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Abstract
This paper examines how advanced control techniques can be implemented on
improving stability of a power system with a growing penetration of renewable
energy resources, and decentralization of the grid as well as the rising cyber-
physical issues. It expects to calculate the effectiveness rates of these strategies, any
obstacles in implementation, and the trends in the future regarding the change to
resilient and sustainable power systems. The quantitative research design was used
where the data was collected via a structured questionnaire to 315 electrical
engineering professionals, such as power system engineers (38.1 percent),
researchers (23.8 percent), and power system operators (14.3 percent). The
responses provided by the participants in relation to challenges, familiarity with
strategies, their effectiveness, adoption barriers and technologies of the future were
analyzed using descriptive statistics and visual tools (bar charts, donut charts, and
frequency tables). The biggest stability challenges were found to be renewable
integration (81.0%) and frequency/voltage fluctuations (66.7%). The perceived
effectiveness of AI/ML- based control (71.4 percent familiarity) and adaptive
control (57.1 percent) was also high (66.7 percent combined Extremely/Very
Effective). Major barriers to adoption were low cost (66.7%) and skill gap (57.1).
The most significant perceived future technologies were AI/ML (42.9%) and
energy storage (28.6%), and 66.7 percent of the results suggested they would
probably invest in sophisticated plans in five years’ time. This research paper
presents industry professionals opinions on the assessment of advanced control
strategies that fill the gap between the theoretical research and practical
implementation. It provides implementable policy and stakeholder
recommendations to hasten the practicality of adaptive, data-driven solutions that
facilitate grid stability within renewable-dominated systems.

Keywords
Power system stability, Advanced
control strategies, Renewable
energy integration, AI/ML-based
control, Grid resilience

Article History
Received on 08 July 2025
Accepted on 28July 2025
Published on 10 Aug 2025

Copyright @Author
Corresponding Author: *
Akhtara Raza

mailto:fahiza.fauz@gmail.com
mailto:saad.baloch@isra.edu.pk
mailto:prince.bup08@gmail.com
mailto:abp4247@utulsa.edu
mailto:engr.akhtar_raza@yahoo.com
mailto:alimishrak@gmail..com
https://doi.org/10.5281/zenodo.16789436
https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


ISSN (e) 3007-3138 (p) 3007-312X

https://sesjournal.com | Akhtara Raza et al 2025 | Page 308

INTRODUCTION
Modern civilization depends upon the steady
and steady availability of electrical power.
Whether it is bringing electricity to and
keeping essential facilities - such as hospitals
and data centers - online, or ensuring the
comforts of everyday living, reliability, and
connection to the environment, a robust and
robust electrical power system is not optional.
The core of this reliability is the notion of the
power system stability, the capacity of the
system to remain operating in a synchronized
condition and acceptable voltage profiles with
respect to disturbances and regrouping to a
state of equilibrium [1]. Stability is not a one-
dimensional phenomenon but is a multi-
faceted and complex requirement that makes it
possible to distinguish rotor angle
(synchronous) stability, voltage stability, and
frequency stability. Traditionally, the large and
connected power systems, mostly synchronous,
with either steam, hydro or gas turbine driven
generators had intrinsic stability properties
which were attributed to high rotational
inertia and damping of the large generators [2].
Traditional control and protection strategies
using automatic voltage regulators (AVRs) and
power system stabilizers (PSSs) predominately
applied on individual generators and well-
known protection systems gave a fairly secure
foundation to the maintenance of stability
under well-understood operating conditions
and a small number of credible contingencies
[3].

Nonetheless, the power system has been
facing a very deep and fast change in landscape
due to the growing worldwide demand to
decarbonize energy generation. Such a shift
indicates that there has never been much more
complexity and challenge to the basic task of
guaranteeing stability [4]. Renewable energy
sources (RES), especially variable wind and
Photovoltaic PV production are radically

changing system behavior through large-scale
integration [5]. By contrast to conventional
synchronous generators, inverters-based
resources (IBRs) do not necessarily possess a
large rotational inertia that serves as a
counterbalance to precipitous drop in grid
frequency [6]. This decrease in the total inertia
in the system becomes a significant weakness
to the established mechanisms of frequency
response to the point where the grid will
become extremely susceptible to instabilities
using frequencies after generation or load
imbalance [7]. Moreover, IBRs have power
electronic interfaces that give rise to a different
type of dynamic behavior and control
interactions that is fundamentally novel, and
in many cases faster than electromechanical
oscillations of synchronous machines [8].
These interactions may cause unexpected
problems of instability, e.g. sub-synchronous
control interactions (SSCI) or harmonic
resonances, which did not present much of a
problem in more traditional grids.

At the same time, the grid is becoming more
decentralized, more bi-directional. Distribution
level Distributed energy resources (DERs),
small-scale rooftop solar systems, small scale
wind, battery storages, or even mobile storages
in the form of electric vehicles (EVs) are
becoming abundant. This is moving
generation out of large, centralized generation
to small, geographically distributed and a
number of which are also inverter-interfaced
[9]. Although providing advantages such as
minimized transmission losses and improved
local resilience, the proliferation generates its
own set of considerable challenges with regard
to visibility, controllability and coordination
[10, 11]. The hierarchical control structure
developed under the assumption of centralized
generation into passive distribution networks
is not well suited to the dynamic complexity,
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and two way flow of energy, afforded by a
decentralized, real-time operating, distribution
system. The number of devices that could
easily be controlled even with simple systems
defies the conventional localized procedures
due to the complexity of the devices that need
to be integrated [12].

This gets complicated with the fact that
changing load patterns are exhibited. The EVs
(electrification of transportation) and similarly
the heating electrification, also concentrated in
time periods, shift significant quantities of
energy demand to the grid, resulting in new
peaks as well as ramping problems [13].
Moreover, even loads are becoming more
active, self-controlled, and electronic and they
may play undesirably with grid characteristics.
This is also because of the growing dependence
on sensitive electronic equipment in all sectors;
thus the rise in power quality such as the
voltage stability and waveform integrity as
vitally important parts of overall system
stability.

The high penetration of low-inertia IBRs,
increase in DERs, and changes in load
characteristics are transformative trends that
are forcing conventional power systems to their
operating margins and into the over-tempo in
other cases [14]. The conventional stability
margins, which have been considered adequate
in the past, are getting eroded. Operators of
power systems across the world are now
witnessing new phenomena with respect to
stability and are operating under limitations
which were previously non-constraining [15].
The traditional approaches to control that
were still necessary can no longer do it all.
They are usually local, lower frequency
electromechanical transient focused, reactive,
not predictive, and without the right level of
coordination and speed to address waveform-
based fast, multisided, and system-wide

interactions found in the contemporary grid
[16]. The constraints in turn manifest
themselves especially in severe imbalances, like
the loss of a key transmission line or a large
generating unit, or stressed operation, like
during times of high renewable generation and
low load, etc. In this case, the chances of
cascade failures that may cause blackouts on a
large scale are much increased unless special
control capacities are developed [17].

