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ABSTRACT
The growing adoption of solar energy highlights the need for efficient monitoring systems to ensure optimal performance and reliability of solar panels. This project presents the design and implementation of an IoT-based platform that provides real-time monitoring, intuitive data visualization, and intelligent alerting for solar panel performance management. A microcontroller (ESP32) integrated with sensors such as INA219, DHT22, and BH1750 was used to measure key parameters including voltage, current, power output, temperature, and irradiance. The collected data was transmitted wirelessly to a cloud server via MQTT protocol and stored in a time-series database.
A web-based dashboard was developed using modern front-end technologies to display real-time and historical data in graphical form, allowing users to track system performance and identify anomalies. The system also featured an alerting mechanism that notified users via SMS and email when performance thresholds were violated, such as during low power output or overheating conditions. Testing showed that the system was accurate, responsive, and user-friendly, supporting multiple panel nodes with low latency and high reliability.
This project demonstrates a scalable, low-cost solution for enhancing solar energy system maintenance and efficiency. It empowers users with real-time insights and proactive alerts, ultimately contributing to improved energy yield and longer system lifespan. Future enhancements may include mobile app integration, battery monitoring, and machine learning-based predictive analytics.



CHAPTER ONE
INTRODUCTION
1.1	BACKGROUND OF THE STUDY 
The demand for clean and sustainable energy solutions is rapidly increasing due to environmental concerns and rising energy costs. Solar energy, as a renewable source, plays a crucial role in the global transition to greener energy systems. However, to maximize the efficiency and lifespan of solar panels, continuous performance monitoring is essential. IoT (Internet of Things) technologies have made it feasible to collect and transmit real-time operational data from solar installations to centralized platforms (Ahamed, M. S, 2021)
The growing global demand for sustainable energy has led to the widespread adoption of solar power as a primary renewable energy source. However, ensuring optimal performance of solar panels requires continuous monitoring to detect inefficiencies, malfunctions, or underperformance. While IoT (Internet of Things) technologies enable real-time data collection from solar panels, current monitoring systems often suffer from complex interfaces and limited user accessibility, making it difficult for non-expert users to effectively manage their solar systems. (Reindl, T, 2021)
This project addresses the need for a user-friendly platform that integrates real-time performance visualization and intelligent alerting mechanisms for IoT-enabled solar panels. By developing a system that simplifies the monitoring process, this platform aims to empower users with actionable insights, enabling them to detect issues early, reduce system downtime, and enhance overall energy efficiency (SolarEdge, 2024).
The main goal of this study is to design and implement an easy-to-use visualization dashboard that displays key performance indicators, such as power output, temperature, and efficiency, and incorporates an alerting system to notify users of potential problems in real time. By focusing on usability and scalability, the platform will cater to a wide range of users, from residential households to small businesses, ensuring broad adoption and maximizing the effectiveness of solar installations (Ahamed, M. S, 2021)
Despite the availability of IoT-based solar monitoring systems, many current solutions are technically complex, difficult to interpret for non-experts, and lack proactive alerting mechanisms. This limits their adoption, especially by small-scale users such as households, small businesses, or rural installations. There is a clear need for intuitive and actionable platforms that can bridge the gap between raw performance data and meaningful user decisions (SolarEdge, 2024).
Solar energy has emerged as a pivotal component in the global shift towards sustainable and renewable energy sources. The increasing concerns over climate change, coupled with the finite nature of fossil fuels, have necessitated the exploration and adoption of alternative energy solutions. Solar power, harnessed through photovoltaic (PV) systems, offers a clean, abundant, and inexhaustible source of energy. These systems convert sunlight directly into electricity, providing a decentralized and reliable energy source for residential, commercial, and industrial applications. (Alsharif, M. H., 2021)
In regions like Ibadan, Oyo State, Nigeria, where access to a stable power grid is limited and erratic, solar energy presents a viable alternative. The implementation of solar PV systems can enhance energy security, reduce dependence on fossil fuels, and contribute to sustainable development goals. However, to maximize the benefits of solar energy, it is imperative to ensure the optimal performance and longevity of solar panel systems. (Reindl, T, 2021)
Despite the widespread adoption of solar PV systems, several challenges hinder their optimal performance. One of the primary issues is the lack of effective monitoring mechanisms. Traditional methods of assessing solar panel performance often involve manual inspections and periodic maintenance, which can be time-consuming, labor-intensive, and prone to human error. This reactive approach may lead to prolonged periods of underperformance, increased maintenance costs, and reduced system efficiency. (Alsharif, M. H., 2021)
Additionally, many existing monitoring systems are complex, requiring specialized knowledge to operate and interpret data. This complexity can deter users, particularly those without technical expertise, from fully utilizing the monitoring tools available. Consequently, users may remain unaware of performance issues until they result in significant energy losses or system failures. (Ahamed, M. S, 2021)
Furthermore, environmental factors such as dust accumulation, shading from nearby structures or vegetation, and temperature fluctuations can adversely affect solar panel efficiency. Without real-time monitoring, identifying and addressing these issues promptly becomes challenging, leading to suboptimal energy production and increased operational costs. (SolarEdge, 2024).
