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Abstract. The study was aimed at determining the impact of electrical, thermal and mechanical loads on the
durability of polymer and nanocomposite insulation of high-voltage circuit breakers used in pumping stations
and grain drying complexes in Ukraine. The methodology combined numerical modelling of electrostatic and
thermal fields in three-dimensional structures of insulation units, accelerated thermal cycling and mechanical
tests, partial discharge analysis according to international standards, thermographic control, microstructural
studies and statistical assessment of resource based on reliability curves. It was found that traditional epoxy
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insulation undergoes the most intense degradation: after cyclic loads, the specific resistance decreased by 47.5%,
the breakdown voltage by 25.7%, and the average service life was about 380 hours. For nano-filled material with
silicon dioxide, the decrease in specific resistance was limited to 17%, breakdown voltage - 9.8%, with an increase
in average resource to 715 hours. The highest stability was demonstrated by insulation with hexagonal boron
nitride and internal shielding, for which changes in electrophysical parameters did not exceed 7.3% for specific
resistance and 7.1% for breakdown voltage, the partial discharge onset voltage reached 5.5 kV, and the average
resource was about 912 hours. Numerical and experimental results showed a decrease in the peak electric field
strength from 8.6 to 5.4 kV/mm and maximum temperatures from 96.2 to 78.8°C after 1,000 start-up cycles.
The use of controlled starting modes made it possible to reduce starting currents from 5.6 |, to approximately
2.1 In and to reduce the integral thermal load on the insulation by 61.5%. A technical and economic assessment
showed a reduction in the total cost of ownership over six months from USD 280 to USD 50 per insulation unit,
confirming the practical feasibility of introducing nanocomposites and controlled starting modes in agro-industrial
electric drives. The practical significance of the results obtained lies in the formation of criteria for the selection of
materials and operating modes of electric drives in order to increase the reliability of switching equipment in agro-
industrial electromechanical systems and the use of modelling and diagnostic approaches to predict degradation
and optimise the design of insulation units

Keywords: partial discharges; epoxy resin; electrothermal load; dielectric strength; recoverable voltage; frequency

regulation; microstructural defects

INTRODUCTION

In modern agro-industrial electrical systems, the relia-
bility of high-voltage circuit breakers is determined by
electromechanical load conditions, in which insulation
components are subjected to starting currents, thermal
fluctuations and vibrations. Such conditions create an
environment in which polymer dielectrics demonstrate
a decrease in resource stability, which necessitates the
study of the complex influence of electrical, thermal,
and mechanical factors on polymer and nanocompos-
ite insulation. Within the framework of early diagnosis
approaches, one of the methods under study is infra-
red thermography. In the work of M. Silnyk & V. Fed-
ynets (2025), a correlation was established between
temperature irregularities and areas of potential elec-
trical instability, which determines the possibility of
using this method to assess the technical condition of
insulation components. The results obtained indicate
that thermal anomalies correlate with areas of elec-
trical defect formation, therefore thermographic mon-
itoring can be used as a tool for early control of the
insulation condition of circuit breakers.

This diagnostic paradigm is being expanded in
the field of electrophysical processes: a study by
A.A. Shcherba et al. (2023) found that the presence of
non-sinusoidal voltages increases the activity of par-
tial discharges (PD) in polymer dielectrics. The results
obtained indicate a relationship between the nature of
the voltage and the intensity of defect zone formation
during repeated switching. In the field of insulation
resource behaviour research, the work of O. Zidane et
al. (2025) showed that repeated impulse overvoltages

cause the accumulation of microdefects in the inter-
turn insulation of electrical machines. The study noted
that it is the pulsed nature of the voltage, rather than
the prolonged action of nominal modes, that forms
the main degradation patterns of the material. Simi-
lar trends were recorded in A. Stavinskiy et al. (2022),
which analysed the unevenness of thermal fields in
transformer nodes. The results showed that the design
parameters of magnetic conductors determine the spa-
tial distribution of temperature and affect the condition
of adjacent dielectric elements.

In the mechanical dimension, M.V. Matvienko et
al. (2023) investigated the role of interphase layers of
lower stiffness, which create the conditions for stress
concentration and microcrack formation under vibra-
tion loading. The authors demonstrated that repeated
mechanical loads lead to progressive destruction pre-
cisely in the interphase regions. Mechanical and ther-
mal effects also included the results of O.M. Kostin et
al. (2022), which describe the uneven effect of thermal
fields associated with arc processes on the surface lay-
ers of dielectric materials in switching devices. In the
context of switching devices, these results explained
the nature of defects that form during frequent starts
of electric drives.

The understanding of the constructive impact on
the condition of insulation systems has been expanded
in the study by A. Stavinskii & D. Koshkin (2021), which
showed that changing the configuration of steel trans-
former packages alters the distribution of heat flows in
its nodes. It was found that local temperature increases
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affect the rate of ageing of adjacent polymer elements,
which is characteristic of equipment with long thermal
cycles. Further development of this direction is pre-
sented in O.B. legorov et al. (2025), which analysed the
impact of optimising the windings of synchronous re-
active generators on electromagnetic and thermal pro-
cesses. The work establishes that a change in design
can reduce field unevenness and increase the stabili-
ty of insulating materials in long-term operation. The
starting modes of asynchronous electric drives with
centrifugal loads are described in V.H. Lysiak & M.Y. Oli-
inyk (2021), which establishes the dependence of ther-
mal processes on the hydrodynamic parameters of the
flow. The results showed that changes in hydrodynamic
conditions directly affect the intensity of electric drive
heating, which is characteristic of pumping stations
where the load is formed precisely by the dynamics of
the liquid medium. At the level of microdynamics of
structures, the study by I. Biliuk et al. (2023) analysed
the influence of the accuracy of movement control on
the vibration loads transmitted to the insulation nodes
and determining their structural stability. The analysis
found that even minor fluctuations can cause accel-
erated accumulation of microdefects in the material.
For systematic load control, I.I. Yaremak & V.S. Kosty-
shyn (2020) proposed an approach in which the opti-
misation of the operating modes of electromechanical
complexes reduces the amplitude of peak impacts and
stabilises the operational condition of the insulation.
Despite a wide range of works, scientific discourse
has considered only certain aspects of the action of elec-
trical, thermal, or mechanical factors; at the same time,
their integrated action in the conditions of agro-indus-
trial electric drives has not been sufficiently studied.
In particular, there is a lack of comprehensive studies
that reconcile the effects of partial discharges, ther-
mal cycling, starting pulses, and microvibrations in the
context of nanocomposite materials. This necessitates
experimental and numerical analysis aimed at deter-
mining the patterns of degradation and assessing the
impact of design and material modifications. In this re-
gard, the aim of the study was to establish the patterns
of behaviour of polymer and nanocomposite insula-
tion of high-voltage circuit breakers in dynamic modes
of operation of electric drives to assess the impact of
electrical, thermal and mechanical loads, as well as
the role of frequency converters and structural charac-
teristics of composites on the durability of insulation.
The aim of the study was to establish the patterns
of degradation of polymer and nanocomposite insula-
tion of high-voltage circuit breakers under the action
of electrical, thermal and mechanical loads character-
istic of the dynamic operating modes of agro-industrial
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electric drives.To achieve this aim, three objectives were
set: to establish the patterns of degradation of the elec-
trophysical parameters of insulation under the action
of dynamic electrothermal and mechanical modes; to
evaluate the influence of silicon dioxide (SiO,) and hex-
agonal boron nitride (h-BN) on the stability of electrical
strength, thermal profile and nature of microstructural
defects; to determine the effectiveness of frequency
converters in reducing starting and thermal loads and
in increasing the service life of high-voltage insulation
in agro-industrial electric drives.

MATERIALS AND METHODS

The study was conducted between March and October
2025 in laboratory and production conditions, which
ensured accurate reproduction of the electromechan-
ical loads characteristic of high-voltage vacuum circuit
breaker operation. The study included three material
systems: unfilled epoxy resin (EP), a composite with
dispersed silicon dioxide (NP), and a composite with
hexagonal boron nitride (NC). The dispersed particles
of SiO, and h-BN had a diameter of 80-120 nm and
a mass fraction of 8%. The samples were prepared by
casting followed by thermal stabilisation at 130°C and
vacuum drying for 72 hours in a Memmert GmbH drying
oven (Memmert GmbH, Germany). Material constants, in
particular relative dielectric permeability (er), thermal
conductivity (A) and density (o) for EP (epoxy polymer),
NP (nanofilled polymer) and NC (nanocomposite), were
determined based on laboratory measurements and
used as input parameters for finite element method
(FEM) models. Electrostatic and thermal modelling of
insulation nodes was performed using ANSYS Max-
well and ANSYS Icepak software environments (ANSYS
Inc., USA) based on three-dimensional (3D) geometric
models of VD4 series vacuum circuit breaker insulators
(ABB/Hitachi Energy).

