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ABSTRACT

The increasing complexity of modern power systems has created a strong need for reliable
condition monitoring and timely maintenance of critical power system assets such as
transformers, generators, circuit breakers, and transmission equipment. Traditional
maintenance approaches mainly depend on fixed schedules or manual inspections, which may
result in unnecessary maintenance, unexpected failures, and increased operational costs. This
paper proposes a Digital Twin-Based Condition Monitoring and Predictive Maintenance
framework for power system assets. The proposed system creates a virtual representation of
physical assets by continuously collecting real-time operational data such as temperature,
voltage, current, vibration, load, and other relevant health parameters. These data are
processed and analyzed using machine learning techniques to identify abnormal operating
conditions, estimate asset health, and predict potential failures before they occur. The Digital
Twin continuously synchronizes with the physical asset, enabling real-time visualization of its
operating condition and historical performance. Predictive models analyze degradation
patterns and generate early warnings when abnormal behavior or failure risks are detected.
The framework supports condition-based maintenance by helping operators determine the
appropriate time for inspection, servicing, or component replacement. By combining real-time
monitoring, digital modeling, data analytics, and predictive maintenance, the proposed
approach can reduce unplanned outages, improve asset reliability, increase equipment lifetime,
and optimize maintenance costs. The system provides a scalable and intelligent solution for
developing more reliable, efficient, and resilient smart power grids.

Keywords: Digital Twin, Condition Monitoring, Predictive Maintenance, Power System
Assets, Machine Learning, Asset Health Monitoring, Fault Detection, Failure Prediction,
Smart Grid, Real-Time Monitoring, Equipment Reliability, Data Analytics, Preventive
Maintenance, Power Transformers, Intelligent Maintenance.

LINTRODUCTION become larger and more complex,

Power systems consist of several critical
assets such as power transformers,
generators, circuit breakers, transmission
lines, cables, and switchgear. The reliable
operation of these assets is essential for
maintaining a stable
supply. As power networks

continuous and
electricity
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unexpected equipment failures can lead to
power interruptions, increased maintenance
costs, equipment damage, and reduced
system reliability. Therefore, effective
monitoring and maintenance of power

system assets have become important
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requirements in modern electrical power
networks.

Conventional maintenance methods are
generally based on scheduled inspections,
periodic and  corrective
maintenance after a fault occurs. Although

servicing,

these approaches can help maintain
equipment performance, they may not
accurately represent the actual health

condition of an asset. Some equipment may
be serviced even when it is operating
normally, while hidden faults may remain
undetected between scheduled inspections.
Condition-based and predictive maintenance
approaches provide a better solution by
using operational data to determine the
actual condition of equipment and identify
possible failures at an early stage.

Digital Twin technology has emerged as an
effective approach for intelligent asset
monitoring. A Digital Twin is a virtual
representation of a physical system or
equipment that is continuously updated
using data obtained from the corresponding
physical asset. In power systems, sensors

and monitoring devices can collect
parameters such as voltage, current,
temperature, vibration, load, pressure,

insulation condition, and operating status.
These measurements can be transferred to
the Digital Twin to provide an updated
representation of the asset's behavior and
health condition.

The integration of Digital Twin technology
with data analytics and machine learning
further improves predictive maintenance
capabilities. Historical and real-time data
can be analyzed to recognize abnormal
patterns, detect developing faults, estimate
equipment degradation, and predict possible
failures. Based on these predictions,
maintenance activities can be planned
before a serious fault occurs. This reduces
unnecessary maintenance operations while
minimizing the possibility of unexpected
equipment shutdowns.

Received: 01-06-2026 | Accepted: 08-07-2026 | Published: 15-07-2026

This work focuses on developing a Digital
Twin-Based Condition Monitoring and
Predictive Maintenance framework for
Power System Assets. The proposed
approach  combines  real-time  data
acquisition, asset  modeling,
condition assessment, fault detection, and
predictive analysis within a unified
framework. The system aims to provide
early warnings regarding asset deterioration

virtual

and support maintenance decision-making.

Through continuous monitoring and
intelligent  prediction, the  proposed
framework can improve  equipment

reliability, extend asset lifetime, reduce
maintenance costs, and contribute to the
safe and efficient operation of modern
power systems.
ILLITERATURE SURVEY
Moghadam et al. (2021):
Mohammadi Moghadam, Hossein Foroozan,
Meysam Gheisarnejad, and Mohammad-
Hassan  Khooban emerging
applications of Digital Twin technology in

Hooman

reviewed

power systems. Their study explained how
virtual models can represent the
characteristics and behavior of physical
The authors
involving  wind

power-system components.
discussed applications
turbines, solar panels, power electronic
converters, and shipboard electrical systems.
The study highlighted that supervisory
Digital Twin systems can support failure
reduction and cost-effective operation. This
established the importance of

integrating Digital Twins with Al, IoT, and

work

big-data technologies for modern power-
system applications.

