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ABSTRACT 

This article explores how IoT-based predictive maintenance solutions help to reinforce electrical grid 

infrastructure to overcome weaknesses of conventional reactive and time-based approaches. The aim is to assess 

the effectiveness of the IoT enabled monitoring, predictive tools, and data-driven maintenance scheduling to 

enhance the efficiency of grids, their reliability, and resiliency. The secondary data approach was utilized, and 

evidence was synthesized in form of peer-reviewed articles, systematic reviews, and technical reports of smart 

grid, AI, and IoT application. The findings in the early analyses of the IoT frameworks in use with real-time 

sensors revealed that the frameworks achieved as high as 94 per cent accuracy in monitoring the deviation in 

transformer condition and reduced latency by 2.8s to 0.7s of that using fog computing. LSTM and RNN predictive 

models showed more than 90 percent accuracy in the prediction of early fault detection with a decrease in false 

positive interactions of 22 percent over the usual models. There were also substantial savings in costs as 

downtimes were reduced by more than 25% and maintenance costs were reduced by more than a 30% margin. 

The research proves the role of predictive maintenance enabled by IoT technology as a crucial vehicle in long-

term smart grid management despite the challenges that include cybersecurity and scalability issues. 
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INTRODUCTION 

Electrical grid infrastructure maintenance has gone through massive reinvention because of the integration of 

Internet of Things (IoT) technologies that have enabled intelligent data driven systems supplanting the previous 

conventional methodologies. Predictive maintenance refines predictability using real-time sensor data and 

advanced analytics as well as machine learning algorithms to more accurately forecast when a future failure is 

likely to take place to reduce the time under maintenance and maximize asset life. Transmission lines, 

transformers, circuit breakers, etc. are fitted out with IoT-connected devices that continuously check temperature, 

vibration, changes in the load, and insulation levels. This data is sent to cloud-based systems via secure 

communication protocols, which predictive algorithms detect anomalies and degradation patterns in. In 

comparison to the scheduled or reactive maintenance, the IoT predictive maintenance minimizes operational 

costs, improves the reliability of the systems and promotes sustainability in grids. This therefore provides the 

solution to smarter, resilient and energy-efficient power distribution system that is on a steady rise. 

OBJECTIVES 

● To analyse an IoT-enabled monitoring framework for grid infrastructure assets. 

● To develop predictive algorithms for failure detection and maintenance scheduling. 

● To evaluate cost-efficiency and reliability improvements through predictive maintenance. 

● To ensure data security and scalability in IoT-based grid monitoring systems. 

LITERATURE REVIEW 

The work of Thatikonda (2023) introduces the adaptive predictive maintenance optimization algorithm fitted to 

the functions of intelligent electric grids. The analysis also stressed the fact that both adaptive learning model and 

condition-monitoring information should be incorporated in order to optimize asset maintenance schedules in a 

dynamic manner. The research was able to prove that it has better fault diagnosis of the grid components like the 
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transformers and the circuit breakers by using optimization algorithms. The paper has emphasized the points of 

decreasing the downtimes and increase the duration of assets by adopting data-driven maintenance rather than 

maintenance based on time. Critically, the paper has also highlighted the adaptive algorithms, which help in 

managing uncertain conditions of operation, to provide smart grids with scalable solutions of grid infrastructure. 

The outcomes have shown cost savings and operational consistency that can be measured. 

A systematic review was developed by Nuruzzaman et al. (2025) on predictive maintenance in power 

transformers based on approaches of AI application and IoT. The authors discussed different methods such as 

neural networks, support vector machines, and deep learning in transformer fault diagnosis. In the review, it was 

highlighted that IoT-enabled sensors are effective in continuously measuring temperature, dissolved gas, and 

insulation resistance. The most important findings were that models based on AI would dramatically enhance 

early recognition of faults that minimize the possibility of a transformer being damaged catastrophically. The 

paper also identified limitations like imbalance of data, threats to cybersecurity and scalability problems. Their 

effort was able to give a complete expounding of the integration of AI and IoT in transformer maintenance. 

