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Abstract: Artificial Intelligence (Al) is transforming the domain of electrical engineering by facilitating smart decision-
making, predictive analytics, and automation in a vast variety of applications. This paper offers an exhaustive discussion
of the adoption of Al methodologies like machine learning, deep learning, fuzzy logic, and evolutionary algorithms in
prominent areas of electrical engineering such as power systems, smart grids, renewable energy, electrical machines, and
power electronics. The research examines how Al improves system efficiency, reliability, and fault tolerance using
intelligent load forecasting, predictive maintenance, adaptive control, and fault diagnosis. Additionally, the paper
identifies current developments, recent achievements, challenges, and future directions in Al-based electrical engineering
solutions. The results indicate that ongoing development and integration of Al can play an important role in the
development of more sustainable, efficient, and smart electrical infrastructures.
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I INTRODUCTION

The swift progress in Artificial Intelligence (AI) has had a profound influence on a broad spectrum of engineering
disciplines, with electrical engineering being one of the most dynamically affected ones. The complexity and size of
contemporary electrical systems have imposed a compelling need for smart, data-based solutions that are able to improve
system performance, reliability, and flexibility.[4]Al provides strong means of meeting these challenges with methods
such as machine learning (ML), deep learning (DL), fuzzy logic, and evolutionary algorithms.

Electrical engineering deals with a range of subdomains such as power systems, smart grids, power electronics, electrical
machines, and renewable energy systems in which Al can have a revolutionary impact. For example, in power systems,
Al-based algorithms are utilized for real-time fault detection, load forecasting, and grid stability analysis. In electrical
drives and power electronics, adaptive and efficient operation is facilitated by intelligent control strategies through neural
networks and reinforcement learning. Likewise, Al integration into energy management systems optimizes decision-
making for load balancing, energy storage, and use of renewable energy.

With the introduction of Artificial Intelligence (Al), predictive maintenance has come a long way. Al algorithms,
especially machine learning (ML) and deep learning (DL) models, can now analyze huge amounts of sensor data to
identify anomalies, predict failures, and schedule maintenance with high accuracy. [2] This approach based on Al
facilitates real-time decision-making, increases the accuracy of fault diagnosis, and aids in the implementation of
intelligent maintenance systems for electric machines like motors, generators, transformers, and power converters.

The shift towards smart grids and distributed energy resources further highlights the necessity for Al-powered automation,
optimization, and predictive analytics. Through the use of huge volumes of sensor and operational data, Al enables
systems to self-monitor, self-diagnose, and self-optimize, leading to more robust and sustainable electrical infrastructures.

This article gives an overview of Al application in electrical engineering covering present approaches, real-world
applications, and upcoming trends. It also explores challenges faced while integrating Al such as data quality, model
explainability, and real-time performance and enlists directions for future research that aims towards more intelligent and
autonomous electrical systems.

II. LITERATURE REVIEW

The use of Artificial Intelligence (Al) in predictive maintenance (PdM) of electrical systems and machines has attracted
much focus over the past few years. The conventional methods of PAM were dominated by expert opinions, rule-based
systems, and simple statistical analyses. With the emergence of better sensors, [oT devices, and big data processing, Al-
based methods have found greater acceptance for more accurate and effective fault detection and maintenance
improvement.
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A. Al Techniques in Predictive Maintenance

Machine learning (ML) and deep learning (DL) have been extensively used in PdM for electrical machinery. In the
authors designed a machine learning-based fault detection method based on vibration and temperature readings of electric
motors. The model utilized a support vector machine (SVM) classifier to differentiate between healthy and faulty states
and attained a high rate of accuracy in real-time fault detection. Likewise, considered the application of decision trees
and random forests in fault diagnosis in rotating machinery and illustrated the capacity of these models to deal with large
and complicated datasets [4].

