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ABSTRACT 

This review explores the evolution of conventional electrical 

systems to next-generation smart networks powered by Artificial 

Intelligence (AI). It outlines the shift from conventional to smart, 

distributed systems with integration of renewable energy, Internet of 

Things (IoT) and communication technologies. AI technologies like 

machine learning and data analytics improve grid performance 

through predictive maintenance, monitoring, fault detection, and 

energy efficiency. This work also explores the use of AI in smart 

grids, electrical machines, and energy management, as well as issues 

encountered such as cybersecurity, data integrity, and 

interoperability. Finally, it provides an overview of future directions 

of sustainable energy, decentralized systems, explainable AI, and 

emerging technologies in modern electrical systems around the 

globe. 
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INTRODUCTION 

Artificial intelligence (AI) is playing a pivotal role in the ongoing transformation of electrical 

systems, signaling a shift from traditional, human-controlled systems to smart, autonomous, and self-

learning systems. Historically, electrical systems have been engineered to operate with a centralized 

control approach, minimal sensing, and reactive maintenance [1]. These systems have been adequate 

for many decades, but with the growing sophistication of energy systems and the world's transition 

to a sustainable and efficient future, their shortcomings have become apparent. Against this backdrop, 

AI-powered technologies are playing a pivotal role in the evolution of next-generation electrical 
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systems [2]. 

Next-generation electrical systems are defined by their capacity to manage large volumes of data, 

make real-time decisions, and improve system performance without the need for ongoing human 

intervention. The widespread deployment of intelligent sensors, smart meters and communication 

networks has allowed the gathering of fine-scale data from all layers of the electrical system - 

generation, transmission, distribution and consumption [3]. Artificial intelligence (AI) technologies 

such as machine learning, deep learning, and data analytics exploit this data to increase system 

intelligence, ensuring predictive rather than reactive system operation. 

A key use case for AI in the electricity sector is the creation of smart grids. Smart grids differ from 

conventional grids in their use of digital communication and smart control technologies to enhance 

reliability, efficiency and resilience [4]. AI techniques enable precise load prediction, real-time 

demand response, fault detection and self-healing, reducing outages and enhancing reliability. 

Moreover, the incorporation of renewable energy generation, like solar and wind, adds variability and 

uncertainty to the grid, which can be addressed with AI-based forecasting and optimization algorithms 

[5]. 

Beyond the grid, AI is also significantly impacting the design and optimization of electrical machines, 

power electronics, and energy storage devices. AI-based predictive maintenance detects potential 

system failures, minimizing downtime and maintenance expenses. Real-time monitoring and control 

systems improve efficiency, and smart energy management systems help manage energy consumption 

in industrial, commercial and residential applications [6]. The integration of AI in electrical systems 

has many benefits, it also comes with challenges. Challenges associated with data integrity, 

cybersecurity, interoperability, and the requirement for high-performance computing infrastructure 

need to be overcome to unleash the full potential of AI-based technologies [7]. In addition, the 

interpretability and reliability of AI models is also a key consideration, especially for safety-critical 

systems. 

This paper seeks to provide an overview of the impact of AI on future electrical systems, including 

the technologies, applications, challenges, and opportunities for future research. Through an 

exploration of existing technologies and trends, this paper offers a holistic view of the impact of AI 

on innovation in electrical engineering, and its role in enabling smarter, more efficient and sustainable 

energy systems. 
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EVOLUTION OF ELECTRICAL SYSTEMS 

The history of electrical systems is marked by a relentless pursuit of enhanced reliability, efficiency, 

scalability and flexibility to meet increasing energy needs and technological innovations. The initial 

electrical systems, established in the late 19th and early 20th centuries, were simple and decentralized. 

Generation was primarily powered by fossil fuels and electricity was distributed to local users over 

short distances [8]. Electricity flowed in a one-way direction, from power plants to consumers, with 

little measurement and control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Evolution of Electrical Systems 

With the rise of industrialization and urbanization, electrical systems grew into large interconnected 

systems. The advent of high-voltage transmission systems facilitated power transfer over long 

distances, enabling large-scale power plants to serve larger areas. This era saw a focus on maintaining 

system stability and reliability through design redundancy and protections. But control processes were 

largely manual or semi-automated, with little real-time data on system operations [9]. 

