panel (Light from the laboratory) 5V, 
Figure 52 - Voltages from both LDRs taking simultaneously!



The following tests were done to test the solar panel inside the laboratory. The maximum voltage of the solar panel per the data sheet was 5V, and figure 52 above the solar panel could produce about half of the maximum voltage. 
[image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_132056.jpg]














Figure 53 - Solar panel (Adding a phone torch to the light from the laboratory)




2. [image: C:\Users\Feran\Desktop\BreadBoard\31 January 2017\20170131_132046.jpg]Solar panel (decreasing the torch distance from the phone to the solar panel)












Figure 54 - Solar panel (Adding a phone torch to the light from the laboratory)






On the last two pictures, a torch was brought closer to the panel to check if the output voltage would increase and reach its maximum. The light coming torch did increase the output voltage and when the torch was placed closer to the panel, the output voltage did reach up to 4.12V.

The voltage and current produced by the solar panels could be measured straight with the multi-meter as an open circuit. By adding a power resistor to the positive and negative end of the solar panel, the power resistor simply acts as a load. 
[image: ]




Figure 55 - Solar panel open circuit



Microcontroller
[image: C:\Users\HP\Desktop\20170309_223039.jpg]

















Figure 56 - LDRs testing


This section shows the breadboard and tests performed on the sensors and the microcontroller. The input voltage to the sensors was coming from the voltage regulator, which was designed to limit the voltage below 5V. However, extra precautions were added to the circuit in order to protect the microcontroller from being damaged. A voltage clamp circuit was added to the output of the LDR sensor. 1N4733A device was used for in a signal conditioning circuit, while this circuit was useful for the PIC it did, however, cause a slight voltage drop when the load (PIC) was connected. Two 10k resistors in series to create a voltage drop and 1nf capacitors were also added. This circuit acted has low pass filters, to filter out any high voltages or any unwanted signals. 
Figure 57 - MPLAB IPE












At this point, the PIC16F877 microcontroller was programmed using a Pic Kit 3 device and the MPLAB IPE software. The MPLAB software (figure 57) was used to download the hex file from the compiler into the Pic Kit 3 board (figure 58). The hex file contained all the C code that was written from Proteus and was imported to the MPLAB IPE software. This software was very useful because it allowed the programmer to program, erase, read, verify and blank check the PIC. A blank check was carried out to check if the PIC was blank. The next step was to download the program to the PIC and test it on the breadboard.
Figure 58 - PICKIT 3









Several tests were done on this section. The first test was done because when the circuit was powered up there was no voltage on the output pins of the PIC. As result, an experiment that was done on the circuit to test if the PIC received power. A voltmeter was connected to the microcontroller to check the output pins and there wasn’t any voltage coming out. One side of the PIC was powered up but the other side wasn’t, so a link was made to make sure both sides of the PIC was powered up properly. However, this did not solve the issue because still there wasn’t any voltage on the output pins. 
The next experiment was to check if the PIC’s internal clock was running at all. After checking the internal clock, it was found that the internal clock wasn’t running at all so the next was to add an external clock. The microcontroller operates on 20MHz. Therefore a 20MHz crystal was added with two capacitors and connected to the CLKIN and CLKOUT pins. A 100micro farad capacitor was also added between the VDD (5V) and the MCLR pin of the PIC. 
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Figure 59 - PIC


At this moment, the problem on the microcontroller circuit was still not solved. An experiment was done by testing a microcontroller by writing a small code to flash an LED. However, the LED in the circuit was not flashing and still no voltages on the output pins of the PIC. After carefully checking the wire connections and the code, it was found that the circuit was working correctly but the problem was on the software (code). On the software section, the program included a liquid crystal display (LCD) initializing line of code at the beginning. Thus, the PIC was looking to initialise the LCD screen before continuing on to the rest of the code. However, because there wasn’t any LCD screen present at the time, meant that the PIC was stuck in a loop looking for the LCD screen before performing the rest of the program. This problem was solved by simply removing that line of code and once that was done the LED was flashing meaning that there was an output voltage coming out from the PIC.
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Figure 60 – PIC testing



Stepper Driver
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Figure 61 – PIC interface with Motor Driver



The next step was to connect the stepper driver circuit to the main microcontroller circuit (figure 61). The A4988 Pololu stepper stick circuit wasn’t complex and did not need any extra components. The stepper motor driver only required a step signal and a direction signal from the microcontroller. The driver also requires a logic supply voltage of 3 to 5.5V to be connected to the VDD and the ground pins. 