Deep learning methods have also been researched extensively for predictive maintenance. A convolutional neural
network (CNN) was utilized in to classify acoustic emission signals for identifying faults in electric motors at early stages.
The research had pointed out the capability of deep learning models to identify fine patterns of sensor data that are
difficult for conventional approaches to detect. Another interesting research by utilized a recurrent neural network (RNN)
for remaining useful life (RUL) prediction for bearings of electric machines, highlighting the strength of temporal models
in capturing the evolving characteristics of faults [5].

B. Integration with Internet of Things (IoT)

The convergence of Al and IoT has further augmenting the strength of predictive maintenance. IoT platforms allow for
continuous monitoring of electrical equipment using a set of sensors, offering real-time data streams for processing by
Al algorithms. In the authors demonstrated an IoT-based PdM system for industrial motors using machine learning
algorithms to process vibration and temperature data gathered from wireless sensors. The system demonstrated improved
accuracy and reduced maintenance costs by predicting failures in advance.

The research in investigated the combination of Al-driven predictive maintenance systems with cloud computing and
10T platforms [1]. The cloud system facilitated centralized processing of data, enabling real-time monitoring of electrical
systems in remote locations. The study pointed out the scalability and adaptability of cloud-integrated PdM systems to
manage large-scale industrial operations and generate predictive information across various assets.

C. Challenges and Limitations

In spite of the encouraging developments, there are still some issues with the adoption of Al-based predictive maintenance
in electrical machines. The most important challenge is the availability and quality of data. Well-performing predictive
models demand huge volumes of good-quality sensor data, which may not be present in industries always. In the authors
addressed the challenge of having enough fault data for model training, particularly for rare or catastrophic faults.
Moreover, imbalances in data, noise, and missing values can negatively impact the performance of Al algorithms.

The other challenge is in the interpretability of AI models [2]. Though deep learning models have been proven to have
better performance in fault detection, they are "black-box" in nature and are hard to interpret and trust when applied in
key industrial processes. A study in investigated explainable Al (XAI) methods to enhance the transparency of deep
learning models and provide explanations about the decision-making process of Al algorithms, potentially enhancing
acceptance among engineers and decision-makers.

D. Future Directions

Future research in Al-based predictive maintenance is likely to target a number of crucial areas. To begin with, the
creation of hybrid models bringing together the best of machine learning, deep learning, and conventional engineering
techniques will be vital in order to further boost predictive accuracy and resilience. Next, the integration of sophisticated
data preprocessing methods, including anomaly detection and feature engineering, will further enhance model
performance by ensuring quality data [6].

Another promising avenue is the integration of Al with augmented reality (AR) and digital twins. Digital twins, which
provide real-time virtual models of physical systems, can be used in conjunction with Al to predict and simulate machine
behavior under different operating conditions. AR can be used to give real-time information and visualizations of machine
health to maintenance staff, making maintenance more efficient and effective [8].

I11. PROS AND CONS OF ARTIFICIAL INTELLIGENCE
Since artificial intelligence is an emerging technologys, it is bound to have its share of pros and cons. By learning more

about the advantages and disadvantages of artificial intelligence, we can determine how artificial intelligence can be
blended with electrical engineering so that a smarter system can be made possible.
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A. Pros of Artificial Intelligence

[l Minimization of human error: With the growth in the quantity of data being supplied, artificial intelligence can
totally eliminate human error and thus provide a much more precise result compared to the outcome being offered by
human beings.

[ Safety: Artificial intelligence is the aspect that human beings do not have to directly engage with situations that may
be dangerous or threatening to the labour. When there is a fire in a flat, AI-powered robots can be employed to move
around in the building and extinguish the fire, thus eliminating the danger to human life as well as achieving the mission
with a good result.

[ Repetition: There are numerous tasks that have to be repeated in order to be finished. Artificial intelligence can be
employed in order to solve such tasks with ease, thus not only finishing the task but also ensuring that human effort is
not wasted on such tasks. One potential field of application can be in manufacturing and automation of different electrical
components.

