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INTRODUCTION

The current development of the global electricity system shows a significant paradigm shift from
conventional power grids to smart grids that integrate advanced information, communication, and
automation technologies. This transformation is driven not only by increasing energy demand globally,
but also by the demand for a more flexible, efficient and sustainable electricity system. Population
growth, rapid urbanization, and the expansion of the industrial and digital services sectors have
significantly increased the burden on the electricity grid, so that a centralized and passive conventional
system is no longer considered adequate to answer these challenges(Wang, 2025).

Smart grids are designed as modern electrical systems that are able to carry out adaptive
monitoring, analysis, and control of the grid through the use of smart sensors, two-way communication
systems, and large-scale data processing. The integration of this technology allows the flow of
information to take place in real-time between the generation, transmission, distribution, and end-
consumer components. Thus, the smart grid not only functions as an energy provider, but also as an
intelligent system capable of optimizing grid performance, reducing power loss, and improving the
quality and reliability of electricity supply(Chen et al., 2023).

In addition, the penetration of renewable energy sources such as solar and wind power has also
accelerated the adoption of smart grids in various countries. Although renewable energy offers
significant environmental benefits, its intermittent and unpredictable characteristics pose new
challenges in the management of the power grid. This variability in energy production requires an
electrical system that is able to adapt quickly to changing supply and load conditions. In this, the smart
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grid acts as a platform that enables the integration of renewable energy in a safer and more stable manner
through the use of real-time data and intelligent technology-based decision-making systems(Roomi et
al., 2023).

However, as the complexity of modern power grids increases, the potential for system failures is
also becoming increasingly diverse and difficult to predict. Disturbances in electrical systems are no
longer caused only by physical damage to components, but also by complex interactions between
devices, extreme load fluctuations, environmental disturbances, and nonlinear operational anomalies.
This condition is exacerbated by the high volume and speed of data generated by smart grid monitoring
devices, thus demanding analytical methods that are able to extract important information quickly and
accurately(Devika et al., 2025).

Conventional approaches to electrical system maintenance are generally still reactive or based on
static thresholds. These systems tend to only provide alerts when operational parameters have exceeded
certain values, so that corrective actions are only taken after a fault or failure has occurred. This kind
of maintenance pattern has the potential to cause significant losses, both economically and socially,
especially when system failures cause large-scale power outages. Therefore, the reactive approach is
considered less effective in dealing with complex smart grid dynamics and based on real-time data(A.
Kumar & Karthik, 2025).

The limitations of existing failure prediction systems suggest that many modern power grids have
not fully harnessed the potential of real-time data to support proactive decision-making. Continuously
collected operational data is often used only for basic monitoring purposes, without being analyzed in
depth to identify early patterns that indicate potential failures. As a result, opportunities to mitigate early
system disruptions are missed, so the risk of failure remains high even though smart grid infrastructure
is in place(Diaz-Bedoya et al., 2025).

In recent years, artificial intelligence, particularly deep learning algorithms, has attracted
widespread attention in the field of electrical engineering and power systems. Deep learning has a
superior ability to learn complex patterns and nonlinear relationships from large-scale data without the
need for manual feature design. Various previous studies have applied machine learning algorithms for
fault detection, fault type classification, and power system reliability analysis. However, most of these
studies still rely on historical data or static data collected periodically, so they do not fully represent the
actual condition of the rapidly changing power grid(Maulana, 2024).

State of the art research shows that the use of deep learning in electrical systems has evolved
from mere post-event analysis to proactive prediction efforts. Models such as convolutional neural
networks and recurrent neural networks have been used to recognize interference patterns in voltage
and current signals. Nonetheless, the main challenge still faces is how to effectively utilize real-time
data to improve the accuracy and timeliness of failure predictions. Many models are reported to perform
well on historical test data, but experience performance degradation when implemented in a dynamic
and uncertain operational environment(Verma & Rao, 2025).

The main problem in this study is rooted in the limitations of the existing failure prediction system
in accommodating the characteristics of the smart grid based on real-time data. Real-time data has high
volume, speed, and variability, thus demanding predictive models that are not only accurate, but also
adaptive and computationally efficient. The inability of prediction systems to process data directly can
lead to delays in fault detection, which ultimately increases the risk of outages and operational losses.
Therefore, an approach that is able to bridge the gap between the complexity of real-time data and the
need for precise failure prediction is needed(Bhattacharjee et al., 2023).

The research gap in this field lies in the lack of applied studies that specifically integrate deep
learning algorithms with real-time data flows on smart grid systems. Most studies still focus on testing
models in simulated environments or using pre-processed datasets. This condition leaves fundamental
questions about the effectiveness and reliability of deep learning models when faced with real-time data
that is noisy, incomplete, and constantly changing. In addition, there are still limited studies that discuss
how prediction models can contribute directly to operational decision-making in intelligent electrical
systems(Novfowan et al., 2023).

The uniqueness or novelty of this research lies in the application of deep learning algorithms
designed to utilize real-time data in predicting electricity system failures on smart grids. The research
emphasizes not only the accuracy of the model, but also on the system's ability to adapt to changing
network conditions in a sustainable manner. By utilizing real-time data flows, the predictive model
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developed is expected to be able to provide early warnings that are more accurate and relevant than
static data-based approaches. This contribution is the main differentiator from previous studies that are
still limited to retrospective analysis(Dhope et al., 2024).

Based on the background and gaps in the research, this study is designed to answer fundamental
questions related to how deep learning algorithms can be applied effectively in predicting electricity
system failures on smart grids based on real-time data. The research questions focused on the extent to
which deep learning models are able to improve the accuracy of failure predictions, how real-time data
characteristics affect model performance, and how prediction results can be leveraged to support more
reliable and efficient power grid management. The formulation of this problem is structured to ensure
that the research is not only exploratory, but also provides measurable answers to practical challenges
in the field(Karakan, 2024).

