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Abstract

:

During this research, an automatic monitoring system was developed to monitor the working parameters in a solar power plant consisting of two flexible silicon modules. The first stage of the monitoring system relies on a microcontroller, which collects data from wattmeter modules made using a microcontroller. This tier also includes DC/DC converter and RS232-TCP converter modules for data transfer. The second stage, the industrial PLC, receives data from the first stage and transmits them to the PC, where the information is stored and the processes are visualized on the HMI screen. During this study, the charging process was analyzed using PWM- and MPPT-type charging controllers, as well as the power supply of Fito LED strips for lighting plants. Using the created monitoring system, the parameters of the solar power plant with flexible PV modules were monitored. This study compared PWM and MPPT battery charging methods, finding that MPPT is more efficient, especially under unstable solar conditions. MPPT technology optimizes energy usage more efficiently, resulting in faster battery charging compared to PWM technology.
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1. Introduction


Currently, fossil fuels still account for the majority of all global energy sources. According to today’s data, about 38% of fossil fuels are coal. Such high consumption of fuel of this origin increases the amount of CO2 in the atmosphere. For this reason, the influence of greenhouse gasses is increasing, and at the same time, the overall temperature of the planet and air pollution are increasing. Various countries of the world such as the USA, China and India, suffer especially from the consumption of fossil fuels [1,2,3]. These countries have a highly developed production and heavy industry, which obtains electricity by burning fossil fuels. Solar energy is believed to have one of the greatest prospects for replacing polluting fuel sources. Currently, the predominant material used in the production of solar panels is silicon. With the development of materials science, various forms of silicon have been developed, which are widely used in PV production. One type of PV modules that is widely used are thin-film silicon modules. This type of PV modules may not necessarily have a completely flat surface. Thin-film PV silicon modules can be formed on various profiled surfaces. Many car manufacturers have recently begun to actively install solar panels on the roofs of electric cars as an additional source of energy. Such integration provides an opportunity to increase the efficiency of the electric car, extend its driving distance and reduce dependence on traditional charging stations. As an example, we can give the Toyota Prius, which has solar panels not only on the hood of the engine compartment, but also on the roof of the passenger cabin and the interior doors [4,5,6,7,8]. These solar panels are designed in such a way that their flexibility allows them to be adapted to different car shapes and surfaces. Another innovative solution is a solar-powered umbrella made of flexible solar panels. This umbrella acts as a mobile power source, which can be used not only for night lighting, but also for charging various mobile gadgets, such as smartphones, tablets or laptops. In addition, the development of this technology can significantly contribute to the development of renewable energy in the transport sector, reducing greenhouse gas emissions and dependence on fossil fuels. Various studies are currently underway to increase the efficiency and energy storage capacity of solar panels, which in the future could allow electric cars to use solar energy not only as an additional, but also as the main source of energy. Flexible solar modules can be fabricated using very thin Si sheets (between 1 and 10 µm) [1,2,9,10,11,12]. In the production of flexible solar modules, in order to reduce the use of silicon, various innovative materials are used, which are characterized by flexibility and efficiency in the light conversion process. The production of these modules is based on three main groups of components: active light conversion materials, electrodes and a flexible base. One of the key solutions in flexible solar modules is organic materials. Organic semiconductors, such as conjugated polymers or small molecules, are used to absorb light and convert it into electrical energy [1,2,3,13,14,15,16]. Polymers such as P3HT (polythiophenes) and PCBM (fullerene derivatives) are commonly used to form the active layer. These materials are easy to combine and print and offer flexibility. Another alternative are perovskite-type materials, which form hybrid organic–inorganic semiconductors. These materials have extremely high photoelectron conversion efficiency and can be easily used in thin layers on flexible substrates. Perovskite photovoltaic cells are often made using combinations of organic and metal halides, such as methylammonium lead halide (MAPbX3), where X represents a halogen such as iodine or bromine. CIGS (compounds of copper, indium, gallium and selenium) are also used in flexible solar modules. This group of semiconductors is particularly efficient in the light absorption process and suitable for flexible surfaces [2,17,18,19,20,21]. Due to their chemical composition, CIGS layers are easily integrated on polymeric or metallic flexible substrates. As an alternative to traditional electrodes, graphene and carbon nanotubes are used. Graphene, with its high conductivity and flexibility, can be used both as a conductive layer and as a protective top layer. Carbon nanotubes are also a good choice due to their mechanical strength and electrical conductivity. Since flexible modules must be light, durable and easily integrated into various structures, materials such as plastics, polyimides and metal foils are used. When using flexible solar modules in off-grid solar power plants, it is important to choose an efficient battery charging method. Two main methods are used for this: PWM (pulse-width modulation) and MPPT (Maximum Power Point Tracking) charging controllers [2,3,4,20,22,23,24]. These methods have their own advantages and disadvantages, which depend on the size of the system, the efficiency of the solar modules and the environmental conditions. PWM controllers are simpler in design and therefore cost less than MPPT. In small off-grid systems with small solar modules, PWM is a suitable choice, especially when the voltage of the solar modules is close to the battery voltage. PWM controllers cannot maximize the power of solar modules because they regulate the voltage according to the battery level and not according to the maximum power point. This means that a large part of the energy is lost. The MPPT charge controller is a more sophisticated device that continuously monitors the voltage and current of the solar modules to ensure that the system always operates at the maximum power point [1,2,25,26,27,28,29,30,31]. It converts excess voltage into additional current that efficiently charges the battery. MPPT controllers allow the maximum potential of solar modules to be used, even under different environmental conditions (e.g., cloudiness or temperature changes). This makes it possible to increase the charging efficiency by up to 30% compared to PWM. At low temperatures, solar modules often generate higher voltages. MPPT technology exploits this advantage by efficiently converting excess voltage into current [2,3,21,29,30,31].



