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Dolzarblik: qayta tiklanuvchi energiya manbalaridan, xususan, shamol va quyosh elektr stansiyalaridan keng
foydalanish elektr energetika tizimlarida ishonchlilikni baholash dolzarbligini oshirmoqda. An’anaviy determin-
istik yondashuvlar bunday sharoitlarda to‘liq natija bermasligi sababli, probabilistik, simulyatsion va sun’iy in-
tellektga asoslangan zamonaviy usullarni qo‘llash zarurati ortmoqda. Bu usullar yuqori o‘zgaruvchanlik va
noaniqlik sharoitida tizimning barqarorligi va samaradorligini aniqroq baholash imkonini beradi.

Magsad: ushbu tadqiqotning asosiy maqgsadi qayta tiklanuvchi energiya manbalari ulushi yuqori bo‘lgan elektr
energetika tizimlarida ishonchlilikni baholashning zamonaviy usullarini tahlil qilish, ularning afzallik va che-
klovlarini aniqlash hamda integrallashgan yondashuv asosida amaliy qo‘llash imkoniyatlarini ko rsatib berishdan
iborat.

Usullar: tadqiqotda probabilistik modellashtirish (Monte-Karlo simulyatsiyasi, Markov zanjirlari), optimal-
lashtirish va risk tahlili, vaqt qatori asosidagi dinamik simulyatsiyalar, shuningdek, sun’iy intellekt algoritmlari-
dan (neyron tarmogqlar, ansambl modellar, anomaliyalarni aniqlash usullari) foydalanildi. Tizimning ishonchliligi
LOLP, LOLE, va EENS kabi ko‘rsatkichlar asosida baholandi, qo‘shimcha ravishda tizimning barqarorlikdan

keyingi tiklanish qobiliyatini ifodalovchi rezilyentlik funksiyasi qo‘llandi: R(t) = %, bu yerda Q(t)— vaqt
0

o‘tishi bilan tizimning ishlash darajasi, Q,— avvalgi normal holatdagi ko ‘rsatkich.

Natijalar: olingan natijalar shuni ko‘rsatdiki, probabilistik yondashuvlar klassik deterministik modellar bilan
solishtirganda ishonchlilik ko‘rsatkichlarini ancha aniqroq beradi. Sun’iy intellekt asosidagi prognozlash usullari
LOLP giymatini 20-25 % gacha pasaytirishga yordam berdi, rezilyentlikka yo‘naltirilgan yondashuv esa tizimn-
ing avariyalardan so‘ng tiklanish vaqtini 15-20 % ga qisqartirdi. Shuningdek, gibrid usullar (probabilistik + Al
+ rezilyentlik metrikalari) eng yuqori natijalarni ko‘rsatib, real vaqt monitoringi bilan birgalikda samarali qo‘llan-
ishi mumkinligi isbotlandi.

Kalit so‘zlar: qayta tiklanuvchi energiya, elektr energetika tizimi, ishonchlilik, probabilistik modellashtirish,
Monte-Karlo simulyatsiyasi, sun’iy intellekt, rezilyentlik, LOLE, LOLP, EENS, nosozliklarni prognozlash, ti-
klanish ko‘rsatkichlari.
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AKTya.]'IbHOCTb: U_[I/IPOKOC HCIIOJIb30BaHUE BO30OHOBISIEMEIX HCTOYHUKOB OHEPTUH, B YaCTHOCTU BETPOBBIX U
COJIHCUHBIX BHCKTPOCTaHHHﬁ, TOBBINIACT 3HAYMMOCTL OLCHKH HAJC)KHOCTH B JJICKTPOIHEPIETUICCKUX CUCTE-
Max. TpaIII/IHI/IOHHI)IG JACTCPMUHUPOBAHHBIC MOAXOJAbI B TAKHUX YCJIOBUAX OKa3bIBAKOTCA HEAOCTATOYHBIMH, YTO
Tpe6yeT NPUMEHCHHA COBPEMECHHBIX METO/I0B, OCHOBAHHBLIX Ha BEPOATHOCTHOM MOACIUPOBAHUU, UMUTAILIUOH-
HBIX pacye€Tax U UCKYCCTBEHHOM MHTEIICKTE. DT MECTO/JbI MO3BOJIAIOT 0oJiee TOYHO OIICHUBATh yCTOP’I‘lHBOCTb
14 3(1)(1)6KTHBHOCT]> CUCTEMBI B YCJIIOBUAX BBICOKOUW M3MEHYUBOCTH M HEONPCACIICHHOCTH.

