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Abstract. Ensuring the reliability of high-voltage insulation systems is critical for the
safe and efficient operation of power equipment. Surface leakage currents, formed under
the influence of atmospheric and anthropogenic factors, accelerate the aging of insulation
materials, reduce their dielectric strength, and increase the risk of emergency failures.
Particular attention is given to the combined impact of relative humidity, temperature
fluctuations, surface contamination, and wind speed, which together create highly
unfavorable conditions for the operation of insulation systems and necessitate the
implementation of automated approaches to monitoring and managing their condition.

The aim of this work is to experimentally determine the influence of key climatic and
anthropogenic factors on the leakage currents of support insulators, to assess the relative
contribution of these factors, and to construct generalized graphical dependencies. The
results obtained can be used to predict the performance of insulation systems and to
develop automated methods for optimizing the operating modes of power equipment.

The research was conducted on 10S-35-1000 UHL insulators operated at substations
in the central region of Ukraine.

It was found that the dominant influencing factors are relative humidity (30%),
negative temperature difference (25%), and surface contamination (20%). Absolute
humidity, duration of moisture exposure, and wind speed have a secondary effect on
leakage current, with wind partially reducing surface conductivity. The experimental
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graphical dependencies reflect the dynamics of conductive layer formation under various
moistening conditions.

Critical operating conditions for insulation systems arise when high humidity,
negative temperature differences, and the presence of a hygroscopic contamination layer
are combined. The results obtained can be used to predict the reliability of insulation
structures and to improve automated insulation condition monitoring systems.

Key words: high-voltage insulator, leakage current, surface contamination,
atmospheric factor, experimental study.

Topicality. Ensuring the reliability of high-voltage insulation systems is among the
key challenges of modern industrial power engineering. The formation and development
of surface leakage currents on insulation materials under the influence of atmospheric and
anthropogenic factors significantly affect the operational safety of power equipment. It is
well established that prolonged exposure to factors such as relative and absolute air
humidity, temperature fluctuations, wind speed, and the presence of surface contamination
substantially increases the level of surface leakage currents. The growth of these currents
accelerates localized material aging, reduces dielectric strength, and may ultimately result
in emergency failures of high-voltage equipment.

Given the complexity and multifactorial nature of this phenomenon, it is critically
important to conduct experimental studies to identify the mechanisms and relative
contributions of individual factors in the formation of leakage currents. Particular attention
should be paid to the combined influence of these factors, since their synergy (for
example, elevated humidity and the presence of hygroscopic contaminants under
condensation conditions) creates critically unfavorable conditions for the operation of
insulation systems and necessitates the optimization of industrial power supply operating
modes.

Analysis of recent research and publications. Modern scientific research highlights
the development of methods for diagnosing and predicting the condition of insulation
using both experimental and analytical approaches. For instance, the authors [1]
demonstrated that integrating traditional leakage current measurements with machine
learning algorithms enables the classification of high-voltage insulator contamination
levels with an accuracy exceeding 98%. Similarly, the study in [2] confirmed that the

analysis of higher-order current harmonics and phase characteristics serves as an effective
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indicator of moisture and contamination levels on insulating surfaces. Time series-based
degradation prediction methods allow for the assessment of defect risks in distribution
networks [3][5], while combined temperature and electrical measurements facilitate the
tracking of aging processes and the early stages of dielectric strength degradation [4].

Despite significant progress in algorithmic signal processing, the literature still lacks
a systematic presentation of quantitative dependencies of leakage current on specific
climatic parameters. Therefore, comprehensive experimental investigations into the
influence of humidity, temperature fluctuations, wind speed, and contamination levels on
leakage current remain highly relevant. This study presents generalized graphical
dependencies that not only enable the comparison of individual factors but also provide an
assessment of their relative contributions to the formation of surface electrical
conductivity in high-voltage support insulators. Such findings are of considerable practical
significance for predicting performance and optimizing the operating modes of insulation
systems under real climatic conditions.