In an off-grid-type solar power plant with PWM and MPPT battery charging controllers, the operating parameter monitoring system ensures optimal operation, efficiency and equipment protection. The system monitors the voltage, current and power of the solar modules, allowing for the estimation of energy generation under different lighting conditions. PWM and MPPT controller parameters such as input and output voltage, current and operating modes are displayed in real time, ensuring efficient energy conversion. Battery health is monitored by state of charge (SOC), charge/discharge current and temperature to prevent overcharging or over-discharging, which could shorten battery life. All information is provided through a centralized data collection device, providing real-time monitoring and alarms when disturbances are detected [1,2,3,4]. The monitoring system also collects historical data to analyze performance and optimize energy production according to weather conditions and seasonal changes.



The advanced integration of monitoring systems with flexible solar modules not only increases the efficiency of operations, but also enables real-time data analysis, which can improve the performance and lifetime of solar devices in various environmental conditions. As the global demand for renewable energy grows, the market for flexible solar modules and their corresponding monitoring systems is expected to expand significantly, driven by their applicability to a wide range of applications, including residential, commercial and automotive sectors [1,2,3,4,5]. The cost-cutting potential of developing efficient monitoring systems for flexible solar power plants can reduce installation and maintenance costs, making solar energy more affordable and attractive to a wider range of consumers and businesses. As many countries aim to be carbon-neutral by 2050, the use of efficient solar technologies, including flexible modules and advanced monitoring systems, will be critical to achieving these sustainability goals and reducing dependence on fossil fuels. Along with the continuous improvement of energy storage technologies such as improved battery systems, the automation and optimization provided by advanced monitoring systems will enable better energy management, enabling more reliable and efficient use of solar power in off-grid applications [1,2,3,4]. Integrating flexible solar modules into cars can increase their energy efficiency, allowing solar energy to recharge EV batteries and extend their range without relying on traditional charging stations. In addition, the solar charging of smart devices such as mobile phones and tablets provides greater convenience to consumers as they can get power anywhere and anytime there is sunlight. Finally, combining these technologies with advanced monitoring systems allows for more efficient control of energy flow, the optimization of energy storage and improved overall system performance [1,2,3,4,5,21].



The scientific novelty of this research lies in the creation of an automated monitoring system for a solar power plant with flexible modules, which allows the real-time monitoring and analysis of its operating parameters. The monitoring system consists of two monitoring stages based on an MCU (Microcontroller Unit) module and an industrial PLC. A number of variants of monitoring systems are described in the scientific literature, but the one considered in this study (intended for a solar power plant with flexible PV modules) has not yet been analyzed in the literature.



The aim of the study is to develop and investigate an automatic system for monitoring the operating parameters of a solar power plant with flexible modules in order to optimize the battery charging process and evaluate the efficiency of different charging controllers.