lle.nb: OCHOBHOM LEJIBIO JaHHOI'O UCCIICA0BAaHUS ABJISCTCA aHAJIM3 COBPEMEHHBIX METOJOB OLICHKHU HAIC)KHOCTH
SJIEKTPOIHEPIreTUICCKUX CUCTEM C BBICOKUM YPOBHEM MHTErpPAllUN BO300HOBIISIEMBIX HCTOYHHKOB OHEPTUH, BbI-
SBJICHUC UX NPECUMYIIECTB U OrpaHH‘leHPIfI, a TaKKE€ IEMOHCTpAlUsL BO3MOKHOCTEH MPAaKTUYICCKOI'O IIPUMEHEHUSL
HUHTEIPpUPOBAHHOIO IMOAXO0AA.

Metoabi: B HCCICAOBAaHUU IPUMEHATINCH BEPOATHOCTHOC MOJACINPOBAHUEC (I/IMI/IT&HI/ISI MOHTC-KapIIO, MapKOB-
CKHE uerm), ONTUMU3AITMOHHBIE U PUCK-OPUCHTUPOBAHHBIC MOAXOAbI, AMHAMWYCCKHE HMHUTAIIMA HA OCHOBE
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BPEMEHHBIX PSJIOB, a TAKXKE aJlTOPUTMBI HCKYCCTBEHHOTO MHTEIUIEKTa (HEHPOHHEIE CeTH, aHCaMOJIeBEIE MOJIEIH,

METO/IbI BBISIBIICHHS aHOMaJHiA). Haie)KHOCTh CHCTEMBI OLICHUBAIACH IO TAKUM Ioka3zaresisiM, kak LOLP, LOLE

u EENS. JlononHUTENbHO yYUTHIBAJIACh CIOCOOHOCTh CHCTEMBI K BOCCTAHOBJICHHUIO IOCIIE aBapuil Ha OCHOBE
t

¢yHKIMN pesmnbeHTHOCTH: R(t) = %, rae Q(t)— ypoBeHb (DYHKIMOHHPOBAHUS CHCTEMBI B MOMEHT BPEMECHHU
0

t, a Qp— HOMUHAJIBHOE 3HAUCHHE 10 BO3MYILIECHHUS.

Pe3yabTatsl: [lonmyueHHbIe pe3ynbTaThl TOKA3aIH, YTO BEPOATHOCTHBIE TOJXO/BI JAIOT O0JIee TOUHBIE MTOKa3a-
TEJIU HaJIe)KHOCTH II0 CPAaBHEHUIO € KJIACCUYECKUMHU JIETEPMUHHPOBAHHBIMU MOJAECISAMU. MeTo bl IPOrHO3UpPO-
BaHMS Ha OCHOBE UCKYCCTBEHHOI'O MHTEIUIEKTA [T03BOIMIM CHU3UTH 3HaueHuss LOLP na 20-25%, Torna kxak pe-
3HICHTHO-OPUEHTUPOBAHHBIE IOXO0 bl COKPATHIM BPEeMsI BOCCTAHOBIICHUS CUCTEMBI ITOCJIE HapyIleHui Ha 15—
20%. Kpome Toro, rubpuansle MeToab! (BepOSTHOCTHOE MozxenupoBanue + MU + MeTpuku pe3miIbeHTHOCTH)
MPOJIEMOHCTPUPOBAITH HAUBBICIIYTO 3 (EKTHBHOCTD U JOKA3aJId BO3MOKHOCTh HHTETPALUH C CHCTEMaMU MOHH-
TOPHHTA B peaTbHOM BPEMEHH.

KuiroueBbie cii0Ba: BO300HOBIIsIEMast SJHEPTeTHKA, 3NEKTPOIHEPTETUIECKAsk CUCTEMA, HaJIeHOCTh, BEPOSITHOCT-
HO€ MOJeNHpoBaHKe, UMHUTaMsa MoHTe-Kapio, HCKycCTBEHHBIH MHTEIUIEKT, pesunbeHTHocTh, LOLE, LOLP,
EENS, nporao3upoBaHue 0TKa30B, I0Ka3aTeId BOCCTAHOBIICHUSI.
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Relevance: The large-scale utilization of renewable energy sources, particularly wind and solar power plants,
has increased the importance of assessing reliability in power systems. Traditional deterministic approaches are
insufficient under such conditions, thereby necessitating the application of modern methods based on probabilis-
tic modeling, simulation, and artificial intelligence. These methods enable more accurate evaluation of system
stability and efficiency under high variability and uncertainty.

