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Abstract. The main objective of this study is to determine the optimal resistance of transformer neutral
resistive grounding in 20 kV distribution networks using clustering methods. The research aims to achieve
a technical balance between limiting single-phase ground fault currents, minimizing overvoltages, and re-
ducing system sensitivity to stochastic fluctuations in network parameters. To achieve this, the following
tasks were accomplished: modeling of network operating modes with various grounding resistance values
in MATLAB/Simulink; forming a dataset of single-phase ground fault current parameters and correspond-
ing resistances; applying K-Means and DBSCAN clustering algorithms; and analyzing the results in accord-
ance with regulatory standards, including IEC 60071-2. The key findings include the formation of three
stable clusters with different fault current modes using the K-Means method, and the identification of a
dense zone of characteristic parameters using DBSCAN, which revealed stable and unstable operating con-
ditions. It was established that a resistance range of 50-70 Ohms is optimal in terms of overvoltage limita-
tion and relay protection sensitivity. The cluster centroids reflect typical network operating modes and can
be used as references for the design and practical selection of grounding resistance, ensuring both technical
and economic feasibility. The significance of the results lies in a comprehensive and well-substantiated
approach to the selection of grounding parameters, which ensures effective relay protection, reduces equip-
ment damage risks during faults, and enhances reliability and selectivity in medium-voltage distribution
networks. The proposed approach is universal and can be adapted to various network types, making it suit-
able for further optimization of grounding systems within the Smart Grid concept.
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Optimizarea rezistentei de impamantare a neutrului in retelele de 20kV conform criteriilor de minimizare a
valorii semnificative a curentului de defect la impamantare si a amplitudinii supratensiunii
Kiryk V.V, Buriak A.R.

Universitatea Tehnicd Nationald a Ucrainei ,,Institutul Politehnic Thor Sykorsky Kiev”, Kiev, Ucraina
Rezumat. Scopul principal al acestui studiu este determinarea valorii optime a rezistentei de impamantare rezistiva a
punctului neutru al transformatorului in retele de distributie de 20 kV, utilizind metode de analiza cluster. Cercetarea
vizeaza obtinerea unui echilibru tehnic intre limitarea curentului de scurtcircuit monofazat la pamant, reducerea su-
pratensiunilor si scaderea sensibilitatii sistemului la fluctuatiile stocastice ale parametrilor retelei. Pentru atingerea
acestor obiective, s-au realizat urmatoarele: modelarea regimurilor electrice in MATLAB/Simulink pentru diferite val-
ori ale rezistentei de impamantare; formarea unui set de date privind curentii de scurtcircuit la pamant si rezistentele
aferente; aplicarea algoritmilor de clusterizare K-Means si DBSCAN; analiza rezultatelor in conformitate cu stand-
ardele de reglementare, inclusiv IEC 60071-2. Printre cele mai importante rezultate se numara formarea a trei clustere
stabile cu regimuri diferite de curent de defect, prin metoda K-Means, si identificarea unei zone dense de parametri
caracteristici cu ajutorul metodei DBSCAN, ceea ce a permis evidentierea regimurilor stabile si instabile de
functionare. S-a stabilit cd un interval de rezistentd de 50—70 Ohmi este optim in ceea ce priveste limitarea supratensi-
unilor si sensibilitatea protectiei prin relee. Centroizii clusterelor reflecta regimuri tipice de functionare a retelei si pot
fi utilizati drept repere in proiectarea si alegerea practica a valorii de impamantare, asigurand fezabilitatea tehnica si
economicd. Semnificatia rezultatelor obtinute consta intr-0 abordare complexa si justificata a selectiei parametrilor de
impamantare, care asigura functionarea eficienta a protectiei prin relee, reduce riscurile de deteriorare a echipamentului
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in caz de avarie si creste fiabilitatea si selectivitatea retelelor de distributie de medie tensiune. Abordarea propusa este
universala si poate fi adaptata la diverse tipuri de retele, fiind adecvatd pentru optimizarea ulterioara a schemelor de
impamantare, inclusiv in contextul conceptului Smart Grid.

Cuvinte-cheie: cluster analysis, retele electrice, K-Means, DBSCAN, impamantare rezistiva a neutrului, skurtcircuit
monofazat la pAmant.