This pivoting point requires a paradigm shift
in the management of the power system met
stability. This can all be solved through expert
research on, optimization, and
implementation of Advanced Control
Strategies. They are utilizing further
developments in sensor technology,
communication technology, computer
technology, and control theory to break out of
the constraints imposed by the traditional
solutions [18]. The authors move away
localized, single-input-single-output (SISO)
based control, to concerted, wide-area, and
multi-input-multi-output (MIMO) based
control that is subject to respond optimally
and rapidly to disturbances affecting an entire
system. Important enabling technologies are
Wide-Area Measurement Systems (WAMS)
which are mainly composed of synchronized
phasor measurement units (PMUs) which give
a high resolution, time synchronized snapshot
of the voltage, current, and frequency across
very large geographical regions in real time [19].
Such situational awareness has never existed
before and plays a critical role in identifying
emerging instability, and providing the
situational awareness needed to coordinate
control efforts.

The variety of techniques involved in advanced
control strategies is very wide. Adaptive control
systems have the ability to continually adapt
their parameters to conditions of use
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(changing system conditions, topology), and
can be very effective at a large set of operating
points. Sound control strategies aim at
addressing model misunderstandings and
fluctuations that are prevalent in the large,
complicated power systems that have diverse
generation sources [20]. Model Predictive
Control (MPC) exploits the use of system
models to perform forecast of future states and
to optimize system wide control with respect to
a finite future, which in turn preemptively
opposes possible instabilities. Methods of
Artificial Intelligence (AI) and Machine
Learning (ML) are becoming even stronger,
becoming able to detect non-linear,
complicated patterns in the data of systems,
with the ability to predict boundaries of
stability, and even learn effective control
policies in situations that cannot be modeled
easily in closed form. COOPs put various
devices (generators, FACTS devices, HVDC
links, storage systems, controllable loads) and
voltage levels (transmission and distribution)
to work in the coordinated control schemes
that meet overall stability goals of a system as a
whole, i. e. damping of inter-area oscillations,
control of voltage profiles, or very quick
stoppage of frequency decay [21]. The idea of
Grid-Forming Inverters (GFMs) is an
innovative control concept that allows the
IBRs to form grid voltage and frequency
without external controls, and, therefore, they
can replicate any stabilizing capabilities of
synchronous generators with their features of
synthetic inertia.

Realization of these sophisticated strategies has
potential of boosting the stability, resilience
and operational effectiveness of the
contemporary or future power systems in a big
way [22]. They are able to facilitate the secure
interconnectedness of greater levels of
renewable generation, better utilization of
current existing transmission and distribution

facilities, increase the resilience and recovery
capabilities of the system and finally form a
much stronger base upon which the clean
energy transition may be based [23].
Nevertheless, there are some very big issues to
be addressed. These comprise computational
complexity of wide area control in real-time,
availability of ultra-reliable, low-latency
communications infrastructure and cyber
security threats, standardization of controls
interfaces, adapting legacy systems, and
validation of the complex strategies subject to a
wide range of situations and extremes [24].

The present research article is based directly on
this pivotal question and opportunity: How to
Improve Power System Stability by Embarking
on Advanced Control Strategies. We explore
the detailed problems in stability which are
further compounded by the transformation of
the modern grid, look critically at the
weaknesses of the traditional methods of
control in this new environment, and survey in
a systematic way the territory of advanced
methods of control. The entire aim is to
research, design, and rigorously test the new
and optimized advanced control strategies that
are particularly adopted to meet the distinct
power instability issues of inverter-based
resource-rich and distributed resources-riddled
power systems. To show the effectiveness with
which these advanced strategies can promote
rotor angle stability (damp critical oscillations),
a robust voltage regulation throughout the
network, secure frequency control, with low
network inertia, and an increment in overall
system resilience, we strive to model, simulate,
and ideally conceptually validate the
effectiveness with which these strategies
(among other objectives) can be effective. The
long term objective is to have an impact in
actionable knowledge and methodologies that
can enable the system planners, operators and
those involved in the development of
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technology to be able to construct and operate a more stable, reliable and sustainable
electrical power system in the future.

Literature Review

1. Power System Stability: Fundamental
Concepts and Evolution

Power system stability is concerned with
capability in the grid to remain in causal
operation, an acceptable set of voltages, and
normal frequencies in the face of normal
conditions and the rapid recovery to a normal
position in the worst of cases. The
multidimensional requirement consists of
rotor angle stability (synchronous), voltage
stability and frequency stability, which are
determined with distinct physical principles
and time dynamics. The most ancient one is
rotor angle stability which guarantees that
during events such as faults, generators do not
lose electromagnetic coupling. Large
interconnected systems have historically taken
advantage of the natural rotational inertia of
coal, hydro and gas generated synchronous
machines to act as a natural energy balancing
system against imbalances [25]. These huge
machines were used to offer damping by virtue
of their kinetic energy storage and the
automatic voltage regulators (AVRs) and power
system stabilizers (PSS) offered localized,
decentralized control. These systems could be
predicted on the basis of known contingencies

and this was based on the hierarchical, reactive
protection schemes. The shift toward grids that
are dominated by renewables completely
changed these dynamics [26]. Early models of
stability were based on the assumption of
central generation, which was dispatch able
and predictable in its electromechanical
transients. The frequency stability is
threatened however, as inverter-based
resources (IBRs) replace synchronous machines,
the inertia is lost system-wide. At the same
time, two-way power flows of distributed
resources make voltage control and angle
matching more difficult [27]. As a result, the
stability models required in the modern design
have a more significant challenge as they need
to consider phenomena that occur faster and
cover larger areas, in addition to multi-
timescale interactions over milliseconds (power
electronics) to minutes (thermal constraints).
Such paradigm shift prompts an overall
reconsideration of stability limits, so that
sophisticated monitoring and control
designing would be demanded to be
undertaken, since its highest level of
uncertainty and variability is going to be
established.

