DEGREE PROJECT IN MECHANICAL ENGINEERING,
FIRST CYCLE, 15 CREDITS

by

o =
STOCKHOLM, SWEDEN 2019

FKTHS

VETENSKAP
28 OCH KONST 2%

s

EastWest

Solar tracking photovoltaic panel
ALI HAMADA

FREDRIK LARSSON

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF INDUSTRIAL ENGINEERING AND MANAGEMENT







Feer

&
FKTHE

VETENSKAP

é OCH KONST &%

L

EastWest

Solar tracking photovoltaic
panel

ALI HAMADA
FREDRIK LARSSON

Bachelor’s Thesis at ITM
Supervisor: Nihad Subasic
Examiner: Nihad Subasic

TRITA-ITM-EX 2019:47






Abstract

The purpose of this project was to investigate how efficient it is
to implement steering of a solar panel, in one or two axes. To
determine how efficient it is, special consideration was taken to the
energy usage of the driving system. Practical applications have also
been considered with pros and cons. To answer the research
questions a prototype was built and a controlled environment for
testing was arranged. Rotating the panel in one axis resulted in a
26% energy increase and for the two-axis system a 56% energy
increase compared to stationary panel.

The use of stepper motors turned out to be not as efficient as needed,
due to continuous use of energy at all times during operation.
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Referat

Syftet med detta projekt var att underséka hur effektivt det ar
att implementera styrning av en solpanel 1 en eller tva axlar. For att
kunna avgoéra nyttan sa togs det hansyn till drivsystemet och hur
mycket energi det gick &t foér styrningen. Aven praktiska
tillampningar kontrollerades och vilka férdelar och nackdelar som
skulle erhéllas. For att svara pa fragestiallningarna, tillverkades en
prototyp som testades 1 en kontrollerad milj6. Genom att rotera
panelen runt en axel 6kar energiupptaget 26 % och for det tvaaxliga
systemet 56 % jamfoért med en stationér panel.

Anvéandningen av stegmotorer visade sig inte vara speciellt effektiv
déd det kravdes kontinuerlig strommatning for att erhéalla det
motormoment som kravdes for att halla panelen pa plats

Nyckelord
Mekatronik, Solenergi, Solsparare, Stegmotor
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1 | Introduction

1.1 Background

In a field that is in need of creative solutions, the combination of sustainability
and mechatronics is an important step to combat climate change. The applications
for sustainable mechatronic solutions are endless.

Just like wind turbines are directed to the wind to optimize the power generation,
a solar panel was optimized to target the sun. The goal is to increase the energy
intake in a given area.

1.2 Purpose

The EastWest project is about constructing and examining a tracking system for
a solar panel. This was to determine if there is a way to make a solar panel more
effective and increase the energy output from the solar panel. To do this, a solar
panel was examined in a controlled environment with artificial light.

To conclude if the system would make a solar panel more effective, and if it is
applicable in practical situations, the following questions were answered:

e What is the energy intake and output for the rotating system?
e What is the preferred axis of rotation?
e Is the rotating system worth using in practical applications?

1.3 Scope

This project had some limitations, as the tests were to be conducted in a controlled
environment with artificial light, it was harder to get realistic values regarding
energy intake. The size of the solar panel and the driving construction are also
meant to be scalable. This was not tested in this project.

1.4 Method

To answer the above stated research questions, the following methods were used:

Examine solar panels

Design a computer-aided design (CAD) model of the construction
3D print and buy components

Build the construction

Write the software for the Arduino microcontroller

Conduct tests and gather data



2 | Theory

2.1 Solar power

The first step in this project was to further the understanding of solar power and
how solar panels work. In the academic world, solar panel systems are referred to
as photovoltaic systems. A photovoltaic system is a series of solar cells, and it is
the solar cell that does the work. The cell captures the sunlight and converts it to
electricity, this is through a reaction called the photovoltaic reaction. (Chen,
2011), (Labouret & Villoz, 2010).

2.2 Tracking

To track the sun in an efficient way, the construction needed to be as effective as
possible. To reach this goal it was required to implement a highly optimized
tracking system that requires as little energy as possible to run, as to not affect
the outcome of the tests and results.

