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SIMULATION OF THE OPERATION MODES OF THE CATODIC
PROTECTION COMPLEX OF PIPELINES IN THE APPROACH
OF OVERHEAD POWER LINES

Purpose. The purpose of the work is to establish the dependences of the levels of the protective potential of the system of pro-
tection of underground steel pipelines when approaching and/or crossing overhead power lines.

Methodology. To achieve the goal, the methods of the theory of equivalent electric circuits and the theory of the electromag-
netic field, implemented in the packages of applied computer programs Matlab/Simulink and COMSOL Multiphysics, were used.

Findings. The spatial distribution in the soil of the induced electric field of the overhead power line in the direct location of the
pipeline, which varies with a frequency of 50 Hz, was determined. The distribution of both constant and alternating voltage on the
pipeline relative to the soil is given. An analysis of corrosion processes in the pipeline was carried out, on the basis of which the
relatively safe flow of corrosion processes in the pipeline under the action of simultaneously occurring alternating current with a
frequency of 50 Hz and direct current was investigated.

Originality. The scientific novelty of the work consists in determining the regularities of the influence of overhead lines on the
nature of the distribution of the protective potential of cathodic protection stations with variable changes in the configuration of
pipelines and laying conditions. The existence of significant deviations of the levels of the protective potential in the presence of a
variable polyharmonic component of the signal is proven. On the basis of the study, it was established that under the accepted
initial conditions, both criteria are unsatisfactory in some sections of the pipeline near the power transmission line.

Practical value. The practical significance of the research results is in determining the set of technical characteristics of the
electrotechnical complex of protection against electrochemical corrosion, which allows ensuring the necessary levels of protective

potential in the presence of a source of stray currents (overhead power lines).
Keywords: underground steel pipeline, cathodic protection, electrochemical corrosion, power lines

Introduction. Underground metal pipelines used to trans-
port gas, oil and water, as well as metal structures connected to
the pipelines, undergo destruction over time due to the occur-
rence and flow of various corrosion mechanisms [1, 2]. To
protect pipelines from such destruction, a combined method
for creating an insulating coating on their surface and carrying
out cathodic polarization is used [3, 4]. The main criterion for
cathodic protection is the polarization potential, which for
steel should be in the range of —0.85 to —1.15 V relative to the
created anode electrode [1]. To maintain the potential of met-
al structures in a weakly electrically conductive environment,
which is the soil, specialized electrical equipment is used. The
equipment makes it possible to control and maintain the elec-
trical potential of metal surfaces in such a range of values that
provides the necessary protection of metal against corrosion.

If an underground pipeline is laid near an overhead power
line (OPL) or an underground cable line, an electromagnetic
connection occurs between the metal structure of the pipeline
and these lines, as the sources of an electromagnetic field. At
the same time, a variable electric field of industrial frequency
is induced in the pipeline, which affects the intensity of corro-
sion processes, both of the pipeline and of the equipment,
which provides cathodic protection of the pipeline by creating
a constant electric potential on its surface.

It should be noted that many works are devoted to the cal-
culation of magnetic and electric fields near the power lines, in
particular [5, 6]. However, in these works, the potential elec-
tric field in the air space between the line and the ground is

© Aziukovskyi O., Papaika Yu., Podoltsev O., Babenko M., Shykhov S. ,
2024

calculated. At the same time, the questions regarding the cal-
culation of the electric field in the soil, as well as the consider-
ation of the alternating electric field and the field of direct cur-
rents acting simultaneously in the pipeline, which are formed
when cathodic protection is used, are not sufficiently consid-
ered in the literature.

The purpose of the work is to develop an electric simulation
of a long underground pipeline, as an equivalent electric cir-
cuit, using the methods of electromagnetic field theory and the
theory of electric circuits. This simulation takes into account
the simultaneous action of both the constant power source for
cathodic protection and the electromagnetic field of the over-
head power line passing nearby this pipeline, the analysis of
electrical processes in the metal structures of the pipeline and
the assessment of their impact on the corrosion processes.

Equivalent electrical circuit of an underground pipeline with a
cathodic protection system and without an overhead line. The
work deals with an underground pipeline built on the basis of a
long steel pipe — 7 km long and located in a weakly electrically
conductive medium — soil. The schematic representation of the
pipeline is shown in Fig. 1, a. In the case under consideration,
the pipe is covered with a layer of bitumen insulation to reduce
currents in the “pipe-soil” system with cathodic protection.