The driver requires another supply voltage of 8 – 35V to power up the motor across the VMOT and GND pins on the driver board. A capacitor is needed across the VMOT and GND pins to protect the driver board from receiving LC voltage spikes that can destroy the board. Therefore, an electrolytic capacitor was placed across the VMOT and GND. Because the stepper driver board controls the stepper motor with a simple step and direction control interface. This particular board has some key features such as different step resolution, over temperature thermal shutdown, under voltage lockout, crossover current protection, short to ground and shorted load protection. 
Although, the board has different step resolution only one of step resolution mode was used in this project. The board has five step resolutions which are a full step, half step, quarter step, eight step, and sixteenth step. In the next section, the board was kept in full step mode and few tests were carried out. However, when the stepper motor was connected to the rest of the circuit, the motor did not move regardless of the different voltages between the two LDRs. This problem occurred because the reset pin on the board wasn’t tied to anything and was left floating. This meant that the board was not enabled. This problem was solved by simply connecting the reset pin and the sleep pin together meant that the board was now enabled. Each time a pulse was sent to the STEP input pin moved the stepper motor one step and another pulse was sent to the DIRECTION input to turn the motor in one direction. 

Solar tracker response in the Laboratory
[image: C:\Users\HP\Desktop\20170321_115513.jpg]Figure 62 - Solar panels in the LAB


An experiment was done to check if the solar panel was working correctly before placing it outside. Two solar panels were placed facing towards on direction in the lab and the voltages were taking simultaneously. The stationary solar panel’s voltage (2.47V) was smaller compared to the voltage (2.66V) of the solar panel that was mounted on the stepper motor. The setup is shown in figure 62. 

The light source in this experiment was a normal laboratory light. However, this experiment already showed that the stationary solar panel produced less voltage compared to the solar panel with a tracker. In order to test if the stepper movement, a small shadow was created on one of the LDRs and this caused a difference voltage between the two LDRs and effectively moved the stepper motor.
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Figure 63 - Solar panels in the LAB





[image: C:\Users\HP\Desktop\20170321_115536.jpg]Figure 64 - Solar panels in the LAB
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Figure 65 - Solar panels in the LAB



	Number of tests
	Stationary Solar panel (V)
	Solar panel with a Heliostat (V)

	
1
	
2.66
	
2.74

	
2
	
2.22
	
2.50

	
3
	
2.50
	
2.68

	
4
	
2.38
	
2.72


Table 6 - LAB Results


[image: C:\Users\HP\Desktop\20170316_110019.jpg]
Figure 66 - Full Working project


The results of the lab experiment are shown in table 6. Although, the solar panels used in this experiment were identical. The results showed that the stationary panel received less light compared to the solar panel with a heliostat. This meant that when both of these panels are placed outside on a sunny day, the stationary panel would receive less sunlight compared to the solar panel with a heliostat. 

Voltage for motor
[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\20170328_125503.jpg][image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\20170328_125529.jpg]Figure 68 - Motor - Close Circuit
Figure 67 - Motor - Open Circuit


An experiment was carried out to find out what voltage the motor would function. The voltage rating was 2.8 V, based on the data sheet of the NEMA 17. However, the stepper motor driver required 8 – 35V to drive the stepper motor. Thus, several tests were carried out and the results are shown in table 7 below.
	





