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Prototype of a system that tracks the sun's rays

Abstract

The article presents the design and implementation of a prototype tracking system for photovoltaic
panels, whose task is to track the movement of the Sun and improve energy conversion efficiency. Traditional
PV installations are characterized by limited efficiency resulting from the fixed orientation of the modules,
which leads to a decrease in energy production during the day. The developed system uses an Arduino Leonardo
microcontroller, M(G995 servo mechanisms, and four photoresistors acting as light intensity sensors. The algorithm,
implemented in C++, analyzes sensor readings and dynamically corrects the position of the platform in two axes,
ensuring that the panels are maintained in the direction of maximum radiation. Tests conducted on the constructed
prototype confirmed the effectiveness of the system — the platform responded smoothly and stably to changing
lighting conditions. The results indicate that the use of tracking systems in real photovoltaic farms can increase
energy yields by 20-35% compared to static installations. They are particularly important in Poland, where seasonal
variability in sunlight means that tracking systems can significantly improve the profitability of investments.
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Prototyp systemu nadgzajacego za promieniami slonecznymi

Streszczenie

W artykule przedstawiono projekt oraz implementacj¢ prototypu systemu nadaznego dla paneli
fotowoltaicznych, ktorego zadaniem jest $ledzenie ruchu Stonca i poprawa efektywnosci konwersji energii.
Tradycyjne instalacje PV charakteryzuja si¢ ograniczong wydajnoscia wynikajaca z nieruchomej orientacji
modutéw, co prowadzi do spadku produkceji energii w ciggu dnia. Opracowany system wykorzystuje mikrokontroler
Arduino Leonardo, serwomechanizmy MG995 oraz cztery fotorezystory petnigce role czujnikow natezenia
$wiatta. Zaimplementowany w jezyku C++ algorytm analizuje odczyty z sensorow i dynamicznie koryguje
potozenie platformy w dwoch osiach, zapewniajac utrzymanie paneli w kierunku maksymalnego promieniowania.
Badania przeprowadzone na skonstruowanym prototypie potwierdzity skuteczno$¢ dziatania systemu — platforma
reagowala ptynnie i stabilnie na zmieniajace si¢ warunki o$wietlenia. Wyniki wskazujg, ze zastosowanie
systemOw nadaznych w rzeczywistych farmach fotowoltaicznych moze zwigkszy¢ uzyski energii o 20-35%
w porownaniu do instalacji statycznych. Szczegdlne znaczenie majg one w Polsce, gdzie sezonowa zmiennos¢
nastonecznienia sprawia, ze systemy $ledzace mogg istotnie poprawi¢ optacalnos$¢ inwestycji.

Stowa kluczowe: fotowoltaika, produkcja energii, mikrokontroler, system nadazny.

1. Introduction

Global demand for electricity is constantly growing, while at the same time issues
such as climate change, CO- emissions, and the need for energy transition are becoming
increasingly important. In this context, renewable energy sources (RES) are becoming
a key element of many countries' strategies. One of the fastest growing technologies in
the RES sector is photovoltaics. Thanks to falling PV cell production costs, regulatory
support, and subsidy programs, photovoltaics in Poland is developing very dynamically
(Bachanek, 2025).
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In Poland, the technical potential of solar energy is ~153,484 PJ, which corresponds
to approx. 42,634 TWh — an amount that could cover approx. 26% of the country's annual
electricity consumption (Iglinski, 2023). Despite this potential, there are several limitations:
seasonal and daily changes in sunlight, meteorological conditions, angles of incidence
of sunlight, as well as the orientation and inclination of the panels. In static photovoltaic
installations, the panels are positioned once, which gives good efficiency during periods
of maximum sunlight, but less good efficiency in the morning, evening, and winter
months. To overcome these limitations, the concept of solar tracking systems is being
developed. These systems allow for dynamic adjustment of the orientation of the panels
relative to the position of the sun, which can significantly increase energy yield. The
literature shows that with a single axis of rotation, an increase in efficiency of 10-20%
can be achieved, and with dual-axis systems, even 30-40% compared to static panels.
Research by Harazin and co-authors has shown that the gains from trackers are
particularly high in the morning and evening, when static panels are less efficient
(Harazin, 2022).

In addition to improving efficiency, tracking systems also pose technical and
economic challenges: installation and maintenance costs, weather resistance, precision
of mechanisms, and energy consumption of the control system itself. In Poland, where
the climate is temperate and seasonal sunshine varies greatly, these systems seem
to make particular sense — they can allow for better use of morning and evening hours
and improve performance in the transitional months of spring and fall (Kumba,
2024).

