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Dolzarblik: quyosh elektr stansiyalaridan yirik miqdorda foydalanish, yirik quyosh elektr stansiyalarida
markaziy invertorlarning samaradorligi va ishonchliligini oshirishni dolzarb nuqtaga ko‘tardi. Chunki markaziy
invertorlar butun tizimning eng muhim va eng ko‘p nosozlikka uchraydigan bo‘g‘ini hisoblanib, invertorlarda
yuzaga keladigan nosozliklar o‘rtacha 20-25 % gacha uzilishlarga olib kelib, ishlab chiqarilgan elektr energiyasi
hajmida 1,5-2,5 % yo‘qotishlarni keltirib chiqaradi. Shuning uchun real vaqt monitoringi va diagnostika usullari-
dan foydalanish orqali invertor samaradorligini oshirish, ekspluatatsiya xarajatlarini kamaytirish va ishlab
chiqarilayotgan elektr energiyasining tannarxini pasaytirish muhim ilmiy va amaliy ahamiyatga ega hisoblanadi.
Magsad: markaziy invertorlarning samaradorligini oshirish, ishonchliligini ta’minlash va qo‘shimcha energiya
ishlab chiqarishni kafolatlash maqsadida real vaqt monitoringi va diagnostika (RTM&D) tizimlarini ishlab chi-
qish hamda ularni yirik quyosh elektr stansiyalarida amalda sinovdan o‘tkazishdan iborat.

Usullar: tadqiqot jarayonida elektr parametrlarni ( Vp¢, Ipc, Vac, lac, PF), issiqlik rejimlarini va nosozlik signal-

larini real vaqt rejimida kuzatuvchi sensorli tizimlar hamda SCADA asosidagi ma’lumotlarni yig‘ish texnologiya-

lari qo‘llanildi. Invertor samaradorligi quyidagi formula asosida hisoblandi:n = iﬁ X 100%. Diagnostika algo-
DC

ritmlarida sun’iy intellektning qo‘llab-quvvatlovchi vektor mashinalari (SVM) klassifikatori hamda o‘zgaruvchan
tok o‘tkazgichlaridagi issiqlik va o‘tkazuvchanlik yo‘qotishlarini hisoblash modellaridan foydalanildi.

Natijalar: tadqiqot natijalariga ko‘ra, monitoring tizimi joriy etilgan markaziy invertorlarda samaradorlik 94,2 %
dan 96,8 % gacha oshdi, oylik nosozlik vaqtining davomiyligi 18 % ga kamaydi, o‘rtacha ta’mirlash vaqti esa 24
% ga qisqardi. Bundan tashqari, qo‘shimcha energiya ishlab chigarish hisobiga yiliga yuzlab MWh elektr ener-
giyasi tejash imkoniyati yaratildi. Taklif etilgan yondashuvning ustunligi shundaki, u real vaqt rejimida ishlashga,
aniqlikni oshirishga va profilaktik texnik xizmatni samarali tashkil etishga imkon beradi.

Kalit so‘zlar: quyosh elektr stansiyasi, markaziy invertor, samaradorlik, real vaqt monitoringi, diagnostika, sun’iy
intellekt, ishonchlilik, energiya yo‘qotishlari, MTBF, SCADA tizimi, prognozlash, nosozliklarni aniqlash.
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AKTyaJlIBbHOCTb: IIHPOKOE HCIIOIb30BAaHUE COTHEYHBIX AJIEKTPOCTAHINI BBIBEIO HA MEPBBIH IUIAH 3aady MOBBI-
mreHnst () HEKTUBHOCTH M HAJISKHOCTH [IEHTPATbHBIX HHBEPTOPOB B KPYIHBIX COTHEYHBIX NMapkax. LleHTpanbHbie
MHBEPTOPHI SIBISIFOTCS KITIOYEBBIM M OJHOBPEMEHHO HanOoJiee MOIBEP)KEHHBIM OTKa3aM 3BEHOM BCEH CHCTEMBI:
BO3HHKAIOIIME B HUX HEHUCIIPaBHOCTH BBI3BIBAIOT 10 20—25 % HPOCTOEB M MPHUBOJAT K HOTEPSIM BBIPAOOTaHHON
3JIeKTpO3Heprun Ha ypoBHe 1,5-2,5 %. IloaToMy mpuMeHeHHe MEeTOJ0B MOHUTOPHHIA U JUAarHOCTUKH B peallb-
HOM BPEMEHHU MMeEeT BaKHOE HayuyHOe M MPAKTHYECKOe 3HAUeHHEe, TaK KaK MO3BOJISET MOBBICUThH 3()(HEKTHBHOCTH
paboTHI MHBEPTOPOB, CHU3UTD IKCINTyaTallHOHHBIC 3aTPAThl 1 YMEHBIINTH Ce0eCTONMOCTh MIPOU3BOANMOIL dIIeK-
TPOIHEPTHUHU.

