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Dolzarbligi: zamonaviy energetika tizimlarida samaradorlikni oshirish nafaqat texnik, balki raqamli yechimlar
orqali ham amalga oshirilishini talab qilmoqda. Xususan, elektr energiyasi isroflarini aniqlash, tahlil gilish va
prognozlashda aniq, barqaror hamda intellektual vositalarni joriy etish ehtiyoji keskin ortib bormoqda. Bu
jarayonda ma’lumotlarni real vaqtda gayta ishlash, prognoz modellarini avtomat tanlash, klasterli va anomal
ma’lumotlar bilan ishlash kabi vazifalarni amalga oshiradigan innovatsion dasturiy ta’minot vositalari katta
ahamiyat kasb etmoqda.Aynigsa, 0,4 kVIi tagsimlash tarmogqlari kabi past kuchlanishli tarmogqlarda energetik
samaradorlikni oshirish, aniq monitoring va prognozlash mexanizmlarini joriy etish orqali ta’minlanadi. Ana
shunday sharoitda, intellektual funksiyalarga ega, modulli va adaptiv arxitekturada yaratilgan axborot tizimlari
nafaqat texnik xizmat ko‘rsatish samaradorligini oshiradi, balki qaror qabul qilish jarayonining ob’ektivligini va
tezkorligini ta’minlaydi.

Magsad: energetika tarmoqlarida elektr energiyasi isroflarini tahlil qilish va prognozlash jarayonlarini
avtomatlashtirishga xizmat qgiluvchi innovatsion dasturiy ta’minotni ishlab chiqish, uning modulli arxitekturasi,
funksional imkoniyatlari va integratsiya gilingan prognoz modellari asosida tizim samaradorligini ilmiy jihatdan
baholash.

Usullari: modellash jarayonida ma’lumotlar tuzilmasini hisobga oluvchi Kklasterlash, prognozlashga
ixtisoslashgan neyron tarmogqlar va klassik statistik usullarni o‘zaro integratsiyalashga asoslangan kompleks
yondashuv tatbiq etildi.

Natijalar: 0,4 kVIi tagsimlash tarmoqlarida elektr energiyasi isroflarini prognozlashni axborot tizimi - EIPAT
ishlab chiqildi. Tizim tarkibiga polinomial regressiya, ARIMA, GMDH, MLP va gibrid prognozlash usullari
kompleks tarzda integratsiya qilindi. Mazkur tizim ma’lumotlar tuzilmasining murakkabligi va
o‘zgaruvchanligini hisobga oluvchi adaptiv mexanizmlar bilan jihozlangan bo‘lib, prognoz modelini mos
ravishda tanlash, natijalarni vizual tahlil gilish hamda inson omilining ta’sirini kamaytirish orqali yuqori aniqlik
va ekspluatatsion sharoitlarga moslashuvchanlikni ta’minlaydi.

Kalit so'zlar: energetika tizimlari, dasturiy ta’minot, elektr energiyasi isroflari, prognozlash modellari, , EIPAT
axborot tizimi, avtomatlashtirish, adaptiv algoritmlar, samaradorlikni oshirish.
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AKTYalIbHOCTB: TIOBbIIICHHE 3((GEKTHBHOCTH COBPEMEHHBIX JHEPreTHUECKUX CHUCTEeM TpeOyeT He TOJBbKO
TEXHUYECKHX, HO M IM(POBBIX pemieHnid. B yactHOCTH, pe3ko Bo3pacTaeT MOTPeOHOCTh BO BHEAPCHHH TOYHBIX,
YCTOMUMBBIX W HMHTEIUIEKTYAJIbHBIX HMHCTPYMEHTOB JUIS BBIABICHHUS, aHAIM3a M IPOTHO3UPOBAHUSA IOTEPh
JNEKTPO3HepTrur. B 3TOM mporiecce 6oibloe 3HaUeHNHEe MPHOOPETAIOT HHHOBAIIMOHHBIE TIPOTPAMMHBIE CPECTBA,
peanu3ylolie Takue 3aJadd, kKak 00pabdoTka JaHHBIX B PEXXHUME PEaJbHOTO BPEMEHH, aBTOMAaTHUECKHH BEIOOD
NPOTHO3HBIX MOJeNel, paboTa ¢ KIACTEPHBIMH ¥ AHOMAIBHBIMH JAaHHBIMH. B 9acTHOCTH, IOBBIICHHE
9Heprod3(HeKTUBHOCTH B HU3KOBOJBTHEIX CETSAX, TaKUX Kak pacnpenenurensHsie cetu 0,4 kB, obecreunBaercst
3a CueT BHEIPEHMs TOYHBIX MEXAHU3MOB MOHUTOPMHIa U IPOTHO3MpOBaHMA. B Takux ycimoBusax
MHGOPMAIIMOHHBIE CHCTEMBI C HMHTEUICKTYalbHBIMH (QYHKLIUSIMH, CO3JaHHbIE B MOJIYJIBHOW W aJanTHBHOM
apXUTEKType, HE TOJBKO MOBBIIAIOT 3((GEKTUBHOCTh TEXHHUYECKOTO OOCIY)XKMBAaHHS, HO M OOECIICUHBAIOT
00BEKTUBHOCTh U OIIEPATUBHOCTH MPOIIECcca MPUHATHS PEIICHUH.