This article focuses on the development and testing of a prototype tracking system
based on an Arduino Leonardo microcontroller, servo mechanisms, and photoresistors.
The aim is to verify whether such a solution can be practical and effective as an educational
model or on a small scale, with the possibility of scaling or modification for larger
installations. Both the theoretical and design assumptions as well as the preliminary test
results will be presented, which will allow for the assessment of the potential of such
a system in conditions typical for Poland.

2. Purpose and scope

The aim of this article is to present the design and implementation of a prototype
tracking system for photovoltaic panels, whose task is to increase the efficiency of
solar energy conversion by dynamically adjusting the position of the modules relative
to the radiation source. The research was conducted to test the practical application of
such systems in laboratory conditions and to assess their potential efficiency in real
installations.

The research part includes an analysis of the theoretical principles of photovoltaic
systems and trackers, the characteristics of the electronic and mechanical components
used, a description of the control algorithm, and a presentation of the prototype test
results. The article also includes references to the literature on the subject, presenting
the benefits of using tracking systems, as well as a discussion of the possibilities
for further development of the solution towards its practical implementation in
photovoltaic (PV) installations.
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3. Basic concepts

Solar radiation is the primary source of renewable energy available on Earth.
Its total power reaching the upper layers of the atmosphere averages 1361 W/m? and is
referred to as the solar constant (Kopp, 2011). However, this value varies significantly
depending on latitude, season, atmospheric conditions, and the angle of incidence of
sunlight, as shown in Figure 1.

The energy emitted by the Sun is electromagnetic radiation, which covers a wide
range of wavelengths — from ultraviolet (UV) radiation, through visible radiation, to
infrared (IR) radiation. Visible radiation (approx. 43%) and infrared radiation (approx.
49%) account for the largest share of the solar spectrum, while ultraviolet radiation
accounts for only a few percent of the total energy (Duffie, 2013).

The amount of energy reaching the Earth's surface is significantly affected by
the atmosphere, which partially absorbs and scatters electromagnetic waves. As
a result, the radiation power at ground level rarely exceeds 1000 W/m?. In practice,
when designing photovoltaic systems, the values of average annual irradiation
expressed in kWh/m?/year are used, which depend on the location.

The key properties of solar radiation from the point of view of renewable
energy include:

— radiation intensity — most often expressed in W/m?, determining the
instantaneous power density;

— wave spectrum — the distribution of energy as a function of wavelength,
which determines the conversion efficiency in PV cells;

— angle of incidence — determining how much of the radiation is absorbed by
the panel surface;

— polarization and scattering — related to the interaction of the atmosphere,
which can change the direction and quality of radiation;

— temporal variability — resulting from the daily and annual cycles and
meteorological conditions.

Understanding these properties is crucial for the design of tracking systems,
whose task is to position the panels so that the angle of incidence of the sun's rays is
as close to perpendicular as possible. In this way, it is possible to increase energy yields
compared to static systems. Studies have shown that optimal panel positioning can
increase the amount of energy produced by up to 20-40%, depending on latitude and
climatic conditions (Bamisile, 2025).
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Figure 1. [llumination of the Earth from different angles throughout the year

(source: https://landsat.gsfc.nasa.gov/article/seasonal-illumination-variations/)

4. Type of photovoltaic systems

Depending on the design, photovoltaic systems vary in terms of investment costs,
complexity, and energy efficiency. The simplest are stationary installations, in which
the panels are mounted at a fixed angle. More advanced solutions include single-axis
systems, which track the sun's movement along a single axis, and dual-axis systems,
which ensure that the orientation of the panels is fully aligned with the position of the
sun in the sky. The table summarizes the basic characteristics of these three types of
systems, along with their advantages and limitations (Duffie, 2013).