The main objective of this study is to develop and evaluate a model of predicting electricity
system failures based on deep learning algorithms by utilizing real-time data on the smart grid. In
particular, this study aims to analyze the performance of the model in detecting potential interference
early, identifying failure patterns that are not easily recognized with conventional methods, and
evaluating the reliability of the model in dynamic operational conditions. These goals are designed in
line with the needs of developing smart, adaptive and sustainable future energy systems(Yen et al.,
2025).

The benefits of this research can be reviewed from several aspects. Theoretically, this research
contributes to the enrichment of the study of electrical engineering and artificial intelligence by
expanding the understanding of the application of deep learning in real-time data-based electrical
systems. Academically, the results of this study are expected to be a reference for researchers and
academics in developing prediction models that are more robust and responsive to smart grid challenges.
In practical terms, this research provides direct implications for electricity system managers in improving
grid reliability, reducing the risk of blackouts, and supporting faster and more accurate data-driven
decision-making(T. V. V. P. Kumar et al., 2025).

However, this research also has limitations that need to be acknowledged. The scope of the study
is limited to specific types of data and scenarios that represent the conditions of the smart grid being
studied. The complexity of the electrical system in the real world is very diverse, allowing external
factors to be fully accommodated in the developed model. In addition, the limitation of computing
resources and the availability of quality real-time data can affect the generalization of research results
to a wider audience(Cambambi et al., 2024).

Based on these limitations, further research is recommended to expand the scope of the study by
integrating more operational variables, testing the model on a larger network scale, and exploring a
hybrid approach that combines deep learning with other analytical methods. Further research can also
focus on real-time aspects of system implementation in the operational environment, including
evaluation of long-term economic and reliability impacts. Thus, the development of an artificial
intelligence-based failure prediction system can further support the realization of a resilient and
sustainable smart grid(Liu et al., 2025).

LITERATURE REVIEW

The literature review in this study was compiled to build a strong theoretical foundation in
analyzing the application of deep learning algorithms to predict power system failures on smart grids
based on real-time data. The complexity of modern electrical systems demands a multidisciplinary
approach that relies not only on conventional power system theory, but also machine learning theory
and cyber-physical systems theory. Therefore, this study integrates three main theories that are relevant
and complementary, namely smart grid theory, deep learning theory, and predictive maintenance
theory(Paleti, 2025).

The first theory used in this study is the smart grid theory popularized by Amin Khodaei in 2012
when he was affiliated with Iowa State University, United States. Smart grid theory explains the
fundamental transformation in the electricity system from a passive conventional power grid to an
active, adaptive, and information-based smart power grid. In conventional systems, the flow of energy
and information runs one-way, so the system's ability to respond to interference is relatively limited. In
contrast, smart grids are designed to enable continuous monitoring of network conditions, two-way
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communication between system components, and integrated data-driven decision-making(Taleb et al.,
2025).

Within the framework of this theory, smart grid is understood as a socio-technical system that
combines electrical infrastructure with information and communication technology. The integration
allows for an overall increase in reliability, efficiency, and resiliency of the system. Smart grids not
only serve as energy providers, but also as smart systems capable of managing the complexity of modern
power grids. The existence of smart sensors, real-time-based measurement devices, and high-speed
communication systems make real-time data a central element in smart grid operations. This data is the
basis for the system to analyze network conditions, detect anomalies, and proactively respond to
changes before the disruption develops into a system failure(Leung, 2025).

The conceptual framework of smart grid theory is also strengthened by the view of Massoud
Amin in 2011 from the University of Minnesota, United States, who emphasized smart grids as adaptive
complex systems. According to Amin, a smart grid should be seen as a system consisting of various
subsystems that interact dynamically with each other, so that the overall behavior of the system cannot
always be predicted from the characteristics of each component alone. In this, the reliability of the
system no longer depends only on physical redundancy or spare capacity, but on the system's ability to
process information and make decisions intelligently(Mutlu, 2025).

Amin emphasized that smart grids must be able to anticipate disruptions through data-based
prediction and mitigation mechanisms. This approach places failure prediction as a strategic function
in the management of smart power grids. Systems that are able to predict potential disruptions early on
can take more effective preventive measures, such as load adjustments or maintenance scheduling, so
that the risk of failure can be minimized. This perspective is particularly relevant to this study because
it confirms the importance of developing a real-time data-based failure prediction system within the
framework of modern smart grids(Timmermans & Henneaux, 2024).

The current development of smart grid theory shows a shift in focus from just infrastructure
development to the integration of large-scale data analytics and artificial intelligence. Modern smart
grids not only generate large amounts of data, but also demand the ability of systems to extract
meaningful knowledge from that data. Therefore, smart grid theory has evolved into a digital ecosystem
concept that places data analysis and prediction as core elements. This development is in line with the
main problem of the research, namely the failure prediction system in the modern power grid is not
optimal even though smart grid infrastructure is available(Gipa & Olivia, 2025).

The second theory used in this study is the deep learning theory popularized by Geoffrey Hinton

in 2006 when he was affiliated with the University of Toronto, Canada. Deep learning is a machine
learning approach that uses layered neural networks to model complex nonlinear relationships in data.
This theory emphasizes the ability of models to learn automatically from raw data without the need for
manual feature design. This advantage makes deep learning very relevant to be applied to systems that
generate large, complex, and high-dimensional data, such as smart grids(supriyanto & Setiawan, 2025).
In electrical systems, deep learning allows for the analysis of interference patterns that are
difficult to recognize by statistical methods or conventional machine learning algorithms. Smart grid
operational data is generally multivariate, sequential, and influenced by many external factors. Deep
learning is able to capture the relationship between these variables through a layered learning process,
resulting in a more accurate and robust prediction model. Thus, deep learning theory provides a strong
methodological foundation for developing real-time data-driven failure prediction systems(Hadi &
Nasri, 2023).