2. Materials and Methods


An automatic monitoring system was created to monitor the working parameters of the solar power plant with flexible modules. A conceptual diagram of this system is presented in Figure 1. The solar power plant consists of two flexible silicon modules (monocrystalline 140 W; 18.72 V; 7.48 A; 1090 × 700 × 3 mm) based on flexible plastic.



The automatic parameter monitoring system consists of two stages. The first stage consists of a microcontroller-based system. The basis of this stage is the PIC24FV32KA302 microcontroller and supporting parts such as a DC/DC converter module and an RS232—TCP converter module. This microcontroller is a 16-bit PIC24 series microcontroller developed by Microchip Technology with 32 KB of Flash memory and 2 KB of RAM. It supports 3.3 V and 5 V operating voltages, making it versatile for use in both low- and medium-voltage devices. This microcontroller has low power consumption and is suitable for low-power embedded systems. In addition, it integrates various peripherals such as analog-to-digital converters (ADCs), timers, serial communications (UART, SPI and I2C) and PWM generation. Because of these features, the PIC24FV32KA302 is often used in medical devices, sensor interfaces, industrial controllers and energy-efficient embedded systems where reliable and efficient performance is required. Power data (I and U values) are also received by the wattmeter modules (arranged on batteries and solar panels) in the first stage. The wattmeter modules are based on the PIC16F1516 microcontroller (an 8-bit microcontroller belonging to the PIC16 series). The purpose of the first stage is to collect data from the sensors and transfer them to the main PLC (US10-B10-T24) controller module. The second stage of the monitoring system consists of an industrial programmable controller (PLC) which receives data from the first stage. The PLC has communication with the PC where the data are stored and the HMI process visualization panel. The operation of the monitoring system was tested by charging two AGM-type batteries (40 Ah and 12 V). PWM (3IPSSOLU20)- and MPPT (3IPSMPPT10)-type charging controllers were used for charging. The study included a comparison of the efficiency of the loading process of waste loading controllers. Another part of the solar electric load was Fito LED strips emitting light of a certain wavelength for lighting the plants.



The reliability of data transmission is ensured by the PIC24FV32KA302 microcontroller, which integrates various peripherals that allow for the efficient collection and processing of data from the wattmeter modules. The stability of the connection is ensured by the RS232—TCP conversion module, which allows data transmission to PLC and PC, and a repeated data transmission system is used to avoid data loss. The optimization of data transfer is achieved by efficient communication protocols such as I2C between microcontrollers and RS232-TCP conversion, allowing fast and stable data transfer between the first and second stages of the monitoring system. In addition, optimizing the transmission frequency helps to reduce delays and ensure that all parameters are transmitted and recorded in the database on time.




3. Results and Discussion


This research used a solar power plant consisting of two flexible solar modules with a power of 140 W each. The experiment was carried out in an open outdoor environment on a sunny day with an average temperature of about 25 °C to ensure a maximum solar radiation intensity of 800 W/m2. The PV modules and other specific elements used in this study are typical of solar energy systems, but they also represent innovations that improve system efficiency. Flexible solar modules that can adapt to different surfaces make it easier to integrate solar systems, while PWM and MPPT technologies optimize energy flow and battery charging in response to changing weather conditions. Such solar power plants can be widely used for various applications due to their versatility (such as charging various mobile devices, powering IoT systems and charging mobile robots/drones). Flexible solar panels are formed on a flexible plastic substrate. Such a base expands the application possibilities of solar modules, as it is possible to adapt solar modules to a wider range of surfaces that are not necessarily perfectly flat or smooth. In addition, the total mass of such solar modules, up to 10 times or even more, is significantly lower than that of rigid solar modules. In order to be able to predict and ensure the stable operation of the PV system, a reliable flexible automatic monitoring system of operating parameters is required. A detailed conceptual diagram of the monitoring system considered during this study is presented in Figure 2. The process of designing and forming the design of this scheme is a part of scientific research, since the working efficiency, universality, speed, etc., of the monitoring system depends on the structure of the concept. While investigating the work of the monitoring system, the battery charging process was initiated and Fito LED strips emitting light of a certain wavelength were powered. Digital power meters are connected to each output of the solar panel, to the battery terminals and to the power circuit of the Fito led strips, which are made on the basis of the PIC16F1516 microcontroller. The data from the digital wattmeters go to the MCU main processor based on the PIC24FV32KA302 microcontroller. This part of the circuit forms a digital packet of data and transmits it to an industrial PLC module, which, using an Internet connection, transmits the data to a central computer, recording it in a database. Two methods are used for charging batteries: one charging process is performed using a PWM-type controller, while the other is using an MPPT-type controller [1,2,3,4]. As can be seen, the monitoring system of the working parameters of the solar power plant consists of two stages: in the first stage, based on the MCU controller, data are collected from digital wattmeters, while in the second stage, based on the industrial PLC, the data are analyzed and transmitted to the central PC, and the work process is displayed on the HMI screen.



