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Abstract

This systematic review examines the essential aspects of cybersecurity in the rapidly evolving field of
autonomous electrical systems. As critical components of modern smart grids, these systems are increasingly
vulnerable to advanced cyber threats due to their reliance on automation and connectivity. The review
synthesizes existing research to identify current vulnerabilities, evaluate the effectiveness of implemented
cyber defense mechanisms, and explore emerging trends and technologies aimed at improving the security and
resilience of these infrastructures. By systematically analyzing peer-reviewed journals, conference
proceedings, and industry reports from the past decade, the review highlights major cyber threats, including
ransomware, DDoS attacks, and phishing, which pose significant risks to autonomous electrical systems. It
investigates the use of cutting-edge technologies such as machine learning algorithms for detecting anomalies,
blockchain for ensuring data integrity, and quantum cryptography for secure communication. A particular
focus is given to artificial intelligence's role in predictive cybersecurity, which enables the anticipation of
threats before they materialize, enhancing the proactive capabilities of defense systems. The review also
examines the application of established frameworks like the NIST Cybersecurity Framework and the Zero
Trust Model, which have been instrumental in shaping security strategies for the sector. It discusses both the
challenges and opportunities associated with adapting to evolving cyber threats and integrating next-generation
technologies into existing systems. This analysis aims to provide cybersecurity professionals, policymakers,
and researchers with actionable insights and a comprehensive understanding of the cyber risks and defense
strategies related to autonomous electrical systems. Ultimately, the review seeks to contribute to the
development of more robust security measures, strengthen grid resilience, and ensure the reliable operation of
future energy systems.

Keywords: Cybersecurity, Autonomous Electrical Systems, Smart Grids, Machine Learning, Zero Trust
Model.

I'.C. lllaiimepaenosat, XK. Axubexosa?, D.b. Mycipenosa?, 3.3. Ecenkynosal, H.M. XKaiinay6aes?
lM.Bye30B aterHaarel OHTYCTIK Kazakcran yauBepcureri, LIIpIMkeHT K., KazakcraH,

2 C. XK. Achenauspos ateinaarsl Kazak YITTHIK MeTMIMHA YHUBEPCUTET, AJIMaThI K., Kazakcran
ABTOHOMMUSLIIBI DJIEKTP )KYUEJEPIHJIEI'T KHBEP KOPFAHY MEXAHU3M/IEPIHE
moJy
Anoamna

By >kydeni mody aBTOHOMIBI BIIEKTpP JKYHENEpiHAET KUOepKayilCi3MiKTiH MaHBI3Jbl acHeKTiIepiH
3epTTeiini. 3amMaHayn aKbULABI JKENJIEpAiH Heri3ri KOMIOHEHTTEpl peTiHAe Oyl Kyhenep aBTOMAaTTaHABIPY
MeH OallIaHBICTBIH apKachIHJia Kypaeni kudepkayinrepre ocai. [llomy ka3ipri ocanaslkTap/ipl aHBIKTAY, iCKe
achIpbUIFaH KHOCPKOPFay MEXaHU3MJCPIHIH THIMAUINH Oarajay J>KOHE OCHI HHGPAKYPBUIBIMIAAPIABIH
Kayilci3iri MeH TYpaKThUIBIFBIH KaKcapTyFa OarbITTAIFaH KaHa TEXHOJIOTHsIap MEH TPEHATEpAl 3epTTey
yiuin 6ap 3eprreynepai Oipikripeni. COHFBI OHXBULABIKTA JKapUsUIAHFAH FRUIBIMH KypHaJaap, KoHpepeHIus
MaTepHaiapbl KOHE caja ecenTepiH KyHeni Tanjgay apKbpUIBl IIONY aBTOHOMIBI 3JIEKTp KyHenepiHe
aliTapnplkTail Kayim TeHIIpeTiH Herisri kuOepmalybsuinapisl, COHBIH imiHAe ransomware, DDoS
maldybUIAaphl JkoHe (UIIUHTTI atan kepcereai. On aHOManIHsAJIapAbl aHBIKTayFa apHAJIFaH MallliHa OKBITY
AITOPUTMIIEPIH, JEPEKTEP TYTACThIFbIH KaMTaMachl3 €Ty YIIiH OJIOKYEeHH/I JKoHEe Kayirci3 OaiiaHbIC YIIiH
KBAaHTTBIK KpHUNTOrpadusIHbI KOCa aliFaH/ia, aJlIBIHFBl KaTapibl TEXHOJIOTHSIAPbl KOJIaHY bl 3epPTTEHIl.
ony xayinTepai aiAblH ajla aHBIKTAy MYMKIHAITIH apTTBHIPATBIH KOHE KHOEPKOpPFayAblH MPOaKTHBTI
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KaOlIeTTepiH XKaKcapTaThlH JKacaHbl MHTEIJICKTTI KOJAaHyFa epekile Hazap aynapanpl. CoHpai-ak, momy
NIST xubepxrayirciz ik KYpbUIBIMBI kaHE Zero Trust Mosesi CHSIKTBI CEKTOPIBIH KayITICI3iK CTpaTerusIapbiH
KaJIBIITACTHIPY1a MaHbI3AbI pOJl aTKapaThIH KOJIJAHBICTAFbl KYPBUIBIMIAPABI 3epTTeiai. On kubepkayinrepaig
e3repyine OeiiMaeny *oHE XaHa OybIH TEXHOJNOTHSUIAPBIH Oap KyHenepre OipiKTipyMeH OaillaHBICTHI
KHUBIHABIKTAD MEH MYMKIHIIKTEp/Il TAIKbUIaWABl. byJ Tanmmay sHepreTuka CEeKTOPBIHAAFBI KHOEPKAYITICI3IIK
MaMaH/JapblHa, cascaTKepiiepre >KoHE 3epTTeylIiepre KolgaHyFa OOJAaThIH TYCIHIKTEp MEH aBTOHOMIBI
ANIEKTP KYHenepiHaeri KkubepkayinTep MEeH KOpFay CTpaTerusulapbl Typasbl TOJBIKKaHIBI TYCIHIK Oepyai
Makcar eTelli. AKBIp COHBIHIA, IOy MBIKTHI KayilCIi3miK IapajapblH 93ipieyre, el TYPaKThUIBIFBIH
HBIFANTYFa KoHE OOamaK dSHEePTreTHKANBIK JKYHeIep i CeHIMIl KYMBICHIH KaMTaMachl3 e€Tyre yJiec KOCyFa
OaFbITTaJIFaH.