Due to the defects in the insulation, Fig. 1, a, the electric
current flowing between the soil and the pipe has a complex
structure. Cathodic protection is carried out using a direct
current source, the minus of which is connected to the surface
of the pipe, and the plus - to a specially created anode. As a
result, an electric potential is formed on the pipe. It varies
from —0.85 to —1.15 V and significantly inhibits the flow of cor-
rosion processes.
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Fig. 1. Structural diagram of the cathodic protection complex
(a) and its replacement calculation scheme (b)

To create an equivalent circuit diagram of an extended
pipeline, it is advisable to select a unit cell /,,; long, for which
the equivalent electric circuit will have the form shown in
Fig. 1, b. The equivalent model of the entire pipeline will con-
sist of such cells connected in series, so that the total length of
the pipeline will be equal to /, = NI, where N is the total
number of cells. The circuit diagram in Fig. 1, b contains the
following elements corresponding to the length of the unit cell:
active resistance and inductance of the pipe, equivalent active
resistance and insulation capacity of the pipe, active soil resis-
tance. Known expressions were used to calculate the values of
these parameters — for example [4, 5].

The developed Simulink model of an underground pipe-
line with a device for cathodic protection is shown in Fig. 2, a.
The model consists of serially connected unit cells, each of
which simulates electrical processes for sections with a length
of = 500 m. The number of such cells is 14, which corresponds
to the total length of the pipeline — 7 km. The electric circuit
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Fig. 2. Simulink research model of protection modes under-
ground pipelines

of each cell with means of measuring electric currents in longi-
tudinal circuits and voltage on the insulation of the pipeline,
the current in this insulation is shown in Fig. 2, 5. To simulate
the cathodic protection process, a direct current source is con-
nected in the centre of the pipeline. In the model, it is assumed
that all processes are periodically repeated with a spatial peri-
od of 7 km, which is taken into account by the connection in
the diagram in Fig. 2, and the output of the last cell with the
input of the first cell.

Further, calculations were carried out with the following
parameters of the pipeline and soil:

- the steel pipe of the pipeline with an outer diameter of
45 mm and a wall thickness of 4 mm, is laid in the soil at the
depth of 1.2 m and has a total length of 7 km;

- the insulating coating on the pipe is made on the basis of
bitumen with the thickness of 20 mm and has ¢, = 2.5 and a
surface resistance of 3,000 Q - m?;

- soil resistivity was assumed to be 100 Q - m.

The results of the calculation of the electric potential dis-
tribution along the pipeline (voltage drop across the insula-
tion), to which the coordinate axis x, is connected, are shown
in Fig. 3, a. At the same time, the value of the DC source in
the circuit diagram in Fig. 2, a, which simulates the operation
of the device for cathodic protection, has been chosen with the
condition that the maximum value of the potential in terms of
the modulus is equal to 1.15 V. As can be seen from this figure,
the spread of the electric current along the pipe results in the
decrease of the electric potential with the distance from the
connection point of the power supply and at the beginning and
end of the pipeline equals to 0.65 V. Although the required
value should be 0.85 V.

Fig. 3, b shows the nature of the change in time of the elec-
tric potential at different sections of the pipe in the transient
process when a direct current source is connected to the pipe.
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Fig. 3. Distribution of protective potential values along the pipe-
line route (a) and time (b)
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It can be seen that the maximum potential jump occurs at the
point of the connection of such a source to the pipe and that
the transient process decays in about 0.4 ms. This time must be
taken into account when building a cathodic protection device
control system [6, 7].

Further, the paper deals with the case when the pipeline
is laid near an overhead power line. At the same time, two
currents will flow simultaneously in its steel pipe — the direct
current from the cathodic protection device and the alternat-
ing current with a frequency of 50 Hz due to the influence of
the overhead line. Corrosion processes in the steel pipe will
depend on the ratio of these currents, which will be different
in different sections of the pipeline, and the presence of such
currents should be taken into account at the pipeline design
stage [8, 9].

