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Goal. To study the processes of forming the protective potential of underground steel pipelines
in the face of the development of modern converter technologies. To evaluate the influence of the
output signal parameters of cathodic protection rectifiers on the electrochemical protection of steel
underground pipelines.

Methodology. The computer modeling of electrochemical processes in underground steel pipe-
lines under cathodic protection is performed. The spectral composition of the output signals of dif-
ferent types of rectifiers is analyzed. The influence of the waveform on the electrical system pipeline
— soil — electrochemical protection is considered.

Research results. The paper demonstrates that pulsations in the output signal of rectifiers affect
the value of the impedance of the pipeline, which can cause a local decrease in the efficiency of
cathodic protection. The opportunity to purposefully control the power spectrum of the rectifier out-
put signal in order to increase the efficiency of electrochemical protection is proposed. Which is
especially useful in cases of heterogeneous pipeline structure or variable environmental conditions.

Scientific novelty. The correlation between the frequency characteristics of the output signal of
the cathodic protection station rectifier and the processes of forming the protective potential of the
pipeline is proved. The possibility of improving the performance of electrochemical protection and
minimizing the negative effects of alternating current by optimizing the spectrum of the output signal
IS proposed.

Practical significance. The obtained results can be used to develop new algorithms for control-
ling cathodic protection stations for underground steel pipelines, which reduces energy costs and in-
crease reliability. The proposed methods can be integrated into modern cathodic stations and taken
into account when designing new pipeline protection systems.

Keywords: cathodic protection, underground steel pipelines, impedance, rectifiers, electrochem-
ical protection, spectrum.

Introduction. Ukraine's gas transportation system (GTS) is one of the pillars of
the country's economy. Its reliable and uninterrupted operation ensures the supply of
natural gas to domestic consumers and the transit of gas to European countries. It con-
sists of about 33.2 thousand km of main pipelines [1], a developed network of gas
distribution pipelines (according to the NCREPU, about 290 thousand km [2]), as well
as all the equipment such as compressor and gas distribution stations, underground gas

210


https://doi.org/10.33271/crpnmu/79.210

Eﬂekmpoeﬂepeemuka, €Jl€KI’I’lpOI’I’l€XHin ma eﬂekmpomexaHiKa

storage facilities, etc. that ensures the system's performance of its functions. According
to the current construction standards [3], external gas pipelines are supposed to be un-
derground, and their material is selected in accordance with the conditions of laying
[4], such as soil corrosion activity, the presence of stray current sources, etc.

Steel pipelines are a widespread choice, as they provide excellent mechanical
properties at relatively low capital costs, but require reliable corrosion protection
against electrochemical corrosion throughout the entire service life. This protection is
achieved through the combined operation of passive and active means [5]. Passive pro-
tection is represented by various coatings that prevent contact of the pipeline material
with the surrounding corrosive environment by isolating it. At the same time, active
protection suppresses corrosion currents generated in the process of electrochemical
corrosion in places where passive protection can no longer effectively isolate the pipe-
line from the ground and contact points are formed. It is important to understand that
corrosion currents have very small absolute values and can reach several micro am-
peres, and even 4.5 pA during the year can be sufficient for a through hole in a 5 mm
thick wall.

Both types of electrochemical protection are constantly evolving to provide more
reliable, durable, and cost-effective protection. Thus, in the field of passive protection,
a variety of coatings are presented that have different types of properties, such as pro-
tective organic coatings, self-cleaning, self-healing, etc. [6]. On the other hand, any
cathodic protection station is based on a rectifier, which acts as a source of direct volt-
age. Their design is constantly evolving and becoming more complex, while converter
technology and semiconductor manufacturing are constantly improving and develop-
ing, operating frequencies are increasing, and sizes are decreasing [7].

It is important to understand that, although the output signal of the CPS rectifiers
Is considered to be constant, it still has a variable component due to the peculiarity of
their design. The power spectral analysis of the CPS rectifiers output signal connected
to the model of an underground steel pipeline clearly demonstrates the presence of
power up to 0.1 mW in the high frequency range.

The current state of electrochemical protection. There are two main methods
of ECP of underground steel pipelines [8] (fig. 1).

The main trend in the field of passive ECP are the development of protective or-
ganic coatings of and the smart coatings. Protective organic coatings [9, 10] are com-
plex products consisting of various discontinuous solid functional additives, commonly
known as “pigments”, which are contained in a continuous polymer phase known as a
“binder”. Such coatings are generally considered to function by providing a barrier
between the metal and the environment, ideally providing high resistance to ionic
movement.