2.3 Light sensors

To be able to locate the strongest light source, light dependent resistors (LDRs)
were used. LDR is a type of passive sensor that changes its resistance value
depending on the light intensity. Higher light intensity makes the resistance
lower, and lower light intensity makes the resistance higher (resistorguide, 2019).

The LDRs do not work on all wavelengths but as the sun emits mostly white light
which contains a broad spectrum of wavelengths, they performed as intended.
(Center, 2019).

The LRDs do not work on all wavelengths, but as the sun emits a broad spectrum
of wavelengths they function as intended.

LDRs are very sensitive and can have a resistance range from several million
Ohms in the dark to just a few hundred Ohms in strong light. In this project, three
LDRs were used in combination with an electrical circuit to get three signals that
could be interpreted with an Arduino and calculations were made to be able to
track the sun, see Figure 1 for the electrical circuit.



Figure 1. Parallel connection of three LDRs. [Drawn in Paint].

2.4 Steering

The steering of the solar panel was simple, two stepper motors were used to steer
both horizontally and vertically. A stepper motor was especially useful in this
project due to its ability to precisely move to a specified position (Acarnley, 2007).
The stepper motors were controlled by a microcontroller (Arduino), where the
LDRs were connected, and their signal was translated and converted to rotate
the stepper motor. To control the motors, the system required two H-bridges as
there were two stepper motors. The H bridges make it possible for the stepper
motors to communicate with the microcontroller.

Another advantage of using a stepper motor was its high holding torque, this was
used to make sure the panel stays in a fixed location after rotation, which is
crucial if the rotating panels will be used outdoors where wind may otherwise
rotate the panel.

2.5  Microcontroller

To be able to track and steer, an Arduino microcontroller was used. A
microcontroller is the brain in a construction. The controller makes it possible for
a motor to get values from a sensor and move accordingly (Brain, 2000).

The Arduino microcontroller was used because it is easy to use in these kinds of
projects, and because its open- source hardware and software ecosystem (Arduino,
2019). This made it possible to use an online library and get inspiration for the
software.



3 | Implementation

3.1 Construction

To be able to implement the theory and conduct the research, a construction which
could move as intended was needed. When the dimensions of all the components
were known, the CAD-model could be drawn. The CAD-model consisted of three
main parts: The motor base, the solar panel frame and the rotation arm. The
rotation arm also had a slot for the second motor, this was to enable rotation in
two axes. The panel frame had three slots for the LDRs, to get a close and reliable
data. When the CAD-model was drawn, the parts could then be 3D printed and
the construction built. The construction can be seen in Figure 2.

Figure 2. The construction fully built. [Picture taken by Ali Hamaday].

3.2 Microcontroller communication

The core of the system is the Arduino UNO. The components connected to the
microcontroller were as follows below and a flowchart with the hardware overview
can be seen in Figure 3.

The LDRs were driven by the 5V output from the Arduino, as the system needed
three LDRs they were connected in parallel to maintain 5V on each of the
components.

The signal from the LDR was connected to the Arduino on its analog input. After
an analog to digital (A/D) conversion the LDR system outputs a bit representation
of the voltage over the resistor varying from 0 to 1023 where lower values
represent lower resistance (higher light intensity).
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Current sensor

The current sensor was being used to calculate the power output from the solar
panel. It was also connected to the 5V output from the Arduino and in a closed
circuit with the solar panel and a resistor. The data from the current sensor was
saved on a memory card.

H Bridge

The H-bridge made it possible to control the rotation direction and number of
steps per calculation. This was required to fine tune the system and decrease
angular deviation.

Stepper motors
The stepper motors were connected to both the H-bridge and the microcontroller.
The microcontroller gave the values needed to rotate correctly.

LDR Current Solar
123 Sensor panel

v

‘ ower SUDDI }—, Arduino ‘ power ‘

H- H-
bridge bridge

! |

Motor L Motor

1 2

Figure 3. Flowchart of the hardware used in the construction. [Drawn in draw.io].



3.3 Software

When everything was connected and built, the software for the construction was
written and tested. The software was written with the help of an online library
and heavy modification to suit EastWest. The overall structure of the software

can be seen in Figure 4.
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Run motor 2
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Figure 4. A flowchart for the main software. [Drawn in draw.io].

