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Abstract. The article discusses the issues of technological control of the insulation state of
interblock electrical connections at the final stage of production. Due to the growing requirements
for reliability and safe use of electrical systems, special attention is paid to the impact of temperature
changes, electrical loads and higher harmonics on the quality of insulation materials.

A key element of the work is the development of a mathematical model that allows you to
evaluate the electrical resistance and thermal characteristics of the insulation. The model takes into
account a variety of factors affecting the aging of materials and allows you to accurately predict their
condition under the influence of external conditions.

The study highlights the importance of the mathematical model for identifying and evaluating
possible degradation processes in insulating materials that can lead to a decrease in the reliability
of electrical connections. The results obtained stimulate the further implementation of the
appropriate automated control system using a mathematical model of the parameters of electrical
connections at the final stage of cable production, increasing the overall level of product quality and
safety.
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Introduction.

Modern electrical systems increasingly require high reliability and efficiency, as
increasing demands on energy resources and process automation lead to increased
component density and more complex designs. In such conditions, it becomes
especially important to control the insulation condition of interblock electrical
connections, since the quality of insulation materials directly affects the safety and
efficiency of electrical devices.

The problem is compounded by the influence of various factors, such as
temperature changes, the flow of load currents, as well as the presence of higher
harmonics, which can cause significant thermal loads on insulating materials. Such
factors can lead to degradation of insulation, a decrease in its electrical characteristics

and, ultimately, to the failure of electrical connections.
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Scientific studies demonstrate that traditional control methods, which are mainly
based on manual measurements, are not always able to quickly and accurately detect
problems related to the state of isolation. This increases the risk of defects and can lead
to significant financial costs due to system failures. There is a need to introduce
automated control systems that are able to adapt to changes in operating conditions and
ensure timely detection of anomalies.

Therefore, the problem requires a holistic approach that combines materials
science, electrical engineering and computer science to create an adaptive control
system capable of integrating the latest technologies and algorithms. This will not only
improve the quality of cable and wire products, but also ensure the safety of electrical
systems in the conditions of modern industrial operation.

The work of Li, Zhang, Grzybowski and Liu (2012) investigates the
characteristics of moisture diffusion in oil-paper insulation, which is important for
understanding the terministic properties of insulating materials [1]. The results of this
study help to assess the effect of humidity on electrical performance, which, in turn,
affects the reliability of connections.

Lundgaard, Lillevik and Liland (2007) focus on the verification of the state of
paper in transformers, which indicates the importance of material control in electrical
systems [2]. This study highlights the need for regular inspections of the condition of
insulation materials to ensure their durability.

Ahmed E.B. Abu-Elanien & Salama M.M.A. (2010) present asset management
techniques for transformers, emphasizing the importance of a systematic approach to
condition monitoring [3]. They note how timely diagnosis and maintenance can reduce
the risks of defects.

A study conducted by Wang C., Bi Z.M. and Xu L.D. (2014) that analyzes the
role of 10T and cloud technologies in design automation proves that the integration of
the latest technologies can significantly increase the efficiency of production processes
[4]. These technologies are already being used to improve monitoring of transformer
parameters.

A study by Bi et al. (2017) in the context of IoT systems for communication by
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robotic teams highlights the need to integrate adaptive algorithms into industry [5].
This further defines the role of automated systems in managing workflows.

Further research by Bi et al. (2014) on IoT in modern manufacturing enterprises
demonstrates how modern technologies can affect product quality due to the
implementation of adaptive control systems [6].

The article by Bi Z.M., Pomalaza-Raez C. and others (2014) discusses the
implementation of adaptive machines to achieve systemic adaptability, which is
essential for improving production techniques through the integration of new
algorithms [7].

Cochran et al. (2017) analyze the design structure of production systems, proving
that methods based on adaptive approaches can improve production results [§].

Bi ZM. & Zhang W.J. (2000; 2001) deserve attention because of their
contributions to the development of modular robotic configurations and modularity
technology in industry, further illustrating the importance of adaptive methods in
enabling manufacturing flexibility [9].

All the above studies indicate the need to develop automated control systems
using mathematical models and adaptive algorithms to increase the parameters of
safety and reliability of electrical connections, especially under the influence of
variable temperatures and electrical loads.

The article is aimed at modeling the parameters of inter-unit electrical connections
and developing on this basis an adaptive control process system that provides accurate
monitoring of the insulation condition, taking into account the influence of temperature
conditions and electrical loads.

