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DEVELOPMENT OF A FUZZY LOGIC SYSTEM
FOR PREDICTING 10 KV LINE WEAR

The article addresses the problem of improving the accuracy of
assessing the technical condition of 10 kV overhead power lines, a significant
proportion of which in the distribution networks of CIS countries are operated
beyond their standard service life and are characterized by a high level of
physical wear. Traditional diagnostic methods based on standard service life
and visual inspection do not allow reliable consideration of heterogeneous
and partially uncertain factors such as the age of the line, the type of poles,
and the time elapsed since major overhauls were carried out. This study
proposes an intelligent system for predicting the wear of 10 kV overhead
power lines based on fuzzy logic methods. The developed model includes
the definition of input linguistic variables, the construction of membership
functions, the formation of a rule base, and the determination of the predicted
wear value using a defuzzification method. To verify the effectiveness of
the proposed approach, statistical data from the distribution networks of
one region were used. A comparison of the model predictions with actual
operational assessments demonstrated good agreement, confirmed by the
calculated performance indicators mean absolute error, root mean square
error, and coefficient of determination. The developed system can be used to
improve diagnostic accuracy, optimize maintenance scheduling, and enhance
the reliability of distribution power networks.
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Introduction

Overhead power lines with a voltage level of 10 kV represent a key
component of distribution electrical networks and provide the majority of
electricity supply to cities and populated areas [1]. A significant share of
technological disturbances, emergency outages, and interruptions of power
supply is associated with these lines [2].

In the CIS countries, a similar situation is observed regarding the technical
condition of 6-10 kV overhead lines: most of these lines were constructed in the
1960s-1980s and have significantly exceeded their standard service life. According
to industry assessments, the average level of physical wear reaches 60-80 %, while
the proportion of networks that have been in operation for more than 30—40 years
accounts for more than half of their total length [3]. The rate of modernization of
distribution networks remains insufficient: newly constructed or fully reconstructed
lines generally do not exceed 10—15 % of the existing infrastructure, which does
not compensate for the natural aging process. Despite the use of durable reinforced
concrete poles, the high wear of conductors, insulators, and fittings leads to an
increase in failure rates [4; 5].

Thus, the following trends are characteristic of the distribution networks
of CIS countries: a high average wear of operating lines; insufficient rates
of network renewal; significant exceedance of the standard service life; and
an increased frequency of technological disturbances caused by the aging of
structural components [6]. The wear of 10 kV overhead lines significantly
affects the reliability of power supply and increases the number of electricity
interruptions [7; 8; 9].

An analysis of the condition of overhead lines shows that the degree of their
wear is determined by a combination of heterogeneous factors, including the age
of the structures, the type of poles, the frequency of major overhauls, climatic
impacts, the condition of fittings, and others. A significant part of these factors
is qualitative in nature and does not have strict quantitative boundaries: it is
impossible to clearly determine at what point a line should be considered “old” or
how “recent” a repair should be considered. This complicates the application of
traditional assessment methods based on standard service life or visual inspection,
since they poorly account for uncertainty, incomplete data, and the nonlinear
relationships between parameters.

Under such conditions, the application of fuzzy logic methods represents a
promising approach, as it allows the description of multifactor processes under
conditions of vague boundaries and uncertainty. The use of linguistic variables

9 CEINT3

(such as “young line”, “wooden pole”, “repair performed long ago”, etc.) enables
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the formalization of expert knowledge and improves the accuracy of predicting
the technical condition of complex engineering systems [10].

In this study, an intelligent system for predicting the wear of 10 kV overhead
power lines based on fuzzy logic is proposed. The system includes the definition
of input linguistic variables (such as line age, pole type, information on major
overhauls, and others), the formation of corresponding term sets, the construction
of a rule base, and the calculation of the output variable — the predicted level of
wear expressed as a percentage. Based on statistical data from a power distribution
company, the model is trained, verified, and its predictive accuracy is compared
with existing methods used for assessing the technical condition of overhead lines.

The development of such a system will improve the accuracy of diagnostics
and wear prediction for 10 kV overhead power lines, optimize the planning
of maintenance activities, and reduce the probability of emergency outages in
distribution networks.

Materials and Methods

This section describes the source materials and the methods used to develop
an intelligent system for predicting the wear of 10 kV overhead power lines
based on fuzzy logic.

Fuzzy logic represents an approach to modeling processes under conditions of
uncertainty and vague boundaries, allowing expert knowledge to be incorporated
through the use of linguistic variables (e.g., “young line”, “wooden pole”, “repair
performed long ago”). This method is particularly relevant for assessing the
technical condition of complex engineering systems such as overhead power
lines, where classical deterministic models often prove insufficiently accurate.