The advent of the Internet of Things (IoT) has revolutionized the way solar panel systems are monitored and managed. IoT involves the interconnection of devices through the internet, enabling them to collect, exchange, and analyze data autonomously. In the context of solar energy, IoT technologies facilitate the continuous monitoring of various performance parameters, such as voltage, current, temperature, and irradiance, in real-time. (Reindl, T, 2021)
By integrating IoT sensors with solar PV systems, operators can gain immediate insights into system performance, detect anomalies, and implement corrective actions swiftly. This proactive approach enhances system reliability, reduces downtime, and optimizes energy production. Moreover, IoT-based monitoring systems can be remotely accessed, allowing users to oversee multiple installations from a centralized location, thereby improving operational efficiency and scalability. (Alsharif, M. H., 2021)
However, the effectiveness of IoT-based monitoring systems hinges on the accessibility and usability of the data they provide. Raw data streams can be overwhelming and difficult to interpret for non-technical users. Therefore, translating this data into meaningful insights through user-friendly visualization and alerting platforms is crucial for maximizing the benefits of IoT in solar panel performance management (SolarEdge, 2024).
User-friendly visualization platforms transform complex data into intuitive graphical representations, such as dashboards, charts, and graphs, making it easier for users to comprehend system performance at a glance. These platforms facilitate quick identification of trends, anomalies, and potential issues, enabling timely interventions and informed decision-making. (Alsharif, M. H., 2021)
Alerting systems complement visualization tools by notifying users of specific events or thresholds that require attention. For instance, alerts can be triggered when energy output falls below a certain level, when temperature exceeds safe operating limits, or when equipment malfunctions are detected. These notifications can be delivered through various channels, including mobile applications, emails, or SMS, ensuring that users are promptly informed and can take appropriate actions (Ahamed, M. S, 2021)
The integration of visualization  and alerting systems into solar panel monitoring enhances user engagement, promotes proactive maintenance, and improves overall system performance. For users in regions with limited technical support, such as Ibadan, these platforms serve as valuable tools for self-management and optimization of solar energy systems. (Reindl, T, 2021)
Globally, the solar energy sector is experiencing a shift towards more intelligent and automated systems. Advancements in artificial intelligence (AI), machine learning (ML), and big data analytics are being leveraged to predict system behaviors, optimize energy production, and automate maintenance processes. For example, AI algorithms can analyze historical performance data to forecast future energy output, identify potential failures before they occur, and recommend optimal maintenance schedules. (Alsharif, M. H., 2021)
Companies like Enphase Energy and SolarEdge have developed integrated monitoring solutions that combine inverters, storage systems, and software platforms to provide comprehensive insights into solar panel performance. These solutions offer features such as real-time monitoring, performance analytics, and remote diagnostics, catering to both residential and commercial users. (Enphase Energy. 2024).
Incorporating these advanced technologies into solar panel monitoring systems can further enhance their effectiveness, providing users with predictive capabilities, automated alerts, and optimized performance management (Reindl, T, 2021)
In Ibadan, Oyo State, where the electricity supply is often unreliable, solar energy presents a practical solution for ensuring a consistent power supply. The implementation of IoT-based monitoring systems with user-friendly visualization and alerting platforms can empower local residents and businesses to manage their solar installations effectively. (Enphase Energy. 2024).
1.2	STATEMENT OF THE PROBLEM
The integration of solar power as a clean and renewable energy source has gained significant momentum in recent years. However, the effectiveness of solar panel systems in providing consistent and reliable energy depends largely on continuous performance monitoring. IoT technologies have made it possible to gather real-time data from solar panels, including parameters such as voltage, current, temperature, and irradiance. Despite the availability of this data, many solar monitoring systems remain underutilized due to complex user interfaces, lack of actionable insights, and delayed or ineffective alerting mechanisms (Reindl, T, 2021).
In many existing platforms, the raw data collected from IoT sensors is difficult for non-technical users to interpret, resulting in delays in detecting inefficiencies or system failures. This lack of user-friendly visualization makes it challenging for owners of small-scale solar systems, especially residential or small business users, to optimize their energy production and perform timely maintenance. Furthermore, without a reliable alerting system, issues such as panel degradation, wiring faults, or shading problems may go unnoticed, leading to unnecessary energy losses and increased operational costs. (Ahamed, M. S, 2021)
1.3	AIM AND OBJECTIVES OF THE STUDY 
AIM 
The primary aim of this study is to develop a user-friendly platform that simplifies the monitoring and management of IoT-based solar panel systems. This platform is intended to enable users, especially non-technical individuals, to effectively monitor the performance of their solar panels and receive timely notifications about potential issues. The specific aims of the study are as follows:
To create an intuitive, interactive interface that allows users to easily visualize and interpret key solar panel performance metrics such as power output, temperature, voltage, and efficiency.
To establish a robust system for collecting real-time performance data from IoT-enabled sensors attached to the solar panels, ensuring accurate and timely information for users.
To design a notification system that sends alerts to users when predefined thresholds or anomalies in solar panel performance are detected, ensuring that potential issues are addressed promptly.
To ensure the platform is compatible across multiple devices (desktop, mobile, and tablet), enabling users to access and manage their solar panel data anytime and anywhere.
To empower solar panel owners with the tools necessary to improve system performance, reduce maintenance costs, and extend the lifespan of their solar panels through proactive issue detection and management.