The aim of this work is to experimentally determine the influence of key climatic
and anthropogenic factors on the leakage currents of support insulators, to assess the
relative contribution of these factors, and to construct generalized graphical dependencies.

Materials and methods of research. An analysis of the current literature indicates
that leakage current is regarded as a sensitive indicator of the condition of insulation
systems, with its variations being directly linked to the effects of moisture, temperature
gradients, and surface contamination. Although a considerable body of research exists, the
primary emphasis has predominantly been placed on diagnostic methods employing
spectral analysis or machine learning algorithms [1-5]. At the same time, the systematic
presentation of quantitative dependencies of leakage current on individual atmospheric and
anthropogenic factors remains insufficiently addressed in the literature.

This underscores the need for targeted experimental investigations that would enable
the isolation of each factor’s influence and facilitate a comparative assessment. The
present work reports the results of such investigations, examining the dependence of

leakage current on absolute and relative humidity, temperature differences, wind speed,
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and surface contamination. The obtained data are presented as graphical dependencies,
followed by an integral assessment of the relative influence of these factors.

Research results and their discussion. To assess the degree of contamination of
support insulators and to conduct experimental studies, electrical network companies in
the central region of Ukraine were selected, where more than 150 substations operating at
voltage levels of 150/35/10 kV and 35/10 kV are in service. For 35 kV overhead lines,
such substations predominantly use 10S-35-1000 UHL support insulators (Fig. 1).
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Fig. 1. 10S-35-1000 UHL-type insulators:
a — external view; b — drawing

Studies on the moisture content of insulators in complete switchgear assemblies are
widely represented in the literature [6-10], including both quantitative and qualitative
assessments of the impact of environmental factors on leakage current. Insulators in
complete switchgear are usually protected by cabinet enclosures; therefore, the main
sources of moisture are condensation and dew, while external insulators are additionally
exposed to atmospheric precipitation. The most hazardous factors are fog, drizzle, and
dew, which can be reproduced under laboratory conditions by applying controlled
contaminant layers. Surface wetting may occur as a result of condensation, droplet

deposition, the hygroscopicity of contaminants, and molecular diffusion between the salt
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solution and water vapor. Condensation arises from temperature differences between the
surrounding air and the insulator surface, with the rate of the process determined by the
ratio of saturated vapor near and directly on the surface.

These processes can be reproduced in laboratory conditions by artificially applying
contaminants with quantitative and qualitative characteristics approximating those of the
natural surface layer to the insulator. Therefore, in accordance with [11], the wetting of
insulator surfaces may occur through: (i) condensation; (ii) droplet deposition on the
insulator surface; (iii) hygroscopic behavior of contaminants; and (iv) molecular diffusion
between the salt solution on the surface and water molecules in the air.

Moisturization of insulator surfaces by condensation occurs as a result of temperature
differences between the ambient air and the insulator surface. The driving force of this
process is the difference in saturated vapor density at the insulator surface and at some

distance from it. The rate of condensation is determined by the following equation:
Vk:ha(Pn_Pl)’ (1)

where V, is the condensation rate per unit surface area; h, is the diffusion coefficient; P,

is the saturation vapor density at a distance from the insulator surface; and Pis the
saturation vapor density at the insulator surface.
The amount of condensate accumulated per unit surface area over a time period T is

given by:

T
0

where < is the time interval.

When relative humidity reaches 100%, excess moisture forms droplets that fall onto
the insulator surface, producing a fog effect. The deposited layer consists of both active
and inert particles (e.g., NaCl, KCI), which absorb and retain moisture, thereby creating
favorable conditions for the dissolution of salts. Since the vapor pressure of water in
solution is always lower than that of pure water, molecular diffusion occurs, contributing
to the accumulation of moisture on the contaminated surface. All of these processes alter

the leakage current, which serves as a key parameter for automating insulation condition
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monitoring. To assess the risk of flashover and to determine threshold values for the
operation of protective devices, it is necessary to establish the dependence of leakage
current and discharge voltages on environmental factors.