The study includes a description of the initial data, the selection of input and
output variables, the development of a model based on expert rules, the software
implementation using Python, as well as the visualization of membership functions
and wear prediction results.

Statistical data on 80 overhead power lines with a voltage level of 10 kV from
aregional distribution company (Astana, 2024) were used to construct the model.

The model was implemented using Python and the scikit-fuzzy library based on
the Mamdani fuzzy inference system. The centroid (center of gravity) method was
used for defuzzification. The model development included the following stages [10].

1. Definition of linguistic variables: each input variable is described by
corresponding terms using Gaussian, trapezoidal, and triangular membership functions.

The proposed model contains six input linguistic variables: Age,
RepairAge, Support, Wire Type, Chains, and Length. The output variable is
Wear (percentage of wear).



TopaiirsipoB yHuBepcureTinin xadapubicsl. ISSN 2710-3420. Onepeemuranvik cepuscol. Ne 2. 2026

For example, the linguistic variable Length (line length) is represented
by three terms: Short, Medium, and Long. The variable range is [0; 6] km, and
Gaussian membership functions (gaussmf) were applied. The parameters of the
membership functions are defined as follows: Short: 6=1, c=1; Medium: ¢=1,
c¢=3; Long: 6=1, c=5. This configuration makes it possible to smoothly represent
the degree to which a line can be considered “short,” “medium,” or “long,” taking
into account the fuzzy boundaries between categories. Figure 1 illustrates the
visualization of the membership functions for the variable Length.

Membership Functicn for Lemgth
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Figure 1 — Membership functions of the linguistic variable Length

2. Construction of the rule base: the expert rule base consists of 61 rules
that account for combinations of input variables. An example of a rule is: IF Age
= Very Old AND RepairAge = Very Old Repair AND Support = Wood THEN
Wear = Very High.

3. Rule aggregation: the maximum method is used to combine the membership
values obtained from each rule.

4. Defuzzification: the centroid method is applied to obtain a numerical value
of the predicted line wear:

T fx)-Zy
A o (1)
where u,(x) — the degree of activation of the i-th rule for the given input data;
z,— the output value corresponding to that rule;
Z — the resulting forecast of the line wear (%).
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Results and Discussion

To evaluate the accuracy of the developed intelligent system for predicting the
wear of 10kV overhead power lines, a statistical database from the distribution networks
of the Saryarka district of Astana (2024) was used. The dataset included the following
parameters: conductor type; pole type (reinforced concrete, reinforced concrete + wood,
wood); year of line commissioning; year of major overhaul; actual line wear calculated
according to the current methodology of the distribution network operator (%).

Based on these data, the predictions of the model constructed using fuzzy
logic principles with six input variables and one output variable-line wear (%)
were evaluated.

For each 10 kV overhead line, the predicted wear percentage was calculated
using the developed model. Table 1 presents examples of observations illustrating
the structure and types of variables used in the model.

Table 1 — Examples of observations with line parameters and corresponding
wear predictions

Year of Year of | Actual Wear Predicted
. Conductor . | major According to Wear by the
Line Ne Type Pole Type | Commis- over- Operational Developed

sioning haul Assessment (%) | Model (%)

VL-10 kV
RP 43 cell SIP-3 1x70 Reinforced 1995 2023 11.04 10.68
3 -KTP concrete

1720

VL-10kV Reinforced
TP 331 - TR AC-50 1996 — 52.22 52.61
379 concrete

2-circuit

VL-10kV .

£111,413 AC-120 | Reinforeed | o0, - 50.13 49.73
concrete

Koktem —

EC1

VL-10 kV Reinforced
RP43 - AC-50 ::I‘lc‘;r;: 1995 - 5431 5491
KTP 7

VL-10 kv Reinforced
TP303-TR| AC-70 cintorce 1995 2011 20.89 20.11
314 concrete

VL-10
kv £4ll AC-70 Reinforced 1995 2015 12.53 11.59
Shkolnaya — concrete

RP 31

VL-10 Reinforced
kV £.408 AC-70, 50 1980 2022 42.60 43.83

Shkolnaya concrete

10
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The comparison showed that the developed model correctly reproduces
the wear dynamics of overhead lines, generating predictions close to the values
calculated using the current operational assessment methodology.

To quantitatively evaluate the prediction accuracy, the following indicators
were used:

Mean Absolute Error (MAE):

MAE = I_'I E:'I_ Ii'l_.lllﬂ-\.'. — !irl'.'n:l\.ll'!