Digitalization of electrical systems began in the late 20th century. Supervisory Control and Data 

Acquisition (SCADA) systems and smart metering provided enhanced monitoring and control 

capabilities. This allowed utilities to gather data on system operation, better detect faults, and respond 

to events more rapidly. However, conventional grids remained largely hierarchical and centralized, 
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with little flexibility to accommodate distributed energy resources or adapt to dynamic load variations 

[10]. Over the past few decades, smart grid technologies have revolutionized the design and operation 

of electrical systems. Smart grids use digital communication, automation and decentralized control 

to establish more interactive networks [11]. Smart grids facilitate both the generation and 

consumption of power, allowing for the integration of distributed energy sources, including rooftop 

photovoltaics, wind farminng and storage technologies. This shift has also been driven by the need to 

decarbonise and adopt renewable energy sources [12]. 

Data analytics and AI technologies are helping to drive this transformation. AI helps smart grids by 

providing predictive modeling, real-time control and system automation. Electrical systems are 

evolving towards decentralization, including microgrids and prosumer models (consumers who also 

produce energy). These networks require advanced coordination and control mechanisms, enabled by 

AI and algorithms [13]. The transformation of electrical systems is a move away from inflexible, 

centralised systems to smart, resilient and sustainable networks. This is critical to address the 

challenges of the new energy system, such as growing demand, renewable energy integration, and 

efficiency and resilience [14]. 

BRIEF ON AI IN ELECTRICAL ENGINEERING 

Artificial Intelligence (AI) has emerged as a key technology in electrical engineering, allowing 

systems to mimic human intelligence. AI is essentially a set of computational techniques enabling 

machines to learn from experience, identify patterns, and make decisions and predictions. In the field 

of electrical engineering, AI is mainly used to improve power systems, electrical machinery and 

energy management systems in terms of efficiency, reliability and automation [15]. 

A fundamental aspect of AI is machine learning (ML), where algorithms are trained to learn from 

data rather than being explicitly programmed. ML models are commonly used in electrical systems 

for load prediction, fault diagnosis, and energy consumption forecasting. These models can learn from 

past and present data to detect patterns and make predictions, allowing for proactive management 

[16]. A branch of machine learning, deep learning (DL), uses artificial neural networks with multiple 

layers to handle high-dimensional data. DL is well suited for applications such as image-based 

diagnosis, signal processing and pattern recognition in power quality assessment [17]. 

Another critical area in the use of AI in electrical engineering is data analytics. Electrical systems 

today produce a wealth of data from sensors, smart meters, and monitoring equipment. AI-powered 

data analytics methods analyse this data to extract valuable insights, optimize operations and enhance 

system efficiency [18]. For instance, real-time data analytics can identify abnormal patterns in power 

system operations and enable pre-emptive actions. Moreover, predictive analytics helps devise 
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maintenance policies to minimize outages and increase equipment life [19]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. AI in Electrical Engineering 

Other AI methods include optimization and decision-making techniques. These are used to solve 

complex engineering problems such as optimal power flow, unit commitment, and energy dispatch. 

AI-based optimization techniques take into account various constraints and objectives to find 

effective solutions that enhance system efficiency [20]. Moreover, reinforcement learning, a form of 

AI in which systems learn through experiences, is also being investigated for dynamic control of 

power systems and energy systems. 

The use of AI in electrical engineering systems is supported by technologies like cloud computing, 

edge computing and the Internet of Things (IoT). These technologies are used to gather, store and 

process data, allowing AI models to operate in real-time applications. Edge computing, for example, 

enables data processing at the edge of the network, which helps to minimise delays and enhance 

responsiveness in time-sensitive applications [21]. 