Table 1
Types of photovoltaic systems
System Investment | Construction En_ergy .
- yield Advantages Disadvantages
type cost complexity | .
increase
0% Low price, no
Fixed moving parts, No sun tracking,
Low Low (base . . X . L
system val simple installation, limited efficiency
Ue) -
low failure rate
Better efficiency Higher cost,
Single-axis Medium Medium +10-25% than flxed_ systems, | maintenance required,
system cost/efficiency moving parts
compromise susceptible to damage
Very high cost,
Dual-axis Highest complex mechanics,
High High +25-40% efficiency, full risk of failure, high
system . .
sun tracking maintenance
requirements

(source: own study based on Duffie, 2013)

—20-



Journal of Engineering, Energy and Informatics 1/2025 (4)

5. Energy conversion and photovoltaic cell construction

Solar radiation is a form of electromagnetic waves emitted by the Sun as a result
of nuclear fusion reactions taking place inside it. This energy, currently considered
one of the most important renewable energy sources, can be converted into electricity
using photovoltaic technology. PV cells, made of semiconductor materials, use the
photoelectric effect — under the influence of incident solar radiation, an electromotive
force is generated, which allows the production of voltage and electrical power. This
phenomenon results from the movement of charge carriers between two layers of
semiconductors with opposite types of conductivity: p and n. This results in a potential
difference, leading to the generation of direct current. In order for it to power electrical
devices or be fed into the grid, it is then converted by an inverter into alternating current
with parameters compatible with the power grid (Luque, 2014; Platt, 2016).

Metal electrodes

Conductor connector

Bottom contact P-type silicon N-type silicon
layer " onide guide

Figure 2. Structure of a photovoltaic cell

(source: http://fundacjaenergia.pl/baza-wiedzy/technologie/
energia-slonca/konwersja-fotowoltaiczna)

6. Sun exposure in Polish regions

Assessing the potential of solar power plants requires an analysis of radiation
resources in a given region. Although the solar constant at the edge of the atmosphere
is approximately 1367 W/m?, an average of about 1000 W/m? reaches the Earth's surface
due to absorption and scattering in the atmosphere. In Poland, the average annual radiation
is approx. 990 kWh/m?, of which nearly 77% occurs during the summer season and only
23% during the winter. The annual number of hours of sunshine ranges from 1300 to 1900,
with an average of 1600, of which about 75% occurs between April and September (Tytko,
2023). Regional variations in sunshine values in Poland are shown in Figure 3.
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Figure 3. Photovoltaic energy potential in Poland
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(source: https://solargis.com/maps-and-gis-data/download/poland)

7. Sunshine in European regions

Although sunlight conditions in Poland are less favorable than in southern European
countries, photovoltaic installations remain profitable. Annual radiation totals average
between 1,000 and 1,300 kWh/m?, which ensures effective electricity production.
However, there are significant regional differences — the highest values are recorded in
southern provinces, such as Matopolska, while in northern regions, e.g., Warmia and
Mazury, sunlight is significantly lower (Tytko, 2024). The differences in photovoltaic

potential between Poland and other European countries are shown in Figure 4.
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Figure 4. Photovoltaic energy potential in Europe
(source: https://solargis.com/maps-and-gis-data/download/europe)

8. Prototype implementation

In order to verify the theoretical assumptions in practice, a mock-up of a tracking
system for a photovoltaic panel was designed and built. The structure was based
on a lightweight support platform that could rotate in two axes — horizontal and vertical.
Four photoresistors were mounted on the platform, located at the corners of a cross-
-shaped separation screen. Their task was to detect differences in the intensity of light
coming from different directions. This arrangement of sensors allowed for precise
determination of the dominant direction of solar radiation or its artificial source.

The signals from the photoresistors were processed by an Arduino Leonardo
microcontroller, which implemented the control algorithm. The C++ program compared
the voltage values corresponding to the light intensity on individual sensors. If the
difference between the readings exceeded a set threshold, a control signal was generated
for the corresponding MG995 servo mechanism. This made it possible to smoothly rotate
the platform towards the light source, while limiting unnecessary movements caused
by temporary measurement disturbances.

Two servo mechanisms were used to implement the movement: one responsible
for changing the angle in the vertical axis and the other in the horizontal axis. The use of
high-torque servos ensured stable operation. The system was powered by an LM2596
converter, which provided stable voltage for the servo mechanisms and microcontroller.
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The tests were carried out in laboratory conditions, using an artificial light source
simulating solar radiation. The prototype demonstrated the ability to respond efficiently
to changes in the direction of light incidence. When the source was moved to the left,
right, up, or down, the platform rotated in the appropriate direction until the sensor
readings were equalized. In the case of uniform illumination, the system remained at
rest, which proves that the algorithm worked correctly.

The results of the experiment confirmed the correct operation of the designed
solution. The prototype met the assumed requirements — it was able to track the light source
in two axes and maintain a position ensuring maximum exposure of the panel surface.
However, it should be noted that due to the laboratory nature of the tests and the scale of
the design, actual application would require further work related to weather resistance,
mechanical strength, and optimization of energy consumption by the control system.

