
Electrical Engineering & Electromechanics, 2024, no. 1 51 

© A.A. Shcherba, O.D. Podoltsev, N.I. Suprunovska, R.V. Bilianin, T.Yu. Antonets, I.M. Masluchenko 

UDC 621.365.51 https://doi.org/10.20998/2074-272X.2024.1.07 
 

A.A. Shcherba, O.D. Podoltsev, N.I. Suprunovska, R.V. Bilianin, T.Yu. Antonets, I.M. Masluchenko 
 

Modeling and analysis of electro-thermal processes in installations for induction heat 
treatment of aluminum cores of power cables 
 
Introduction. The development of the electric power industry is directly related to the improvement of cable lines. Cable lines meet 
modern requirements for reliability, they are increasingly used. Problem. Currently, power cables with an aluminum multi-conductor 
core, which requires heat treatment - an annealing process at the stage of the technological manufacturing process, are widespread. 
This process makes it possible to desirably reduce the electrical resistance of the wire and increase its flexibility. For effective use of 
induction heating during annealing of an aluminum core, it is necessary to determine the optimal frequency of the power source of the 
inductor. Considering the long length of the inductor and the large number of its turns, the numerical calculation of the electromagnetic 
field, which is necessary for calculating the equivalent electrical parameters of the turns of the inductor and its efficiency, requires 
significant computer resources. The goal is to develop a computer model for calculating electro-thermal processes in an induction plant 
for heating (up to the annealing temperature) an aluminum core of a power cable moving in the magnetic field of a long multi-turn 
inductor, as well as obtaining frequency dependences of the equivalent R, L parameters of such an inductor and determining the optimal 
the value of the frequency of the power source, which corresponds to the maximum value of the electrical efficiency of the inductor. 
Methodology. The mathematical model was developed to analyze the coupled electromagnetic and thermal processes occurring in a 
core moving in a time-harmonic magnetic field of an inductor at a constant speed. The differential equations for the electromagnetic and 
temperature fields, taking into account the boundary conditions, represent a coupled electro-thermal problem that was solved 
numerically by the finite element method using the Comsol software package. For a detailed analysis of the electromagnetic processes in 
the inductor, an additional problem was considered at the level of the elementary cell, which includes one turn of the inductor and a 
fragment of the core located near this turn. Results. According to the results of the calculation of the electromagnetic field in the area of 
the elementary cell, the equivalent electrical parameters of one turn of the inductor and the entire multi-turn inductor were calculated 
depending on the frequency of the electric current. The frequency dependences of the electrical efficiency of the inductor were 
calculated. Originality. Taking into account the design features of the inductor (its long length and large number of turns), the 
method of multiscale modeling was used. Electro-thermal processes in the core were studied at the macro level, and the distribution 
of the electromagnetic field and electric current density in the cross-section of the massive copper turn of the inductor was calculated 
at the micro level – at the level of an elementary cell containing only one turn of the inductor. The frequency dependences of the 
equivalent R, L parameters of the inductor, taking into account the skin effect, the proximity effect, and the geometric effect, were 
obtained, and the quantitative influence of the electric current frequency on these effects was studied. Practical value. The dependence 
of the electrical efficiency of the inductor on the frequency of the power source was obtained and it was shown that for effective heating 
of an aluminum core with a diameter of 28 mm, the optimal value of the frequency is in the range of 1–2 kHz, and at the same time the 
electrical efficiency reaches values of ηind = 0.3–0.33, respectively. References 31, figures 10, table 1. 
Key words: electromagnetic processes, induction heat treatment, aluminum conductive core, power cables, multiscale 
modeling, current frequency, inductor efficiency. 
 
У роботі досліджено електромагнітні та теплові процеси в установках індукційного нагрівання алюмінієвої жили силових 
кабелів та умови реалізації технологій її відпалювання. При математичному моделюванні вказаних процесів ураховано такі 
конструктивні особливості індуктора, як його значна довжина і відповідно велика кількість його витків, що викликало 
необхідність використати метод мультимасштабного моделювання. При цьому на макрорівні розраховувались електротеплові 
процеси в жилі, що рухалась у магнітному полі індуктора, а на мікрорівні (тобто на рівні елементарної комірки, що має лише 
один виток індуктора) визначався розподіл електромагнітного поля та густини електричного струму в перерізі масивного 
мідного витка індуктора з урахуванням особливостей його конструкції. На обох рівнях у роботі використовувався чисельний 
метод скінченних елементів, реалізований в пакеті програм Comsol. За результатами розрахунку електромагнітного поля на 
рівні елементарної комірки, отримано частотні залежності еквівалентних R, L параметрів індуктора із урахуванням скін-
ефекту, ефекту близькості та геометричного ефекту. Досліджено кількісний вплив частоти електричного струму на ці 
ефекти та отримано залежність електричного ККД індуктора від частоти джерела електроживлення. Показано, що для 
ефективного нагрівання алюмінієвої жили діаметром 28 мм оптимальне значення частоти знаходиться в діапазоні 1–2 кГц, в 
якому електричний ККД може досягати значень ηind = 0,3–0,33. Бібл. 31, рис. 10, табл. 1. 
Ключові слова: електромагнітні процеси, індукційна термообробка, алюмінієва струмопровідна жила, силові кабелі, 
мультимасштабне моделювання, частота струму, ККД індуктора. 
 