Tyiiin ce3aep: kuOepKayincizaiK, aBTOHOMIBI SNEKTP KYHenepi, akblIAbI JKelliiep, MallliHa OKBITY, Zero
Trust Mmomemni.
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OBb30P MEXAHNU3MOB KUBEP3AIIIUTHI B ABTOHOMHBIX DHEPTTOCUCTEMAX

Annomayus

DTOT CUCTEMATHYECKUI 0030p M3y4aeT KIIOUEBBIC aCIIeKThl KHOepOe30macHOCTH B 001aCTH aBTOHOMHBIX
ANIEKTPUIECKUX CHUCTEM. Byay4dW Ba)KHBIMH KOMIIOHCHTAMH COBPEMEHHBIX YMHBIX CETEH, 3TH CHUCTEMBI
CTAHOBSITCS YSI3BUMBIMH TIEpPE]] CII0KHBIMU KHOSPYTrpO3aMHy M3-3a CBOCH aBTOMATH3AIMU U TIOJKITIOUYEHHOCTH.
O0630p 00BEOMHSET CYIIECTBYIOIIME HCCICIOBAHUS IS BBISABICHUS TEKYIIUX YS3BUMOCTEH, OLECHKH
3G GEKTUBHOCTH BHEIPEHHBIX MEXAHU3MOB KHOEP3allMThl U M3YYCHUS] HOBBIX TEXHOJOTMH M TCHICHIINH,
HaTpaBJICHHBIX HA MOBHIIICHIE OE30MACHOCTH W YCTOWIMBOCTH 3TUX UHPPACTPYKTYP. AHAIUZUPYS HAYIHbBIE
KYpHaJbI, MaTepruaibl KOH(QEPEeHIM 1 OTpaciieBble OTUETHI 3a MOCeNHee ACCATHIIETHE, 0030p BBIIEISET
OCHOBHBIE TUIIBI KHOEPYTpo3, TaKhe Kak MporpaMMbl-BRIMOraTenu (ransomware), DDoS-araku u ¢GuiuHr,
KOTOpPbIC MPENCTABISAIOT 3HAYUTEIBHBIC PUCKH JIJISl aBTOHOMHBIX AJIeKTpHieckux cucteM. OH uUccienyeT
WCTIONIb30BaHKE MEPEOBBIX TEXHOJOTHH, TAKUX KaK ajlrOPUTMBI MAIIMHHOTO OOYYeHUs JUIsi OOHApYKEHUsI
aHOMaJIMi, OJIOKUYCHH J11 00€CIICUCHHUS 1IeJIOCTHOCTH JaHHBIX M KBaHTOBAsl KpUITorpadus s 0e30macHon
koMMmyHuKanuu. Ocoboe BHUMAaHHE yJACNSIEeTCS MNPUMEHEHHIO HCKYCCTBEHHOTO HWHTEJUICKTA B
MPOTHO3UPOBAHUY KHOEPYTpO3, YTO MO3BOJISET BBIABIISTH UX JIO UX BO3HUKHOBCHHMS, YIy4Iliasi MPOAKTUBHBIC
BO3MOKHOCTHU CHCTeM 3aiuThl. O030p TakKe paccMaTpuBaeT MPUMEHEHUE TAaKMX PAMOYHBIX KOHIICTIIIHM, KaK
NIST Cybersecurity Framework u Zero Trust Model, koTopble UTrpalOT BaKHYIO POJib B (OPMUPOBAHUU
cTpaTervii 6e30MacHOCTH B 3TOM ceKTope. Tarke 0O0CYXKIAIOTCS BBI30BBI M BO3MOXKHOCTH, CBSI3aHHBIC C
ajanTanMeil K U3MEHSIOIUMCS KHOepyrpo3aM W HMHTETpalveil TeXHOJOrMH HOBOIO TOKOJCHUS B
CYIIECTBYIOIIME CHUCTEMBL. JTOT aHalW3 HAleJIeH Ha TNpeJoCTaBIeHUE CIeUaliucTaM B 001acTu
KrOep0Oe30MacHOCTH, TIOJUTHKAM U MCCIIEIOBATEISIM MPAKTUYSCKUX PEKOMEHIANNHN U TIyOOKOTr0 MOHUMAaHUS
KHOEepyrpo3 W CTpaTeruil 3aliuThl B aBTOHOMHBIX JIIEKTPUYECKHUX cHUCTeMaxX. B kKoHedHoM cuére, 0030p
HampaBJIeH Ha cojelicTBre pa3paboTke Ooyiee HaAEKHBIX Mep 0€30MaCHOCTH, YKPEIICHHE YCTOHUYHMBOCTH
cetell u obecriedeHue HAIEKHON PabOThl SHEPrETUIECKUX CUCTEM Oy TyIIero.

KiroueBble cioBa: knOepOe30MacHOCTh, ABTOHOMHBIC SJICKTPUUECKUE CUCTEMbI, YMHBIC CETH, MAIIIMHHOE
o0Oyuenue, Mojeib Zero Trust.

Main provisions

Significant emphasis is placed on the utilization of artificial intelligence for forecasting cyber dangers,
enabling their detection prior to manifestation, thereby augmenting the proactive functionalities of security
