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This study analyzes and compares the efficiency of monocrystalline and polycrystalline 

photovoltaic cells mounted on a dual-axis solar tracker system integrated with Internet 

of Things (IoT)-based monitoring. The experiment was conducted over 31 consecutive 

days in July 2025, with data collected daily from 7:00 AM to 5:00 PM. Key parameters 

measured included sunlight intensity (lux), voltage (V), current (I), power output (P), 

and energy conversion efficiency. The results demonstrated that the monocrystalline 

panel achieved an average daily power output of 4.91 W with an efficiency of 16.35%, 

while the polycrystalline panel recorded 2.22 W and an 7.11% efficiency. The 

maximum efficiency difference between the two panels was 11.75%, occurring at 11:15 

AM, which indicates the superior performance of monocrystalline technology under 

varying irradiance conditions. Furthermore, a dual-axis solar tracker significantly 

improved solar energy capture and stabilized power generation by adjusting panel 

orientation to follow the sun’s movement. Integration with IoT enables real-time data 

acquisition and monitoring, ensuring accurate system performance analysis. These 

findings highlight the higher efficiency of the monocrystalline panel compared to the 

polycrystalline panel, and emphasize the crucial role of the dual-axis solar tracker 

combined with IoT in optimizing the performance of small-scale photovoltaic systems. 
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1. INTRODUCTION

The demand for renewable energy is increasing as fossil fuel 

resources dwindle and environmental problems escalate. 

Among various renewable energy sources, solar energy is 

considered one of the most promising due to its abundant 

availability, sustainability, and relatively simple conversion 

technology [1, 2]. Photovoltaic (PV) systems can convert solar 

radiation into electrical energy, and their performance is 

influenced by various factors, including the type of panel, 

environmental conditions, and the mechanism for tracking the 

sun's position [3-5]. 

Monocrystalline and polycrystalline solar panels are the two 

most widely used PV technologies. Monocrystalline solar 

panels generally have higher efficiency due to their uniform 

crystal structure, while polycrystalline solar panels are more 

economical but have lower efficiency, especially under low 

radiation intensity conditions [6]. The efficiency of solar 

panels can be further improved by using a solar tracker system, 

which maintains the optimal angle between the panel and the 

direction of sunlight. Several studies have reported that the 

using a dual-axis solar tracker can significantly increase power 

output compared to static or single-axis systems [3]. 

In addition, Internet of Things (IoT) technology 

developments have enabled real-time monitoring and control 

of PV systems, thereby improving reliability, facilitating data 

acquisition, and supporting predictive maintenance 

capabilities [5]. Integration of IoT with solar trackers provides 

added value in the form of continuous system performance 

data, especially in tropical regions where solar radiation 

intensity varies throughout the day [7]. 

This study is designed with several objectives, namely to 

measure the voltage, current, and power output of solar panels 

along with the sunlight intensity received by the panels in a 

dual-axis solar tracker system, to analyze the performance of 

solar panels with dual-axis tracking in maximizing solar 

energy absorption based on real-time IoT-based monitoring, to 

compare the energy output of monocrystalline and 

polycrystalline panels under identical conditions, and to 

evaluate the accuracy of the IoT-based monitoring system in 

recording and displaying PV performance data. 

This study hypothesizes that monocrystalline solar panels, 

combined with a dual-axis tracker and IoT-based monitoring, 

will achieve higher efficiency and more stable performance 

than polycrystalline panels operating under the same 

conditions. 

This work provides a comprehensive assessment by 

integrating dual-axis tracking with IoT-based real-time 

monitoring to evaluate two widely used PV technologies in a 

tropical climate. By addressing panel characteristics, tracking 

performance, and monitoring reliability in a single framework, 

the findings are expected to offer practical insights for 

enhancing the application of photovoltaic systems in regions 

with fluctuating solar radiation. 
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2. LITERATURE REVIEW 

 

Solar energy is an environmentally friendly, renewable 

source abundantly available in Indonesia [8]. Solar panels, 

called PV modules, convert sunlight into electrical energy 

through the photovoltaic effect [9, 10]. There are two common 

types of PV panels, namely monocrystalline and 

polycrystalline [11, 12]. Monocrystalline solar panels are 

made from a single crystal structure and generally provide 

higher efficiency, while polycrystalline solar panels are made 

from multiple crystal fragments and are less efficient. The 

performance of PV panels is strongly affected by sunlight 

intensity and incidence angle [2, 5, 13]. 