Introduction. For a long time, innovative research 
and development in the domestic electric power industry 
was aimed at the development of decentralized local 
Microgrid electrical systems [1–4], which use dynamic 
regulation of the power balance of distributed sources of 
electricity in conditions of non-stationary consumption by 
industrial and residential complexes and objects without 
taking into account electrophysical features of structural 
elements of cable and conductor products of overhead [5] 
and cable power transmission lines (PTLs) [6–8]. 

In the 21st century, the industrialized countries of 
the world began to use self-supporting insulated wires 

(SIWs) with a reinforced current-conducting core made of 
electrotechnical alloys of the «TA» brand (hard 
aluminum) and nanomodified («cross-linked») 
polyethylene (LPE) insulation in overhead power lines. In 
Ukraine, YUZHCABLE WORKS, PJSC, Kharkiv, 
Ukraine was the first to master the industrial production 
of SIWs [5]. Their implementation in single-phase and 
three-phase PTLs with voltage of up to 1 kV made it 
possible to twist phase and neutral wires into one bundle, 
which reduced the running inductance and voltage drop 
several times. The land acquisition area for the 
construction of PTLs has significantly decreased, and 
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their repair and maintenance has been simplified. In such 
PTLs, short circuits do not occur during bad weather and 
other external influences, which increased the safety and 
reliability of power supply systems of responsible energy 
consumers [5]. A significant reduction in the inductance 
of overhead PTLs with SIWs even led to the appearance 
of studies on the feasibility of using capacitive reactive 
power compensators in them [9]. 

YUZHCABLE WORKS, PJSC also mastered the 
serial production of innovative domestic power cables 
with three-layer LPE insulation and mainly aluminum 
core, which ensured the intensive development of the 
construction and use of underground cable PTLs in 
Ukraine with voltage of up to 330 kV and power of 
hundreds to thousands MVA, which are more reliable and 
protected from any external influences [7] than overhead 
PTLs even with SIWs [5]. Moreover, in the production of 
current-conducting cores of cables, alloys of the «TA» 
brand are also mostly used. 

However, the problem of speeding up work on 
restoration of power supply of critical infrastructure 
objects using undamaged cable channels and trays is 
currently intensifying in Ukraine, for the solution of 
which it is desirable to use cables with a core of increased 
plasticity and current conductivity. 

Modern power cables with LPE insulation and 
multi-wire copper core have the highest plasticity and 
specific electrical conductivity [10–12]. Such cables are 
used in power systems of many countries of the world. 
But the lack of own copper deposits in Ukraine and the 
high price of its import limit the possibility of its wide use 
in the domestic electric power industry. 

In our country, power cables with a copper current-
conducting core are mainly used in pulse electrical 
engineering, in particular in the discharge circuits of 
linear [13] and nonlinear [14] capacitive electricity 
storage devices of electric discharge units for the 
implementation of pulse spark plasma processes of 
obtaining micro- and nanopowders with unique properties 
[15, 16]. To reduce the inductance of such circuits and 
obtain high dynamic parameters in them, the reverse pulse 
current can flow through the copper screen of the cables, 
that is, ordinary power cables can be used as coaxial. 

In the electric power industry of Ukraine, modern power 
cables with LPE insulation and twisted and compacted 
aluminum multi-wire core are mostly used [7, 17]. To 
improve the plasticity and specific conductivity of such a 
wire, it must be «annealed», that is, subjected to a special 
heat treatment at temperature of about 420 °C for certain 
time, and then slowly cooled to bring the structure of 
aluminum products closer to an equilibrium state [18]. 