Calculation of the induced electric field in the soil around an
overhead power line (OPL). Further, the work considers a
three-phase overhead line of 330 kV with a nominal current of
2 kA. The geometric dimensions regarding the location of the
conductors in such a line are shown in Fig. 4, a.

The electromagnetic field in a two-dimensional setting in
the transverse plane x(0y satisfies the following equation for the
vector magnetic potential (complex quantity) A= (0, 0, 4,)

JooA+uy'Vx(Vx A)=8 1 ,+8,1 5 +8.1, (D

where o is specific electrical conductivity of soil and air (a
relatively small value was set), and J,, &g, O are Dirac delta
functions that specify the spatial position of linear conductors
with current 1, I, I, respectively.

The intensity of the induced electric field at an arbitrary
point in space is calculated as [10]

Ez = _j Q)Aza

where £, = E, /.

The finite element method implemented in the COMSOL
Multiphysics package was used for the numerical calculation
of the differential equation (1) with the boundary condition —
magnetic isolation on all outer boundaries of the calculation
domain. The value of electrical conductivity of the soil was
taken as in the previous section — 0.01 (Ohm - m)~..

The distribution of the E(x, y) electric field strength mod-
ulus in the calculation area with dimensions of 120 x 300 m is
shown in Fig. 5, a. It can be seen that on the surface of the soil
in the zone of the line, the voltage value is 0.3—0.4 V/m.

The distribution of the E,(x) electric field strength and its
phase angle @ (x) in the soil exactly at the depth of the pipeline
laying — 1.2 m and along the transverse coordinate x is shown
in Figs. 5, b and c, respectively. It can be seen from these fig-
ures that the characteristic distance for such a line, when the
value of the magnetic field decreases by e-times, is about 40 m,
and the phase angle of the ¢z(x) electric field changes by about
30°when crossing the area under the line.

The obtained data make it possible to determine the in-
duced electric field in the pipeline. So, for example, when the
pipeline crosses the air line at a certain angle 3 (Fig. 5, b), then
based on the data in Figs. 5, b, ¢, the magnitude of the electro-
motive force acting in each cell depending on its distance from
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Fig. 4. The location of OPL elements in space (a) and the inter-
section of the pipeline and overhead line (b)
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Fig. 5. Distribution of protective potential x-coordinate, m

the air line and the relative direction characterized by angle f3,
will be determined as

x2,22
Up,= [ E cospdl. )

xl,z1

Note that this value is complex, and therefore it is impor-
tant to know its amplitude as well as the phase angle in order
to set the appropriate sinusoidal function for each cell in the
Simulink model of the pipeline (Fig. 2, a). At the same time,
the distance of this cell to the air line is also taken into ac-
count.

Simulink-model based calculation of the electrical processes
in an underground pipeline with an overhead line. Characteristic
features of AC corrosion processes in an underground pipeline
are considered, for example, in works [11, 12]. For the quanti-
tative analysis of these processes, it is necessary to calculate
both the direct current in the pipeline (DC current) and the
alternating current (AC current) and then carry out their com-
parative analysis. Thus, in work [12], certain limits to a safe
level are given for the density of the AC electric current flowing
from the pipeline into the soil. Also, according to ISO 18086
[13, 14], a certain threshold value of AC voltage on the pipe-
line relative to the reference electrode (comparison electrode)
is acceptable, which for a steel pipe is U o< 15 V.

According to the results of these works, two main criteria
for the safe flow of AC corrosion processes can be identified in
a pipeline under the influence of an external electromagnetic
field [15, 16]:
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Fig. 6. Consideration of additional voltage sources
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criterion 1
Uye<15V; 3)

criterion 2
when 0.1 A/m? <Jpc <1 A/m?,  Juo/Jpc<25,  (4)
when 1 A/m? <Jpc <20 A/m?, J,c<70A/m%  (5)

Further, based on the results of the calculations, it will be
determine to what extent the investigated pipeline meets these
criteria.

For the calculation of electrical processes in the pipeline,
we further considered the option when the pipeline crosses
the space under the overhead line at an angle of 3 = 45°. The
Simulink model containing 14 serially connected elementary
cells (Fig. 2) was used for the calculation. The electric circuit
of each cell differs from the circuit of the cell in Fig. 2, b by
the presence of additional voltage sources £, (Fig. 7), the
value of which was calculated according to expression (2) and
according to the results of the calculation of the electric field
in Fig. 6 depending on the distance of each cell from the air
line [17, 18].