Smart coatings are typically categorized based on their preparation methods, func-
tional and reactive components, and their use and application. Typical coatings include
[11, 6]: self-healing [12], self-cleaning [13], and microcapsule [14] coatings.

In reality, all coatings, regardless of their nature and quality, are not absolutely
solid, but have defects that form during operation, transportation, or installation. The
metal in such places begins to interact with the corrosive environment, which
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significantly accelerates corrosion and increases the risk of cavities, damage and leaks.
In practice, passive protection of underground pipelines is always combined with ac-
tive protection. The main task of passive protection is to reduce the area of exposed
metal, thereby reducing the current required for its active protection. Active ECP meth-
ods are divided into anodic and cathodic protection.

4 @ A

Passive Active

i
<

Impressed
/Galvanlc // current /

Y h 4

Automonous Grid-fed

Fig. 1. Classification of electrochemical protection methods

Anodic protection is used to protect metals that are easily passivated [15], such as
stainless steels or titanium alloys. This method consists in connecting a metal structure
to the anode of an electrolytic system and increasing its potential to a level at which a
protective oxide layer is formed on the metal surface.

The main method of active electrochemical protection of underground steel pipe-
lines is cathodic protection, in which the object of protection is the cathode of the elec-
trochemical system. The essence of the method is to reduce the potential of the metal
to a level at which electrochemical corrosion either significantly slows down or stops
completely. Cathodic protection is divided into two types: galvanic protection and im-
pressed current protection.

With the galvanic method, the object of protection is attached to anodes made of
metals that have a lower electrochemical potential than the base metal (protectors).
Material of protective anodes (magnesium, zinc, aluminum) corrode instead of the ob-
ject’s metal, protecting it. This method does not require an external power source, but
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requires regular replacement of the protectors due to degradation and is usually used
to protect small systems or when an external power source is not available [16].

Impressed current protection involves using an external source and connecting the
metal to be protected to its negative pole. Anodes made of inert materials (graphite,
platinum, or cast iron) are used as the positive pole [16]. The electric current changes
the potential of the metal in such a way that corrosion slows down or stops.

Cathodic protection stations can be divided into two large subgroups: autonomous
and grid-fed. Autonomous stations are represented by installations powered by inde-
pendent or renewable energy sources [17, 18] that do not require a permanent connec-
tion to the power grid. They are indispensable in cases of remote regions where it is
impossible or irrational to conduct power grids. The segment of autonomous cathodic
protection stations is actively developing in areas with complex and extensive geogra-
phy, such as Africa and America, where continuous electrification is difficult, and
weather conditions and solar insolation, on the other hand, are favorable for the intro-
duction of renewable energy sources.

On the other hand, grid-fed cathodic protection stations are more widespread and
depend on access to the power grid, the infrastructure of which has been constantly
expanding over the past decades [19]. As a result, the latest developments are focused
on the development and modernization of CPS operation algorithms to improve the
efficiency and life cycle of the station and the protected object. Such developments
include:

1. Countering various sources of stray currents [20, 21];

2. Identification of optimal anode parameters [22, 23];

3. Modeling the operation of the cathodic protection station for the development

and further implementation of the latest control algorithms [24—-26].

A typical cathodic protection station consists of the following elements: a trans-
former, converter, and control system located in a sealed enclosure; anode grounding
conductors located in soil; cable lines and contact devices for connecting anodes and
the object [15].

Among these elements, it is the converter that generates the output signal of the
cathodic protection station, which is fed to the protected underground steel pipeline.
Its task is to rectify and convert the input alternating current from the transformer into
direct current [8], the value of which is set by the control system settings. The converter
may consist of several functional units that vary depending on the needs and capabili-
ties, but always includes a rectifier, which acts as a source of direct current for the
electrochemical protection system. The constant development of electronics and mi-
crocircuitry has led to the creation of various rectifier circuits, the structure of which
affects the shape and frequency spectrum of the output signal that is supplied to the
object of protection.

Model of an underground steel pipeline. In this work, a model of an under-
ground steel pipeline is used to verify the parameters of the converters, which is based
on the model proposed in [27]. The equivalent scheme of the above model is shown in
Figure 2.
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Fig. 2. Equivalent circuit of an underground steel pipeline with concentrated parameters

Where, R,, are the contact conductor resistance; R, is resistance of anode; R, L,
are the resistance and inductance of the pipeline; V), is the initial polarization voltage;
C;, is the capacitance of the insulation; R, is the resistance structure to soil. Re-

sistance, inductance of the pipeline and insulation capacitance directly depend on the
geometry and material of the modeled pipe (fig. 3).
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Fig. 3. Pipeline cross-section

R,, is determined by wires length and cross-section; R, depends on anode compo-
sition and resistance of anode bed.
The active resistance of the pipeline R,,:
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where, p is the electrical resistivity of the pipeline material in Q-mm?/m; D is outer
diameter of pipe; t pipe wall thickness; I is the length of the section.