Objective: The main purpose of this study is to analyze modern methods for assessing the reliability of power
systems with a high share of renewable energy sources, to identify their advantages and limitations, and to demon-
strate the possibilities of applying integrated approaches in practice.

Methods: The study employed probabilistic modeling (Monte Carlo simulation, Markov chains), optimization
and risk analysis, time-series-based dynamic simulations, as well as artificial intelligence algorithms (neural net-
works, ensemble models, anomaly detection methods). System reliability was assessed using indices such as
LOLP, LOLE, and EENS. Additionally, the system’s post-disturbance recovery capability was measured by the

[40)

resilience function: R(t) = 0 where Q (t)represents system performance at time t, and Qyis the pre-disturb-

0
ance performance level.
Results: The results showed that probabilistic approaches provide more accurate reliability indicators compared
to classical deterministic models. Al-based forecasting methods helped reduce LOLP values by up to 20-25%,
while resilience-oriented approaches shortened system recovery times after disturbances by 15-20%. Moreover,
hybrid approaches (probabilistic + Al + resilience metrics) demonstrated the highest effectiveness and proved
suitable for integration with real-time monitoring systems.

Keywords: renewable energy, power system, reliability, probabilistic modeling, Monte Carlo simulation, artifi-
cial intelligence, resilience, LOLE, LOLP, EENS, fault prediction, recovery indices.

1. Introduction

The global energy sector is undergoing a profound transformation driven by the rapid deployment
of renewable energy sources (RES), particularly wind and solar power. These sources have become the
cornerstone of sustainable energy transitions, enabling reductions in greenhouse gas emissions, diver-
sification of supply, and advancement toward net-zero targets [1,2]. By 2030, many countries are pro-
jected to achieve renewable penetration levels exceeding 50% of their electricity generation, which un-
derscores both the opportunities and systemic challenges associated with this transition.

Despite their environmental and economic benefits, renewable energy sources introduce unprece-
dented uncertainty and variability into power system operations. Unlike conventional thermal plants,
renewables depend on meteorological conditions and are geographically dispersed, resulting in signifi-
cant fluctuations in output. This intermittency complicates real-time balancing between generation and
demand, raising new questions about system adequacy and security under high levels of renewable
penetration. Fig. 1 illustrates this relationship, showing the projected global trend of increasing renew-
able integration alongside a gradual decline in system reliability indices. As renewable share grows
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from under 10% in 2010 to nearly 50% by 2030, the traditional reliability index declines, highlighting
the urgent need for advanced assessment methods.

100 =
80
n 60
]
|
b
40+
20+
=g== [Renewable Share (%)
=== System Reliability Index (%)

20100 2012.5 2015.0 20175 20200 2022.5 20250 2027.5 2030.0
Year

Fig. 1. Trends in renewable energy integration and corresponding challenges to system reliability
(2010-2030)

Reliability, in the context of power systems, is defined as the ability to deliver uninterrupted elec-
tricity supply while maintaining stability under varying operational conditions. Traditional assessment
techniques, designed primarily for centralized and dispatchable energy resources, are increasingly in-
adequate in addressing renewable-induced fluctuations [2n3]. Modern grids must now contend with
dynamic issues such as frequency instability, voltage deviations, and heightened risk of cascading fail-
ures—all of which threaten the overall reliability of electricity supply.

To address these challenges, advanced reliability assessment approaches have been developed, ex-
tending far beyond deterministic methods. Probabilistic modeling, stochastic simulations, and risk-
based optimization have become essential for evaluating system adequacy under uncertainty. These
techniques provide a more realistic view of system performance in the presence of high variability and
allow operators to quantify risks associated with renewable integration.

Machine learning and artificial intelligence are also gaining traction in predictive reliability analysis.
Data-driven models support early detection of anomalies, fault prediction, and condition-based mainte-
nance, thereby enhancing both operational and planning reliability. By integrating physics-based system
models with Al-driven forecasting, modern approaches achieve higher accuracy and adaptability than
classical methods.

Furthermore, the emergence of cyber-physical power systems has introduced new opportunities for
real-time monitoring and control. Tools such as digital twins, [oT-enabled SCADA systems, and phasor
measurement units (PMUs) allow system operators to monitor grid conditions dynamically and respond
proactively. Collectively, these technological and methodological innovations provide a comprehensive
foundation for ensuring the secure and reliable operation of future power systems under renewable en-
ergy integration.

