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 Electricity is a crucial aspect in human life. With population growth, 

ongoing regional development, and continuous construction activities, the 

demand for electricity and fuel in Indonesia is increasing. The substantial 

power consumption leads to larger financial expenditures for the 

community. Additionally, the use of electricity, as it has been traditionally 

employed, has negative environmental impacts. Solutions are needed to 

address these issues, and one effort involves the use of renewable energy, 

such as the development of solar power plants (PLTS). PLTS, also known as 

solar cells, is preferred as it can be used for various relevant purposes in 

different locations, particularly in offices, factories, residential areas, and 

others. However, the use of static, single-axis, and dual-axis solar panels still 

has drawbacks, such as suboptimal sunlight intensity and high motor power 

consumption. Therefore, a flexible-axis solar panel tracking system has been 

developed to follow the direction of sunlight, ensuring optimal power 

efficiency, and significant electricity generation. The flexible-axis tracker 

system results in a 34.13% increase in power efficiency. 
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1. INTRODUCTION  

Currently, there is an increase in demand for electrical energy worldwide, however, conventional 

methods of generating electricity such as the use of fossil fuels are no longer sustainable due to their 

increasing scarcity and cost [1]–[3]. Therefore, in recent years, the use of solar energy has become one of the 

primary clean and renewable energy sources globally. Particularly in Indonesia, solar energy has a potential 

of 4.8 kWh/m2 or equivalent to 112,000 GW [4]. The main application of solar energy is in power generation 

using solar photovoltaic (PV) systems. This system converts direct sunlight into direct current (DC) through 

the PV effect [5]–[7]. To maximize the output power of PV panels, the panel position should be 

perpendicular to sunlight (radiation) [8]–[11]. 

The geographical location and changing sunlight conditions have an impact on the output power 

produced by solar PV panels. Additionally, the number and angle of solar radiation, types and quantities of 

cells, cell load temperature, and voltage are other factors that determine the amount of PV panel output 
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power [12]–[14]. To address this issue, solar trackers can be utilized to maximize PV output power. Solar 

trackers receive the maximum amount of solar radiation during the day by positioning PV panels 

perpendicular to sunlight [15], [16]. 

However, the issue with uniaxial tracking systems is that they do not provide acceptable tracking 

capability due to module rotation limitations, resulting in the loss of a significant amount of solar energy 

produced by PV modules [17]–[20]. Several techniques have been employed to achieve optimal power in PV 

systems by adding sun-tracking control systems [20]–[23]. This aims to obtain the maximum power point 

from the PV and direct the PV towards the sun [24]–[26]. Solar panels also require control to track the sun's 

position to always follow the correct sun position, thus maximizing sunlight absorption [27]–[30]. This 

tracking system is used to track the horizontal rotation axis and vertical rotation axis. The horizontal axis is 

used to track the sun's elevation angle, while the vertical axis is used to follow the sun's azimuth. Therefore, 

this research aims to create a system that can track sunlight in all directions, thus generating maximum 

electrical power with a flexible axis system that can move in all directions without being limited by axes. The 

flexible axis is designed so that the PV surface always faces the sun, thereby improving the efficiency of the 

generated power.  

 

 

2. METHOD 

The rapid growth in the PV system market has sparked increasing interest in the development of 

solar tracking systems. The mounting structure that has been the focus of research is the pseudo-azimuthal 

system, where the rotation speed varies significantly for the primary and secondary axes, creating structural 

stability [14]. However, this system still faces challenges related to the limitations of PV module rotation 

movements. Limited rotation movements along specific axes can hinder the optimal absorption of solar 

energy. Therefore, there is a need to develop a more flexible tracking system capable of rotating in all 

directions (east, west, north, and south), ensuring that the PV panels remain perpendicular to sunlight 

throughout the day. 

The proposed tracking system design embraces the concept of unrestricted flexibility along specific 

axes. This aims to create freedom of movement for PV module rotation, thereby enabling more optimal 

tracking of sunlight. The freedom to rotate in all directions is a primary advantage, allowing for efficient 

adjustment to changes in the sun's position. Several important aspects of the design involve the selection of 

materials capable of supporting the weight of PV panels, sturdy frame structures, efficient actuators, shafts as 

the main driving elements, wheel mechanisms for smooth movement, and accurate solar power measurement 

systems. Sustainability and system reliability are primary concerns during the development process. In 

implementing the design, ball-joint technology is used as the central shaft to enable free rotation. The height 

of the structure is limited by considering factors such as wind speed and the weight of the PV panels, 

ensuring overall system stability without sacrificing performance in different environmental conditions. 