Table 1: Traditional vs. Modern Stability Challenges

Aspect Traditional Systems Modern Renewable-Rich Systems

Primary Stability
Concern

Rotor angle oscillations, local
voltage collapse

System-wide frequency volatility, sub-
synchronous resonance

Inertia High (mechanical rotation) Low or near-zero (electronic interfaces)
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Aspect Traditional Systems Modern Renewable-Rich Systems

Control Timescale
Seconds to minutes
(electromechanical)

Microseconds to seconds (power
electronics)

Disturbance
Response

Localized, decentralized System-wide, coordinated

2. Renewable Energy Integration: Stability
Implications

The large-scale integration of variable
renewable energy sources (VRES)—primarily
wind and solar photovoltaic (PV)—introduces
four critical stability challenges:

Inertia Reduction and Frequency
Vulnerability: Rotational inertia alone makes
the synchronous generators naturally resistant
to changes in frequency. IBRs do, however,
isolate prime movers (e.g. wind turbines)
against grid frequency thus removing this
buffer. As a result, high VRES penetration
causes steeper frequency nadirs and cause
quicker RoCoF (Rates of Change of Frequency)
after generation-load transients. This
compounds the chances of under-frequency
load shedding (UFLS) cascades contingencies.
As countermeasures, energy storage systems
(ESS) and synthetic inertia through grid-
forming inverters have emerged, at least in
limited deployments; scalability is limited by
cost and regulatory environments [28].

Power Electronics-Induced Instabilities: IBRs
interface with grids via fast-switching power
electronics, introducing high-frequency
dynamics absent in traditional systems. These
include:

 Sub-synchronous oscillations (e.g.,
Sub-Synchronous Control Interactions
(SSCI)) between inverter controls and

series-compensated lines or turbine
torsional modes.

 Harmonic resonances exacerbated by
grid impedance interactions, leading to
equipment damage or protection
maloperation.

 Adverse control interactions among
densely deployed IBRs during weak
grid conditions (e.g., low short-circuit
ratio).

Grid Decentralization and Visibility Loss:
Due to the growing number of distributed
energy resources (DERs) (rooftop solar, electric
vehicles (EVs), microgrids), the passive
distribution networks are being turned into
active systems with possible bi-directional
power flows. It undermines conventional
voltage regulation (e.g., tap changers) and also
makes fault detection more difficult. More
importantly, the high DER count makes it so
that a traditional SCADA can simply not keep
up and produce observability holes [29]. The
issue with distributed assets is that without the
availability of granular real-time data there is
no way that operators can model or control
distributed assets effectively during transients.

Load Pattern Uncertainty: New highly
variable profiles are being added by
electrification of transport (EVs) and heating.
Uncoordinated charging may result in evening
peaks due to EV charging where ramping is
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already stressed by decreasing solar generation,
the so-called duck curve [30]. Moreover,
dynamic behaviors of the modern electronic
loads can adversely engage with the grid
voltage / frequency control loops.

3. Smart Grid Technologies: Enabling
Infrastructure

Smart grids provide the technological
foundation for deploying advanced stability
solutions through integrated sensing,
communication, and computation:

Wide-Area Measurement Systems (WAMS):
Phasor Measurement Units (PMUs) monitor
voltage, current and frequency and provide
time correlated voltage, current and frequency
readings on a large geographical basis on sub-
cycle level [31]. This is used to monitor inter-
area oscillations, voltage stability margin, and
system inertia in real time. Machine learning is
used to detect anomalies and predictive
stability testing in modern WAMS
architectures to enable raw data to be
transformed into useable grid intelligence.

Internet of Things (IoT) Integration: IoT
devices provide the capability to have visibility
within transmissions networks and
distribution feeders and consumer premises.
Line sensors, equipment monitors, and smart
meters produce a very fine-grained stream of
data on the load profile, the DER power, and
the network topology. Combined with edge
computing, the IoT offers the possibility of
decentralized decision-making which is vital in
quick decision-making in case of instabilities
during localized cases. IoT is further used to
combine grid data with building management
systems/EV charging networks in the context
of smart cities in order to unlock flexibility
resources across sectors [32].

Advanced Metering Infrastructure (AMI):
The backbone of the 3 demands side
management is the AMI that enables the
dynamic pricing, direct load control and even
the emergency load dropping. AMI is helping
to marshal responsive resources by putting
pools of virtual reserves in place, consisting of
industrial HVAC, residential water heaters and
commercial refrigeration. Addressable using
simple control software, AMI modulates those
loads in seconds to provide the necessary
frequency and voltage support in contingency
[33].

Energy Storage Systems (ESS): Lithium-ion
batteries, flow batteries, and supercapacitors-
ESS technologies help to stabilize grids
through time-shifting of renewable generation,
injecting synthetic inertia, and damping of
oscillations. Multi-timescale support is an
economical feature of hybrid systems that
combine short duration (supercapacitors) and
long duration (batteries) storage. In Grid-scale
ESS deployment, model predictive control is
becoming popular in order to simultaneously
achieve state-of-charge optimization and
stability requirements [34].

4. Advanced Control Strategies:
Methodologies and Applications

Traditional methods of control (e.g., PSS,
AVR) are inappropriate to be used in a
modern grid because of their localization,
hardcoded parameters, and sluggish response.
Sophisticated tactics will fill these gaps by:

Adaptive and Robust Control: Adaptive
controllers tune parameters from real time
conditions of the system (e.g., line outages,
generation mix changes) so that one is robust
at very different operating points. Strongly
implementing the H-infinity or µ-synthesis
based control methods addresses explicitly
model uncertainties which is critical in systems
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where there is forecasting error in VRES/load.
Such methods are better than fixed-gain
controllers in unmodeled cases, including
unexpected resonances in the dynamics [35].

Model Predictive Control (MPC): The uses of
MPC are to optimize finite-horizon control
problems to find optimal sequences of controls
(e.g., generator setpoints, ESS dispatch, tap
adjustments) that also satisfy stability
constraints. MPC anticipates the output and
load of VRES generation in the best estimate
of ARIMA or neural networks, and proactively
overcomes the developing instabilities instead
of acting after it occurred [36]. It has uses such
as transient stability-constrained optimal power
flow, and generation rescheduling.

Wide-Area Coordinated Control: This is a
method to co-ordinate the movement of the
devices in a geographically scattering network
such as FACTS, HVDC links, ESS and
generators with regard to the data of WAMS.
Examples include:

 Damping inter-area oscillations by
modulating power flows on HVDC
lines in response to phase angle
differences.

 Correcting voltage collapse through
coordinated VAR support from
STATCOMs and distributed PV
inverters.

 Arresting frequency decay via
simultaneous generator ramping, ESS
discharge, and demand curtailment.

Grid-Forming Inverter (GFM) Control: GFMs
are groundbreaking in the direction of grid-
forming in comparison to the previously grid-
following IBRs. GFMs have the necessary
black-start ability and synthetic inertia since
they are frequency and voltage regulated (like
synchronous generators) independent of the

grid. Renewables can play an active role in
stabilizing the micro grid and weak bulk grid
with control topologies such as virtual
synchronous machines (VSM) and droop-based
topologies [37].