OnTumMu3anus cONPOTUBJIEHUS 3a3eMJIeHUs HeldTpaau B ceTsx 20 kKB no kpurepusiMv MUHUMH3ALMU 3HAYe-
HHii BEeJIMYUH TOKA 3aMbIKAHUSA HA 3eMJII0 U AMILJIMTYABI NlepeHaANPsKeHUs
Kupuk B.B., Bypsak A.P.
HanmoHanmsHbI TEXHHYECKUN YHUBEPCUTET Y KpanHbl « KMEBCKHIA MOJIMTEXHIYSCKANH HHCTHTYT uMeHu Urops Cu-
Kopckoro», Kues, Ykpanna

Annomayus. OCHOBHBIE LM HCCICIOBAHUS 3aKITIOYAIOTCA B ONPEACIICHUH ONTHMAIBHOTO COIIPOTHBIICHHS PE3H-
CTHBHOTO 3a3eMJICHHUS HEHTpallu TpaHC(OopMaTopa B paclpeIeIuTeNIbHbIX ceTax 20 KB ¢ MCmonbp30BaHUEM METOJIOB
KJIACTEPHOTO aHaim3a. MccieqoBaHue HANpaBleHO Ha JOCTIDKCHHE TEXHHYECKOTO OajaHca MEXIy OrpaHHYCHHEM
TOKa 0THO()a3HOTO 3aMBIKAHUS Ha 3eMJTI0, MUHUMHU3AIIMEH MEPEHATPSKCHHUS, @ TAK)KE CHUKCHUEM TyBCTBUTEIBHOCTH
CHUCTEMBI K CTOXaCTHYECKUM KOJIeOaHUSIM B MmapameTpax ceT. /s JoCTHKEeHHsI TOCTaBJICHHBIX IIeJiel ObUIN penieHbl
CJIEeyIONINE 3a]Ja4l: MOJICTUPOBAHUE IJEKTPUUECKUX PEXKUMOB CETH C Pa3TUYHBIMU 3HAUCHUSIMHU COMTPOTUBIICHHUSI 3a-
3emsieHus B cpene MATLAB/Simulink; dopmupoBanne BBIOOpKH NapamMeTpoB TOKa OJHO(A3HOTO 3aMbIKaHHs Ha
3emitio (O33) ¥ COOTBETCTBYIOIIMX COMPOTHBIICHHI; KIacTepU3allisl MOMYUYCHHBIX TaHHBIX MeTojgamu K-Means u
DBSCAN; ananu3 pe3yJabTaToOB C YIETOM HOpMAaTHBHBEIX TpeOosaHuii, Bkitouas IEC 60071-2. Haubomnee BaXHBIMU
pe3yIbTaTaMu SBISIOTCA: (POPMUPOBAHNE TPEX YCTOWUIHUBEIX KIIACTEPOB C PA3TMYHBIMU PEKAMAMH TOKOB 3aMBIKAHHUS
npu nomoiu Metoga K-Means; BbiieneHIE IIIOTHON 30HBI XapaKTEPHBIX MapaMeTpoB ¢ nomouibio meroga DBSCAN,
YTO TO3BOJIAIIO BBISIBUTH CTAOMIIEHBIC M HECTAOMIIEHBIC PEXKUMBI HKCIUTyaTaIllH. Y CTAHOBJICHO, YTO UAIA30H COIPO-
tuBneHus 50—70 OM SBJIsIETCS ONTUMABHBIM C TOUKHU 3peHUs] TpeOOBaHUH MO TIepEeHANPSDKEHUSIM U CpabaThIBaHUIO
penetinoii 3amuThl. LIeHTpOU b KIacTepOB OTPAXKAIOT TUIHUHBIE PEKUMBI IKCIUTyaTallMl CETH, a 3HAYHT, MOTYT OBITh
HCIIOJIb30BaHbl KAK OPUEHTUPHI IPH MPOCKTUPOBAHUH M PAKTUUCCKOM BBIOOPE COMIPOTHUBIICHHUS 3a3EMIICHHSI, 00ecIie-
YHBasi TEXHUYECKYIO M 9KOHOMHUYECKYIO 11€71ec000pa3HOCTb pellieHN . 3HAYMMOCTh MOJTY4EHHBIX PE3yIbTaTOB 3aKIII0-
YaeTcsl B KOMIUIEKCHOM U 000CHOBaHHOM ITOJIX0JI€ K BBIOOPY ITapaMeTpOB 3a3eMiieHHs, obecreunBatomeM 3G hexTB-
HyI0 paboTy peneiHON 3aIlUThI, CHIDKEHIE PIUCKOB MOBPEXICHUH 000pyIOBaHUS MPU aBapUsX, TOBBIIICHHE HAEK-
HOCTH M CEIICKTUBHOCTH B PACIIPENICIUTEIFHBIX CETAX CPEIHEro HampspkeHus. [IpemnaraeMelii MoIx0/1 yHUBEPCAICEH,
OH MOXeET OBITh aJJallTUPOBAH K PAa3IUYHBIM THUIIAM CETeH W MCITONB30BaH IS JabHEHIICH ONTHMH3AINN CXeM 3a-
3eMJICHHS, B TOM YHCIIe B paMKax KoHIennuu Smart Grid.