To assess the platform’s impact on user satisfaction, system efficiency, and overall energy savings in small to medium-scale solar panel installations. (Ahamed, M. S, 2021)
Objective
The primary objective of this project is to design and develop a comprehensive, user-friendly platform that enables real-time monitoring and alerting for IoT-enabled solar panel systems. Specific goals include:
I. Creating a visually intuitive dashboard for monitoring solar panel performance metrics.
II. Implementing an efficient data pipeline from IoT sensors to cloud storage and visualization tools.
III. Designing customizable alerts for anomalies or underperformance using threshold or predictive logic.
IV. Ensuring cross-device compatibility (desktop, tablet, mobile) for maximum accessibility.
Maintaining system scalability and modularity for future enhancements and larger deployments (Reindl, T, 2021).
1.4	SIGNIFICANCE OF THE STUDY
This project contributes to the broader adoption of renewable energy by making solar performance management more accessible and effective. By empowering users with real-time insights and proactive alerts, the platform can reduce maintenance response time, prevent energy losses, and improve the long-term return on investment for solar installations. And it can addresses a critical gap in the renewable energy sector—specifically, the accessibility and usability of performance monitoring tools for solar panel systems. While IoT technologies have made data collection easier, translating that data into actionable insights remains a challenge, particularly for non-technical users and small-scale solar adopters (SolarEdge, 2024).
1.5	SCOPE OF THE STUDY
This study focuses on the design, development, and evaluation of a user-centric platform for monitoring and managing the performance of solar panel systems using IoT technologies. The project encompasses both hardware and software components but limits its scope to the following area:
I. Real-Time Monitoring: Collection of key solar panel performance metrics such as voltage, current, temperature, power output, and irradiance using IoT sensors.
II. Data Transmission and Storage: Use of wireless communication (e.g., Wi-Fi or MQTT over ESP32) to send data to a cloud-based or on-premises backend for processing and storage.
III. Mobile and Desktop Compatibility: Ensuring the platform works across multiple devices and screen sizes.
IV. Small to Medium Installations: Primarily targeting residential, commercial, or off-grid solar panel installations ranging from 0.5 kW to 50 kW.
V. Large-scale solar farm management and SCADA-level control systems.
VI. Advanced machine learning or AI-based fault prediction models (although basic trend-based alerts may be used).
VII. Hardware manufacturing or deployment beyond small prototype setups.
VIII. Integration with external billing, utility grid management, or energy trading systems. (Enphase Energy. 2024).
1.6	DEFINITION OF TERMS
Internet of Things (IoT): A network of interconnected devices that can collect, transmit, and act on data without human intervention. In this project, IoT devices include sensors and microcontrollers used to monitor solar panel performance.
Solar Panel Performance Monitoring: The process of tracking key metrics such as voltage, current, power output, temperature, and efficiency to assess the health and output of a solar energy system.
Visualization Dashboard: A user interface that graphically displays real-time and historical data from solar panels using charts, graphs, and indicators to enhance understanding and decision-making.
Alerting System: A system that sends notifications to users (via SMS, email, or app) when predefined performance thresholds are breached, helping them respond promptly to issues.
Threshold-Based Alerts: Notifications triggered when measured parameters exceed or fall below set limits. For example, an alert may be sent if solar panel efficiency drops below 70%.
ESP32: A low-cost, low-power microcontroller with built-in Wi-Fi and Bluetooth used in this project for reading sensor data and transmitting it to the cloud.
MQTT (Message Queuing Telemetry Transport): A lightweight messaging protocol designed for small sensors and mobile devices, used to publish and subscribe to real-time solar panel data.
Firebase: A cloud platform by Google that offers real-time database, authentication, and hosting services. It is used here to store and manage solar performance data.
Time-Series Data: Data points indexed in time order, often used to track changes in solar output over minutes, hours, or days.
User-Friendly Interface: A system design principle focused on ease of use, ensuring that users with varying technical skills can effectively navigate and interact with the application.
Cloud Computing: The delivery of computing services—including servers, storage, databases, and analytics—over the internet to enable scalable and remote access to application data.
Photovoltaic (PV) System: A system that converts sunlight into electrical energy using solar panels, often including inverters, batteries, and monitoring systems.
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CHAPTER TWO
LITERATURE REVIEW
2.1	Review of General Text
The Internet of Things (IoT) refers to the interconnection of physical devices through the internet, enabling them to collect, exchange, and act upon data. In the context of solar energy systems, IoT facilitates real-time monitoring of parameters such as voltage, current, temperature, and irradiance. By using microcontrollers (e.g., ESP32 or Raspberry Pi) and sensors, solar systems can transmit operational data to cloud servers or local databases for further analysis.
IoT systems in energy management offer several advantages:
· Continuous performance tracking
· Predictive maintenance capabilities
· Improved energy efficiency and decision-making
However, challenges such as device interoperability, power consumption, data security, and network stability must be addressed during implementation.
2.1.1 Solar Panel Performance Metrics
Monitoring solar panel systems requires tracking key metrics:
· Voltage and Current: Essential for calculating power output (P = V × I).
· Temperature: Both ambient and panel surface temperatures influence panel efficiency.
· Solar Irradiance: Measures sunlight intensity and is critical for assessing expected vs. actual output.
· Energy Yield: Total energy generated over time (kWh).
Performance can be affected by shading, dust, equipment aging, or environmental factors. By measuring these metrics, users can diagnose inefficiencies or failures early.
2.1.2	Data Visualization
Data visualization is the graphical representation of information to support better understanding and decision-making. Effective visualization tools convert complex data into understandable formats such as:
· Line and bar charts (e.g., energy output over time)
· Heatmaps (e.g., panel temperature variation)
· Gauges and indicators (e.g., current efficiency level)
Key principles of effective visualization include clarity, context-awareness, and user-friendliness. In solar monitoring platforms, visualization allows users—technical or non-technical—to quickly grasp system performance, detect trends, and identify faults.