The practical and economic efficiency of using the 
«annealing» technology to improve the operational 
characteristics of aluminum conductive cores has already 
been confirmed by the authors of the article earlier when 
implementing the technology of passive heating of an 
aluminum core wound on a metal drum. Its passive 
heating was carried out from electric heaters located 
together with the core in a common thermal chamber. 
Currently, this technology of «annealing» of the 
aluminum core is used at YUZHCABLE WORKS, PJSC 
in the technological lines of serial production of modern 

low-voltage cables with aluminum core of increased 
plasticity and electrical conductivity.  

However, in the technological lines of industrial 
production of modern domestic power cables for medium 
and high voltages, induction heating to 60–95 °C of the 
surface of the moving aluminum core of the cables with 
high-frequency current is already used to improve the 
quality of applying three-layer LPE insulation to it [7]. 
Therefore, it was important to evaluate the effectiveness 
of using induction units in such lines not only for 
relatively low-temperature heat treatment of the surface of 
aluminum cores, but also for increasing their plasticity 
and specific current conductivity. 

In this work, a multi-turn inductor of small diameter 
(comparable to the diameter of the cable core) and 
relatively long ( 2 m) was investigated, in the harmonic 
magnetic field of which the cable core was moving. The 
electrical parameters of the inductor and the high-
frequency power source were chosen in such a way that 
the core temperature at the output reached 420 °C. 

Various modes of induction heat treatment of 
conductive materials and products were studied in 
numerous scientific publications [19-27]. In particular, in 
the publication of scientists of the world manufacturer of 
modern cable and wire heating systems Inductotherm 
Group Company [22], innovative inductor systems for 
simultaneous effective heating of single-conductor and 
multi-conductor cores of cables with justification for 
choosing the optimal frequency were investigated. The 
possibility of induction heating of conductors with 
diameter of 1.27 to 15.75 mm at power source frequency 
of 10 to 800 kHz is considered. 

The article [23] shows ways to optimize induction 
heating using two types of inductors – flat and solenoid 
based on litz conductors. The optimal frequency for 
obtaining the maximum electrical efficiency was 
determined. It is shown that with fixed geometry and 
other system parameters, the efficiency of induction 
heating depends on the volume of copper in the windings. 
Experimental verification of the obtained results was 
carried out. 

In [24], a transient electromagnetic-thermal model of 
induction heating of ferromagnetic materials was solved, 
taking into account their nonlinear dependencies (in 
particular, B(Н, T)) and using the Finite Element Method. 
The multiphysics modeling strategy consisted in the fact 
that the electromagnetic problem was solved for fixed 
isothermal temperature fields, and the thermal problem was 
solved for the fixed heat of the heating source. The results 
of computer modeling of a ferromagnetic sample in 
a cylindrical inductor (with internal diameter of 50 mm and 
5 turns) were confirmed by experimental studies of 
induction heating of material samples at three heating rates. 

In the publication [25], the authors, using the Finite 
Element Method, conducted multiphysics modeling and 
experimental verification of the temperature distribution 
depending on the current frequency of the induction 
heater. A feature of the work is the manufacture of an 
inductor from a wire of the Litzendrat type and the use of 
relatively high frequencies from 15 to 25 kHz. 

In [26], a study was conducted on the influence of 
the power of the induction heater, the feed rate, and the 



 

Electrical Engineering & Electromechanics, 2024, no. 1 53 

diameter of the AISI 4140 steel sample on the 
temperature distribution in the samples depending on the 
diameter (7 mm, 14 mm, 21 mm, and 28 mm). An 
inductor in the form of a spiral coil with internal diameter 
of 5.8 cm was used, which heats the test sample in the 
temperature range from 492 °C to 746 °C. Two stages of 
heating are implemented – the first stage with 
ferromagnetic properties of the sample, and the second 
stage, when due to exceeding the Curie temperature, the 
sample becomes paramagnetic. 

In the publication [27], the authors experimentally 
investigated the temperature distribution, heating rate, 
overheating, and temperature fluctuations of a 
commercial rod made of aluminum alloy 6061 with 
diameter of 10 mm and length of 1.5 m, with an analysis 
of the influence of heat treatment modes on the 
mechanical properties of the alloy. It is shown that the 
sample after induction heating to temperature of 560 °C 
has better mechanical properties compared to the sample 
heated in a conventional electric furnace. 

One of the most important parameters of the 
efficiency of induction heating is the frequency of the 
power supply current of the inductor, at which its electrical 
efficiency reaches its maximum value. This frequency 
depends on many factors – the cross-sectional dimensions 
of the inductor turns, its overall dimensions and the air gap 
between the inductor and the core, as well as the material of 
the current-conducting core of the cables, its dimensions 
and other characteristic parameters. Considering the long 
length of such an inductor and, accordingly, the large 
number of turns (~ 100), the numerical calculation of the 
electromagnetic field and efficiency based on it, taking into 
account the geometric dimensions of the massive turns of 
the inductor in such a structure and the inhomogeneity of 
the electric current distribution in their volume, requires 
significant computer resources. 