The results of calculating the instantaneous values of the
AC voltage on the pipeline insulation for various cells in the
steady state are shown in Fig. 7, a. It can be seen from this figure
that these voltages have different amplitude and phase in differ-
ent sections of the pipeline. The distribution of the effective
value of this voltage along the pipeline is shown in Fig. 8, 5. The
greatest value of this voltage is reached in the area near the point
of the pipeline intersection of the space under the overhead
line. At the same time, the voltage threshold value of 15 V ac-
cording to criterion 1, expression (3) is exceeded on these sec-
tions [19]. This value is marked with a dashed line in the figure.

To use criterion 2, we calculated the distribution of the
electric current density — constant J and variable J, (cur-
rent value) flowing from the pipe into the insulation and into
the ground. The distribution of these currents along the pipe-
line is shown in Fig. 8, a, and the ratio of these currents is
shown in Fig. 8, b.
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Fig. 8 Distribution of density of direct and alternating electric
current (a) and relative value (b) according to criterion 2

It can be seen that in some areas value J,./Jp exceeds the
permissible threshold value according to criterion 2, expres-
sion (4) — which is shown in the figure with a dashed line.

The influence of the electromagnetic field of the overhead
line on the underground pipeline, which is laid near this line,
leads to the emergence of the alternating electric current in the
circuit of the cathodic protection power source. In the work,
this current was calculated using an ammeter Fig. 2, a, con-
nected in series with a direct current source. The immediate
value of this current is shown in Fig. 9. Measuring this current
in practice and comparing it with the calculation enables as-
sessing the intensity of the air line influence on the pipeline.

Next, let us innumerate several ways to reduce the level of
the electromagnetic field of the power transmission line and,
accordingly, its influence on the corrosion processes of the un-
derground pipeline:

- for a double circuit overhead line, there is an optimal al-
ternation of phase conductors in the line, where the electric
field in the area of the pipeline location is minimal [20, 21];

- choosing a safe distance from the line, using the results of
the field calculation in Fig. 6, b and (3—5) criteria [22];

Electric current, A
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Fig. 9. Instantaneous value of alternating current (source — OPL)
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- for the pipeline which crosses the space under the over-
head line, it is preferably to carry out this crossing at a right
angle, then in expression (2) there will be angle 3 = 90°, which
will lead to a significant reduction of the induced voltage and
the AC current, respectively [23, 24].

Conclusions. The paper proposes and implements a new
approach to the calculation of electrical processes in an under-
ground pipeline, which is located near an overhead power line
and which is under the influence of its electromagnetic field
for the purpose of the analysis of the corrosion processes in
this pipeline.

The presence of a device providing the cathodic protection
in the pipeline is taken into account. The basis of this approach
is the use of the methods of the theory of equivalent electric
circuits and the theory of the electromagnetic field and their
computer implementation in the Matlab/Simulink and COM-
SOL Multiphysics packages, respectively. According to this
approach, at the first stage, the spatial distribution of the in-
duced electric field of the overhead power line, which varies
with a frequency of 50 Hz, is calculated in the soil directly at
the location of the pipeline. At the second stage, electrical
processes in the pipeline are calculated on the basis of these
data, additionally including a constant voltage source simulat-
ing cathodic protection processes, and on the basis of the
Simulink model built.

The calculation of the processes in the steel insulated pipe-
line laid in the soil at a depth of 1.2 m, 7 km long and crossing
the space under the 330 kV overhead line at an angle of 45 was
carried out. It was shown that in this case it is important to take
into account both the amplitude and the phase of the induced
electric field in the pipeline. The distribution along the pipe-
line of both constant and alternating voltage relative to the soil
is given. To analyse the corrosion processes in the pipeline
based on these data, the paper considers two criteria for the
relatively safe flow of corrosion processes in the pipeline with
the simultaneous flow of both alternating and direct currents.
Based on the results of the calculations, it was established that
both criteria are not met in some sections of the pipeline under
investigation. Several methods are proposed to reduce the in-
duced electric field in the pipeline to a safe level.