Stepper
Motor
	
Power supply
(Vin)
	
Stepper motor (Vout)
	
Current
(I)
	
Movement
(Yes/No)

	
	
10V
	
4.68V
	
0.052A
	
On

	
	
11V
	
4.69V
	
0.052A
	
On

	
	
12V
	
4.68V
	
0.052A
	
On

	
	
13V
	
4.68V
	
0.052A
	
On


Table 7 - Motor power supply Results


The results from the table showed that stepper motor required the power supply voltage to be above 9V. Figure 69 also showed the tests carried out on the stepper motor. The tests showed a big voltage drop that occurred when the power supply was connected to the stepper motor driver. The power supply was set at 13V in an open loop. However, when the power supply was connected to the stepper driver the voltage dropped to 4.68V and the current across the motor was 0.052 Amps.
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Figure 69 - Motor - Close Circuit











LCD Screen
[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\20170320_180343.jpg]Figure 70 - LCD testing


[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\20170320_181847.jpg]Figure 70, show the addition of the LCD  screen circuit to the PIC. An LCD screen was added to this project to give visual feedback to the user. The LCD screen displayed all the intelligence inside the PIC. The LCD displayed both of the voltages of the LDRs and the direction in which the stepper motor moved. Another option that the LCD screen displayed is the count, each time the LED flashed. Based on the result of verification test all the functions designed and programmed worked correctly.
Figure 71 - LCD testing

[image: C:\Users\Feran\AppData\Local\Microsoft\Windows\INetCacheContent.Word\20170320_181831.jpg]Figure 72 - LCD testing


Figure 72, shows the LCD screen displaying the voltages of the LDRs in steps. As soon as these voltages are same a the count is initiated. As long as the voltage are the same the count will count up to 10 and move the stepper motor to the right. This is done so that the solar panel can scan for the sun. 
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Figure 73 - LCD testing
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Figure 75 - LCD testing

Figure 74 - LCD testing


An experiment was carried to investigate what voltage the LCD screen would activate, when connected to the main circuit. The first test was to reduce the input voltage to the circuit. The input voltage was 5V from the power supply and the output across the PIC was 3.49V (figure 74). Although this voltage was enough to power the microcontroller, however, it wasn’t enough to power the LCD screen (figure 75). 
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Figure 76 - LCD screen testing

	





LCD Screen
	
Power supply
(Vin)
	
Voltage regulator (Vout)
	
Voltage Across
(PIC)
	
LCD Screen
(On/Off)

	
	
5.0V
	
3.49V
	
3.49V
	
Off

	
	
5.5V
	
3.99V
	
3.99V
	
Off

	
	
6.0V
	
4.28V
	
4.28V
	
On

	
	
7.0V
	
4.99V
	
4.99V
	
On


Table 8 - LCD screen Results


The results from the LCD screen are shown in table 8. The voltages coming from the regulator was enough to run the PIC but it wasn’t powerful to run the LCD screen. However, when the regulator Volt was above 4V the LCD screen was on and clear. 
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Figure 77 - LDRs testing



Sun Path - GAISMA 

The GAISMA website was used to observe the sun path for the project. This website was useful because basic information such as latitude, longitude, country and sub-region were made available. In addition, more information such as precise time of sunrise, sunset, dawn, dusk time and graph were also made available. Another reason this website was useful for the project was the sun path diagram (figure 79). This diagram showed the exact path of the sun for that particular day and the precise time of when the sun shone brightest. Figure 82, showed the solar energy, surface meteorology, and latitude for the area. The angle at which the solar panel was placed was determined by the latitude data retrieved from the basic information (figure 79).

Figure 78 - Basic information








	

 







Figure 79 - Sun Path diagram













Figure 80 - Sunrise, sunset, dawn and dusk times, and graph














Figure 81 - How to read the graph in figure 80
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Figure 82 – Solar energy and surface meteorology

[image: C:\Users\HP\Desktop\6.JPG]Figure 83 - Basic information, Early Morning
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Figure 84 - Basic information, Evening













Figure 85 - Basic information, Night Time 
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Figure 86 - Gantt chart stage – Data Logging
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CHAPTER 5
 Sun Tracking Results
 
The next stage was to evaluate both systems under direct light.  An investigation was carried out to see how much influence the heliostat had on one system compared to the stationary system under direct sunlight. At this point, all the project was fully working on both software and hardware. The fact the solar panels and sensor were already tested in the lab ensured that they would both when placed outside if the wasn’t bright or day. The readings shown in table 9 were taken from 8:30 AM to 18:00 PM. Two types of tests were carried out on the project. One of the tests was to test place the
The prototype was placed outside to measure the results between both systems. However, it was worth pointing out that these experiments were carried out during April. As a result, most of the time the sun was covered by cloud with a few glimpse of clear sky, which did not last long.
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Figure 87 – Experiment 1