The theoretical framework of deep learning was also described by Yann LeCun in 2015 from
New York University, United States, who emphasized the importance of neural network architecture in
capturing complex data structures. LeCun states that deep learning is particularly effective for
sequential and high-dimensional data, as certain network architectures are able to study temporal and
spatial patterns simultaneously. This view is very relevant to the characteristics of sensor data on smart
grids which are temporal, continuous, and interrelated between parameters(Hadi & Nasri, 2023).
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The latest developments in deep learning theory show an increasingly strong integration with
real-time systems and edge computing. Deep learning models are now designed to be more
computationally efficient and adaptive to data changes, so they can be applied directly to the operational
environment. This development answers the research gap that has been dominated by the use of
historical data and offline analysis. By associating deep learning theory with the problem of predicting
electrical system failure, this study places deep learning as a potential solution to improve the precision
and timeliness of interference detection on smart grids(Hu et al., 2023).

The third theory used is the predictive maintenance theory popularized by Andrew Jardine in
2006 from the University of Toronto, Canada. Predictive maintenance theory emphasizes a condition-
based and predictive approach to preventing failures before they occur. In contrast to reactive or fixed-
schedule-based maintenance, predictive maintenance leverages operational data to identify early signs
of component degradation, allowing for more targeted and efficient interventions(Hengkesa & Dewi,
2024).

The conceptual framework of predictive maintenance is also strengthened by the view of Jay Lee
in 2014 from the University of Cincinnati, United States. Lee emphasized that predictive maintenance
is an integral part of cyber-physical systems that connect data, analytical models, and decision-making.
In smart grids, this theory places failure prediction as the core mechanism for maintaining the reliability
and continuity of the system. The predicted results serve not only as technical information, but also as
the basis for operational actions and maintenance policies(Jeong et al., 2023).

Thus, the three theories complement each other in building a conceptual framework for research.
Smart grid theory provides a systemic perspective on the importance of real-time data and system
intelligence, deep learning theory offers an analytical approach to modeling data complexity, and
predictive maintenance theory connects predictive outcomes with proactive operational actions. The
integration of these three theories becomes a strong theoretical basis for research in answering the
problem of predicting electricity system failure on smart grids based on real-time data, while affirming
the scientific contribution and novelty of research in the development of future smart energy
systems(Jordan et al., 2023).

The current development of predictive maintenance theory shows the widespread adoption of
artificial intelligence algorithms to improve prediction accuracy. The integration of predictive
maintenance with deep learning allows the system to learn from real-time data and adjust the prediction
model continuously. This answers a research gap that is still limited to reactive or static threshold-based
maintenance approaches(Khaleghi et al., 2023).

The three theories complement each other in explaining the main problems of the research. Smart
grid theory provides a systemic framework that emphasizes the importance of real-time data, deep
learning theory offers an analytical approach to modeling data complexity, and predictive maintenance
theory links predictive outcomes to proactive maintenance actions. The integration of these three
theories is directly related to the research gap related to the lack of optimal failure prediction systems
in modern smart grids(Shrivastav & Srivastava, 2025).

In relation to the formulation of research problems, these theories provide a conceptual basis for
answering how deep learning algorithms can improve prediction of failures based on real-time data.
The research goal of developing more precise prediction models is also aligned with the theoretical and
practical benefits of all three theories. Theoretically, this study expands the application of deep learning
in smart grids. Academically, this research enriches the interdisciplinary study between electrical
engineering and artificial intelligence. In practical terms, the results of the study are expected to support
more reliable and efficient management of the power grid(Saberi et al., 2024).

In conclusion, the integration of smart grid theory, deep learning, and predictive maintenance
forms a solid conceptual foundation to answer the main problems and research gaps. All three theories,
supported by the views of experts, show that the use of real-time data and deep learning algorithms is
the latest development direction in intelligent electrical systems. This foundation emphasizes the
novelty of research that lies in the application of real-time data-based deep learning models for failure
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prediction, while clarifying the formulation of problems, objectives, and research benefits in the
development of intelligent and sustainable future energy systems(alkato & sakhnini, 2025).

RESEARCH METHODS

The research method in this study is designed to answer the problem of predicting electricity
system failure on the smart grid based on real-time data through a systematic, measurable, and in
accordance with the characteristics of modern electricity systems. Given the complexity of the data, the
operational dynamics of the power grid, and the research objectives oriented towards the development
of predictive models, this study uses a qualitative-technical research approach with the support of
computational analysis based on deep learning algorithms. This approach was chosen because it allows
researchers to deeply understand system operational processes, real-time data management, and
technical decision-making mechanisms underlying the application of failure prediction models.

The research design used is an exploratory case study research design with a systems engineering
approach. This design was chosen because the research focuses on an in-depth understanding of one
smart grid system that is used as the object of study, including the network architecture, real-time data
flow, and failure monitoring process. Exploratory case studies allow researchers to explore a
phenomenon that is still developing and does not yet fully have a standard standard, especially related
to the integration of deep learning in operational smart grid environments. The systems engineering
approach is used to design, test, and evaluate failure prediction models in a structured manner, from the
data acquisition stage to the interpretation of prediction results.

The location of this research was determined at the Jakarta Raya Distribution Regulatory
Implementation Unit (UP2D) of PT PLN (Persero) which is located at JI. Kramat Raya No. 102, Central
Jakarta, DKI Jakarta, Indonesia. The selection of this location is based on the characteristics of the
Greater Jakarta area as a center of economic, governmental, and industrial activities with very high
levels of electricity consumption and fluctuating load patterns all the time. This condition makes the
electricity distribution system in this region have high operational complexity and demand optimal
system reliability. In addition, UP2D Jakarta Raya is one of the units that has implemented the smart
grid concept gradually through the use of sensor technology, digital communication systems, and
monitoring platforms based on Supervisory Control and Data Acquisition (SCADA).

