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ABSTRACT:  
           Solar energy is one of the most promising renewable 
energy sources for meeting the growing global demand for 
electricity. However, conventional solar photovoltaic (PV) 
systems face several challenges, including variable power 
generation, reduced efficiency under changing environmental 
conditions, unexpected component failures, inefficient energy 
utilization, and maintenance costs. Artificial Intelligence (AI) 
offers opportunities to address these challenges by enabling 
intelligent monitoring, predictive maintenance, solar power 
forecasting, maximum power point tracking, and optimized 
energy management. 
This research proposes an AI-assisted, cost-effective solar energy system that integrates low-cost sensors, a 
microcontroller, machine learning algorithms, and an intelligent energy management framework. The 
proposed system collects environmental and electrical parameters, including solar irradiance, 
temperature, voltage, current, and energy consumption. These parameters are analyzed to estimate solar 
power generation, detect abnormal operating conditions, and optimize the utilization of generated 
electricity. 

To maintain affordability, the proposed architecture uses readily available hardware and 
lightweight machine learning models that can operate on low-cost computing platforms. The system is 
intended to be suitable for residential rooftops, educational institutions, small commercial establishments, 
and rural electrification applications. 

The research establishes a methodology for evaluating system performance in terms of energy 
generation, prediction accuracy, fault detection, operational cost, and overall economic feasibility. Rather 
than assuming that AI automatically improves efficiency, the study proposes a comparative evaluation 
between a conventional solar system and an AI-assisted system. The framework aims to identify whether 
the additional investment in AI hardware and software can be justified by improved energy utilization, 
reduced maintenance expenditure, and lower lifecycle costs.  
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1.INTRODUCTION: 
The increasing demand for 
electricity and the environmental 
impacts associated with 
conventional energy generation 
have encouraged the adoption of 
renewable energy technologies. 
Among these technologies, solar 
photovoltaic systems have become 
an important option because they  

can convert sunlight directly into 
electrical energy and can be 
deployed at different scales. 
Despite their advantages, solar PV 
systems are affected by variations 
in solar irradiance, ambient 
temperature, partial shading, dust 
accumulation, component 
degradation, and electrical faults. 
These factors can reduce energy  
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production and increase maintenance requirements. 
Conventional solar installations commonly use predefined control strategies to regulate energy 

conversion. Although these methods are comparatively inexpensive and reliable, they may not respond 
optimally to all operating conditions. 

Artificial Intelligence can improve the decision-making capabilities of solar installations by 
learning from historical and real-time data. Machine learning models can predict energy generation, 
identify unusual operating conditions, estimate maintenance requirements, and support intelligent 
decisions about when to store, consume, or export electricity. 

Recent research has investigated AI applications in photovoltaic system design, power 
forecasting, fault diagnosis, and maximum power point tracking. Reviews published in 2023 and 2024 
describe the development of intelligent control strategies and the potential advantages of AI-based 
photovoltaic monitoring and optimization [1], [2]. 

However, sophisticated AI systems may introduce additional costs through sensors, computing 
hardware, communication infrastructure, software development, and maintenance. Therefore, a 
practical solution must balance performance improvements against implementation expenses. 

This research focuses on developing an affordable AI-assisted solar energy system using low-
cost hardware and computationally efficient algorithms. 

 
1.1 Problem Statement 

Conventional solar PV systems can experience energy losses and higher operating costs because 
of changing environmental conditions, undetected faults, suboptimal energy management, and 
maintenance performed without sufficient information about component condition. 

Although AI techniques can address these issues, their implementation may be expensive or 
unnecessarily complex for small installations. 

 
The central research problem is therefore: 
How can AI techniques be integrated into a solar PV system to improve energy utilization, 
operational reliability, and maintenance efficiency without significantly increasing the total cost 
of the installation? 
1.2 Aim of the Research 
The primary aim is to design and evaluate a cost-effective AI-assisted solar energy system that 
improves monitoring, forecasting, fault identification, and energy management. 
 
