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Abstract- With the increasing demand for energy in both industrial and domestic sectors, the transition 

towards renewable energy sources has become imperative due to their environmental benefits. Among these, 

solar energy stands out, necessitating continuous optimization of its utilization, which heavily relies on the 

performance of photovoltaic (PV) modules. As PV modules typically operate autonomously, the absence of 

real-time monitoring can lead to undetected faults, adversely impacting overall system efficiency. This study 

introduces a smart IoT-enabled framework for real-time fault detection in PV modules, leveraging an efficient 

optical inspection algorithm. The proposed system integrates infrared thermography, utilizing a thermal 

imager strategically positioned to capture high-quality images of PV modules. A novel hybrid algorithm, 

combining edge detection with ancillary techniques, is developed to accurately identify and analyze various 

externally induced faults. The real-time experimental model demonstrates the capability of the smart IoT-

based approach to enhance the reliability and operational performance of PV systems by enabling timely and 

precise fault detection, thereby supporting proactive maintenance and optimal energy yield. 

Keywords- Renewable Energy, Solar Energy, PV modules, Fault detection, Performance. 
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1. Introduction 

The Fourth Industrial Revolution (Industry 4.0) has significantly intensified energy demand across India’s 

industrial and domestic sectors. With the rapid depletion of fossil fuels and the country’s commitment to net 

zero carbon emissions by 2070, India’s energy strategy is shifting decisively toward renewable sources, 

especially solar photovoltaic (PV), wind, and hydropower. Among these, solar PV stands out due to its 

scalability, cost-effectiveness, and the nation’s abundant solar resources. 

India’s solar journey has been remarkable. By January 2025, the country’s total non-fossil fuel-based 

energy capacity reached 217.62 GW, with solar energy accounting for 47% of the installed renewable 

capacity. In 2024 alone, India added a record 24.5 GW of solar capacity—a near threefold increase over the 

previous year—driven by government incentives, policy reforms, and robust investments in domestic 

manufacturing. Rajasthan, Gujarat, and Tamil Nadu are leading the solar revolution, contributing over 70% 

of the nation’s utility-scale solar installations. The government’s ambitious roadmap aims for 500 GW of non-

fossil fuel-based capacity by 2030, positioning India as a global leader in clean energy. At the heart of PV 

power generation are solar cells, which convert sunlight into electricity through the movement of electrons. 

The efficiency of these modules depends on factors such as module composition, installation quality, and 

environmental conditions. One major challenge in India is the variability of solar irradiance, which leads to 

temperature fluctuations in PV modules. For instance, crystalline PV modules can lose about 0.5% efficiency 

for every 1°C rise in temperature—a significant concern given India’s hot climate. Fluctuations in weather 

also impact voltage and frequency, complicating grid management and maintenance. 

The widespread deployment of solar PV in India—spanning rooftops, utility-scale plants, and rural 

electrification—demands ongoing research and innovation to optimize energy output and investment returns 

while minimizing environmental impact. The rapid decline in PV module costs, coupled with government 

schemes like PM Surya Ghar Muft Bijli Yojana and PM-KUSUM, has accelerated adoption among consumers 

and businesses. However, maximizing system performance requires early detection and diagnosis of faults to 

prevent losses and safety hazards. 

Common faults in Indian PV installations include delamination, junction box failures, hotspots from 

abnormal heating, and issues arising from poor installation or harsh environmental exposure. Infrared (IR) 

thermography has emerged as a vital tool for identifying such faults, enabling early intervention and reducing 
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maintenance costs. By capturing and analyzing thermal images, IR inspection can pinpoint hotspots and other 

anomalies that may otherwise go unnoticed, safeguarding both energy yield and system longevity. 

Recent research and field deployments in India have leveraged advanced algorithms—including edge 

detection and hybrid image processing techniques—combined with smart IoT-based monitoring systems. 

These innovations enable real-time, remote fault detection and performance optimization, which are crucial 

for India’s geographically dispersed and rapidly expanding solar fleet. 

Despite these advances, challenges remain. Grid integration, energy storage, and the need for skilled 

maintenance are critical hurdles as India scales up its renewable ambitions. Addressing these issues through 

continued investment in technology, infrastructure, and human capital will be essential for sustaining India’s 

clean energy momentum and achieving its 2030 targets. 

Inspired by global and domestic advances, this work proposes an efficient, IoT-enabled optical inspection 

technique for fault diagnosis in PV modules, tailored to the Indian context. By integrating real-time thermal 

imaging, smart analytics, and automated fault detection, the approach aims to enhance the reliability, safety, 

and performance of solar PV systems across India’s diverse energy landscape. 

2. Materials and Methods  

Figure 1 demonstrates the schematic illustration of the experimental setup. The system consists of a 

thermal imager to capture the PV module image instantaneously. The images obtained were processed using 

the MATLAB software employing fault diagnosis and detection algorithms in image processing and computer 

vision toolbox to detect the fault and identify the malfunctioned PV panels. The intended monitoring system 

is operating on the multicore CPU along with the parallel processing module using C++ programming. The 

crucial image processing algorithms were accommodated to find the PV module defect.  The algorithm is 

robust with least error and deviation in identifying the fault.  
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Figure 1. Schematic of the hardware employed in the experimental setup. 