systems. The review analyzes the implementation of framework principles, including the NIST Cybersecurity
Framework and the Zero Trust Model, which are essential in formulating security policies within this industry.
The discourse encompasses the problems and opportunities linked to adapting to evolving cyber threats and
incorporating next-generation technologies into current systems. This analysis seeks to furnish cybersecurity
experts, policymakers, and researchers with actionable advice and a comprehensive understanding of cyber
dangers and protective solutions in autonomous electrical systems. The evaluation seeks to enhance the
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creation of dependable security measures, bolster network resilience, and guarantee the consistent operation
of future energy systems.

Introduction

Autonomous power systems are complex, autonomous power grids that use computer-based automation
and control to distribute and manage electricity without ongoing human intervention. They are the foundation
of modern smart grids that integrate conventional power systems with advanced information and
communication technologies to improve efficiency, reliability, and sustainability. These systems include
elements such as advanced computing infrastructure (AMI), automated controls, and real-time data monitoring
that enable them to quickly adapt to fluctuations in electricity consumption and conditions. Using algorithms
and artificial intelligence, they can predict power demands, optimize resources, and quickly identify
bottlenecks to avoid outages [1]. They can also more effectively integrate renewable energy sources such as
wind and solar, and adapt to their variable outputs through flexible control systems. This capability facilitates
the transition to clean energy by increasing the use of renewable sources and reducing dependence on fossil
fuels. The technologies facilitate two-way communication between providers and consumers, improving
energy-efficient choices and managing peak demand.

These devices increase efficiency while simultaneously improving the security and stability of power grids.
Integrated cybersecurity protocols enable real-time detection and response to potential cyberattacks, protecting
critical infrastructure and customer data from threats [2]. This level of protection is critical as grids become
increasingly computerized and interconnected with other systems, increasing vulnerability. Automation
facilitates remote diagnostics and maintenance, thereby reducing downtime and the need for on-site
technicians, which is beneficial for locations with difficult-to-reach or harsh conditions.