[ Decision making: The primary difference between artificial intelligence and human intelligence is that human beings
consider all the factors in a pragmatic way as well as emotionally and then make a decision based on what that individual
perceives as correct. Artificial intelligence, however, provides an output taking into consideration all the factors based
on its programming. This method greatly accelerates the problem solving and decision making.

[ Availability: Artificial intelligence is available all day long due to the fact that it is a computer program that processes
the different inputs being given to the system. Robots and machines utilizing artificial intelligence do not get fatigued
like human beings thus raising the overall hours of work invested [10].

B. Cons of Artificial Intelligence

[1 Unemployment: There is a portion of individuals who feel that work will be facilitated with the embracement of
artificial intelligence in a significant number of sectors but there are individuals who feel that artificial intelligence can
take the place of human labour in these sectors, hence no longer needing humans.

[ Spread of laziness: Not only is artificial intelligence available 24x7 but also doesn't get tired and work at maximum
efficiency throughout the day. This also does away with the requirement of human oversight, thus making us lazy and
complacent since we believe that the artificial intelligence can handle the issues at hand.

[1 Emotional intelligence deficiency: Artificial intelligence resolves problems and makes choices much quicker than
human beings but at a price. Artificial intelligence simply does what is programmed and programming of emotions will
require a great deal of research, study, and work by scientists worldwide.

[ Cost: Implementing artificial intelligence into a system that already exists not only takes a lot of time and effort but
also a great deal of money. This indicates that there is a need for an amount of capital which will have to be invested.

[] Implementation time: Because of a shortage of very skilled programmers and the difficulty of the satisfactory model
development, it is difficult to develop the appropriate artificial intelligence in order to address real [10].

Iv. ARTIFICIAL INTELLIGENCE TECHNIQUE

Machine learning deals with the complexity of modeling or constructing programs that learn through experience in plain
language. Artificial intelligence, on the other hand, is used to represent knowledge and the algorithms of arguing
regarding such knowledge in general, while machine learning is an interdisciplinary research field which involves
knowledge from various domains, deriving knowledge from experience acquired in solving problems to utilize to respond
to unseen examples of similar questions. The major objective of machine learning studies is the creation of response-time
learning methods that can give automatic information from raw data and can employ advanced predictive models
employed in decision-making. [12] The best-known subset of machine learning is deep learning because deep learning
has the unique capacity which differentiates it from other primitive models. If a machine learning algorithm standard
incorporates an inaccurate prediction, then the algorithm must make some adjustments manually by its creator. However,
deep learning algorithms are capable of making the conclusion themselves whether a prediction is correct or incorrect.
Fig. 1 depicts that deep learning is a part of meaning learning whereas it is a part of artificial intelligence.
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Fig. 1 Distinction between various Artificial Intelligence Methods
V. ARTIFICIAL INTELLIGENCE METHODS
Modern artificial intelligence technologies include:
A. Artificial Neural Networks

Artificial Neural Networks are neurally inspired systems that transform a set of inputs into a set of outputs via a network
of neurons such that each neuron generates one output as a function of inputs as illustrated in Fig.2. A basic neuron can
be thought of as a processor which performs a simple nonlinear function of its inputs generating a single output [8]. The
knowledge of the operation of neurons and the structure of their interconnection can be utilized to build computers to
solve real world problems of pattern classification and pattern recognition [14].

Input Pattern Neural Network | Dewentig
B . 2 :
. .x Sigmod Function : :
- ~ea?™ f
Bias»y E
' Surnmotion .
_ Adjustment of [
Weights & Bias :
Data Acquistion & Pre-processing ¢ Data Representation

Fig. 2 Artificial Neural Network

Benefits of Artificial Neural Networks (ANN)
1. ANN problems are modeled by attribute-value pairs.

2. ANNs are employed for problems with the target function, the output can be discrete-valued, real-valued, or a vector
of a number of real or discrete-valued attributes.

3. ANN learning algorithms are very insensitive to noise in the training data. The training samples can have errors,
which will not influence the ultimate output.