Despite these benefits, the use of AI in electrical engineering must take into account issues related to 

data integrity, model transparency and computational power. Reliability, interpretability and security 

are critical considerations, particularly in safety-critical systems such as power systems. The basics 

of AI in electrical engineering include a variety of techniques and tools that are revolutionizing 
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electrical system design, operation and maintenance [22]. Through the use of machine learning, deep 

learning, and data analytics, AI allows for more intelligent, efficient, and reliable electrical systems, 

propelling innovations in this sector [23]. 

AI-ENABLED SMART GRIDS 

AI-powered smart grids are a significant improvement to conventional electrical grids through the 

incorporation of smart technologies, communication technologies and automatic control measures. 

Smart grids differ from traditional grids, which are based on unidirectional electricity flow from 

power plants to customers, by allowing two-way communication and energy flow between utilities 

and consumers. The integration of artificial intelligence (AI) adds to the capabilities by allowing data-

driven analytics, predictions, and automatic management of the system [24]. 

A smart grid's capabilities are enabled by a modernized architecture incorporating advanced metering 

infrastructure (AMI), distributed energy resources (DERs), communication networks and control 

systems. Data from these components are analyzed by AI algorithms to enhance grid efficiency and 

reliability [25]. For example, smart meters track energy consumption and send the data to control 

centers, where AI models are used to predict demand patterns and adjust energy supply. This helps 

better manage demand side and minimize energy losses [26]. 

Load forecasting and demand response is a key application of AI in smart grids. Load forecasting is 

crucial for managing supply and demand. AI technologies, especially machine learning algorithms, 

can consider past usage patterns, weather forecasts, and user preferences to accurately forecast future 

demand. This information can be used to implement demand response measures to shift consumption, 

either by providing incentives for users to shift demand during peak hours or by remotely controlling 

smart appliances [27]. This not only improves grid stability but also decreases the reliance on costly 

peak power plants. 

Self-healing and fault detection are also key benefits of AI-driven smart grids. In conventional grids, 

faults are typically detected through visual inspections and manual intervention, resulting in extended 

downtimes. However, AI systems can identify faults in real time through the analysis of voltage, 

current and frequency. When a fault occurs, the system can automatically disconnect the faulty section 

and redirect energy, ensuring efficient and timely restoration. This self-healing capability enhances 

grid stability and reliability [28]. 

AI is also vital in the integration of renewable energy. Renewable energy sources such as solar and 

wind power are intermittent and weather-dependent. AI models can predict generation and help 

manage the dispatch of this energy, providing reliable and efficient energy services. AI optimizes 

energy storage by predicting the best times to charge and discharge storage based on demand forecasts 
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[29]. Unlocking the full potential of AI-enabled smart grids can be challenging due to cybersecurity, 

privacy issues, and high infrastructure costs. It is also necessary to ensure compatibility between 

different technologies and transparency of the system [30]. AI-enabled smart grids are revolutionizing 

the electrical power industry, making it smarter, more efficient, and more resilient. These systems 

overcome many shortcomings of conventional grids and are enabling the shift towards a more 

sustainable and resilient energy system, thanks to data analytics, automation, and real-time control 

[31]. 

RENEWABLE ENERGY INTEGRATION WITH AI 

The integration of renewable energy sources into next-generation electrical systems is a global 

priority in view of climate change, environmental concerns, and dwindling fossil fuel resources. Solar 

and wind energy are clean and plentiful sources of energy but their variable and intermittent nature 

poses problems for grid stability and power management [32]. Artificial Intelligence (AI), can play a 

vital role in overcoming these barriers and facilitating the integration of renewable energy into future 

electrical systems. 

A key application of AI in renewable energy is prediction. Solar radiation and wind speed forecasts 

are crucial for predicting the output of solar cells and wind generators. Machine learning and deep 

learning models use historical weather patterns, satellite images and real-time environmental 

variables to make predictions. These forecasts enable energy dispatchers to better schedule power 

generation, balance supply and demand, and minimise the need for fossil fuel-based backup power 

[33]. 