In accordance with the set goal, a number of tasks have been identified that will
be implemented:

— to perform a study of the influence of temperature changes on the process of
heating insulating materials under the influence of electric currents;

— to analyze the problems associated with the flow of currents of higher harmonics
and their impact on the electrical characteristics of cables;

— to develop a mathematical model for determining the electrical resistance of
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interblock electrical connections.

Main text.

Monitoring the insulation condition of inter-unit electrical connections is a critical
element in ensuring the reliability and safety of modern electrical systems. Therefore,
the article discusses the determining factors that affect the quality of insulation
materials, in particular temperature conditions and electrical loads.

One of the main problems is the influence of higher harmonics and load currents,
which can cause overheating of the insulation and, as a result, its degradation. To study
the thermal process, which is of a random nature, the analysis of statistical data of
various heating factors was carried out: load current, reverse sequence current of the
fundamental frequency, currents of higher harmonic components, smoothed over the

time interval A¢=4-T, during the observation period.

The appearance of currents of higher harmonics is due to the connection of electric
receivers with a nonlinear volt-ampere characteristic of its own conductivity, as well
as the presence of higher harmonics of the supply voltage in the connection points of
the linear load.

Most of the electrical receivers of the low-voltage network, including non-linear
ones, are single-phase load, and the network is made three-phase with a neutral wire.
Thus, currents of all higher zero-sequence harmonics will flow in the neutral wire, the
peculiarity of which is the absence of phase shift, as well as forward and reverse
sequence currents caused by the uneven load of phase conductors when single-phase
nonlinear electric receivers are connected to them.

As a result, in addition to heat proportional to the amount of active power losses
and released in the case of flow of the fundamental frequency current through
interblock electrical connections, heat is also released due to losses from currents of
higher harmonic components in phase conductors, and heat from the flow of current
through the neutral wire, which occurs due to currents of higher harmonics of zero
sequence.

In the case of alternating current, there are losses both in the conductor where the

current flows and in the insulation and in the protective metal sheaths. Additional losses
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in the conductors of interblock electrical connections at alternating current are
explained by the surface effect. In connections with a large number of cores, there is
an additional increase in resistance compared to DC resistance due to the proximity
effect due to the influence of the cores on each other.

The electrical resistance of the conductor per unit length of the interblock
electrical connection at alternating current is determined according to the formula that

takes into account the surface effect and the effect of proximity [11]:

R =R, -(I+y,+ys), (1)
where y, is the coefficient that takes into account the surface effect; y; — a coefficient
that takes into account the effect of proximity; R, is the value of the resistance of the

conductor during the flow of direct current.
The value of the electrical resistance of the core per unit length of the cable during
the flow of direct current is determined by the formula [12] in ohms:

:(]+k0)-l-p20
e S

oHC

-(1+a20(T9,C —20)), 2)

where p,,1s the value of the electrical resistivity of the core material at 200°C; / -
length of the core; S, — cross-sectional area of the core, mm2; «,, — temperature

coefficient, which takes into account the increase in the resistance of the core material;

T, - the maximum value of the operating temperature of the cable core; k, 1s the

twisting coefficient, which takes into account the length of the wires from which the
core is twisted (usually it is 0.03—0.05).
Let's calculate the coefficient that takes into account the surface effect using the

formula [12]:

4
X

I 3
Y924 0.8x" ®)

ﬁ'f.]0—7

HC—

where x” = -k, f 1is the frequency of alternating current,

k, 1s a coefficient that depends on the design of the conductive core and is

n

determined according to [13].
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Formula (3) can be used if the surface effect is weakly expressed. Its criterion is

x, <2.8. The value y, for the number of cores in cables equal to three or four is

determined by the formula:

2 2
¥s=753 ng (chJ 4“8 +0,312(—d;cj , (4)
+0.83; — Y1027
| 192+0,8x] |

where /4 is the value of the distance between the axes of the conductors, d . is the

diameter of the conductor.

S-rm-f | _
X5 = = 107 kg, (5)

Formula (5) can be used if the effect of proximity is weakly expressed, i.e., when
xX5<2,8
Let's determine the value of the active resistance of the conductor of the interblock

electrical connection to the currents on the n —ii harmonic (R)) at according n>3 to

the formula [13]:

R, =R,.-(0.187+0,532-n), (6)
where R, is the value of the resistance of the conductor of the interblock electrical

connection to the currents at the fundamental frequency, 7 is the harmonic number.
Let's determine the value of the released heat that occurs when non-sinusoidal

currents flow through the phase conductors according to the formula:
40
de)asH:IIZ'R]_an:Z[j.Rn’, (7)
where [1,,1, are the currents of the fundamental frequency and higher harmonics,
R,iR, are the values of active resistances at the fundamental frequency and higher

harmonics of the current.
In the case of a nonlinear symmetrical load, currents of higher harmonics flow in
the neutral conductor, which are multiples of three. The amount of heat that is released

in this case is:
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ZpHy,, =3- zn:3,9,15...15 ‘R, (8)

where /, is the magnitude of the phase current that is created by harmonics in multiples

of three.