Knioueswie cnosa: xnacrepuzanus, snekrpuueckue cetu, K-Means, DBSCAN, pe3uctuBHoe 3a3eMiieHUE HEHTpaiu,
onHO(Da3HOE 3aMBIKaHHE Ha 3eMITIO.

BBEJEHUE provided to ensure permissible ground fault cur-

Reliability of medium-voltage distribution rents.
power networks remains one of the priority chal- To enhance energy efficiency and reduce
lenges in modern power engineering. Particular losses in medium-voltage networks, international
attention is given to the issues of automation and practice widely adopts the 20 kV voltage level,
improving the efficiency of protection systems, recognized as optimal in terms of balancing the
where a crucial element is the rational selection of technical and economic characteristics of the sys-
transformer neutral grounding parameters. This tem [1], [3], [4], [5]- This configuration is used in
choice directly affects the magnitude of overvolt- power systems across Europe, Asia, and Latin
ages, the single-line-to-ground fault (SLGF) cur- America.
rent, and the overall reliability of the electrical A distinctive feature of 20 kV networks is
network. the active use of resistive neutral grounding,

The issues of selecting and calculating the which not only limits ground fault current values
resistance of transformer neutral grounding were but also significantly improves the operational
thoroughly examined in the works of Stony [33], safety of equipment and personnel while ensuring
where neutral operating modes in 6-35 kV net- system stability under fault conditions.

works were analyzed, and recommendations were

132



PROBLEMELE ENERGETICII REGIONALE 4(68)2025

In well-known studies [3], [5], [8], [10],
[11], the neutral grounding resistance is calcu-
lated using classical expressions that take into ac-
count the phase voltage and the equivalent net-
work reactance. For resistive grounding, the sin-
gle-line-to-ground fault current Io can be approxi-
mately determined as follows:

— Us

0= FlRgrieg)
where Uy is the phase voltage, R, is the

grounding resistor value, and X., is the equivalent
reactance of the network. As R, increases, the
fault current I decreases, but the neutral displace-
ment overvoltage rises, which can be expressed
as:

Un=Io/®Co,

where Cy is the total capacitance of the net-
work. This reflects the fundamental physical
trade-off between the single-line-to-ground fault
current and insulation safety (see also IEC 60071-
2 [1]).

Selecting the optimal value of the ground-
ing resistor for the transformer neutral is a multi-
factor problem [5], which depends on network
characteristics, ground capacitance, transmission
line type, and other system parameters. To ad-
dress this problem, it is reasonable to apply ma-
chine-learning methods—particularly  cluster
analysis, which makes it possible to group poten-
tial parameter values and determine the most ef-
fective resistance range.

Formally, the use of cluster analysis in-
volves solving a set-theoretic problem of parti-
tioning the initial set of network operating param-
eters into subsets in such a way that the elements
within each subset differ much less from each
other than from those in other subsets. Identifying
these subsets of operating parameters with similar
network characteristics allows one to reveal con-
ditional clusters, which, in general, make it possi-
ble to assess the feasibility of particular operating
modes within specific ranges of neutral-ground-
ing resistance.

The main clustering methods used in elec-
trical-engineering research include: K-Means —
a method that partitions a sample into k prede-
fined clusters by minimizing the distances be-
tween points within each cluster; DBSCAN — a
density-based method that can identify clusters of
arbitrary shape, which is particularly useful for
analyzing heterogeneous electrical parameters.
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The choice of these two methods is ex-
plained by their ability to handle data of different
natures. The K-Means algorithm is suitable for
analyzing typical, regularly occurring operating
conditions, whereas DBSCAN effectively detects
regions of high data-point density (clusters),
which is especially useful when studying hetero-
geneous network parameters. Such a combined
approach provides a more comprehensive view of
the distribution of network operating modes and
serves as a flexible tool for technical analysis.

The aim of this study is to determine the
optimal value of the grounding resistor for the
transformer neutral in 20 kV distribution net-
works, ensuring an effective balance between lim-
iting the single-line-to-ground fault current and
minimizing the overvoltage level in the network.