AI also helps to increase the efficiency of renewable energy systems. In solar systems, AI techniques 

are used to calculate the ideal panel orientations and solar tracking to capture sunlight throughout the 

day. For wind turbines, AI algorithms control the turbine by dynamically adjusting the turbine blades 

and rotation speeds in response to wind speed. Such smart control techniques enhance efficiency and 

productivity [34]. AI also plays a crucial role in energy storage for renewable energy systems. 

Renewable energy sources have variable power outputs, and energy storage technologies like 

batteries are needed to store surplus energy and discharge it when renewable energy production is 

insufficient [35]. AI algorithms can optimize storage operations based on demand, forecasts and 

prices. This optimizes energy storage usage, minimizes energy wastage and improves grid stability 

[36]. 

Moreover, AI aids in grid stability and control with high renewable energy penetration. Renewables' 

variable nature can lead to voltage and frequency fluctuations, which can impact grid stability. AI-

based control strategies can rapidly identify such variations and take corrective measures. For 
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instance, AI can orchestrate distributed energy resources, curtail load or trigger energy storage to keep 

the grid operating smoothly [37]. AI also supports the incorporation of decentralized renewable 

energy sources, like rooftop photovoltaic and small-scale wind. These distributed resources need 

sophisticated control and coordination, which AI can offer with smart algorithms and decentralized 

decision-making strategies [38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Applications of Artificial Intelligence in Renewable Energy Integration 

AI offers advantages, challenges in incorporating it with renewable energy systems include data 

quality, model accuracy and cybersecurity. But these challenges are being continually resolved 

through improving AI technologies and infrastructure. AI greatly helps integrate renewable energy 

into electric systems by offering predictions, optimizations, and energy storage and grid stability. This 

is critical to the development of a sustainable, efficient and resilient energy system [39]. 

SMART OPERATION AND CONTROL OF POWER SYSTEMS 

Power system operation and control is becoming more challenging as electricity demand continues 

to grow, renewable energy penetrates the grid, and distributed energy resources become more 

prevalent. Conventional control approaches, which are largely based on rule-based and manual 

control, are not adequate to optimise such complex and large-scale systems [40]. In this evolving 

landscape, Artificial Intelligence (AI) is heralding a new era of smart, adaptive and autonomous 

power system operation and control. 
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A prime example of AI in power system operation is predictive maintenance. Traditional maintenance 

approaches are often based on regular schedules or reactive maintenance, which may result in 

excessive costs or unexpected breakdowns. AI-based predictive maintenance employs machine 

learning techniques to process historical and real-time data from sensors embedded in equipment like 

transformers, circuit breakers and generators [41]. These algorithms detect patterns and anomalies in 

the data, enabling them to forecast when a failure might happen and to schedule maintenance 

accordingly. This minimizes outages, prolongs the life of equipment and enhances system efficiency  

[42]. 

AI also plays a crucial role in real-time monitoring and automation. Power systems today are 

equipped with numerous sensors and monitoring equipment that produce vast amounts of data. AI 

technologies are used to analyses this data in real time to monitor system state, detect faults and 

automatically take corrective measures [43]. For instance, in the event of a sudden voltage dip or line 

congestion, AI-powered control systems can rapidly redistribute power flows, switch in additional 

resources, or disconnect faulty elements. Such automation minimizes human involvement and speeds 

up the response to disturbances, improving system stability [44]. 

Another critical aspect of smart control of power systems is energy efficiency. AI methods can be 

used to study demand patterns, operating constraints, and other environmental factors to improve the 

generation, transmission and consumption of electricity. For example, AI can develop the optimal 

schedule for dispatching power from various generators, considering factors like cost, availability 

and environmental considerations [45]. In commercial and industrial applications, AI can be used to 

manage electrical equipment in order to reduce energy usage while still delivering the required 

services. 

AI is also being increasingly applied in advanced control methods like optimal power flow and 

adaptive control. These approaches enable the system to adapt to changing operating conditions, 

maintaining optimal operation. Reinforcement learning, a type of AI, shows significant potential here 

as it allows the system to learn and adapt to varying conditions to make better decisions [46]. 