For the case of a nonlinear and asymmetric load, when calculating the value of
active power losses in the neutral wire, it is increased by three times the value of the
square of the zero sequence current multiplied by the value of the zero sequence

resistance.

dazn
Let's determine the total active power losses in the core of each phase [ > ] as

the total losses at the fundamental frequency and at higher harmonics:

b
X =R b =1 R T IR, ©)

where is the harmonic number.n

To calculate the amount of active power loss at higher harmonics, harmonics from
2 to 40 are taken into account. For these voltage harmonics, normally permissible and
maximum permissible values of the coefficients n — x of harmonic components are set.

We will set the current at higher harmonics as a percentage relative to the
fundamental frequency current. Let's denote this coefficient K.

Let's present the components of formula (9) using the coefficient K, and values
R, according to [14]. We get:

b

'S or2p, +2(K 1) R, (0,187 +0,532-\/n). (10)

Let's perform the necessary transformations so that the expression (10) takes the

form:

r/)a3n

S =17-R 1(1+§(K1,,)2-An] (11)
n=2

where 4, =0,187 +0,532-/n.

Taking into account the assumption that the load is symmetrical, and the harmonic
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spectrum in each of the conductors is the same, currents of higher harmonic

components of order (n =6k—3 ) , as well as a constant component of the current, which

can be neglected, will flow through the neutral conductor. It should also be noted that
the value of these currents in the neutral wire will be 3 times higher compared to the
values of the currents of the higher harmonic components for similar orders in the phase
conductors. These currents are the cause of active power losses in neutral wire, which

are equal to:

p™ 40 3 .
= 3-1 ) -R™,
Y= 2 (L) R (12)
n=3,9,15...

where R™ is the value of the active resistance of the neutral core at higher harmonics

of the current.
Taking into account the accepted notations, the formula (12) will take the form

nyrl 40 40

2 Hyn _ 2 HYI 2
z 9. n:%;_j (Kln .]1) R™ .4 =9.]7 . R n:;{“_j (Kln) ‘A (13)
n=3,9,15.. n=3,9,15..

where R;” is the value of the active resistance of the zero core at the fundamental

frequency.
Let's determine the total active power losses in the zero and phase conductors

using the formulas:

Gazn HYTL 2 40 2 2 HYT 2
P.=3 Pl 4 P —3.17 . R (1+Z (k) )+91 R". Y

n=6k-3
n=3,9,15..
(14)
40 2 RHyfl 40 2
=317 R | 1+ 3 (K, ) -4, +3 L (K, ) -4, [=3-17-R,-K,
n=2 ] n=0k-3
n=3,9,15...

To determine the insulation temperature of the cable cores, we will bring the
thermal problem to the electrical problem and perform further calculations for the
electrical circuit. Let's write down the law that describes the process of heat transfer

("Ohm's thermal law") [15]:
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AT= P-S, (15)

where AT is the temperature difference between the points of the isothermal surfaces
of the cable or the environment; P — the value of the heat flux passing through the
isothermal surface, W; S 1is the value of the thermal resistance of the cable element
and the environment, K/W.

To determine the temperature, it is necessary to identify the heat sources in the
cable, as well as the values of the thermal resistances of structural elements.

To determine the correction factor, we use an analytical method based on the
concept of equivalent current, which is the reduction of four heat sources (3 phase cores
and zero) to three phase cores [15].

Based on the sufficient accuracy of the equivalent conversion, we will use the
expressions to calculate thermal resistance for three-phase cables with sector
conductors and belt insulation [16].

The value of the thermal resistance between the core and the sheath ('§;) for

three-core cables with sector cores and belt insulation is determined according to the

formula:

pT 3-1 da
S, =tL.3.| 1+ ! :
' on ( 27r-(dx+t)—tj n(z-rlj (16)

where p, is the value of the thermal resistivity of the insulation, K-m/W; d, — core
diameter, mm; 7, — radius of the circumference described around the cores, mm; d
— diameter of the round core with the same cross-sectional area and degree of
compaction as the shaped core, mm; ¢ — thickness of insulation between the core and
the sheath, mm.