The presence of SCADA infrastructure and the Advanced Distribution Management System
(ADMS) system at the research site allows real-time collection of operational data from various points
on the distribution network. The data includes voltage, current, frequency, equipment status, and
indicators of interference that occur in the system. The availability of continuous and integrated real-
time data is a major factor in supporting the application of deep learning algorithms for the prediction
of electrical system failures. Therefore, UP2D Jakarta Raya is seen as a representative location to assess
the performance of failure prediction models in a real modern smart grid environment, not only in
simulation or laboratory conditions.

In addition to the technical aspect, the selection of the location of this research also considers the
readiness of the organization and human resources in supporting research activities. UP2D Jakarta Raya
has a clear organizational structure, experienced technical personnel, and a work culture that is based
on data and technology. This allows researchers to gain access to technical information, operational
documentation, and practical insights from actors directly involved in the management of the electricity
distribution system. Thus, the location of this research is not only technically relevant, but also strategic
in terms of implementation and operational policies.

In line with the research approach used, this research involves key informants who have a
strategic role in the management and operation of the electricity system at UP2D Greater Jakarta. The
number of informants was set purposively as many as five people by considering the representation of
managerial, technical, data analytics, and decision-making functions. The selection of informants was
carried out selectively to ensure that the data obtained reflected a comprehensive understanding of the
smart grid operational process, disruption handling mechanisms, and the challenges of implementing a
real-time data-based failure prediction system.
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The first informant is Ir. Budi Santoso, M.T., who serves as the Distribution Manager of UP2D
Jakarta Raya PT PLN (Persero). This informant was chosen because he has the main responsibility for
planning, supervising, and controlling the operation of the electricity distribution system in the Greater
Jakarta area. His managerial experience and understanding of the strategic policy of smart grid
management provides important perspectives on the need for failure prediction systems and their
implications for network reliability and customer service.

The second informant is Andi Pratama, S.T., M.Eng., who serves as a Senior Power System
Engineer at UP2D Greater Jakarta. This informant has first-hand experience in the maintenance of
distribution networks and handling technical glitches in the field. His involvement in the analysis of the
causes of disturbances and evaluation of equipment performance makes this informant relevant to
provide technical information related to system failure patterns and operational challenges faced in a
real-time data-based smart grid environment.

The third informant is Rina Wulandari, S.Kom., M.Kom., who serves as the Supervisor of
Information Technology and SCADA Systems. This informant is responsible for the management of
the data acquisition system, communication infrastructure, and operational data security. Its selection
is based on its strategic role in ensuring the quality, reliability, and continuity of real-time data that are
key inputs for deep learning algorithms. This informant's view is very important to understand the
limitations and potential of data processing in the smart grid.

The fourth informant is Dedi Kurniawan, S.Si., M.Stat., who serves as a Distribution Operational
Data Analyst. These informants are directly involved in the processing, visualization, and interpretation
of power grid operational data. His expertise in data analysis makes an important contribution in
explaining how real-time data can be used to support failure predictions as well as how the results of
analysis are translated into useful information for decision-makers.

The fifth informant is Dr. Lina Marlina, S.T., M.T., who serves as the Assistant Manager of
Distribution System Planning and Reliability. These informants play a role in decision-making related
to maintenance strategies, system reliability improvement, and medium- to long-term planning. His
selection was based on his ability to relate the results of technical analysis and failure prediction to the
overall operational policy and planning of the distribution system.

The selection of the five informants was based on the need for research to gain a holistic
understanding of the application of electricity system failure prediction to smart grids. The combination
of managerial, technical, information technology, data analysis, and systems planning backgrounds
allows researchers to dig into information from various complementary perspectives. Thus, the data
obtained is not only technical, but also reflects the organization and operational policies.

Through the determination of specific research locations and the selection of relevant informants,
this study is expected to be able to provide an accurate empirical picture of the actual conditions of
smart grid implementation and the challenges of predicting electricity system failures based on real-
time data. This approach strengthens the validity of research findings and increases the relevance of
research results for the development of smart electricity systems in Indonesia and globally.

The data collection technique in this study is carried out through several stages that complement
each other. The main data in the form of real-time operational data is collected from power grid sensors
that include voltage, current, frequency, and equipment status parameters. The data is obtained through
a monitoring system that has been integrated with smart grid infrastructure. In addition to quantitative
data, qualitative data was obtained through in-depth interviews with informants to explore
understanding of disruption patterns, experience of handling failures, and perceptions of the
effectiveness of existing prediction systems. Documentation techniques are also used to collect
supporting information in the form of operational reports, maintenance procedures, and technical
policies relevant to smart grid management.

The data processing process begins with the real-time data preprocessing stage to ensure the
quality and consistency of the data that will be used in the training of deep learning models. This stage
includes cleaning the data from noise, handling lost data, and normalizing parameters to suit the needs
of the algorithm. The processed data is then divided into subsets for training, validation, and model
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testing purposes. This division is carried out to ensure that the developed model has good generalization
capabilities and does not only adjust to training data.

The research data analysis technique uses a deep learning-based computational analysis approach
combined with interpretive analysis. The deep learning model is designed to study failure patterns from
real-time data sequentially, so as to be able to identify early indications of disruption before failure
occurs. Model performance was evaluated using indicators of predictive accuracy, interference
detection sensitivity, and early warning timeliness. Interpretive analysis is carried out to relate the
predicted results to the operations obtained from interviews and documentation, so that the results of
the research are not only technical, but also practically relevant.

To ensure the validity and reliability of the research results, a triangulation process of data and
methods was carried out. Quantitative data from the smart grid system was compared with qualitative
findings from informant interviews to ensure consistency of interpretation. In addition, the model's
prediction results are compared with actual disturbance event records to evaluate the degree of
compatibility between the prediction and real conditions. This approach is used to increase the
credibility of the research results and minimize the potential for analysis bias.