3.4 Controlled environment

To be able to test the solar panel and figure out if it is effective, a controlled
environment was needed to get a reliable result. The result was not to be affected
by alteration in weather conditions. The controlled environment was a dark room
without light pollution. To conduct the tests, a movable light source was used. The
light source intensity could be adjusted to simulate a day of sun, which is
important as the light intensity of the sun is not constant throughout the day.



4 | Results

Before the experiments began, some preparations were made. First, five markings
on the ground were made, to mark five different positions for the artificial light.
Thereafter three levels were also marked to set different heights, see Figure 5.
This was to simulate the sun’s movement during the day. The first and lowest
level represented the light intensity at dawn and sundown and was placed on
marking one and five on the ground. The second level represented the light
intensity in the morning and afternoon and was placed on marking two and four
on the ground. The third and highest-level represented midday sun and was
placed on marking three on the ground. Marking four and five should and did give
almost identical values to the values of marking one and two. This is because they
represent the same sun position and light intensity but was done to simulate a
whole day.

Solar
panel

Figure 5. The five markings in regard to the solar panel. [Drawn in draw.io].

4.1 System energy drawn

To measure how much energy the system draws, a power supply with a digital
display with voltage and current measurements was used. The stepper motor
requires 3W each which means the two-axis system used 6W continuous. The rest
of the system is powered from the Arduino. Powering the Arduino draws around
0.1W continuously which is neglectable compared to the power drawn from the
stepper motors.

4.2 Experiment 1, standing still

The first experiment that was conducted was the non-moving system. It was
angled at a 45° angle and placed facing marking five on the ground. Thereafter,
the artificial light was placed according to the markings and levels above and each
test was repeated five times to get a mean and reliable value of the Power
generated by the solar panel. The mean values can be seen in Table 1.

Position 1 2 3 4 5
Mean value | 0,023 | 0,029 | 0,045 | 0,027 | 0,022
[mW]

Table 1. Mean values for the standing still construction.
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4.3 Experiment 2, one axis rotation

In the second experiment, the system was constructed as such that it had only one
axis rotation (horizontal). The angle stayed the same as it was in experiment 1 at
45° angle and placed facing marking five on the ground. The tests were conducted
in the same manner as above. The mean values can be seen in Table 2.

Position 1 2 3 4 5
Mean value | 0,032 | 0,038 | 0,048 | 0,038 | 0,029
[mW]

Table 2. Mean values for the one axis rotation construction.

4.4 Experiment 3, two axis rotation

The third and final experiment, the system was constructed to rotate both
horizontally and vertically. The system was not adjusted in any way but was in
the resting position. The tests were conducted in the same manner as the first and
second experiment. See Table 3 for the mean values.

Position 1 2 3 4 5
Mean value | 0,042 | 0,045 | 0,054 | 0,044 | 0,043
[mW]

Table 3. Mean values for the two-axis rotation construction.

4.5 Experiment results

When all of the experiments were conducted, a total mean value was calculated
for each experiment to be able to calculate the difference between each system.
The total mean values are:

e The average value for the standing still construction is 0,0292mW
e The average value for the one axis rotation construction is 0,037mW
e The average value for the two-axis rotation construction is 0,0456mW

From the values above, the difference could be calculated to an 26 % increase for
the one axis rotation and 56 % increase for the two-axis rotation compared to the
standing still system.



5 | Discussion and conclusion

5.1 Applied construction

The construction that will be needed to drive and rotate a scaled-up version of our
solar panel has some restraints. The requirements that we recommend are as
follows:

Able to withstand heavy rain and snow (IP68 or above)

Able to withstand high winds up to 18 m/s

Able to withstand temperatures from -40 °C to 85 °C

Able to withstand long term ultraviolet-radiation (UV-radiation)

These requirements arise due to the weather, as the system will constantly be
outdoors and vulnerable to deformation. One of the materials that are able to
withstand the above-mentioned restraints is stainless steel (Goncalves &
Margarido, 2015).

Note that the material alone is not the only factor that affects the integrity of the
construction, as the structural integrity is also dependent on the design of the
construction and how it is built and maintained.

5.2 Hardware

The hardware that will be used in practical applications will differ in some areas
compared to our prototype. The problems conveyed in the above discussion
“construction” puts some extra stress on the hardware.