Within the framework of the Smart Grid
concept, which implies the integration of modern
information technologies to enhance the effi-
ciency and reliability of distribution power net-
works, the selection of neutral grounding re-
sistance for 20 kV systems becomes even more
critical, since the neutral operation mode directly
affects the level of automation and remote moni-
toring capabilities of such networks.

The application of clustering methods —
K-Means and DBSCAN [23], [24], [27-30], [34]
— for analyzing and selecting the optimal re-
sistance of the neutral grounding resistor in 20 kV
networks makes it possible to group and evaluate
network parameters and identify the resistance
range that ensures improved reliability and oper-
ational stability of the system.

NORMATIVE STANDARDS AND PRACTI-
CAL APPROACHES

Ensuring the reliability and safety of neu-
tral grounding in medium-voltage distribution
networks is one of the key areas of research ac-
tively developing in modern power engineering.
Traditional approaches reflected in international
standards, including IEC 60071-2 [1] and IEEE
Std 142-2007 [2], focus primarily on insulation
coordination and limitation of overvoltage levels.
However, these documents provide only general
guidelines and do not include any algorithmic or
adaptive methodology for determining the opti-
mal resistance of the neutral grounding resistor,
taking into account structural features, parametric
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deviations, and stochastic fluctuations in real
electrical networks.

In the context of digitalization of the power
industry and the deployment of Smart Grid sys-
tems, characterized by high dynamics of operat-
ing modes and load parameters, it becomes nec-
essary to develop intelligent tools capable of au-
tomatically adapting to current operating condi-
tions. Cluster analysis, in this regard, represents
an effective approach to identifying stable and re-
curring operating states of the network, enabling
the formulation of well-grounded recommenda-
tions for selecting grounding resistance consider-
ing both technical limitations and operational fea-
sibility.

A number of studies [3], [6], [20] have in-
vestigated neutral grounding modes through mod-
eling in ETAP, MATLAB/Simulink, and Power-
Factory environments, focusing on the magnitude
of the earth-fault current and the network’s re-
sponse to fault conditions. For instance, Dladla et
al. [5] proposed an improvement of grounding
grids in accordance with IEEE Std 80, based on
precise modeling in ETAP. However, such stud-
ies mainly concentrate on the geometry of
grounding systems and do not address the issue of
optimal selection of grounding resistor resistance.

In other works [8], [15], [10], grounding
analysis is based on analytical models or typical
operating scenarios. In particular, Zhou [8] exam-
ined the influence of resistance on neutral poten-
tial displacement in 20 kV networks. However,
the author did not propose an approach that ac-
counts for changes in network configurations or
systematically adapts grounding parameters to
varying operating conditions.

Research presented in [11-12] primarily
describes grounding design methods based on
regulatory frameworks or expert judgment. These
approaches are useful in practical applications but
do not take into account stochastic variations of
network parameters or adaptability to Smart Grid
conditions.

Modern approaches to selecting neutral
grounding resistance in distribution networks, es-
pecially in the 6-35 kV voltage range, often rely
on deterministic calculations based on typical val-
ues of the capacitive earth-fault current and insu-
lation resistance. These simplified models are ori-
ented toward strictly fixed network parameters
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[3], [6], [10]. While compliant with regulatory re-
guirements, such methods are poorly suited for
conditions with highly dynamic operating modes
typical of digital Smart Grid systems.

For example, in most national and interna-
tional publications, the recommended resistance
value is determined based on the maximum per-
missible overvoltage or by limiting the single-
line-to-ground fault current (SLGF) to a level safe
for relay protection [5], [8], [10]. However, such
recommendations rarely account for stochastic
variations in capacitances, loads, transient pro-
cesses, and structural heterogeneity of the net-
work. Consequently, design solutions based on
these methods often prove insufficiently stable
under real operating conditions.

Furthermore, classical methods do not pro-
vide for adaptive adjustment of resistance de-
pending on the observed behavior of the network
during operation. They lack self-learning capabil-
ities, flexibility, and parameter updating mecha-
nisms when topology changes or renewable en-
ergy sources (such as wind and solar power
plants) are connected.

In contrast, the approach proposed in this
study is based on cluster analysis, specifically the
K-Means and DBSCAN algorithms, which oper-
ate with formalized datasets representing real op-
erating modes. These methods make it possible to
identify stable groups of parameters, automati-
cally account for abnormal operating states, adapt
to stochastic variations, and even scale to differ-
ent network configurations. This makes the pro-
posed approach particularly effective under the
conditions of digital transformation and the rapid
evolution of energy infrastructure.