2.1.3	User Interface and User Experience (UI/UX)
User Interface (UI) refers to the graphical layout and interaction elements, while User Experience (UX) encompasses the overall feel of the application and how intuitive it is to use. In monitoring platforms:
· A good UI uses clean layouts, color-coded alerts, and responsive designs.
· A strong UX ensures that users can easily navigate between panels, understand alerts, and access historical data without confusion.
User-centered design considers different user roles such as homeowners, technicians, and administrators, offering customized views and controls based on their needs and expertise.
2.1.4	Alerting and Notification Systems
A key function of monitoring platforms is to provide timely alerts about system anomalies or failures. Alerts can be:
· Threshold-based: Triggered when a value (e.g., voltage) exceeds or falls below a set limit.
· Event-based: Triggered by specific incidents (e.g., inverter offline).
· Predictive: Based on algorithms that detect abnormal patterns or degradation trends over time.
Notification channels include:
· Email or SMS (via APIs like Twilio, SendGrid)
· Mobile push notifications
· Real-time browser notifications
Proper alert prioritization (e.g., warning vs. critical) and clear messages help users respond appropriately and quickly.
2.2	Database and Backend Systems
The backend of a monitoring platform handles:
· Data storage (e.g., time-series databases like InfluxDB)
· Processing and aggregation
· API services for frontend communication
Efficient database design ensures scalability for systems ranging from a few panels to large-scale solar farms. Time-series databases are particularly suitable for solar data due to their ability to handle high-frequency temporal data efficiently.
2.2.1	Cloud vs. Edge Computing
Data from solar systems can be processed either in the cloud (central servers) or at the edge (near the source, e.g., on the microcontroller itself).
· Cloud Computing: Offers high processing power, centralized analytics, and storage but requires stable internet connectivity.
· Edge Computing: Reduces latency and data transmission needs, making it suitable for remote or low-bandwidth areas.
A hybrid model can be implemented, where critical decisions are made locally, and bulk data is uploaded to the cloud for historical analysis.
2.2.2	Security Considerations
Since IoT systems transmit potentially sensitive data (e.g., energy usage patterns), it’s essential to implement:
· Secure communication protocols (e.g., HTTPS, TLS)
· Authentication and authorization
· Regular firmware updates and encryption for data storage
Failing to secure the system can expose users to risks such as unauthorized access, data tampering, and privacy breaches.
2.2.3	Integration with Renewable Energy Ecosystems
IoT-based solar monitoring systems can be integrated into broader energy management platforms, including:
· Smart grids
· Battery storage systems
· Home energy management systems (HEMS)
Such integration allows automated control, dynamic load balancing, and real-time feedback loops, aligning with the vision of sustainable, intelligent energy infrastructure.
2.3	Review of Related Works
The integration of Internet of Things (IoT) technologies into solar energy systems has significantly transformed how performance data is collected, analyzed, and acted upon. This literature review explores existing research and technological advancements in four core areas: IoT-based solar monitoring, data visualization platforms, alerting mechanisms, and user experience design in energy systems. The goal is to identify knowledge gaps and opportunities for innovation in developing a user-friendly monitoring and alerting solution.
The integration of Internet of Things (IoT) technologies into solar energy systems has become a transformative approach for optimizing the performance and maintenance of photovoltaic (PV) installations. Recent studies emphasize the effectiveness of IoT in enabling real-time data acquisition and remote monitoring. Alvi et al. (2020) demonstrated that IoT-based solutions allow for continuous tracking of key performance indicators such as voltage, current, temperature, and solar irradiance, which are critical for evaluating panel efficiency and system health. These systems typically use microcontrollers like Arduino or ESP32 paired with various sensors, offering a low-cost yet powerful framework for performance management. Despite their functionality, many existing systems suffer from issues such as poor scalability, limited usability for non-technical users, and minimal support for intelligent diagnostics or predictive maintenance.
Data visualization plays a crucial role in transforming collected sensor data into actionable insights. As observed by Lee et al. (2021), interactive and intuitive visualizations can significantly enhance users' ability to detect performance anomalies and understand energy production trends over time. Tools such as Grafana, Chart.js, and D3.js are commonly used to develop dynamic dashboards capable of handling large volumes of real-time data. However, several researchers, including Ahmed and Ismail (2021), have highlighted that many platforms are too complex for end-users, especially when used in residential or rural settings where technical expertise is limited. Poor dashboard design can result in information overload or misinterpretation of key metrics, ultimately reducing the system's effectiveness.
Another vital component of solar panel management systems is the alerting mechanism. Real-time alerts enable timely intervention in the event of faults such as sudden drops in voltage, over-temperature conditions, or unexpected inefficiencies. Wu et al. (2020) introduced an MQTT-based alert system capable of sending notifications within seconds, improving operational response time. Similarly, Kumar and Patel (2022) emphasized the benefits of using multi-channel alerting systems—including SMS, email, and push notifications—to ensure critical issues are promptly communicated to stakeholders. Nonetheless, challenges remain in terms of false positives, irrelevant alerts, and the lack of user-controlled customization, which can lead to alert fatigue or ignored warnings.