Barricelli et al. (2020): Barricelli and co-
authors investigated the use of Digital
Twins for maintenance through a
comprehensive literature review. The study
examined how Digital Twins can support
maintenance activities across different
industrial sectors, including energy-related
applications. The authors emphasized that
Digital Twins can improve maintenance

2026, Vol 2 Issue 3 | 690



N—
Zestera

PUBLICATIONS

R/

ISSN: 3070-0434

International Journal of

AI ELECTRICAL CIVIL AND MECHANICAL ENGINEERING

Peer Reviewed, Referred & Indexed Journal
www.zesterapublications.com

Original Research Paper

decision-making by providing a
continuously updated representation of
physical assets. Their work also identified
research gaps related to implementation
strategies and the integration of Digital
Twins with intelligent maintenance
techniques.

Fuller et al. (2021): The authors examined
Digital Twins and their integration into
electric power systems. Their work
described Digital Twins as an important
technology for grid modernization and
highlighted their ability to improve the
understanding of power-system behavior.
The study emphasized the use of real-time
information to simulate operating conditions
and predict possible system scenarios. The
authors concluded that Digital Twin
technology can contribute to improved
efficiency, reliability, and functionality of
electric power systems.

Liu et al. (2022): He Liu, Min Xia, Darren
Williams, Jianzhong Sun, and Hongsheng
Yan presented a systematic literature review
on  Digital Twin-driven  condition
monitoring. The researchers analyzed how
Digital Twins can provide data support,
enhance monitoring capabilities, and enable
a shift from traditional maintenance toward
intelligent  maintenance. = The  study
discussed different Digital Twin modeling
approaches and their integration with
monitoring algorithms. It also identified
challenges related to data management,
high-fidelity
characterization,

modeling, behavior
standardization, and
uncertainty quantification.

Kim et al. (2022): Wongon Kim, Sunuwe
Jeong, Kim,
Hyeonchan Lee, and Byeng D. Youn
proposed a Digital Twin approach for on-

Kim, Jingyo Hyunjae

load tap changers wused in power
transformers. The study used data-driven
dynamic model updating and optimization-
based operating-condition estimation. The
authors focused on vibration signals because

they can provide useful information about

Received: 01-06-2026 | Accepted: 08-07-2026 | Published: 15-07-2026

the mechanical state and faulty operating
conditions of tap changers. Their work
demonstrated how Digital Twin models can
combine physical knowledge and observed
operational data for asset health estimation.
Fang and Zhu (2022): Fang and Zhu
investigated Digital Twin technology for
prognostics and health management of
power transformers. The authors explained
that transformer PHM is important for
moving from conventional periodic
maintenance toward condition-based and
predictive maintenance. Their proposed
framework considered the integration of
transformer operating parameters, multi-
physical and multi-scale modeling, and fault
analysis within the virtual environment. The
study identified Digital Twin technology as
an important direction for improving
transformer monitoring and maintenance
and discussed its key technologies,
challenges, and future development.

Moghadam et al. (2022): A systematic
study of predictive maintenance using
Digital Twins analyzed 42 primary research
studies. The authors found that Digital
Twins can provide real-time representations
of physical machines and generate useful
information for

degradation predictive-

maintenance  algorithms. The  study
examined Digital Twin platforms, modeling
approaches, communication  protocols,
application domains, and design patterns. It
also identified computational burden, data
diversity, and model and asset complexity
as important challenges in developing
Digital Twin-based predictive-maintenance
systems.

Zhong et al. (2023): Dong Zhong, Zhelei
Xia, Yian Zhu, and Junhua Duan presented
an overview of predictive maintenance
based on Digital Twin technology. The
discussed the limitations of

predictive-maintenance

authors

traditional
approaches and examined how Digital
Twins can improve equipment monitoring
and maintenance decisions. Their study
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highlighted the integration of Digital Twins
with data analytics and intelligent
algorithms to improve failure prediction and

maintenance  planning. The research
provides a general foundation for
developing intelligent predictive-

maintenance frameworks.