The technique of drawing conclusions in this study is carried out analytically and gradually.
Conclusions are compiled based on a synthesis between the results of deep learning model analysis,
qualitative findings from informants, and the theoretical framework used in the research. This process
begins by identifying key findings related to the model's ability to predict system failures, then linking
them to the problem and research objectives. Furthermore, the theoretical and practical implications of
the findings are formulated to contribute to the development of a more reliable smart grid system.

Through this structured and comprehensive research method, the research is expected to be able
to provide a clear picture of the effectiveness of the application of deep learning algorithms in predicting
real-time data-based electrical system failures. The methodological approach used not only supports the
achievement of research objectives, but also ensures that the results obtained have high academic and
practical relevance, in accordance with the publication standards of reputable international journals.

RESULTS AND DISCUSSION

The results of this study show that the application of deep learning algorithms in smart grid-based
electricity systems with the use of real-time data can significantly improve the ability to predict system
failures compared to conventional reactive approaches. This improvement in prediction performance
can be seen from the model's ability to identify early indications of interference before an actual network
failure occurs. These findings reinforce the assumption that artificial intelligence-based analytical
approaches are better suited to deal with the complexity of modern electrical systems that are dynamic,
heterogeneous, and fraught with operational uncertainty.

The complexity of modern power grids is characterized by high load fluctuations, especially in
urban areas with uneven energy consumption patterns all the time. In addition, the integration of
renewable energy sources such as solar and wind adds to the variability of the system due to its
production characteristics that depend on environmental conditions. Nonlinear interactions between
devices, both in terms of generation, distribution, and consumption, further complicate efforts to
monitor and control the power grid. Under these conditions, conventional approaches that rely on static
thresholds or periodic inspections become less effective because they are not able to capture the
dynamics of system change as a whole.

In the main problem of the study, namely the lack of optimal failure prediction systems in smart
power grids, the results of this study show that the deep learning model has advantages in recognizing
latent and invisible interference patterns. These patterns are often hidden in small variations of
operational parameters that individually appear normal, but collectively indicate potential failure.
Conventional monitoring systems tend to ignore these kinds of conditions because they have not
exceeded a predetermined threshold. In contrast, deep learning is able to study the complex relationships
between variables and detect changes in patterns more sensitively.
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This earlier prediction capability has important implications for the management of electrical
systems. With more accurate predictive information, network managers can take preventive actions
before a disruption develops into a wide-ranging system failure. These actions can be load adjustments,
temporary isolation of potentially problematic components, or maintenance scheduling based on the
actual condition of the equipment. Thus, the results of this study not only show an improvement in the
performance of the model technically, but also provide added value from the operational and managerial
sides.

The relationship between the research results and smart grid theory is clearly seen from the
system's ability to utilize real-time data as a basis for decision-making. Smart grids are designed as
active and adaptive systems that rely on two-way information flow to optimize network performance.
In this framework, real-time data is not just a monitoring tool, but a source of knowledge that supports
continuous analysis and decision-making processes. The results show that the integration of deep
learning algorithms into the smart grid ecosystem allows real-time data to be utilized more optimally
for failure prediction purposes.

These findings confirm that smart grids require analytical mechanisms that are able to respond
quickly and accurately to changes in network conditions. When there are load fluctuations or minor
disruptions to the system, the deep learning model can immediately update the predictions based on the
latest data that comes in. This allows the system to move from a passive monitoring approach, which
only records network conditions, to a proactive prediction approach that is able to anticipate disruptions
before they occur. This paradigm shift is in line with the basic principles of smart grids that emphasize
flexibility, adaptivity, and system intelligence.

In addition, the results show that the reliability of systems in the smart grid no longer depends
solely on physical redundancy or spare capacity. While these aspects remain important, the role of
analytical intelligence is becoming increasingly dominant in maintaining the stability and continuity of
electricity supply. By utilizing deep learning, the system is able to process large amounts of operational
data and turn it into valuable predictive information. The analytical intelligence embedded in the system
is a key factor in increasing the network's resilience to interference.

The integration of deep learning into the smart grid also reflects the evolution of the electricity
system towards a data-driven digital ecosystem. Modern smart grids not only rely on advanced
hardware, but also require analytics software capable of extracting meaning from real-time data. The
results of this study show that deep learning can play a role at the core of such analytics systems,
bridging the gap between data availability and the need for precise failure predictions. Thus, the results
of the study strengthen the argument that future smart grid development must integrate artificial
intelligence as a key component.

Overall, the development of deep learning-based failure prediction systems in real-time data-
based smart grid environments has been proven to make a significant contribution to improving the
reliability and efficiency of electrical systems. The results of this study confirm that adaptive and data-
driven analytics approaches are relevant solutions to face the challenges of modern power grid
complexity. These findings also underscore the importance of a paradigm shift from reactive
maintenance to proactive and smart system management, in line with the vision of developing smart
grids as the foundation of sustainable future energy systems.

From the perspective of deep learning theory, the results of the study show that layered neural
networks are able to model complex nonlinear relationships in power grid operational data. The
developed model successfully studies the temporal relationship between parameters such as voltage,
current, and frequency, so that it is able to identify early indications of failure before an actual
disturbance occurs. These findings reinforce the theoretical assumption that deep learning has an
advantage in handling multivariate and sequential data generated by smart grids. The implementation
of the model on real-time data also shows that deep learning can operate adaptively in a dynamic
environment, answering the key challenges faced by historical data-driven models.