1.3 Research Objectives 
The specific objectives are: 
1. To develop an affordable architecture combining solar PV hardware, environmental sensors, and 

AI-based monitoring. 
2. To implement a machine learning model for short-term solar power generation forecasting. 
3. To investigate intelligent methods for identifying abnormal electrical and environmental conditions. 
4. To evaluate the potential application of AI-assisted maximum power point tracking. 
5. To optimize the use of generated electricity according to demand and battery state of charge. 
6. To compare the performance and lifecycle costs of conventional and AI-assisted solar systems. 
7. To determine whether the benefits of AI justify its additional implementation and maintenance 

costs. 
 
2. LITERATURE REVIEW 
2.1 Artificial Intelligence in Solar Energy 

AI includes computational methods that analyze data, identify patterns, and support decisions. 
Machine learning is particularly relevant to solar energy because PV performance depends on several 
interacting variables, many of which change over time. 
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Common techniques include: 
 Artificial Neural Networks (ANN) 
 Random Forest 
 Support Vector Regression (SVR) 
 Decision Trees 
 Long Short-Term Memory Networks (LSTM) 
 Fuzzy Logic 
 Reinforcement Learning 

The appropriate method depends on the application, available data, computing resources, and 
required response time. 

For a small rooftop installation, a Random Forest model or a lightweight regression model may 
be more economical than a large deep-learning network. 
 
2.2 AI-Based Solar Power Forecasting 

Solar generation varies with irradiance, temperature, cloud cover, and other environmental 
factors. Accurate forecasts can help households and businesses schedule energy consumption and 
battery charging. 

Machine learning models can use historical power generation and weather measurements to 
estimate future output. 
 
Possible input variables include: 
 Solar irradiance 
 Ambient temperature 
 PV module temperature 
 Relative humidity 
 Historical solar power generation 
 Time of day 
 Day of the year 
 Weather conditions, when available 

The predicted power output can be used by an energy management controller to determine 
whether stored energy should be reserved for later consumption or whether flexible electrical loads 
should operate immediately. 

A 2026 scoping review of AI-based solar forecasting identifies forecasting accuracy, data quality, 
uncertainty estimation, and transferability between locations as important considerations when 
deploying these models [3]. 
 
2.3 AI-Based Maximum Power Point Tracking 

Maximum Power Point Tracking (MPPT) is used to operate a PV array near the voltage and 
current combination that produces its maximum available power. 

Traditional methods include Perturb and Observe (P&O) and Incremental Conductance. 
These methods are widely used because they are comparatively simple and economical. 

However, rapid environmental changes and partial shading can complicate the tracking process. 
AI-assisted techniques, including neural networks and fuzzy logic controllers, can estimate 

suitable operating conditions and adapt control decisions to changing environmental conditions. 
Yap, Sarimuthu, and Lim reviewed AI-based MPPT techniques and discussed their potential 

advantages, implementation challenges, and computational costs [4]. 
For a cost-effective system, the proposed research recommends retaining a conventional MPPT 

controller when it offers satisfactory performance. AI should be introduced only when measurable 
improvements justify the additional expense. 
 
 



 
 
IMPLEMENTATION OF ARTIFICIAL INTELLIGENCE IN DEVELOPING A COST-EFFECTIVE ……. VOLUME - 8 | Issue - 11 | August - 2019 

________________________________________________________________________________________ 

________________________________________________________________________________________ 
Journal for all Subjects : www.lbp.world 

4 
 

 

2.4 Predictive Maintenance and Fault Detection 
Solar installations can develop problems such as: 
 Dust accumulation and shading 
 Abnormal module temperature 
 Loose or damaged electrical connections 
 Unexpected reductions in power generation 
 Sensor malfunction 
 Inverter faults 
 Battery degradation 

Traditional maintenance may depend on scheduled inspections or alarms based on fixed 
thresholds. 

An AI-assisted monitoring system can compare actual performance with expected performance 
under similar environmental conditions. Large or persistent deviations can trigger an alert for further 
inspection. 

For example, if a PV array produces substantially less power than expected under comparable 
irradiance and temperature conditions, the system can flag a possible problem. 