Mansour et al. (2023): Mansour and co-
authors presented a comprehensive survey
of IoT and Digital Twin applications in
electrical power systems. The study
specifically examined condition monitoring
and diagnosis transformers,
electrical grids, and substations. The authors
described how IoT sensors can provide real-

of power

time operational data while Digital Twins
can use these data to represent and analyze
the behavior of physical power-system
assets. The work also  discussed
implementation challenges
opportunities for combining IoT and Digital

and future

Twin technologies in electrical power
systems.
HLEXISTING SYSTEM

The existing maintenance practices for
power system assets are primarily based on

preventive maintenance, corrective
maintenance, and periodic condition
monitoring. In preventive maintenance,

equipment such as transformers, generators,
circuit  breakers, and transmission
components are inspected and serviced at
predefined time intervals. These schedules
are generally prepared
equipment age, operating hours,
recommendations, and

according to

manufacturer
previous maintenance records. Although
this approach helps reduce some failures,
maintenance may be performed even when
an asset is operating normally, resulting in
unnecessary labor, equipment downtime,
and maintenance expenses.

Another commonly used approach is
condition-based monitoring, where sensors
and diagnostic instruments are used to
measure important operating parameters.
Parameters such as transformer temperature,

Received: 01-06-2026 | Accepted: 08-07-2026 | Published: 15-07-2026

oil condition, voltage, current, vibration,
load, pressure, and insulation characteristics
are periodically or continuously monitored.
When a parameter exceeds a predefined
threshold, an alarm is generated for further
inspection. However, conventional
monitoring systems often depend on fixed
threshold values and may not effectively
identify gradual degradation or complex
relationships between multiple operating
parameters.

Traditional fault detection and diagnostic
systems are also used to identify abnormal
operating conditions in power equipment.
These systems typically analyze sensor
measurements,  electrical ~ signals, or
inspection results to determine whether a
fault has occurred. While they can provide
useful information after an abnormal
condition appears, they may have limited
capability to predict failures sufficiently in
Consequently, unexpected
equipment failures can still occur, leading to

advance.
unplanned outages, costly repairs, and
reduced power-system reliability.

In many existing systems, monitoring data
are collected and stored separately from
simulation or maintenance-management
platforms. There is often no continuously
synchronized virtual representation of the
physical asset. This makes it difficult for
operators to visualize the current health
condition of equipment, compare present
behavior with historical behavior, and
evaluate  possible  future  operating
conditions. The lack of integration between
real-time monitoring, equipment modeling,
and predictive analytics is therefore a major
limitation.

Furthermore, existing maintenance systems
commonly focus on individual equipment
parameters or individual assets rather than
providing an integrated view of asset health.
Machine-learning methods are increasingly
being applied for fault classification and
failure prediction, but their effectiveness
depends heavily on the availability and
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quality of historical data. Conventional
approaches may also provide predictions
without  sufficient  visualization  or
interpretation of the physical asset's current
state.

Overall, the existing system provides basic
monitoring and maintenance capabilities but

has  limitations in real-time  asset
representation, early failure prediction,
continuous  health  assessment, data

integration, and intelligent maintenance
scheduling. These limitations create a need
for a more advanced approach that
combines real-time information,
virtual asset modeling, data analytics, and

s€nsor

machine learning. The proposed Digital
Twin-based  system  addresses these
limitations by maintaining a dynamic virtual
representation of power-system assets and
using predictive analysis to identify
potential failures before they develop into
critical problems.

IV.PROPOSED SYSTEM

The proposed system introduces a Digital
Twin-Based Condition Monitoring and
Predictive Maintenance framework for
monitoring the health and performance of
critical power system assets. The main
objective is to create a virtual representation,
or Digital Twin, of physical equipment such
as power transformers, generators, circuit
breakers, and transmission equipment. The
Digital Twin continuously reflects the
operating condition of the corresponding
physical asset using real-time and historical
data. This provides operators with a better
understanding of equipment behavior and
helps identify abnormal conditions at an
carly stage.

The proposed framework begins with real-
time data acquisition from sensors installed
on the physical power system assets.

Important parameters such as voltage,
current, temperature, vibration, load,
pressure, frequency, and other equipment-
specific  measurements are  collected

continuously. The collected data are

Received: 01-06-2026 | Accepted: 08-07-2026 | Published: 15-07-2026

transmitted to the monitoring platform
through suitable
technologies. Before analysis, the data are
cleaned, normalized, and processed to
remove missing  values, and
inconsistent measurements. This improves
the reliability of subsequent condition
assessment and prediction.