Solar trackers are devices designed to adjust the orientation 

of panels to follow the sun’s movement [14]. A dual-axis solar 

tracker can adjust both azimuth and elevation angles, offering 

higher efficiency than single-axis or fixed systems [15]. 

Moreover, research in tropical regions indicates that solar 

trackers reduce the impact of fluctuating irradiance due to 

cloud coverage [16, 17]. Studies indicate that dual-axis 

tracking PV systems achieve a 30.4 to 34.6% efficiency 

improvement compared to simulations of fixed PV systems 

[15]. 

Integration with IoT technology enables real-time 

monitoring and automated data recording, improving system 

accuracy and usability [7]. IoT-based PV monitoring systems 

provide efficient data visualization, remote access, and 

predictive maintenance capabilities [5, 13]. Several studies 

have demonstrated that combining IoT with solar trackers 

improves the reliability of PV systems and simplifies 

performance evaluation. Recent advances also highlight the 

role of IoT in enabling adaptive energy management and 

cloud-based data analytics for PV systems [18]. 

 
 

3. METHODOLOGY 
 

3.1 Research method 
 

The research was conducted in Sukoharjo, Central Java, 

Indonesia, during July 2025. Two solar panels with 18 Wp 

capacity, one monocrystalline and one polycrystalline, were 

installed on a dual-axis solar tracker controlled by an Arduino 

microcontroller. The system was equipped with sensors to 

measure sunlight intensity, voltage, and current, while power 

was calculated as P = V × I. The data acquisition used PLX-

DAQ software for automatic recording in Microsoft Excel, and 

real-time monitoring was implemented using the Blynk IoT 

application on smartphones. Measurements were taken every 

15 minutes between 7:00 AM until 5:00 PM for 31 consecutive 

days. Collected data included solar radiation intensity, panel 

voltage, current, power output, and efficiency calculated from 

the ratio of electrical power output to solar radiation input. 

To ensure reliability, all sensors were calibrated prior to 

data collection. The voltage and current sensors (INA219) 

were calibrated against a digital multimeter (accuracy ±0.5%), 

while the BH1750 light sensor was compared with a reference 

lux meter. Measurement uncertainty was quantified using 

repeated trials, with the standard deviation reported for each 

parameter. The combined uncertainty was calculated using the 

root-sum-square method, and the overall error margin was 

maintained below 2% for voltage and current, and 3% for light 

intensity. In addition to the instrumentation setup, the overall 

design of the dual-axis solar tracker was modeled using 

SolidWorks software, as illustrated in Figure 1. 

 
Description: 1. Monocrystalline Solar Panel; 2. Polycrystalline Solar Panel; 3. 
Solar Panel Frame; 4. Solar Panel Bottom Frame; 5. Servo Motor; 6. Support 

Frame Tube; 7. Base Plate Frame 

 

Figure 1. Solar panel design with dual-axis solar tracker 

system designed using SolidWorks software 

 

 
 

Figure 2. Research flow chart 
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3.2 System design 

 

This study uses a dual-axis solar tracker system based on a 

microcontroller with integrated IoT technology. Two solar 

panels of different types, monocrystalline (18 Wp) and 

polycrystalline (18 Wp), are installed on a sun tracking frame 

that can move on the azimuth and elevation axes. An Arduino 

Uno microcontroller is combined with an ESP8266 module for 

IoT connectivity. At the same time, a Light Dependent 

Resistor (LDR) sensor is used as a light intensity detector to 

adjust the panel orientation. 

This research began with a literature review on solar energy, 

solar panel systems, dual-axis solar tracker technology, and 

IoT-based monitoring, followed by the preparation of tools 

and materials including monocrystalline and polycrystalline 

solar panels as well as Arduino-based tracker components 

equipped with LDR, INA219, and BH1750 sensors. After 

assembling the system, both panels were installed in parallel 

on the dual-axis solar tracker and tested simultaneously under 

direct sunlight for 31 days from 7:00 AM until 5:00 PM. Data 

collected included sunlight intensity, voltage, current, and 

electrical power, recorded automatically using PLX-DAQ and 

monitored in real-time via the Blynk app. The data were 

analyzed descriptively to compare the performance of the two 

panel types, evaluate the effectiveness of the dual-axis tracker, 

and assess the accuracy of the IoT-based monitoring system, 

with the research stages illustrated in Figure 2, which presents 

the research flow chart. 