The mechanical flexible axis solar panel system consists of solar panels, a DC motor with a gearbox, 

hollow iron, galvalume, nylon ropes, ball joints, and bearing rods. A DC motor with a gearbox is connected 

to four nylon ropes, and the ends of the panel pass through the installed bearing rods. The movement system 

of the nylon ropes differs on each diagonal, creating tension that drives the ball joints to move the solar panel 

without axis limitations. Data collection was undertaken for 12 hours from 07:00 to 17:00 WIB at the 

Vocational Faculty, Universitas Airlangga during the rainy season. The power formula, indicated in (1), is 

used to analyze the data generated by the solar panels to determine the comparison of power efficiency levels 

produced by the flexible axis system with the static system: 

 

𝑃 =  𝑉 × 𝐼 (1) 

 

with: 𝑃 is Watt; 𝑉 is Volt; and 𝐼 is Ampere. 

The percentage difference in power relative (𝛥𝑃) can be calculated using the (2): 

 

𝛥𝑃 =  
𝑃𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 − 𝑃𝑓𝑖𝑥𝑒𝑑

𝑃𝑓𝑖𝑥𝑒𝑑
 ×  100 % (2) 

 

where (2) explains that 𝛥𝑃 represents the percentage difference in power relative (%). 𝑃𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 is the power 

produced by the flexible axis system, and 𝑃𝑓𝑖𝑥𝑒𝑑 is the power produced by the static system. Through these 

calculations, the percentage increase in solar panel power between those equipped with flexible axis trackers 

and those without trackers (static) is determined. Figure 1 is a model of a mechanical component from a 

flexible axis used to move the PV panel so that the PV surface faces the sun. Figure 1(a) depicts the design of 
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the flexible-axis solar panel mechanism, while Figure 1(b) illustrates the rear-view design of the flexible-axis 

solar panel from the rear. 

 

 

  
(a) (b) 

 

Figure 1. The design of the flexible-axis solar panel mechanism shown from (a) an isometric view and (b) a 

rear view 

 

 

In the design of this research, there are several designs for assembling the electrical circuit of the 

flexible axis and static systems. The microcontroller used in this research is the Arduino Atmega2560 as the 

proportional integral derivative (PID) controller, where the microcontroller will receive data from the 

encoder sensor in the form of position and motor speed values, and real-time clock (RTC) in the form of time 

values (hours, minutes, and seconds), thus providing signals to the motor driver to drive the DC motor with 

gearbox. Meanwhile, the NodeMCU ESP8266 serves as the controller for the PZEM-017 sensor and acts as a 

connection to Blynk. Other devices for the flexible axis system include the BTS-7960 motor driver, Modbus 

RS485 converter, RTC DS3231 sensor, encoder sensor, PZEM-017 sensor, digital pins, push buttons, 

LM2596 step down, power supply, and solar charger controller (SCC). 

The system operation overview is depicted in Figure 2, starting with the power supply providing 

power to the Atmega2560 through the LM2596 step-down to lower its voltage. Then, the entire system will 

be powered up, and the RTC and encoder sensors will provide data to the Atmega2560 microcontroller via 

Modbus RS485 to monitor and control device operations, as well as to send energy production data to the 

central control system. The Modbus RS485 is also connected to the ESP8266 microcontroller, and the 

voltage obtained by ESP8266 comes from Atmega2560. This causes the PSEM-017 sensor to activate and 

read data, which is then connected to the SCC. Similarly, the MPU6050 sensor is powered by ESP8266 to 

read data and transmit it to Blynk. 

The flexible-axis system begins with the initialization of input/output, then the RTC sensor will read 

the time values (hours, minutes, and seconds), and the encoder sensor will read the values of motor position 

and speed before being forwarded to the Arduino Uno Atmega2560. During the process of solar panel 

movement following the direction of sunlight based on time, the PZEM-017 sensor will read the current, 

voltage, and power values obtained, which are then forwarded to the ESP8266 for processing and 

subsequently sent to Blynk for monitoring current, voltage, and power data via Wi-Fi. 

 

 

 
 

Figure 2. Electronic flexible axis operation system 
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3. RESULTS AND DISCUSSION 

In this section, the data collection results obtained from solar panels using sun tracking systems with 

flexible axis and static approaches are presented in Table 1. The proposed system is designed to overcome 

the limitations of rotational movement of PV module rotation in the commonly used pseudo-azimuthal 

approach. Experiments and analyses were conducted to understand the performance of solar panels with two 

different tracking approaches. Solar panels were installed with a flexible axis tracking system utilizing a 

central shaft using a ball joint. This system allows the solar panels to rotate in all directions, namely east, 

west, north, and south, to keep the PV panels perpendicular to sunlight throughout the day. For comparison, 

solar panels were also installed with a static tracking system that limits movement along specific axes. 