Henn: pa3paboTka HHHOBALMOHHOTO MPOIPAMMHOTO OOECHEYeHH s, CITy>Kallero JIsl aBTOMaTU3alluK IPOIIECCOB
aHaJIM3a U NPOTHO3HPOBAHMUS MOTEPb HIEKTPOIHEPIUH B SHEPreTHYECKUX CETAX, Hay4Has oLeHKa 3()(EeKTHBHO-
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CTH CHCTEMBI Ha OCHOBE €¢ MOJYJIBHOW apXUTEKTYpPbl, PYHKIHMOHAIBHBIX BO3MOKHOCTEH M HHTETPUPOBAHHBIX
MOJIeINIei IPOTHO3UPOBAHUS.

MeTtoabl: B Ipoliecce MOJEIUPOBAHUS TPUMEHEH KOMIUIEKCHBIM TIIOAXOJ, OCHOBAaHHBI Ha B3aUMHOM
UHTETPallid KJIACTEPHU3ALUH, CHELUATU3UPOBAHHBIX HEHPOHHBIX CeTed M KIACCHYECKUX CTaTUCTHYECKUX
METO/I0B, YYUTHIBAIOIINX CTPYKTYPY AaHHBIX.

Pe3yabTaThl: paspaboraHa WHHOBaUMOHHas wuHpopMmanuoHHas cuctema - HCIIDD, aBTOoMaTtusmpyromas
MPOIIECCHl aHANHM3a W MPOTHO3MPOBaHHS IOTEPh 3JCKTPOIHEPTHH B pacmpenaenurensHbix cetsix 0,4 kB. B
CTPYKTYpY CHCTEMbl KOMIUIEKCHO HWHTETPHPOBaHBI METOJBI MPOTHO3UPOBAHUS TOJMHOMHUAIBHOW pPErpeccu,
ARIMA, GMDH, MLP u rubpunmssiii noaxon. JlaHHas cucTema OCHAIleHa aJalTUBHBIMH MEXaHU3MaMH,
YYATHIBAIOIIUMH CIIOKHOCTh M M3MECHYHBOCTh CTPYKTYPHI JaHHBIX, 00CCIICUHBAIONIUME BBICOKYIO TOYHOCTH U
aJIaNTUBHOCTh K SKCIUIyaTAlMOHHBIM YCJIOBHSIM 3a CYET COOTBETCTBYIOIIETO BBIOOpAa MPOTHO3HOW MOJENH,
BU3YaJbHOTO aHAJM3a PE3YJIbTATOB U CHIKEHHS BIMSHHA YeJIOBEUECKOTo (akTopa.

KnioueBble c10Ba: 3HEPreTHYECKUE CUCTEMBI, IPOTPAaMMHOE 00ECIIeUCHHUE, MOIEIU MPOTHO3UPOBAHUS TOTEPh
aneKTpod3Heprun, nHdpopmarmonHas cucrema MCIIDD, aBromaru3aiys, afalTHBHbBIC alITOPUTMBI, TOBBILICHHE
3¢ EKTHBHOCTH.
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Relevance: increasing efficiency in modern energy systems requires not only technical, but also digital solutions.
In particular, there is a sharp increase in the need to introduce accurate, sustainable, and intelligent tools for iden-
tifying, analyzing, and forecasting electricity losses. In this process, innovative software tools that perform tasks
such as real-time data processing, automatic selection of forecasting models, and working with cluster and anom-
alous data are of great importance. This is especially ensured by increasing energy efficiency in low-voltage net-
works, such as 0.4 kV distribution networks, and implementing precise monitoring and forecasting mechanisms.
In such conditions, information systems with intelligent functions, created in modular and adaptive architecture,
not only increase the efficiency of maintenance but also ensure the objectivity and speed of the decision-making
process.