5. Emerging Trends: AI and Machine
Learning in Stability Enhancement

Artificial intelligence (AI) and machine
learning (ML) bypass limitations of analytical
models in complex, data-rich environments:

Deep Reinforcement Learning (DRL) for
Adaptive Control: The DRL agents (e.g., Deep
Deterministic Policy Gradient (DDPG)) can
learn their optimal control policies through
interaction with grid simulation environments.
Compared to the traditional approaches,
DRLs manage non-linearity and high-
dimension of states and allows real-time
stability-restoring actions, e.g., remedial load
shedding or generator re-dispatch, without
solving intractable optimization problems [38].
Learned agents will be adaptable to
unobserved cases (e.g., extreme weather), they
provide resilience, with model-based
controllers.

Neural Network-Based Stability Assessment:
Deep neural networks such as convolutional
neural networks (CNNs) and long short-term
memory (LSTM) networks can take PMU data
streams as input and convert them to stability
metrics (e.g., transient stability index, voltage
security margin). The models, referred to as
data-driven models, make predictions of
instability within seconds to minutes and
institute preventive measures [39]. Further
enhancement of accuracy is also achieved with
Hybrid solutions where a combination of
physics-based model and LSTM is used to solve
the problem of under-voltage load shedding or
a fault induced delayed voltage recovery, or
FIDVR.
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AI-Driven Cyber-Physical Security: ML has
the effect of increasing stability during cyber
threats. False data injection and command
spoofing on control systems against false data
injection or command spoofing are identified
with anomaly detection algorithms (isolation
forests, auto encoders). The federated learning
schemes are used to train intrusion detectors
across the utility entities without sensitive data
sharing, and it is possible to enhance grid
resilience by preserving privacy [40].

Digital Twins for Scenario Testing:
Thousands of contingencies are simulated to
train ML models, similar to physical grids
represented by high-fidelity digital replicas and
validate control strategies [41]. Twins which
also includes weather forecasts, market
schedules and equipment status allow
operators to open up a world of what-if
scenarios as well as pre-compose stability-
constrained operating envelopes.

Conclusion of Literature Review
The literature surveyed emphasizes that the
deployment of renewable-dominated,
decentralized power systems tends to radically
change the existing paradigm of stability.
Although innovative sensing architecture
(WAMS, IoT) and control (adaptive/robust
control, MPC, wide-area coordination,
inverters (grid-forming)) have transformative
potential, there is still a large gap in scalability,
standardization, and cyber-physical resilience.
Real-time stability assessment and control
toolkit gained dimensions with the emergence
of the AI/ML techniques however their usage
also demands meticulous validation and
combination with physical models. Finally, to
guarantee grid stability in the future,
innovation in technology will not be sufficient;
it must come in the form of holistic
frameworks that unify conceptually and
practically advanced controls, cross-domain

information, and interdisciplinary teamwork
to disrupt current theoretical and practical
divisions.

Objectives of the Study

The primary objective of this study is to
explore and evaluate the role of advanced
control strategies in enhancing power system
stability. Specifically, the study aims to:

1. Identify current challenges affecting the
stability of power systems, including
technical, operational, and security-
related issues such as renewable energy
integration, frequency and voltage
fluctuations, cyber-security threats, and
aging infrastructure.

2. Assess the familiarity and perceptions
of electrical engineering professionals
regarding various advanced control
strategies, including adaptive control,
model predictive control (MPC),
AI/ML-based control, wide-area
monitoring systems (WAMS), and
robust control techniques.

3. Evaluate the perceived effectiveness of
these advanced control strategies in
mitigating system instabilities and
improving overall grid reliability and
performance.

4. Analyze the current level of
implementation of advanced control
strategies across different organizations,
and identify the main barriers
hindering their adoption, such as high
implementation costs, lack of skilled
personnel, regulatory constraints, and
integration issues with legacy systems.

5. Investigate future trends and emerging
technologies that are expected to
significantly impact power system
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stability in the coming decade, with a
focus on AI/ML, energy storage
systems, PMU-based monitoring, and
block chain-based grid security.

6. Examine the likelihood and readiness
of industry stakeholders and
organizations to invest in and adopt
advanced control strategies within the
next five years.

7. Provide actionable insights and
recommendations for researchers,
practitioners, and policymakers to
facilitate the effective deployment of
advanced control strategies, address
existing challenges, and enhance the
long-term stability and resilience of
modern power systems.

Problem Statement

Progressively, power systems across the globe
have become more complicated and dynamic
in their behavior, thus posing serious inquires
on the stability and reliability of their
operation. Although renewable energy
integration is necessary in sustainable
development, the renewable sources have
added a significant level of variability and
unpredictability to the grid, and thus causing
more insecurity due to frequency and voltage
fluctuations.

In addition, growing threat to cyber security,
deteriorating infrastructure, as well as the lag
in detecting and isolating faults further
complicate the issue of stability. The
conventional control techniques are becoming
less feasible in the management of such
complex affairs and hence it is imperative to
incorporate smarter, more valuable and
dynamic forms of control.

Although new forms of control have come up
including that of adaptive control, model
predictive control (MPC), artificial intelligence
(AI), machine learning (ML)-based methods,
and wide-area monitoring systems (WAMS), its
usage in the power sector has not been fully
achieved. The problem is that the cost of
implementation is high, there is a lack of
qualified personnel, and regulations in
addition to the challenges of integrating with
the legacy systems still limit the widespread

adoption. Also, empirical evidence and well-
balanced feedback of the stakeholders are
missing regarding the efficacy, viability and
potential of these superior strategies.

Thus, there lies an indispensable need to
undertake a systematic investigation of the
challenges, perceptions, and future sceneries
that the tremendous usage of advanced control
strategies in power systems offers. The
experiences and expectations of those who
work in the area are essential to make research
focused, policy informed, and speed up
transformation to more stable and intelligent
power grids.

Methodology

The quantitative research design was used to
achieve systematic inquiry into the use of the
advanced control schemes in achieving optimal
power system stability. The survey was sent to
315 professionals working in the field of
electrical engineering i.e. 38.1% power system
engineer, 23.8% researcher/academician,
19.0% control systems engineer, 14.3% utility/
grid operator. The sample was a representative
cross-section of mid-career professionals of
which 33.3% had between 5-10 years’
experience and the 23.8% had between 10-15
years’ experience in the profession.

The research questionnaire was structured to
offer information based on various critical
metrics: the present stability issues, awareness
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of the advanced control strategies, the
effectiveness of such strategies as perceived,
implementation progress, obstacles of
implementation and possible trends in
technology development. A similar percentage
of questions on the questionnaire involved a
Likert-scale response structure combined with
a multiple-choice format in order to provide a
thorough set of data to be collected without
demoralizing the respondent actively taking
part in the research.