A key characteristic of autonomous power systems is their ability to evolve and improve over time using
data analytics. This versatility allows utilities to respond to current conditions and anticipate and prepare for
future challenges, including adverse weather conditions and changing customer behavior [3]. Their
decentralized control allows local grid segments, or microgrids, to operate autonomously when disconnected
from the main grid, providing a reliable option for improving grid stability and resilience in diverse locations.

Autonomous power systems are transforming the energy sector by integrating sophisticated technologies
with new management strategies. They are essential for creating a sustainable, secure, and flexible energy
future in which energy production, distribution, and consumption are more closely aligned with environmental
and societal demands.

The increasing reliance on these technologies highlights the critical need for robust cybersecurity measures.
Autonomous systems that leverage digital connectivity and data-driven approaches to power management are
vulnerable to cyberthreats, including hacking, data breaches, and cyber-physical attacks. These threats can lead
to major power outages, the exposure of sensitive customer data, or potential physical damage to infrastructure.
Implementing robust cyber defenses is essential to protect these systems, ensuring uninterrupted operations,
and a reliable energy supply. Cybersecurity protects the integrity of the grid, ensuring its resilience to
disruptions and its ability to meet the demands of a highly interconnected society [4].

Cybersecurity is essential in autonomous power systems, protecting the data transmission networks that
connect the various components of the smart grid. These networks carry sensitive information such as customer
energy usage, operational data and control signals, making them prime targets for cybercriminals who can
exploit vulnerabilities to disrupt energy distribution or steal personal information. The increasing use of
Internet of Things (IoT) devices in grid networks highlights the need for robust cybersecurity protocols, as
these devices can create vulnerabilities if not adequately protected.

In addition to protecting against external attacks, effective cybersecurity also addresses the risks posed by
insider threats and accidental breaches, which can be equally damaging. Implementing strict access controls,
conducting regular security audits, using real-time threat detection and providing ongoing training for
employees are essential to maintaining system security against both internal and external threats. This
integrated strategy will increase consumer confidence in digital infrastructure and enable autonomous power
systems.

In addition, these cybersecurity initiatives facilitate compliance with national and international
requirements for the protection of critical infrastructure [5]. Therefore, investing in cybersecurity is not just a
technical necessity; it is a strategic imperative that ensures operational reliability, protects public trust, and
enhances the safety and functionality of modern energy systems.
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This systematic review seeks to thoroughly analyze and synthesize current knowledge on cybersecurity
measures in autonomous power systems, focusing on important trends, challenges, and technological advances.
It examines the spectrum of cyber threats facing these systems, the operational vulnerabilities that make them
vulnerable to threats, and the various security strategies that have been proposed or adopted to mitigate these
challenges. The assessment examines hardware and software solutions, regulatory frameworks, and procedural
procedures designed to protect infrastructure from cyber-physical attacks, data breaches, and various security
risks.

The review provides a thorough examination of current and emerging cybersecurity technologies, drawing
on a variety of academic studies, case studies, and industry reports. It assesses the effectiveness of these
solutions in different situations and identifies knowledge gaps for future research to address [3]. The review
also considers the broader implications of these measures, including their impact on system performance and
user privacy, while providing a balanced view that encompasses technical and ethical issues. The assessment
aims to serve as a useful resource for researchers, industry professionals, and policymakers by carefully
assessing these factors to enhance the resilience and security of critical energy infrastructure.

Research methodology

To ensure comprehensive coverage of relevant studies, a comprehensive literature search was conducted
across various scientific databases for the systematic review. Prominent databases included IEEE Xplore,
ScienceDirect, and SpringerLink, which are recognized for their extensive collections of technical and
engineering literature. Additional platforms such as Google Scholar and ACM Digital Library were used to
capture a broad spectrum of multidisciplinary research linking cybersecurity and electrical engineering.

The search strategy was carefully designed with specific keywords and phrases selected to retrieve the most
relevant articles. Phrases such as “autonomous power systems,” “cyberdefense,” “cybersecurity,” “smart grid,”
“information security,” “cyber threats,” “vulnerabilities,” “cyberphysical systems,” and “network security”
were included. . Logical operators such as “AND” and “OR” were used to effectively combine different
phrases, facilitating a targeted yet thorough search. To improve the results, queries such as “autonomous power
systems AND cybersecurity” and “smart grid AND cyber threats” were conducted.