References.
1. Mark, E. (Ed.) (2014). Underground pipeline corrosion detection,
analysis and prevention. Orazem Elsevier. ISBN: 9781306459983.
2. Aziukovskyi, O.O., Papaika, Y.A., Gorev, V.N., & Babenko, N.V.
(2024). Regulations of the formation of protective potential of under-
ground steel pipelines under conditions of heterogeneous environ-
ment. Technical Electrodynamics, 2024(2), 23-29. https://doi.
org/10.15407 /techned2024.02.023.
3. Aziukovskyi, A. (2013). The electrochemical cathodic protection
stations of underground metal pipelines in uncoordinated operation
mode. Energy Efficiency Improvement of Geotechnical Systems — Pro-
ceedings of the International Forum on Energy Efficiency, 47-55. https://
doi.org/10.1201/b16355-7.
4. Ahmed, N.E.I. Ayad, Krika, W., Boudjella, H., Benhamida, F., &
Horch, A. (2019). Simulation of the Electromagnetic Field in the Vi-
cinity of the Overhead Power Transmission Line. European Journal
of Electrical Engineering, 21(1), 49-53, https://doi.org/10.18280
ejee.210108.
5. Vyas, A., & Jamnani, J. G. (2019). Analysis and design optimiza-
tion of 765 KV transmission line based on electric and magnetic fields
for different line configurations. 2016 IEEE 6" International Confer-
ence on Power Systems (ICPS), 1-6, https://doi.org/10.1109
ICPES.2016.7584136.
6. Hajji, E. 1., Mahmoudi, H., & Labbadi, M. (2020). The electromag-
netic interferance caused by high voltage power lines along the electri-
cal railway equipment. International Journal of Electrical and Computer
Engineering, 10(5), 4581-4891. https://doi.org/10.11591/ijece.v10i5.
7. Sharif, H.M., Jamail, N.A.M., Othman, N.A., & Kamaru-
din, M.S. (2017). Analysis of electric field and current density on
XLPE insul., International Journal of Electrical and Computer Engineer-
ing (WECE), 7(6), 3095-3104. https://doi.org/10.11591/ijece.v7i6.
8. Lugman, H.M., Baharom, M.N.R., Ahmad, H., & Ullah, L
(2017). Planning and conducting magnetic field level measurement

from overhead transmission line. International Journal of Electrical
and Computer Engineering (IJECE), 7(6), 3124-3132. https://doi.
org/10.11591/ijece.v7i6.

9. Li, X. M., Rosas, O., & Castaneda, H. (2016). Deterministic Mod-
eling of APISL X52 Steel in a Coal-Tar-Coating/Cathodic-Protection
System in Soil. International Journal of Pressure and Piping, 146, 161-
170. https://doi.org/10.1016/1.ijpvp.2016.09.003.

10. Brenna, A., Beretta, S., & Ormellese, M. (2020). AC Corrosion of
Carbon Steel under Cathodic Protection Condition: Assessment, Cri-
teria and Protection Condition: Assessment, Criteria and Mechanism.
A Review. Materials, 13, 2158. https://doi.org/10.3390/ma13092158.
11. Janik, P., Kosobudzki, G., & Schwarz, H. (2017). Influence of in-
creasing numbers of RE-inverters on the power quality in the distribu-
tion grids: A PQ case study of a representative wind turbine and pho-
tovoltaic system. Frontiers in Energy, 11(2), 155-167. https://doi.
org/10.1007/s11708-017-0469-3.

12. Shcherba, M., Shcherba, A., & Peretyatko, Y. (2020). Mathemati-
cal Modeling of Electric Current Distribution in Water Trees Branch-
es in XLPE Power Cables Insulation. /EEE 7" International Confer-
ence on Energy Smart Systems. ESS 2020. Kyiv, Ukraine, May 12—14,
2020, (pp.353-356).https://doi.org/10.1109/ESS50319.2020.9160293.
13. Shcherba, M. A. (2016). Multi-physical processes during electric
field disturbance in solid dielectric near water micro-inclusions con-
nected by conductive channels. IEEE 2" International Conference on
Intelligent Energy and Power Systems (IEPS). Kyiv, Ukraine, June
7—11, 2016, (pp. 1-5). https://doi.org/10.1109/TEPS.2016.7521842.
14. Micu, D.D., Czumbil, L., Christoforidis, G.C., Ceclan, A., &
Stet, D. (2012). Evaluation of induced AC voltages in underground
metallic pipeline. COMPEL: The International Journal for Computa-
tion and Mathematics in Electrical and Electronic Engineering, 31(4),
1133-1143. https://doi.org/10.1108/03321641211227375.