The connection of the research results with predictive maintenance theory can be seen in the
operational implications of the resulting failure prediction. The results of the study show that prediction

9



Rita Dewi Risanty! Haryo Koco Buwono? (2025).
Journal of Scientia Technologiae Vol. 01 No. 1 2025
E-ISSN : 3124 - 2448

information can be used as the basis for condition-based maintenance scheduling, so that technical
interventions can be made before failures develop into system disruptions. This approach emphasizes
that predictive maintenance is not just a maintenance concept, but a strategic mechanism in smart grid
management. Thus, the results of the study confirm that the integration of deep learning in the
framework of predictive maintenance is able to increase the effectiveness of overall power grid
management.

Judging from the research gap, the results of this study provide an empirical answer to the
limitations of previous studies that still focused on static data analysis or offline simulations. This
research shows that the application of deep learning to real-time data can produce more relevant and
timely predictions. The gap between the potential real-time data available on smart grids and its use in
failure prediction systems has been successfully bridged through the implementation of adaptive
analytics models. By integrating smart grid theory, deep learning, and predictive maintenance, this
study shows how the three theoretical frameworks can be operated simultaneously in a real environment.

The results of the research also directly answer the formulation of the problem proposed. The
question of the extent to which deep learning algorithms are able to improve the accuracy of predicting
electrical system failures is answered through the finding that the developed model is able to detect
interference patterns earlier than conventional systems. Questions related to the influence of real-time
data characteristics on model performance were answered by showing that continuous data updates
improve the model's ability to adapt to changing network conditions. In addition, the question of the
use of predictive results in operational decision-making was answered through the finding that
prediction information can be used effectively to support maintenance planning and disruption risk
mitigation.

The goal of the research to develop and evaluate a deep learning-based failure prediction model
by utilizing real-time data on the smart grid can be said to be achieved. The results of the study show
that the developed model not only serves as an analysis tool, but also as a strategic component in the
power grid management system. The integration of the three main theories is reflected in the
achievement of this goal, where the smart grid theory provides a systemic framework, the deep learning
theory provides a methodological approach, and the predictive maintenance theory directs the
implementation of predicted results into operational actions.

The benefits of the research are theoretically seen from its contribution to the development of
interdisciplinary studies between electrical engineering and artificial intelligence. The results of the
study enrich the understanding of how smart grid theory can be implemented more effectively through
the use of deep learning algorithms. In addition, this study provides empirical evidence regarding the
relevance of predictive maintenance theory in real-time data-based electrical systems. Thus, this
research expands the scope of the application of the three theories in a more integrated framework.

Practically, the benefit of this research lies in improving the reliability and efficiency of power
grid management. The results of the study show that a deep learning-based failure prediction system
can help network managers in identifying the risk of disruption early, so that mitigation actions can be
carried out more in a timely manner. The implementation of this approach has the potential to reduce
the frequency and duration of power outages, reduce maintenance costs, and improve the quality of
service to consumers. In the modern smart grid, these practical benefits become especially relevant
given the demand for reliable and sustainable electricity systems.

The academic benefits of this research are reflected in its potential as a reference for further
research in the field of power systems and artificial intelligence. The results of the study provide a real
example of the implementation of the integration of theory and practice in the development of failure
prediction systems. In addition, this research can serve as a basis for the development of advanced
analytics models that combine deep learning with other approaches, such as probabilistic-based
predictive analytics or decision support systems. Thus, this research contributes to strengthening
academic discourse on smart grids and future energy systems.
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The results of this study show that the application of deep learning algorithms for the prediction
of electricity system failures on smart grids based on real-time data is able to answer the main problems,
close research gaps, and meet the goals and benefits that have been formulated. The integration of smart
grid theory, deep learning, and predictive maintenance has been proven to provide a strong conceptual
and operational framework in supporting smarter, more adaptive, and reliable power grid management.
These findings confirm that the development of artificial intelligence-based prediction systems is a
strategic step in facing the challenges of the complexity of modern electrical systems and towards a
sustainable future energy system.

The discussion of this research is directed to interpret empirical findings related to the
application of deep learning algorithms in predicting electricity system failures on smart grids based on
real-time data, and relate them critically to the main problems, research gaps, problem formulations,
and research objectives that have been formulated previously. The results show that the deep learning
approach is able to improve the system's ability to recognize early indications of failure more accurately
and in a timely manner than conventional methods. These findings are an important basis for
understanding how artificial intelligence can play a strategic role in dealing with the complexity of
modern electrical systems that are increasingly dynamic and interconnected.

The improvement in predictive capabilities generated by deep learning models suggests that
artificial intelligence-based analytics approaches are more suitable for managing data characteristics on
smart grids. The real-time data generated by power grid sensors is multivariate, sequential, and
influenced by a variety of external factors, such as load fluctuations and environmental conditions.
Conventional methods that rely on fixed rules and static thresholds tend to have difficulty capturing
these dynamics thoroughly. In contrast, deep learning is able to study the nonlinear relationships
between operational parameters and adapt predictive models adaptively as new data comes in.

The main problem raised in this study is the lack of optimal failure prediction systems in smart
power grids, which are still dominated by reactive approaches. This kind of system generally only
provides warnings after a certain threshold value has been violated, so the response to interference is
often delayed. Previous research results have shown that delays in detecting outages can increase the
risk of outages and cause significant operational losses. In this discussion, the findings of the study
show that deep learning algorithms are able to overcome these limitations by utilizing real-time data to
recognize latent and gradually evolving patterns of disturbances.

The ability of deep learning to detect latent patterns has important implications for power grid
management. Patterns of interference that are not immediately visible through a single indicator can be
identified through a combination of small changes in several parameters. This approach allows the
prediction system to recognize abnormal conditions before they reach a failure rate. Thus, the system
no longer relies on violations of certain thresholds, but on understanding the dynamic patterns that
develop in the network's operational data. This paradigm shift reflects a transformation from reactive
maintenance to more proactive and information-based management of systems.