Erhueh et al. (2024) addressed the application of IoT in energy infrastructure and identified the most important 

lessons related to its operations and maintenance. The paper examined case studies of international energy grids 

that were enhanced by IoT machine monitoring, which increased predictive analysis and effectiveness of 

operation. These authors have highlighted the significance of real time in monitoring devices in the reduction of 

unplanned outages and enhancement in energy availability. Also, the study discussed the issues, such as 

interoperability, data security and network latency, indicating the necessity of effective communication 

frameworks. The paper summed up that IoT as a strategic approach would allow the transition of reactive to 

predictive maintenance in a sustainable and resilient infrastructure regarding energy infrastructures. 

Mohammed et al. (2023) proposed an predictive maintenance system that leverages the capabilities of IoT and 

machine learning and is specifically applicable to the electrical motor subsystems of grid systems. The research 

implemented vibration, current and temperature sensors that were linked to cloud platforms to provide constant 

supervision. Random forest and gradient boosting were used as machine learning models to effectively identify 

faults and fail to predict them. The results were that there were very high improvements in terms of maintenance 

planning and energy losses credited to motor inefficiencies. The study also covered the problem of sensor 

correction, time delays, and real-time decision support. The paper ended by stating that integration of IoT and 

machine learning produces dependable and transferable maintenance answers. 

The approach proposed by Omol et al. (2024) was aimed at predictive maintenance in IoT connected sensors in 

smart grids. The authors used both supervised and unsupervised machine learning algorithms, such as the k-means 

clustering, support vector machines, and autoencoders, to select the anomalous operating patterns. In their 

research, data-driven anomaly detection was found to allow early detection of grid system equipment degradation 

and future failure. OT sensors were able to give us round the clock readings on parameters which include voltage 

stability and load changes. The study indicated better decision making in regard to maintaining schedules whilst 

taking into consideration issues of false positivity and big data processing. The results supported the contribution 

brought by machine learning on smart grid resilience. 

METHODOLOGY 

The research method used in this paper is secondary data based as it resorts to the use of the published articles, 

systematic reviews and technical reports on the predictive maintenance of electrical grid systems using IoT. The 

advantages associated with the use of secondary data are that it is difficult to compile varied results of empirical 

research in different studies.  

Using these works as previously established literature, the study incorporates tried and tested algorithms, fault 

detection models and grid performance indicators without having to perform a primary experiment. Secondary 

data allows making a comparative analysis of such methods as LSTM, RNN, and ARIMA in different contexts in 

order to identify the advantages of each one. It also allows access to huge-scale industrial outcomes which are 
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vires dubia to replicate to replicate in one study. This approach is promising and confirms a high level of 

reliability, expansion of the volume, and economy with a decrease in time limits. As a result, the research rigor is 

improved by the synthesis of valid evidence to determine the success and the scalability of the IoT-based 

predictive maintenance frameworks. 

RESULT AND DISCUSSION 

Effectiveness of IoT-Enabled Monitoring Framework in Grid Asset Management 

The impact in the real-time grid asset management has demonstrated high technical strength in the use of the IoT-

enabled monitoring. According to Mahmoud et al. (2021), the fault monitoring system achieved using IoT 

minimized the number of transformer breakdowns by approximately 28 percent because the system continuously 

monitors the parameters such as partial discharge levels, oil temperature, and variation of loads. Bajwa et al. 

(2025) designed an IoT-based transformer with the help of LoRaWAN sensors and cloud-based analytics with the 

accuracy level of 94 in detecting the capabilities of destroying insulation through DGA. 