However, reduced output does not automatically prove that a panel is defective. Cloud 
movement, sensor errors, shading, inverter limitations, and other factors must also be considered. 

AI-based fault detection should therefore support, rather than replace, appropriate electrical 
testing and professional maintenance. 
 
2.5 Intelligent Energy Management 

A solar installation may supply electricity directly to loads, charge a battery, or export surplus 
electricity to the grid. 

The best choice depends on expected generation, electricity demand, battery condition, tariff 
structure, and grid-export arrangements. 

AI-based forecasting can support decisions about energy allocation. 
For example, when high solar generation is predicted, flexible loads such as water pumping may 

be scheduled during the daytime. When lower generation is expected, battery charging and electricity 
consumption can be planned accordingly. 

The economic benefit depends on the installation's actual operating conditions. Grid-connected 
systems with limited export compensation may have different optimization priorities from off-grid 
systems. 
 
3. PROPOSED SYSTEM ARCHITECTURE 
3.1 Overview 

The proposed system integrates a solar PV array, a charge controller or inverter, environmental 
sensors, electrical measurement devices, a processing unit, and an AI-based decision-support system. 

The design is modular so that a basic installation can operate without expensive computing 
hardware. Additional functions can be introduced when they offer sufficient practical value. 

 
The main components are: 
1. Solar PV panels 
2. Voltage and current sensors 
3. Temperature sensor 
4. Irradiance sensor, where economically feasible 
5. Microcontroller or low-cost computing device 
6. Conventional MPPT charge controller or compatible inverter 
7. Battery and battery management system, where applicable 
8. AI forecasting and anomaly-detection software 
9. User interface for monitoring and alerts 



 
 
IMPLEMENTATION OF ARTIFICIAL INTELLIGENCE IN DEVELOPING A COST-EFFECTIVE ……. VOLUME - 8 | Issue - 11 | August - 2019 

________________________________________________________________________________________ 

________________________________________________________________________________________ 
Journal for all Subjects : www.lbp.world 

5 
 

 

10. Energy management controller 
 
3.2 System Workflow 
The system operates according to the following sequence: 
 
Step 1: Data acquisition 
Sensors collect electrical measurements, environmental parameters, and energy consumption data. 
Step 2: Data preprocessing 
The processing unit checks missing values, removes invalid measurements, identifies sensor errors, and 
prepares the data for analysis. 
Step 3: Solar generation forecasting 
A trained machine learning model estimates the expected PV output over a selected forecasting horizon. 
Step 4: Performance monitoring 
The system compares measured power with expected power to identify unusual deviations. 
Step 5: Fault alerts 
If a deviation exceeds a defined threshold for a sufficient period, the system generates an alert for 
investigation. 
Step 6: Energy management 
The controller uses predicted generation, load demand, and battery state of charge to support charging 
and consumption decisions. 
Step 7: Performance evaluation 
The system records energy generation, forecast errors, fault alerts, electricity costs, and maintenance 
events. 
 
3.3 Proposed Block Diagram 

Solar PV Array 
↓ 

MPPT Controller / Solar Inverter 
↓ 

Electrical Measurements and Environmental Sensors 
↓ 

Microcontroller / Low-Cost Computing Unit 
↓ 

Data Preprocessing and Storage 
↓ 

AI Forecasting + Anomaly Detection 
↓ 

Energy Management Decision Support 
↓ 

Loads / Battery / Grid, as applicable 
↓ 

Monitoring Dashboard and Maintenance Alerts 
 

The conventional inverter and its electrical protection systems remain responsible for safe 
power conversion and protection. The AI layer provides supplementary monitoring and optimization 
functions. 

AI commands must not bypass inverter protections, battery management systems, electrical 
isolation requirements, or manufacturer-specified operating limits. 
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4. RESEARCH METHODOLOGY 
4.1 Research Design 

The study adopts a design-and-evaluation approach. The proposed system will be developed 
and compared with a conventional solar installation or a corresponding baseline simulation. 

 
The methodology consists of five phases: 
1. System design and hardware selection 
2. Data collection and preprocessing 
3. AI model development 
4. Performance comparison 
5. Economic feasibility analysis 

The proposed methodology can be implemented through MATLAB/Simulink, Python, or a 
hardware prototype. 
 