As mentioned earlier, a digital wattmeter based on a PIC16F1516 microcontroller was designed for each power input point. The design of the wattmeter is part of this scientific process, because only an original, specially adapted wattmeter and its architecture can qualitatively ensure the stable operation of this experimental monitoring system. This power measurement module also has an additional RAM (PCF 8570) memory module, which is high-speed and helps ensure stable data transfer to the MCU module. The data transfer between the RAM and the main controller takes place using the I2C protocol. ACS (Current Sensor) 7 modules are used to measure current and voltage, which digitally transmit the data to the outputs of the microcontroller (Figure 3).



To collect data from digital wattmeters, the first stage of the operational data monitoring system (also called the MCU module) was designed and manufactured. This stage is based on the PIC24FV32KA302. Microcontrollers of this series are characterized by high work reliability and are widely used in digital electronic devices and systems, e.g., in medical equipment. The electrical circuit of the first stage is presented in Figure 4. This stage consists of a connector to which a programmer is connected to program the microcontroller. DC/DC converters are used for matching the level of the digital signal. A special module is used, the purpose of which is the conversion of protocols from RS232 to TCP. This is necessary in order to be able to transfer information to the industrial PLC module. Therefore, the communication between the MCU module and the PLC is ensured with the help of an RS232/TCP converter.



As can be seen from the electrical circuit, separate inputs for the information transmitted by digital wattmeters are designed in the MCU module. This information consists of electric current and voltage values from which the power value is found. The inputs of the digital wattmeters are connected to the corresponding logic inputs of the microcontroller and the information is transmitted in digital form. The monitoring data of the power values of solar panels, charge controllers and receivers allow one to understand whether the overall working process of the solar power plant is optimal and suitable. Also, monitoring the charging and feeding power of individual receivers allows one to see whether the required charging and feeding process is ensured and whether there are no work problems in the entire system.



In order for any (in this case, monitoring) system to be implemented and function optimally, it is necessary to properly design and manufacture the printed circuit boards (PCBs) where all electronic components will be installed. PCB design is a certain stage of research because it is necessary to ensure an optimal design and to select the transitions and length of the optimally conductive paths, so that, e.g., additional noises are avoided and the dimensions and price of the device are ensured to be as small as possible. During this study, two PCB variants were designed, one of which is intended for the realization of a digital wattmeter (Figure 5a) and the other PCB is intended for the realization of an MCU module (Figure 5b).



The basis of the PCB consists of copper tracks covered with solder and a special layer resistant to environmental effects, which protects the metal tracks from oxidation and other negative processes. The protective layer is a dielectric to prevent accidental exposure to electric current. In addition to the microcontroller, the printed circuit board has designed spaces for active SMD elements such as capacitors and diodes. A partial optimization of the PCB board was performed; the track length was kept as small as possible so that impedance mismatches would not affect the data transfer rate. The fastest signal using USB Full Speed has a rise time of 4 ns, so using the 10% signal edge travel limit, tracks should be no longer than 60.96 mm.



Using Python 9 and HTML programming languages, a software code was created for a virtual interface between a MySQL database and a computer application, where instantaneous data reflecting the real-time operation of the solar power plant are displayed. This interface is more suitable for the public demonstration of monitoring related to system operation and data display. The image of the PC application is presented in Figure 6. As we can see in the main window, the electrical values (voltage, current and power) of individual solar panels can be monitored. In this application, the system maintenance operator can make certain changes and evaluate whether the solar electric monitoring system is working properly.