The electrical circuit was designed using the Fritzing 

application with an Arduino Uno microcontroller as the 

control center, connected to an LDR sensor for light detection 

and servo motors for azimuth and elevation movement, 

allowing the solar panel to follow sunlight automatically. The 

system integrates an INA219 sensor to measure voltage and 

current, a BH1750 sensor to monitor light intensity in lux, and 

an ESP8266 module to transmit real-time data to the Blynk 

application. At the same time, all data are also automatically 

recorded via PLX-DAQ. Thus, the circuit controls panel 

movement and effectively supports IoT-based monitoring. 

The design of the circuit is illustrated in Figure 3, which shows 

the electrical schematics on Arduino using the Fritzing 

application. The technical specifications of the hardware used 

in this study are summarized in Table 1, while the supporting 

components, including auxiliary tools and software for system 

operation and data acquisition, are listed in Table 2. 

 

 
 

Figure 3. Electrical schematics on Arduino using the fritzing application 

 

Table 1. Technical specifications of the hardware used 

 
Number Component Specifications 

1. 
Monocrystalline 

Solar Panel 

This monocrystalline solar panel with a half-cell design measures 415 × 340 × 30 mm and weights 320 

grams, utilizing monocrystalline silicon cells [19]. With a maximum power output of 18 W, the panel 

operates at a voltage of 18 V and a current of 1.11 A. Its specifications include Voc 22.2 V and Isc 1.11 A, 

making it efficient for light energy needs such as portable devices or outdoor use [20]. 

2. 
Polycrystalline 

Solar Panel 

This polycrystalline solar panel with a half-cell flexible type with dimensions of 420 × 280 × 25 mm and a 

lightweight design of only 300 grams, making it portable and easy to install. It uses polycrystalline silicon 

solar cells and delivers a maximum power output (Pmax) of 18 W. Under standard test conditions (25℃, 

1000 W/m²), the panel operates at a maximum power voltage (Vmp) of 17.6 V and a maximum power current 

(Imp) of 1.13 A. It also has an open-circuit voltage (Voc) of 22.1 V and a short-circuit current (Isc) of 1.24 A, 

ensuring reliable performance for small-scale energy needs such as portable devices or outdoor applications 

[21]. 
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3. Arduino UNO 

This microcontroller is based on the ATMega328 and operates with a supply voltage between 7 to 12 V, 

while its input voltage range can reach 6 to 20 V. It provides 14 digital I/O pins, including 6 PWM pins, and 

six analog input pins, making it versatile for various electronic applications. Each I/O pin can handle up to 40 

mA of DC, while the 3.3 V pin supports up to 50 mA. The device is equipped with 32 KB of flash memory 

(with 0.5 KB reserved for the bootloader), 2 KB of SRAM, and 1 KB of EEPROM. Running at a clock speed 

of 16 Hz, this microcontroller is suitable for lightweight embedded systems and prototyping [3, 5, 22, 23]. 

4. 

Light 

Dependent 

Resistor Sensor 

This component operates with a supply voltage of 3.3 V to 5 V and has a spectral peak at 540 nm, making it 

sensitive to green light in the visible spectrum. It is designed to handle a maximum voltage of 150 V and a 

maximum power of 100 mW, ensuring safe performance under specified limits. The device functions reliably 

within an operating temperature range of –30℃ to +70℃. Its resistance level varies from 10 Ω to 100 kΩ, 

adapting based on external conditions. At the same time, the response time is 20 seconds for rising and 30 

milliseconds for falling, indicating stable yet efficient performance for sensing applications [5, 15, 24]. 

5. Servo Motor 

This device operates with a voltage range of 4.8 to 6.8 V and offers high precision performance. At 5.0 V, it 

achieves an operating speed of 0.15 seconds per 60°, while at 6.8 V, the speed improves to 0.13 seconds per 

60°. Its stall torque reaches 21 kg·cm at 5.0 V and 25 kg·cm at 6.8 V, providing a strong rotational force. The 

servo has a dead band of 3 μs and supports a working frequency between 50 to 333 Hz. It comes with a ±300 

mm connector wire, uses durable metal gears, and is driven by a DC motor. Compact in design, the unit 

measures 40 × 20 × 40.5 mm and weighs only 67 grams, making it suitable for robotics and mechanical 

applications requiring strength and reliability [22]. 