INTELLIGENT METHODS FOR ANALYZ-
ING FAULT CONDITIONS IN SMART
GRID ENVIRONMENTS

The increasing complexity of electrical net-
works, the development of automated control sys-
tems, and the growing need for rapid fault diag-
nosis have led to the integration of machine learn-
ing (ML) and data analysis techniques into the
power industry. Several studies [13], [14], [21]
have explored the application of artificial neural
networks, fuzzy logic, and feature processing
methods for detecting earth faults in distribution
networks. For instance, Liu et al. [14] imple-
mented a system for detecting high-resistance
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ground faults based on a fuzzy algorithm. Alt-
hough such approaches demonstrate good effi-
ciency, they are primarily focused on identifying
the fact of a fault occurrence, rather than on opti-
mizing the operational parameters of the network.

Modern approaches to implementing the
Smart Grid concept imply automatic configura-
tion and adaptation of protection systems to cur-
rent operating conditions [17], [18]. In this con-
text, cluster analysis, particularly the K-Means
and DBSCAN methods, acquires special im-
portance. Their application makes it possible not
only to group similar operating modes according
to common characteristics (for example, re-
sistance—earth fault current relationships) but also
to identify anomalous points that may indicate po-
tentially unstable or atypical operating conditions.

In study [23], K-Means clustering was ap-
plied to analyze consumption modes in low-volt-
age networks; however, the authors did not con-
sider the influence of grounding parameters.
Other researchers [24], [25] used the DBSCAN
algorithm for segmenting load profiles and iden-
tifying periodic deviations. Nevertheless, to date,
there have been no studies employing these meth-
ods directly for optimizing neutral grounding re-
sistance.

In this context, the present research is
novel, as it is the first to combine simulation mod-
eling in MATLAB/Simulink with subsequent
cluster-based data analysis to identify stable oper-
ating modes in a 20 kV network. Thus, this work
fills a significant gap in the existing literature and
opens new perspectives for adaptive grounding
control in the era of digital power systems.

FEATURES OF MODERN RESEARCH
AND INNOVATIVENESS OF THE PRO-
POSED APPROACH

The problem of selecting the resistance of
a transformer neutral grounding resistor is tradi-
tionally solved based on reference data, standard
engineering calculations, or practical recommen-
dations. However, such methods do not account
for the dynamic variability of parameters in real
distribution networks, especially under conditions
of modern digitalization and the implementation
of the Smart Grid concept.

In most existing publications [33], [28],
[26], the main attention is devoted to the geometry
of grounding devices, insulation parameters, or

135

the analysis of fault conditions without consider-
ing the adaptive adjustment of resistance depend-
ing on the current state of the network. Further-
more, in many cases, there is no universal meth-
odology that takes into account stochastic fluctu-
ations and structural variability of distribution
systems.

The cluster analysis method proposed in
this study (based on the K-Means and DBSCAN
algorithms) fundamentally differs from tradi-
tional approaches in that it:

* identifies typical and stable operating
modes of the network;

* enables automated grouping of operating
modes according to their physical characteristics;

» demonstrates high universality, being in-
dependent of a specific network configuration;

* is capable of adapting to changes in load
parameters and connected consumers.

The clustering results showed that a
grounding resistance range of 50-70 Ohm pro-
vides an optimal balance between fault current
and overvoltage levels. These values not only
comply with the requirements of IEC 60071-2,
but were also identified as the region of maximum
density of stable operating modes using the
DBSCAN method. Thus, this study offers a repro-
ducible methodological approach that enables au-
tomation of grounding resistance selection under
various operating conditions.

Unlike in [12], where the resistance range
of 40-80 Ohm was defined based on expert judg-
ment, the present study refines this interval to 50—
70 Ohm using cluster analysis. Moreover, in con-
trast to [7], where clustering methods were ap-
plied to other power system analysis tasks, this
work for the first time combines simulation mod-
eling (MATLAB/Simulink) with clustering (K-
Means, DBSCAN) specifically for neutral
grounding resistance optimization. This confirms
both the novelty and the practical significance of
the proposed approach.

The proposed methodology can be directly
integrated into intelligent control systems (e.g.,
SCADA, ADMS) and used as a component of
digital twins of distribution networks. This makes
it particularly relevant under conditions of in-
creasing penetration of renewable energy sources
(RES) and growing demands for flexibility and
reliability of the electrical infrastructure.
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MATERIALS AND RESEARCH RESULTS

One of the key factors influencing the opti-
mal resistance of the neutral grounding resistor is
the physical characteristics of the analyzed elec-
trical network. The study considers a 20 kV dis-
tribution network (Fig. 1) [2]. The main objective
is to determine the optimal resistance value of the
transformer neutral grounding resistor in order to
ensure the appropriate single-line-to-ground fault
current (SLGF) parameters and enhance the oper-
ational reliability of the network.