The study was conducted in five interrelated stag-
es. At the first stage of the study, the basic electrical
and thermal characteristics of materials were deter-
mined in accordance with ASTM standards, in particu-
lar dielectric strength (ASTM D149-20, 2020), electri-
cal resistance and conductivity of insulation (ASTM
D257-14, 2021), thermal diffusion (ASTM E1461-13,
2022) and sample preparation conditions (ASTM D618-
21,021), which ensured the formation of reliable initial
parameters for further numerical modelling and com-
parative analysis. The electrophysical characteristics
of the insulation were measured in accordance with
IEC 60270:2025 (2025) on a high-voltage test rig from
Haefely Test AG (Switzerland), recording partial dis-
charges, their onset and extinction voltages, time-fre-
quency spectra of pulses and their evolution after



various numbers of load cycles. Phase-resolved partial
discharge (PRPD) analysis was performed in accordance
with the recommendations of IEC 60270:2025 for the
classification of discharge types and the determina-
tion of the phase reference of pulses. The breakdown
strength was determined by the method of increasing
sinusoidal voltage with a gradient of 2 kV/s.

At the next stage of the study, switching overvoltag-
es and transient recovery voltage (TRV) parameters were
evaluated. The relevant parameters were determined in
accordance with the requirements of the IEC 62271-
100:2021 (2021) series of standards by reproducing the
pulse modes characteristic of vacuum circuit breakers
in systems with frequent electric drive starts. Controlled
pulses were generated on a Haefely Test AG device with
front and duration fixed in accordance with the stand-
ardised TRV zones. The parameters obtained were used
to model the field strength and thermal peaks in the
insulation nodes. In the third stage of the study, the in-
fluence of dynamic operating modes was evaluated by
loading insulation samples with 1,000 starting cycles,
which made it possible to simulate the cumulative ef-
fect of impulse electrothermal loads characteristic of
the operation of electric drives in pumping, ventilation
and grain drying systems. The starting processes were
reproduced on an ABB M3AA electric motor (ABB Group,
Italy) with a power of 7.5 kW in direct-on-line starting
mode and in a configuration with a Danfoss VLT FC302
frequency converter (Danfoss A/S, Denmark).

The fourth stage of the study involved thermo-
graphic analysis and verification of thermal models
of insulation nodes by assessing the impact of the
frequency converter on electrical and thermal loads.
To do this, direct-on-line (DOL) and frequency-con-
trolled drive start-up modes were compared, recording
start-up currents, PD parameters in accordance with
IEC 60270:2025, and the spatial-temporal tempera-
ture distribution according to data from a FLIR T660
thermal imager. The starting currents were recorded
with Chauvin Arnoux current clamps (Chauvin Arnoux,
France) with a time resolution of 1 ms, and the temper-
ature fields were monitored with a FLIR T660 thermal
imager (FLIR Systems Inc., USA) with a temperature
sensitivity of 0.03°C. Based on the obtained thermo-
grams, spatial maps of thermal fields in static and dy-
namic modes were formed after a specified number of
starting cycles, which made it possible to identify areas
of local overheating, evaluate their geometry, and track
the evolution of thermally stressed areas during the
loading process. To quantitatively assess the impact of
different start-up scenarios, the maximum temperature
deviations (AT) obtained from thermographic measure-
ments and thermal modelling in ANSYS Icepak were
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compared for DOL and frequency converter start-up
modes. This ensured the verification of thermal models
and allowed the assessment of the effectiveness of fre-
quency control in terms of reducing thermal loads on
insulation components.

In the fifth stage of the study, accelerated ageing,
microstructural and reliability analysis methods were
applied to comprehensively assess the degradation
processes and service life of insulation materials. Ac-
celerated operational ageing was implemented by
thermal cycling in the range of 25-95°C with alter-
nating heating and cooling phases, while the samples
were additionally subjected to mechanical microvibra-
tion on a TIRA TV 51144 vibration stand (TIRA GmbH,
Germany) with an amplitude of 0.4-0.7 mm in the fre-
quency range of 10-80 Hz. Microstructural changes
were recorded using a JEOL JSM-1T200 scanning elec-
tron microscope (JEOL Ltd.,Japan), which enabled anal-
ysis of cracks, interphase defects and adhesion failures.
Tracking resistance was determined in accordance
with IEC 60587:2007 (2007) on an ELLAB TRK6 (ELLAB
Group, Italy) installation, and dielectric spectroscopy
was performed on a Novocontrol Alpha-A (Novocontrol
Technologies, 2020, Germany) analyser. The service life
of insulation materials was evaluated using Weibull
curves in the ReliaSoft Weibull++ v9 software environ-
ment (ReliaSoft Corporation, USA). Statistical process-
ing of experimental data was performed in OriginPro
2024 (OriginLab Corporation, USA) using Student’s
t-test, Mann-Whitney U-test and 95% confidence inter-
vals at a significance level of p <0.05. Economic cal-
culations were performed using the total cost of own-
ership (TCO) model, which took into account the cost
of materials, replacement frequency, emergency down-
time, and the impact of frequency control on extending
equipment life. The assessment was performed for a
fixed six-month operating interval, which correspond-
ed to approximately 180-220 start-up cycles in typical
operating modes of pumping stations and grain drying
complexes and included maintenance costs, replace-
ment of degraded insulation components, and losses
associated with equipment downtime. A further as-
sessment of the five-year operating cycle was carried
out by extrapolating the 6-month TCO values obtained.

RESULTS

The influence of dynamic electrical modes on changes
in the electrophysical parameters of insulation

A comparative analysis of experimental results re-
vealed differences in the values of specific resist-
ance and breakdown voltage between the studied
material systems after exposure to pulsed electri-
cal modes. The data obtained reflected the unequal
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response of EP, NP and NC materials to identical elec-
trical influences, which made it expedient to compare
them in a post-loading state. The differences identi-
fied were systematic in nature and could be traced in
several electrophysical indicators. The set of meas-
ured parameters formed individual electrophysical
profiles for each material, suitable for quantitative

Material type Specific resistance before

(Ohm-m) (Ohm-m)

EP 1.2x10% 6.3x10%

NP (Si0,) 3.5x10% 2.9x10%
NC (BN) 4.1x10% 3.8x10%

Table 1. Breakdown voltage and specific resistance indicators before and after exposure to impulse modes (EP, NB NC)
Specific resistance after

intermaterial comparison. The generalised results of
measurements of specific resistance and breakdown
voltage before and after electrical loading are given
in Table 1. The data presented was used as an ini-
tial empirical array for further analysis of changes in
the electrophysical characteristics of materials in the
post-loading state.

Breakdown voltage before  Breakdown voltage after

(kV) (%)
18.7 13.9
225 20.3
24.1 224

Source: compiled by the authors based on ASTM D149-20 (2020),ASTM D257-14 (2021), IEC 60270:2025 (2025)

According to Table 1, all materials studied showed
a decrease in electrophysical characteristics after load-
ing compared to the initial values. At the same time, the
scale of these changes differed significantly between
materials, which made it possible to identify clear dif-
ferences in the nature of the transformation of their
electrophysical properties. EP epoxy resin experienced
the greatest decrease in electrophysical characteristics
after impulse loading: its specific resistance decreased
by 47.5% and its breakdown voltage by 25.7%. These
changes were accompanied by an increase in the inten-
sity of partial discharges, recorded in accordance with
the registration criteria of the IEC 60270:2025 (2025)
standard, which reflected the formation of local mi-
crochannels of increased electrical conductivity and a
gradual weakening of the dielectric barrier in the pol-
ymer matrix. For the NP (nanocomposite with silicon
dioxide), the amplitude of changes was more moderate:
the specific resistance decreased by 17%, and the break-
down voltage by 9.8%. The highest stability was demon-
strated by the NC (nanocomposite with hexagonal bo-
ron nitride), where the decrease in these parameters
was 7.3% and 7.1%, respectively. The difference in the
magnitude of deviations between EP,NP and NC reflect-
ed the material-dependent nature of degradation pro-
cesses — from the maximum sensitivity of unfilled resin
to the increased stability of nanocomposites due to the
influence of the filler on the interphase structure and
charge localisation mechanisms. Despite the recorded
changes, for all materials studied, the breakdown volt-
age after loading remained within the ranges defined by
baseline measurements in accordance with ASTM D149-
20 (2020), and the specific volume resistance values did
not exceed the functionally acceptable limits regulated
by ASTM D257-14 (2021). Control tests after 1,000 cy-
cles showed no signs of progressive or avalanche-like
degradation: the values of electrical strength and
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specific resistance stabilised and did not show fur-
ther decline. This indicated that even with increased
PD activity, the post-load transformation of the elec-
trophysical properties was local and non-cumulative.