A Digital Twin model is then developed for
each monitored asset. The virtual model

communication

noise,

represents the physical equipment and its
operational characteristics. Real-time sensor
measurements are synchronized with the
Digital Twin so that the virtual asset reflects
the current state of the physical equipment.
Historical operating data can also be
incorporated to study degradation patterns
and changes in equipment performance over
time. This synchronization
allows the system to compare normal and
abnormal  operating  behavior  more
effectively than conventional threshold-
based monitoring.

continuous

The proposed system incorporates machine-
learning-based condition assessment and
predictive analytics to identify potential
faults and estimate future equipment health.
The trained models analyze multiple
simultaneously and detect
patterns with  equipment
degradation or failure. Depending on the
data,
used for

parameters
associated

classification
fault
identification, while regression or time-

asset and available
algorithms can be

series models can estimate health indicators
When the
predicted condition indicates an increased
risk of failure, the system generates an early

and remaining useful life.

warning for the operator.

A major feature of the proposed system is
predictive maintenance planning. Instead of
waiting for equipment failure or performing
maintenance at fixed intervals, maintenance
activities can be scheduled according to the
predicted health condition of the asset. The
system can categorize equipment into
different health states, such as normal,
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warning, degraded, and critical. This
enables maintenance teams to prioritize
critical assets, plan inspections in advance,
and replace or repair components before
severe failures occur.
The framework also provides a centralized
monitoring dashboard through which
operators can view real-time equipment
parameters, Digital Twin status, health
indicators, detected faults, prediction results,
and maintenance alerts. Historical trends
can be visualized to understand how the
condition of an asset changes over time. The
combination of real-time monitoring and
predictive information helps operators make
faster and more informed maintenance
decisions.
Overall, the proposed Digital Twin-based
system aims to overcome the limitations of
conventional maintenance approaches by
integrating real-time monitoring, virtual
asset modeling, machine learning, fault
detection, health assessment, and predictive
maintenance into a unified framework. The
approach can reduce unexpected equipment
failures and unplanned outages while
improving asset reliability, equipment
lifetime, maintenance efficiency, and overall
power-system availability.
V.SYSTEM ARCHITECTURE
The proposed architecture begins with the
physical layer, which contains important
power system assets such as transformers,
breakers, and
These

continuously exposed to different electrical

generators, circuit

transmission  lines. assets are
and mechanical operating conditions.
Sensors are installed on these assets to
collect important parameters such as
temperature, vibration, voltage, current, oil
pressure, load, and frequency. The collected
information provides a clear indication of
the current operating condition and helps
identify early signs of equipment
degradation.

The sensor data are transferred through the

communication layer, where an loT gateway

Received: 01-06-2026 | Accepted: 08-07-2026 | Published: 15-07-2026

collects and forwards the information to the
monitoring platform.
Communication technologies such as Wi-Fi,
5@, or Ethernet can be used for reliable data
transmission. The gateway acts as an
interface between the physical equipment
and the software-based monitoring system,
allowing real-time equipment information to
reach the data-processing environment.

The data management layer receives both

central

real-time and historical equipment data. The
collected information is stored and
processed before being used for further
analysis. Data preprocessing operations
such as cleaning, normalization, and feature
extraction are performed to
incorrect or unnecessary information and
prepare useful features for the prediction
models. Historical data are also maintained
so that the system can analyze previous
equipment behavior and identify
degradation patterns.

The Digital Twin and analytics layer
represents the main intelligence of the

emove

proposed architecture. A virtual Digital
Twin of the physical power system asset is
created and continuously synchronized with
the actual equipment using real-time sensor
information. Machine-learning techniques
analyze the synchronized data to perform
condition assessment, fault detection, and
failure prediction. The system can also
estimate the health condition and Remaining
Useful Life (RUL) of the asset, allowing
potential failures to be identified before they
result in serious equipment damage or
unexpected outages.

The results obtained from the Digital Twin
and machine-learning models are transferred
to the maintenance decision layer. When
abnormal behavior or a high risk of failure
is detected, the system generates early
warnings and alerts. Based on the predicted
health condition, maintenance activities can
be planned according to the actual condition
of the equipment. This helps maintenance
determine which assets

teams require
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immediate inspection, repair, or replacement
and supports better scheduling and resource
allocation.

The visualization layer provides a user-
friendly interface for operators and
maintenance personnel. The dashboard
displays real-time equipment parameters,
asset health status, Digital Twin information,
prediction results, maintenance alerts, and
historical trends. By presenting the
information in an understandable form, the
dashboard enables operators to quickly
identify  abnormal assets and take
appropriate maintenance actions.