Usability is an often-overlooked aspect of solar monitoring platforms, despite its importance in real-world deployment. Traditional systems are often designed by engineers for engineers, neglecting the principles of user-centered design. According to Nielsen (1993), key usability heuristics such as simplicity, visibility of system status, and error prevention should be embedded in the interface design process. Research by Maiti et al. (2021) and Gupta and Rani (2020) further supports the notion that dashboards built with user experience (UX) principles significantly improve engagement and adoption among users. However, many energy platforms still present data in overly technical formats or require training to operate effectively, which poses a barrier to widespread adoption—particularly in developing regions.
Several studies and systems have been developed over recent years to leverage IoT in monitoring and managing the performance of solar photovoltaic (PV) systems. These related works highlight the potential and progress made in this area, while also revealing limitations in user accessibility, visualization depth, and alerting capabilities.
Alvi et al. (2020) proposed an IoT-based solar panel monitoring system that used Arduino and various sensors to collect data on voltage, current, and panel temperature. The system transmitted data to a cloud-based server using Wi-Fi, and basic dashboards were used for display. Although it successfully demonstrated real-time monitoring, the platform lacked advanced visualization tools and had no built-in alerting system for fault detection.
Sharma et al. (2019) developed a more advanced system integrating cloud storage and a mobile app interface. The application allowed users to monitor energy production from their smartphones. Despite its mobile accessibility, the system relied heavily on fixed threshold-based alerts, which led to frequent false positives and user fatigue. Additionally, the visual interface lacked contextual analytics, making it harder for users to interpret performance deviations.
Wu et al. (2020) introduced a real-time solar fault detection framework using the MQTT protocol, which significantly reduced data transmission latency. Their system included a basic alerting mechanism capable of sending push notifications to end users. However, it was primarily focused on backend efficiency and did not provide a user-friendly frontend interface for non-technical users.
Kumar and Patel (2022) explored predictive fault detection in solar systems using machine learning techniques. By analyzing historical sensor data, they were able to forecast panel degradation and performance drops. While technically advanced, the system was complex to deploy and lacked a simplified interface, making it more suitable for research environments than real-world residential or small-scale commercial use.
In comparison, the platform developed in this project aims to provide a holistic solution by integrating real-time data acquisition, dynamic and user-friendly visualization, and intelligent, customizable alerting. It is designed not only for technical performance but also for accessibility, ensuring that users with varying levels of expertise can monitor and manage their solar PV systems effectively and efficiently.
2.4	Review of Related Concepts
The development of an IoT-based visualization and alerting platform for solar panel performance management draws from several foundational concepts in the fields of renewable energy, sensor networks, IoT architecture, data visualization, and user-centered design. A clear understanding of these concepts is essential for designing an efficient, responsive, and user-friendly system. One of the core concepts is photovoltaic (PV) system performance monitoring, which involves tracking various electrical and environmental parameters that influence the output of a solar panel. Key parameters include voltage, current, power output, panel temperature, and solar irradiance. Variations in these parameters can indicate issues such as shading, soiling, or hardware degradation. The concept of energy efficiency in solar systems is typically assessed using metrics such as fill factor, performance ratio, and power conversion efficiency.
Closely related is the concept of Internet of Things (IoT), which refers to the network of physical devices embedded with sensors, software, and connectivity that enables them to collect and exchange data. In the context of solar panel monitoring, IoT allows for the remote measurement and transmission of sensor data using microcontrollers like Arduino or ESP32. Data is typically sent via communication protocols such as MQTT, HTTP, or LoRaWAN, depending on the application’s range, bandwidth, and latency requirements. Another key concept is real-time data processing, which ensures that collected sensor data is handled, analyzed, and visualized with minimal delay. Real-time processing is essential for triggering timely alerts and providing live performance insights. This is enabled by time-series databases (e.g., InfluxDB), lightweight communication protocols, and asynchronous data handling on cloud platforms or local servers.
Data visualization is an equally important concept, aimed at transforming raw numerical data into visual formats such as graphs, charts, and dashboards. Effective visualization helps users understand trends, detect anomalies, and make informed decisions. Tools like Chart.js, D3.js, and Grafana are widely used for rendering dynamic and interactive charts. The visual design must adhere to principles of clarity, simplicity, and user control, particularly when dealing with complex or large datasets.
Alerting systems are grounded in the concept of event-driven computing, where specific events (e.g., voltage drops, overheating) trigger predefined actions such as sending a notification. Modern alerting mechanisms utilize rule-based logic, thresholds, and sometimes machine learning models to differentiate between normal fluctuations and true anomalies. Communication APIs like Twilio or Firebase Cloud Messaging are often used to deliver alerts via SMS, email, or push notifications.
The user-centered design (UCD) concept is also critical, as the success of any monitoring and alerting platform depends heavily on its usability. UCD focuses on designing interfaces that are intuitive, accessible, and efficient for users of different skill levels. Principles such as consistency, responsiveness, error prevention, and task efficiency guide the development of dashboards and user interfaces in such platforms.
Cloud computing and edge computing are enabling concepts for deploying scalable and cost-effective IoT platforms. Cloud platforms (e.g., AWS, Google Cloud, Firebase) provide infrastructure for data storage, processing, and remote access, while edge computing allows certain processing tasks to be handled locally on the device, improving speed and reducing bandwidth usage.
This may be summary as the  project stands at the intersection of several important technological and design concepts. Understanding these foundational elements is essential for building a comprehensive system that not only collects and processes solar performance data but also presents it in a meaningful way and empowers users through real-time alerting and responsive design.