A comparative analysis showed that EP was charac-
terised by the greatest amplitude of changes, while NP
and NC nanocomposites were noted for their increased
resistance to impulse modes due to the stabilising ef-
fect of interphase regions and the barrier role of the
nanofiller. The increase in PD activity was common to
all the materials studied, but its scale depended on the
composition of the composite: the introduction of SiO,
or BN fillers led to a decrease in the density of local de-
fect regions, which manifested itself in less pronounced
changes in the parameters of partial discharges. The
results obtained quantitatively reflected material-de-
pendent differences in the change in specific resistance,
breakdown voltage, and partial discharge intensity for
EP,NP,and NC in the post-loading state. For nano-filled
systems, the deviation values were lower compared to
epoxy resin, which was confirmed by the recorded pa-
rameters. The presented data outlined the quantitative
relationships between the studied material systems
and reflected the peculiarities of their behaviour under
post-loading conditions.

Results of modelling electrostatic

and electrothermal fields in switch nodes

Numerical 3D-FEM modelling of electrostatic and elec-
trothermal fields in the insulation nodes of a high-voltage
switch allowed to identify characteristic spatial features
of the distribution of electric field strength and tem-
perature. Local maxima of both quantities were formed
mainly in areas with variable curvature geometry and
contrasting dielectric properties of materials. In the basic
EP configuration, increased electric field values were ob-
served at the inner radii of the ribs, at the polymer-metal



transitions, and in areas of local changes in the geomet-
ric profile. Parametric variations in geometry, in particu-
lar changes in the radius of curvature, channel depth,and
the presence of internal cavities, led to a redistribution of
the vector field and a shift in the areas of local maxima.

Stavinskiy et al.

To clearly demonstrate the spatial differences in
the distribution of electric field strength and temper-
ature among the three configurations studied, com-
parative maps of the electric and thermal fields were
provided (Fig. 1).

120
100
80
60
40
20
| — — 0
EP NP NC
Material
m E-max (kV/mm) T_max ©

Figure 1. Maximum values of electric field strength and temperature for EP, NP and NC materials
Source: compiled by the authors based on ASTM D149-20 (2020), ASTM D257-14 (2021), IEC 60270:2025 (2025)

As shown in Figure 1, the maximum electrical
and thermal parameters varied sequentially depend-
ing on the material configuration of the node. For the
base material EP, the highest peak values of electric
field strength and temperature were recorded, reach-
ing approximately 8.6 kV/mm and 96.2°C, respective-
ly. The lowest values of both parameters were ob-
served for the NC configuration, where the maximum
electric field strength did not exceed 5.4 kV/mm, and
the temperature was about 78.8°C, indicating a more
uniform electro-thermal distribution in this system

under the simulation conditions. Such a coordinated
change in electrical and thermal indicators indicated
the existence of a relationship between the concen-
tration of the electric field and local heat generation
in the switch nodes. Quantitatively, this manifested
itself in a gradual decrease in the maximum values
of the electric field strength and the corresponding
peak temperatures in the direction from EP to NC.
The generalised quantitative values of the peak elec-
trothermal parameters for all configurations are giv-
en in Table 2.

Table 2. Maximum E-field and temperature values at key points of the nodes (three types of geometry)

Configuration

EP (basic) 8.6
NP (SiO2) 6.1
NC (BN) 5.4

E-field, max (kV/mm)

Temperature, max (°C)
96.2
87.5
78.8

Source: compiled by the authors based on IEC 62271-100:2021 (2021), IEC 60270:2025 (2025)

Analysis of Table 2 showed a consistent relationship
between node configuration and electrical and thermal
load levels. The values of 5.4 kV/mm stress and 78.8°C
temperature obtained for the NC configuration indicat-
ed the influence of internal screens and the BN layer on
the redistribution of the electric field and the formation
of heat-conducting zones. The transition from EP to NP
and NC was accompanied by a decrease in maximum
electrical and temperature indicators, which was con-
sistent with changes in geometry and material compo-
sition. The NP configuration demonstrated the effect
of the SiO, nanofiller on field distribution equalisation
and heat dissipation improvement compared to EP,
while NC was characterised by lower integral param-
eters due to a combination of material and design fac-
tors. A comparison of these options demonstrated the

existing relationship between the internal structure,
the properties of the materials used, and the behav-
iour of the node under combined electrical and thermal
loads. The obtained dependence indicates the need to
consider several material and design parameters when
designing high-voltage insulation components operat-
ing in variable electromechanical modes.

Thermographic analysis of damage

and overheating areas

The thermographic results obtained after 1,000 start-
up cycles under electrothermal load conditions re-
flected the spatial distribution of temperature along
the surface of the insulation assembly in the post-load
state and characterised its integral thermal behaviour.
Temperature fields were recorded along the entire
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length of the unit surface, which made it possible to
record temperature variations within a single coordi-
nate axis. The thermographic images obtained made
it possible to assess the integral thermal state of the
insulation structure after cyclic loading and to iden-
tify characteristic areas with elevated temperatures.
To summarise the results and provide a comparative
analysis, the temperature distribution was presented
as a linear temperature profile, which allowed for a
comparison of the thermal behaviour of different ma-
terial configurations within a single coordinate system.
A graphical representation of the temperature distri-
bution along the surface of the insulation unit after
1,000 start-up cycles is shown in Figure 2.

120
100
80
60
40
20

0

Temperature

0 2 4 6 8
Position along the axis (cm)
NP (°C) NC (°C)

e EP (°C)
Figure 2. Temperature distribution graph along the surface
of the insulation unit after 1,000 cycles
Source: compiled by the authors

According to the data shown in Figure 2, after
completing 1,000 start-up cycles for all studied mate-
rial configurations, a clearly pronounced temperature
maximum was recorded in the central part of the in-
sulation node, located at a distance of approximately
4 c¢cm from the initial coordinate. In the edge zones of
the surface, the temperature values systematically de-
creased, resulting in the formation of a stable dome-
shaped temperature distribution profile along the axis,
characteristic of the post-load quasi-stationary thermal
state of the insulation structure. The overall config-
uration of the temperature profiles was similar for EP,
NP and NC materials, indicating the reproducibility of
the spatial structure of the thermal field at a constant
node geometry regardless of the material composition
of the insulation. At the same time, the absolute tem-
perature levels showed clear intermaterial differences.
For EP epoxy resin, the maximum recorded tempera-
ture reached about 98°C, for NP nanocomposite — about
89°C, while for the NC configuration it did not exceed
80°C. Throughout the entire range of coordinates stud-
ied, the temperature values for EP remained higher than
those for nano-filled systems, which was clearly visible
in the linear temperature profiles. The minimum tem-
perature values along the surface of the insulation node
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were also material-dependent and amounted to about
90-91°C for EP, 82-83°C for NP, and 74-75°C for NC.

Accordingly, the temperature difference along the
node axis was approximately 7°C for EP, about 6°C for
NP, and about 5°C for NC, which quantitatively reflected
different levels of thermal unevenness under the same
geometric conditions and load regime. Analysis of the
shape of the temperature profiles revealed the pres-
ence of local temperature increases along the surface
of the insulation node, the spatial position of which
was similar for all material configurations. At the same
time, the amplitude of these local maxima significantly
depended on the material: the largest deviations were
observed for EP, smaller ones for NP, while for NC they
were minimal. This led to different degrees of tem-
perature heterogeneity of the insulation surface after
cyclic electrothermal loading. A comparative analysis
of temperature profiles showed that with a decrease
in maximum temperatures in nano-filled systems, the
temperature gradient along the surface of the insula-
tion node also decreased. EP was characterised by the
largest temperature difference, NP by a moderate one,
while NC by a minimal one.

The results obtained made it possible to quantita-
tively characterise the level of temperature heterogene-
ity for each material configuration in the post-loading
state and to use these parameters for further compar-
ison with the electrophysical indicators of insulation.
The spatial consistency of the experimentally recorded
temperature maxima with the results of electrothermal
modelling confirmed the reproducibility of the formed
temperature profiles and their stability after multi-cy-
cle loading. In general, the thermographic results quan-
titatively reflected the material-dependent differences
in the thermal regime of insulation nodes for EP,NP and
NC after 1,000 start-up cycles. For EP epoxy resin, the
highest peak temperatures and the greatest uneven-
ness of the temperature field were recorded, while for
nano-filled systems NP and NC, a consistent decrease in
maximum temperatures and smoothing of temperature
gradients along the surface of the insulation node was
observed, indicating a more stable thermal behaviour
of these materials in the post-loading state.