Accordingly, studying the effect of moisture-related processes on leakage current is
particularly important for insulators installed outdoors. For this purpose, it is essential to
select and justify the factors governing changes in leakage current and to evaluate the
contribution of each. This is possible only through the construction of a mathematical
model describing the dependence of leakage current on influencing factors, based on
experimental data. To determine the risk of insulator bridging and to justify the operational
settings of automatic devices for monitoring contamination of 35 kV overhead line
insulators, it is also necessary to establish the dependence of discharge voltages on
insulator leakage current under operating voltage.

The research was conducted in a dedicated chamber (Fig. 2) using a device for
applying artificial contamination to the insulator surface (Fig. 3). Direct measurement of
leakage currents was carried out using the circuit shown in Fig. 4. After installing and
calibrating the measuring circuit for the reference insulator under study, a series of
experiments was performed to evaluate the influence of major atmospheric and
anthropogenic factors on leakage currents. During these investigations, changes in surface
conductivity were recorded under the influence of absolute and relative humidity, the
temperature difference between air and insulator surface, wind speed, surface
contamination, and wetting duration. The analysis of these factors made it possible to
determine their relative contributions to conductive layer formation, to assess critical
operating conditions, and to establish the foundation for developing an integrated model

for predicting the reliability of insulation systems.
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Fig. 3. Device for applying artificial contaminants to the surface of an insulator:
1 —insulator; 2 — electric motor; 3 — reciprocating motion guides; 4 — airbrush; 5 —
compressor; 6 — receiver; 7 — voltage regulator.
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Fig. 4. Diagram of leakage current measurement for support insulators

Therefore, the influence of humidity was investigated first. As shown in the graphs in
Fig. 5, humidity parameters (both absolute and relative) together with thermal conditions

significantly affect the level of leakage current.
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Fig. 5. Dependence of leakage current on (a) absolute air humidity a and (b)
temperature difference At.

An increase in absolute humidity from 0 to 30 g/m* is accompanied by an almost
exponential rise in /s, indicating the dominance of adsorption mechanisms in the
formation of the conductive layer. At the same time, negative values of At intensify
moisture condensation and cause a sharp increase in /g, whereas positive values of At

maintain conductivity at a low level in the absence of condensation.
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Experimental studies of pollution and wind influence have shown that surface
contamination enhances conductivity, while wind partially reduces it (see Fig. 6). A 4-5-
fold increase in y results in a 3—4-fold increase in /s, due to the hygroscopic properties of
salt deposits and the formation of a continuous conductive layer.
An increase in wind speed from 0 to 25 m/s reduces /s by 10-15% as a result of surface
drying and partial removal of condensate.
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Fig. 6. Dependence of leakage current on (a) surface density of the
contamination layer y and (b) wind speed V.

The study of moisture duration and temperature effects (Fig. 7a) showed that the
initial 5-10 minutes of moisture exposure account for the primary increase in conductivity.
During the first few minutes, a conductive layer is formed, after which the curve
approaches a quasi-steady state. Negative values of At result in significantly higher /s
values due to condensation. At the same time, the analysis of absolute humidity effects at
different temperature regimes (Fig. 7b) demonstrated that even in the absence of
condensation (At=+1°C), an increase in o leads to higher /s. This increase is associated
with moisture adsorption and higher surface conductivity; however, the effect remains
moderate without condensation.

The investigation of condensation effects at negative At (Fig. 8a) showed that at
At=—2°C, condensation produces high initial values of /s and rapid growth. The
condensation film sharply reduces surface resistance, and an increase in o further

intensifies this effect.
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The analysis of contamination effects at At=+1°C (Fig. 8b) demonstrated that in the
absence of condensation, contamination significantly increases /s, although the absolute
values remain relatively small. Hygroscopic salts enhance moisture retention and increase
conductivity, with the effect becoming more pronounced as y increases.