Hean: pa3paborka u ampobanust cucreM MoHHTOpuHTa M auarHocTHku (RTM&D) B peansHOM BpeMeHH UIs
HOBBIICHUS (P (PEKTUBHOCTH, HAJISKHOCTH U 00SCIIEUSHNs TOIOIHATENEHO BEIPAOOTKU JIEKTPOIHEPTHH LICH-
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TpaJbHBIMU HHBEPTOPAMH B KPYIHBIX COJHEYHBIX JJIEKTPOCTAHIHSAX.
MeToabl: B X0/i¢ HCCIIEA0BAHHS HCIOJIB30BAIICH CEHCOPHBIE CUCTEMBI I HAOJIOJCHUS B pealbHOM BPEMEHH 3a
anexrpudeckumMu napamerpamu (Vpe, Ipc, Vac, Iac, PF), TEIIOBBIMU peXXUMaMH ¥ CHTHAJIAMH HEHUCIIPaBHOCTEH, a
TaKKe TeXHOJOrH: cOopa naHHBIX Ha 6aze SCADA. D¢ deKTuBHOCTS HHBEPTOPA PACCUUTHIBATIACE 1O (HOPMYIIE:

P
n= P—AC X 100%. [Inst QuarHOCTHYECKUX alrOpUTMOB IPUMEHSUIUCH METOJbI MCKYCCTBEHHOI'O HHTEJUIEKTa, B
DC

YaCTHOCTH KJIacCH(UKATOP OMOPHBIX BEKTOpoB (SVM), a Takke MOJEIH pacdeTa TEIJIOBBIX U MPOBOIHHKOBBIX
HOTEPh B NOJIYIPOBOAHUKOBBIX KIIFOYaX.

Pe3yabTaThl: BHEpeHNE MOHUTOPUHIOBON CHCTEMBI O3BOJIMIIO ITOBBICHTH 3((QEKTHBHOCTD IIEHTPAIBHBIX HH-
BepTopoB ¢ 94,2 % 1o 96,8 %, cokpaTUTh IIPOAOJLKUTEIBHOCTh €XKEMECAYHBIX IIpocToeB Ha 18 %, a cpennee
BpeMst peMoHTa — Ha 24 %. [lononHuTensHO ObUTa obecniedeHa SKoHOMHS coTeH MBT 4 anekTposHeprun B rox 3a
cuer pocra BeipaboTku. IIpeanoxeHHbIi moaxoa obMagaeT MperMyIIecTBaMU B BUJE pabOThl B pPealbHOM Bpe-
MEHH, HOBBIILICHUs] TOYHOCTH M BO3MOXHOCTH Ooiiee 3 (heKTHBHOM OpraHu3auy IpopHIaKTHIECKOT0 00CTyKH-
BaHUSL.

KiioueBble c10Ba: COJHEYHAs 3IEKTPOCTAHLMS, LIEHTPAIbHbINH MHBEPTOD, 3()(HEKTHBHOCTH, MOHUTOPHHT B pe-
aJIbHOM BpPEMEHH, JUAarHOCTUKA, UCKYCCTBEHHBIM HHTEIUIEKT, HaJEKHOCTb, dSHeprerudyeckue norepu, MTBF,
cuctema SCADA, nporaoznpoBanue, 0OHapy>XeHHe HEHCIPaBHOCTEH.
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Relevance: the large-scale deployment of solar power plants has highlighted the importance of improving the
efficiency and reliability of central inverters. Central inverters represent both the most critical and the most fail-
ure-prone element of the entire system. Failures occurring in inverters account for up to 20-25% of downtime and
cause energy losses of 1.5-2.5% of total generation. Therefore, the application of real-time monitoring and diag-
nostic (RTM&D) methods has significant scientific and practical value, as it enables higher inverter efficiency,
reduced operational costs, and lower electricity production costs.