Features of simplifying computer calculations of the 
electromagnetic field and determining the efficiency in 
such systems were not considered in the above 

publications. In this article, to simplify calculations, the 
method of multiscale modeling [28–30] is used, which is 
based on the concept of an elementary cell containing 
only one inductor turn and a small core fragment located 
near this turn. At the same time, the action of the end 
effects in the inductor was not taken into account, because 
with its long length, they have a weak effect on the 
integral electromagnetic characteristics and the final value 
of the core temperature at the output of the inductor. 

Thus, according to the multiscale modeling 
approach, the field problem was considered in the area of 
an elementary cell containing only one massive inductor 
turn and a core fragment. The equivalent R, L parameters 
of this cell were calculated as a function of the frequency 
of the power source, and then these results, by 
periodically repeating this cell, were transferred to the 
entire design of the inductor of the electro-induction 
heating installation. 

The goal of the article is to develop, based on the 
method of multiscale modeling, a computer model for the 
analysis of electro-thermal processes in an induction plant 
for heating a moving aluminum core of a power cable to 
quantitatively assess the effectiveness of using such plants 
in existing industrial technological lines for the 
production of modern cables to increase the plasticity and 
specific conductivity of their aluminum cores. 

One of the most important tasks was to obtain the 
frequency dependencies of the equivalent R, L parameters 
of such an inductor, taking into account the irregular 
distribution of electric current across its cross-section, and 
using them to determine the optimal frequency of the 
power source, which corresponds to the maximum value 
of the electrical efficiency of the inductor. 

Research is aimed at assessing the possibility of 
achieving the goal in the industrial technological line of 
continuous application of modern three-layer cross-linked 
polyethylene insulation on the moving aluminum core of 
cables with voltage of up to 110 kV, which is serially 
manufactured by YUZHCABLE WORKS, PJSC. 

 
 
 
 
 
 

  
 

Power source 

Inductor 

Boundary of the calculation area 

Aluminum core

 
Fig. 1. Scheme of the physical model of the investigated installation for induction heating 

of the aluminum core of a power cable moving at constant speed v 

Mathematical model 
of analysis of coupled 
electromagnetic and 
thermal processes.
Figure 1 schematically 
shows the physical model 
of the investigated 
installation, which 
includes a relatively long 
water-cooled multi-turn 
inductor and an aluminum 
core of a power cable 
moving at constant speed ν
in the harmonic magnetic 
field of the inductor. When 
the inductor is connected
to a power or high-
frequency power source, 
induced electric currents 
arise in the core, and as a 
result of Joule heat release, 
it is heated. 
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A mathematical model for the analysis of coupled 
electromagnetic and thermal processes was constructed in 
the following approximation: 

1. The consideration of the electromagnetic process 
was carried out in a steady state in the frequency domain, 
when all field characteristics are complex quantities. The 
thermal process was considered in the stationary mode. 

2. In practice, the inductor is made of a copper tube 
and has a complex structure, which is conventionally 
shown in Fig. 1. However, at the first stage, when the 
main attention is paid to the thermal process in the core, 
the inductor can be considered as a multi-turn coil with 

given average electric current density iiii SNI=J / , 

where ii NI is the MMF of the inductor, and Si is its cross-

sectional area. In this expression and below, complex 
quantities are indicated by a dot above.  

3. The heated core is made of aluminum, is multi-wire 
and sealed. Its appearance and cross-section are shown in 
Fig. 1. The compaction coefficient reaches 0.96 and, as a 
result, it was considered solid in the calculations. Here, 
nonlinear dependencies of electrical conductivity, thermal 
conductivity, and specific heat capacity of its material on 
temperature were taken into account. 

4. Taking into account the approximately cylindrical 
shape of the inductor and the core located symmetrically 
relative to the inductor, the problem was considered as 
axisymmetric, in a 2D formulation in the cylindrical 
coordinate system r0z relative to the complex variable – 

the magnetic vector potential A (r, z), as well as the 
temperature T(r, z) in the calculation area shown in Fig. 1.  

This area contains three subareas – the inductor, the 
aluminum core, and the air surrounding these elements. 
The mathematical model that described the coupled 
electromagnetic and thermal processes included the 
formulation of electromagnetic and thermal problems, 
which are presented below. 