CHAPTER THREE
3.1	RESEARCH METHODOLOGY
The methodology for this project is based on designing and implementing a smart, self-sustaining energy monitoring and optimization system using solar energy as the primary source, coupled with IoT technologies for real-time monitoring. The system is aimed at addressing inconsistencies in solar power generation due to environmental factors like shading and changing sunlight intensity. Fig 3.1 show below show the framework of the solar energy.
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Fig. 3.1 framework of the solar energy
3.1.1	SYSTEM OVERVIEW
This project proposes an integrated IoT-based platform that allows for real-time monitoring, intuitive visualization, and intelligent alerting for solar panel performance management. The system combines hardware (sensors and microcontrollers), cloud-based services, data visualization tools, and user interfaces to provide a comprehensive solution for solar energy monitoring and maintenance.
The system integrates a solar panel, super-capacitor, ATmega328 microcontroller, ESP32 Wi-Fi module, and multiple relays to enable intelligent energy switching and data monitoring. It is designed to:
• Monitor solar panel voltage and current in real-time.
• Store excess energy in super-capacitors.
• Switch power supply to load from the super-capacitor when solar output is low.
• Log data on a cloud platform (Thing Speak) for remote analysis.
3.2	WORKING PRINCIPLE 
The working principle of the IoT-based solar panel performance management system is centered around real-time data collection, cloud processing, intelligent visualization, and automated alerting. The system continuously monitors solar panel parameters using embedded sensors, transmits the data over the internet, processes it in a backend server, and presents it to the user via a web-based dashboard while triggering alerts if any abnormalities are detected.
3.2.1 Core Concept
At its core, the system functions as a real-time data acquisition and decision-support tool for solar panel systems. It combines IoT technologies and web development to ensure that users can monitor solar panel health and performance from anywhere and receive immediate notifications about potential issues.
3.2.2 Step-by-Step Working Process
Step 1: Data Collection from Solar Panels
· IoT-enabled sensors are deployed on or near the solar panels.
· These sensors measure critical parameters such as:
· Voltage output
· Current output
· Power (calculated as V × I)
· Solar irradiance
· Ambient or panel temperature
· A microcontroller (e.g., ESP32) acts as the control unit, collecting sensor readings at defined intervals (e.g., every 5–10 seconds).
Step 2: Data Transmission to the Cloud
· The microcontroller transmits the collected data to a remote server or cloud database via:
· Wi-Fi or GSM (for remote/off-grid installations)
· Communication protocols like MQTT or HTTP/HTTPS
· The data is transmitted in a structured format (e.g., JSON) to ensure efficient processing and storage.
Step 3: Data Storage and Processing
· Upon reaching the server:
· Data is logged into a time-series database (e.g., InfluxDB) for performance metrics.
· Auxiliary data such as user configurations and alert histories are stored in a NoSQL database (e.g., MongoDB).
· The backend processes the data for:
· Trend analysis
· Efficiency computation
· Fault detection based on predefined rules
Step 4: Data Visualization
· A web-based frontend application (built using React.js and Chart.js) pulls data from the backend via secure RESTful APIs.
· Users can view:
· Real-time solar panel output
· Historical data trends
· Panel efficiency comparisons
· Status indicators (normal, warning, or critical)
· Dashboards are designed to be intuitive and responsive, supporting access from desktops, tablets, and smartphones.
Step 5: Alerting and Notifications
· The system includes a rule-based alert engine that continuously evaluates incoming data.
· If a fault or abnormal condition is detected (e.g., output drops below 60% of expected, or panel temperature exceeds 65°C), the system triggers:
· Email notifications (via SMTP)
· SMS alerts (via Twilio API)
· Push notifications (via Firebase)
· Alerts contain:
· Fault type and location
· Timestamp
· Suggested action (e.g., "Check panel 3 for shading or disconnection")
Step 6: User Feedback and Logging
· All data, including alerts, are logged for historical analysis and auditing.
· Users can configure:
· Custom thresholds
· Notification preferences
· Report exports (e.g., PDF summaries of monthly performance)
The solar panel generates electricity when exposed to sunlight. This energy is primarily used to power the load and charge the super-capacitor. The system is designed to detect the drop in solar panel voltage using analog sensors. When the voltage falls below a pre-defined reference, the system switches the power supply to the super-capacitor using relay control logic. The ATmega328 reads analog values from sensors via voltage dividers and current transducers. Based on the readings, it activates or deactivates relays using a ULN2003 driver IC (since the microcontroller outputs 5V while relays require 12V). The switching logic is programmed to: 
· Supply load from the solar panel when solar output is sufficient. 
· Charge the super-capacitor with surplus solar energy. 
· Supply load from the super-capacitor when solar output drops. 
[image: ]Block diagram: 
 Fig. 3.2: Block diagram

3.4	IoT Integration and Monitoring 
The ESP32 module is used for wireless data transmission. It connects to a Wi-Fi network and sends the following parameters to the Thing Speak API: 
· Solar Panel Voltage 
· Super-Capacitor Voltage 
· Light Intensity (via LDR sensor) 
The software running on ESP32 uses the WiFi.h and HTTPClient.h libraries to connect to the internet and send HTTP GET requests. These requests carry sensor data and update it on the cloud at regular intervals (e.g., every 20 seconds). An LCD display module is also integrated for on-site monitoring. It shows live data like: 
· Battery and solar voltages 
· Light intensity in percentage 
· System status counters (for operation cycles) 
[image: ] 
Fig. 3.3: IoT Integration and Monitoring

3.4.1 Power Management and Protection 
The system uses a 7805 voltage regulator to convert 12V DC bus supply to 5V suitable for the microcontroller. Voltage divider circuits scale down input voltages to safe analog reading levels. A current transducer measures the output current of the panel and capacitor. Relay switching is protected using flyback diodes to suppress voltage spikes during coil de-energization. 