6. ESP8266 

This development board is based on the ESP-8266 32-bit microcontroller and uses the NodeMCU Amica 

model (CP2102 version). With compact dimensions of 49 × 26 mm and a pin spacing of 0.9 inches (22.86 

mm), it is well-suited for prototyping and IoT applications. The board runs at a clock speed of 80 MHz and 

integrates a CP2102 USB-to-serial converter with a Micro USB connector for easy programming. It operates 

at 3.3 V with an input voltage range of 4.5 V to 10 V. Memory resources include 4 MB of flash storage and 

approximately 80 KB of SRAM, providing sufficient code and data handling. It offers 11 digital I/O pins and 

1 analog input channel with a 10-bit ADC supporting a range of 0 to 3.3 V. Designed for robust use, the board 

functions within a temperature range of –40℃ to +125℃, making it reliable for various embedded system 

and IoT projects [7]. 

7. INA219 Sensor 

This module operates with a voltage range of 3.0 V to 5.5 V and supports a maximum bus voltage of 26 V 

DC, making it suitable for low-power monitoring applications. It can measure currents up to ±3.2 A, 

depending on the value of the shunt resistor, with a typical accuracy of ±1%. The device provides a fine 

current measurement resolution of up to 0.1 mA. The device provides a fine current measurement resolution 

of up to 0.1 mA and a bus voltage resolution of up to 4 mV, ensuring precise monitoring. Communication is 

handled via the I2C interface, with a default address of 0 × 40, making integration with microcontrollers and 

embedded systems straightforward. 

8. BH1750 Sensor 

This sensor operates with a voltage range of 2.4 V to 3.6 V and offers selectable resolutions of 1 lux, 0.5 lux, 

or 4 lux, depending on the chosen mode. It provides a typical measurement accuracy of ±20% and 

communicates digitally through an I2C interface, allowing easy integration with microcontrollers. During 

operation, the device consumes only about 0.12 mA, while in standby mode the current drops to around 0.01 

μA, making it highly energy - efficient. The typical measurement time is 120 ms in high-resolution mode, 

ensuring responsive light detection. The sensor is suitable for various environmental and embedded 

applications with an operating temperature range from –40℃ to +85℃. 

9. 
LM2596 Buck 

Converter 

This module uses the LM2596 switching regulator IC and is designed to step down DC voltage efficiently. It 

accepts an input voltage range of 4.5 V to 40 V DC and provides an adjustable output voltage between 1.25 V 

and 37 V DC, making it versatile for various power supply applications. The module can deliver a maximum 

output current of 2 to 3 A and operates at a switching frequency of around 150 kHz. An efficiency of up to 

92% ensures minimal power loss during voltage conversion. Physically, the board is relatively large 

(approximately 43 × 21 mm), offering stability and heat dissipation for higher current loads. 

10. 
Solar Charger 

Controller 

The solar charger controller regulates the flow of electrical current from the solar panels to the battery, 

preventing overcharging and over-discharging, which can damage the battery. 

11. PZEM-017 

The PZEM-017 is a sensor module from Peacefair used to monitor various electrical parameters in a DC 

system, such as voltage, current, power, and energy. This module is designed to measure voltages up to 300 V 

DC and currents up to 50 A or more, depending on the type of shunt resistor used. The PZEM-017 is 

equipped with an RS-485 communication interface based on the Modbus RTU protocol, making it easy to 

integrate with microcontrollers, PLCs, or computer-based monitoring systems [25]. This module is widely 

used in solar panel monitoring, battery systems, and various electronics projects requiring accurate and real-

time power consumption tracking. 
 

Table 2. Supporting components 
 

Number Component Specifications 

1. PLX-DAQ 

Parallax Data Acquisition (PLX-DAQ) is software that acts as a bridge between microcontrollers, such as 

Arduino, and Microsoft Excel. Using this software, data from Arduino can be captured and recorded directly into 

Excel tables in real time. This makes it easy for users to monitor, log, and analyze data without copying or 

processing it manually. This application is widely used in experimental projects, research, and simple monitoring 

systems requiring direct computer data logging [23]. 