However, issues like data quality, computational needs and security need to be overcome for effective 

implementation. Intelligent operation and control through AI is crucial to address the challenges of 

next-generation power systems. AI facilitates predictive maintenance, real-time automation, and 

energy efficiency, increasing the efficiency, reliability and flexibility of electrical systems [47]. 

AI IN ELECTRICAL MACHINES AND DRIVES 

Electrical machines and drives are essential elements in industrial, commercial and residential 

systems, and are vital for energy conversion and movement control. Such systems include motors, 
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generators and power electronic drives, which are used in manufacturing, transportation, robotics, 

and domestic appliances, among others. As the need for efficiency, reliability and automation grows, 

incorporating Artificial Intelligence (AI) into electrical machines and drives has become a disruptive 

solution to improve their efficiency and intelligence [48]. 

A key use of AI in electrical machines is for condition monitoring. Electrical machines can experience 

a range of faults, such as insulation breakdown, bearing faults, rotor malfunctions, and thermal issues. 

Conventional methods of monitoring may involve regular inspections or basic threshold-based alarms 

that might miss early faults [49]. AI condition monitoring systems employ machine learning 

techniques to process data from sensors that measure factors like vibration, temperature, current and 

voltage. AI can learn the patterns and anomalies in the data and detect faults in their early stages, 

allowing for timely corrective actions and avoiding catastrophic failure [50]. 

Fault diagnosis is a related technique to condition monitoring, and it too benefits from the use of AI. 

Sophisticated AI models, such as deep learning algorithms, can accurately identify various fault types. 

For instance, neural networks can learn complex features from motor currents or vibration signals to 

detect specific fault modes. This accuracy enhances maintenance approaches and minimizes outages, 

which is crucial in critical industrial sectors where continuous operation is vital [51]. 

Another significant advantage of using AI in electrical machines and drives is performance 

optimization. Real-time control parameter optimization by AI algorithms ensures that the system 

operates efficiently across different loads and operating conditions. For example, in electric motor 

drives, AI can control speed, torque and voltage to ensure maximum energy efficiency while 

delivering the required performance [52]. This is especially important in variable speed motor drives, 

where conditions are dynamic. Through ongoing learning from the system's operation, AI can refine 

control algorithms to increase efficiency and save energy [53]. 

AI can also be used for predictive maintenance in electrical machines, as with power systems. By 

predicting potential issues based on past and current performance, AI allows for predictive 

maintenance. This helps minimize maintenance expenses and increase equipment life. In addition, AI 

enables electrical drives to be connected with smart and automated systems, such as industrial 

automation and robotics. Smart drives can interact with other system elements, learn from experience, 

and work autonomously, enabling the creation of smart factories [54]. 

However, there are challenges in data acquisition, computational efficiency and model development. 

Transparency and reliability of AI systems is also key, especially in safety-critical systems. AI 

applications in electrical machines and drives improve condition monitoring, fault detection, 

performance enhancement and predictive maintenance [55]. This leads to more efficient, robust and 
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smart electrical systems, which helps advance the next generation of technologies. 

THE INTERNET OF THINGS (IOT) AND AI IN ELECTRICAL SYSTEMS 

The advent of the Internet of Things (IoT) and Artificial Intelligence (AI) has revolutionized electrical 

systems, bringing greater connectivity, monitoring and smarter decision-making. IoT is a network of 

physical objects that are embedded with sensors, software and communication technologies that 

enable them to exchange data. By integrating AI, these systems become smart systems able to process 

data, make predictions and automate control in electrical systems [56]. 

The use of smart sensors and devices is one of the significant applications of IoT in electrical systems. 

These sensors are deployed at different points along the power system, such as transmission lines, 

substations, transformers and consumer devices. They constantly measure electrical parameters 

including voltage, current, frequency, temperature and power flow [57]. The information gathered is 

sent via communication networks to centralized or decentralized data processing centers for analysis 

by AI algorithms. This real-time data stream provides better monitoring and control of the electrical 

system [58]. 