4. Ttis applied where fast evaluation of the acquired target function is needed.

5. ANNSs may support long training times based on aspects like the number of weights in the network, the size of
training examples considered, and the values of different learning algorithm parameters.
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Limitations of Artificial Neural Networks (ANN)

I. Hardware Dependence:

1. Artificial Neural Networks need processors with parallel computing capability, by their nature.
2. Due to this fact, realization of the equipment is based on it.

II. Unexplained behavior of the network:

1. It is the most critical issue of ANN.

2. When ANN provides an inquiring solution, it does not provide any hint as to why and how.
3. This decreases trust in the network.

I11. Guarantee of correct network structure:
1. There is no fixed rule for deciding the structure of artificial neural networks.
2. The right network structure is obtained through experience and trial and error.

IV. Difficulty in demonstrating the problem to the network:

1. ANNSs are able to handle numerical data.

2. Problems must be converted into numbers before they can be presented to ANN. This depends on the skill of the
user.

V. The network's duration is not known:
1. The network is minimized to a specific value of the error on the sample means that training has been achieved.
2. The value does not provide us with the best results [14].

B. Fuzzy logic

Fuzzy logic or Fuzzy systems are systems of logic for standardization and formalization of fuzzy reasoning. It is like
human decision-making with a capability to generate exact and correct solutions from certain or even fuzzy information
and data. The fuzzy logic reasoning is identical to human reasoning. Fuzzy logic is how the human mind functions, and
we can implement this technology in machines so that they are able to work somewhat like humans. Fuzzification offers
better expressive power, greater generality and a better ability to represent complex problems at low or moderate solution
expense. Fuzzy logic permits a certain degree of ambiguity during an analysis. Since this vagueness can define accessible
information and reduce problem complexity, fuzzy logic finds applications in a wide variety of situations.

Advantages of Fuzzy Logic System

[ Fuzzy Logic Systems structure is simple and easy to comprehend

[ Fuzzy logic is extensively employed for commercial as well as practical applications

[ Fuzzy logic in Artificial Intelligence assists you in controlling consumer goods and machines
[1 It might not provide precise reasoning, but only acceptable reasoning

[1 Fuzzy logic in Data Mining assists you in addressing the uncertainty of engineering

[} Primarily robust since no exact inputs are needed

[] It can be redesigned in the case when feedback sensor fails

[] It can be readily altered to enhance or change system performance

[ low-cost sensors can be employed which makes you maintain low overall system cost and complexity
[] It gives a best possible solution to complicated problems

Disadvantages of Fuzzy Logic System

[ Fuzzy logic isn't always correct; therefore, the results are viewed based upon assumption, hence may not be so popular.
[] Fuzzy systems lack machine learning ability as-well-as neural network type pattern detection

[ Verification and Validation of a fuzzy knowledge-based system requires a lot of testing with hardware

[} Formal setting of precise, fuzzy rules and, membership functions is a challenging task

[} Some fuzzy time logic is conflated with probability theory and the terminology.

Applications of Fuzzy Logic System
Fuzzy logic has been applied in many applications like facial pattern recognition, air conditioners, washing machines,
vacuum cleaners, anti-skid braking systems, transmission systems, subway system control and unmanned helicopter

control, multi-objective power system optimization knowledge-based systems, weather forecasting systems, new product
price models or project risk analysis, medical diagnosis and treatment schedules, and stock trading.
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Fuzzy logic has been applied successfully to many areas including control systems engineering, image processing, power
engineering, industrial automation, robotics, consumer electronics, and optimization [13].

C. Expert systems

Expert system is a type of intelligent computer program system that is developed by human experts. Several ES
components are illustrated in Fig. 3. It has a great deal of professional knowledge and abundant experience in the power
system. Its application has penetrated into every area [2] particularly in the area of artificial intelligence technology and
even beyond the level of human experts. In medical diagnosis, geological exploration, culture and education has been
provided with the corresponding knowledge and procedures of the system and the problem of solving and processing has
been near the level of experts.