2. Computer 

This computer, identified as Desktop-192718C, is powered by an Intel Core i5-2400 CPU running at 3.10 GHz, 

providing reliable performance for everyday computing tasks. It is equipped with 8 GB of RAM, which supports 

multitasking and moderate workloads. The system operates on a 64-bit Windows 10 Pro operating system with an 

×64-based processor architecture, ensuring compatibility with modern applications and offering enhanced 

performance compared to 32-bit systems. This setup is suitable for office work, programming, and general-

purpose use. 
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3. 
Blynk 

Application 

Blynk is an application that allows users to control and monitor electronic devices remotely via a smartphone. 

Blynk facilitates smartphone integration and microcontrollers such as Arduino, ESP8266, or ESP32. Users can 

create a virtual dashboard to access sensors, control actuators, and monitor data in real-time using an internet 

connection. 

4. Smartphone 

The Asus Fonepad 7 is a tablet device powered by an Intel Atom Z2560 dual-core processor running at 1.6 GHz, 

delivering adequate performance for basic tasks and multimedia use. It comes with 1 GB of RAM and 32 GB of 

internal storage (ROM), providing space for apps, media, and files, with support for expandable storage via 

microSD. The device runs on Android 4.3 Jelly Bean, which can be upgraded to Android 4.4 KitKat for improved 

features and system stability. Overall, the Asus Fonepad 7 is designed as a practical and portable device for 

browsing, entertainment, and everyday mobile computing. 

5. Lux Meter 

A lux meter is a measuring device used to measure light intensity in lux units. This device captures light using a 

photosensitive sensor (such as a photodiode or LDR) and converts it into a readable digital value. In this study, 

the lux meter was used to monitor the intensity of sunlight on the surface of solar panels, which can aid in 

analyzing the relationship between sunlight intensity and the performance of a dual-axis solar tracking system. 

6. Multimeter 

A multimeter is a measuring device used to measure electrical quantities, including voltage (volt), current 

(ampere), and resistance (ohm). Multimeters can operate in digital or analog mode, with measurements taken 

using probes connected to the circuit. In this study, a multimeter was used to measure and calibrate a solar panel's 

voltage and current output. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Experimental results 

 

This research was obtained from testing two types of solar 

panels, monocrystalline and polycrystalline, equipped with an 

Arduino based dual-axis solar tracker system [26]. Data 

collection was carried out over a period of 31 days, starting on 

July 1, 2025, to July 31, 2025. Measurements included four 

main variables, namely sunlight intensity (lux), voltage (V), 

current (I), and power (P) calculated using the Eq. (1). 

 

𝑃 = 𝑉 × 𝐼 (1) 

 

Data was recorded automatically and in real-time with a 

data collection interval of every 15 minutes from 7:00 AM 

until 5:00 PM. During the observation process, 1,271 electrical 

voltage data points, 1,271 electrical current data points for 

each solar panel, and 1,271 sunlight intensity data points were 

obtained over the same period. Data was automatically 

recorded using PLX-DAQ and monitored using the IoT-based 

Blynk Application. 

In general, monocrystalline solar panel performed better 

than polycrystalline solar panels. Table 3 summarizes the 

average daily measurement results. 

The results in Table 3 show that a monocrystalline solar 

panel can produce an efficiency of 16.35%, higher than a 

polycrystalline solar panel, which has an efficiency of 7.11%. 

 

Table 3. Average performance of dual-axis solar tracker 

 
Parameter Monocrystalline Polycrystalline Difference 

Average 

Voltage (V) 
14.53 14.33 +0.2 

Average 

Current (I) 
0.33 0.15 +0.18 

Average 

Power (P) 
4.91 2.22 +2.69 

Efficiency 

(%) 
16.35 7.11 +9.24 

 

4.2 Performance trend over time 

 

Figure 4 shows a graph of sunlight intensity on the dual-axis 

solar tracker system during the 31 days data collection process. 

The highest sunlight intensity received by the solar panel was 

recorded at 88,054.86 lux at 11:15 AM, while the lowest light 

intensity was 4,911.82 lux at 5:00 PM. 