The effect of frequency converters on insulation loads
A comparative analysis of DOL starting and starting us-
ing a Danfoss VLT FC302 frequency converter revealed
fundamental differences in the nature of the electro-
mechanical and electrothermal load on the insulation
nodes of high-voltage circuit breakers. The use of a fre-
quency converter led to the transformation of the start-
ing process from a short-term pulse mode to a con-
trolled quasi-stationary mode with a gradual increase



in voltage and current, which significantly affected the
distribution of the electric field and current loads in
polymer and nanocomposite insulation. This change in
the starting mode resulted not only in a decrease in the
peak amplitudes of the electrical parameters, but also
in @ modification of the time structure of the transition
process, determining a different nature of the action of
electrical and electromechanical loads on the insulat-
ing elements in the initial phase of operation and re-
ducing the intensity of extreme influences critical for
the degradation mechanisms of the material. Under
direct-on-line start-up conditions, peak instantaneous
currents in the range of 5.3-5.8 /, were recorded, ac-
companied by increased levels of electrostatic stresses
in the interphase regions of insulating materials and
local inhomogeneities of the electric field. Such condi-
tions corresponded to an increase in the electrothermal
load on the insulation nodes, which manifested itself in
an increase in temperature, the formation of tempera-
ture gradients, and an increase in the intensity of par-
tial discharges in the first start-up cycles. Starting via a
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frequency converter was characterised by a smoothed
load profile due to a gradual increase in voltage and
current: the starting current amplitude decreased to
1.9-2.3 | ,while there was a decrease in switching over-
voltages and temperature peaks in the initial stage
of equipment operation. A quantitative assessment
showed that the average starting current in DOL mode
was about 5.6 / , while when using a frequency convert-
er, its value was in the range of 1.9-2.3 | throughout
the entire transition process.

The reduction in current loading was accompanied
by a decrease in transient recovery voltage (TRV) am-
plitude and the voltage rise rate (dV/dt), which are key
characteristics of electrical stress acting on insulation
assemblies during start-up. The combination of the re-
corded changes reflects the differences in electrome-
chanical start-up conditions for the two scenarios and
their impact on insulation element loading. The com-
parative parameters of the starting modes for direct-
on-line starting and starting using a variable frequency
drive (VFD) are summarised in Table 3.

Table 3. Parameters of high-voltage electric drive starting modes for DOL and VFD starts

Parameter DOL
Average starting current, [/, 5.6
Amplitude of switching transient 28-3.4
recovery voltage (TRV), kV e
Voltage rise rate dV/dt, kV/us 0.95-1.20

QOutput voltage waveform

Start-up duration, s 0.35-0.45
Duration of current above 3 /,, ms 160-190
Peak insulation temperature 92-98

during the first 10 cycles, °C

Pure sinusoidal waveform,
voltage step at energisation

VFD (Danfoss VLT FC302)
21
1.1-14

0.18-0.25

Pulse-width modulation (PWM) modulation
with high-frequency pulses, smooth voltage ramp-up

1.8-24
18-25

71-78

Source: compiled by the authors based on IEC 62271-100:2021 (2021)

Analysis of the data presented in Table 3 showed
that the use of a frequency converter significantly
changed the electromechanical start-up profile of the
high-voltage electric drive. The highest starting cur-
rent values were observed in direct starting mode and
reached about 5.6 /,, while when using a frequency con-
verter, they decreased to a level not exceeding 2.1 /.
This reflected a significant reduction in the impulse
current load in the regulated start mode. A similar trend
was observed for switching overvoltages. In DOL mode,
the maximum TRV values reached approximately 3.4 kV,
while during start-up via a frequency converter, they
decreased to a level of about 1.1 kV. At the same time,
the voltage rise rate in direct start mode reached val-
ues of about 1.2 kV/us, while in regulated mode it de-
creased to about 0.2 kV/us. This indicated a significant
mitigation of electrical transient processes when using
frequency control. Analysis of the time characteristics

of the start showed that direct start was implemented
as a short-term but sharply pulsed mode, while start
using a frequency converter was characterised by a
longer duration and reduced peak values of electrical
parameters. Particularly indicative was the reduction in
the time the current remained at levels exceeding 3 / ;
from approximately 190 ms in DOL mode to about 20
ms in regulated start mode. These changes were ac-
companied by a decrease in peak insulation tempera-
tures recorded in the initial phase of equipment opera-
tion. The results of thermographic measurements were
consistent with the differences in electrical modes and
confirmed the formation of different types of electrical
and thermal loads on insulation nodes during direct
and controlled starts. According to the data obtained,
the peak insulation temperatures in the first start-up
cycles when using a frequency converter were 18-
22°C lower compared to the direct start mode. For an
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integrated assessment of the accumulated thermal
load, a comparison of temperature increments AT for
both start-up scenarios was made, the results of which
are presented in Figure 3.

30
9 20
5 10
0 DOL VFD
Start-up mode
AT (°C)

Figure 3. Comparison of thermal load on insulation (AT)
for two start-up modes
Source: compiled by the authors

The data shown in Figure 3 demonstrated sig-
nificant differences in the accumulated thermal load
of insulation nodes for two electric drive start-up
scenarios, caused by the different nature of tran-
sient electrical modes. In DOL mode, the maximum
average thermal overload exceeded the baseline by
24.7°C, reflecting the intense pulsed nature of the
electrothermal impact on insulation materials in the
initial operating cycles and the formation of localised
overheating zones. In contrast, when using a frequen-
cy converter, the temperature increase decreased to
9.5°C, which indicated a limitation of peak thermal
loads due to the controlled increase in current and
voltage and a more uniform distribution of heat flows
in the insulation elements. Thus, the regulated start-
up resulted in a 61.5% reduction in the temperature
increase AT, which reflected a decrease in the elec-
trothermal load on the polymer and nanocomposite
insulation in the starting modes. The decrease in the
amplitude AT when operating with a frequency con-
verter was consistent with the parameters of electri-
cal processes recorded during starting tests. Lower
values of starting currents, switching overvoltage
amplitudes and voltage rise rates dV/dt led to a re-
duction in electrical losses and local heat generation
in the interphase areas of insulation materials. As a
result, a thermal regime with less pronounced tem-
perature peaks compared to the direct start-up mode
was formed in the insulation nodes. The results ob-
tained showed that the use of a frequency converter
changed the thermal response of the insulation nodes
from impulsive to stabilised with lower values of in-
tegral temperature overload. The recorded quantita-
tive differences reflected the influence of the starting
mode on the electrothermal state of the insulation
and the role of the controlled electromechanical load
in the formation of the thermal operating conditions
of high-voltage circuit breakers.
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Mechanical degradation of insulation

and microstructural analysis of materials

During accelerated tests simulating the actual oper-
ating conditions of high-voltage circuit breakers in
pumping stations and grain drying installations, typical
manifestations of surface degradation of polymer and
nanocomposite insulation were recorded, caused by the
combined action of operational factors. The formation
of degradation damage occurred under the influence of
thermal fluctuations, PD activity, mechanical vibrations,
as well as impulse starting modes characteristic of the
operation of electric drives of agro-industrial equip-
ment under variable loads. These factors created an
uneven electrothermal and mechanical impact on the
insulation materials, which contributed to the initiation
and development of surface defects. Microstructural
analysis of the sample surfaces, performed using scan-
ning electron microscopy (SEM, JEOL JSM-IT200), re-
vealed fundamental differences in the mechanisms and
morphology of damage for the three material systems
studied: EP (unfilled epoxy matrix), NP (nano-filled poly-
mer) with SiO, particles,and composite structure with a
NC (boron nitride shielding layer). EP was characterised
by the presence of developed track formations with car-
bonised edges, accompanied by a branched network of
microcracks, indicating intensive surface degradation.
The NP material, in turn, showed a significantly lower
density of damage, which manifested itself in the form
of limited local micropores and isolated linear defects
without the formation of continuous track channels. In
the NC configuration, only isolated submicron damage
was recorded, localised mainly in the near-surface zone
at the boundary between the BN layer and the poly-
mer matrix, with no signs of through-track or defect
coalescence into extended degradation structures. The
quantitative distribution of the frequency of defects is
shown in Figure 4.

& EP NP NC
Material
Defects (per 100 mm2)

Number of defects
0

Figure 4. Frequency of detection of microstructural defects
after thermal and vibration tests
Source: compiled by the authors

The data shown in Figure 4 showed that the
epoxy system (EP) was characterised by the high-
est frequency of surface microdefects, exceeding



40 pores and cracks per 100 mm?, which indicated
the intensive development of degradation process-
es under combined electrothermal and mechanical
loading. The recorded damage density for EP was ap-
proximately 2.3 times higher than the corresponding
values for the SiO, nanocomposite (NP) and more
than five times higher than for the NC (BN-shield-
ed configuration). This quantitative distribution was
consistent with differences in degradation mecha-
nisms, confirmed by SEM observations. EP was char-
acterised by the formation of deep track channels
with carbonised edges and developed secondary
microcracks, which contributed to further concentra-
tion of the electric field and acceleration of surface
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destruction. The NP material showed limited areas of
defects, which were mainly represented by isolated
micropores and linear surface cracks without the for-
mation of continuous track structures. The smallest
number of localised damages in the NC system was
due to the action of the BN shielding layer, which
contributed to the equalisation of local electrical and
thermal stresses, reduction of electric field gradients
at the interphase boundary, and suppression of the
initiation and development of through tracking. For
an additional assessment of the resistance of mate-
rials to surface degradation, tracking resistance tests
were carried out, the results of which are presented
in Table 4.