' ' @
Root Mean Square Error (RMSE):
_ Lo sefact nsadels ;
RMYE = (=3 " (¥ =F | B
e -Ln 1% 1 g 3)

Coefficient of Determination (R?) — shows what proportion of the variance
of the actual wear values is explained by the model:

E:'_Il:l.:l il _:,.III- ' "Il..-

R =1-

EiL, (e )

The analysis of the results demonstrated that the developed system:

— adequately reproduces the wear dynamics of overhead lines, predicting
values close to those calculated by regional distribution companies in Astana;

— better accounts for the influence of pole type and the presence of major
overhauls compared with classical normative methods;

—allows the identification of lines with an increased risk of wear, for example
old lines installed on wooden poles without major overhauls;

— provides high prediction accuracy even with incomplete or uncertain data.

The MAE was 9.67 %, the RMSE was 12.55 %, and the coefficient of
determination was 0.639, which confirms the good adequacy of the proposed model.

For visual comparison of predicted and actual values, a graph comparing the
actual and predicted wear levels is presented in Figure 2.

11
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Figure 2 — Comparison of actual and predicted wear

The proposed methodology makes it possible to develop an intelligent
system for predicting the wear of 10 kV overhead power lines, taking into account
data uncertainty and expert knowledge. The system considers factors such as
line age, pole type, and the presence of major overhauls, allowing numerical
wear predictions to be obtained with high accuracy. The developed model also
enables the optimization of maintenance scheduling and improves the reliability
of distribution networks.

Conclusions

This study developed an intelligent system for predicting the wear of 10 kV
overhead power lines based on fuzzy logic, taking into account key factors such
as line age, pole type, and the presence of major overhauls. The obtained results
demonstrated a high level of agreement between the model predictions and the
wear assessments provided by regional distribution companies. The Mean Absolute
Error was 9.67 %, while the Root Mean Square Error was 12.55 %. This level of
accuracy confirms the practical applicability of the proposed approach.

The use of fuzzy logic makes it possible to formalize expert knowledge
and account for data uncertainty, providing a more accurate assessment of line
conditions compared with traditional methods. The developed system enables the
identification of lines with an increased level of wear, supports the optimization of
maintenance and reconstruction planning, reduces the risk of emergency outages,
and improves the reliability of distribution networks.

A promising direction for further research is the expansion and refinement
of the model to improve prediction accuracy and adapt it to different operating
conditions. This will allow the system to become more universal and effective for
application in various regions.

12
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BYJBIHI'BIP IOTUKA HETI3IHJAE 10 KB DJIEKTP
JKEJUIEPIHIH TO3YBIH BOJIKAY KYWUECIH 93IPJIEY

Maxkanaoa 10 kB kepreyni aye snekmp bepy diceninepiniy mexHUKaublK,
arcaz0ativli bazanay 0s10iein apmmulpy moceneci Kapacmuipwliadsl. TMI]
en0epiniy mapamy 371eKmp dxceiiiepinoe MyHOau dceniiepoiy edayip bouici
HOPMAMUBMIK Kbl3Mem emy Mep3iMiHeH Acbin NailddalaHblibin Keneoi
JHCOHE PUBUKATBLIK MO3Y OeH2elliHiH JHco2apbl OOIYbIMeH CUNAMMAandobl.
Hopmamuemik natidoarany mep3imine dcone 6u3yanovl mexcepyze
Heziz0eneen 09Cmypii OUAZHOCMUKA 90icmepi HCeniHiy JHcacvl, mipex
mypi J#coHe Kypoeni HCoHOey KHCypeisiieen YaKvlm CUsKmvl Opmypii opi
iwinapa anblKmaimazan Gakxmopiapobly 9cepin moavlK 9pi ceHimol
mypoe eckepyee MyMKiHOIK Oepmetidi. JKymvicma OyaviH2blp 102UKA
a0icmepine Hezizoenzen 10 kB oye ogwceninepiniy mosyvin 0ondxicayaa
apHan2an UHMeNeKmyanosl Jcylie YCbiHbLI2aH. O3ipaeHzen Mo0elb Kipic
JTUHSBUCIUKAIBIK ATIHLIMANBLIAPObL AHBIKIMAY Obl, MUICIINIK YHKYUANADIH
KYpyobl, epedicenep Oa3acbli KATbINMACmbIpyObl HeoHe Oedaz3udurayus
90ici apKbLIbl MO3Y0blY OOAHCAMObIK MOHIH AyObl KAMmuosl. JKyileHin
MmuimMOiniein mexkcepy YwiH 6HIpAIK mapamy 31eKmp JHceliiepiHiy
CMamucmukanely oepexmepi nauoaniausviiovl. Mooenv 6onxcamoapvin
HaKmul nauoaiany 0azaiapviMen CauiblCmulpy JHCAKCbl COUKeCmikmi
Kepcemmi, Oyn opmauia abconiommi Kame, opmauia K8aOpammaulx Kame
JHcone demepmMuHayus Kodgduyuenmi Kopcemxiwmepin ecenmey apKblibl
pacmanosl. O3ipieHzeH Jcylie OuazHOCMUKA 09N0I2IH apmmblpyad, HCOHOeY
JHCYMBICIMAPBIH HCOCNAPAAYObL OHMAIAHOBIPY2A JHCOHE MAPAMY INEKMP