This systematic approach ensured that the collected literature was not only relevant to the focus of the
review, but also sufficiently comprehensive to include diverse perspectives on the topic. The assessment
attempted to provide a comprehensive and unbiased review of cybersecurity practices in autonomous power
systems by including a variety of sources [6].

The systematic review used specific criteria to ensure the inclusion of high-quality and relevant studies.
Inclusion requirements required that studies be peer-reviewed articles or conference proceedings published in
reputable scientific journals or collections. The review focused on articles from the last decade that were
designed to reflect current and emerging trends in cybersecurity for autonomous power systems [1]. Eligible
studies should focus on cybersecurity measures, vulnerabilities, or responses to threats related to autonomous
power systems, including entities such as smart grids and 10T integration within these frameworks.

Exclusion criteria were similarly stringent to maintain focus and quality. Studies were excluded if they were
not in English, lacked empirical evidence, or were purely theoretical with no practical application to
autonomous systems. In addition, short abstracts, opinion articles, or editorial content without a comprehensive
review were excluded. Studies focused on non-electrical fields, such as general IT systems or unrelated
industrial controls, were not included unless they offered specific analogies or insights relevant to autonomous
electrical systems.

This systematic approach ensured that a thorough, relevant, and up-to-date literature collection was created,
providing a solid foundation for analyzing and discussing cybersecurity in autonomous electrical systems.

Results of the study

The systematic review clearly defines key terms to ensure clarity and accuracy. Autonomous power systems
refer to complex power grids that use automation and sophisticated control technology to operate
autonomously without ongoing human supervision. These systems are typically components of large-scale
smart grid structures that integrate sensors, controllers, and associated communication technologies to
dynamically adjust power distribution using real-time data and predictive analytics. Their independent
functions improve the efficiency, reliability, and sustainability of power generation and delivery.

Cybersecurity encompasses the tactics, methodologies, and processes used to protect cyber-physical
systems, networks, and data from attacks, unauthorized access, and various digital threats that can disrupt
operations. In autonomous power systems, cybersecurity combines hardware and software solutions, security
implementations, and proactive strategies to protect critical infrastructure from vulnerabilities and
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cyberattacks [7]. Maintaining the integrity and security of power systems is critical as they are increasingly
targeted by sophisticated cyberattacks due to their importance to national infrastructure.

Many established models and theories are essential for formulating cyber defense solutions for power
systems. The NIST Cybersecurity Framework is a fundamental framework that provides a systematic approach
to detecting, protecting, detecting, responding to, and recovering from cyber incidents. Its versatility and
effectiveness make it a widely recognized standard in the power sector. The CIA triad is a fundamental
principle that emphasizes the protection of confidentiality, integrity, and availability of information, essential
for protecting data and protecting the operational performance of power systems from unauthorized access and
disruption. In addition, the *Defense in Depth* approach, which establishes multiple layers of security to
protect against cyber threats, is often used. This layered strategy ensures that if one defense mechanism fails,
others will continue to provide protection. Intrusion Detection Systems (IDS) and Intrusion Prevention
Systems (IPS) are essential for protecting network traffic by detecting and mitigating anomalies that indicate
cyber attacks. Machine Learning (ML) models are becoming more widespread because they are adept at pattern
analysis and detecting sophisticated cyberattacks across large datasets, providing superior performance
compared to traditional methods [8]. The Zero Trust model, which requires continuous verification of all users
and devices regardless of their network location, is becoming increasingly important as power systems become
more interconnected and vulnerable to multiple access points. These models and tactics will help develop
effective cyber defense mechanisms that are tailored to the dynamic and complex characteristics of
autonomous power systems. They will enable these systems to withstand and recover from cyberattacks while
maintaining the integrity of their critical operations. Autonomous power systems, which are essential for
modern smart grids, are particularly vulnerable to cyber threats due to their complex and interconnected
architecture. Phishing attacks are a common problem where criminals trick individuals into revealing sensitive
information that compromises system security. Ransomware attacks pose a significant threat by encrypting
critical operational data and demanding a ransom to decrypt it, potentially disabling grid operations.
Distributed denial-of-service (DDoS) attacks can overwhelm networks, disrupting services and operational
efficiency. In addition, as these systems increasingly integrate I0T devices, they are exposed to other threats,
including device hijacking and botnet attacks, where compromised devices are used to carry out additional
cyberattacks [9]. Supply chain attacks pose a significant risk, with criminal entities exploiting the software or
hardware of third-party providers to gain access to the network’s operational network. In addition, insider
threats — whether intentional or unintentional — can lead to significant security breaches, highlighting the need
for robust access controls and ongoing monitoring. The integration of Al and machine learning can also
introduce algorithmic vulnerabilities, as the reliance on data-driven decision-making exposes the system to
data manipulation or poisoning attacks that distort operational efficiency.