[image: C:\Users\HP\Desktop\Final Project\20170426_111343.jpg]Figure 88 – Experiments 1


The first experiment was done on a very cloudy day. Therefore the sunlight wasn’t visible to create shadows between the two LDRs. The Result is shown in table 9. Two 9V batteries were connected together to make 18 power supply for the sensors, microcontroller, and side of the stepper motor driver. However, during this experiment one of the batteries was changed for a new because it was found that the voltage supplied to the LCD screen dropped below the required volts (4.28V). The other side of the stepper motor driver required an 8-30V (VMOT). Another set of 9V batteries were used to power it (VMOT) but it didn’t have enough current to drive the motor for longer than 15 minutes. This was an issue because the stepper motor driver required a lot of 9V batteries to power up the motor. However, this issue was solved because a  valve regulated lead acid battery CB 1270 (12V7AH) was used instead of a 9V battery to power up the motor (VMOT). The result in table 9 showed that when a heliostat is used, the solar panel tends to receive more voltage compared to the stationary solar panel.

	

Number of tests
	

Time
	
Stationary Solar panel (V)
	
Solar panel with a Heliostat (V)

	
1
	
8:30
	
3.26
	
3.34

	
2
	
9:00
	
3.22
	
3.50

	
3
	
9:30
	
3.24
	
3.58

	
4
	
10:00
	
3.21
	
3.55

	
5
	
10:30
	
3.26
	
3.61

	
6
	
11:00
	
3.61
	
3.74

	
7
	
11:30
	
3.58
	
3.70

	
8
	
12:00
	
3.56
	
3.72

	
9
	
12:30
	
3.52
	
3.74

	
10
	
13:00
	
3.36
	
3.95

	
11
	
13:30
	
3.86
	
4.12

	
12
	
14:00
	
3.94
	
4.24

	
13
	
14:30
	
3.71
	
3.98

	
14
	
15:00
	
3.54
	
3.74

	
15
	
15:30
	
3.57
	
3.72

	
16
	
16:00
	
3.45
	
3.70

	
17
	
16:30
	
3.41
	
3.64

	
18
	
17:00
	
3.33
	
3.61

	
19
	
17:30
	
3.47
	
3.56

	
20
	
18:00
	
3.34
	
3.48


Table 9 – Experiments 1 - Result

[image: C:\Users\HP\Desktop\Final Project\20170426_111409.jpg]Figure 89 – Stationary Solar set up
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Figure 91 – Experiment 1




The second experiment was done on a slightly less cloudy day but there were some promising clear skies. Therefore a piece of paper was placed between the LDRs to create shadows. The result for this experiment is shown in table 10.
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Figure 92 – Experiment 2
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Figure 93 – Experiment 2
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Number of tests
	

Time
	

Stationary Solar panel (V)
	
Solar panel with a Heliostat (V)

	
1
	
8:30
	
4.94
	
5.01

	
2
	
9:00
	
4.98
	
5.09

	
3
	
9:30
	
5.05
	
5.15

	
4
	
10:00
	
5.07
	
5.22

	
5
	
10:30
	
5.16
	
5.28

	
6
	
11:00
	
5.22
	
5.34

	
7
	
11:30
	
5.42
	
5.58

	
8
	
12:00
	
5.49
	
5.61

	
9
	
12:30
	
5.54
	
5.66

	
10
	
13:00
	
5.70
	
5.98

	
11
	
13:30
	
5.89
	
6.00

	
12
	
14:00
	
5.74
	
5.89

	
13
	
14:30
	
5.83
	
5.90

	
14
	
15:00
	
5.81
	
5.97

	
15
	
15:30
	
5.90
	
6.36

	
16
	
16:00
	
5.95
	
6.65

	
17
	
16:30
	
5.97
	
6.54

	
18
	
17:00
	
5.99
	
6.12

	
19
	
17:30
	
5.75
	
5.98

	
20
	
18:00
	
5.65
	
5.84


Table 10 – Experiment 2 - Results


The third experiment was done on a sunny day. Therefore a piece of paper was placed between the LDRs to create shadows. The Result of both systems is shown in table 11.