Table 4. Tracking resistance of insulating materials under standard loading conditions

Configuration Time to breakdown, min

EP (basic) 9.3

21.8

>30 (no breakdown)

NP (Si0,)
NC (BN+ shielding layer)

Nature of damage

Deep carbonised tracks
Localised surface tracking marks

Absence of continuous tracking

Comparative Tracking Index (CTI) class
IIb (100-175 V)

lla (175-250 V)
1 (2250 V)

Source: compiled by the authors based on IEC 60587:2007 (2007)

A comparison of the values in Table 4 demon-
strated fundamental differences between the three
material systems. The EP material was characterised
by the shortest time to breakdown (=9.3 min), accom-
panied by the formation of deep carbonised tracks.
The NP material showed an increase in the time to
breakdown and the appearance of only surface trac-
es, indicating increased tracking resistance due to the
modification of the interphase region with SiO, parti-
cles. The NC configuration demonstrated the highest
tracking resistance: no conductive channel forma-
tion was observed during the test, and the material
was classified as CTI Class | - the level required for
high-voltage systems with increased surface reliabil-
ity requirements. The results obtained indicated the
presence of significant material-dependent differenc-
es in the nature of microstructural degradation and
tracking resistance of the studied insulation systems
under combined operational loads. The EP was char-
acterised by the highest frequency of surface micro-
defects, intensive development of secondary microc-
racking and the formation of deep carbonised tracks
under the action of thermal, electrical and mechanical
factors. The SiO, nanocomposite showed a reduction
in the number and length of defects, as well as an in-
crease in the time to breakdown compared to EP, indi-
cating the effect of stabilisation of the interphase re-
gion and slowing down of degradation processes. The
configuration with a BN shielding layer was charac-
terised by the lowest density of localised damage and

the absence of through-tracking within the standard
tests according to IEC 60587:2007 (2007), confirming
the high surface stability of this system. The recorded
quantitative differences reflected the specifics of deg-
radation mechanisms for the three material systems
and determined their behaviour under typical operat-
ing loads of agro-industrial electrical complexes.

Resource assessment and parameter dispersion
(Weibull analysis)

The Weibull analysis method was used to quantita-
tively assess the durability of insulating materials
and the statistical dispersion of failure parameters
during cyclic testing. This approach made it possible
to describe the probabilistic nature of failures and
establish the relationship between the accumulat-
ed cyclic load and the frequency of breakdowns. The
initial data for the analysis were the experimentally
recorded values of the number of cycles to failure for
each sample of EP, NP and NC insulating materials.
Based on these data, statistical processing was per-
formed to construct generalised probability curves for
each material system. The resulting curves reflected
the change in the probability of failure depending on
the level of accumulated cyclic load. The constructed
Weibull curves allowed for a comparative assessment
of the resource and the nature of the distribution of
failures between the materials under study. The gen-
eralised results of the analysis in the form of model
Weibull curves are shown in Figure 5.
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Figure 5. Weibull curves for insulation materials based on cyclic test results
Source: compiled by the authors

As shown in Figure 5,the EP epoxy material demon-  probability values were recorded for the NC nano-
strated the highest probability of failure across the composite throughout the entire cyclic loading range
entire range of cyclic loading studied, which was re-  studied. In the range of 300-400 cycles, it did not ex-
flected in the sharply rising shape of the Weibull curve  ceed about 0.05, and in the range of 800-900 cycles,
compared to the NP and NC nanomodified systems.Al- it reached only 0.55-0.6, which reflected a significant
ready in the early cycle range, approximately 300-400, shift in the resource of this material towards higher
the failure probability for EP reached values of about  values of cyclic fatigue. A clear gap between the EP,
0.5, indicating a significant proportion of early failures NP and NC curves indicated a systemic difference in
and a limited initial life of the material. In the range the nature of damage accumulation and failure reali-
of average operating hours, approximately 800-900 sation for different material configurations. A general-
cycles, the EP curve practically approached the level ised analysis of representative sections of the Weibull
of 0.95-1.0, which corresponded to almost complete  curves confirmed that the epoxy material EP was char-
failure in the studied sample. The nano-filled polymer acterised by the highest proportion of early failures,
NP was characterised by a flatter Weibull curve trajec-  the nano-filled polymer NP occupied an intermediate
tory and its systematic shift towards higher resource  position in terms of reliability, while the nanocompos-
values. In the early cycle zone, the failure probability ite NC demonstrated the lowest probability of failure
for NP did not exceed approximately 0.15, while in the  at the same levels of cyclic loading. The quantitative
range of 800-900 cycles it was about 0.8, which indi-  results of the evaluation of the Weibull parameters 3
cated a more uniform distribution of operating time and n for the three types of materials are given in Ta-
to failure and a reduced proportion of premature fail-  ble 5, which made it possible to formalise the identi-
ures compared to epoxy resin EP. The lowest failure fied differences in terms of statistical reliability.

Table 5. Shape (B) and scale (n) parameters of dispersion for three types of insulation

Material type B (shape coefficient) n (average service life, hours)
EP (epoxy) 1.52 380
NP (SiO,) 2,63 715
NC (BN) 341 912

Note: the value of the scale parameter n was obtained by converting the number of cycles to failure into time resources
under steady-state operation with a fixed start frequency; data for a temperature of 95°C was obtained within a separate
thermally loaded series

Source: compiled by the authors

The data in Table 5 showed significant differenc-  hours. Compared to EP, the resource of NP increased
es in the resource characteristics of the three insula- by approximately 1.9 times, and the resource of NC by
tion configurations studied under cyclic thermoelec- 2.4 times, which indicated a fundamentally different
tric loading conditions. For the EP epoxy system, the  nature of degradation processes in these material sys-
average resource was about 380 hours, which corre-  tems. Analysis of the Weibull distribution parameters
sponded to the lowest durability among the materials showed that the EP epoxy configuration was charac-
studied. For the NP nano-filled polymer, an increase in  terised by the lowest values of the B shape parameter,
the average resource to 715 hours was recorded, while  which corresponded to a significant statistical dis-
for the NC nanocomposite, the resource reached 912  persion of the resource and the presence of an early
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failure zone. This behaviour indicated the dominance
of local defects and uneven degradation development
in the polymer matrix. For the NP configuration, the 8
value increased, reflecting a decrease in the variabil-
ity of the time to failure and a more stable nature of
degradation processes. The highest B values were re-
corded for the NC nanocomposite, which correspond-
ed to the most compact distribution of the resource
and the absence of a pronounced early failure zone.
The results of tests at an elevated ambient tempera-
ture (95°C) showed a decrease in the scale parameter
n for all configurations studied, but the intensity of
this decrease varied significantly. For EP, the value of
n decreased to 290 hours, indicating the high sensi-
tivity of the material to thermoelectric loads. For NC,
the n parameter remained at a level not lower than
840 hours, confirming the significantly higher thermal
stability and resource stability of nanocomposite insu-
lation. The NP configuration occupied an intermediate
position between EP and NC, demonstrating moder-
ate resource degradation at elevated temperatures.
A comparative analysis showed that the NC config-
uration combined the highest values of the 3 and n
parameters among all the materials studied, which
corresponded to the maximum resource and minimum
variability of the time to failure. The NP configuration
was characterised by intermediate resource indicators,
while EP demonstrated the lowest resource and the
greatest statistical dispersion. The results obtained al-
lowed to conclude that the durability and stability of
insulation materials were determined by microstruc-
tural homogeneity and the effectiveness of interphase
interaction. The NC configuration demonstrated the
highest B and n values, indicating low resource varia-
bility and high safety margin, making it most suitable
for use in high-voltage switches for agricultural and
industrial applications.
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Resistance of insulating materials to partial discharges
under load

The PD data obtained showed differences in the behav-
iour of the three insulation systems under the influence
of cyclic electromechanical loading. For EP epoxy in-
sulation, after 500 cycles, a sequential increase in the
amplitude and frequency of pulses was recorded, indi-
cating the formation of local microdefects and areas
of increased electrical stress. At the 1,000-cycle stage,
the amplitudes of partial discharges in EP reached the
maximum values among the materials studied, and the
recorded pulses were characterised by an ordered phase
structure and an extended amplitude range, reflecting
the development of intense electrophysical processes
in the material. In the NP nanocomposite with SiO, in-
clusions, the increase in discharge activity was recorded
at significantly later stages of loading and had a lower
intensity. The pulses showed lower peak values, occurred
irregularly, and were recorded mainly at the end of the
cycles. This dynamic indicated a more uniform distribu-
tion of the electric field and a slower development of
localised defects in the material without the formation
of stable discharge activity channels. The NC compos-
ite with a BN layer and internal shielding showed the
lowest level of partial discharges throughout the test
period. The pulses were at the background noise level
or below the detection threshold, and after 1,000 cycles,
no pulse grouping or amplitude jumps were recorded.
This behaviour corresponded to the increased structur-
al stability of the material, in which the BN layer and
shielding elements ensured the equalisation of the elec-
tric field and reduced sensitivity to accumulated defects.
The differences found between the materials reflected
different mechanisms of their microstructural stability
and ability to counteract localised electrical process-
es under cyclic loading. Typical PD oscillograms of the
three materials after 1,000 cycles are shown in Figure 6.
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Figure 6. Pulse activity of partial discharges in various insulating materials (after 1,000 cycles)
Source: compiled by the authors based on IEC 60270:2025 (2025)