Man-in-the-middle (MitM) attacks, in which cybercriminals intercept and potentially alter communications
between two parties, pose a significant threat to systems that rely on real-time data sharing for critical
operational decisions. Zero-day exploits targeting undisclosed vulnerabilities in software or firmware pose a
persistent challenge because they can be exploited before developers have the opportunity to patch them. Such
vulnerabilities highlight the need for flexible and adaptable cybersecurity solutions to protect the integrity and
reliability of autonomous power systems. (Figure 1).

In autonomous electrical systems, advanced cybersecurity tools and strategies are employed to
safeguard infrastructure from cyber threats and maintain strong defenses. Firewalls and intrusion
detection systems (IDS) serve as the initial defense, with firewalls managing network traffic based
on established security rules and IDS detecting unusual or suspicious activities. Intrusion prevention
systems (IPS) take this a step further by proactively blocking identified threats. Encryption plays a
vital role by protecting sensitive data both in transit and at rest, ensuring it remains secure from
unauthorized access or interception.

Endpoint security solutions are widely implemented to protect every device connected to the
network, including servers and operational technology (OT) components like smart meters and
controllers, from malware and other cyber exploits. Security Information and Event Management
(SIEM) systems enhance real-time monitoring by analyzing security alerts from network hardware
and applications, enabling rapid responses to potential threats. Network segmentation further
strengthens security by dividing the network into isolated zones, limiting the spread of breaches and
restricting attackers' lateral movement within the system [10].
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loT-Specific Threats
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Figure 1. Cyber Threats and Vulnerabilities in Autonomous Electrical Systems: A Circular
Representation

Identity and Access Management (IAM) systems play a critical role in securing access to essential
systems by enforcing strict authentication and attribute-based access control policies for users. With
the increasing adoption of 10T devices, specialized 0T security platforms are now commonly used
to monitor and manage the security of these devices. Additionally, Zero Trust architectures are
gaining traction, operating on the principle that all users and devices, whether inside or outside the
network, must be continuously verified before gaining access. This approach significantly enhances
the overall security framework by addressing both internal and external threats (Tables 1-2).

Table 1. Security Measures Overview

Category Components

Network Security Firewalls, Intrusion Detection Systems (IDS), Intrusion Prevention
Systems (IPS)

Data Security Measures | Encryption Technologies, Data Masking, Tokenization

Application Security Security Testing, Application Firewalls, Secure Coding Practices

Table 2. Advanced Security Layers

Category Components
Identity Management Biometric Systems, Two-Factor Authentication, Single Sign-On (SSO)
Endpoint Security Anti-Virus and Anti-Malware, Mobile Device Management
Cloud Security Cloud Access Security Brokers (CASB), Secure Cloud Storage, Virtual
Private Networks (VPN)
Evaluation Effectiveness, Compliance with Regulations, Integration with Existing
Systems

The adoption of automated security solutions powered by artificial intelligence (Al) and machine
learning (ML) is on the rise. These technologies enhance the ability to predict and respond to cyber
threats by analyzing historical data and detecting patterns that signal potential security breaches.
Together, they form a robust cybersecurity strategy designed to protect autonomous electrical systems
from a wide range of threats while maintaining their operational reliability and continuity. Real-world
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incidents underscore the critical importance of cybersecurity in these systems. For example, the 2015
cyberattack on Ukraine’s power grid demonstrated how hackers used phishing schemes to deploy
malware, enabling them to remotely disable substations and leave approximately 230,000 people
without power for several hours. This was the first documented attack to successfully disrupt
operational technology within a power grid. Similarly, the Stuxnet worm, discovered in 2010, targeted
SCADA systems used in Iran's nuclear facilities. It manipulated centrifuges to self-destruct while
displaying normal operations, showcasing a highly sophisticated cyber-physical attack (Clark, 2021).
In practice, frameworks like the North American Electric Reliability Corporation (NERC) Critical
Infrastructure Protection (CIP) standards exemplify efforts to secure critical power systems. These
standards mandate utilities to implement robust protection measures for cyber assets crucial to the
reliability of the electric grid. To comply, many organizations are adopting advanced tools such as
Security Information and Event Management (SIEM) systems and next-generation firewalls, which
strengthen their cybersecurity posture [11].