To combat the problem with wind unwillingly moving the panel, there needs to be
a solution to hold the panel in place. For the prototype, the use of stepper motors
gave a holding torque resulting in the panels fixed placement. The problem with
using stepper motors in real applications lies in the high energy consumption. The
stepper motors that were used in the prototype draws 6W continuously. To combat
this problem, a worm gear could be used, as it is self-locking from the driven side
it could result in a close to locked stage (Dudas, 2004). One downside is that the
efficiency is much lower than the direct drive that was used in the prototype.
However, as the amount of rotation is low and non-continuous, a loss of efficiency
1s not something to worry about compared to continuous drive in the stepper
motors.

5.3 Software

The software was written in Arduino, which is good for projects like this as
Arduino has an open source library which makes it possible to get and use code
from other projects that people have done. This was especially important in this
project as we did not have a lot of experience with Arduino and the use of an online
library was a relief as we could get modifiable code that would suit our project.



5.4 Experiments

The experiments were conducted in a controlled environment with an artificial
light to get a reliable and constant result. While the artificial light is not ideal for
a solar panel as it would not get the highest output, it was not something that we
were worried about in this project. In this project we focused more on the output
differences of the solar panel and the energy usage of the driving mechanism to
determine if a rotating solar panel is more effective and efficient.

5.5 Results

The results were as expected, the solar panel that rotates on both axes is 56%
more effective than the stationary one. And the one axis panel is 26% more
effective than the stationary.

The results and the gain in power absorption is affected by many factors such as
weather, time of the year and where on the globe the panel is. The panel with two
axis movements will benefit the most from sitting close to the equator, at summer
and in good weather as the difference between the driving mechanism energy
usage and energy gain is maximized.

One more factor that was improved that will have a positive effect in practical use
is the increased stability of power gain during the day. This is something that
sustainable energy resources combat with, especially solar and wind power as
they often need to be combined with variable energy sources, for example with
hydropower plant.

5.6 Conclusion

The rotating solar panel worked as expected, and the results are not far from what
was anticipated. What was surprising was the high amount of energy use from
the stepper motors. We did not evaluate how many panels we were able to rotate
with a high enough holding torque, but the amount of energy used by the stepper
motors were too high to recommend using it in a practical scenario. Instead we
advocate the use of other kinds of motors or components that can handle high
holding torque and do not require constant energy use (see Future work: 6).

In practical use usual there are pros and cons of implementing this system. One
of the biggest advantages of the rotating system is the higher potential energy
intake in a given area, which means in places where space is a concern, the
rotating system can deliver a higher amount of energy. This is also practical on
places where the structure holding the panels move, like boats or trailers as it
always follows the strongest light source.

If there is a less energy demanding steering system implemented, we highly

recommend the two-axis system as the gain in power is huge compared to both
the stand still and the one-axis system.

On the downside the maintenance has not been evaluated in this project, there
might be a lot of cost to maintain these kinds of systems.
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6 | Future work

The next phase of this project would be about working towards building a
prototype that works well outdoors, making sure the construction can handle the
demands defined in “applied construction” and to implement some sort of locking
system that doesn’t require constant energy intake. One component that probably
solves this issue is the worm gear which would be interesting to try
implementing.

Another area that was left unexplored in this project is the scalability, it is
interesting to see how powerful the motors and the construction need to be to
handle bigger panels and how many panels one microcontroller can steer.

The use of LDRs in this project is due to its ease of use but other kinds of tracking

systems can be implemented, like GPS, as the sun’s position can be calculated
and is known throughout the year (Jenkins, 2013).

11
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Appendix A

Arduino Code

/I Kod for att styra en solpanel med 3st LDR i kombination med 2st Stegmotorer
//IKoden inkluderar aven loggning av data pa ett SD kort

/I Ali Hamada, Fredrik Larsson

/IKTH Examensarbete Mekatronik MF133X 2019

#include <Stepper.h>
#include <Wire.h>

#include "Math.h"

#include <Adafruit_INA219.h>
#include <SPI.h>

#include <SD.h>

Adafruit_INA219 ina219;

const int stepsPerRevolution = 200; //En konstant for hur manga steg en motor har
pa ett varv.
const int chipSelect = 10;

Stepper stepperl(stepsPerRevolution, 4, 5, 2, 3); //Sager att motor 1 ar ansluten till
digitala ingangar 4-7