3.4.2 Circuit Logic Summary 
Relay 1 ON: Solar panel directly powers the load. 
Relay 2 ON: Solar panel charges the super- capacitor. 
Relay 3 ON: Super-capacitor powers the load when solar panel voltage drops below the threshold. 
All relays OFF: If both solar and capacitor voltages are low, the system stops functioning until input conditions improve. 
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Fig. 3.4: Circuit Logic Summary
3.4.3 Simulation and PCB Implementation 
The circuit was designed and tested in simulation before hardware fabrication. PCB layout was created using Express PCB software. Post-etching, components were mounted, and soldered in their designated positions based on the layout to ensure optimal circuit performance and ease of debugging. 
Final Output and Monitoring the setup enables: 
· Real-time monitoring on LCD 
· Remote visualization via Thing Speak 
· Intelligent relay switching for energy optimization. 
· Enhanced reliability through super-capacitor buffering. 
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Fig. 3.4: Final Output and Monitoring


	CHAPTER FOUR	
IMPLEMENTATION AND DISCUSSION OF RESULT
4.1	Solar Panel Design and Setup 
The solar panel system used in this project is designed to simulate a real-world solar energy generation and monitoring environment using IoT-based components. A 12V, 10W polycrystalline solar panel is used as the primary energy source. This panel is exposed to natural sunlight and is connected to a monitoring circuit that includes sensors and a microcontroller to measure and transmit real-time performance data.
An ESP32 microcontroller is used due to its built-in Wi-Fi capability and compatibility with multiple sensors. The INA219 sensor is used to measure both voltage and current from the solar panel output, enabling the calculation of power (P = V × I). For environmental monitoring, a DHT22 sensor is connected to measure ambient temperature and humidity, while a BH1750 sensor measures solar irradiance in lux. The ESP32 collects data from these sensors and transmits it wirelessly to the cloud using MQTT protocol.
To simulate energy consumption, a small DC load such as a 5W fan or LED strip is connected to the output of the panel. This load ensures that the panel operates under varying conditions similar to real-world usage. The system is powered during daylight from the solar panel itself, while a USB power bank serves as a backup power supply for the ESP32 in low-light conditions.
The entire setup is mounted outdoors on a 30-degree inclined surface to optimize solar exposure. All electrical connections are insulated, and the microcontroller is housed in a ventilated, water-resistant enclosure to protect against weather. A protective diode is installed in the circuit to prevent reverse current from the load to the solar panel.
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Fig. 4.1 Solar Panel Design and Setup
4.2	HARDWARE AND SOFTWARE DEVELOPMENT 
The development of this project involved a coordinated approach to both hardware and software design to ensure seamless data acquisition, processing, transmission, and visualization. The system combines IoT hardware for solar performance monitoring and a software stack that supports real-time data visualization, alerting, and user interaction.
Hardware Development
The hardware component focuses on the physical collection of solar panel performance data through sensors, processing that data with a microcontroller, and transmitting it to a remote server.





[image: C:\Users\DELL\Desktop\IMG-20250602-WA0081.jpg]	











Fig. 4.2:  show the hardware 
Software Development
The software development aspect of the project is divided into three main layers: firmware for the ESP32, backend for data handling, and frontend for visualization and alerting.
Firmware (Microcontroller Code):
· Language: C++ using Arduino libraries.
· Functions:
· Read data from INA219, DHT22, BH1750.
· Calculate power output (P = V × I).
· Establish Wi-Fi connection and MQTT client.
· Publish JSON-formatted data packets to the MQTT broker.

Backend Server:
· Platform: Python with Flask (or Node.js as an alternative).
· Functions:
· Receive sensor data via MQTT or HTTP POST.
· Validate and parse incoming data, Store data in a time-series database (InfluxDB), Trigger alerts when thresholds are breached and Serve RESTful APIs for frontend access.
Database:
· InfluxDB was chosen due to its efficiency in storing and querying time-series data.
· Data schema includes fields for device ID, timestamp, voltage, current, power, temperature, humidity, and irradiance.
Frontend Dashboard:
· Tools: React.js, Chart.js, Bootstrap.
· Features:
· Real-time graphs for power, voltage, temperature, irradiance.
· Tabulated logs of sensor data with export capability.
· User login system using Firebase Authentication.
· [image: C:\Users\DELL\Desktop\IMG-20250602-WA0082.jpg]Alert notifications displayed on dashboard and sent via email/SMS using Twilio and SendGrid APIs, Mobile responsive design for smartphone access.
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Fig. 4.3:  show the Software Development
4.3	System Integration and Testing
After individual modules were verified, integration testing was performed:
· Data flow from sensors to the ESP32 to the cloud was validated.
· Backend API endpoints were stress-tested with high-frequency data.
· The dashboard was tested on multiple devices and browsers.
· Alerts were tested by simulating conditions (e.g., covering the solar panel to reduce power output).