Figure 96 – Experiment 3

 Regulators
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Figure 97 – Experiment 3

 Regulators



	

	

Number of tests
	

Time
	
Stationary Solar panel (V)
	
Solar panel with a Heliostat (V)

	
1
	
8:30
	
5.29
	
5.62

	
2
	
9:00
	
5.33
	
5.78

	
3
	
9:30
	
5.46
	
5.84

	
4
	
10:00
	
5.59
	
5.98

	
5
	
10:30
	
5.64
	
6.00

	

6
	

11:00
	

5.68
	

6.16

	
7
	
11:30
	
5.74
	
6.28

	
8
	
12:00
	
5.88
	
6.32

	
9
	
12:30
	
6.08
	
6.65

	
10
	
13:00
	
5.95
	
6.08

	
11
	
13:30
	
6.00
	
6.53

	
12
	
14:00
	
6.42
	
6.74

	
13
	
14:30
	
6.12
	
6.59

	
14
	
15:00
	
6.01
	
6.35

	
15
	
15:30
	
6.06
	
6.47

	
16
	
16:00
	
6.11
	
6.39

	
17
	
16:30
	
5.95
	
6.24

	
18
	
17:00
	
5.89
	
6.12

	
19
	
17:30
	
5.65
	
5.97

	
20
	
18:00
	
5.50
	
5.88


Table 11 – Experiment 3 - Results
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Figure 97 – Sunlight 
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Figure 103 – Chart 4
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CHAPTER 6:
 Conclusion

The heliostat system in this report showed that the heliostat received more energy compared to the stationary system. As a result, the heliostat would receive more energy throughout the year compared to a stationary panel system. It was also found that the solar panel reacted differently when operating on a bright sunny day compared to a cloudy day. 
During the course of all three experiments, the voltages received from the heliostat were never below the voltage from the stationary system. These results ensured that the heliostat was efficient compared to the stationary system. The first experiment showed that under a cloudy day the heliostat was still receiving more voltages than the stationary system. This wasn’t because the heliostat was tracking the sun but a small difference of 5 steps in both LDRs caused the motor to move one step to the right. On the other hand, the second and third experiment the shadow created did cause a shadow on the LDRs and moved the motor to the right to track the movement of the sun from east to west. It was also found that during the day the LDRs voltages were never the equal to initiate the count. Therefore, the count was not useful during the day and another technique such as interrupt would have been useful here. When the first experiment was compared to the last experiment it was clear that the sunlight is also had an influence on both of the systems. Overall, the project responded the way it should from the software simulation, breadboard, and the prototype. 
Prototype CostTable 12 – Prototype total cost


	
Components
	
Price (£)

	Small Solar Panel
	£3.79

	LDR
	£3.86

	Stepper motor
	£15.54

	Stepper motor driver 5X
	£4.50

	16 x 4 Character LCD Display, Module, LCM Yellow Backlight 5V
	£3.15

	Microcontroller - PIC16F877
	£6.50

	
	
Total: 37.34


CHAPTER 7: 
Future Improvements

There are different ideas and design techniques that would be included If this project was to be repeated. Furthermore, some components would be changed to improve the efficiency of the project. For example, bigger LDRs would be included in the project and mounted on the side of the solar panels so that they would receive the direct sunlight. Based on the research done for this project it was found that voltage regulators were interesting circuits to include in any project because it promises a certain level of safety on the project. The fact that a few components such as 7805 or 7812 could reduce any higher voltages to stay below the limit made it an interesting topic. Another topic which was thought of but was not implemented was interfacing with an SD card. This would have been great for the project, if the data collected from both solar panels were stored on an SD Card, rather than recording the data manually. Data could be interfaced to SD card with FAT file system using serial peripheral interface. This was not included in this project because the time restriction and it was too complex to be accomplished. The microcontroller would need to have SPI serial bus peripheral to interface with an SD Card. 