 

 

Table 1. Comparison of data results between flexible axis tracker and static solar panel conditions 
Time 

(Hour) 

Flexible axis tracker Static solar panel 

Voltage (V) Current (A) Power (W) Voltage (V) Current (A) Power (W) 

8:30 20.4 0.20 4.08 17.9 0.27 4.83 

9:00 20.8 0.30 6.24 18.8 0.27 5.07 

9:30 21.2 0.20 4.24 19.4 0.28 5.43 

10:00 21.3 0.30 6.39 19.4 0.30 5.82 
10:30 21.7 0.40 8.68 20.1 0.37 7.43 

11:00 21.7 0.50 10.85 20.3 0.45 9.14 

11:30 22.8 0.84 19.15 21.9 0.53 11.60 
12:00 22.3 1.00 22.30 21.7 0.60 13.02 

12:30 22.6 1.10 24.86 21.2 0.70 14.84 
13:00 21.7 1.00 21.70 20.6 0.98 20.18 

13:30 21.4 1.30 27.82 19.5 1.10 21.45 

14:00 21.3 1.00 21.30 19.3 0.82 15.82 
14:30 21.3 0.92 19.59 19.3 0.76 14.66 

15:00 21.2 0.85 18.02 17.9 0.27 4.83 

15:30 21.1 0.76 16.03 18.8 0.27 5.07 
16:00 21.1 0.60 12.66 19.4 0.28 5.43 

 

 

From the collected data, the percentage difference in relative power (ΔP) can be calculated  

using (3)-(5). 

 

𝛥𝑃 =  
𝑃𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 − 𝑃𝑓𝑖𝑥𝑒𝑑

𝑃𝑓𝑖𝑥𝑒𝑑
 ×  100% (3) 

 

𝑃total PS fa = 243.92 𝑊 (4) 

 

𝑃total PS t = 181.84 𝑊 (5) 

 

∆𝑃total =  62.08 𝑊  

 

Then (6)-(9). 

 

𝛥𝑃 =  
𝑃𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 − 𝑃𝑓𝑖𝑥𝑒𝑑

𝑃𝑓𝑖𝑥𝑒𝑑
 ×  100% (6) 

 

𝛥𝑃 =  
243.92 − 181.84 𝑊

181.84 𝑊
 ×  100% (7) 

 

𝛥𝑃 =  
62.08 𝑊

181.84 𝑊
 ×  100% (8) 

 

𝛥𝑃 = 34.13% (9) 

 

Based on the data obtained from (3)-(9) explaining the derivation of the solar panel tracking 

efficiency formula, a 34.13% reduction in power was observed in the flexible axis solar panel system 

compared to the static system. The comparison graph of power is presented in Figure 3, where the blue line 

represents the system using a flexible axis to track sunlight, and the orange line represents the system without 

a tracker (static), demonstrating a significant difference. As seen in the figure, the voltage in Figure 3(a), 

current in Figure 3(b), and power in Figure 3(c) of the flexible axis tracker are consistently higher than those 

of the static system throughout the day. This indicates that the flexible axis tracker is more efficient in 
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capturing sunlight, thereby generating more electrical power. The dynamic adjustment of the flexible tracker 

allows it to maintain an optimal angle relative to the sun, maximizing energy absorption, whereas the static 

system fails to adapt to the changing position of the sun, resulting in lower performance. Overall, the data 

clearly illustrates the advantages of employing a flexible axis tracking system in solar power generation. 

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 3. Comparison of (a) voltage, (b) current, and (c) power between flexible axis tracker compared to 

static solar tracker 
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4. CONCLUSION 

The research concludes that the integration of a novel flexible axis in the design of mechanical, 

software, and electronic components significantly enhances solar energy collection efficiency. The 

implemented system successfully followed programmed instructions, resulting in a marked increase in 

electrical power output. Specifically, the flexible axis solar panel system generated 243.92 W, compared to 

181.84 W from the stationary system, demonstrating a 34.13% improvement in power efficiency. The notable 

power difference of 62.08 W underscores the superior effectiveness of the novel flexible axis tracker. 

Additionally, the system's efficiency allows for a reduction in the number of DC motors required, further 

highlighting its advantages over stationary, single-axis, and dual-axis tracking systems. This study provides 

concrete evidence that novel flexible axis trackers substantially boost solar power generation, making them a 

highly efficient solution in solar energy technology. 
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