Edge computing is vital in improving the performance of electrical systems using IoT. Rather than 

transmitting data to the cloud, edge devices handle data processing on-site, minimizing delays and 

enhancing responsiveness. This is crucial for applications like fault diagnosis and real-time 

protection. Edge-based AI models can detect anomalies and initiate real-time responses, enhancing 

system performance and preventing failures [59]. Telecommunication technologies are also important 

in IoT-enabled electrical systems. High-speed communication technologies and wireless protocols 

like 5G, Zigbee and LoRaWAN facilitate efficient data transmission. These enable the creation of 

smart grids, smart homes, and industrial automation systems, which rely on effective communication 

for coordination [60]. 

AI technologies complement IoT electrical systems to provide predictive capabilities, automation, 

and decision making. For instance, AI can use data from smart meters to forecast energy demands 

and manage energy supply. In manufacturing, AI can track machinery performance and plan 

maintenance in advance of breakdowns. In smart buildings, AI algorithms can optimise lighting, 

temperature and ventilation to enhance efficiency and comfort [61]. IoT and AI also enable the 

creation of distributed and flexible energy systems. Decentralized energy sources, like rooftop 

photovoltaic and electric vehicle charging points, can be optimally managed through smart 

coordination and communication. This improves grid resilience and facilitates the shift towards 

renewable energy systems [62]. 

However, the use of IoT and AI in electrical systems is not without challenges, including security 
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vulnerabilities, privacy concerns, and the need for interoperability standards. The security and 

reliability of interconnected devices is essential to avoid cyber intrusions and disruptions [63]. The 

integration of IoT and AI is transforming electrical systems with smart sensing, communication and 

control. This combination results in more efficient, resilient and optimized electrical systems, which 

are essential components of future smart energy systems [64]. 

CYBERSECURITY IN AI-BASED ELECTRICAL SYSTEMS 

With the transition towards highly digital, networked, and AI-powered electrical systems, 

cybersecurity is a major issue. Contemporary electrical systems, particularly smart grids and IoT-

integrated electrical systems, heavily depend on the exchange of data between sensors, control rooms, 

distributed energy storage systems, and user appliances [65]. This enhances their efficiency and 

intelligence, but also exposes them to potential cyber-attacks. Thus, cybersecurity for AI-enabled 

electrical systems needs to be maintained for reliability, stability and safety of the public [66]. 

A major cybersecurity issue in AI-based electrical systems is the expanded attack surface. Unlike 

conventional power systems, which were relatively isolated and less connected to the internet, smart 

grids and IoT-based systems are highly connected. This exposure increases their vulnerability to cyber 

attacks such as data tampering, denial-of-service (DoS) attacks, ransom ware and unauthorized 

access. These can affect power supply, lead to power outages, or result in wrong operational decisions 

by AI algorithms [67]. 

The integrity of data is also a critical issue. AI models rely on large datasets of high-quality data for 

decision-making processes. By injecting faulty information into the system, attackers can trick the AI 

system to make wrong predictions and control decisions. Such data poisoning attacks can have a 

detrimental impact on system stability. It's important to maintain data integrity and authenticity 

through secure protocols and encryption [68]. AI can also be leveraged to improve cybersecurity in 

electrical systems. Machine learning techniques can be used to identify abnormal network traffic 

patterns and potential threats. These machine learning-based intrusion detection systems adapt to 

system operations and learn to detect new cyber-attacks [69]. Also, anomaly detection methods can 

detect unusual behavior in the system that may signal cyber-attacks or hardware malfunctions. 

Access control and authentication is another crucial element of cybersecurity for AI-based electrical 

systems. Robust authentication techniques, including multi-factor authentication and certificates, 

ensure that only trusted users and devices are granted access to critical systems. Access based on user 

roles also ensures that users only have the necessary permissions, preventing insider attacks [70]. 