V,, is determined by pipe material.

The inductance of a pipeline is defined as the inductance of a hollow straight wire
of circular cross-section:

,uol 21
p 27‘5 (1117—1) +Li’
where g is the magnetic constant; r is outer radius of pipe; L; is the internal inductance,

which is equal to:

ul sinhmt—sinmt

" 2amrcoshmt—cosmt’

where u is the magnetic permeability of the pipeline material; t is the pipe wall thick-
ness;

2apy,

where o = 2xf'is the angular frequency; v is the electrical conductivity of the material.

The capacitance of a pipeline can be roughly calculated by treating the pipeline
segment as a cylindrical capacitor. In this case, the metal-insulation junction is the in-
ner plate of the capacitor, and the insulation-ground junction is the second plate of the
capacitor. As a result, the capacitance is equal to:

2meel
Cin_ R
ln—
where ¢ is the electric constant; ¢ is the dielectric constant of the insulation; R is the
radius of the pipeline in the insulation.
The pipe-to-soil resistance is determined by the formula:
R R
where R is the coating resistance of the plpellne insulation depending on the coating
material, Ohm m?; A is the pipe surface area; CE is the coating efficiency depending

on the coating state and age.
The pipe surface area is equal to:

=nDI.

The proposed circuit is connected to rectifiers as a load and directly affects its
operation, the output signal shape and, as a result, the power distribution by frequency.

Rectifier circuits. The main purpose of a rectifier is to convert AC voltage to DC
voltage. For rectifier circuits, the main focus is achieving energy efficiency, increasing
performance, and reducing the size and weight of the device. This has led to the ap-
pearance of a large number of technical solutions, each of which has both its strengths
and limitations. In this diversity, we will focus on the basic and most popular schemes
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of single-phase rectifiers, since single-phase power supply is the most widespread in

public and industrial facilities.

The full-wave center-tapped rectifier (fig. 4) is powered by two series-connected
transformer secondary windings with a common (zero) point. This circuit is usually
used for output power up to 500 W. The output voltage ripple frequency is equal to
twice the supply frequency. The disadvantage is the complex structure of the trans-
former, as well as, the high reverse voltage on the semiconductors.
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Fig. 4. Full-wave rectifier with center-tapped transformer circuit

The power distribution shows (fig. 5) the presence of values up to 1 mW up to a
frequency of 2.4 kHz.
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Fig. 5. Output signal and power spectrum of full-wave rectifier
with center-tapped transformer

The single-phase bridge circuit (fig. 6), compared to the full-wave center-tapped
rectifier circuit, has a simpler transformer design with a similar output voltage
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waveform and ripple frequency, as well as a twice lower reverse voltage. This scheme
Is widely used in a wide range of power levels, as it has better efficiency, more rational
use of the transformer, which allows to reduce its design power and size. The disad-
vantage is a larger number of semiconductors. Regulation of the rectified voltage is
achieved by implementing a control scheme that creates an adjustable delay in the
opening of thyristors.
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Fig. 6. Controlled bridge rectifier circuit

Fig. 7 shows that changing the control angle leads to a greater power distribution
over different frequency.
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Fig. 7. Output signal and power spectrum of controlled bridge rectifier

The voltage-adding rectifier circuit (fig. 8) uses a slightly modified principle. In
this case, the minimum output voltage is provided by uncontrolled rectifiers VD1 and
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VD2, and its increase is achieved by turning on thyristors VS1 and VS2. This scheme
requires an additional transformer winding.
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Fig. 8. Controlled voltage-adding rectifier circuit

Fig. 9 shows that a significant difference in the waveform and a change in the

control angle have a significant impact on the power spectral distribution.
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Fig. 9. Output signal and power spectrum of controlled voltage-adding rectifier
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Conclusions. A rectifier as a component of an electrochemical protection system
IS a source whose output signal is not purely constant. Considering the cathodic pro-
tection station — pipeline — soil as a system with electrical parameters, it should be
taken into account that the pulsating form of the CPS output signal will affect the value
of reactive impedances in the underground steel pipeline equivalent circuit. As a result,
the currents flowing in the system are also affected. An increase in frequency leads to
an increase in currents flowing from the pipeline through the insulation to the environ-
ment, which can manifest itself in the form of a localized weakening of the object’s
protection.