Objective: to develop and validate real-time monitoring and diagnostic (RTM&D) systems aimed at improving
the efficiency, reliability, and additional energy yield of central inverters in large-scale solar power plants.
Methods: during the research, sensor-based systems were employed to continuously track electrical parameters
(Voer Iper Vacy Lac, PF), thermal conditions, and fault signals. Data collection technologies were based on

SCADA systems. Inverter efficiency was calculated as: n= % X 100%.
DC

Diagnostic algorithms employed artificial intelligence techniques, specifically a Support Vector Machine (SVM)
classifier, alongside models for calculating thermal and conduction losses in semiconductor switches.

Results: according to the findings, the monitored central inverters achieved an efficiency increase from 94.2% to
96.8%, while average monthly downtime was reduced by 18%, and mean time to repair (MTTR) decreased by
24%. Additionally, the system enabled annual savings of several hundred MWh of electricity through increased
production. The proposed approach provides advantages such as real-time operation, improved diagnostic accura-
cy, and more effective preventive maintenance scheduling.

Keywords: solar power plant, central inverter, efficiency, real-time monitoring, diagnostics, artificial intelli-
gence, reliability, energy losses, MTBF, SCADA system, forecasting, fault detection.

1. Introduction

The expansion of photovoltaic (PV) energy is accelerating worldwide, reflecting the growing
global commitment to decarbonization and sustainable energy. According to the International Energy
Agency (IEA, 2024), global installed solar capacity surpassed 1.5 terawatts (TW) in 2024 and is pro-
jected to exceed 2.3 TW by 2030. This rapid expansion is driven by declining technology costs, sup-
portive policies, and the urgent need to reduce carbon emissions. Large-scale solar power plants
(SPPs) represent a significant portion of this capacity, with installations typically ranging from 10 to
500 megawatts (MW). These utility-scale systems play a central role in supplying clean energy to
national grids, reducing reliance on fossil fuels, and ensuring the stability of renewable energy transi-
tions.

Within such solar power plants, central inverters serve as indispensable components. Their prima-
ry function is to convert the direct current (DC) produced by PV modules into alternating current
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(AC), which is compatible with grid infrastructure. In addition to conversion, inverters regulate volt-
age, provide grid support functions, and protect the system from faults. However, despite their im-
portance, inverters have been consistently identified as one of the weakest links in PV systems. Indus-
try data show that inverter failures account for nearly 20-25% of total operational interruptions in
large-scale solar plants, causing annual energy losses of up to 1.5-2.5% of plant output [1,2]. These
interruptions not only reduce plant availability but also increase operation and maintenance (O&M)
costs, creating challenges for long-term profitability.

To address these issues, the deployment of real-time monitoring and diagnostics (RTM&D) has
emerged as a critical solution. By continuously tracking inverter performance parameters such as tem-
perature, harmonic distortion, and power conversion efficiency, operators can detect early signs of
degradation or malfunction. Predictive diagnostic frameworks powered by artificial intelligence and
machine learning are increasingly applied in leading solar markets. For instance, in a 50 MW solar
plant in Spain, the implementation of inverter-level monitoring reduced annual downtime from 145
hours to 116 hours. This improvement recovered approximately 4.2 gigawatt-hours (GWh) of lost
energy—enough to power nearly 1,800 households for an entire year. Similarly, case studies from
China and India demonstrate that predictive diagnostic systems improved inverter mean time between
failures (MTBF) by 15-25%, resulting in reduced unplanned outages and significant cost savings in
O&M budgets [3.4].

The economic implications of inverter efficiency improvements are substantial. Even modest gains
in efficiency can translate into significant energy yields at the scale of modern PV farms. For example,
a 1% improvement in inverter efficiency at a 100 MW solar farm with an average irradiance of 5.0
kWh/m?*day and a performance ratio of 0.8 produces an additional 8.76 GWh annually. At an electric-
ity price of $0.06 per kilowatt-hour, this corresponds to approximately $525,000 in additional revenue
per year. Beyond immediate profitability, such improvements enhance the long-term financial viabil-
ity of projects, strengthen investor confidence, and contribute to the overall competitiveness of solar
power compared to conventional energy sources.
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Figure 1. Share of Component-Related Downtime in Large-Scale PV Plants

Beyond economics, inverter efficiency improvements also play a vital role in sustainability [5,6].
According to the IEA, each additional GWh generated from PV avoids approximately 400-500 tons
of CO: emissions, depending on the regional energy mix. Thus, enhancing central inverter efficiency
by just 2% in a 100 MW solar farm can offset over 8,000 tons of CO2 annually. This demonstrates that
reliable inverter monitoring not only secures plant revenue but also accelerates national carbon-
reduction commitments.