By analyzing the data accumulated in the database, certain conclusions or observations can be made about the operation of the solar power plant, the battery charging process or the power supply of certain electrical receivers. If necessary, the system maintenance operator or other personnel can take certain actions based on the accumulated data. The collected data are also useful for the research process in improving this type of solar power plant and monitoring systems for operating parameters.



In order to ensure the proper operation of the monitoring system, a suitable algorithm for the program codes of individual modules is required. For each system module, which makes up both the first level of the system and the second level of the system, as well as the PC application, before programming, it is necessary to create program algorithms that define the sequence of system actions. The algorithms of the software codes of the monitoring system under study are presented in Figure 7. Figure 7a shows the algorithm of the wattmeter program. As one can see, the program starts with the command START WATTMETER FIRMWARE. |In the next execution step, a request is sent to the MCU module. If the request is successful and requires the measurement of electrical values, then the measurement is performed. In the next stage, the process of averaging the values is carried out and a digital data package is formed. The formed digital packet with data is sent to the MCU module using the I2C protocol. Later, if there is a need, the entire cycle of the program with all procedures is repeated again.



Figure 7b shows the algorithm of the MCU (first stage of the monitoring system) program code. As one can see, the program starts with the START command. During the next stage, a query/request is sent to the digital wattmeters. Upon receipt of a successful response and request for measurements, the measurement process is performed. After receiving the measured wattmeter values, a data packet is formed and sent to the second stage PLC module. TCP protocol is used for sending. If there is a need according to the command, the program cycle is repeated with the necessary procedures. When there is no need, this part of the system goes into standby mode. The second stage of the monitoring system consists of an industrial PLC. This part of the system receives data from the MCU module, analyzes them and transfers them to a stationary PC, where the data are recorded in the database. The structure diagram of the PLC program code algorithm is presented in Figure 7c. Program execution starts with the START PLC PROGRAM command. The next step is the configuration process of external modules. The working mode of the database is set. A request is sent to the MCU module for receiving data. Upon receiving the request, the MCU module sends a data packet to the PLC (the second stage of the monitoring system). During the next stage, the PLC program writes the data to the database. Instant value data are also displayed on the PC screen. After fulfilling the full set of algorithm requirements, the program cycle is repeated and the following monitoring of the parameters of the solar power plant is performed.



When a battery is charged with a PWM (pulse-width modulation) charger, the charge signal or cycle shortens over time because the PWM charger uses pulse-width modulation to regulate the current. When the battery is very discharged, the PWM charger delivers a maximum current pulse, so the signal has long and constant “on” cycles (long duty cycle, close to 100%). This means that most of the time, power is sent to the battery without interruption. When the battery reaches a certain charge level and the voltage rises, PWM regulates the current supply by reducing the pulse duration. Pulse-width modulation causes the cycle in the “on” part to begin to shorten and the “off” part to increase. This allows for slower charging, protecting the battery from overcharging. The duty cycle can drop to 50% or less. When the battery is almost fully charged, the PWM cycles become even shorter. The duty cycle can drop to small percentages like 10% or even less. This means that only very small current pulses are sent and most of the time the charger is off. Shortening cycle means that in each cycle of the PWM pulses, the “on” phase, when power is supplied to the battery, is shortened and the “off” phase is lengthened. This allows one to effectively regulate the current and protect the battery from overcharging, especially at the end of the charging process. The results of measurements of PWM charger characteristics are presented in Figure 8



PWM is also widely used to control LED brightness. In this case, the PWM signal regulates the brightness of the LED by alternating between “on” and “off” states in rapid pulses. A high duty cycle (close to 100%) means that the LED shines at its maximum, while a low duty cycle (e.g., 10%) provides a weaker light output. Because the signal changes rapidly, the human eye does not see the flickering, and the light appears constant. In conclusion, PWM technology is widely used not only in chargers, but also in various control systems. It allows for the efficient regulation of energy supply, avoiding unnecessary losses, while providing precise and accurate control in many areas of electronics and electromechanics [5,6,7].



The efficiency and speed of charging batteries depend on the efficiency of the charger and the charging process used. A comparison of PWM and MPPT charging methods where the battery voltage indicates the charge level over time is presented in Figure 9.