The elements of ES are —
[1 Knowledge Base

[ Inference Engine

[ User Interface

(‘% [i: E:"’> Knowledge

Base
Human Knowledge -
Expert Engineer ig
Inference
Engine |
‘ User a é !

Interface ‘:? ‘

User
(May not be an expert)

Fig. 3 Expert Systems

The following table indicates where ES can be used.
[ Information management

[} Hospitals and medical centers

[ Help desk management

(] Employee performance appraisal

[ Loan analysis

[J Virus detection

[] Warehouse optimization

[} Planning and scheduling

[] The design of manufactured objects

[ Financial decision-making Knowledge publishing
[J Process monitoring and control

[] Oversee the plant operation and controller

[ Stock market trading

[1 Airline scheduling & cargo schedules

D. Genetic algorithms

Genetic algorithm is a derivative of a simple model of population genetics. Genetic algorithm operates on the variables
set coding rather than on the variables themselves. Such algorithms search for optimum points by scanning a

population of potential solution points, and not one point. Objective function data and probability transition laws are
employed for potential solution. It consists of the following:

[1 Chromosomal representation of the variable that defines an individual.

[ A starting population of individuals.
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[] An evaluation function that serves the role of the environment, ordering the individuals according to their fitness which
is their survival ability.

[ Genetic operators that define the setup of a new population derived from the old one by a process.

[ Parameters values used by the GA.

[1 Fields of applications in power systems are:

[ Planning — Placement of wind turbines, optimal reactive power, feeder routing for the network, and installation of
capacitors.

[ Operation — Coordination of hydro-thermal plants, scheduling of maintenance, loss reduction, load management, and
control of FACTS.

[ Analysis — Minimization of harmonic distortion, design of filters, load frequency control, and load-flow.

VI APPLICATIONS OF AIIN ELECTRICAL ENGINEERING

As discussed, some of the problems in power systems cannot be addressed using conventional techniques due to the fact
that the electrical engineering is a very specialized field, it calls for the utilization of expert systems to address problems
using decision making, archiving knowledge, and solving problems with the assistance of reasoning, judgement and
heuristics.

Fuzzy logic systems can be applied mainly in fault diagnosis. Suppose that there has been a fault on the transmission line.
The fault detection in transmission lines can input this information of the fault to the fuzzy logic system. The fuzzy
system then processes this information to provide us with a crisp output of what the fault is.

Artificial neural networks can be employed in enhancing the performance of the transmission lines.

Different sensors can be included in the environment and other environmental conditions. These conditions can then be
input into the artificial neural network to process it and afterward alter the line parameters to enhance the line performance.
The performance enhancement is in direct proportion to the efficiency of the ANN. The speed and efficiency of operation
of the ANN can be enhanced by having more layers of hidden neurons in the ANN [11].

Applications areas in power systems are:

[1 Power system operation such as unit commitment, hydro-thermal coordination, economic dispatch, congestion
management, maintenance scheduling, state estimation, load and power flow.

[1 Power system planning such as generation expansion planning, power system reliability, transmission expansion
planning, reactive power planning.

[1 Power system control such as voltage control, stability control, power flow control, load frequency control.

[1 Power plant control such as fuel cell power plant control, thermal power plant control.

[ Network control such as location, sizing and control of FACTS devices.

[ Electricity markets such as bidding strategies, electricity market analysis.

[ Power system automation such as restoration, management, fault diagnosis, network security.

[ System distribution applications such as distribution system planning and operation, demand side response and
management, smart grid control and operation, network reconfiguration.

[ Distributed generation applications such as planning of distributed generation, control of solar photovoltaic power
plants, control of wind turbine power plants, and renewable resources. Forecasting applications such as short-term load
forecasting and long-term load forecasting, electricity market forecasting, forecasting of solar power, forecasting of wind
power.