Aim: development of innovative software that serves to automate the processes of analysis and forecasting of
electricity losses in energy networks, scientific assessment of the effectiveness of the system based on its modular
architecture, functional capabilities, and integrated forecasting models.

Methods: in the modeling process, a comprehensive approach was applied, based on the integration of clustering,
specialized neural networks for forecasting, and classical statistical methods that take into account the structure of
data.

Results: An information system for forecasting electricity losses - ISFEL in 0.4 kV distribution networks has
been developed. Polynomial regression, ARIMA, GMDH, MLP, and hybrid forecasting methods were integrated
into the system. This system is equipped with adaptive mechanisms that take into account the complexity and
variability of the data structure, ensuring high accuracy and adaptability to operating conditions through the ap-
propriate selection of a forecast model, visual analysis of results, and reduction of the influence of the human
factor.

Keywords: energy systems, software, electricity losses, forecasting models, ISFEL information system, automa-
tion, adaptive algorithms, efficiency improvement.

1. Introduction

Improving the efficiency and reliability of modern energy systems requires the integration of not
only technical, but also intelligent digital solutions capable of processing multidimensional data,
detecting anomalies, and supporting operational decision-making. The increasing complexity of
network operating modes, the growth of data volumes, and the presence of heterogeneous and
irregular observations create the need for specialized forecasting systems that go beyond the
functionality of traditional software packages.

One of the main problems in modern energy systems is the limited possibility of effective analysis
and forecasting due to heterogeneous data structures, irregular operating modes, and the insufficient
adaptability of existing analytical tools. Widely used systems such as ETAP, OpenDSS, SCADA, and
EnergyCS are efficient for steady-state calculations and simulation tasks; however, they do not
perform automated model selection, do not account for cluster structures, and lack mechanisms for
adaptive forecasting under variable data conditions [1-3].
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Considering these limitations, an innovative information system ISFEL - was developed to
automate the processes of analyzing and forecasting electricity losses in 0.4 kV distribution networks.
The system is designed in a modular and adaptive architecture, ensuring flexibility, scalability, and
stable operation with real, multidimensional datasets typical of AMI-based distribution networks.
ISFEL integrates advanced analytical tools, structural data assessment mechanisms, and algorithms
capable of adapting to the complexity and variability of real-world operational data. ISFEL includes
the following functional modules:

The security module - is a basic functional block that includes user authentication, user communica-
tion management in the system, and mechanisms for protecting data from unauthorized access. It pro-
vides information environment protection through encryption algorithms, identification tools, and an
active security policy.

The data collection and storage module - is a functional block that receives, processes, and sys-
tematically stores data collected from the electrical network, ACASE devices, and sensors in real time. It
lays the foundation for further analysis processes through data filtering, formatting, and storage mecha-
nisms according to an arbitrary structure. The module ensures the continuity of data reception and relia-
bility of storage.

The analysis and modeling module - is the central block that manages the processes of analyzing,
processing, and creating intelligent models of the collected data structure. It forms optimal models for
forecasting using such methods as data normalization, correlation analysis, PCA, and clustering. This
module combines machine learning and statistical methods to create a collection of clean data prepared
for the forecast model.
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Fig.1 Structural diagram of the information system for forecasting electricity losses

The forecasting module - is the main computing unit that performs the task of accurate forecast-
ing of electricity losses over time. The module performs forecasting based on adaptive and intelligent
models (polynomial regression, ARIMA, GMDH, MLP, hybrid models), taking into account data var-
iability and structure. Forecast results recognize anomalous situations and provide automatic adjust-
ment to and maintaining an acceptable level of forecasting error.

The visualization module - is an information block that provides the user with forecast results
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and data analysis in a clear graphical and interactive form. It describes time series, clusters, load dy-
namics, and errors using histograms, line graphs, and diagrams. The interface is designed in accord-
ance with user needs and is designed in a clear and easy-to-analyze form.