 

 
 

Figure 4. Chart of sunlight intensity on a dual-axis solar tracker system over 31 days 
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Figure 5. Chart of monocrystalline and polycrystalline solar panel voltage comparison over 31 days 

 

 
 

Figure 6. Chart of monocrystalline and polycrystalline solar panel current comparison over 31 days 

 

 
 

Figure 7. Chart of monocrystalline and polycrystalline solar panel power comparison over 31 days 
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Figure 8. Chart of monocrystalline and polycrystalline solar panel efficiency over 31 days 

 

Figure 5 shows a comparison chart of the electrical voltage 

produced by the two types of solar panels. From the data 

obtained, the two types of panels have a difference of 0.2 V 

from the average data obtained over 31 days. The 

monocrystalline solar panel has an average voltage of 14.53 V. 

Meanwhile, the polycrystalline solar panel has an average 

voltage of 14.33 V. 

Figure 6 shows a comparison chart of the current generated 

by the two types of solar panels. From the data obtained, the 

two types of panels have a difference of 178 A from the 

average data obtained over 31 days. The monocrystalline solar 

panel can generate an average electrical current of 331.1 A 

over 31 days. Meanwhile, the polycrystalline solar panel can 

generate an electric current of 153.1 A. 

Figure 7 shows a comparison chart of the power generated 

by the two types of solar panels. From the data obtained, the 

two types of panels have a difference of 2.69 W from the data 

obtained over 31 days. Monocrystalline solar panels can 

generate an average power of 4.91 W over 31 days. Meanwhile, 

polycrystalline solar panels can generate an average power of 

2.22 W over 31 days. 

Figure 8 shows a chart comparing the efficiency of the two 

types of panels. From the data obtained, the two types of 

panels have a difference of 3.07% from the average data 

obtained over 31 days. The monocrystalline solar panel has an 

average efficiency of 8.21%, while the polycrystalline solar 

panel has an average efficiency of 5.14%. 

 

4.3 The effect of temperature on solar panel performance 

 

The results of this study also show that module temperature 

plays a major role in reducing the efficiency of solar panels. 

Module temperature is the average temperature on the surface 

of the solar panel, particularly on the back of the solar panel, 

which is an important indicator for describing thermal 

conditions. Based on the research findings, module 

temperature reached 44.1℃ for monocrystalline panels and 

45.5℃ for polycrystalline panels during the daytime. These 

conditions cause a decrease in output voltage and affect the 

reduction in energy conversion efficiency. Conversely, in the 

morning when module temperature is still within the range of 

31.9℃ to 42.4℃ for monocrystalline panels and 32.1℃ to 

43.8℃ for polycrystalline panels, the efficiency of both solar 

panels tends to be higher due to optimal thermal conditions. In 

the afternoon, the module temperature drops back to a range 

of 25℃ to 32.8℃ for monocrystalline panels and 25.9℃ to 

33.9℃ for polycrystalline panels after reaching its peak during 

the day, so the efficiency of the solar panels also increases and 

becomes more stable. This finding reinforces that module 

temperature is one of the factors influencing the daily 

performance of solar panels, regardless of the intensity of 

sunlight received. 

 

4.4 Effect of sunlight intensity on output 

 

Average sunlight intensity data recorded over 31 days 

between 7:00 AM and 5:00 PM showed a consistent daily 

pattern. At 7:00 AM, the sunlight intensity reached 17,781.46 

lux. This value continued to increase with the rising sun, 

peaking at 88,954.86 lux at 11:15 AM. After reaching this 

peak, the intensity gradually decreases, reaching a minimum 

value of 4,911.82 lux at 5:00 PM. The average light intensity 

over the 31 days data collection period is 55,007.97 lux. 
 

4.5 Statistical analysis of panel efficiency 
 

Inferential statistical tests were conducted to strengthen the 

descriptive findings, namely the independent samples T-test 

and the one-way ANOVA [27]. These tests were applied to 

evaluate whether the observed efficiency differences between 

monocrystalline and polycrystalline panels and across 

different measurement periods (morning, noon, and afternoon) 

were statistically significant. The independent samples T-test 

was used to compare the mean efficiencies of the two solar 

panels. The test was calculated using the following formula: 
 

𝑡0 =
𝑌̅1 − 𝑌̅2

𝑠𝑝√
1
𝑛1

+
1
𝑛2

 
(2) 

 

Or 

 

𝑡0 =
𝑌̅1 − 𝑌̅2

√
𝑠1
2

𝑛1
+
𝑠2
2

𝑛2

 