On the other hand, by influencing the operating modes of the CPS rectifier, and
consequently the power distribution over frequency of the output signal, it is possible
to intentionally control the electrical parameters of the system and implement various
algorithms that would take into account possible features of its structure, such as het-
erogeneity, different materials or diameters of pipeline sections, etc.
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AHOTAIIA
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Eﬂekmpoeﬂepeemuka, eﬂekmpomele’Ka ma eﬂekmpomexaHiKa

BUXITHUX CUTHAJIIB BUMIPAMIISIUIB KATOJAHOTO 3aXUCTY Ha EJIEKTPOXIMIUHUI 3aXHMCT CTAJIEBUX ITi3€-
MHHX TPYOOTPOBO/IiB.

MeTtoauka nocjigxenb. BukoHaHo KOMII’IOTepHE MOIETIOBAHHS €JIEKTPOXIMIYHUX MIPOLECIB Y MijI-
3eMHUX CTAJIEBUX TPYyOONPOBOIAX, 10 3HAXOAATHCS I11]] KATOJAHUM 3aXHCTOM. 3A1HCHEHO aHai3 cre-
KTPaJIbHOTO CKJIay BUXITHUX CUTHAIIB BUNPSIMIIAYIB PI3HUX THITIB. PO3rIsiHYyTO BIUTUB (hOopMU CHUT-
HaJTy Ha eJIEKTPOTEXHIUHY CUCTEMY TPYOOIPOBI — IPYHT — €JIEKTPOXIMIUHHUH 3aXHCT.

PesyabTaTn gociaigxenb. [IporeMoHCTpoBaHO, M0 MyJbcamii BUXIJHOTO CHUTHATY BUIPSMIISIYIB
BIUIMBAIOTh HA 3HAYECHHS 3arajbHOTO ONOPY TPyOOIPOBOY, IO MOXKE CIPHYUHATH JIOKAJIbHE 3HH-
KEHHsI e()eKTUBHOCTI KAaTOIHOTO 3aXUCTY. 3allpONOHOBAHA MOKJIMBICTH LIJIECIPSIMOBAHOTO Kepy-
BaHHS CIIEKTPOM ITOTY>KHOCTI BUX1THOT'O CUTHAITy BUIIPSMIISTYA JJIS MiJIBUICHHS €()eKTUBHOCTI elle-
KTPOXIMIYHOTO 3aXHUCTY, OCOOJIMBO y BUIIAJIKaX HEOJHOPIIHOI CTPYKTYpH TPyOOIpoBOay abo 3MiH-
HUX YMOB HAaBKOJIMIIHBOTO CEPEAOBHIIA.

HayxoBa HoBH3HA. [[0BEICHO B3a€EMO3B 30K MIXK YACTOTHHUMH XapaKTEPHUCTUKAMU BHX1IHOTO CHT-
HaJTy BUIPSMIISTIA CTAHIIII KATOIHOTO 3aXKUCTY Ta MPOIeciB (POpMyBaHHS 3aXUCHOTO TIOTEHITIATY TPY-
60onpoBo/Iy. 3anpoNOHOBaHA MOKJIMBICTh ITOKPALIEHHS XapaKTEPUCTUK €JEKTPOXIMIYHOTO 3aXUCTYy
Ta MiHiMIi3allil HETaTUBHUX BIUIMBIB 3MIHHOTO CTPYMY LIUIIXOM ONTHMI3aIlil ClIeKTpa BUXITHOTO CH-
THaIY.

IIpakTnyne 3HayeHHsA. OTpuMaHi pe3yabTaTH MOXKYTh OyTH BUKOPHUCTaHI 11 pO3pOOKH HOBUX ajl-
TOPUTMIB KE€PYBaHHs CTAHIISMU KaTOJHOTO 3aXHCTy MiA3EMHHUX CTAJIEBUX TPyOONMPOBOIIB, IO J10-
3BOJIUTH 3HU3UTH €HEPreTUYH1 BUTPATH Ta MIJBUILUTH HA1iHICTh. 3alIpONIOHOBAaH1 METOAU MOXKYTh
OyTH IHTETpOBaHi y Cy4acHi KaTOJIHi CTaHIIil Ta BpaxOBaHi i/l Yac MPOEKTYBaHHSI HOBUX CHUCTEM 3a-
XHUCTY TPyOOIPOBO/IIB.

Knrwouoei cnosa: xamoonuu 3axucm, niosemui cmanegi mpyoonposoou, NOGHUL ONip, GURPAMIAUI,
eNeKmpOXIMIYHUU 3aXUC, CNeKmP.
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