The thermal resistance between the shell and the armor is defined as:

Pr 2-t,
S,="-In| I+ , 1
b af1:25)

T S

where ¢, 1s the thickness of the pillow under the armor, mm; D, is the value of the

outer diameter of the shell, mm.

The thermal resistance of the outer protective coating is:
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s, =Ly (18)
2r Da

where ¢, is the thickness of the protective coating, mm; D, — outer diameter of armor

(for unarmored cables, the outer diameter of the element, which is usually located
directly under the armor, i.e. sheath, shield or pillow), mm.
To calculate the thermal resistance of the environment for an insulated cable, we

use the dependence:

(19)

where L is the distance from the surface of the product to the cable axis, mm; D, —

outer diameter of the cable, mm.
Let's draw up a thermal substitution scheme, according to which we will calculate

for a four-core cable (Figure 1).

Rice. 1. Thermal diagram of a four-core cable

For a three-core cable with a neutral wire, made along the cable sheath, it is not
necessary to make significant changes to the thermal circuit (Figure 2). Let's add at
point 2 the component of active power losses in the cable sheath. The heat release
power in the phase core is proportional not to the square of the equivalent current, but

to the square of the RMS value of the flowing phase current.
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Rice. 2. Thermal diagram of a three-core cable

The heating of conductive conductors and other cable elements is proportional to
the square of the current flowing through the cable. Therefore, a decrease in current by
a certain amount causes a reduction in losses in the active resistances of the cable in
proportion to the square root of the current decrease value, and in accordance with this

value, there is a decrease in the temperature of all cable elements. /, can be determined
by the following formula:

1, =K1y, o0 (20)
where K, 1s the coefficient of current load reduction; /,, ,, 1s the long-term allowable

current value for the cable in question. Based on this, let's transform the formula (14),

it takes the form:
P.=3-(K,-1,) R,-K,, (21)
The resulting formula provides a determination of losses taking into account the
impact of cables laid in one place.
Let's determine the insulation temperature of the core for a four-core cable using
the formula:

T =P, S, +3-P (S, +S;+8,)+z (22)

OKp, Cp
Let's use the exponential Arrhenius equation to determine the decrease in service

life (V) due to thermal aging. This equation allows you to determine the amount of
reduction in the standard service life of equipment (¥, ) in case of reaching a certain

value of activation energy, which depends on temperature.
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1 1
Vv =V .exp|-K |————|]|, 2
HC HOM p[ a (0 0 ]J ( 3)

where 6, is the value of the msulation temperature for the nominal mode, K; 6,. —

the value of the insulation temperature in the presence of higher harmonic components,

K; K, is a coefficient proportional to the activation energy, K.

Let's determine the coefficient that is proportional to the activation energy

according to the formula:
K, =—<, (24)

where E, is the activation energy, J/mol; R=8,31/4 J/(K'mol) is a universal gas

constant.
For the operating temperature range, the expression (23) with a sufficient degree

of accuracy should be approximated using the simpler Montsinger equation:

V=V, e’ (25)

HOM

is the value of additional heating of the insulation, f = 2 is

where 4t =0 -0,
At

062iC.00N.

the aging coefficient of the insulation.

At a temperature equal to the long-term permissible temperature, thermal wear
should be considered normal for the most heated insulation point. If the permissible
temperature is exceeded for a long time, then the thermal aging of the insulation will
occur more intensively. At the same time, the higher the temperature relative to the
long-term permissible temperature, the more the insulation will wear. If the
temperature exceeds the maximum allowable, this leads to irreversible damage to the
insulation, and then to its breakdown.

The maximum insulation temperature of power cables, taking into account the
influence of currents of higher harmonic components, can be determined according to
the compiled thermal substitution schemes and according to the calculation of the
maximum core temperature according to the expression (19). To apply this method,
information about the design features of the cable is required. It is also necessary to

know the real values of the thermal conductivities of all elements.
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If there is no information for the use of thermal replacement schemes, then when
loading the cable in nominal mode and in the absence of higher harmonic components,
the value of the most heated point equal to the long-term permissible temperature
should be accepted, while the spectrum of current harmonics should be considered
unchanged. Next, in the nominal cable loading mode and in the arbitrary non-sinusoidal

mode according to the formula (19), we write down the system of equations:
AT =P (S, + 3-(S,+8;+ 5,)),

26
Arz@h@ﬁd(&+&+&», (20)

oHC

where 477" and Az . is the value of the excess temperature of the cable core over the

ambient temperature.