3. Segmentation by Canny edge detection algorithm and Bounding box technique 

 

Initially, the input image is converted into grayscale where threshold values are adjusted that are held for 

binary image edge detection and to identify the regions of interest from the input thermal images. The solar 

cells of the defective kind are generally yellow or white in colors having sharp edges in thermal images, makes 

lucid to identify the region of interest. Threshold value, Th is ascribed to a binary image. Convolution of the 

image is done by Gaussian filter coefficients. Later Non-Maximum Suppression is performed on the image. 

The Hysteresis Thresholding is depicted for the image followed by 8-connected components labeling. 

Furthermore, the morphological transformations also benefit from the kernel assignment, defining the 

structuring element. At first, the erosion technique is applied to the image, depending on the kernel kind, the 

pixels of the image are ascribed as such, else the erosion takes place in the image. Boundary pixels will be 

faded or discarded in the image based on the kernel size estimating the white color area reduction. The dilation 

is adopted later which is contradictory to the erosion, the pixel is 1 when at least any one of the pixels under 

the kernel is 1. This can be elaborated as the white region in the image grows or dimensions of the objects in 

the foreground enhances. Therefore, the Faulty solar cells in the modules can be identified by the optimal 

Canny’s Algorithm accompanied by the region props and bounding box techniques. 
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Figure 2. The flow of algorithm for fault detection 
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3. Results and discussions 

The input images for our PV modules were captured at the research facility of JIS College of 

Engineering (JISCE), Kalyani, West Bengal, India (Latitude and Longitude: 22.9750° N, 88.4345° E) to 

validate our proposed methodology. The experimental setup consists of multiple hardware components, as 

detailed in Table 1. The complete system was developed within the JISCE research center, as illustrated in 

Figure 3, incorporating all necessary elements of connectivity, calibration, and system scalability. This setup 

leverages the institute’s advanced infrastructure and expertise to enable real-time monitoring and fault 

diagnosis of PV modules, aligning with India’s growing focus on renewable energy technologies and smart 

IoT-enabled solutions. 

If you want, I can also help you draft a more detailed description of the experimental setup or include 

specific hardware components relevant to JISCE’s facilities. 

                          Table1. Components of the experiment 

Component

s 

Specifications 

Solar PV 

Panel 

Waaree WS-50 W 

Battery Eternity Technologies 12 VDC, 56 AH 

Charge 

Controller 

Morning Star SS-MPPT-15L 

Thermal 

Imager 

Fluke Ti-45 

Clamp Meter HEME Analyst 2050 

Tripod BOSCH BS280 

Multimeter Fluke 176 

IR Light 250 W IR 

Load 2 x 24 W DC Motors 
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Figure 3.  Scheme of PV module setup at RAKRIC  

The Fluke Ti-45 thermal imager, featuring a 160 x 120 VOx detector and high thermal sensitivity (≤0.08°C 

at 30°C), was utilized to capture high-resolution thermal images of the PV modules, ensuring accurate data 

for subsequent image processing in MATLAB136. The BOSCH BS 280 tripod provided stable mounting, 

with the thermal imager positioned at an optimal distance facing the solar PV module to acquire clear images. 

To extend the analysis to indoor conditions, 250 W IR light sources were mounted on two additional 

tripods to simulate illumination, enabling comprehensive fault detection. For defect simulation, polystyrene 

sheets were strategically placed on the PV panel surface to act as minimal defects. 

Image acquisition and processing were managed using MATLAB R2020b on a workstation equipped with 

an ASUS Tek Computer Inc. X556UB, Intel Core i7-6500U processor (2.59 GHz), 12 GB RAM, and a 64-bit 

Windows 10 Professional operating system. The MATLAB environment included the Image Processing and 

Computer Vision Toolboxes, along with relevant extensions, facilitating advanced analysis. A C++ program 

was accessed via the MATLAB Command Prompt to perform specific operations on the thermal images, 

ensuring efficient and flexible workflow integration. 

https://www.fluke.com/en/product/thermal-cameras/ti45ft
https://www.fluke.com/en/product/thermal-cameras/ti45ft
https://www.myflukestore.com/product/fluke-tis45-30hz-fluke-thermal-imager
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4. Algorithm implementation for edge detection 

  The application of morphological transformations and the Canny edge detection algorithm proved 

effective for identifying faults in PV modules under both indoor and outdoor experimental setups. 

Morphological operations—such as dilation, erosion, opening, and closing—were first applied to the thermal 

images to enhance feature extraction and suppress noise. These steps help emphasize relevant structures like 

cracks or hotspots, connect fragmented fault regions, and eliminate small artifacts that could otherwise 

interfere with accurate fault identification4. 