The electromagnetic process was described by a 
system of differential equations for the complex value of 

the magnetic vector potential A : 
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where σ(T) is the electrical conductivity of the core, 
which depends on the temperature, ω is the angular 
frequency of the current in the inductor, µ0 is the 
magnetic constant. 

As boundary conditions for the electromagnetic 
problem, the condition of symmetry with respect to the 
axis r = 0 and the condition of magnetic insulation on the 
outer boundary were set: 

0
.

CA .                                 (3) 

The coupling between the electromagnetic problem 
and the thermal problem was carried out with the help of 
two quantities – he Joule heat release in the core q and the 
nonlinear dependence of the electrical conductivity of the 
core σ(T). 

The thermal problem for the unknown temperature 
distribution T included the following differential equation 

of heat transfer due to the mechanisms of heat conduction 
and convection: 
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where ρ, Cp, λ are the temperature-dependent density, 
specific heat capacity, and thermal conductivity of the 
material of the corresponding environment; u = (0, v) is 
the speed of movement of the core; q is the specific power 
of the heat source due to the induction heating of the core 
by the induced currents. It was defined as 
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where Ajω=J   is the effective value of the induced 

current density; *
A  is the complex-conjugate magnitude 

of the magnetic vector potential. 
The following were taken as boundary conditions for 

the thermal problem: 
 on the axis of symmetry r = 0 – symmetry condition; 
 on the outer boundary of the calculation area, as well 

as on the inlet (in the direction of movement) boundary of 
the core, the temperature is equal to the ambient 
temperature T = T0; 

 only convective heat transfer was set at the outlet 
boundary of the core; 

 at the boundaries of the inductor, the temperature 
was assumed to be constant and equal to 70 °C, which is 
due to the presence of water cooling of the inductor turns. 

The differential equations for the electromagnetic 
field (1), (2) and the temperature field (4) taking into 
account the specified boundary conditions represented a 
coupled electro-thermal problem that was solved 
numerically by the Finite Element Method using the 
Comsol software package [31]. The temperature 
dependencies of the values ρ(T), Cp(T), λ(T) for the 
aluminum core was set according to the data of the 
material library of this code.  

Analysis of the results of the calculation of the 
electro-thermal problem. The following parameter 
values were used in the calculations. The dimensions of 
the calculation area are 4.5  0.2 m. The length of the 
inductor is 2 m, the inner diameter is 40 mm, the number 
of turns Ni = 50. The current in the inductor was chosen 
on the condition that the core temperature at the exit from 
the inductor is approximately equal to the annealing 
temperature for aluminum Tan = 400–430 °С, the current 
frequency in the inductor varied from 50 to 5000 Hz. The 
diameter of the core is 28 mm, the speed of its movement 
is v = 0.5 m/min. Ambient air temperature T0 = 20 °С.  

Isolines of the magnetic vector potential A (r, z) and 

the distribution of magnetic flux density  B  in the 

calculation area at current frequency of 50 Hz are shown in 
Fig. 2,a. The magnetic field is concentrated in the skin layer, 
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which at frequency of 50 Hz is =σf=δ )/(1 0 15 mm. 

Hence, Joule losses were allocated almost throughout the 
entire volume of the core, which led to its uniform heating 
throughout the thickness. 

The temperature distribution in the calculation area 
is shown in Fig. 2,b, and in Fig. 2,c – temperature 
distribution along the z axis on the axis of symmetry 
(lower curve) and on the surface of the core (upper curve) 
at current frequency of 50 Hz. 

 
 

 

a 
 

 

b 
 

 

c 
 

Fig. 2. Isolines of magnetic vector potential and distribution of 
magnetic flux density in the calculation area at current 
frequency of 50 Hz (a); temperature distribution in the 

calculation area (b); temperature distribution along the z axis on 
the axis of symmetry (lower curve) and on the surface of the 

core (upper curve) at current frequency of 50 Hz (c) 
 

As can be seen from the results of the calculation, 
the temperature is regularly distributed along the depth of 
the core due to the small diameter of the core. Also, the 
temperature increases in the section «input – output from 
the inductor» according to a linear law, reaching the 
required annealing temperature 420 °С at the output. 

The spatial distribution of the temperature at the 
output of the inductor is shown on a larger scale in Fig. 3. 
It should be noted that after leaving the inductor zone, the 
temperature distribution along the depth of the core does 
not become more uniform due to the cooling of the 
surface areas of the core. 
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Fig. 3. Temperature distribution at the output from the inductor 

 

To quantify the degree of irregular heating of the 
core along its depth, we can use the coefficient of 
temperature irregularity: 
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where Tmax, Tmin are, respectively, the maximum and 
minimum temperature in the radial section of the core at 
the exit from the inductor. For the studied case according 
to Fig. 2,c, the value of kT = 1.6 %. 