The Dragonfly 2.0 campaign, active between 2011 and 2017, highlighted vulnerabilities in the
energy supply chain by attempting to gain remote access to power grid operations in the US and
Europe. This incident emphasized the importance of securing network boundaries and enforcing strict
access controls. On a proactive front, many utilities now employ machine learning algorithms to
predict and mitigate cyber threats before they materialize. These systems are integrated into
operational networks to enable real-time threat monitoring and response.

These examples illustrate the evolving threats facing autonomous electrical systems and
highlight the advanced strategies required to safeguard them against increasingly sophisticated
cyberattacks. Building on the discussion of real-world examples highlighting the importance of
cybersecurity in autonomous electrical systems, the 2017 WannaCry ransomware attack serves as a
significant case study. Although its targets were broad, the attack exposed the vulnerability of critical
infrastructures, including the energy sector, to global cyber threats. WannaCry exploited outdated,
unpatched, or unsupported Windows systems, encrypting data and demanding ransom payments for
decryption. This incident emphasized the urgent need for regular updates and security patches in
critical infrastructure systems to prevent exploitation by similar malware campaigns (Foster, 2022).
In response to such threats, energy companies are increasingly adopting advanced persistent threat
(APT) protection techniques. These include network segmentation, continuous monitoring, and
anomaly detection systems to identify and neutralize threats before they can execute or move within
the network. For example, Southern California Edison (SCE) has implemented cutting-edge
cybersecurity solutions to protect its operational technology. The company employs real-time
monitoring and advanced analytics to detect unusual network activity, a potential sign of a
cyberattack. Additionally, multi-factor authentication (MFA) and strict access controls ensure that
only authorized personnel can access critical systems, reducing the likelihood of insider threats.

A suspected attack on India’s power grid in 2019, allegedly carried out by state-sponsored
entities, highlights the vulnerabilities facing autonomous power systems. While it has not been
extinguished, it appears to have been a reconnaissance effort to map grid infrastructures for potential
sabotage. The incident has prompted utilities around the world to improve their cybersecurity
protocols, focusing on preventing breaches and understanding potential threats to formulate specific
countermeasures (O’Donnell, 2020). These examples highlight the dynamic nature of cyberthreats to
autonomous power systems and the imperative for robust, multifaceted countermeasures. Effective
approaches must combine new technologies with human oversight to protect critical energy
infrastructure.

Recent advances in cybersecurity are revolutionizing the way autonomous power systems are
protected from the growing threat landscape. Artificial intelligence (Al) and machine learning (ML)
technologies have significantly improved the detection and response to cyber threats by analyzing
large datasets to identify patterns that indicate attacks. These systems can quickly detect anomalies
and eliminate threats in real time, thereby reducing response times and limiting potential damage.
Blockchain technology is also emerging as a viable tool for securing data transmissions and
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transactions in energy networks. A decentralized, tamper-resistant ledger system ensures data
integrity and traceability, increasing system security. Together, these advances are changing the
cybersecurity landscape for autonomous power systems, facilitating proactive and effective defense.
The advent of quantum cryptography is a significant advance in cybersecurity, using concepts from
quantum mechanics to protect data transmissions. This technology provides unique encryption that
can potentially protect against even the most sophisticated cyberthreats, including threats from
quantum computers. The introduction of zero-tolerance security models is revolutionizing
conventional security methodologies. Unlike perimeter-based approaches, zero trust assumes that no
person or device is inherently trusted, regardless of their location in relation to the network. This
paradigm requires continuous verification of all activities, thereby significantly reducing the potential
attack surface. Security automation, automation and response (SOAR) systems are increasingly
important in a modern cybersecurity strategy. These solutions simplify threat detection, intelligence
analysis and automation of response actions, which allows enterprises to quickly address cyber threats
while conducting threat intelligence. Sophisticated endpoint detection and response (EDR) systems,
combined with SOAR tools, provide extensive monitoring and response functions across all network
devices, which makes it easier to quickly identify and mitigate potential threats. In the field of loT
security, which is critical for autonomous power systems, specialized platforms are being created to
protect device connectivity and monitor the lifecycle of 10T devices. These technologies identify
sensitive devices, facilitate rapid updates and monitor irregular activities that may indicate a security
breach. Overall, these advances significantly improve the security of critical infrastructure, especially
in autonomous power systems, where the consequences of attacks are severe. They offer a more
flexible and robust cybersecurity framework that is better suited to address the changing threat
landscape.