The reporting module - is a functional block that automatically generates the results of analysis
and forecasting processes in the system in the form of a report. The module prepares reports in PDF,
Excel, or HTML format, which reflect key indicators, visual diagrams, accuracy criteria, and model
selection conclusions. Reports are intended for transmission to internal information systems of the
user or organization.

The monitoring and control module - is a module responsible for monitoring the system's per-
formance, managing planned processes, and managing the state of data in real time. It monitors
changes in cluster structures, errors in model selection, interruptions in data flow, and transmits sig-
nals to the user. It also provides technical integration capabilities and API interfaces for continuous
operation with external devices.

The created ISFEL information system differs from existing analogues in a number of scientific
and practical advantages. Firstly, the system has a mechanism for automatic selection of a forecast
model based on the integral indicator 8 when assessing the structure and variability of data, which
ensures objectivity and adaptability in the selection of models. Secondly, in order to increase the accu-
racy of structuring and forecasting anomalous and cluster data, the DBSCAN clustering algorithm is
integrated with the MLP artificial neural network, which allows for effective accounting of the struc-
tural complexity and perceived variability of the data. Thirdly, the architecture is designed as modular
and scalable in accordance with the operational characteristics of local 0.4 kV distribution networks
and has the ability to adapt to energy facilities of various scales. Fourthly, the system has the ability to
adapt to changes in the quality and structure of data in real time, taking into account the forecast re-
sults.

2. Methods and materials

The methodological framework for forecasting electricity losses in 0.4 kV distribution networks is
based on the integration of statistical techniques, machine-learning algorithms, and cluster analysis. Real
operational data from the 0.4 kV distribution networks of the Yunusabad district of Tashkent, obtained
from AMI devices and network sensors, were used for model development and validation. The dataset
included active load power P, ambient temperature, relative humidity, actual loss values, and time
stamps. The data exhibit seasonality, nonlinearity, and pronounced cluster heterogeneity, which necessi-
tates the use of specialized preprocessing and analytical procedures. [6-8]:

At the initial stage, data cleaning, removal of anomalous observations, feature normalization, and sta-
tionarity checks were performed. To identify key dependencies and evaluate factor significance, correla-
tion analysis was conducted, revealing that active power, temperature, and humidity exert the strongest
influence on loss formation. Principal Component Analysis (PCA) was applied to visualize the internal
structure of the multidimensional dataset, detect latent clusters, and reduce dimensionality without com-
promising information content.

A central element of the methodology is the integral structural complexity indicator 8, which reflects
data variability, heterogeneity, and the degree of nonlinear dependence. In the ISFEL system, 6 serves as
the basis for automated model selection. To account for local irregularities and uncover stable internal
patterns, the DBSCAN clustering algorithm was applied. DBSCAN enables the identification of natural
clusters and the detection of anomalous points, forming localized subsets for separate model training.
This improves the robustness of forecasting and enhances the adaptability of models to varying data
structures.

The ISFEL system employs several forecasting models selected adaptively depending on the value of
6 and the structural characteristics of the dataset. Polynomial regression is used when dependencies are
smooth with a low level of nonlinearity. The ARIMA model is effective for stationary time series, cap-
turing short-term trend and seasonal components. The Group Method of Data Handling (GMDH) gener-
ates self-organizing polynomial models capable of representing complex multi-factor dependencies. The
multilayer perceptron (MLP) captures nonlinear interactions between variables and is particularly suita-
ble for multidimensional data. The hybrid DBSCAN + MLP approach combines structural segmentation
with localized neural-network training, enabling adaptation to internal cluster patterns and improving
forecasting stability.

Forecasting accuracy was evaluated using the Mean Absolute Percentage Error (MAPE):

n
MAPE =13 1221 100% (1)
no-r| Y

This metric ensures comparability of results across models of different nature and allows assessment
of relative forecasting error independently of scale.
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The described methodological framework provides adaptive model selection and stable forecasting
performance even under conditions of high data variability and structural heterogeneity. The next section
presents the results obtained using the proposed methodology, including comparative accuracy assess-
ment and analysis of model effectiveness under real operating conditions of 0.4 kV distribution net-
works.

3. Results and discussion

The proposed forecasting methodology was evaluated using real operational data from 0.4 kV dis-
tribution networks in the Yunusabad district of Tashkent. This made it possible to assess the perfor-
mance of the selected algorithms and to identify model-specific behavior under conditions of structur-
al heterogeneity and variability. Based on the integral complexity indicator 8, several forecasting
models were constructed, differing in their sensitivity to nonlinear dependencies, robustness to outli-
ers, and ability to account for the internal cluster structure of the dataset.