Although these measures are effective, securing AI-powered electrical systems can be complex 

because of challenges in adapting legacy infrastructure to digital technologies. Moreover, AI models 
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can be susceptible to adversarial attacks, in which deliberately crafted inputs can fool machine 

learning algorithms [71]. Transparency, robustness and explain ability of AI models are therefore 

essential in such critical applications. Cybersecurity is crucial for safeguarding AI-powered electrical 

systems from cyber attacks. Through the integration of state-of-the-art security solutions, AI-based 

cybersecurity and system design, future power systems can be protected to secure their safe, reliable 

and seamless operation [72]. 

CHALLENGES AND LIMITATIONS 

While there have been tremendous strides in the development of Artificial Intelligence (AI)-powered 

electrical systems, there are still challenges and limitations in deploying these systems at large scale. 

These stem from technical, economic, operational and regulatory factors, which must be overcome 

for the successful and efficient roll-out of future electrical systems [73]. Data quality and availability 

is a major concern. AI algorithms require access to high-quality, high-resolution, and timely data for 

effective operation. However, data in many electrical systems can be inaccurate, uncertain, delayed 

or partial due to sensor and communication constraints. Data quality issues can result in inaccurate 

forecasts, unreliable controls, and sub-optimal system performance [74]. Moreover, data integration 

from various sources, including smart meters, IoT devices and existing legacy systems, is challenging 

because of differing formats and standards. 

The computational and infrastructure demands of AI systems is another significant constraint. 

Sophisticated machine learning and deep learning algorithms can be computationally intensive and 

require substantial storage, particularly for large power systems. This means that powerful computing 

resources, cloud computing platforms or edge computing devices are required, which can be 

expensive to operate. In developing countries or small utilities, this may pose a significant barrier 

[75]. 

Another challenge is system stability and transparency. Many AI models, especially deep learning 

models, are known as "black boxes" due to their imperviousness to human understanding. This can 

undermine confidence in operators and engineers in safety-critical applications like power system 

operation and fault protection. So ensuring explainable AI (XAI) is crucial to enhance trust and 

adoption of these systems in electrical systems [76]. Cybersecurity and privacy issues also affect the 

adoption of AI-powered electrical systems. As noted previously, enhanced connectivity introduces 

cybersecurity risks and the large amount of data collected about users and system operations raises 

privacy and data protection concerns [77]. Data security in terms of secure communication, storage 

and processing is critical to avoid data integrity issues and data tampering. 

Another considerations is interoperability, as electrical systems increasingly involve the integration 
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of various technologies, platforms and devices from different vendors. Inconsistencies in 

communication standards and system designs can result in interoperability problems, hampering the 

integration of AI technologies into the grid. Cost and regulatory issues can also be problematic. 

Upgrading infrastructure, installing smart devices and deploying AI systems can be costly. And 

regulatory policies in many jurisdictions are still developing and may not fully embrace AI-enabled 

electrical technologies [78]. 

Although AI-based electrical systems promise to bring great advantages, their deployment is limited 

by issues of data quality, computational requirements, interpretability, cybersecurity, interoperability 

and cost. Overcoming these challenges will be critical in unlocking the potential of smart, next-

generation power systems [79]. 

FUTURE TRENDS AND RESEARCH DIRECTIONS 

The next frontier in AI-powered electrical systems is likely to be influenced by the rapid pace of 

technological development, growing energy consumption, and the shift towards sustainable and 

decentralized energy systems. The advancement of Artificial Intelligence (AI) technologies will 

further enhance the integration of AI in electrical systems, leading to new innovations in system 

design, operation and management [80]. There are a number of major trends and areas of research 

that are likely to shape the future of smart electrical systems. 

A key trend is the rise of decentralized and distributed energy systems. Micro grids, virtual power 

plants, and presume energy models are becoming more prevalent, in which consumers are also 

producers. AI will be crucial in managing these distributed energy resources to efficiently produce, 

store and use energy in real time. Research will likely concentrate on novel algorithms for 

decentralized decision making and coordination among connected energy systems [81]. 