Finally, the evaluation of contamination effects at At=—1°C (Fig. 9a) revealed that the

combination of contamination and negative At produces the most critical operating

conditions.
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Fig. 7. Graphs of leakage current Ié dependence on:
(a) exposure time at different At (¢=100%);
(b) exposure time at At=+1°C (¢p=100%).
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Fig. 8. Graphs of leakage current Ié dependence on:
(a) exposure time at At=—2°C (¢=100%));
(b) exposure time at different y values for At=+1°C (¢=100%).

The simultaneous action of condensation and a hygroscopic contamination layer
significantly enhances conductivity, bringing the system closer to critical operating
conditions. As shown in Fig. 9b, within the range of ¢>90%, a sharp transition to high

values of /s is observed.
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The growth of /e exhibits a threshold character: when ¢>90%, a continuous

conductive layer is formed, and surface contamination further intensifies this effect.
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Fig. 9. Graphs of leakage current Is dependence on:
(a) exposure time at different y values for At=—1oC (¢p=100%);
(b) relative humidity at different y values (t=11min).
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Fig. 10. Integral assessment of the relative influence of factors on insulator leakage
current

The obtained results (Fig. 10) indicate that the dominant factor is relative air
humidity (30%), which determines the conditions for moisture condensation on the
insulator surface. The second most significant factor is the temperature difference (25%):
negative values of At intensify condensation processes, sharply increasing the leakage
current. Another important factor is the surface density of contamination (20%), which
creates additional conductive paths.

Secondary but still relevant factors include absolute humidity (10%) and moisture

exposure duration (10%), which determine the rate of surface layer saturation. The least
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significant factor is wind speed (5%), which generally exerts a stabilizing effect through
partial drying of the insulator surface.

Thus, critical operating conditions for insulation systems are formed by the
combination of three factors: high relative humidity, negative temperature difference, and
the presence of a hygroscopic contamination layer. These findings provide the basis for
developing a predictive model of the durability and reliability of insulation structures
under the influence of climatic factors.

Conclusions and perspectives.

1. The relevance of this work is determined by the need to improve the reliability of
high-voltage insulation systems in industrial power engineering, since surface leakage
currents serve as an indicator of insulation material degradation and a potential cause of
equipment failures. An analysis of scientific sources shows that most studies focus on
diagnostic methods, whereas quantitative dependencies between leakage current and the
influence of specific atmospheric and anthropogenic factors have not been sufficiently
investigated. The practical significance of this research lies in the possibility of applying
the obtained results to optimize operating modes, enhance the efficiency of power supply
systems, and implement automated control systems.

2. The experimental investigations made it possible to obtain generalized graphical
dependencies reflecting the contribution of each factor (humidity, temperature,
contamination, wind, moisture exposure duration) to the formation of leakage currents.
Based on the obtained results, an integral assessment of the relative influence of factors
was constructed: the most significant contributions are relative humidity (30%),
temperature difference (25%), and surface contamination (20%).

3. The practical value of this work consists in the possibility of using the obtained
dependencies to predict the performance of high-voltage insulators under different climatic
conditions and to optimize the operating modes of equipment. The prospects for further
research are related to the development of mathematical models that combine
experimental data with artificial intelligence algorithms, as well as the determination of
threshold values of leakage currents to improve automated insulation condition monitoring