2. Materials and Methods

This study employs a combined framework of probabilistic modeling, stochastic simulation, and
machine learning to evaluate the reliability of power systems under high renewable penetration [4,5].
Time-series data of wind speed, solar irradiance, and load demand were preprocessed using a moving-
average smoothing technique:

;_ 1leon
Xe = ;Z?:olxt—i: (1)
which ensured data stability for further modeling. Reliability was assessed through Monte Carlo Simu-

lation (MCS), where Loss of Load Probability (LOLP) and Expected Energy Not Supplied (EENS) were
calculated as:

LOLP = Mos )
L Ntolzx’
— loss
EENS = NmmZi:l E;, 3)

allowing accurate failure prediction and anomaly detection, supported by ensemble learning (Random
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Forest, Gradient Boosting) [5,6]. Beyond classical reliability, resilience-oriented metrics were evaluated
through the recovery function:

R(t) = %f) (4)

where Q(t)is the system performance after disturbance and Qythe nominal pre-disturbance level. The
area under the resilience curve provided insights into adaptability and recovery speed. Together, these
probabilistic, Al-based, and resilience-oriented approaches form a comprehensive methodology to as-
sess the reliability of renewable-rich power systems.

3. Result and discussion

The integration of renewable energy sources has significantly altered the operational characteristics
of modern power systems. Simulation results demonstrate that as renewable penetration increases be-
yond 30-40%, the frequency of short-term reliability disturbances rises, particularly in systems with
limited balancing resources [6,7]. This highlights the need for reliability assessment frameworks that
go beyond conventional deterministic indices.

Probabilistic indices such as Loss of Load Probability (LOLP), Expected Energy Not Supplied
(EENS), and Loss of Load Expectation (LOLE) show noticeable deterioration in high-renewable sce-
narios. For example, Monte Carlo simulations of wind-solar hybrid systems indicate an increase in
LOLP from 0.02 to 0.07 when renewable penetration doubled from 25% to 50%. These findings em-
phasize the importance of advanced stochastic approaches.

Monte Carlo and Bayesian methods provided more accurate forecasts of system reliability than de-
terministic techniques, particularly under conditions of uncertainty. Markov chain models proved useful
for quantifying state transitions between normal and failure conditions, though their accuracy depended
heavily on the quality of historical reliability data [8,9].

Risk-oriented optimization approaches were effective in balancing cost, security, and reliability.
Case studies demonstrated that minimizing Expected Unserved Energy (EUE) under budgetary con-
straints improved system adequacy while ensuring efficient integration of renewables. Multi-criteria
decision-making methods also proved valuable in trade-off analysis between renewable investment,
grid reinforcement, and reliability enhancement.

Time-series and dynamic simulations revealed that voltage stability and frequency regulation are
the most vulnerable aspects under high renewable penetration. The use of Dynamic Security Assess-
ment (DSA) tools enabled operators to predict cascading failures more effectively. Results also showed
that incorporating demand-side flexibility in simulations reduced the frequency of reliability incidents
by 15-20%.

Machine learning methods outperformed traditional regression in predictive reliability tasks. Neural
networks and ensemble models achieved high accuracy in predicting inverter failures, while anomaly
detection techniques identified early-stage faults in wind turbine gearboxes. These approaches allowed
predictive maintenance scheduling, reducing unplanned outages by up to 18% in test systems.

Digital twin frameworks offered a real-time window into system reliability under renewable inte-
gration. By combining loT-based measurements with physics-informed models, digital twins provided
early warning signals for disturbances and optimized maintenance cycles. In one case study, applying a
digital twin to a 100 MW solar plant reduced downtime by 11%.

While reliability focuses on preventing outages, resilience emphasizes system recovery after dis-
turbances. Simulation results showed that incorporating resilience-oriented indices, such as System Re-
covery Time (SRT) and Resilience Curve Metrics, provided a more comprehensive evaluation of
renewable-based grids. This aligns with global trends in shifting from reliability-only to resilience-in-
clusive assessments.

The comparison of methods revealed that no single approach was sufficient for comprehensive reli-
ability assessment. Probabilistic and simulation methods captured variability, optimization addressed
planning trade-offs, and Al enhanced predictive capabilities. The integration of these methods into hy-
brid frameworks produced the most robust assessment outcomes.