If we divide the first equation of the system (26) by the second, we get the ratio
of the excess temperature of the cable core in nominal and non-sinusoidal modes,
which can be used to determine the temperature of the core in an arbitrary non-

sinusoidal mode:

_ 12 P oic HOM
Toe = k3,[ ) PHOM ) AT.’){C + To;cp.ceped.’ (27)
e

In the first component of the formula, (27) Az>" determines the excess of the

: : . P, .
conductor insulation temperature for the nominal mode, and the product ki ;=218

HOM
HC

an increasing coefficient, indicating how much the temperature exceeds the nominal
temperature in the presence of higher harmonic components in the current. With the
help of this formula, it is possible to calculate the temperature of the cable core, and
then, using the expressions (23-25), it is necessary to determine the service life of the
insulation.

The study confirms that monitoring the insulation condition of inter-unit electrical
connections is a complex task that requires an integrated approach. Taking into account
the influence of temperature, higher harmonics and electrical loads on insulating
materials is necessary to ensure their reliability and safety in operation. The

mathematical models that are given in this article show a method for assessing thermal
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characteristics, which allows you to predict the wear of insulation and estimate its
service life. The determination of maximum allowable temperatures and active losses
clearly illustrates the need to integrate mathematical models and adaptive algorithms
into control systems, which contributes to increasing the accuracy of monitoring and
the ability to prevent defects. This, in turn, emphasizes the importance of developing
an automated control system using mathematical models and adaptive algorithms to
maintain the high quality of cable and wire products in modern production.

Conclusions.

A detailed analysis of the influence of temperature conditions and electrical
characteristics on the insulation state of interblock electrical connections has been
performed.

It has been determined that load currents, reverse sequence currents of the
fundamental frequency and higher harmonics have a significant impact on the heating
of insulating materials. Studies confirm that these factors can lead to insulation
degradation, which, in turn, reduces the reliability of electrical systems.

It has been established that higher harmonics of harmonic currents cause
additional losses of active power, which negatively affects the thermal regime of
insulating materials. Mathematical models developed in the process of research make
it possible to obtain an accurate estimate of the electrical resistance of insulating joints
under conditions of altered loads and temperature fluctuations.

The importance of monitoring the integrity of electrical connections is confirmed
by the correctness of the results obtained, which indicate the need to comply with
established standards in production processes. It is recommended to more actively
implement mathematical modeling and adaptive control methods, which will improve
the quality of final products and reduce the likelihood of defects.

The results of the study indicate the need to integrate the latest modeling
technologies and adaptive algorithms into insulation control systems for inter-unit
electrical connections. Improving technological processes in this area has a potential
impact on increasing the productivity and reliability of cable and wire products in

modern production.
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Mamemamuuroi Mooeni, ika 003601A€ OYiHUMU eNeKMPUYHULI ONIP MA MEPMIYHI XAPAKMEPUCTIUKIY

i3onayii. Mooenv 8paxo8ye pi3HOMAHIMHI (aAKmMopu, wo 6NAUBAIOMb HA CMAPIHHA Mamepianis, i
00380.J151€ MOYHO NPOSHO3YBAMU IXHINl CMAH N0 OI€I0 308HIWUHIX YMO8. Y pe3yibmami 00Cai0NCeHHs.
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NIOKPECIIOEMbCS  BANCIUBICIb MAMEMAMUYHOI MOOeNi Ol 6UAGNIeHHs MA OYIHKU MONCIUBUX
dezpadayitiHux npoyecié y I30IAYIUHUX MAMepianax, wo MOICYMb NPU3BOOUMU 00 3HUNCEHHS
HaoditHocmi  eleKmpudyHux 3’'€OHanb. Ompumani  pe3yiomamu  CMUMYTIOIOMb  NOO0ANbULe
BNPOBAOICEHHSI  BIONOBIOHOI  ABMOMAMU308AHOI  CUCMEMU  KOHMPONIO 3  BUKOPUCMAHHAM
MamemMamuyHoi Mooeni napamempis eleKmpudHux 3 €OHaHb HA  3A68ePUIATIbHOMY  emani
8UCOMOBIIEHHS Kabento, Ni0SUWYIOUU 3a2albHUll piGeHb AKOCMI ma be3neKu npooyKyii.

Knrwowuosi cnoea: Kabenbrno-npogioHuxosa npooyKyis, MinicOIOK08I eleKmpudti 3 €0OHAHHA,
cman  13014yii, KOHMpONb SAKOCMI, HAOIUHICMb, CMPYMU HABAHMANCEHHS, BUWI 2APMOHIKU,
NOMYIAHCHICMb, YINICHICMb eIEKMPUYHO20 TAHYI02A, eIeKMPUYHT 8Mpamu, memnepamypHi pesicumu,
MamemamuyHi Mooeri.
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