In this study, the feature space includes
three main parameters: the resistance of the neu-
tral grounding resistor, the overvoltage ampli-
tude, and the single-line-to-ground fault current.

The thermal behavior of the resistor was
not explicitly modeled; however, when assessing
the admissibility of the selected resistance, the

T1-110/20
BN

XRUHAKXS-20(1x150/50)

—_——

XRUHAKXS-20(1x120/50)
=7 $3=0,6+j0,1 MBA

—_——

| XRUHAKXS-20(1x50/16)
_LT —_— — @‘» S4=0,4+j0,2 MBA
=4 KM

thermal power dissipation must be taken into ac-
count. Exceeding the rated power of the resistor
may lead to overheating. In future research, the
analysis will be supplemented by introducing
temperature constraints for the resistor.

The developed model incorporates typical
parameters of cable lines, transformers, and loads
that are characteristic of real operating conditions
in medium-voltage distribution networks. The
simulation model of the 20 kV network was built
using standard parameters provided in [6], [12].

In the calculations, a metallic single-phase-
to-ground fault (a solid short circuit without an
arc) was considered, as it represents the most se-
vere condition in terms of overvoltage, making it
suitable for subsequent refinement when model-
ing arc and high-resistance faults.

T1-20/0,4
0D

$1=2,1+j0,5 MBA

T2-20/0,4
e

$2=1+j0,3 MBA

T3-20/0,4

T4-20/0,4

Fig. 1. Electrical schematic diagram of a 20 kV distribution network

During the simulation process in
MATLAB/Simulink, a dataset consisting of 50
data points was generated, including resistance
values ranging from 10 to 100 Ohm and the cor-
responding single-line-to-ground fault (SLGF)
currents. To classify and group the obtained oper-
ating data, cluster analysis was applied using two
algorithms: K-Means and DBSCAN. Detailed
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mathematical descriptions of these methods are
widely presented in the scientific literature [26],
[28], [29] and implemented in open-source ma-
chine learning libraries such as Scikit-learn. In
this study, both algorithms were implemented in
Python using the standard functions of the
sklearn. cluster module.
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It should be noted that the 20 kV distribu- sults of cluster analysis in practical design calcu-
tion network simulation model used in this study lations, adapting them to specific technical condi-
(Fig. 1) represents a demonstrative configuration, tions.
designed to visually illustrate the mechanism of In the context of this study, the K-Means
applying clustering algorithms for the optimiza- method was used to group data based on the neu-
tion of neutral grounding parameters. The primary tral grounding resistor resistance and the single-
objective of this research is to validate cluster line-to-ground fault current (SLGF). This allows
analysis methods (specifically, K-Means and the identification of value ranges within which
DBSCAN) as universal tools for identifying rela- consistent patterns of electrical parameter varia-
tionships between the neutral grounding resistor tions are observed.
resistance and the single-line-to-ground fault cur- The research determined that the optimal
rent (SLGF). number of clusters is three, which enables effec-

The applied machine learning algorithms tive separation of all data points according to the
are independent of the specific topology or pa- resistance levels and the corresponding fault cur-
rameters of the network. They operate with for- rent values. After applying the K-Means method,
malized datasets, which enables the approach to a classification of grounding resistor resistance
be scaled to different system configurations. and SLGF current values was obtained by mini-
Thus, the results of this study not only demon- mizing the distances between points within each
strate the effectiveness of clustering for a particu- cluster, and the corresponding centroids were de-
lar model but also highlight the potential applica- termined.
bility of the proposed approach across a wide These centroids represent typical (repre-
range of medium-voltage distribution networks, sentative) values for each cluster and can be used
regardless of their structure or operating condi- when selecting the optimal grounding resistance
tions. for transformer neutrals. The clustering results

This universality is due to the fact that the obtained using the K-Means method are presented
K-Means and DBSCAN methods do not require a in Table 1 and Figure 2.
large number of system input parameters; instead, The K-Means analysis revealed structured
they rely on properly prepared data reflecting the regions in the feature space, where each group
relationships between the main operating quanti- corresponds to a specific resistance interval and
ties. This opens up possibilities for using the re- the related fault current levels, as illustrated in