According to the results of Figure 6, for EP,the max-
imum pulse amplitude reached 280 pC at a frequency

of about 35 pulses/s. This intensity corresponded to the
presence of structural inhomogeneities, micropores,
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and interphase disturbances. In NP, the amplitude did
not exceed 145 pC, and the pulses were single in na-
ture. For NC, the amplitudes of partial discharges were
in most cases below the registration threshold, which
confirmed the high homogeneity of the dielectric struc-
ture and the effective operation of internal shielding
elements. A comparison of the experimental data with
the results of modelling in ANSYS Maxwell confirmed
that in EP, the maximum electric fields were concen-
trated at the joints of the edges and local cavities. It

was these geometric features that contributed to the
initiation of partial discharges. In NC, internal shield-
ing equalised the stress at critical points, reducing the
probability of breakdown and the formation of dis-
charge channels. This explained the lower amplitude
of partial discharges and the absence of significant de-
fects even after 1,000 cycles. To quantitatively assess
PD resistance, the initiation voltage (PDIV) and extinc-
tion voltage (PDEV) were determined. The results are
shown in Table 6.

Table 6. Electrical parameters of partial discharges after 1,000 cycles

Configuration PDIV, kV
EP (basic) 3.6
NP (SiO,) 4.7
NC (BN+ shielding layer) 5.5

PDEV, kV voltage hysteresis (AU), kV
2.4 1.2
3.8 0.9
5.0 0.5

Source: compiled by the authors based on IEC 60270:2025 (2025)

As shown in Table 6, the NC configuration demon-
strated the highest resistance to partial discharges,
with a PDIV of 5.5 kV, which was 53% higher than that
of EP. The hysteresis value AU for NC was 0.5 kV, the
lowest among all the investigated materials, reflecting
only a minor change in breakdown voltage under cy-
clic loading. The NP configuration incorporating SiO,
exhibited intermediate PDIV and AU values, indicating
partial electric field equalisation and enhanced ther-
mal stability of the matrix compared with EP. Analysis
of the PRPD distributions showed that surface partial
discharges with pronounced phase correlation pre-
dominated in EP and NP, whereas in NC most pulses
remained at background level or below the detection
threshold, without signs of clustering or amplitude
surges. The phase-resolved pulse distribution in NC
was characterised by low PD intensity across all in-
vestigated cycles, while EP and NP exhibited peak ac-
tivity within specific phase intervals. The combination
of high PDIV values, low hysteresis AU, and minimal
pulse activity demonstrated that the NC composite
with a BN layer and internal shielding maintained
stable electrophysical parameters after 1,000 loading
cycles. These characteristics support the applicability
of NC in high-voltage circuit breakers operating un-
der variable and high-stress conditions in pumping

stations and grain-drying complexes, ensuring more
uniform electric field distribution and reducing the
likelihood of local defects and the development of
breakdown channels.

The economic feasibility of introducing new materials
and frequency converters

To provide a generalised and systematic presentation
of the obtained experimental results, a comparative
assessment was performed on the technical and eco-
nomic indicators of high-voltage insulation units oper-
ated within the electric drives of pumping stations and
grain drying complexes under cyclic loading conditions.
The analysis incorporated PD parameters, specifically
the PDIV, AU, average amplitude-frequency character-
istics of partial discharges, and the proportion of sam-
ples exhibiting microstructural damage. In addition to
electrophysical indicators, economic parameters were
included in the comparison, represented as the TCO
over a fixed operating period. These indicators charac-
terised insulation units with different material config-
urations under identical operating conditions, allowing
for a comparison of their technical state and economic
costs during the initial stage of operation. The summa-
rised values of the relevant parameters following a six-
month cyclic load are presented in Table 7.

Table 7. Technical and economic performance of high-voltage insulation units under a 6-month cyclic loading period

et pony sy Pl
EP (without VFD) 3.6 15 28
NP (without VFD) 4.8 1.0 12
NC (without VFD) 5.5 0.5 3
EP + VFD 36 15 28
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Average PD Average PD repetition TCO
amplitude, mV rate, pulses/min over 6 months, USD
220 45 280
160 30 140
80 12 50
220 45 150
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Material Proportion of samples

PR L with damage, %

configuration

NP +VFD 4.8 1.0 12
NC + VFD 5.5 0.5 3

Table 7, Continued

Average PD Average PD repetition TCO
amplitude, mV rate, pulses/min over 6 months, USD
160 30 70
80 12 50

Note: economic indicators are given in USD per high-voltage insulation unit

Source: compiled by the authors

Analysis of the data in Table 7 showed that the
insulation materials studied differed significantly in
terms of their combined electrophysical characteristics
and total operating costs during the first six months
of cyclic operation. Within the interpretation of the
results obtained, the five-year operating period corre-
sponded to a total load equivalent to approximately
18,000-22,000 electric motor starts in variable oper-
ating modes, taking into account scheduled technical
inspections, routine downtime and unscheduled shut-
downs associated with insulation degradation and
component failures. EP epoxy insulation was charac-
terised by the lowest partial discharge initiation volt-
age values and the highest operating costs among all
configurations considered. Already during a six-month
period of operation, EP showed significant voltage hys-
teresis (AU=1.5 kV) and the formation of microstructur-
al damage in 28% of samples. The increased values of
the average partial discharge amplitude (220 mV) and
frequency (45 pulses/min) correlated with the develop-
ment of surface and interphase defects characteristic
of the electrical ageing processes of the polymer ma-
trix. The combination of these factors resulted in total
cost of ownership of USD 280 over a six-month period,
which, when extrapolated to a five-year operating cy-
cle, corresponded to USD 620-780 per insulation unit,
taking into account several replacements and losses
associated with emergency equipment downtime. For
nano-filled polymer NP with SiO, filler, other quantita-
tive ratios of electrophysical and economic parameters
were established. An increase in the partial discharge
initiation voltage to 4.8 kV and a decrease in the voltage
hysteresis to 1.0 kV were accompanied by a decrease in
the proportion of damaged samples to 12%. The aver-
age values of the amplitude and frequency of partial
discharges (160 mV and 30 pulses/min, respectively)
indicated a less intense degradation process compared
to epoxy insulation. This was directly reflected in the
economic indicators: the TCO for six months was USD
140, and the projected costs for a five-year operating
cycle were in the range of USD 280-350. The most fa-
vourable technical and economic characteristics were
demonstrated by the NC nanocomposite with a BN layer
and internal shielding. The partial discharge initiation

voltage reached 5.5 kV with a minimum voltage hys-
teresis (AU=0.5 kV), accompanied by low partial dis-
charge intensity: the average amplitude did not exceed
80 mV, and the frequency was about 12 pulses/min. The
proportion of samples with microstructural damage did
not exceed 3%, which was consistent with the uniform
distribution of the electric field and limited develop-
ment of degradation processes. Under these conditions,
the TCO for a six-month period was USD 50, and the
cost for a five-year operating cycle was estimated at
USD 90-120 without the need for scheduled replace-
ment of the insulation unit. A comparative analysis of
configurations using frequency converters showed that
their use did not change the established electrophysi-
cal parameters of insulating materials, but significantly
affected economic indicators by reducing the number of
hard start-up modes, reducing the amplitude of short-
term overvoltages, and reducing the frequency of emer-
gency and unscheduled equipment shutdowns. Within
the scope of the analysis, the total cost of ownership
was formed by the costs of scheduled and unscheduled
maintenance, replacement of degraded components,
and losses associated with downtime, while maintain-
ing clear differences between EP, NP, and NC materials
throughout the entire life cycle of operation

DISCUSSION
The results of electrical, thermal and mechanical meas-
urements showed that polymer dielectrics demonstrate
different sensitivity to dynamic load modes, and the
behaviour of nanocomposite systems is determined by
the ability of their interphase structure to compensate
for local peaks of stress and temperature. A 25-30% re-
duction in the breakdown voltage of epoxy insulation
after cyclic electrothermal loading and a corresponding
decrease in specific volume resistance correlate with
the “moisture-heat-defect” model described by J. Ma et
al. (2023), which established that hygrothermal effects
cause hydrolytic destruction of the ester bonds of the
epoxy matrix, degradation of interphase areas, and ac-
cumulation of microdefects, which determine the ac-
celerated deterioration of electrophysical characteris-
tics and a reduction in the service life of the insulation
material. The difference in structural stability between
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the epoxy system and nanocomposites confirms the
mechanisms described by F. Wiesbrock (2014), which
emphasised that nanofillers form a modified interphase
zone with increased resistance to the concentration of
electrical and mechanical stresses. The decrease in the
amplitude of the breakdown voltage drop in materials
with SiO, and BN is consistent with the author’s ap-
proach, which links the stability of electrophysical pa-
rameters with the damping of local overvoltages in a
nanostructured environment. This correlation provided
a basis for further analysis of the behaviour of nano-
composites in more complex modes with a combina-
tion of partial discharges, thermomechanical loads and
high-frequency voltage components.