Despite this potential, adoption of RTM&D frameworks in solar power plants remains limited.
Many facilities in emerging solar markets rely on reactive maintenance rather than proactive strate-
gies, leading to delayed fault detection and higher lifecycle costs. Previous studies have focused either
on small-scale PV systems or on individual component-level analytics, leaving a gap in large-scale,
utility-oriented evaluation of monitoring-enabled inverter optimization.

This study addresses the gap by presenting real-time monitoring and diagnostic results from two
10 MW solar power plants, analyzing improvements in efficiency, fault detection accuracy, and relia-
bility metrics. By combining sensor data streams, statistical analysis, and predictive algorithms, the
study demonstrates how proactive diagnostics enhance energy yield and reduce unplanned downtime.
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The findings provide empirical evidence to support the integration of RTM&D as a standard practice
in modern PV plants.

2. Materials and Methods

This study was conducted in two utility-scale PV power plants, each with an installed capacity of
10 MW located in semi-arid climatic conditions with average annual irradiance of 5.2 kWh/m?/day.
Both plants used central inverters rated at 2.5 MW each, forming the backbone of the energy conver-
sion process. The monitoring framework integrated hardware sensors and software analytics to track
electrical, thermal, and environmental parameters in real time. The monitoring architecture deployed
multi-point sensors at the inverter input and output terminals [6,7]. DC-side sensors measured input
voltage V-and current I, while AC-side sensors measured output voltage V., current I, frequen-
cy f, and power factor PF. Thermal sensors tracked inverter heatsink temperature T, ambient tem-
perature T, and switching frequency-related heat generation.
Ppc = Vpc X Ipc, (1)
Pyc = V3 X Vye X Lyc X PF )
All sensor data were collected at 1-second intervals using a Supervisory Control and Data Acquisi-
tion (SCADA) system connected via Modbus TCP/IP protocol. The real-time database stored over 2.5
million data points daily per plant. A cloud-based IoT gateway enabled remote access for advanced
analytics, while redundancy was ensured through local edge storage. Inverter conversion efficiency
nwas calculated by comparing AC output power with DC input power:

Pac®)
=—=—=-x 1009
n(t) = 7293 x 100% )
where 71 (t)is the instantaneous efficiency at time t. Average daily efficiency was computed as:
foT Pyc(t)dt
= X 0,
Navg = 1T, (oar 100% A3)

To assess system reliability, standard indices such as Mean Time Between Failures (MTBF) and
Mean Time To Repair (MTTR) were applied.

MTBF — loperating &)
Nfailures
ZTrepair

MTTR = ———— 5
Nfailures ( )

where Toperatingis total uptime, Nrgjjyresis the number of failure events, and Ty.gpq;ris the repair dura-
tion per event.

Anomaly detection was carried out using a Support Vector Machine (SVM) classifier trained on
historical inverter performance data [6,8]. The decision boundary was modeled to distinguish between
normal and faulty operation using feature vectors consisting of (Vp¢, Ipc, Tp, f, PF). The decision
function is given by:

f(x) =sign(Y_ a;yiK(x;,x) +b) (6)

where a;are Lagrange multipliers, y;labels, K (x;, x)the kernel function, and bthe bias term.
To quantify inverter power losses, conduction and switching losses were modeled [7,9]. Conduc-

tion losses were expressed as:

Peona = Ic%vg ) RDS(on) (7

while switching losses were:
1
Psw = Ve * Inc * (ton + togs) - [ (3
where Rpgon)is transistor resistance, fsthe switching frequency, and t,y, t,rrthe switching transition
times.

The accuracy of fault detection was evaluated using precision, recall, and F1-score.
TP

Precision = )
TP+FP
Recall = —~ (10)
TP+FN
12
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Fl=2- Precision-Recall (11)

Precision+Recall

where TP, FP, and FNdenote true positives, false positives, and false negatives respectively.
Daily energy yield E;was calculated as:

T
0

To compare baseline and monitored systems, normalized yield (kWh/kWp/day) was applied to ac-
count for irradiance variability. Statistical comparisons were conducted using paired t-tests to evaluate
significance between baseline and monitored efficiency results. A confidence interval of 95% was
adopted [9,10,11]. Data visualization (efficiency trends, fault detection distributions, downtime con-
tributions) was generated using Python (Matplotlib, Pandas) ensuring reproducibility and transparency
of analysis.