There will also be a focus on explainable and reliable AI. As AI systems are increasingly used in 

power system operations, it is crucial that they are transparent, interpretable, and reliable. The 

research community is developing tools for explainable AI (XAI) to help engineers and operators 

interpret decisions. This will increase confidence in AI systems and enable their use in critical 

applications such as power system protection and control [82]. Future progress is also likely with the 

integration of AI with other technologies like 5G/6G, edge computing, and block chain. This will 

facilitate quick data transmission and real-time control, and edge computing will enable data 

processing at the edge of the network, minimizing delays. Block chain could be employed to improve 

security, traceability and peer-to-peer transactions in decentralized systems [83]. 

Another emerging technology is reinforcement learning and self-adaptive control systems. These 

systems allow electrical systems to learn about their surroundings and respond to changes 
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autonomously. This technologies can be used for self-healing. Grids, adaptive protection, and energy 

management. There is a need for ongoing research to enhance the stability, scalability and safety of 

these autonomous systems [84]. Energy efficiency and sustainability will continue to be a focus. 

Machine learning will play a growing role in integrating renewable energy, energy loss reduction, and 

minimizing the carbon footprint. Sophisticated forecasting techniques, energy storage management 

and carbon emissions monitoring will be critical [85]. 

The creation of digital twins, virtual models of physical electrical systems, is becoming an important 

tool for testing, monitoring and optimizing electrical systems. AI-powered digital twins can simulate 

system responses, experiment with different scenarios, and support decision-making without 

compromising system operation. The future of AI-powered electrical systems is decentralized, 

transparent, integrated, and sustainable [86]. Future research in these directions will help address 

current challenges and enable the realization of new intelligent, resilient and efficient electrical 

systems. 

CONCLUSION 

The transition of electrical systems from traditional, centralized systems to smart, AI-powered 

systems represents a paradigm shift in electrical engineering. This overview has shown how the 

incorporation of Artificial Intelligence (AI) is revolutionizing all aspects of contemporary electrical 

systems, including generation, distribution, and operation, control, and user interaction. Through the 

use of cutting-edge computational methods like machine learning, deep learning, and data analytics, 

the next generation of electrical systems are becoming more efficient, reliable, robust, and 

sustainable. 

One of the overarching themes is the shift towards smart grids and distributed energy systems. Smart 

grids powered by AI have delivered real-time monitoring, predictive maintenance, fault detection, 

and self-healing, improving the reliability and efficiency of the system. AI has also made it possible 

to better integrate renewable energy sources such as solar and wind power, through forecasting, 

optimization and energy storage control strategies, and overcoming issues of variability. Moreover, 

smart control methods have enhanced power system efficiency by facilitating real-time decision-

making and adaptive responses to system conditions. 

AI-based technologies have also been applied in electrical machines, drives and IoT-based systems. 

These technologies allow for accurate monitoring, diagnosis and optimization of operation, leading 

to minimized downtime and enhanced efficiency. Simultaneously, the integration of IoT and AI 

technologies has enabled efficient communication and coordination between different system 

elements, enabling the development of smart and responsive electrical systems. 
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But the use of AI in electrical systems presents challenges. Challenges in data integrity, security, 

processing power, and interoperability still need to be addressed. The importance of explainable AI 

models is especially important for reliable operation in safety-critical systems. Overcoming these 

challenges will require ongoing research, technological innovation, and the establishment of 

standards and regulations. 

The future will see a shift towards distributed energy systems, self-control, and the incorporation of 

new technologies such as edge computing, 5G/6G data communication and digital twins. These will 

further increase the intelligence and adaptability of electrical systems, allowing them to respond to 

the growing demands of society while contributing to global sustainability efforts. 

As we have seen, AI technologies are playing a critical role in reshaping electrical systems to drive 

smarter, resilient and sustainable energy systems for the future. Ongoing research and collaboration 

between different fields will be crucial to unlock the full potential of these next-generation systems. 
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