systems.
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EKCIIEPUMEHTAJIBHE JOCJIIJIZKEHHS BIIJIMBY ®AKTOPIB
HABKOJIMIIHBOT'O CEPE/IOBUIIIA HA ITOBEPXHEBI CTPYMHU
BUTOKY BUCOKOBOJIBTHUX OIIOPHUX I30JISATOPIB
A. Komuw, K. Ilempoea, B. Ilasnenxo, O. Bonanuk
AHOTaNisA. 3abesneuenHss HAOIUHOCMI BUCOKOBOILIMHUX I30JAYIUHUX CUCEM €
Kpumuunum Gaxmopom 6e3neunoi ma egekmuenoi excniyamayii eHepeemuyHo20
oonaonanns. Ilosepxuesi cmpymu eumoky, wo gopmyromscs nio oicto ammochepuux i
MEXHO2EHHUX YUHHUKIB, GUKIUKAIOMb CMAPIHHA I30JAYIUHUX MAmepianie, 3HUNCEHHs iX
OieleKmpUu4Hoi MiYyHoCmi ma nioeuUWyIoms IMo8IpHicmb agapitHux iomos. Ocobaugy
yeaey npuoiieHo KOMNJIEKCHOMY 8NIUBY BIOHOCHOI 80J1020CMI, MeMNEepamypHux nepenaois,
3a0pYOHEeHHs NOBEePXHI ma WEUOKOCMI 8impy, AKi Y NOEOHAHHI (hOpMYIOMb KPUMUUHO
Hecnpuamaugi ymosu Ojsi (DYHKYIOHYBAHHA [30/AYIHUX cucmeM 1 nompedyoms
BNPOBAONCEHHS ABMOMAMU3OBAHUX NIOX00i68 00 MOHIMOPUHZSY MA YNPAGIIHHA IXHIM
CMAHOM.
Memoro pobomu € excnepumermaivHe GUHAYEHHS BNIUBY KIIOYOBUX KIIMAMUYHUX
[ MexHoceHHUX HaKkmopie Ha CmMpymu 6UMOKY ONOPHUX [30]IAMOPI6, OYIHIOBAHHS
BIOHOCHO20 BHeCKy iX 6nauey ma nooyoosa y3azalbHeHUx 2paghiuHux 3anedxircHocmell.
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Ompumani  pesyremamu  MOXCYymb — Oymu  6UKOPUCMAHI ~ Ol NPOSHO3VB8AHHS
npaye30amuocmi i30AYIiUHUX cucmemM ma po3poOJIeHHs A8MOMAMU3I08AHUX MemoOie
onmumizayii pexcumie excniyamayii enepeemuyno2o 001A0HAHH L.

locniooicennss  euxkonano wHa izonsamopax muny 10C-35-1000 VXII, wo
eKCNLyamyomvbcs. Ha NiOCMAaHyisax YeHmpaibHOYKpaiHCcbKo2o peliony. Bemamnoeéneno, wjo
OOMIHYIOUUMU YUHHUKAMU 6NAU8Y € GIOHOCHA 6onozicmb (30 %), nHecamuena pizHuys
memnepamyp (25 %) ma noeepxuesi 3abpyonenns (20 %). Abconomua eonocicme,
MPUBANICMb  360JI0MCEHHS MA WEUOKICMb  8Impy 6NIUBAIOMb HA CMPYM  GUMOKY
OpY2OpsiOHO, NpU  YboM)y  8imep  YACMKOBO  3HUNCYE  NPOBIOHICMb  NOBEPXHI.
Excnepumenmanvui  epaghiuni  3anesicnocmi - 8idoopadicaroms  OUHAMIKY  (hOpMYBaAHHS
NPOBIOHO20 Wapy Ni0 PIZHUMU YMOBAMU 36010HCEHHSL.

Kpumuuni ymosu excniyamayii i301ayiiHux cucmem SUHUKAIOMb NPU HNOEOHAHHI
BUCOKOI 801020CMI, He2amueHOl PI3HUYI memnepamyp ma HAA6HOCMI 2iePOCKONIYHO20
wapy 3a06pyonens. Ompumaui pe3yibmamu  MONCYMb OymMuU  BUKOPUCAHI  Ols
NPOCHO3YBAHHA  HAOIUHOCMI  B30NAYIUHUX ~ KOHCMPYKYill — ma  YOOCKOHAIEHHS.
ABMOMAMU308AHUX CUCMEM KOHMPOJII0 CINAHY 13014MOpIe6.

Kurw4oBi caoBa: eucokosonvmuuil izonamop, cmpym 6umokKy, noeepxHese
3a0pyonenns, ammocgepuuil pakmop, ekcnepumeHmanabHe 00CaAi0HCEeHHA
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