Descriptive statistical means of the data
analysis were used to measure the responses
with results ideally displayed in the form of
several visualization tools that make results
more interpretable. The bar charts were
suitable in presenting contrasting information
like allocation of professional functions and
influence of intermittent renewables
evaluation scale. Donut charts were useful in
visually displaying proportional data as one can
find it very helpful in illustrating distributions
of years of experience. Tables of frequencies
provided more detailed numerical
disaggregation of answers on the issue of
problems, familiarity of strategies, and
obstacles to their application.

As an analytical tool, the key patterns and
correlations were aimed to be identified in the
provided dataset. As an example, using cross-
tabulation helped to determine the connection
between the roles of professionals and how
effective they felt their strategies were. The

resulting trends were confirmed through
statistical significance testing when and where
necessary. The choice of visualization strategy
was quite specific, as it is based on the most
outstanding findings, i.e., on the dominance of
renewable integration issues (81.0), the high
rates of perceived control effectiveness of
AI/ML-based sources (71.4 familiarity, 66.7
the effectiveness score), etc.

To ensure data reliability, the research
incorporated several validation measures. The
questionnaire was pre-tested with a small
group of professionals to refine question clarity
and response options. During data collection,
attention was paid to maintaining a
representative sample across different
professional categories and experience levels.
Data cleaning procedures were implemented to
identify and address any inconsistencies or
outliers in the responses.

The quantitative methodology enabled the
transformation of complex professional
opinions into measurable metrics, facilitating
objective analysis of the current state and
future potential of advanced control strategies
in power systems. This approach provided a
solid foundation for drawing meaningful
conclusions and making practical
recommendations for industry stakeholders.
The combination of statistical analysis and
visual data presentation ensured that the
results were both rigorous and accessible to
diverse audiences in the field.
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Results

Figure No. 1 Primary Role in Power Systems

According to the distribution of audiences,
this research article appeals to the Power
System Engineers mostly (38.1%), which can
also be defined as its practical orientation
towards the current issues of the grid. Its
application in both theoretical advancement
and the construction of control algorithms is
reflected by the fact that two groups who
participated in the highest numbers,

Researchers/Academics (23.8%) and Control
Systems Engineers (19.0%), represent two of
the foundations of the field, theory and
control algorithm development. Utility/Grid
Operators (14.3) are the key end-users, which
clinches the usefulness of the work in the
operations of the systems. This is a balanced
audience that shows the fitting of the article
within the aspects of both theoretical
innovations and engineering practices in a
contemporary power system.
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Figure No. 2 Years of Experience

The majority of respondents are mid-career
professionals, as more than 60% of
respondents have an experience of 5-15 years
(33.3 percent with 5-10 years’ experience; 23.8
percent with 10-15 years’ experience). Times

new to the profession (0-5 years) is a large
secondary group (28.6%), whereas well-
experienced people (15+ years) constitute
14.3%.

Table 2: Major Challenges

Challenge Frequency Percentage

Renewable energy integration 255 81.0%

Frequency/voltage fluctuations 210 66.7%

Cyber-security threats 150 47.6%

Aging infrastructure 135 42.9%

Fault detection/isolation delays 120 38.1%

Other 30 9.5%
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Incorporation of renewable energy (81.0%)
encounters the most critical problem,
indicating that due to industry-wide challenges
of operating variable generation, low system
inertia, and dynamic interactions among grid
resources, inverter-based resources, and
increased energy storage have been unable to
meet its challenge. This is a direct cause of
secondary stability problem: the frequency and
voltage fluctuations (66.7 percent), worsened
due to the reduced rotational inertia and
bilateral power flows, that makes them
susceptible to real-time imbalances. At the
same time cyber-security risks (47.6%) have

become a burning issue with the risk to data
integrity and control systems as operators
digitize grids to accept renewables. These
problems are augmented by aging
infrastructure (42.9%) and a lack of
adaptability of legacy assets to the dynamics of
the grid newer systems, and the gaps of
monitoring and protection plans due to
delayed fault detection/isolation (38.1%).
Taken together, these issues highlight a
conflict: how to find a balance between the
technical requirements of the energy transition
with the need to make systems more resilient
to a newly formed set of threats.

Figure No. 3 Impact of Intermittent Renewables

More than seven out of 10 professionals
(76.2%) consider intermittent renewables to
exhibit a High to Very High degree of
consequences on power system stability with
almost half (42.9%) of professionals placing

the implication as Very High. Such a
consensus highlights how the variability of
renewable is a source of significant
destabilization itself (precisely cause increased
frequency volatility, ramp stress, and inertia
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deficiencies in contemporary grids). Just 4.8
consider the Low/Very Low of the impact,
which proves once more that the intermittency
is not on the periphery of the operation but in
the center. The statistics confirm an urgency in

the industry to come up with remedies
synthetic inertia, advanced forecasting, and
flexible grid architecture to defend instability
threats created by renewable.

Table 3: Familiarity with Strategies (Multiple Responses Allowed)

Strategy Frequency Percentage

Adaptive Control 180 57.1%

Model Predictive Control (MPC) 150 47.6%

AI/ML-based Control 225 71.4%

Wide-Area Monitoring (WAMS) 165 52.4%

Robust Control 120 38.1%

Other 45 14.3%

AI/ML-based control (71.4%) wins as the most
recognized methodology as industry focus on
data driven options for renewables rich grids
keeps rising at a fast pace. Adaptive control
(57.1 per cent) and Wide Area Monitoring
(WAMS, 52.4 per cent) are very close behind,
showing significant awareness of self-

optimising systems and real time awareness.
Model Predictive Control (MPC, 47.6%) and
robust control (38.1%) come in second and
third, indicating that they are well known
within their niche even if each has reached full
theoretical maturity.

Table 4: Effectiveness of Advanced Strategies

Effectiveness Frequency Percentage

Extremely Effective 90 28.6%

Very Effective 120 38.1%

Moderately Effective 75 23.8%

Slightly Effective 24 7.6%

Not Effective 6 1.9%

Advanced strategies rated a remarkable 66.7
percent (28.6 percent+38.1 percent) as
Extremely/Very Effective indicating that
practitioners are confident that they can

overcome contemporary challenges associated
with the stability. Such a small percentage as
1.9 find them not useful. The 23.8% of the
modestly effective group is most probably
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motivated by barriers to implementation (e.g., complexity of computation, older systems
integration).

Figure No. 4 Implementation Status

The state of contemporary use of advanced
control strategies demonstrates that the power
sector is at the stage of profound change. On
one hand, with 47.6 percent of entities actually
deploying the solutions today, there is a sense
that grid stability is being modernized. On the
other hand, 38.1 percent of these entities are
not yet adopting the solutions. Notably, 14.3

percent of them are on planning and this
means that they are increasingly becoming
recognized as necessary. This unequal adoption
landscape highlights one crucial point of
development: those that adopt early (usually
larger utilities or projects supported by
research) are moving forward, and others still
need to overcome systemic obstacles.