Finally, the architecture includes a feedback
mechanism for continuous improvement.
Information obtained after inspection, repair,
or replacement can be fed back into the
system along with newly collected
operational data. This information can be
used to improve the Digital Twin and
machine-learning  models time.
Therefore, the complete architecture creates

over

a continuous cycle of data collection,
monitoring,
maintenance, and

analysis, prediction,
feedback, helping
improve the reliability, availability, and
operational efficiency of power system
assets.

Physical Layer
(Power System Assets)

,,,,,,,

Circun resher

Fig 5.1 System Architecture
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VII.CONCLUSION

The proposed Digital Twin-Based Condition
Monitoring and Predictive Maintenance
system provides an intelligent approach for
improving the reliability and operational
efficiency of power system assets. By
continuously collecting real-time
information from transformers, generators,
transmission

circuit breakers, and
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equipment, the system can provide a clear
view of the current operating condition of
each asset. The integration of sensor data
with a virtual Digital Twin enables the
physical equipment and its digital
representation to remain synchronized,
making it easier to identify changes in
equipment behavior and early signs of
degradation.

The use of machine learning and predictive
analytics further strengthens the proposed
framework by  enabling  condition
assessment, fault detection, failure
prediction, and Remaining Useful Life
estimation. Instead of depending only on
fixed maintenance schedules, the system
supports condition-based decisions and
allows maintenance activities to be planned

before a major failure occurs. The
visualization dashboard also provides
operators with real-time asset health

information, alerts, prediction results, and
historical trends, helping them make timely
maintenance decisions.

Overall, the proposed framework can help
reduce unexpected equipment failures,
minimize unplanned power interruptions,
optimize maintenance costs, improve asset
lifetime, and increase power-system
reliability. The combination of Digital Twin
technology, IoT-based sensing, data
analytics, and machine learning provides a
scalable  foundation  for intelligent
maintenance in modern smart grids. Thus,
the system represents a practical step toward
transforming conventional power-system
maintenance into a more proactive, data-
driven, and predictive approach.
VIILFUTURE SCOPE

The future scope of the proposed Digital
Twin-Based Condition Monitoring and
Predictive Maintenance system is extensive,
particularly with the development of smart
grids and intelligent power infrastructure.
The system can be extended to monitor a
larger number of power system assets
transformers,

simultaneously, including

Received: 01-06-2026 | Accepted: 08-07-2026 | Published: 15-07-2026

generators, circuit breakers, transmission
lines, cables, and renewable-energy
equipment. This would allow utilities to
create a comprehensive digital
representation of an entire power network
rather than monitoring individual assets
independently.

Future work can focus on integrating
advanced artificial intelligence and deep-
learning algorithms to improve fault
detection and failure prediction accuracy.
Models such as LSTM, GRU, CNN, and
hybrid deep-learning techniques can be used
to analyze complex time-series sensor data
and identify subtle degradation patterns. The
system can also incorporate explainable Al
techniques so that operators can understand
why a particular fault or failure prediction
has been generated.

The Digital Twin can further be enhanced
by incorporating real-time IoT, edge
computing, and cloud computing
technologies. Edge computing can process
critical sensor information closer to the
equipment, reducing communication delays
and enabling faster fault detection. Cloud
platforms can provide large-scale data
storage and computational resources for
analyzing historical and real-time asset
information. This combination can support
continuous monitoring of geographically
distributed power system assets.
Another  important area  of
development is Remaining Useful Life
(RUL) prediction and
maintenance scheduling. Future versions of

future
automated

the system can estimate the expected
remaining operating time of each asset and
automatically prioritize maintenance
activities according to failure risk,
equipment criticality, available resources,
and maintenance cost. This can help utilities
optimize maintenance planning and reduce
unnecessary equipment shutdowns.

The proposed framework can also be
extended to support renewable energy and
smart-grid solar

assets, including
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photovoltaic systems, wind turbines, battery
energy storage systems, and electric vehicle
charging infrastructure. By creating Digital
Twins for these components, the system can
monitor their health and performance while
considering changing environmental and
operating conditions.

Finally, future research can focus on
developing self-learning and autonomous
Digital Twins that continuously update their
models
maintenance

using new operational and
data. Cybersecurity
mechanisms can also be integrated to
data, communication
Twin models, and

sensor

Digital
maintenance systems from unauthorized
access or cyberattacks. These developments
can ultimately lead to a more autonomous,
secure, accurate, and scalable predictive-
maintenance platform capable of supporting
the next generation of reliable and

protect
networks,

intelligent power grids.
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