Electromagnetic problem at the level of an 
elementary cell – at the micro level. The electro-thermal 
problem discussed above does not allow for a detailed 
analysis of electromagnetic processes in the inductor due 
to its relatively large length – the length/diameter ratio 
is 50. For such an analysis, an additional problem at the 
level of the elementary cell was further considered. 

Figure 4 shows the structure of the inductor, which 
consists of massive copper coils made of a copper tube, 
which are cooled by a liquid pumped in this tube. Due to 
the long length of the inductor and the presence of a 
significant number of turns in its structure, an 
elementary cell was isolated, which included one turn of 
the inductor and a fragment of a core located near this 
turn (it is shown in Fig. 4 by a dotted line). 

 
 
 
 
 

 

G1 

G4
Elementary cell 

 
Fig. 4. Structure of a multi-turn inductor with a selected elementary cell 

 
At the same time, it was assumed that the entire 

structure of the problem can be obtained by periodically 
repeating this cell along the z axis, and the total number of 

such cells is equal to the number of turns of the inductor 
Ni. Here, the action of the end effects in the inductor was 
not taken into account, however, with its long length, 
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these effects have a weak influence on the integral 
characteristics, and accordingly on the final value of the 
core temperature at the output of the inductor. 

The dimensions of the inductor turns adopted in the 
calculations are shown in Fig. 4. It was assumed that all 
turns of the inductor are connected in series, and also that 
the core temperature in the cell region was equal to the 
average core temperature along its length of 220 С. 

Mathematical model of the electromagnetic problem 
in the area of the elementary cell in the approximation 
that the wire is stationary (the approximation of a small 
value of the magnetic Reynolds number) and assuming 
the validity of the axisymmetrical formulation has the 
following form: 

 in the are of the core –  
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where turnU  is the unknown voltage in the cross-section 

of the coil, which is calculated together with the magnetic 

vector potential A  at given value of the electric current in 

the coil turnI . Since all turns of the inductor are 

connected in series, this current is equal to the current of 

the inductor iI , which is considered set. 

The following boundary conditions were set for the 
electromagnetic problem (7)–(9): the symmetry condition 
with respect to the axis r = 0 at the boundary G1 (see 
Fig. 4), the condition of even symmetry at the lateral 
boundaries G2, G3, and the condition of magnetic 
insulation at the outer boundary G4 – 04

.
GA .  

Figure 5 shows the distribution of the magnetic field 
B , T (left) and the electric current density J , A/m2 

(right) calculated in the Comsol code, in the cross-section 
of the elementary cell at different electric current 
frequency f. The current in the inductor coil was assumed 
to be 1 A. 

The following effects can be seen from the presented 
figures: 
 skin effect, when the magnetic field and electric 

current are displaced onto the surface of the conductor; 
 proximity effect, when the presence of neighboring 

turns reduces the current on the side faces of the turn 
belonging to the cell; 
 geometric effect, when due to the cylindrical 

structure of the coil, the electric current increases on its 
inner surface and decreases on its outer surface. Figure 5 
shows how the manifestation of these effects increases 
with increasing frequency. 

 
a 
 

 
b 
 

 
c 

Fig. 5. Distributions of magnetic field (left) and density 
of electric current (right) in a cross-section of an elementary 

cells at the frequency of electric current: 
50 Hz (a); 1000 Hz (b); 5000 Hz (c) 

 
The distribution of the magnetic field in the inductor 

of a long length, which is studied in this problem, can be 
obtained by periodically repeating the pattern of the 
magnetic field for the cell – such patterns are shown in 
Fig. 6 for three values of the frequency of the power 
source. Note that this distribution will be valid for the 
internal areas of the inductor and will differ from the 
distribution in its end zones. But the use of such an 
approach, based on the calculation of the elementary cell 
field, allows to significantly simplify the problem of 
calculating the electromagnetic processes of long 
inductors, which is used in the task of induction heating 
of a power cable core. 
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Inductor turns 

Cable core 

 
a 

 
b 

 
c 

Fig. 6. Magnetic field distributions in inductor of large 
length at the frequency of electric current: 

50 Hz (a); 1000 Hz (b); 5000 Hz (c) 
 

Calculation of equivalent electrical parameters of 
one turn and multi-turn inductor as a whole. According 
to the results of the calculation of the electromagnetic field 
in the area of the elementary cell, the equivalent electrical 
parameters of one turn of the inductor as an element of this 
cell should be calculated depending on the frequency of the 
electric current. Here, the work uses a sequential replacing 
circuit of the turn (Fig. 7,a) and the multi-turn inductor as a 
whole (Fig. 7,b). 