Table 5: Barriers to Adoption (Multiple Responses Allowed)

Barrier Frequency Percentage

High implementation cost 210 66.7%

Lack of skilled personnel 180 57.1%

Regulatory constraints 135 42.9%

Integration with legacy systems 150 47.6%

Other 30 9.5%
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The main barriers to the wider adoption are
complex. Costs of implementation (66.7%) are
the major areas of concern; this cost is
propagated by the cost of sensors, control
hardware, software integration, and system-
wide upgrading. Additionally, there is a critical
skills gap (57.1%), because the need to develop
expertise in AI/ML, power electronics and
cyber-physical systems exceeds the supply.
Further problems with deployments are
integration issues of legacy infrastructure

(47.6%) when legacy substations, incompatible
communication protocols, and old control
systems do not easily keep up with
modernization. Also, governmental restrictions
(42.9%) in pilot scaling and institutional
adoption include the use of aging grid codes
and certification regulations, which take a
significant amount of time, along with a lack
of standards to measure emerging technologies
in a similar way.

Table 6: Most Impactful Technology (Next Decade)

Technology Frequency Percentage
AI/ML-based control 135 42.9%
Advanced energy storage 90 28.6%
Wide-area monitoring (PMUs) 60 19.0%
Blockchain for grid security 15 4.8%
Other 15 4.8%

Based on the occupational groups surveyed
and comparing the percentage of each group
identifying AI/ML-based control (42.9) as the
most impactful technology in the next decade,
this sort of control stands out overwhelmingly
as the next-decade technology that needs to be
in place. This supremacy symbolizes the great
level of familiarity (71.4%) and effectiveness of
the AI/ML solutions that were evident in the
previous data. Enhanced energy storage
(28.6%) closely follows, as it is legalized to
deliver synthetics inertia, frequency control,
and renewable firmness, which is opposite to

the highest mentioned consequences of
intervalid generation and low-inertia networks.
In communicating mechanisms outermost
monitoring (PMUs/WAMS) (19.0%),
although not as widely cited, is also in the
background since it facilitates the intelligences
AI-powered and coordinated controls.
Compared conspicuously, blockchain grid
security (4.8) lags almost in an empty race,
indicating an insufficient level of industry
certainty around heavy application scalability
in the short term, to anchor its use stability in
the near term market.

Table 7: Likelihood of Investment (Next 5 Years)

Likelihood Frequency Percentage
Very Likely 90 28.6%
Likely 120 38.1%
Neutral 75 23.8%
Unlikely 24 7.6%
Very Unlikely 6 1.9%
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A good majority (66.7%) of the industry
respondents report that investment in
advanced control strategies is Likely (38.1%) or
Very Likely (28.6%) within five years. Such
strong optimism is indicative of a decisive
transition of theoretical interest to practical
adoption that is being encouraged by the
increasing pressure to deal with renewable
integration issues (81.0%) and cybersecurity
threats (47.6%). Right in the middle is the
neutral cohort (23.8%), the utility of which is
waiting to be proved or prices to be lowered,
with out-and-out skepticism being a fringe
group (9.5% Unlikely/Very Unlikely).

Discussion

The results of study present invaluable
information about the present challenges,
strategic preparedness and perspective as far as
adoption of advanced control strategies in
improved power system stability is concerned.
A representative and wide range of
professionals were engaged in the activities,
most of them being Power System Engineers,
Researchers and the Control System Engineers.
This demographic complex is a great marriage
of applied and theoretical skills and so the
findings apply widely in the academic,
industrial, and operational contexts.

Among the major trends that stand out of the
data is the overall recognition of renewable
energy integration as a current problem of
modern power systems. More respondents
than not (80 per cent) found this to be a
principal concern, as intermittent inverter-
based forms of generation are increasingly
taxing grid reliability. This follows up with the
way frequency and voltage changes are
mentioned, the second most mentioned issue,
which supports the notion that variable
sources of energy are interdependent with
system imbalances. Cyber-security and aging
nature of grid infrastructure are further

contributing to these technical instabilities and
hence it is observed that the threat landscape
that modern power systems are operating
through is complex as well as rapidly changing.

Technically in the survey of all professionals,
most reported a knowledge base of a diversity
of advanced control techniques, especially
controls based on AI/ML, adaptive controls,
and wide-area monitors. It is a good indication
of knowledge sharing and interest in
innovation in the domain. Significant positive
correlation between recognition and
perception of effectiveness indicate that the
stakeholders within the industry are not only
aware of these strategies but also have faith in
their ability to address the existing grid
concerns.

Positively though, almost two-thirds of the
respondents view advanced control strategies
as being very or extremely effective. This
indicates increased assurance in the dynamic
and real-time nature of these technologies to
respond to grid disturbances and increase
resiliency of operation. However, part of the
participants also had moderate or low levels of
confidence indicating tense issues behind the
scene pertaining to implementation viability,
compatibility of the system, or diversity in real-
life performances.

Its implementation status gives a realistic
picture of the development of the industry.
More than forty percent of the organizations
surveyed have already implemented strenuous
control strategies, and another percentage of
the organizations surveyed are still planning to
do so. Nevertheless, a significant portion is not
involved, which is probably caused by the
identified obstacles that include the possibility
of high costs of implementation and lack of
skilled workforce. The problem of
compatibility with legacy infrastructure and
limitation of the regulatory environment also
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rose to the surface as major setbacks
necessitating the expansion of supporting
institutions, labor training, and more up-to-
date policies regarding the grid.

The future levels of control systems
development are heavily biased toward AI/ML-
based applications as revealed by both
popularity and anticipated influence by the
next decade. It is not only considered the most
transformational, but also the most investable
technology as most of the respondents had
high probabilities of making an investment in
a short period of time. The increasing
popularity of increased energy storage systems
is another factor that promotes the shift
toward systems capable of absorbing the
variability of renewable energy. In the
meantime, blockchain as a grid security
example is showing a promise, but has received
little confidence or usage in practical
applications.

All in all, the paper points to a power systems
community that is highly cognizant of the
paradigm shift in operation necessitated by the
renewable transition and digitalization. On the
one hand, it is obvious that the technical
innovation is only growing, yet on the other
hand, it is easy to see that such economic,
regulation and infrastructural enablers as the
ones needed simply have to develop along with
the technical innovation. The ability to
overcome the two major issues of cost and
skills deficit will be important elements to
drive the implementation of advanced control
strategies. As the energy industry seeks to
handle a more complex environment, the
merging of intelligent, adaptive and data-based
control systems is not only seen as desirable
but is imperative to achieve a long term grid
stability and sustainability.