Table 1: Effectiveness of IoT-Enabled Monitoring Framework in Grid Asset Management 

Study/Author Technology Used Metric Improved Reported Value 

Mahmoud et al. (2021) IoT fault monitoring Reduction in 

transformer breakdowns 

28% 

Bajwa et al. (2025) IoT + LoRaWAN 

sensors 

Accuracy in insulation 

deterioration detection 

94% 

Teoh et al. (2021) IoT + Fog computing Latency reduction in 

monitoring 

2.8s → 0.7s 

Rana (2025) IoT + Digital twins Improvement in failure 

prediction accuracy 

31% 

Prolonged latency in condition monitoring can delay anomaly detection, IoT-based fog computing reduced 

condition monitoring latency, by 2.8 seconds, to 0.7 seconds (Teoh et al., 2021). Rana (2025) humanity has 

witnessed a 31 percent increase in asset failure prediction accuracy through the utilization of IoT framework and 

digital twins’ partnerships to generate autonomous responses to self-healing. The above findings reaffirm that by 

providing better asset visibility, IoT-based frameworks not only increase the life times of equipment but also 

dramatically increase the Mean Time Between Failures (MTBF) of transformers and breakers by measurable 

margins. 

Performance of Predictive Algorithms in Early Failure Detection 

Predictive algorithms trained off sensor data on the internet of things exhibit high accuracies in the prediction of 

incipient failures. Mirshekali et al. (2023) has compared time-series models, and the LSTM networks used in 

load-imbalance faults demonstrated 93.7% prediction accuracy compared to 81.2% predicted by ARIMA. 

According to Goyal et al. (2024), LSTM models also achieved 22% fewer false positives than the SVMs in fault 

detection with an overall F1-score of 0.91. Jabakumar and Dhablia (2022) used smart city IoT data on Recurrent 

Neural Networks and reported an increase by 17 per cent in the recall rate in detecting early transformation 

failures in feeders. 

Table 2: Performance of Predictive Algorithms in Early Failure Detection 

Study/Author Algorithm/Model 

Tested 

Accuracy/Metric Reported 

Value 

Mirshekali et al. (2023) LSTM vs ARIMA LSTM = 93.7%, ARIMA = 81.2% 

Goyal et al. (2024) LSTM vs SVM False positive reduction 22% 

Jabakumar & Dhablia 

(2022) 

RNN Recall rate improvement 17% 
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Mahmoud et al. (2021) Decision Tree + k-NN 

hybrid 

Fault classification 

accuracy 

90%+ 

Rana (2025) Digital twin-based 

algorithms 

Reduction in detection 

delay 

35% 

Mahmoud et al. (2021) pointed out that fault classification increased to over 90% accuracy when hybrid ML 

models were used to combine decision trees and k-NN, as compared to traditional threshold-based monitoring. 

 
Figure 1: Systematic Architecture of Predictive Analytics 

(Source: Teoh et al. 2021) 

A Rana (2025) also illustrated that algorithms that were supported by digital twins decreased detection on average 

by 35%, leaving maintenance teams with much time to act on a tool before they escalated to failure conditions. 

These findings raise the value of predictive algorithms in analyzing highly non-linear high-dimensional streams of 

IoT data to protect early failure intervention. 
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Impact of Predictive Maintenance on Cost-Efficiency and Reliability 

The economic efficiency of maintenance frameworks and the grid reliability are directly improved by predictive 

maintenance frameworks. According to Teoh et al., (2021) predictive models reduced maintenance expenses by 

30.4 percent largely because of optimized scheduling of actions over transformer oil inspection and breaker 

service. Peruthambi et al. (2025) quantified the savings made in an Industrial IoT system by reporting a 25 

percent decrease in the maintenance downtime of the equipment and an 18 percent decrease in the loss of energy 

caused by the application of big data-driven models. Mahmoud et al. (2021) saw the improvement in the System 

Average Interruption Duration Index (SAIDI) by 22 min. per customer per year, which means that the reliability 

is higher. 

Table 3: Impact of Predictive Maintenance on Cost-Efficiency and Reliability 

Study/Author Maintenance Approach Improvement Metric Reported 

Value 

Teoh et al. (2021) IoT + ML predictive 

models 

Cost reduction 30.40% 

Peruthambi et al. 

(2025) 

Big data predictive 

systems 

Downtime reduction 25% 

Mahmoud et al. 