4.2 Hardware Requirements 
A prototype may use the following components: 

Component Purpose 

Solar PV module or existing solar installation Electricity generation 
Voltage and current sensors Measurement of electrical performance 
Temperature sensor Monitoring of ambient or module temperature 
Irradiance sensor Measurement of available solar radiation 
ESP32 or similar microcontroller Sensor acquisition and communication 
Raspberry Pi or computer, if required Local model training or inference 
Compatible inverter or MPPT controller Power conversion and PV operating-point control 
Battery and compatible BMS, if required Energy storage and protection 
Data logging software Recording and analysis 
Dashboard Displaying measurements, forecasts, and alerts 

 
A Raspberry Pi or dedicated computer is not essential if the selected model can run on an 

existing computer or a capable microcontroller. 
For cost control, existing inverter telemetry and publicly available weather data may be used 

where appropriate and reliable. Sensor selection should be based on the accuracy needed for the 
intended application. 
 
4.3 Data Collection 
The proposed model uses historical and real-time measurements. 
 
A suitable dataset should contain: 
 Timestamp 
 PV voltage 
 PV current 
 PV power 
 Solar irradiance 
 Ambient temperature 
 Module temperature, if available 
 Energy consumption 
 Battery state of charge, if applicable 
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 Weather information, if available 
 Maintenance events and known faults 

The data should represent different operating conditions, including clear skies, cloudy periods, 
high temperatures, and variations in electricity demand. 

For a preliminary prototype, measurements may be recorded at regular intervals, such as every 
five minutes. The sampling frequency should be adjusted according to the application and sensor 
capabilities. 

A longer dataset is preferable for capturing seasonal variation. 
 
4.4 Data Preprocessing 
The collected data should be checked for accuracy before model training. 
The preprocessing procedure includes: 
1. Removing duplicate timestamps. 
2. Identifying missing or invalid sensor readings. 
3. Checking measurements against physically plausible operating ranges. 
4. Synchronizing environmental and electrical measurements. 
5. Creating time-based features. 
6. Separating training, validation, and test periods chronologically. 

Randomly distributing adjacent time-series observations across training and testing sets may 
lead to overly optimistic performance estimates. A chronological split is therefore recommended. 
 
5. PERFORMANCE EVALUATION 
The proposed framework should be evaluated using technical and economic indicators. 
 
5.1 Forecasting Accuracy 
Mean Absolute Error (MAE): 
[ 
MAE=\frac{1}{N}\sum_{i=1}^{N}|P_i-\hat{P}_i| 
] 
Root Mean Square Error (RMSE): 
[ 
RMSE=\sqrt{\frac{1}{N}\sum_{i=1}^{N}(P_i-\hat{P}_i)^2} 
] 
Where: 
 �P_i� = measured PV power 
 �\hat{P}_i� = predicted PV power 
 �N� = number of observations 
Lower MAE and RMSE values indicate more accurate forecasts on the evaluated dataset. 
 
5.2 Energy Generation 
Total energy generation over the observation period is: 
[ 
E_{\text{PV}}=\sum_{i=1}^{N}P_i\Delta t 
] 

Where power is measured in kilowatts and the interval �\Delta t� is measured in hours, the 
result is in kilowatt-hours. 

Energy generation should be compared under equivalent environmental conditions or 
evaluated using a suitable normalized baseline. 
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5.3 Fault Detection 
Fault-detection performance can be evaluated using: 
 Precision 
 Recall 
 F1-score 
 False-alarm rate 
 Detection delay 

The study should distinguish between known faults and simulated anomalies. Performance on 
artificially generated anomalies does not necessarily establish performance on real equipment failures. 

 
6. ILLUSTRATIVE COST ANALYSIS 
To investigate affordability, a small rooftop installation can be used as an example. 

The following table provides illustrative planning ranges in Indian rupees, not verified 
current quotations. Actual costs depend on system capacity, existing equipment, component quality, 
installation location, and whether the installation is grid-connected or off-grid. 