Conclusion and Recommendations

This research places strong emphasis on the
importance of more developed control
measures to resolve the expanding stability
issues in contemporary power networks,
especially as renewable energy resources rise.
The switch to the usage of inverter-based
resources has caused a vast decrease in system
inertia resulting in frequency and voltage
changes, and cyber-security risks and
crumbling infrastructure make dealing with
the grid even more complicated. The
complexity of these issues has rendered the
traditional control methods as inadequate and
therefore the move towards adaptive and data
driven methods is necessary.

In an attempt to improve power system
stability, a number of recommendations can be
raised. First, the use of AI/ML-based control
systems that will be flexible in real-time and
can make predictions is a priority that grid-
operators and utilities should make. Such
technologies are efficient to deal with the
uncertainty of renewable generation and
enhance the resilience of the system. Second, it
is necessary to invest in wide-area monitoring
systems (WAMS) and IoT singing sensors to
achieve situational awareness and to conduct
integrated control of distributed – networks.
Third, the use of grid-forming inverters must
be massively adopted that restores the same
stabilization characteristics of synchronous
generators counteracting inertia-based issues.

It is also important to address the
implementations barriers. Industry players and
policy makers need to pool resources and find
a way to cut down on the cost via subsidies,
pilot schemes and uniform models. The
development of workforce ought to be
encouraged, through advanced control
technology training of professionals, filling the
skills gap. Also, the regulatory changes will be
required to facilitate the integration between
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new solutions and legacy infrastructure and
make them cybersecurity-compliant.

Lastly, the study should also look into future
research into hybrid methods that involve a
physics-based model implemented in
conjunction with machine learning to increase
accuracy in the assessment of stability. The
creation of digital twins to test the possibilities
of the scenarios will also test control strategies
depending on many conditions. In
implementing such solutions, the power
industry could attain an enhanced, stable,
reliable, and sustainable grid, which is a system
that withstands clean energy transition.

References

[1]. I. Alhamrouni, N. H. Abdul Kahar, M.
Salem, M. Swadi, Y. Zahroui, D. J.
Kadhim, et al., "A comprehensive
review on the role of artificial
intelligence in power system stability,
control, and protection: Insights and
future directions," Applied Sciences, vol.
14, no. 14, p. 6214, 2024.

[2]. M. M. Islam, T. Yu, G. Giannoccaro, Y.
Mi, M. La Scala, M. N. Rajabi, and J.
Wang, "Improving reliability and
stability of the power systems: A
comprehensive review on the role of
energy storage systems to enhance
flexibility," IEEE Access, 2024.

[3]. D. Remon, A. M. Cantarellas, J. M.
Mauricio, and P. Rodriguez, "Power
system stability analysis under
increasing penetration of photovoltaic
power plants with synchronous power
controllers," IET Renewable Power
Generation, vol. 11, no. 6, pp. 733–741,
2017.

[4]. M. Z. Afshar and M. H. Shah,
"Examining vision sharing as a driver of
organizational resilience: Evidence
from public sector contexts in
developing economies," Indus Journal of
Social Sciences, vol. 3, no. 2, pp. 971–
985, 2025.

[5]. Y. Yoldaş, A. Önen, S. M. Muyeen, A.
V. Vasilakos, and I. Alan, "Enhancing
smart grid with microgrids: Challenges
and opportunities," Renewable and
Sustainable Energy Reviews, vol. 72, pp.
205–214, 2017.

[6]. F. Blaabjerg, Y. Yang, D. Yang, and X.
Wang, "Distributed power-generation
systems and protection," Proceedings of
the IEEE, vol. 105, no. 7, pp. 1311–
1331, 2017.

[7]. M. Z. Afshar and M. H. Shah,
"Examining the role of change
management in enhancing
organizational resilience in public
sector entities," Center for Management
Science Research, vol. 3, no. 3, pp. 931–
942, 2025.

[8]. X. Li and S. Wang, "Energy
management and operational control
methods for grid battery energy storage
systems," CSEE Journal of Power and
Energy Systems, vol. 7, no. 5, pp. 1026–
1040, 2019.

[9]. N. Hatziargyriou, J. Milanović, C.
Rahmann, V. Ajjarapu, C. Cañizares, I.
Erlich, et al., "Definition and
classification of power system stability –
revisited & extended," IEEE
Transactions on Power Systems, vol. 36,
no. 4, pp. 3271–3281, 2020.

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


ISSN (e) 3007-3138 (p) 3007-312X

https://sesjournal.com | Akhtara Raza et al 2025 | Page 327

[10]. D. Cao, W. Hu, J. Zhao, G.
Zhang, B. Zhang, Z. Liu, et al.,
"Reinforcement learning and its
applications in modern power and
energy systems: A review," Journal of
Modern Power Systems and Clean Energy,
vol. 8, no. 6, pp. 1029–1042, 2020.

[11]. M. Z. Afshar and M. H. Shah,
"Leveraging Porter's diamond model:
Public sector insights," The Critical
Review of Social Sciences Studies, vol. 3,
no. 2, pp. 2255–2271, 2025.

[12]. J. Fang, H. Li, Y. Tang, and F.
Blaabjerg, "On the inertia of future
more-electronics power systems," IEEE
Journal of Emerging and Selected Topics in
Power Electronics, vol. 7, no. 4, pp.
2130–2146, 2018.

[13]. B. Kroposki, B. Johnson, Y.
Zhang, V. Gevorgian, P. Denholm, B.
M. Hodge, and B. Hannegan,
"Achieving a 100% renewable grid:
Operating electric power systems with
extremely high levels of variable
renewable energy," IEEE Power and
Energy Magazine, vol. 15, no. 2, pp. 61–
73, 2017.

[14]. M. Z. Afshar and M. H. Shah,
"Resilience through adaptation:
Examining the interplay between
adaptive capacity and organizational
resilience in public sector
organizations," ACADEMIA
International Journal for Social Sciences,
vol. 4, no. 2, pp. 1770–1789, 2025.

[15]. M. Z. Afshar and M. H. Shah,
"A narrative review for revisiting BCG
matrix application in performance
evaluation of public sector

entities," The Journal of Research Review,
vol. 2, no. 2, pp. 325–337, 2025.

[16]. R. U. Din and N. Bibi, "Solar
energy development in Pakistan:
Overcoming barriers through policy
reform and stakeholder
engagement," Journal of Engineering and
Computational Intelligence Review, vol. 3,
no. 1, pp. 82–98, 2025.

[17]. R. Amin and A. A. Kazmi,
"Smart grids: A comprehensive review
of technologies, challenges, and future
directions," Journal of Engineering and
Computational Intelligence Review, vol. 2,
no. 2, pp. 45–70, 2024.