15. Kosobudzki, G., Rogoza, M., Lysenko, O., & Papaika, Yu. (2018).
Frequency and Parametric Characteristics of Direct Current Pulse
Conversion Filter of a Contactless Locomotive. 14" Selected Issues of
Electrical ~ Engineering and  Electronics (WZEE). https://doi.
org/10.1109/WZEE.2018.8748987.

16. Pivnyak, G., Rogoza, M., Papaika, Y., & Lysenko, A. (2015).
Traction and energy characteristics of no-contact electric mining lo-
comotives with AC current thyristor converters. Power Engineering,
Control and Information Technologies in Geotechnical Systems, 1-6.
https://doi.org/10.1201/b18475-1.

17. Beshta, A., Balakhontsev, A., & Khudolii, S. (2019). Performanc-
es of Asynchronous Motor within Variable Frequency Drive with Ad-
ditional Power Source Plugged via Combined Converter. JEEE 6"
International Conference on Energy Smart Systems, ESS 2019 — Pro-
ceedings, 2019, 156-160, 8764192. https://doi.org/10.110
ESS.2019.8764192.

18. Pivniak, H., Aziukovskyi, O., Papaika, Yu., Lutsenko, I., & Neu-
berger, N. (2022). Problems of development of innovative power sup-
ply systems of Ukraine in the context of European integration. Nau-
kovyi Visnyk Natsionalnoho Hirnychoho Universytetu, (5), 89-103.
https://doi.org/10.33271/nvngu/2022-5/089.

19. Dyczko, A. (2023). Real-time forecasting of key coking coal qual-
ity parameters using neural networks and artificial intelligence.
Rudarsko-Geolosko-Naftni  Zbornik, 38(3), 105-117. https://doi.
org/10.17794/rgn.2023.3.9.

20. Dusza, D., & Kosobudzki, G. (2018). Reactive power measure-
ments based on its geometrical interpretation. 14" Selected Issues of
Electrical Engineering and Electronics, WZEE, 8749118. https://doi.
org/10.1109/WZEE.2018.8749118.

21. Wang, C., & Li, W., & Wang, Yu. (2021). A probabilistic-based
model for dynamic predicting pitting corrosion rate of pipeline under
stray current interference. Journal of Pipeline Science and Engineering.
https://doi.org/10.1016/j.jpse.2021.09.003.

22. Balakhontsev, A., Beshta, O., Boroday, V., Khudolii, S., & Pi-
rienko, S. (2021). A Review of Topologies of Quick Charging Stations
for Electric Vehicles. International Conference on Modern Electrical
and Energy Systems (MEES), 1-4.

23. Piriienko, S., Wang, W. V., Neuburger, M., Thrimawithana, D.J.,
& Balakhontsev, A. (2021). Nacelle-to-Tower Multilevel IPT System
for Small-Scale Wind Turbines. /EEE Transactions on Power Elec-
tronics, 36(5), 5043-5054, 9233926. https://doi.org/10.1109
TPEL.2020.3032183.

24. Kuzmin, A., Pinchuk, V., Koshelenko, Y., Arango, D.A.G., &
Villa, C. F. H. (2024). Specifics of the combined electromagnetic and
thermal pre-treatment of the coal-water fuel. International Journal of
Energy for a Clean Environment, 25(7), 93-116. https://doi.
org/10.1615/InterJ EnerCleanEnv.2024053062.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N2 6 77



MopemoBaHHSA pPeKUMIB POOOTH KOMILIEKCY
KaTOIHOTO 3aXHCTy TPYOONpPOBOAIB MpH
nepexoi NoBITPSHUX JIiHil eleKkTponepenay

0. O. Azokoscovuil', 0. A. Ilanaixa™',
0. 1. llodoavuyes®, M. B. babenxo', C. K. lluxog'

1 — HauioHasibHUII TexHiYHUI YHiBepcUTeT «/IHiMmpoBchbKa
noJsitexHika», M. JlHinpo, Ykpaina