As we can see from the measurement results, up to the maximum voltage of 12.8 V, the battery charges in approximately 550 min when MPPT technology is used for charging. Meanwhile, when applying the PWM charging method, the battery is charged to the mentioned voltage value in approximately 650 min. In this case, a deep discharge 40 Ah 12 V battery was used in the study. During charging, the PWM charger directly connects the output of the solar panel to the battery. The voltage can change depending on the condition of the battery, and the current is regulated by shortening the duration of the “on” and “off” signals. However, PWM cannot optimize the power point of the solar panel, so it does not always use the energy efficiently. This means that when the voltage of the solar panel is higher than the battery, the excess energy is simply lost. MPPT chargers, on the other hand, continuously monitor the output of the solar panel and optimize the charging process by determining the maximum power point. MPPT regulates the input voltage and current in such a way that it uses the solar panel’s power at maximum efficiency. This allows for more energy, especially when solar conditions are unstable, such as cloud cover or temperature changes. PWM chargers work best when the solar panel voltage is close to the battery voltage. For example, if a 24 V solar panel is used to charge a 12 V battery, PWM will not be able to regulate the voltage effectively and will lose some power. Meanwhile, MPPT chargers can efficiently charge 12 V, 24 V, or 48 V batteries even at much higher solar panel voltages because they convert excess voltage into usable energy.



Changes in the state of batteries during different charging modes depend on the technology used and the dynamics of the charging process. With PWM (pulse-width modulation) chargers, batteries are charged in a long and consistent manner until a certain charge level is reached. When the battery is very discharged, the PWM charger delivers a maximum current pulse with a long “on” cycle and a shorter “off” period. This means that most of the time, power is supplied to the battery until it reaches the required charge level, and then PWM starts to reduce the current supply, shortening the “on” time to protect the battery from burning. Meanwhile, MPPT (Maximum Power Point Tracking) technology continuously monitors the output parameters of the solar modules and optimizes the energy recovery process, thus ensuring higher efficiency, especially in changing weather conditions. MPPT chargers can operate at any ratio between solar module voltage and battery voltage, and efficiently convert excess energy to achieve maximum energy use. As a result, MPPT chargers perform better in low-light conditions as they are able to maintain maximum power. For example, when a solar module generates more energy than the battery can accept, PWM technology simply loses this energy, while MPPT optimizes the charging process and makes the most of this energy. Such a difference between the technologies leads to different charging periods and final efficiency of the batteries, since PWM technology works most efficiently on sunny days, while MPPT ensures better energy utilization in changing weather conditions and also maintains the battery charging level optimally.



Analyzing the efficiency factor of MPPT and PWM chargers during battery charging, it is observed that the total useful work is higher in the case of MPPT than in the case of PWM. The dependence of efficiency over time, both in the case of PWM and MPPT, is presented in Figure 10.



The efficiency of MPPT and PWM chargers depends on the angle of the sun to the surface of the PV module. At a right angle between the solar radiation and the surface of the PV module, the efficiency is the highest and reaches about 75% for PWM and 92% for MPPT. The efficiency of MPPT and PWM chargers is one of the key considerations in understanding the differences in their performance and suitability in certain situations. This analysis and comparison help determine when to use one technology or another to get the most out of solar energy systems. The theoretical efficiency in a PWM charger is limited by its inability to maintain the maximum power point. PWM efficiency is directly related to the voltage difference between the solar module and the battery. Losses are due to unused solar energy. The maximum power of solar modules is usually achieved at a certain voltage, which does not necessarily coincide with the battery voltage. Due to this mismatch, PWM uses the available power inefficiently [4,5,6,7]. The theoretical efficiency in MPPT systems is much higher because the charger adapts to the difference in voltage between the solar module and the battery, converting the excess voltage into current for maximum energy use. An MPPT charger can operate at any ratio of solar module voltage to battery voltage while maintaining the maximum power point (MPT). MPPT is particularly effective in low sunlight or cloudy conditions where the voltage may be unstable. MPPT is able to monitor and maintain the maximum power point, so efficiency remains high even in changing lighting conditions.



During this study, error analysis and ensuring the accuracy and reliability of the data were carried out in several ways. First, the instruments used in the measurements, such as digital wattmeters, were calibrated prior to the measurements to ensure that the readings met the established standards. Second, each measurement was performed five times and the results were analyzed by averaging. The deviations of the values from the mean were vanishingly small, so they are not shown in the graphs.