Figure 2.
Table 1
Results of clustering by the K-Means method.
Cluster | Resistance range Average SLGF Overvoltage Centroid (Ohm; A)
(Ohm) current (A) amplitude (in Un)
0 ~24.7-57.8 Low (<20 A) 2.5-2.8 (high) (42.0; 19.3)
1 ~59.6 -100.0 Low (<10 A) 1.8-2.2 (acceptable) (79.8; 10.9)
2 ~28.5-60.0 Medium (2040 A) 1.5-1.7 (Low) (17.6; 37.9)

137



PROBLEMELE ENERGETICII REGIONALE 4(68)2025

26
o

CL
24 ¢

22

20

Overvoltage U (p.u.)

18

16

50

S/‘,)g y 40
(3N
Phg
S, 30
e hy e,
Ury,
eng
/ 7))

° -
° o °OOenq,old 0o
o ® oo d®

%

~ <_®
PrpidL
g,

® Cluster0
Cluster 1
Cluster 2

/‘i o0
100

10

Fig. 2. Clustering results obtained using the K-Means method.

Applying the K-Means algorithm to the
data obtained from the 20 kV distribution network
simulation model made it possible to identify sev-
eral clusters that characterize the ranges of the
transformer neutral grounding resistor resistance
with the corresponding single-line-to-ground
fault (SLGF) currents.

Each cluster reflects the typical behavior of
the network depending on the grounding re-
sistance:

1. Clusters with low resistance values (10-30
Ohm) correspond to high SLGF currents, in-
dicating operation close to an undesirable
short-circuit regime.

2. Medium resistance values (30-60 Ohm) are
characterized by an optimal balance between
system safety and relay protection reliability.

3. Clusters with high resistance values (above
70 Ohm) exhibit low SLGF currents, which
may lead to difficulties in fault detection and
increased overvoltage levels in the network.

The centroids of clusters 0, 1, and 3 were
determined as follows: (16.8 Ohm; 68.6 A), (44.2
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Ohm; 26.1 A), and (78.3 Ohm; 14.4 A), respec-
tively. The K-Means clustering analysis also re-
vealed that within the 30-60 Ohm resistance
range, the overvoltage amplitude remains stable
at approximately 2.0 Un, which complies with the
limits of most international standards.

For resistances below 30 Ohm, the over-
voltage may reach hazardous levels (up to 2.6
Un), increasing the risk of insulation and equip-
ment damage. Conversely, for resistances above
60 Ohm, the overvoltage begins to decrease to
1.5-1.7 Un, making the system less sensitive to
short-circuit faults, but potentially reducing relay
protection performance.

These parameters were used as reference
values when selecting the nominal grounding re-
sistance in practical network design tasks. The K-
Means method thus enabled efficient data cluster-
ing and identification of optimal operational
zones corresponding to different network operat-
ing modes.

The DBSCAN (Density-Based Spatial
Clustering of Applications with Noise) method
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belongs to the class of density-based clustering al-
gorithms. Its key principle is that a cluster is de-
fined as a region in space with a high density of
points, while areas of low density are considered
as noise or outliers [30].

Unlike K-Means, the DBSCAN algorithm
does not require predefining the number of clus-
ters and can identify clusters of arbitrary shapes.
This makes it particularly suitable for analyzing
complex data distributions, especially in power
system applications, where data may be unevenly
distributed, contain anomalies, or include isolated
points.

In this study, the DBSCAN method was ap-
plied to 50 resistance values within the range 10—
100 Ohm, with the corresponding calculated
SLGF currents. Based on the analysis of the
scaled data distribution, the main parameters were

2.7
26
25
24
23

22

Overvoltage U (p.u.)

21

2.0 e

empirically selected as € = 0.8 and MinPts = 3.
These settings ensured stable clustering without
excessive noise generation or merging of distant
data points.

The DBSCAN method identified one dense
cluster (cluster 0), and the results of this analysis
are presented in Table 2 and Figure 3.

The parameter values € = 0.8 and MinPts =
3 were chosen empirically, based on the nearest-
neighbor distance analysis. The parameter ¢ de-
fines the radius of the neighborhood (in normal-
ized feature units), while MinPts = 3 specifies the
minimum number of points required to form a
cluster. The selected parameters provided the for-
mation of a single dominant dense cluster without
an excessive number of noisy point.

Cluster
Moise

Cluster centroid _ L

-]

=

Fig. 3. Clustering results obtained using the DBSCAN method.