In this project, a counter was included to move the motor every time both LDRs voltages were the same. This was done to track the sunlight. However, another technique that would improve this project would be to include an interrupt service routine (ISR). An interrupt service routine could have been included in the project to scan for the sunlight if the solar panel was facing the wrong direction. This ISR is an event that interrupts the main code to complete a sequence of instructions. ISR has high priority over the main code and is normally associated with timers. A timer could be used to interrupt the program every hour to check if the solar panel is facing directly towards the sun.
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Appendix 
Code

#include <main.h>
#define LCD_ENABLE_PIN PIN_B2
#define LCD_RS_PIN PIN_B0
#define LCD_RW_PIN PIN_B1
#define LCD_DATA4 PIN_D4
#define LCD_DATA5 PIN_D5
#define LCD_DATA6 PIN_D6
#define LCD_DATA7 PIN_D7

#include <lcd.c>
#USE SPI (MASTER, CLK=PIN_C3, DI=PIN_C5, DO=PIN_C4, ENABLE=PIN_C2, MODE=0, BITS=8, STREAM=SPI_1) // SD CARD
#FUSES NOWDT                    //No Watch Dog Timer
#FUSES NOBROWNOUT               //No brownout reset
#FUSES NOLVP                    //No low voltage prgming, B3(PIC16) or B5(PIC18) used for I/O
 unsigned int value, value1, count = 0, output;
 void main ()
   {     //*************************************//
      SETUP_ADC(ADC_CLOCK_INTERNAL); 
      SETUP_ADC_PORTS(ALL_ANALOG);
      lcd_init();
      lcd_init();
      printf (lcd_putc,"Starting:");
      output_high(PIN_B4);; // Make PORTB4 pin input -> count input
    while(TRUE)
	 {
	    SET_ADC_CHANNEL(0);
	    delay_us(20);
	    value=READ_ADC();
   
	    delay_us(10);
	    SET_ADC_CHANNEL(1);
	    delay_us(20);
	    value1=READ_ADC(); 
      
	    lcd_gotoxy(1,1);
	    printf (lcd_putc,"LDR1=%03uLDR2=%03uC=%u",value,value1,count);
	    
	    
      //*************************************//
	  
	    if(value>(value1+5)) 
	       {
		  // direction clock wise 1 step //
		  
		  // for (output=0; output<10; output++)
		  //{  
		    
		  output_high(step);
		  delay_ms(10); // Delay
		  output_low(step);  
		  lcd_gotoxy(17,3);
		  printf (lcd_putc,"Moved Right--->"); //LCD Display
		  
	       } 
	 else   if  (value1>(value+5)) 
	       {
		  // direction counter clock wise 1 step //
		  
		  output_low(dir);		 //--------set direction high-------//
		  output_high(step); 
		  delay_ms(10); // Delay
		  output_low(step);
		  
		 lcd_gotoxy(17,3);
		 printf (lcd_putc,"<----Moved Left"); //LCD Display
		 
		  
	       }
	  else  if (value1 == value) // if both of the LDRs voltages are the same flash a LED
	       {
		  output_high(PIN_B3);
		  delay_ms(500); 
		  output_low(PIN_B3);
		  delay_ms(500);		  
		  count  ++; //
		   
		  if (count==10) // if count reaches 100
		  { 
		     count = 0;  // reset count
		     lcd_gotoxy(3,3);
		     printf (lcd_putc,"Scanning LDR");
		     
		     do // Scan the LDRs for the position of the SUN
			{
			     // direction clock wise 5 step
			      output_high(dir); //set direction high
			      output_high(step);
			      delay_ms(5);
			      output_low(step); 
			} 
		     while (count==10); 
		  }
		  
	       }
	       
	     }
	
   }
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Cardiff, United Kingdom - Solar energy and surface meteorology
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Cardiff, United Kinzdon - Sunrise, sunset, dawn and dusk times, table

‘T‘ Past
Date |Sunrise| Sunset|Length| Change |Dawn|Dusk |Length| Change
Today | 1423 1537

+1day 14:27 00:04 longer 15:41{ 00:04 longer
+1 week| 14:49 00:26 longer 16:05| 00:28 longer
+2 weeks 15:12 00:49 longer 16:32] 00:55 longer
+1 month 16:00| 01:37 longer 17:26] 01:49 longer
+2 months 16:38] 02:15 longer 18:13] 02:36 longer
+3 months 15:53| 01:30 longer 17:19] 01:42 longer
+6 mo 10:16]04:07 shorter 11:24]04:13 shorter

Notes: Daylight saving time,

‘ext day. Change preferences.