With flexible solar modules, PWM (pulse-width modulation) and MPPT (Maximum Power Point Tracking) charging technologies operate differently depending on weather conditions. PWM works most efficiently in sunny conditions, but can lose power when the solar modules are at a higher voltage than the battery. On cloudy or rainy days, the efficiency of PWM is reduced because it has not been able to use all the power it generates. MPPT continuously monitors the output parameters of the solar modules and optimizes energy recovery, making it perform better in changing weather conditions. Due to this feature, MPPT provides higher energy efficiency, especially in poor weather conditions, compared to PWM. Flexible solar modules that can adapt to uneven surfaces allow for more efficient use of the sun’s rays, especially in bad weather conditions, as they can be quickly reoriented, which is especially useful when using MPPT technology. Meanwhile, rigid modules, which require a perfectly flat surface, can suffer efficiency losses if their position is not optimal, and their energy collection can be reduced on cloudy days [1,2,3,4,5]. With PWM, the efficiency of flexible modules can decrease when the intensity of sunlight decreases, while the inflexible modules can take longer to charge the batteries because they cannot use the full power generated.



The automatic monitoring system for a solar power plant stands out for its performance and advantages compared to other solutions on the market, such as Solar-Log, SMA Sunny Portal and Enphase Envoy. For example, Solar-Log offers advanced monitoring of energy production, but our system allows for greater efficiency and adaptability on uneven surfaces using flexible modules and microcontrollers [1,2,3,4]. In addition, compared to SMA Sunny Portal and Enphase Envoy, our solution provides better energy consumption analysis as it can accurately monitor battery charging processes in real time. This solution offers the possibility to adapt to different surfaces, thanks to the flexible solar modules that allow for more efficient use of solar energy even on uneven or unconventional surfaces. In addition, the automated monitoring system provides detailed analyses of energy production, battery charging and energy consumption, allowing for more efficient management of energy resources and optimizing their use. This solution outperforms others because its automated monitoring system and the use of flexible modules ensure greater energy efficiency, adaptability to various conditions and accurate real-time energy management compared to traditional solutions.




4. Conclusions


The results obtained during this study showed a relationship between the efficiency of the used charging technologies (PWM and MPPT) and the overall performance of solar energy systems. After analyzing the experimental data, it was found that the MPPT technology achieved an average charging time of about 550 min to 12.8 V in the charging process, while the PWM method took about 650 min, indicating that the MPPT charging method was more efficient. This difference of 100 min shows that the MPPT technology is able to make better use of solar energy, especially in changing weather conditions such as cloudy days. In addition, this study found that MPPT technology consistently supported higher energy efficiency. The solar modules achieved up to 92% efficiency when working with MPPT compared to PWM which maxed out at 75%. This trend is particularly important when the sunlight angle is optimal, but the MPPT technology also maintains high efficiency under non-uniform sunlight conditions. The experiment showed that flexible solar modules significantly increased energy harvesting, even with uneven surface conditions. For example, flexible modules installed on an uneven surface were able to generate up to 15% more energy compared to traditional rigid modules, which lose efficiency if their angle is not optimal. In this way, these innovations allow for better use of solar energy and the optimization of energy resource management. The energy consumption analysis of the devices showed that the system with flexible modules adapted more to changing conditions, optimizing the management of energy resources. This confirms that continuous data monitoring and analysis is necessary to ensure the optimal performance and efficiency of solar energy systems. Finally, the data collected during this study, including voltage, current and energy quantities, allow accurate recommendations for system optimization and further research development.
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Figure 1. Conceptual diagram of the system for monitoring the working parameters of a solar power plant with flexible modules. 
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Figure 2. The main block diagram of the monitoring system. 
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Figure 3. Electrical diagram of power measurement. 
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Figure 4. Electrical diagram of the first stage of the monitoring system. 
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Figure 5. PCB of the power measurement circuit (a) and the circuit of the first stage of the monitoring system (b). 
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Figure 6. An image of the main window of the PC program with settings. 
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Figure 7. Control program algorithms: (a) power measurement module program algorithm; (b) algorithm of the first stage of the monitoring system and (c) algorithm of the second stage of the monitoring system. 
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Figure 8. Dependence of PWM cycle length on battery charge level. 
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Figure 9. Battery voltage dependence when PWM and MPPT systems are used for charging. 
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Figure 10. Time dependence of the efficiency of PWM and MPPT charging controllers. 
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