The increase in the intensity of degradation pro-
cesses in polymer insulation under the action of re-
peated impulse influences correlates with the con-
clusions of M. Ghassemi (2019), which stated that fast
voltage fronts and repeated high-frequency pulses
create conditions for accelerated electrothermal de-
struction. The similarity lies in the observation of a pat-
tern: the greatest deterioration in parameters occurs in
systems without nanomodification, where there are no
mechanisms for dissipating electrical peaks. The sce-
narios of insulation depletion under the action of fast
pulses described by the author are consistent with the
observed difference between EP, NP and NC in terms of
breakdown voltage, specific resistance and partial dis-
charge activity. The presence of thermal anomalies in
areas of sharp geometric changes and at polymer-met-
al boundaries is consistent with the trends identified
by M. Hu et al. (2022), where it is emphasised that lo-
cal thermal maxima are an early marker of interphase
destruction and gas evolution. The recorded tempera-
ture peaks in the joint areas and in the insulation ribs
demonstrate the same pattern: areas of reduced ther-
mal conductivity and field concentration become cen-
tres of thermochemical destruction. The coordination
of the identified mechanisms confirmed the importance
of thermographic monitoring in high-voltage systems.
The formation of localised areas of elevated tempera-
ture in the polymer matrix is consistent with the results
of O. Sakhno et al. (2025), which showed that online
diagnostics of high-voltage equipment under operat-
ing voltage allows the detection of thermal anomalies
caused by the concentration of electrical and thermal
stresses in insulation nodes. The authors noted that the
spatial distribution of temperature can serve as an in-
dicator of areas of potential electrical instability, which,
during prolonged operation, transform into centres of
partial discharge activation. In the study, these provi-
sions were extended to the level of materials science,
which was confirmed by the analysis of thermographic
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profiles of polymer and nanocomposite samples and
their correlation with the quantitative parameters of
partial discharges.

The observed increase in the intensity of partial dis-
charges under the action of cyclic electrothermal load-
ing demonstrates a clear dependence on the frequency
and shape of the pulses, which is consistent with the
conclusions of Q. Li et al. (2015). The authors showed
that high-frequency components accelerate the forma-
tion of microcavities and increase the intensity of PD
activity already in the early stages of ageing, which is
consistent with the increased sensitivity of unmodified
polymer systems to initiation processes. The tendency
of epoxy resin to sharply decrease the “non-discharge
stability” interval completely repeats the patterns de-
scribed in high-frequency modes of electrothermal
ageing. The spatial displacement of defect zones to-
wards areas with an uneven electric field and reduced
heat dissipation properties is consistent with the re-
sults of Y.Wu et al. (2022), where it was proven that the
combination of geometric inhomogeneities and local
thermal maxima increases the probability of degrada-
tion channel formation. The mechanism described by
the authors - “‘geometric field concentration - local
overheating - microcrack - gas-filled cavity” - fully
explains the fixed trend of increased partial discharge
activity in joint and edge areas. The mechanisms pre-
sented in the study are consistent with the interpre-
tation of the shift of the maximum discharge area as
a consequence of interphase instability. The identified
relationship between the frequency of trigger pulses,
the amplitude of PD activity, and geometric features
repeats the results of D. Verginadis et al. (2021), where
it is noted that a combination of electrical and struc-
tural factors determines the specific discharge energy
and degradation rate. The authors showed that even
moderate pulses in the presence of a heterogeneous
polymer structure form accelerated destruction sce-
narios, which is consistent with the observed chang-
es in the structure of EP samples. The refined model
of action shows that the combination of solid surface
defects with impulse loading creates a stable mecha-
nism for the development of discharge erosion, which
determines the specific discharge energy and the rate
of material degradation. The peculiarities of the effect
of distorted voltage on the acceleration of electrical
ageing correspond to the patterns described by D. Fa-
biani & G.C. Montanari (2001). The authors demonstrat-
ed that harmonic components and voltage distortions
significantly increase the rate of destruction of polymer
insulation due to the nonlinear amplification of electri-
cal stresses in interphase zones. The detected chang-
es in the frequency spectrum of discharge activity are



consistent with the authors’ statement regarding the
critical role of high-frequency components as factors
determining the resource stability of insulation.

The synergistic action of amplitude and frequen-
cy distortions explains the accelerated deterioration
of the parameters of epoxy samples. The reduction in
stress gradients and thermal peaks in nanocomposite
structures is consistent with the trends described by
L. Lusuardi et al. (2019), where it was proven that sys-
tems optimised for operation with inverter drives have
improved resistance to dynamic modes. The authors
emphasised that the correct choice of material can sig-
nificantly reduce the level of partial discharges in sys-
tems with PWM voltage, which is consistent with the
observed difference between EP and NC in the intensi-
ty of discharge activity after 1,000 start-up cycles. The
mechanism is based on the ability of nanocomposites
to smooth out local electrical peaks, which in tradition-
al materials become triggers for early breakdown. The
increased stability of electrical strength and reduced
variability (Weibull B) in NP and NC samples is consist-
ent with the concept of nanodielectrics presented by
W. Liu et al. (2018). The work emphasised that nanopar-
ticles form a modified interphase region with optimised
polarisation, which increases the material’s resistance
to stress and discharge erosion. The observed increase
in the B parameter is consistent with the authors’ state-
ment regarding the increase in structural homogeneity
and the reduction in the number of defective channels,
which in polymer systems without nanomodification
remain one of the main sources of degradation.

The further increase in resistance to cyclic load-
ing in BN samples correlates with the conclusions of
T. Tanaka (2025), which presents a modern interpreta-
tion of the “two-layer interphase structure” mechanism
that provides improved dielectric permeability and sta-
bility during repeated temperature fluctuations. The
increase in breakdown voltage and reduction in losses
are consistent with the author’s model, which explains
that nanoparticles with high thermal conductivity are
capable of reducing local temperature peaks, which are
the main factor in the thermoelectric degradation of
polymers. The enhancement of dielectric properties in
BN-modified samples and their reduced sensitivity to
impulse loads are consistent with the results of A. Al-
soud et al. (2025). The authors showed that rare earth
oxide nanoparticles form stable heat dissipation chan-
nels, which significantly reduces local overheating and
accelerated ageing. The obtained Weibull coefficients
B and n are consistent with the concept that thermally
stable nanofillers act as barriers to microcrack devel-
opment. The identified patterns of changes in the ther-
mal profile and PD activity in frequent start-up modes
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are consistent with the review by A.A. Razi-Kazemi &
K.Niayesh (2021),which emphasised that the most dan-
gerous scenarios for switching equipment are precise-
ly dynamic modes with repeated pulses. The authors
noted that the combination of electrical peaks and vi-
bration loads forms accelerated degradation trajecto-
ries, which explains the faster reduction in the service
life of traditional polymers. The dynamic nature of the
load, caused by the peculiarities of hydraulic processes
in pumping systems, is consistent with the conclusions
of V.S.Kostyshyn & I.I. Yaremak (2017), where it is prov-
en that optimising modes can significantly reduce peak
electromechanical effects. The observed reduction in
thermal instability when working with frequency con-
verters repeats the trends described by the authors,
who emphasised the ability of optimised control to
reduce the amplitude of transient processes. The en-
ergy effect of using frequency drives and the reduction
in costs associated with insulation degradation are
consistent with the results of L. Elmahni et al. (2021),
which proved that frequency control in pumping sys-
tems provides a significant reduction in heat genera-
tion and an increase in overall efficiency. The similarity
is explained by the mechanism of reducing starting
currents and stabilising the operating point of the unit.
The assessment of the economic feasibility of using
new materials and frequency control is consistent with
the approach of N. Dutta et al. (2023), who demonstrat-
ed that digital life cycle analysis methods can reveal
hidden operating costs. The reduction in costs over the
long term confirms the authors’ key conclusion about
the dependence of system durability on the nature of
load modes. The identified effectiveness of resource
and economic solutions correlates with the conclu-
sions of K. Zhang et al. (2026), who noted the impor-
tance of combining technical and environmental and
economic criteria when selecting energy technologies.
The reduction in operating cycle costs and the increase
in energy efficiency are consistent with the patterns
described by the authors.