 

 
a 
 

 
b 

Fig. 7. Serial replacement circuits of: one turn (a); 
multi-turn inductor as a whole (b) 

 

The replacing circuit of the multi-turn inductor with 
the number of turns Ni has the same structure as the circuit 

for the cell in Fig. 7,a, only the values of all parameters are 
multiplied by this number of turns Ni (Fig. 7,b). 

These circuits contain the active resistance of the 
coil )(indR , the active resistance of the core fragment 

)(coreR and the equivalent inductance )(eqL , where 

 = 2f is the angular frequency of the electric current. 
Marking these elements with a dash means that they 
belong to one turn of the inductor.  

The following expressions were used to calculate the 
frequency dependencies of these parameters: 
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where Sturn, Score, Scell are, respectively, the surface of the 
turn, core and elementary cell. 

Figure 8 shows the calculated frequency 
dependencies of these elementary cell parameters. The 
following can be concluded from them. 

 

 

f, Hz

 
a 

f, Hz

 
b 

Fig. 8. Frequency dependencies of the parameters of the 
elementary cell: the active resistance of the turn )(ωRind  

and the core fragment )(coreR  (a); the equivalent inductance 

)(eqL  (b) 

 

The equivalent resistance of the core at low 
frequency (< 50 Hz) approaches a small (zero) value, 
while the resistance of the winding )(ωRind  approaches 

the resistance at direct current. 
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Both resistances increase with increasing frequency 
and allow to calculate the electrical efficiency of the 
inductor as the ratio of losses in the core to the total losses 
– in the core and in the inductor. 

The equivalent inductance of the cell decreases with the 
greatest speed in the frequency range of 50 Hz – 1000 Hz, 
when the magnetic field is intensively displaced into the 
air gap. 

At higher frequencies, the inductance is caused 
mainly by the magnetic field in this gap and its decrease 
is significantly slowed down. 

The use of the multi-turn inductor replacement 
circuit (Fig. 7,b) allows, using the electrical circuit for the 
high-frequency power source, to calculate the electrical 
processes in the installation for induction heating of the 
core at different power source frequencies. 

Knowing the dependence of the equivalent active 
resistances of the turn and core on the frequency, it is 
possible to calculate the electrical efficiency of the 
inductor using the expression 

)()(

)(
)(





indcore

core
i RR

R




 .                (13) 

The results of calculating the efficiency of the 
inductor as a function of the frequency of the power 
source obtained using the calculated active resistances 
shown in Fig. 8 are presented in Fig. 9 with a solid curve. 

 

f, Hz

 
Fig. 9. Frequency dependence of the inductor efficiency as a 

result of the calculation for the elementary cell (solid curve) and 
for the inductor as a whole (marks ) 

 

It can be seen from this figure that the efficiency of 
heating the core at the power frequency is quite low, the 
electrical efficiency is equal to ηind = 0.028. The optimal 
value of the frequency is 1–2 kHz and at the same time 
the electrical efficiency is ηind = 0.3–0.33, respectively. 

Although the electrical efficiency increases slightly 
with further frequency increase, losses in the 
semiconductor elements of the power source also 
increase, and therefore recommendations for increasing 
the frequency f > 2000 Hz require additional research. 

The results of the calculation of the temperature 
field in the core at the optimal frequency of 1000 Hz 
show a uniform temperature distribution along the depth 
of the core at the exit from the inductor – the coefficient 
of temperature irregularity kT = 2 %. 

To verify the proposed computer model, built on the 
basis of the multi-scale modeling method, a 2D 
calculation of the electromagnetic problem was carried 
out for the entire calculation area, which includes a multi-
turn inductor with massive turns, an aluminum core and 

an air region in a generally accepted way. The resulting 
distribution of the lines of force of the magnetic field in 
the calculation area for current frequency of 1000 Hz is 
shown in Fig. 10. 