(3) 

2999



 

Y1 and Y2 are the averages of samples 1 and 2, n1 and n2 are 

the number of data points in samples 1 and 2, and sp is the 

pooled standard deviation, calculated using the Eq. (4): 
 

𝑠𝑝
2 =

(𝑛1 − 1)𝑠1
2 + (𝑛1 − 1)𝑠2

2

𝑛1 + 𝑛2 − 2
 (4) 

 

Based on 1,271 data collected over 31 days, the resulting T-

test was t = 17.24 with a significance level of p < 0.05. The 

results prove that monocrystalline panels show higher 

statistics (16.35%) than polycrystalline panels (7.11%). 

Following the procedure described by Montgomery [27]. 

Testing the difference in efficiency of monocrystalline and 

polycrystalline solar panels was carried out using the one-

factor Analysis of Variance (ANOVA) method. In general, the 

ANOVA test formula is expressed by the F statistic. 
 

𝐹0 =
𝑀𝑆𝐶
𝑀𝑆𝐸

 (5) 

 

The results of the ANOVA test can be seen in Table 4.  
 

Table 4. ANOVA test results for solar panel efficiency 

(Monocrystalline vs. Polycrystalline) 
 

Source DF Adj SS Adj MS 
F-

Value 
p-value 

Treatment 1 1736.1 1736.1 299.3 0.00 

Error 80 464.1 5.8   

Total 81 2200.2    

 

The results of the ANOVA test, as presented in Table 4, 

show that the treatment factor representing the type of solar 

panel (monocrystalline and polycrystalline) produced an F-

value of 299.3 with a corresponding p-value of 0.00. Since the 

p-value is far below the significance level of 0.05, the null 

hypothesis (H0) stating that there is no difference in the mean 

efficiency between the two types of panels is rejected. This 

indicates a statistically significant difference in efficiency, 

with the monocrystalline panel demonstrating a higher average 

efficiency than the polycrystalline panel. 

These results emphasize that while both panels are 

influenced by diurnal variation in irradiance and temperature, 

the monocrystalline panel consistently achieves higher 

performance, validating its superiority under fluctuating 

tropical conditions. 
 

4.6 Discussion 
 

The results of this study are consistent, which confirm that 

the use of solar trackers can increase electrical energy output 

compared to static systems [28]. The significant difference in 

efficiency between monocrystalline and polycrystalline solar 

panels, which states that monocrystalline solar panel have an 

advantage in low-light intensity conditions [29]. 

Average solar radiation data over 31 days shows a 

consistent daily pattern, with an increase from 17,781.46 lux 

at 7:00 AM to a peak of 88,054.86 lux at 11:15 AM, then 

gradually decreasing to 4,911.82 lux at 5:00 PM with an 

average of 55,007.97 lux. This pattern aligns with the daily 

movement of the sun and is influenced by atmospheric factors 

such as cloud cover, which causes small fluctuations. These 

results support previous findings that sunlight intensity 

significantly affects energy conversion efficiency in both 

monocrystalline and polycrystalline solar panels [7, 22]. 

Furthermore, the developed system demonstrates higher 

efficiency by 18.3%, 14.9%, and 10.01% compared to the 

horizontal configuration, single-axis, and dual-axis solar 

trackers [16], consistent with the view of that solar panel 

performance is highly dependent on light intensity and angle 

of incidence. 

The results of the electrical power analysis show that 

monocrystalline panels perform better than polycrystalline 

panels, with the highest power reaching 7.91 W at 10:45 AM 

and a daily average of 4.91 W, while polycrystalline panels 

only produce a peak power of 3.38 W at 9:00 AM with a daily 

average of 2.22 W. The power output patterns of both panels 

follow the trend of solar intensity, although there are 

differences in peak times. These findings are consistent with, 

which states that monocrystalline panels are superior under 

various light intensity conditions, who emphasize the 

importance of power output and the influence of temperature 

on solar panel performance [21]. Additionally, the use of a 

dual-axis solar tracker plays a crucial role in maintaining the 

panels orientation aligned with the direction of incoming 

sunlight, thereby enhancing energy absorption efficiency, 

consistent with the findings [30]. 