A. Theory of Transient Protection

Transient protection by means of transient high frequency models of power system transmission line and power system
to actualize its own functionality, fault transient models are filled with lots of fault type, position, direction, duration, etc.
Firstly, we need to employ the special high-frequency detection device and algorithm to filter out the high frequency
signal from the fault model and then employ the special fast signal processing algorithm to identify what type of fault.
The transient protection such as high frequency detection, fault identification, transient protection and transient adaptive
reclosing these components, power system fault switching in, lighten can produce high frequency signal, and transmission
in power system, an outlet line high frequency detector can identify the non-fault disturbance identification. When fault
occurring through fault protection, non-communication protection, transient protection principle to judge

whether protection for area fault, if so, tripping and then go to Adaptive reclosing unit, after tripping in high frequency
signal analysis to check whether the fault is a permanent fault, if not to close [14].
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B. Artificial Intelligence Application in Transient Protection

The use of artificial intelligence primarily involves the use of expert systems, the use of artificial neural networks, fuzzy
set theory and genetic algorithms. But in transient protection research, it is utilized in the following two manners: expert
system protection and fuzzy logic protection.

Based on the system Expert relay protection. The system Expert has been used for a long time in the power system,
however, due to power system protection has stringent requirements for response time, therefore, the current system
Expert is used for protection timing is not very stringent, for example: the selection of protection setting, fault diagnosis
and fault location. This article explains the expert system employed in calculation of relay protection setting, via general
rules, holistic, full-considered thinking of the setting of the relay protection system encompasses the issue, to end the
setting conflicts contradiction.

C. Fuzzy Logic Protection

The load variation of power system is diversified, including the load change, the diversification of power system network
structure like high voltage direct transmission, flexible transmission and series capacitor compensation. The structure and
components relationships among these systems are extremely complicated, and this makes protecting them even more
difficult, once there is disturbance due to the above reasons, there are just too many uncertainties that are not clearly
defined and determined, therefore the input and output during the protection process and the intermediate model system
is fuzzy. It is exactly because this fuzziness is nearer to the real characteristics, all the conditions are provided to consider
nearer to the practical application. fuzzy method is also applied to diagnose transformer fault, and the high frequency
signal caused by partial discharge and the variation of chemical composition in transformer are set up. The fuzzy set is
set up, and the protection of the transformer is realized.

But it is hard to represent the fuzzy technology, so it usually is blended with a neural network, and the neural network
consists of many single neurons in some specific form. One neuron is cover input to output transfer function of nonlinear
functions, and the combination of a great many neurons and the achievement is extremely complex and nonlinear, and
bears great weight on the implicit in the information which could be attained by adjusting the weights of neural network
from the complex nonlinear mapping of artificial neural network m to N dimensions are extensively applied to transient
protection fault diagnosis and fault line selection. High-speed and high-accuracy, and not disturbed by the system working
mode, fault type, transformer saturation and other conditions; for non-communication protection, can separate the fault
frequency signal, achieve good simulation results; for lightning wave, identification, switching operation and fault
traveling wave is easy to converge.

Some issues in power systems are unable to be addressed by traditional methods based on a number of requirements
which could not be realized at all times [12].

VIL CONCLUSION

Artificial intelligence is a relatively new subject and the use of Al in the different streams of study only continues to
expand each day. There is much to think about regarding manufacturing, security and maintenance with electrical
engineering and this is where artificial intelligence makes its appearance. Artificial intelligence has its own share of
disadvantages and advantages but the effect that the benefits have on electrical systems in general dwarfs the
disadvantages. The various forms of artificial intelligence present and the multiple uses of artificial intelligence in
electrical engineering have been elucidated. It can also be said that artificial intelligence is a highly potential choice of
technology which can be added to the domain of electrical engineering so as to not only simplify life but also introduce
a high level of efficiency and reliability into the system. The various advanced, effective and smart algorithms are
extensively designed to enhance solutions precision to various real-world issues in various fields like voltage and slope
stability, power flow management, the state of charge estimation, and rotor system diagnosis. This paper provides a
general idea regarding the advanced Artificial intelligence algorithms and methods utilized to deliver solutions for the
power system issues [10].
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