 

 
Fig. 10. Distribution of lines of force of the magnetic field in the 
cross-section of a multi-turn inductor at frequency of 1000 Hz 

 
According to the results of the calculation, the total 

losses in the inductor and in the core were determined, 
and on their basis the electrical efficiency of the inductor 
ηi(ω) was calculated. The results of these calculations are 
shown in Fig. 9 with marks . A comparison of the results 
of calculations obtained using the elementary cell (solid 
curve) and when considering the inductor as a whole 
(shown by the mark ) demonstrates the consistency of 
these results. At the same time, in order for calculation 
using the generally accepted method of the problem, the 
results of which are presented in Fig. 10, much more 
computer resources are required, and this is a feature of 
the calculation of relatively long inductors used in the 
technological processes of manufacturing current-
conducting cores of power cables. 

Table 1 shows the results of an experimental study 
of the characteristics of aluminum wire used at 
YUZHCABLE WORKS, PJSC in the manufacture of a 
conductive core, before and after the annealing process, 
realized by heating with electrodes in a special chamber 
with further exposure in a thermostat. 

Table 1 
Results of an experimental study of the characteristics of 

aluminum wire 

Material – an 
aluminum core

Tear 
resistance, 

N/m2 

Relative 
elongation, % 

Specific electrical 
resistance at 20 С, 

∙m 
Before 
annealing 177,9 2,0 2,8010–4 

After annealing 87,6 38 2,7710–4 
 

Increasing the plasticity of the aluminum core of 
power cables makes it possible to significantly speed up 
work on the restoration of PTLs of Ukraine in the war and 
post-war periods with the use of undamaged cable channels 
and trays and to increase the reliability of power supply 
systems of domestic critical infrastructure facilities. 

Increasing the specific electrical conductivity of the 
aluminum core of cables additionally allows either to reduce 
its cross-section, and accordingly the volume of all active 
materials in the construction of power cables, or to 
additionally increase the reliability of power supply systems. 

The results obtained in the article substantiate the 
expediency of creating an experimental model of the 
installation of high-frequency (1–2 kHz) induction heat 
treatment of the aluminum core of power cables at voltages 
up to 110 kV in order to clarify the technological and 
economic indicators of such heat treatment, in particular, 
when it is used in industrial lines of continuous application 
of modern three-layer cross-linked polyethylene insulation 
on the movable aluminum core of cables, which is serially 
manufactured by YUZHCABLE WORKS, PJSC, Kharkiv, 
Ukraine. 
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Conclusions. 
Mathematical and computer models were developed 

for the analysis of electro-thermal processes in the 
installation of induction heating of the aluminum core of 
the power cable to implement the technological process of 
annealing this core. Taking into account the design 
features of the inductor for the implementation of such a 
process (in particular, the long length of the inductor and 
a significant number of its massive turns), the method of 
multi-scale modeling was used in the work. 

Here, electro-thermal processes in the core were 
studied at the macro level, and at the micro level (that is, 
at the level of an elementary cell containing only one 
inductor turn and a core fragment) the distribution of the 
electromagnetic field and electric current density in the 
cross-section of the massive copper turn of the inductor 
was calculated, taking into account the features of its 
design. At both levels, the numerical Finite Element 
Method, implemented in the Comsol computer code, was 
used in the work. 

According to the results of the calculation of the 
electromagnetic field at the level of the elementary cell, 
the frequency dependencies of the equivalent R, L 
parameters of the inductor were obtained, taking into 
account the skin effect, the proximity effect, and the 
geometric effect, and the quantitative influence of the 
electric current frequency on these effects was 
investigated. 

The dependence of the electrical efficiency of the 
inductor on the frequency of the power source was 
obtained. 

The analysis of the obtained numerical results 
showed that during the induction heat treatment of a 
movable aluminum core with diameter of 28 mm and the 
flow of currents in the inductor with frequency of up to 
2 kHz, the efficiency of the heat treatment processes can 
exceed 30 % and temperature modes sufficient for 
annealing such a core without the use of a thermal 
insulation chamber can be realized. 

To verify the proposed computer model, built on the 
basis of the multi-scale modeling method, a 2D 
calculation of the electromagnetic problem was carried 
out for the entire calculation area, which includes a multi-
turn inductor with massive turns, an aluminum core and 
the surrounding air region in a generally accepted way. 
Comparison of the results of the calculations shows the 
consistency of the obtained results. At the same time, 
much more computer resources are needed to calculate 
the problem in a generally accepted way. 

The obtained results substantiate the expediency of 
creating an experimental model of the installation of high-
frequency (1–2 kHz) induction thermal annealing of the 
aluminum core of power cables to clarify the 
technological and economic indicators of its use in 
industrial lines of continuous application of modern three-
layer cross-linked polyethylene insulation on the moving 
aluminum core of cables at voltage of up to 110 kV, 
which are mass-produced by YUZHCABLE WORKS, 
PJSC, Kharkiv, Ukraine. 
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