[18]. A. R. Bali and Y. Mughal, "The
impact of different computing tools in
electrical engineering learning," Journal
of Engineering and Computational
Intelligence Review, vol. 3, no. 1, pp. 52–
67, 2025.

[19]. R. Khan, B. Zainab, A. Al
Prince, M. Iftikhar, and A. Raza,
"Artificial intelligence and 6G
integration: Transforming the digital
technology landscape," Spectrum of
Engineering Sciences, vol. 3, no. 6, pp.
717–737, 2025.

[20]. Y. Arafat, "Business intelligence
as a strategic asset: Measuring its role in
enhancing US national interests across
defense, trade, and cyber
domains," Journal of Business Insight and
Innovation, vol. 4, no. 1, pp. 1–20, 2025.

[21]. J. Qayyum, H. A. Siddiqui, A.
Al Prince, S. Ahmad, and M. Raza,
"Revolutionizing market insights
through AI and data analytics: The
next era of competitive

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


ISSN (e) 3007-3138 (p) 3007-312X

https://sesjournal.com | Akhtara Raza et al 2025 | Page 328

intelligence," The Critical Review of
Social Sciences Studies, vol. 3, no. 1, pp.
3285–3302, 2025.

[22]. "Strategic innovations and
transformative impact of blockchain
technology," The Asian Bulletin of Big
Data Management, vol. 5, no. 2, pp. 87–
103, 2025, doi: 10.62019/sc4xdv41.

[23]. I. Alim, "The impact of
artificial intelligence on the accounting
profession: Technological
advancements and employment
perspectives," International Journal of
Science and Research Archive, vol. 15, no.
3, pp. 1173–1187, 2025, doi:
10.30574/ijsra.2025.15.3.1873.

[24]. S. Sultan, A. Mumtaz, I. Alim,
A. Javaid, and N. Arif, "AI-driven
cybersecurity: Protecting data and
privacy in an evolving digital
world," Spectrum of Engineering Sciences,
vol. 3, no. 7, pp. 853–875, 2025.

[25]. M. Panteli, D. N. Trakas, P.
Mancarella, and N. D. Hatziargyriou,
"Power systems resilience assessment:
Hardening and smart operational
enhancement strategies," Proceedings of
the IEEE, vol. 105, no. 7, pp. 1202–
1213, 2017.

[26]. V. Das, S. Padmanaban, K.
Venkitusamy, R. Selvamuthukumaran,
F. Blaabjerg, and P. Siano, "Recent
advances and challenges of fuel cell
based power system architectures and
control – A review," Renewable and
Sustainable Energy Reviews, vol. 73, pp.
10–18, 2017.

[27]. H. Sun, Q. Guo, J. Qi, V.
Ajjarapu, R. Bravo, J. Chow, et al.,

"Review of challenges and research
opportunities for voltage control in
smart grids," IEEE Transactions on Power
Systems, vol. 34, no. 4, pp. 2790–2801,
2019.

[28]. S. K. Rathor and D. Saxena,
"Energy management system for smart
grid: An overview and key
issues," International Journal of Energy
Research, vol. 44, no. 6, pp. 4067–4109,
2020.

[29]. F. Mohammadi, B.
Mohammadi-Ivatloo, G. B.
Gharehpetian, M. H. Ali, W. Wei, O.
Erdinç, and M. Shirkhani, "Robust
control strategies for microgrids: A
review," IEEE Systems Journal, vol. 16,
no. 2, pp. 2401–2412, 2022.

[30]. W. Jing, C. Hung Lai, S. H. W.
Wong, and M. L. D. Wong, "Battery-
supercapacitor hybrid energy storage
system in standalone DC microgrids: A
review," IET Renewable Power Generation,
vol. 11, no. 4, pp. 461–469, 2017.

[31]. Z. Li, M. Shahidehpour, F.
Aminifar, A. Alabdulwahab, and Y. Al-
Turki, "Networked microgrids for
enhancing the power system
resilience," Proceedings of the IEEE, vol.
105, no. 7, pp. 1289–1310, 2017.

[32]. G. Nasserddine, M.
Nassereddine, and A. A. El Arid,
"Internet of things integration in
renewable energy systems," in Handbook
of Research on Applications of AI, Digital
Twin, and Internet of Things for
Sustainable Development. IGI Global,
2023, pp. 159–185.

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


ISSN (e) 3007-3138 (p) 3007-312X

https://sesjournal.com | Akhtara Raza et al 2025 | Page 329

[33]. A. F. A. Aziz, S. N. Khalid, M.
W. Mustafa, H. Shareef, and G. Aliyu,
"Artificial intelligent meter
development based on advanced
metering infrastructure
technology," Renewable and Sustainable
Energy Reviews, vol. 27, pp. 191–197,
2013.

[34]. F. Mohamad and J. Teh,
"Impacts of energy storage system on
power system reliability: A systematic
review," Energies, vol. 11, no. 7, p. 1749,
2018.

[35]. S. K. Panda and B. Subudhi, "A
review on robust and adaptive control
schemes for microgrid," Journal of
Modern Power Systems and Clean Energy,
vol. 11, no. 4, pp. 1027–1040, 2022.

[36]. L. Jin, R. Kumar, and N. Elia,
"Model predictive control-based real-
time power system protection
schemes," IEEE Transactions on Power
Systems, vol. 25, no. 2, pp. 988–998,
2009.

[37]. D. Pattabiraman, R. H. Lasseter,
and T. M. Jahns, "Comparison of grid
following and grid forming control for
a high inverter penetration power

system," in 2018 IEEE Power & Energy
Society General Meeting (PESGM), 2018,
pp. 1–5.

[38]. Q. Huang, R. Huang, W. Hao,
J. Tan, R. Fan, and Z. Huang,
"Adaptive power system emergency
control using deep reinforcement
learning," IEEE Transactions on Smart
Grid, vol. 11, no. 2, pp. 1171–1182,
2019.

[39]. T. U. Badrudeen, N. I. Nwulu,
and S. L. Gbadamosi, "Neural network
based approach for steady-state stability
assessment of power
systems," Sustainability, vol. 15, no. 2, p.
1667, 2023.

[40]. Y. G. Hassan, A. Collins, G. O.
Babatunde, A. A. Alabi, and S. D.
Mustapha, "AI-powered cyber-physical
security framework for critical
industrial IoT systems," Machine
Learning, vol. 27, pp. 1158–1164, 2023.

[41]. Z. Shen, F. Arrano-Vargas, and
G. Konstantinou, "What-if scenario
testing through power system digital
twins," in 2024 IEEE 22nd International
Conference on Industrial Informatics
(INDIN), 2024, pp. 1–6.

[42].

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