The discussion of the research results also shows that the application of deep learning is in
line with the basic principles of smart grids as an active and adaptive system. Smart grids are designed
to leverage two-way information flows to support smarter decision-making. By integrating deep
learning algorithms into the smart grid ecosystem, real-time data can be processed into valuable
predictive information. This allows network managers to respond to changes in conditions more quickly
and precisely, thereby improving the overall reliability and stability of the system.

In relation to the research gap, the results of this study make a real contribution to the
limitations of previous studies that still focused on historical data and offline analysis. This approach is
often less relevant when applied to a dynamic operational environment. The research findings show that
the use of real-time data in deep learning models results in more accurate and applicable predictions.
Thus, this study succeeded in bridging the gap between the potential real-time data available on smart
grids and its utilization in failure prediction systems.
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The discussion of the problem formulation shows that the results of the research are able to
answer questions about the effectiveness of deep learning algorithms in improving the prediction of
electrical system failure. The findings of the study indicate that the developed model not only improves
the accuracy of predictions, but also speeds up the detection time of interference. In addition, the results
of the study show that the resulting predictions can be used as a basis for operational decision-making,
such as scheduling maintenance and mitigation of disruption risks.

The goal of the research to develop a more adaptive and real-time data-based approach to
failure prediction can be said to have been achieved. The discussion of the results of the study confirms
that the integration of deep learning in the smart grid is able to improve the system's ability to anticipate
disruptions and maintain the reliability of the power grid. The achievement of this goal is not only
technically relevant, but also has strategic implications for the management of the modern electrical
system.

The research findings suggest that artificial intelligence can serve as a key component in
supporting smarter, proactive, and more sustainable management of the power grid. Thus, this research
provides a solid foundation for the development of future electrical systems that rely on the integration
of digital technology and analytical intelligence.

The results also show that the complexity of modern power grids, characterized by load
fluctuations, the integration of renewable energy, and nonlinear interactions between devices, requires
an adaptive analytical approach. These findings reinforce the argument that the main problem in smart
grid management lies not only in the availability of data, but in the ability of the system to process and
interpret the data intelligently. In this, deep learning has been proven to be able to act as an analytical
mechanism that bridges these needs, so that the electrical system can operate more proactively and
responsively.

The discussion related to the research gap shows that previous studies are still limited to the
use of historical data or offline simulations in the development of failure prediction models. This gap
leads to a low relevance of the model when applied to a dynamic operational environment and is based
on real-time data. The results of this study fill this gap by showing that the application of deep learning
to real-time data flows produces more accurate predictions and can be implemented directly in smart
grid systems. Thus, this research makes a significant empirical contribution in expanding the application
of theories and methods that were previously still conceptual.

The relationship between research results and research gaps can also be seen from the model's
ability to adapt to changes in network conditions in a sustainable manner. The results show that real-
time data updates allow deep learning models to dynamically correct predictions, thereby reducing
reliance on past patterns that may no longer be relevant. These findings answer criticism of historical
data-driven approaches that tend to be static and less adaptive. Thus, this research not only closes the
methodological gap, but also provides a new direction in the development of failure prediction systems
that are more relevant to the needs of modern smart grids.

The discussion of the formulation of the research problem shows that all research questions
can be answered through the results obtained. The question of the effectiveness of deep learning
algorithms in improving the prediction of electrical system failures was answered through the finding
that the model was able to detect indications of faults earlier than conventional systems. The question
of the role of real-time data in improving predictive performance was answered by showing that
continuous data flows allow the model to respond to changes in network conditions more quickly and
accurately. In addition, questions related to the use of predicted outcomes in operational decision-
making were answered through the practical implications demonstrated by the research, such as support
for condition-based maintenance scheduling.

The goal of the research to develop and evaluate a deep learning-based failure prediction
model on a smart grid based on real-time data can be said to be achieved. The discussion of the results
of the study shows that the developed model not only has good predictive performance, but is also
operationally relevant. The integration of prediction results into the power grid management process
shows that the research goal does not stop at model development, but also at its application in real life.
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Thus, the research objectives were achieved substantially, both from a technical and applicative
perspective.

The theoretical benefits of this research can be seen from its contribution in strengthening the
integration between smart grid theory, deep learning theory, and predictive maintenance theory. The
discussion of the results of the study shows that the three theories do not stand alone, but complement
each other in explaining the phenomenon of predicting electrical system failure. Smart grid theory
provides a systemic framework, deep learning theory provides an analytical approach, and predictive
maintenance theory connects predictive results with operational actions. This integration enriches the
theoretical discourse and provides a more comprehensive understanding of the management of
intelligent electrical systems.

The practical benefits of this research are reflected in its potential application in improving
the reliability and operational efficiency of the power grid. The discussion of the results of the study
shows that a deep learning-based prediction system can help network managers in identifying the risk
of disruption early, so that mitigation actions can be taken before failure occurs. This approach has the
potential to reduce the frequency of outages, reduce maintenance costs, and improve the quality of
service to customers. In a smart grid, these practical benefits are especially important given the demands
on reliable and sustainable electricity systems.

The academic benefits of this research can be seen from its contribution as a reference for
further research in the field of power systems and artificial intelligence. The discussion of the results of
the study shows that the approach used can be replicated or further developed for different power grids
or for integration with other analytical methods. In addition, this study provides concrete examples of
how interdisciplinary research can produce relevant solutions to complex real-world problems. Thus,
this study strengthens the academic position of smart grid studies and deep learning in the scientific
literature.

The discussion of this study emphasizes that the application of deep learning algorithms for the
prediction of electricity system failures on smart grids based on real-time data is able to answer the
main problems, close research gaps, and meet the formulations and research objectives that have been
set. The integration of the research results with the theoretical framework used shows that adaptive and
data-driven analytical approaches are an effective strategy in dealing with the challenges of the
complexity of modern electrical systems. These findings underscore the importance of a paradigm shift
towards more proactive, smart, and sustainable power grid management as the foundation of future
energy systems.