Jrceninepiniy ceHiMOLiein apmmulpyaa KOJIOAHBLLY bl MYMKIH.

Kinmmi ce30ep: aye srceninepi, Oynviyeblp 102uKa, Hceniiepoiy mo3ybiH

bondicay, unmeniekmyanosl OOIHCAY JHCYUEC, SNeKmp mapamy dHceninepi.
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PA3ZPABOTKA CUCTEMBbBI IPOI'HO3UPOBAHUA U3HOCA
JMHUM 10 KB HA OCHOBE HEYETKOM JIOTUKH

B cmamve paccmampusaemcs 3adaua nosgwviueHus mounocmu
OYEHKU MEXHUUECKO20 COCMOAHUS B030VULHbIX TUHUL dTeKMPonepeoayu
nanpsicenuem 10 kB, snauumenvhas 4acmes KOMOPbIX 8 pACHPeOeTUMenbHbIX
cemsax cmpan CHI” sxcnayamupyemcsi ¢ npesviieHuem HOPMAamueHbIX
CPOKOB CYAHCObL U XAPAKMEPUZVENCSL 8bICOKUM YPOBHEM (Pu3uieckozo
usnoca. Tpaduyuonnvie mMemoovbl OUAHOCMUKY, OCHOBAHHbIE HA
HOPMAMUBHBIX CPOKAX IKCNAYAMAYUU U BU3YATLHOM OCMOMpe, He
NO360AI0M O0CMOBEPHO YHUMbBIEAMb BIUAHUE PASHOPOOHBIX U YACTUUHO
Heonpeodenénnbix Gakxmopos, maxkux Kax 603pacm JNUHUY, Mun onop u
0asHOCMb NPOBedeH s KANUMANIbHLIX peMOHmMOo8. B pabome npednogicena
UHMENNeKMYalbHas cucmema npo2uozupoeanus uznoca BJI 10 kB,
OCHOBAMHASL HA MemOoOax HeuemKol no2uxku. Pazpabomannas mooens
gKIIOYaem onpedenenue 8X00HbIX NUHSBUCTNUYLECKUX NepeMEeHHbLX,
nocmpoenue QyHKyul NPUHAOIEHCHOCIY, hopMUposarue 6azvl Npagu
U NOJIyYeHUe NPOSHO3HO20 3HAUEHUS USHOCA MeMOO0oM Oehaz3udurayuu.
s nposepku sghpexmurnocmu ucnoib308anbl CMamucmuyecKue OaHHle
pacnpedenumenvHuix cemeti 00H020 U3 pe2uonos. Cpagnenue npocHo3086
MoOenu ¢ hakmuueckumu IKCNIYamayuOHHbIMU OYeHKAMU NOKA3AI0
XOPOWy0 CO2NACOBAHHOCHIb, NOOMEEPHCOEHNHYIO PACCUUMAHHBIMU
nokazamensamu: CpeoHss AbCONOMHASA OUUOKA, CPEOHS K8AOPAMUYECKas
owubxka u Kosppuyuenm oemepmunayuu. Paspabomannas cucmema
Modicem Oblmb UCNOABL30BAHA OJis NOBLIUEHUS MOYHOCU OUACHOCMUKU,
ONMUMU3AYUU 2PAPUKOE PDEMOHMOE U NOBBIULEHUS HAOEICHOCMU
pacnpeoenumenbHuix ceme.

Kniwouesvie croea: 6030yuinble NuHUU, HeYyemKas 102uKd,
NPOCHO3UPOBAHUE UHOCA AUHUL, UHMENIEeKMYalbHaAs cucmemda
NPOSHO3UPOBAHUSL, pACHpedeumenbHble dNeKMmpudecKue cemu.
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