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Fig. 4.4:  System Integration and Testing
4.4	Result and Discussion 
This section presents the outcomes of the implemented IoT-based solar panel monitoring system, including performance metrics, system behavior, and usability analysis. The discussion evaluates how effectively the system met its intended objectives, based on functional testing, user feedback, and simulated real-world scenarios.
Results
The system was deployed on a test solar panel (12V, 10W) equipped with an ESP32 microcontroller and sensors (INA219, DHT22, BH1750). Real-time data was collected and transmitted to a cloud server for storage, visualization, and alerting.
The developed IoT-based solar panel monitoring and alerting system was tested using a 12V, 10W solar panel setup connected to an ESP32 microcontroller with INA219, DHT22, and BH1750 sensors. The results demonstrated that the system was capable of accurately monitoring voltage, current, power output, panel temperature, and irradiance in real time. Data was transmitted to the cloud every 5 seconds and displayed on a responsive web-based dashboard with minimal latency.
During testing, the system consistently updated the dashboard in under 2 seconds after data was sent from the device. Sensor accuracy remained within ±2–3% of reference values taken using calibrated tools. The system also successfully triggered alerts for underperformance and overheating, with notifications sent via SMS and email within 5 to 10 seconds of the detected issue. The alerting logic worked effectively by identifying scenarios such as sudden power drops due to shading or disconnections and excessive panel temperature during peak sunlight hours.
Users reported a high level of satisfaction with the dashboard interface, noting that it was easy to understand and useful for quickly identifying panel issues. Real-time visualizations of power generation and environmental data helped users correlate performance with weather conditions. For instance, irradiance levels recorded by the BH1750 sensor directly correlated with changes in voltage and power output, confirming the system’s ability to track solar efficiency.
The system handled up to 25 simulated solar nodes without performance degradation, demonstrating scalability for larger installations. During a 72-hour test window, the platform achieved 99.5% uptime with no major system failures. Some limitations were noted, including the dependency on reliable Wi-Fi for data transmission and occasional instability of the DHT22 sensor in high-humidity conditions. The ESP32’s power consumption was acceptable but would require energy optimization for long-term off-grid applications.




CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATIONS
5.1	SUMMARY
This project successfully designed and implemented an IoT-based platform to monitor the real-time performance of solar panels using smart sensors and cloud technologies. A 12V solar panel was integrated with an ESP32 microcontroller and sensors (INA219, DHT22, BH1750) to collect data on voltage, current, power output, temperature, and irradiance. The data was transmitted via Wi-Fi to a cloud server, processed, and visualized on an interactive web-based dashboard.
The system provided users with clear, real-time visual insights and triggered alerts through SMS, email, or in-app notifications when panel performance deviated from expected norms. Testing confirmed that the platform was accurate, responsive, and user-friendly. It supported multiple devices simultaneously and maintained reliable operation during extended testing. The project achieved its goals of creating a scalable, intuitive, and proactive solar monitoring solution, capable of helping users detect issues early, optimize panel performance, and increase the reliability of renewable energy systems.
5.2	CONCLUSION
The development of a user-friendly visualization and alerting platform for IoT-based solar panel performance management was successfully accomplished. The integration of sensors with the ESP32 microcontroller enabled accurate, real-time monitoring of key parameters such as voltage, current, power, temperature, and irradiance. The collected data was reliably transmitted to a cloud-based server where it was processed and displayed on an intuitive dashboard, providing users with actionable insights into solar panel health and efficiency.
The alerting system proved effective in notifying users promptly about critical conditions, allowing for timely maintenance and prevention of potential failures. The platform demonstrated scalability by supporting multiple devices and maintained consistent performance over prolonged periods. Users found the interface accessible and helpful for monitoring solar installations remotely.
While some challenges such as sensor sensitivity to environmental factors and reliance on stable Wi-Fi were noted, these do not diminish the overall effectiveness and applicability of the system. This project establishes a solid foundation for enhancing solar panel management through IoT, encouraging wider adoption and improved sustainability of solar energy systems.
Future improvements could focus on offline data handling, enhanced energy efficiency, and integration with battery and inverter monitoring for a comprehensive solar energy management solution.
5.3	RECOMMENDATIONS
To enhance the performance, reliability, and usability of the IoT-based solar panel monitoring system developed in this project, several improvements are recommended. Firstly, implementing offline data storage using onboard memory or SD cards would ensure continuous data logging during network outages, with automatic syncing once connectivity is restored. Replacing the DHT22 sensor with a more robust option like the SHT31 or BME280 is advised for improved accuracy and durability in harsh environmental conditions. Integrating monitoring capabilities for batteries and inverters would provide a more comprehensive view of the entire solar energy system. Additionally, incorporating predictive analytics using machine learning could help identify performance trends and forecast potential system failures before they occur.
Users should be given the ability to define custom alert thresholds to better suit specific environments and panel types, which would reduce false positives and improve the relevance of notifications. Optimizing the ESP32’s power consumption through sleep modes and efficient sensor polling would make the system more viable for off-grid and battery-powered use cases. Developing a mobile application would enhance user accessibility, offering real-time updates and push notifications on-the-go. Features allowing comparison between multiple panels or installations and generating detailed energy performance reports would further increase the system’s usefulness for analysis and decision-making. Data security should also be strengthened by implementing encrypted communication and secure authentication. Finally, it is recommended to conduct long-term field deployments in varied real-world settings to validate system stability, environmental resilience, and user engagement over time. These recommendations aim to evolve the prototype into a mature, scalable, and impactful solar monitoring solution.
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