Overall, the results underscore the necessity of adopting modern reliability assessment tools for re-
newable-rich grids. A combined methodology that leverages probabilistic models, Al-driven forecast-
ing, and real-time cyber-physical monitoring can significantly enhance reliability. Policymakers and
operators should adopt such integrated approaches to ensure that the transition toward decarbonization
does not compromise system security.
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Table 1. Modern Methods for Reliability Assessment under Renewable Integration

Category Methods Applications Advantages Limitations
Monte Carlo
Simulation, Captures varia-

Estimating LOLP, Computationally

Prol‘)at')lllstlc & Markqv Chains, LOLE, EENS un- b1.11ty and uncer- intensive, requires
Statistical Bayesian  Net- der uncertaint tainty  realisti- uality inout data
works, Probabil- Y cally quahity mp
istic Load Flow
Risk  indices, Balancing cost,

Enables cost-re-
liability  trade-

Multi-Criteria

Optimization & Decision Analy-

risk, and reliability Requires accurate

Risk-Based sis, Game The- in renewable plan- off decisions cost/risk models
ning
ory
Time-Series
Simulation- Slmglatlon, Dy- Studying volt- Captures transi- | High data demand
namic Security | age/frequency sta- .
Based & = . ent and long- | and scenario com-
Dvnamic Assessment, bility,  cascading term dvnamics lexit
y Agent-Based failures Y p y
Modeling
Neural Net-

works, Random | Predictive mainte-

Al & Machine | Forest, Anomaly | nance, fault detec- High “accuracy, | Needs large da-

adaptive, real- | tasets, risk of

Learning Detection, Hy- | tion, renewable var- time learnin overfittin
brid Physics+Al | iability forecasting & &
Models

Real-time monitor-

Digital Twins, | .
ing, system recov-

Cyber-Physical | IoT-based

Integrates moni- | Still emerging, re-
toring and resili- | quires strong

& Resilience SCADA, Resili- ery  evaluation, ence into relia- | cyber-infrastruc-
adaptive  mainte- | | ... .
ence Curves nance bility framework | ture investment

Fig. 2 demonstrates the comparative impact of classical methods and artificial intelligence (AI)
forecasting on the Loss of Load Probability (LOLP) across different renewable penetration levels. The
classical approach shows a steep increase in LOLP as renewables grow, rising from 0.015 at 20%
penetration to nearly 0.095 at 60%. This indicates that traditional reliability methods struggle to
accurately capture the stochastic variability of renewable output. By contrast, the Al-enhanced model
significantly reduces LOLP values, particularly at higher penetration levels, achieving 0.070 at 60%.
This reduction highlights the effectiveness of data-driven models in forecasting variability, improving
adequacy assessments, and ensuring more reliable operation in renewable-rich power systems.

=—e— (Classical Methods 100 == (lassical Recovery
=== A| Forecasting Resilience-Oriented
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Fig. 2. Impact of Al forecasting on LOLP across Fig. 3. System recovery curve comparing
renewable penetration levels. classical/resilience-oriented reliability metrics.

Fig. 2 demonstrates the comparative impact of classical methods and artificial intelligence (AI)
forecasting on the Loss of Load Probability (LOLP) across different renewable penetration levels. The
classical approach shows a steep increase in LOLP as renewables grow, rising from 0.015 at 20%
penetration to nearly 0.095 at 60%. This indicates that traditional reliability methods struggle to
accurately capture the stochastic variability of renewable output. By contrast, the Al-enhanced model
significantly reduces LOLP values, particularly at higher penetration levels, achieving 0.070 at 60%.
This reduction highlights the effectiveness of data-driven models in forecasting variability, improving
adequacy assessments, and ensuring more reliable operation in renewable-rich power systems.
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4. Conclusions

The reliability of power systems under high renewable energy integration requires a shift from con-
ventional deterministic methods toward more advanced, adaptive, and data-driven approaches. This
study demonstrated that probabilistic models such as Monte Carlo simulations and Markov chains are
essential for quantifying uncertainty, while optimization and simulation frameworks address trade-offs
between adequacy, cost, and risk. Furthermore, the integration of machine learning significantly en-
hances predictive reliability by enabling accurate fault detection and preventive maintenance, and resil-
ience-oriented metrics capture the system’s ability not only to withstand but also to recover from dis-
turbances. Together, these modern methods provide a comprehensive foundation for ensuring secure,
stable, and sustainable operation of future electricity grids dominated by renewable sources.
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