2 — Iuctutyr EnexkrpomuHamiku HauioHanbHOI akanmemii
Hayk Ykpainu, M. KuiB, Ykpaina

* ABTOp-KOpeCTTOHIeHT e-mail: papaika.yu.a@nmu.one

Merta. BctaHOBUTH 3aJ1€3KHOCTI PiBHIB BUXiTHOTO MOTEH-
LiaJly CUCTEMM 3aXUCTY MiA3eMHUX CTaJeBUX TPYOOIIPOBOIiB
Tpy HaGMVKeHHi Ta/abo Tepexoli Tpacy TOBITPSTHUX JiHIT
enexkrponepenaui (JIEIT).

Metoauka. JIjisi TOCSITHEHHST METUM BUKOPUCTaHI METOIU
Teopii eKBIBaJIGCHTHUX €JEKTPUYHUX KiJI i Teopii eJeKTpoMar-
HITHOTO TIOJISI, peaJli3oBaHi B MakeTax MPUKIATHUX KOMIT 10-
TepHuX riporpam Matlab/Simulink i COMSOL Multiphysics.

PesyabraTu. BusHaueHO npocTOpoBUil PO3MOALT Y IPYHTI
HaBEJIEHOTO eJICKTPUUHOTO TOJIS TTOBITPSIHOT JIiHil eJIeKTPO-
rnepenayi B Miclii 6e3rmocepeaHbOr0 po3TallyBaHHS Tpy0o-
MpPOBO.Y, 10 3MiHIOEThCH i3 yacToroto 50 ', HaBeneHo pos-

MOAL SIK MOCTiiHO1, TaK i 3MiHHO1 HaNMpyry Ha TPyOOIIPOBOIi
BimHOCHO IpyHTy. [IpoBeaeHO aHasi3 KOPO3iiMHUX MPOLIECIB Y
TPYOONPOBOIi, HA MiACTaBi IKOTO JOCiIXKEHO BiTHOCHO 6€3-
MEeYHUM 1repedir KOpo3iiHMUX MPOLECIB Yy TPYOOIIPOBOAI i/
Ji€I0 OJJHOYACHO BUHUKAIOYUX 3MIHHOTO CTPYyMYy 4acTOTOIO
50 I'm i mocTiitHOTO CTPYMYy.

HaykoBa HoBusHa. [losisirae y BU3HAYeHHi 3aKOHOMip-
HOCTE! BILIMBY MOBITPSIHUX JIiHIM HAa XapaKTep po3MoIiay 3a-
XMCHOTO MOTEHIIialy CTaHIlill KATOJHOTO 3aXUCTY MPY 3MiHaX
KoH(irypalii TpyOoonpoBOIiB Ta YMOB IpoKianaHHs. JloBe-
JIeHe iCHYBaHHS 3HAYHUX BiJIXWJIEHb PiBHIB 3aXMCHOIO MO-
TeHLiaJly 32 HasIBHOCTi 3MiHHOI TTOJIiIrapMOHIYHOI CKJIaI0BOL
curHany. Ha miacraBi mocmigkeHHsI BCTaHOBJIEHO, IO 3a
MPUAHATUX BUXITHMUX YMOB 0OMIBA 3aMIPONIOHOBAHI KpUTEPil
€ He3aJ0BUJIbHUMU Ha OKpPeMUX AiISTHKAX ra3onpoBOdy MO-
6mzy JIEII.

IIpakTiyna 3HaymMmicTb. [lossirae y BU3HAYeHHi KOMII-
JIEKCY TEXHIYHUX XapaKTePUCTUK EIeKTPOTEXHITHOTO KOMII-
JIEKCY 3aXUCTy Bill €JeKTPOXiMidYHOI KOpO3ii, 110 J03BOJISIE
3a0e3MeYnuT HeoOXiHi PiBHI 3aXMCHOTO MOTEHIialy 3a Ha-
SIBHOCTI JikKepesia OJlyKalouux CTPyMiB (MOBITPSIHUX JIiHil
eJleKTporepenay).

Kimouosi cioBa: niozemmuuii cmanesuii mpybonpogio, kamoo-
HULL 3aXUcm, eneKmpoximiuHa Koposis, AiHii enekmponepedau
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