The efficiency of solar panels in this study does not fully 

follow the pattern of sunlight intensity or the electrical power 

generated but is influenced by external factors such as panel 

surface temperature, environmental conditions, and 

component quality [31]. Monocrystalline panels exhibit higher 

efficiency with an average of 16.35% and a peak of 21.02% at 

7:00 AM, while polycrystalline panels only achieve an average 

of 7.11% with a peak of 15.25%. This average difference of 

9.24% reinforces previous findings that the single-crystal 

structure of monocrystalline panels is more effective than the 

multi-crystal structure of polycrystalline panels [29]. High 

temperatures were found to reduce efficiency, emphasize that 

climate, panel orientation, and installation quality also 

influence performance [30, 32]. Furthermore, the use of dual-

axis solar tracker plays a crucial role in maintaining the 

optimal angle for sunlight absorption, ensuring that 

monocrystalline panels remain superior at high intensities, 

who reported a 23.21% increase in efficiency and an additional 

power output of approximately 50 W with a dual-tracker 

system [30]. 

Beyond irradiance, several physical and material-related 

factors may explain the observed efficiency differences. 

Monocrystalline panels generally have lower temperature 

coefficients compared to polycrystalline panels, meaning their 

performance degrades more slowly at higher operating 

temperatures [33-35]. This characteristic is especially relevant 

in tropical climates such as Indonesia, where elevated surface 

temperatures often occur during midday and can significantly 

impact conversion efficiency. In addition, monocrystalline 

cells typically exhibit better spectral response, particularly in 

the infrared region, which allows them to utilize a broader 

range of the solar spectrum more effectively than 

polycrystalline cells. These theoretical expectations align with 

the empirical findings of this study, where monocrystalline 

modules consistently outperformed polycrystalline ones, both 

in peak and average efficiency. 

Taken together, the results confirm previous empirical 

studies and support theoretical models of photovoltaic 

performance. The combination of lower temperature 

sensitivity, stronger spectral response, and improved angular 

absorption with dual-axis tracking provides a comprehensive 

explanation for the superior performance of monocrystalline 

panels observed in this study. 
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5. CONCLUSIONS 

 

An experimental study of monocrystalline and 

polycrystalline solar panels installed on a dual-axis solar 

tracker system with IoT-based monitoring shows that the type 

of panel and tracking mechanism significantly affect 

performance. The research results indicate that 

monocrystalline solar panels consistently produce higher 

power output and efficiency compared to polycrystalline solar 

panels, with average daily efficiencies of 8.21% and 5.14%, 

respectively, and a maximum efficiency difference of 3.07% 

during peak sunlight intensity. 

The implementation of a dual-axis solar tracker effectively 

enhances energy output stability by maintaining the panels at 

an optimal orientation toward sunlight throughout the day. 

Additionally, the integration of IoT-based monitoring using 

ESP8266 and the Blynk app, supported by automatic data 

logging via PLX-DAQ, proved reliable in providing real-time 

data collection and reducing the potential for human error. 

These findings suggest that monocrystalline solar panels are 

more suitable for application in dual-axis solar tracker systems 

in tropical regions with fluctuating sunlight intensity. 

Nevertheless, this study has several limitations. The use of 

small-scale modules (18 Wp) may not fully represent the 

performance of higher-capacity photovoltaic systems, and the 

testing period of only one month does not capture seasonal 

variations in solar radiation. Moreover, the analysis did not 

explicitly account for factors such as long-term degradation, 

dust accumulation, or the impact of partial shading, which may 

further influence real-world performance. 

For future work, it is recommended to scale the system to 

kilowatt- or megawatt-class installations to evaluate feasibility 

in large-scale applications, extend the monitoring period to 

capture inter-seasonal and annual performance variations, and 

integrate predictive algorithms for intelligent energy 

management. Further exploration of hybrid approaches, such 

as solar tracking with cooling systems or machine-learning-

based forecasting, may also provide valuable insights for 

optimizing PV efficiency under diverse climatic conditions. 
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NOMENCLATURE 

 

V Output voltage of the solar panel, v 

I Output current of the solar panel, A 

P Electrical power output, W 

Irad Solar radiation intensity, Wm2 

L Light intensity, lx 

A Surface area of the solar panel, m2 

 

Greek symbols 
 

η Solar panel efficiency, % 
 

Subscripts 
 

In Input values (from solar radiation) 

Out Output values (generated by solar panel) 
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