3. Result and discussion

The experimental implementation of real-time monitoring and diagnostic frameworks in large-
scale solar power plants demonstrated a significant improvement in inverter performance [10,11].
Data collected from three months of operation across two 10 MW PV stations indicated that central
inverter efficiency improved when predictive diagnostics and anomaly detection were applied. By
continuously monitoring DC input voltage, AC output power, and thermal conditions, fault conditions
such as partial shading, module degradation, and overheating were detected early, reducing downtime
by nearly 18%.

Table 1. Efficiency improvements with real-time monitoring

Ne Parameter M(l)glfift(())l;'eing Mo?liftts:ing Improvement (%)
1 Average Inverter Efficiency (%) 94.2 96.8 +2.6

2 Downtime (hours/month) 15.3 12.5 -18.3

3 | Mean Time to Repair (MTTR, hrs) 6.2 4.7 -24.2

4 Fault Detection Accuracy (%) 82.5 94.3 +11.8

The efficiency gain is primarily attributed to the accurate diagnosis of anomalies through
correlation analysis between thermal stress and inverter loading. The monitoring platform computed
real-time loss indices and applied regression-based models to identify deviations from nominal
efficiency. The inverter efficiency nwas calculated as:

Pac
n=—-—"x100%
Pp¢
where Py.is the inverter’s AC output power (kW) and Pp.is the DC input power (kW). Results
showed that efficiency remained stable under fluctuating irradiance when diagnostics proactively
adjusted operating parameters.

The proposed diagnostics also enhanced reliability indices by reducing unplanned shutdowns.
Reliability was quantified using the Mean Time Between Failures (MTBF) metric:

MTBF = Toperating
Nfailures
where Toperatingis the total operating time (hours) and Nfgjjyresis the number of inverter failures.
MTBF increased by 22%, suggesting improved resilience of the central inverter units. Furthermore,
trend analysis of inverter temperature and switching frequency revealed correlations that allowed
predictive scheduling of maintenance, minimizing sudden interruptions.

13
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Trend of Inverter Efficiency with and without Real-Time Monitoring
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Fig. 1. Trend of inverter efficiency with and without real-time monitoring

Another critical observation was the impact on energy yield. The daily energy yield of the
monitored system was higher by 2.1% compared to the baseline. Though this value may seem modest,
in a 10 MW solar plant it represents approximately 210 MWh of additional annual output, enough to
supply more than 1,000 households. This reinforces the economic viability of integrating advanced
monitoring systems. In terms of diagnostic accuracy, the proposed framework successfully
distinguished between transient disturbances and actual faults. Using a Support Vector Machine
(SVM)-based classification model trained on historical inverter data, false alarm rates were reduced
by 14%. This lowered the risk of unnecessary maintenance interventions and ensured that only
genuine performance-degrading issues were addressed. Overall, the integration of real-time
monitoring and diagnostics in central inverters of large-scale PV plants led to measurable
improvements in technical efficiency, reliability, and economic performance. The findings support the
argument that such systems are not merely supportive tools but essential components in achieving

higher operational resilience and cost-effective solar generation. Future work should include adaptive
Al-based prognostics and cloud-integrated IoT platforms for further optimization.

4. Conclusions

The findings of this study demonstrate that the integration of real-time monitoring and diagnostics
(RTM&D) into central inverters significantly enhances the operational efficiency, reliability, and eco-
nomic performance of large-scale solar power plants. By employing continuous data acquisition,
anomaly detection, and predictive diagnostics, inverter efficiency improved by up to 2.6%, while
downtime and mean time to repair were reduced by 18% and 24%, respectively. These improvements
resulted in additional energy yields, increased mean time between failures, and reduced false alarm
rates, confirming that proactive monitoring provides tangible benefits compared to conventional reac-
tive maintenance strategies.

Beyond technical gains, the adoption of RTM&D frameworks in solar plants has clear economic
and environmental implications. Even modest improvements in inverter efficiency translate into sev-
eral gigawatt-hours of additional energy generation annually, equivalent to substantial financial re-
turns and thousands of tons of avoided CO. emissions. Thus, RTM&D should be regarded not merely
as an optional enhancement, but as an essential component of future-proof solar infrastructure. Further
research should focus on expanding Al-driven prognostic models, cloud-based IoT integration, and
adaptive control strategies to ensure long-term scalability and sustainability in global PV deployment.
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