Table2
Results of clustering by the DBSCAN method.
Cluster Resistance range (Ohm) | Overvoltage amplitude (B Note
Un)
~30-280.0 1.7-2.1 (acceptable) Main dense cluster
1 = 80.0—100.0 2.4-2.7 (high) Points identified as “noise”
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As can be seen from the results, when the
grounding resistance R, = 30-60 Ohm, the overvolt-
age amplitude does not exceed 2.0 Un, which com-
plies with the requirements of IEC 60071-2 [1]. For
R, <30 Ohm, the overvoltage increases to 2.5-2.6
Un, which may lead to insulation breakdown, while
for R> 70 Ohm, the overvoltage decreases to 1.5—
1.7 Un, but the sensitivity of the relay protection
system is reduced. Thus, the resistance range of 50—
70 Ohm provides an optimal balance between relia-
bility and safety.

The points in Fig. 3, corresponding to high
resistance values (> 80 Ohm) and low SLGF cur-
rents, were classified as “noise.” This indicates that
these points do not have sufficiently close neighbors
to form a dense cluster and can therefore be consid-
ered isolated or potentially unstable from an opera-
tional perspective.

The plot in Fig. 3 demonstrates a cluster of
network operating modes in which the single-line-
to-ground fault current (SLGF) remains within ac-
ceptable or moderately high limits, typical for prac-
tical network design. Points corresponding to higher
resistance values and lower fault currents appear
scattered, indicating a reduction in mode density
and their potential instability in terms of reliable re-
lay protection operation.

It should be noted that the DBSCAN method
does not provide cluster centroids, as does the K-
Means algorithm, but it enables a qualitative evalu-
ation of the dense region of stable operating modes.
Nevertheless, the use of the DBSCAN algorithm
confirmed the results obtained by K-Means. The
dense clusters identified in the 30-80 Ohm re-
sistance range showed that the overvoltage in these
regions does not exceed 2.0 Un, which represents
an optimal operating condition for the system.

In contrast, the modes classified as “noise”,
corresponding to resistances above 80 Ohm, exhib-
ited increased overvoltage levels (up to 2.6 Un), in-
dicating a risk of ineffective relay protection opera-
tion under fault conditions.

CONCLUSION

During the study, data clustering was per-
formed to describe the relationship between the
neutral grounding resistor resistance of a trans-
former and the single-phase-to-ground fault (SPGF)
current in a 20 kV network. For this purpose, the
machine learning algorithms K-Means and
DBSCAN were employed, enabling objective data
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clustering and identification of characteristic pa-
rameter ranges. The K-Means method revealed
three distinct groups corresponding to different sys-
tem operating modes. The zero cluster combines re-
sistance values in the range of 24.7-57.8 Ohm with
low SPGF currents, averaging 19.3 A. The first
cluster includes the resistance range of 59.6-100.0
Ohm, where the lowest fault currents were observed
(on average = 10.9 A). The second cluster covers
supports with resistances of 10.0-26.5 Ohm, for
which the SPGF current was higher, averaging 37.9
A. The cluster centroids calculated were: (42.0
Ohm; 19.3 A), (79.8 Ohm; 10.9 A), and (17.6 Ohm;
37.9 A), respectively. These centroids can serve as
references for the technical selection of the nominal
neutral grounding resistor resistance.

The DBSCAN algorithm, which classifies
data based on the density of points in the feature
space, revealed a stable cluster in the resistance
range of 30-80 Ohm, where the highest density of
values was observed. Other points were classified
as "noise," indicating reduced repeatability or po-
tential instability of the corresponding modes. This
behavior confirms that the most practically relevant
grounding resistance values are concentrated within
this range.

The obtained results were compared with in-
ternational and national standards. According to
IEC 60071-2, to limit overvoltages in 20 kV class
networks, it is recommended to use resistors with
resistance in the range of 40-80 Ohm depending on
system configuration. In this context, the resistance
range of 50-70 Ohm, identified as the most bal-
anced based on clustering results, fully complies
with these standards. Calculations by Kersting [35]
indicate that the 40-80 Ohm range ensures SPGF
currents of approximately 5-10 A, which aligns
with the simulation results presented in this study.
This range represents a compromise between equip-
ment protection and relay protection sensitivity.

Thus, the application of cluster analysis al-
lowed for substantiating the choice of the optimal
neutral grounding resistor resistance range for the
considered distribution network. This range not
only meets standard requirements but also demon-
strates its effectiveness based on analytical and sim-
ulation modeling. The conclusions obtained can be
applied in practical implementations in power sup-
ply systems with increased requirements for net-
work reliability and stability.
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