9. List of components used to build the prototype
The circuit design consists of the following components:
— Arduino microcontroller (Leonardo).

— 5-10KQ photoresistor (4 pcs.).

— MG995 servo motors (2 pcs.).

— Voltage converter for powering the servos.

— Cables.

— 100€Q resistor (4 pcs.).

— Servo mounting kit allowing tilt in two planes.
— Servo tester.

— Base for mounting the entire system.

Figure 5. Prototype of the tracking system
(source: own study)
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10. Circuit connection diagram

The diagram below shows the actual connection of the circuit, measuring the
light intensity on four photoresistors (LDR1, LDR2, LDR3, LDR4). Then, the servo
mechanisms (Servol, Servo2) change their angles based on the data collected from
the photoresistors and change the position of the platform so that the light intensity
falling on these four sensors is as uniform as possible.

v

GND

AD

Al

[X]

LDR1 LDR2 LDR3 LDR4
u

R1 R2 R3 R4

1000 100Q 1000 1000

1

Figure 6. Circuit connection diagram

11. Program code
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The code for the system control program is presented below. The program was
written in C++ for the Arduino platform and is responsible for reading data from light
sensors and positioning servos accordingly.

#include <Servo.h>

int czulosc = 15;

Servo servohori;

int servoh = 0;

int servohLimitHigh = 160;
int servohLimitLow = 20;
Servo servoverti;

int servov = 0;

int servovLimitHigh = 120;
int servovLimitLow = 50;

int Idrtopl = 2;
int Idrtopr = 1;
int Idrbotl = 3;
int Idrbotr = 0;
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void setup() {
Serial.begin(9600);
servohori.attach(10);
servohori.write(90);
servoverti.attach(9);
servoverti.write(90);
delay(500);

}

void loop() {
servoh = servohori.read();
servov = servoverti.read();

int topl = analogRead(ldrtopl);
int topr = analogRead(ldrtopr);
int botl = analogRead(ldrbotl);
int botr = analogRead(ldrbotr);

int srtop = (topl + topr) / 2;
int srbot = (botl + botr) / 2;
int srleft = (topl + botl) / 2;
int srright = (topr + botr) / 2;

if (abs(srtop - srbot) > czulosc) {
if (srtop > srbot) {
servoverti.write(servov + 1);
if (servov > servovLimitHigh) {
servov = servovLimitHigh;
servoverti.write(servov);

}
delay(10);

}
else if (srbot > srtop) {
servoverti.write(servov - 1);
if (servov < servovLimitLow) {
servov = servovLimitLow;
servoverti.write(servov);

}
delay(10);

}
else {
servoverti.write(servov);
}
}

if (abs(srleft - srright) > czulosc) {
if (srleft < srright) {
servohori.write(servoh + 1);
if (servoh > servohLimitHigh) {
servoh = servohLimitHigh;
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servohori.write(servoh);

}
delay(10);

else if (srright < srleft) {
servohori.write(servoh - 1);
if (servoh < servohLimitLow) {
servoh = servohLimitLow;
servohori.write(servoh);

}
delay(10);

else {
servohori.write(servoh);

}
}

delay(50);

Serial. print("Kqt poziomy: ");
Serial.printin(servoh);
Serial.print("Kqt pionowy: ");
Serial.printin(servov);

12. Conclusions

The research conducted and the implementation of the prototype tracking
system confirmed that dynamic tracking of the Sun's position significantly increases
the efficiency of photovoltaic panels compared to traditional static systems. A mock-up
built on the basis of an Arduino Leonardo microcontroller, light sensors, and servo
mechanisms proved the practical possibility of precisely adjusting the angle of
inclination of the platform in two axes, which translated into the optimization of
solar energy conversion conditions. An analysis of the literature and available data
on sunshine in Poland indicates that, despite the moderate climate, the use of sun
tracking technology can increase energy yields by 20-40%. This is particularly
important in domestic conditions, as it increases the profitability of investments
in photovoltaics, especially in winter and transitional months when the amount of
solar energy is limited. The project confirms the potential of an interdisciplinary
approach combining elements of electronics, automation, and renewable energy sources.
At the same time, it points to directions for further research, including the development
of more advanced control algorithms, integration with real PV installations, and
miniaturization and optimization of mechanical systems. The results of the work
provide a solid basis for further analysis of the application of tracking systems in
Polish conditions and their adaptation to industrial scale.
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