(2021) 

Predictive maintenance SAIDI improvement 22 

min/yr 

Rana (2025) AI + Digital twins Outage frequency reduction 19% 

Bajwa et al. (2025) IoT monitoring for 

transformers 

Extended service life 5–7 years 

Goyal et al. (2024) LSTM-based maintenance Reduction in unnecessary 

inspections 

40% 

Rana (2025) stressed that predictive maintenance with AI decreased the frequency of outages by 19%, and the 

digital twins reduced the unplanned downtime by 27%. Bajwa et al. (2025) said that its IoT-based device that 

monitors transformers increased the lifespan of the equipment by 5-7 years, making the cost associated with 

replacing it a lot lower. Another example provided by Goyal et al. (2024) is the LSTM-based prediction 

maintenance that lowered the number of unnecessary manual routine inspections by 40%, which is how the 

optimization of resource utilization was achieved. All of these findings demonstrate that predictive maintenance is 

not only cost-saving but also, it is reliable. It changes the reactive type of maintenance to an economy-optimized 

type of proactive one. 

Challenges of Data Security and Scalability in IoT-Based Grid Systems 

Although progress has been made, IoT-enabled predictive maintenance has considerable technical limitations with 

scalability and security. The at-risk areas identified in Mahmoud et al. (2021) are that over 35 percent of the 

surveyed IoT-powered grids faced attempted cyber-intrusion and this undermines data integrity security measures. 

Rana (2025) added that the predictive platforms built on AI but not integrated with blockchain networks are prone 

to manipulation of the data collected by their sensors and, consequently, the integrity of fault detection. Teoh et 

al. (2021) also demonstrated that fog/edge computing was needed to enable real-time analytics on centralized 

cloud storage as latencies of more than 1.6 seconds were recorded under heavy data loads. 

Table 4: Challenges of Data Security and Scalability in IoT-Based Grid Systems 

Study/Author Identified Challenge Measured Impact/Metric Reported 

Value 

Mahmoud et al. 

(2021) 

Cyber intrusion vulnerability Grids affected 35% 

Rana (2025) Lack of blockchain security Data integrity risk Qualitative 

Teoh et al. (2021) Cloud storage latency Delay increase under load +1.6s 
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Peruthambi et al. 

(2025) 

Big data computational 

demand 

Resource increase 40% 

higher 

Bajwa et al. (2025) Protocol interoperability Packet loss in IoT 

communication 

15% 

Mirshekali et al. 

(2023) 

Scaling time-series models Computation overhead 28% 

higher 

The predictive analytics with large data stream resulted in an increase of 40 percent on computational resources 

when we transitioned to many substations and therefore, this proved not feasible in resource-limit networks 

(Peruthambi et al., 2025). Also, Bajwa et al. (2025) observed problems of interoperability where they recorded 

15% loss in packets in IoT communication protocols that were not standardized and were operated among 

transformer devices. Mirshekali et al. (2023) also found that the scaling of time-series models to large assets 

increased computational overheads by ~28%, which is a bad element of anomaly detection in real-time. These 

results reinforce the conclusion that unless secure, interoperable and scalable architectures are provided, IoT-

based predictive maintenance cannot be strengthened to the fullest level in grid operations. 

CONCLUSION 

In this paper, the authors found that predictive maintenance using the Internet of Things could improve the 

performance, reliability and affordability of electrical grid infrastructure to a large extent. Results demonstrate 

that monitoring systems that are based on the use of IoT enhance the visibility of assets and increase equipment 

life with condition monitoring provided continuously. Predictive models, namely LSTM, RNN, and similar hybrid 

networks demonstrated high accuracy of fault detection and could theoretically have minimized the amounts of 

both early anomaly detection and false positives. There was also economic evidence like down time was reduced 

by more than 25 percent and maintenance cost reduced by more than 30 percent with an increase in reliability 

indices. The test is that cybersecurity, interoperability, and scalability of IoT systems are challenging. On the 

whole, the study shows that predictive maintenance schemes are an innovative leap towards active management of 

all assets, enabling flexible and sustainable operations of power grids. 
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