Stepper stepper2(stepsPerRevolution, 6, 7, 8, 9); //Sager att motor 1 ar ansluten till
digitala ingangar 8-11

int sensorPinl = Al; //Sensor 1 ar ansluten till analog ingang 1

int sensorPin2 = A2; //Sensor 2 ar ansluten till analog ingang 2

int sensorPin3 = A3; //Sensor 3 ar ansluten till analog ingang 3

int valuel = 0; //Definierar ett varde for varje sensor, detta kommer att andras
senare

int value2 = 0;

int value3 = 0;

int errorl = O; //Definierar en skillnad for value 1 och value 2

int error2 = 0; //Definierar en skillnad for value 3 och medelvéardet av value 1 och 2
int margain = 20; //Defiinierar hur stor skillnaden far vara (for “lagt varde =>
vobblande, for hogt ger dalig precision)

void setup() {
Serial.begin(9600);
stepperl.setSpeed(1); //Anséatter hastigheten till n rpm fér bdgge motorerna
stepper2.setSpeed(1);
uint32_t currentFrequency; //32 bit current frequency
ina219.begin();
SD.begin(chipSelect); //laser SD-kortet

13



void loop() {
float shuntvoltage = 0; //Hamtar spanning och strdm (strémsensor)
float busvoltage = 0;
float current_mA = 0;
float loadvoltage = O;
float power_mW = 0;
shuntvoltage = ina219.getShuntVoltage_mV();
busvoltage = ina219.getBusVoltage V();
current_mA = ina219.getCurrent_mAJ();
llpower_mW = ina219.getPower_mW();
loadvoltage = busvoltage + (shuntvoltage / 1000);

String dataString =" ;

dataString = String(current_mA);

File dataFile = SD.open("current.txt", FILE_WRITE);

Il if the file is available, write to it:

if (dataFile) {
dataFile.printin("The current is "+ dataString);
dataFile.close();
/I print to the serial port too:
Serial.printin(dataString);

/1 if the file isn't open, pop up an error:
else {

Serial.printin("error opening datalog.txt");
}

//delay(2000);

int valuel = analogRead(sensorPinl)-12; //ansatter att value far vardet av alla
sensorer, detta ar i loop och ar inte konstant

int value2 = analogRead(sensorPin2)+1; // kalibrering av sensor 2

int value3 = analogRead(sensorPin3);

errorl = valuel - value2; //skillnaden for value 1 och 2

error2 = (valuel + value2)/2 - value3; //skillnaden for value 3 och medelvardet
av value 1 och 2

if (valuel<1000 && value2<1000 && value3<1000) //kontrollerar att det ar dag,
annars ska den inte gora nagot

{

if(error2>margain)

while(error2>margain)

{

int valuel = analogRead(sensorPinl)-12; //varden efter ar kalibrering av LDR
int value2 = analogRead(sensorPin2)+1;

int value3 = analogRead(sensorPin3);

error2 = (valuel + value2)/2 - values3;

stepper2.step(1);

14



}

while(error2<-margain)

{

int valuel = analogRead(sensorPin1)-12;
int value2 = analogRead(sensorPin2)+1,;
int value3 = analogRead(sensorPin3);
error2 = (valuel + value2)/2 - value3;
stepper2.step(-1);

}
}

if(errorl>margain) //Kontrollerar om skillnaden ar stérre &n 6nskad véarde, om ja,
kor koden nedan for att justera

while(errorl>margain) //En loop som kor till skillnaden ar mindre eller lika med
onskad varde

{

int valuel = analogRead(sensorPinl)-12;

int value2 = analogRead(sensorPin2)+1;

int value3 = analogRead(sensorPin3);

errorl = valuel - value2;

stepperl.step(1); //Motor 1 roterar 1 steg moturs

}
}

while(errorl<-margain) //En loop som kor till skillnaden ar stoore eller lika med
onskad -varde(For att rotera medurs, riktning pa solen)

{

int valuel = analogRead(sensorPin1)-12;

int value2 = analogRead(sensorPin2)+1,;

int value3 = analogRead(sensorPin3);

errorl = valuel - value2;

stepperl.step(-1); /Roterar 1 steg medurs

}
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