The systematised results show that the combina-
tion of nanomodified insulation structures and reg-
ulated start-up modes forms a coordinated circuit of
electrothermal processes, in which the amplitude of
partial discharges, thermal gradients and the number
of microstructural defects are reduced. Such dependen-
cies correlate with established experimental models of
nanodielectrics, where interphase layers determine the
distribution of field intensity and local heat dissipation
parameters. The observed increase in the  parame-
ter in the Weibull curves is consistent with the mech-
anisms of resource stabilisation of composites with
highly thermally conductive fillers described in the
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world literature. The reduction in starting current load
when using frequency regulation corresponds to the
technical and operational patterns according to which
a decrease in impulse electrical and thermal effects
leads to a reduction in the rate of defect accumulation
in polymer dielectrics. The set of comparisons collected
demonstrates the formation of a structurally consistent
picture of degradation processes, reflecting key trends
in research on high-voltage insulation and systems
with electromechanical cycles of increased dynamics.

CONCLUSIONS
The study allowed for a comprehensive characterisa-
tion of the degradation and reliability of polymer and
nanocomposite insulating materials of high-voltage
vacuum circuit breakers in dynamic operating modes
of electric drives of pumping stations and grain dry-
ing complexes. It has been established that the com-
bination of impulse starting loads, cyclic thermal
effects and mechanical vibrations creates critical op-
erating conditions in which the ability of the material
to limit localised electrophysical and microstructural
degradation processes is decisive. It has been shown
that an epoxy matrix without fillers is characterised by
the highest sensitivity to dynamic modes. After cyclic
loading, the specific resistance decreased by more than
47%,the breakdown voltage by more than 25%, and the
activity of partial discharges was accompanied by the
formation of tracking structures and a significant loss
of resource. Nanofilling with silicon dioxide provides
a moderate improvement in performance: the specific
resistance decreased by about 17%, and the breakdown
voltage by 9.8%, while the development of partial dis-
charges was limited and unstable without the forma-
tion of stable discharge channels. The highest stability
was demonstrated by the configuration with hexagonal
boron nitride and internal shielding, for which the re-
duction in specific resistance and breakdown voltage
did not exceed 7.1-7.3%, the partial discharge initiation

voltage reached 5.5 kV, and no through-tracking was
formed in standard tests. Numerical 3D-FEM model-
ling combined with thermography showed a consistent
decrease in peak electric field strength from 8.6 kV/
mm for EP to 5.4 kV/mm for NC, and maximum tem-
peratures from approximately 96°C to 79°C after 1,000
start-up cycles. Weibull analysis confirmed significant
differences in durability: the average life of epoxy in-
sulation was about 380 hours, while for nanocompos-
ites it increased to 700-900 hours with a simultaneous
decrease in statistical dispersion. It was found that the
use of frequency converters reduces starting currents
from about 5.6 /, to 2.1 /, and reduces the integral tem-
perature increase of the insulation by 61.5%, forming
a stabilised thermal regime. A technical and economic
analysis showed that the TCO over a six-month period
decreases from about 280 USD for epoxy insulation to
about 50 USD for BN-containing configurations, with a
multiple reduction in projected costs over a five-year
operating cycle.

The results obtained indicate the promise of inte-
grating composites with highly thermally conductive
fillers and frequency control to optimise the operation
of agro-industrial systems, in particular pumping sta-
tions, fan modules, grain drying units and greenhouse
installations. Further research should focus on analys-
ing the behaviour of composites in ultra-long cycles,
modelling degradation under stochastic loads, expand-
ing the range of nanofillers, and developing predictive
models for digital technical diagnostic systems.
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AHoTauia. [ocnifxeHHsa Oyno cnpsMoOBaHE Ha BM3HAYEHHS BMUIMBY ENEKTPUYHMX, TEMNOBUX i MeXaHiYHUX
HaBAHTAXXEHb HA [AOBrOBIYHICTb NOAIMEPHOI Ta HAHOKOMMO3MTHOI i30M15Lii BMCOKOBOJILTHUX BMMMKAYIB, LWLO
3aCTOCOBYHOTLCS Y HACOCHUX CTaHLLISIX | 38pHOCYLWMABbHUX KOMMNAeKcax YkpaiHu. MeToaonorisa noeaHyBana YmcenbHe
MOLENOBAHHS eIeKTPOCTaTUUYHUX | TEMJIOBUX NOJIIB Y TPUBMUMIPHUX KOHCTPYKLISIX i3015LiMHUX BY3/1iB, MPUCKOPEHI
TEPMOLMKNIYHI Ta MexaHi4yHi BMNpOOYBaHHS, aHani3 4acTKOBMX PO3PAAIB 33 MIXKXHAPOAHMMM CTaHOAPTaMM,
TepMorpadiyHMin KOHTPONb, MIKPOCTPYKTYPHI AOCAIAXEHHS Ta CTaTUCTUUYHY OLHKY pecypcy Ha OCHOBiI KpUBMX
HaAiMHOCTI. YCTaHOBMEHO, WO TpaaMLiiiHa enokCcuAaHa i3015ui9 3a3Ha€e HaWbinbw iHTEHCMBHOI Aerpagauii: nicns
LUMKNIYHUX HAaBAaHTaXXeHb MUTOMMIA ONip 3MeHLLYBaBCA Ha 47,5 %, npobueHa Hanpyra — Ha 25,7 %, a cepenHin pecypc
CTaHoBMB 61M3bko 380 rogmH. Jns HAHOHANOBHEHOrO MaTepiany 3 AiOKCUMAOM KPEMHIIO 3HUXKEHHS MUTOMOFO OMNopy
obmexysanocs 17 %, npobusHoi Hanpyrn — 9,8 %, npu 36inblueHHI cepefHboro pecypcy oo 715 roguH. Hansuiy
CTabiNbHICTb NPOAEMOHCTPYBaNa i30M14Li9 3 rekCaroHasbHWM HITPMAOM O6OpYy Ta BHYTPIWHIM eKpaHyBaHHSM, As
SKOi 3MiHM enekTpodi3nyYHMX NapameTpiB He nepesuLlyBanu 7,3 % 3a nutoMmum onopoM i 7,1 % 3a npobuBHO
Hanpyro, Hanpyra No4aTky YacTKoBUX po3psaiB gocarana 5,5 kB, a cepepHin pecypc ctaHoBuB 6113bko 912 roamH.
YucenbHi Ta ekcnepuMeHTaNbHi pe3ynbTaTy MOKa3anu 3HUXEHHS NiKOBOT HaNPyXXeHOCTi eNeKTp1yHoro nons 3 8,6 oo
5,4 kB/MM i MakcuManbHux TeMnepaTyp 3 96,2 oo 78,8°C nicns 1 000 nyckoBMX LMKAiB. 3aCTOCYBAHHS KEPOBAHMX
NMYyCKOBUX PEXUMIB 403BOSIUN0 3MEHLIMUTM MYCKOBI CTpyMK 3 5,6 In no npnbnunsHo 2,1 In Ta 3HU3UTKM iHTErpanbHe
TEMI0BE HABAHTAXEHHS i30nauii Ha 61,5 %. TexHiko-eKOHOMiYHa OUiHKa 3aCBigYMna 3MEHLUEHHS CYMapHOIi
BapPTOCTi BONOAIHHA 3a wicTb Micauis 3 280 po 50 ponapis CLUA Ha oguH i30n4UiAHMIA BY30A, WO MiATBEPLXKYE
NPaKTUYHY [OOLINbHICTb BMNPOBAMXKEHHS HAHOKOMMO3WTIB i KEPOBAHMUX PEXMMIB MYCKYy B arponpoMUCIOBUX
enekTponpusofax. [pakTMyHa 3HAYYLLiCTb OTPUMAHUX Pe3ynbTaTiB nondrae y GopMyBaHHi KpuTepiiB aAns subopy
MaTepianie Ta pexxumiB poboTM eNneKTpoOnpUBOAIB 3 METOH NiABULLEHHS HAAIMHOCTI KOMYTALIMHOrO 06N1agHaHHS B
arponpoMUCIIOBUX eNeKTPOMEXAHIYHUX CUCTEMAX Ta BUKOPUCTAHHS MOLENIOBAbHUX | AiarHOCTUYHKUX NiAXOAIB ANg
NPOrHO3yBaHHA Aerpajalii M onTUMi3aLii KOHCTPYKLIM i30M1ALIMHUX BY3NiB

KniouoBi cnoBa: 4acTKoOBi po3psiaM; €NOKCMAHA CMOJA; ENEeKTPOTEN/IOBE HABAHTAXEHHS; Li€NEeKTPUUYHA MiLHICTb;
BiHOB/IIOBaHA HaMpyra; YaCTOTHE PEryntoBaHHS; MiKpOCTPYKTYpHI aedekTu
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