 
Component Illustrative cost 

Low-cost voltage and current measurement hardware `1,000–`3,000 
Temperature and environmental sensors `500–`2,500 
Microcontroller and communication hardware `500–`1,500 
Optional local computing device `5,000–`10,000 
Wiring, enclosures, and miscellaneous hardware `1,000–`3,000 

Software development Variable; may be reduced using open-source 
tools 

These estimates exclude the solar panels, inverter, battery, and standard installation costs 
because the proposed AI layer may be added to an existing solar installation. 

For an economical prototype, the system should use an existing computer for model 
development and a low-cost microcontroller for data collection wherever practical. 

The optional computing device may be unnecessary if the selected model can run on existing 
hardware. 
 
6.1 Cost-Reduction Strategies 
The following strategies can reduce implementation costs: 
1. Use open-source tools such as Python and suitable machine learning libraries. 
2. Start with a small, interpretable model rather than a computationally expensive deep-learning 

architecture. 
3. Reuse compatible sensors and telemetry already present in the inverter. 
4. Use local data processing to reduce dependence on paid cloud services. 
5. Develop and validate the forecasting model before purchasing additional hardware. 
6. Add AI-assisted MPPT only if its measured benefit exceeds the incremental cost. 
7. Use modular hardware so that monitoring and forecasting can be implemented before advanced 

control features. 
The economic evaluation must include the cost of model development, installation, 

maintenance, and replacement, not merely the purchase price of the microcontroller. 
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7. EXPECTED RESULTS AND DISCUSSION 
The following are research hypotheses and expected outcomes, not measured results. 
 
7.1 Improved Monitoring 
The proposed system is expected to provide more detailed information about solar power generation, 
temperature variations, and abnormal operating conditions than a basic monitoring arrangement. 
This may help identify problems that would otherwise remain unnoticed until a manual inspection or a 
substantial loss of generation. 
 
7.2 Better Short-Term Forecasting 
The machine learning model is expected to capture relationships between environmental conditions 
and PV output. 
However, the extent of improvement will depend on the quality and quantity of the training data, the 
local climate, and the selected forecasting horizon. 
The model must be tested against simple baselines before any claim of superior accuracy is made. 
 
7.3 Potential Reduction in Maintenance Costs 
Early identification of persistent performance deviations may reduce unnecessary inspection visits and 
help maintenance personnel prioritize genuine problems. 
Nevertheless, AI-generated alerts can also produce false alarms. Their economic value depends on 
whether they improve maintenance decisions sufficiently to offset the cost of monitoring and 
investigation. 
 
7.4 Improved Energy Utilization 
Forecast-informed scheduling may increase the use of solar electricity at the time it is generated. 
For systems with batteries, better scheduling may improve battery utilization, provided that the control 
strategy accounts for conversion losses, battery degradation, and operating constraints. 
The benefits will depend on the user's load profile and the local electricity tariff. 
 
7.5 Economic Feasibility 
The additional investment in AI is expected to be more attractive when: 
 The installation experiences significant avoidable energy losses. 
 Maintenance visits are expensive or difficult to arrange. 
 Electricity tariffs create a meaningful benefit from improved self-consumption. 
 Existing sensors and computing resources can be reused. 
 The system operates for enough years to recover the additional investment. 
For small installations with reliable conventional controllers and inexpensive maintenance, the cost of 
AI may exceed the financial benefits. 
 
7.6 Recommended Results Table 
After simulation or hardware testing, the following table should be completed using actual 
measurements. 
Evaluation parameter Conventional system AI-assisted system 

Forecasting MAE To be measured To be measured 
Forecasting RMSE To be measured To be measured 
Energy generation (kWh) To be measured To be measured 
Useful solar energy consumed (kWh) To be measured To be measured 
Fault-detection recall Baseline or not applicable To be measured 
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False-alarm rate To be measured, if applicable To be measured 
Annual maintenance cost To be measured To be measured 
Additional AI investment Not applicable To be measured 
Annual net economic benefit Baseline To be calculated 
Payback period Not applicable To be calculated 

No numerical improvement should be reported until the relevant measurements or validated 
simulation results are available. 
 