CONCLUSION

The conclusion of this study confirms that the application of deep learning algorithms in
predicting electricity system failures on smart grids based on real-time data is an effective and relevant
approach to answer the challenges of modern electricity system complexity. The transformation of the
power grid from conventional systems to smart grids has increased the volume, speed, and diversity of
operational data, thus demanding more adaptive analytical methods than conventional prediction
approaches. The results show that deep learning is able to make optimal use of real-time data
characteristics to improve the system's ability to recognize early indications of failure before an actual
disruption occurs.

This study concludes that the deep learning-based prediction approach has significant advantages
over reactive monitoring systems that still rely on static thresholds. The deep learning model developed
is able to study the nonlinear relationship between the operational parameters of the power grid, so that
it can detect latent and gradually developing fault patterns. These findings suggest that electrical system

failures are not always characterized by extreme changes in a single parameter, but rather by a
combination of small changes in several interrelated parameters. Thus, the prediction system based on
artificial intelligence provides a higher level of sensitivity and precision in detecting potential failures.

From a conceptual perspective, this research strengthens the integration between smart grid
theory, deep learning theory, and predictive maintenance theory. Smart grids provide a systemic
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framework that places real-time data as a central element in the management of the power grid, deep
learning serves as an analytical approach that is able to process the complexity of the data, while
predictive maintenance connects predictive results with preventive operational actions. This conclusion
shows that the three theoretical frameworks are complementary and can be operationalized
simultaneously to improve the reliability and resilience of the electrical system.

The study also concluded that the use of real-time data is a key factor in increasing the
effectiveness of failure prediction systems. Continuously updated data allows deep learning models to
adjust predictions as network conditions change, reducing reliance on historical patterns that may no
longer be relevant. With this adaptability, prediction systems can provide more accurate and timely
early warnings, ultimately supporting better operational decision-making in smart grid management.

In addition, this study concludes that the application of deep learning algorithms in smart grid
environments has significant practical implications. The predictive information generated can be used
to support condition-based maintenance scheduling, load distribution optimization, and system
disruption risk mitigation. This approach has the potential to reduce the frequency and duration of power
outages, reduce maintenance costs, and improve the quality and continuity of service to consumers.
Thus, the results of this study are relevant not only for the development of theory, but also for the
practice of managing the electricity system in the field.

Academically, this research contributes to the development of interdisciplinary studies between
electrical engineering and artificial intelligence. The conclusions reached expand the understanding of
the application of deep learning in real-time data-driven power systems, as well as open up opportunities
for further research that combines this approach with other analytical methods. This research can also
be a reference for the development of smart grid implementation policies and strategies in various
geographies and operations.

Overall, the conclusions of this study confirm that the application of deep learning algorithms for
the prediction of electricity system failures on smart grids based on real-time data is a strategic step in
facing future energy system challenges. This approach supports a paradigm shift from reactive power
grid management to a more proactive, intelligent, and sustainable system. Thus, this research provides
a solid foundation for the development of modern electrical systems that are reliable and adaptive to
changes in the operational environment.

RECOMMENDATIONS

Based on the conclusions of the study showing that the application of deep learning algorithms
based on real-time data is able to increase the effectiveness of predicting power system failures on the
smart grid, several recommendations can be proposed for future scientific and practical development.
These recommendations were drafted taking into account the theoretical, operational, and academic
implications of the research findings, and are geared towards strengthening the research's contribution
to the sustainable development of smart electrical systems.

First, it is recommended that further research develop deep learning models with a wider range
of operational variables. The study's conclusions show that electrical system failure patterns are
multivariate and nonlinear, so the integration of additional variables such as environmental conditions,
equipment age, and maintenance history has the potential to improve the accuracy and reliability of
predictions. The enrichment of these variables will strengthen the model's ability to represent the
complexity of real electrical systems and support more precise decision-making.

Second, further research needs to examine the application of deep learning models on a larger
and more diverse network scale. The results of this study show the effectiveness of the real-time data-
based approach in certain areas, but the generalization of the findings will be stronger if tested in
different regions with different load and infrastructure characteristics. Cross-region or cross-unit testing
will provide a more comprehensive picture of the model's adaptability under various conditions of the
smart grid system.

Third, based on the conclusions of the study that affirm the importance of integration between
prediction and operational actions, it is recommended that further research develop a decision support
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system that directly links the results of failure predictions with recommendations for maintenance
actions. This integration will strengthen the application of predictive maintenance theory in smart grids
and ensure that the results of deep learning analysis can be optimally utilized by electricity system
managers.

Fourth, further research is suggested to explore hybrid approaches that combine deep learning
with other analytical methods, such as probabilistic models or optimization techniques. The study's
conclusions suggest that deep learning is effective in recognizing complex patterns, but integration with
other approaches has the potential to increase model interpretability and user confidence in predictive
outcomes. This aspect of interpretability is important in an operational environment that involves
critical decision-making.

Fifth, from a practical implementation perspective, it is recommended that stakeholders in the
electricity sector consider strengthening data infrastructure and human resource capacity. The
conclusion of the study confirms that the success of the implementation of a deep learning-based
prediction system is highly dependent on the quality of real-time data and the organization's ability to
manage and utilize the data. Therefore, investment in data acquisition systems, information security,
and technical training is a strategic step to support the implementation of artificial intelligence-based
smart grids.

The recommendations of this study emphasize the importance of further development that is
integrative and applicative. By expanding the scope of variables, scale of implementation, and system
integration, future research is expected to strengthen the role of deep learning as a key component in
the management of intelligent electrical systems. These recommendations are in line with the research
conclusions that affirm the need for a paradigm shift towards proactive, adaptive, and data-driven power
grid management.
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