Artificial intelligence (Al) and machine learning (ML) have become essential components of
modern cyber defenses, especially in protecting autonomous power systems. These technologies
provide enhanced analytics capabilities that enhance threat detection and response. Al and machine
learning can rapidly analyze large data sets, identify trends and anomalies that may indicate a
cyberattack. By analyzing historical data, they can predict and adapt to new strategies used by
competitors. Anomaly detection algorithms can monitor network traffic in real time, identifying
anomalies such as atypical data transfers or suspicious login requests that may indicate a potential
breach or attack attempt. These capabilities make Al and ML indispensable tools for ensuring the
security and reliability of autonomous power systems [12-13].

Machine learning (ML) is important in predictive cybersecurity because it studies patterns and
trends to predict potential attacks. This allows enterprises to implement preventive strategies against
potential threats, which is especially effective in autonomous power systems where minimizing
downtime is critical. In addition, Al-driven security automation technologies can autonomously
address identified risks by isolating affected systems or implementing remediation without human
intervention. This automation significantly reduces response time and reduces the risks associated
with human error. Al extends behavioral analysis by creating baseline profiles for typical network
activity and identifying anomalies that may indicate malicious activity. It is particularly effective in
identifying insider threats and advanced malware that can bypass conventional detection methods. In
addition, Al improves phishing detection by systematically evaluating email and web content with
accuracy that exceeds human capabilities. This reduces the likelihood of phishing attempts, often a
prelude to large-scale, significant breaches. Applying Al and ML to cybersecurity practices will
increase the security of autonomous power systems by providing scalability and efficiency. These
technologies will allow defenses to dynamically respond to the ever-evolving threat landscape,
addressing emerging vulnerabilities and attack methodologies. The ability to rapidly evolve is critical
to maintaining an edge over cyberthreats in a dynamic and ever-changing landscape.
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Discussion

This systematic review examines the complex cybersecurity challenges facing autonomous
power systems, assessing threats, vulnerabilities, and current defense solutions for these critical
components of critical infrastructure. The increasing integration of modern technologies such as 10T
and reliance on real-time data analytics have made these systems attractive targets for attacks. Recent
advances in cybersecurity, such as the integration of artificial intelligence, machine learning,
blockchain technology, and quantum cryptography, have significantly increased the ability to predict,
detect, and mitigate cyberattacks. These solutions enhance security and operational efficiency,
providing a dual advantage to autonomous power systems. Implementing a zero-trust architecture and
endpoint detection and response systems demonstrates a proactive cybersecurity strategy that
prioritizes ongoing verification and rapid threat mitigation. Artificial intelligence has transformed
cybersecurity by automating and improving threat detection and mitigation, leading to more agile and
adaptive systems that can respond to the evolving cyberthreat landscape. Despite these advances, the
assessment highlights the need for ongoing research to address emerging vulnerabilities and the
importance of maintaining robust security policies to protect against both external and internal threats.
This work provides a comprehensive review of cybersecurity in critical electrical infrastructures,
highlighting the need for continued innovation and vigilance. As reliance on autonomous systems
increases, so too must the ability to protect them.

Conclusion

This systematic review examines the complex cybersecurity challenges facing autonomous
power systems, assessing threats, vulnerabilities, and current defense solutions for these critical
components of critical infrastructure. The increasing integration of modern technologies such as 10T
and reliance on real-time data analytics have made these systems attractive targets for attacks. The
assessment highlights the evolution of threats, from ransomware to advanced state-sponsored cyber
operations, citing real-world incidents such as the attack on Ukraine’s power grid and the Stuxnet
virus as clear examples of the concerns that are being raised. Recent advances in cybersecurity, such
as the integration of artificial intelligence, machine learning, blockchain technology, and quantum
cryptography, have significantly increased the ability to predict, detect, and mitigate cyberattacks.
These solutions enhance security and operational efficiency, providing a dual advantage to
autonomous power systems. Implementing a zero-trust architecture and endpoint detection and
response systems demonstrates a proactive cybersecurity strategy that prioritizes ongoing verification
and rapid threat mitigation. Artificial intelligence has transformed cybersecurity by automating and
improving threat detection and mitigation, leading to more agile and adaptive systems that can
respond to the evolving cyberthreat landscape. Despite these advances, the assessment highlights the
need for ongoing research to address emerging vulnerabilities and the importance of maintaining
robust security policies to protect against both external and internal threats. This paper provides a
comprehensive review of cybersecurity in critical electrical infrastructures, highlighting the need for
continued innovation and vigilance. As reliance on autonomous systems increases, so too must the
ability to protect them.
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