8. CHALLENGES AND LIMITATIONS 
8.1 Data Availability 
AI models require representative data. Small installations may not have sufficient historical 
observations to train reliable models. 
Public datasets can help during development, but local validation is necessary because environmental 
conditions and system characteristics vary. 
 
8.2 Sensor Accuracy 
Low-cost sensors may introduce measurement errors. Incorrect readings can reduce forecasting 
accuracy and generate false fault alerts. 
Sensor calibration and periodic verification are therefore important. 
 
8.3 Computational Cost 
Deep-learning models can require more processing power, memory, and energy than simpler models. 
For cost-sensitive installations, lightweight models should be evaluated first. 
 
8.4 Changing Environmental Conditions 
A model trained under one set of weather conditions may perform poorly under different seasonal or 
geographical conditions. 
Periodic evaluation and retraining may be necessary. 
 
8.5 Cybersecurity and Privacy 
Internet-connected solar systems may be exposed to unauthorized access or data manipulation. 
Secure communication, access controls, software updates, and protection of control interfaces are 
important. 
 
8.6 Safety and Reliability 
AI should not replace certified inverter protections, battery management systems, or electrical safety 
mechanisms. 
The system must fail safely if sensor readings are unavailable, communication is interrupted, or the AI 
model produces invalid output. 
 
8.7 Economic Uncertainty 
Energy tariffs, maintenance costs, equipment prices, battery replacement costs, and actual system 
performance can change over time. 
A sensitivity analysis should therefore be performed before claiming that AI makes the overall 
installation cheaper. 
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9. FUTURE SCOPE 
Further research can extend the proposed framework in several directions. 
 
9.1 Digital Twin Integration 
A digital twin can represent the operating condition of a physical solar installation and compare 
expected performance with actual measurements. 
This may support fault investigation, maintenance planning, and evaluation of alternative control 
strategies. 
 
9.2 Edge AI 
Edge AI allows models to operate close to the sensors rather than relying entirely on remote servers. 
This can reduce communication requirements and improve operation during internet interruptions. 
 
9.3 Reinforcement Learning 
Reinforcement learning may be investigated for optimizing battery charging, flexible load scheduling, 
and grid interaction. 
However, safe operating constraints and realistic electricity tariffs must be included in the evaluation. 
 
9.4 Automated Dust and Shading Detection 
Additional sensors or camera-based techniques may help distinguish performance losses caused by 
shading or soiling from other faults. 
The cost of the sensors and the reliability of the diagnosis must be assessed. 
 
9.5 Large-Scale Field Testing 
The proposed system should be tested at multiple locations and under different environmental 
conditions. 
Long-term field trials would provide stronger evidence about model reliability, maintenance savings, 
and economic feasibility. 
 
10. CONCLUSION 

Artificial Intelligence has the potential to improve the monitoring, forecasting, maintenance, and 
energy management of solar photovoltaic systems. However, the use of AI does not automatically 
guarantee higher energy generation or lower total costs. 

This research proposes a modular, cost-effective AI-assisted solar energy framework that 
combines low-cost sensing hardware, machine learning, anomaly detection, and intelligent energy 
management. 

The design emphasizes the use of existing inverter data, open-source software, lightweight 
algorithms, and conventional control equipment wherever these provide adequate performance. This 
approach can reduce unnecessary hardware expenditure while retaining the option to introduce more 
advanced AI functions when justified by experimental evidence. 

The proposed evaluation methodology compares conventional and AI-assisted systems using 
forecasting accuracy, energy utilization, fault-detection performance, maintenance expenditure, 
incremental investment, and lifecycle economics. 

The central contribution of this work is a practical framework for determining when AI can 
deliver measurable value in solar energy applications. Actual hardware testing or validated simulation 
is required to establish the size of any performance improvement and whether the additional 
investment is economically justified. 

In conclusion, the most cost-effective approach is not necessarily to build the most 
intelligent solar system, but to implement the simplest AI solution that produces a measurable 
improvement in performance, reliability, or lifecycle cost. 
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