Graphical comparison of the actual and forecasted values revealed substantial differences among
the models. Polynomial regression demonstrated acceptable accuracy on segments with smooth dy-
namics; however, its ability to reproduce abrupt fluctuations was limited. The ARIMA model provid-
ed stable short-term results and captured the seasonal—trend structure of the data, yet remained sensi-
tive to structural breaks and local anomalies.

kWh
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235000 - .
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230000 I\ — ARIMA
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Fig.2. Graph of comparison of actual and forecast values of electricity losses according to
different models

Table 1. Comparative evaluation of forecasting model accuracy by the MAPE criterion

Polynomial ARIMA GMDH MLP Hybrid
MAPE regression
5,01 3,15 5,05 2,58 2.1

The GMDH method demonstrated the ability to capture complex multi-factor relationships; howev-
er, under high variability, a tendency toward overfitting was observed, which led to an increase in
error on the test data. The multilayer perceptron (MLP) provided considerably higher robustness to
nonlinearity, effectively capturing the structure of the time series and performing well in the presence
of seasonal and stochastic fluctuations.

The most significant improvement was achieved using the hybrid DBSCAN + MLP model. Prelimi-
nary data structuring with DBSCAN allowed the dataset to be partitioned into locally homogeneous
clusters and anomalous observations to be separated. As a result, the subsequent training of cluster-
specific MLP models ensured a substantial increase in forecasting stability, reduced the influence of
irregular points, and improved the quality of approximation. The hybrid model achieved the lowest
MAPE value, indicating its superior ability to reproduce the real dynamics of electricity losses under
conditions of pronounced structural heterogeneity. This behavior is especially important for time se-
ries with local transitional modes, irregular load variations, and fluctuating environmental factors.

The comparative evaluation demonstrated that traditional statistical models retain advantages when
processing datasets with simple structure and moderate variability due to their interpretability and low
computational cost. However, in the presence of nonlinear dependencies, cluster patterns, and high
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variability, neural-network-based and hybrid methods exhibit clear superiority. The structural com-
plexity indicator 8 plays a key role, providing an objective measure for matching the properties of the
data with the forecasting model type, thereby ensuring adaptive model selection.

Overall, the experimental results confirm the effectiveness of the proposed approach, which inte-
grates structural data analysis, clustering, and intelligent modeling. The hybrid DBSCAN + MLP
model demonstrated the highest stability and accuracy and can be considered a promising tool for
practical applications in real 0.4 kV distribution networks.

4. Conclusion

The ISFEL information system developed in this study represents an intelligent platform designed
to fully automate the processes of analyzing and forecasting electricity losses in 0.4 kV distribution
networks. By integrating structural analysis, model selection mechanisms, and advanced forecasting
algorithms, the system is capable of effectively working with heterogeneous datasets that contain clus-
tered structures and anomalous observations. The use of the integral complexity indicator 6 enables
objective assessment of data properties and supports adaptive selection of the most suitable forecast-
ing model.

ISFEL incorporates several predictive approaches-including polynomial regression, ARIMA,
GMDH, MLP, and the hybrid DBSCAN + MLP model-which are automatically selected according to
the structural variability and complexity of the input data. The hybrid approach, combining DBSCAN-
based clustering with MLP models trained within each cluster, demonstrated the most reliable results.
Practical testing confirmed that this architecture provides the lowest MAPE value (2.1%), indicating
its superior ability to reproduce the actual behavior of electricity losses under real operating condi-
tions.

The architectural and algorithmic solutions implemented in ISFEL are technically scalable and
may be adapted for distribution and transmission networks operating at voltage levels higher than 0.4
kV. However, the present study focused specifically on 0.4 kV networks, as statistical and operational
data indicate that this voltage level accounts for the largest share of electricity losses. Consequently,
the developed models and functional modules are optimally aligned with the operational characteris-
tics and data structure of local 0.4 kV systems.

Future research directions include extending the applicability of ISFEL to medium- and high-
voltage networks, evaluating system performance in various grid topologies, and improving computa-
tional efficiency for large-scale datasets. Additional developments may also involve the integration of
real-time data streams, reinforcement learning mechanisms, and advanced anomaly detection tech-
niques to further enhance forecasting reliability and practical applicability.ics and data structure of
local 0.4 kV systems.
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