In the outdoor setup, two out of three PV panels were intentionally made defective in random patterns, while 

the third panel remained unaltered as a control. In the indoor setup, a single PV panel was used and manually 

induced with defects. The thermal images of all panels, as shown in Figure 5a, were processed using the 

aforementioned techniques. 

The Canny edge detector was then employed to delineate the boundaries of fault regions—such as cracks, 

hotspots, or delaminated areas—by identifying sharp intensity gradients in the processed thermal images. This 

combination of morphological transformations and edge detection provided clear visualization and accurate 

localization of faults, even in the presence of noise or varying lighting conditions46. 

The results demonstrate that this approach is robust for both indoor and outdoor scenarios, enabling reliable 

detection of faults in PV modules and supporting efficient maintenance and monitoring strategies4. 

 

 

 

 

 

 

 

 

 

 

 

 

https://learning-gate.com/index.php/2576-8484/article/download/4542/1743/6412
https://learning-gate.com/index.php/2576-8484/article/download/4542/1743/6412
https://learning-gate.com/index.php/2576-8484/article/download/4542/1743/6412
https://learning-gate.com/index.php/2576-8484/article/download/4542/1743/6412
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Figure 5. (a) Input thermal image (b) Scaling Colored Image (c) Non-Maximum Suppression (d) Hysteresis 

Thresholding (e)Morphological transformations (f) Bounding Box Techniques 

The image processing workflow begins by loading the input thermal image and converting it to 

grayscale, which simplifies further analysis by reducing computational complexity and focusing on intensity 

variations relevant to fault detection25. Next, thresholding is applied with lower and upper bounds set 

at Tlow=0.075 and Thigh=0.175, respectively, to segment regions of interest based on pixel intensity. 

A Gaussian filter is then employed for convolution in both X and Y directions. As a linear filter, the 

Gaussian is primarily used to blur the image and suppress noise, thereby enhancing the reliability of 

subsequent edge detection steps. This filtering not only smooths the image but also reduces contrast, which is 

beneficial for both edge detection and unsharp masking, making the process robust and computationally 

efficient due to its straightforward operations of multiplication and addition25. 

 

https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
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The output, visualized with color scaling (Fig. 5b), provides an intuitive representation of temperature 

gradients and potential fault regions. Following this, non-maximum suppression is performed (Fig. 5c), which 

refines the detected edges by preserving only the local maxima in the gradient direction and setting all other 

pixels to zero. This step effectively suppresses non-relevant information and sharpens the edge map, ensuring 

that only the most significant features are retained2. 

Subsequently, hysteresis thresholding is applied (Fig. 5d), using the previously set threshold values to 

further refine the edge map. This technique compares two binary images, each thresholded at different levels, 

and combines them to produce an intermediary image where only the most relevant pixels—those in the higher 

threshold region—are retained, accurately depicting real edges2. 

Morphological transformations are then utilized with appropriate structural elements to enhance and 

connect edge features (Fig. 5e). Finally, bounding box techniques are applied to the processed image (Fig. 5f), 

drawing rectangles around detected defects. These bounding boxes serve as reference points for object 

detection, allowing precise localization and annotation of faults within the PV module25. This comprehensive 

approach ensures accurate, efficient, and automated fault detection, which is essential for large-scale PV 

system monitoring and maintenance. 

5. Conclusion 

With rapid industrialization, the need for alternative energy sources has intensified, making renewable 

resources like solar photovoltaic (PV) technology increasingly vital for meeting energy demands. Achieving 

optimal PV plant performance requires careful consideration of design, construction, and ongoing evaluation, 

with fault detection playing a critical role in maintaining efficiency, reliability, and safety. 

This work introduces a new hybrid algorithm for real-time PV fault detection, utilizing an infrared 

thermal camera mounted on a tripod to capture module images. The proposed approach leverages advanced 

image processing and edge detection techniques to identify faults—such as hotspots, cracks, and 

delamination—directly from thermal imagery, enabling early intervention and minimizing hazardous effects 

during PV operation. Experimental results demonstrate that the algorithm offers fast processing times and is 

well-suited for real-time applications in PV plants, supporting both energy savings and economic benefits. 

Recent research highlights the effectiveness of combining thermal imaging with artificial intelligence 

and image processing for PV fault detection. Techniques such as deep learning, fuzzy logic, and hybrid models 

have shown high accuracy in identifying and classifying faults, further enhancing system reliability and 

https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
https://onlinelibrary.wiley.com/doi/10.1155/2022/6427076
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reducing maintenance costs. Additionally, methods based on electrical parameter monitoring—such as 

voltage and current analysis—remain essential, especially for detecting faults under varying environmental 

conditions. 

Looking ahead, integrating IoT technology with the current system is a key focus. IoT-enabled 

solutions will allow real-time performance monitoring and fault alerts via mobile devices, providing operators 

with instant access to system status and enabling prompt maintenance actions. This aligns with global trends 

in smart PV plant management, where remote monitoring and automated diagnostics are becoming standard 

practice. 
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