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OPTIMIZATION OF THE CATHODIC PROTECTION SYSTEM
FOR THE MAIN PIPELINES

This study investigated the multi-criteria task of optimizing the operating modes of cathodic protection stations
(CPS), considering monitoring data, geological conditions at the pipeline installation site, climatic or seasonal
changes, and other factors. The relevance of this research is associated with a comprehensive solution to the
problem of increasing the durability and reliability of trunk pipelines to reduce accidents at their facilities by
ensuring the efficiency of electrochemical protection (EChP) systems. The problems of existing EChP systems
are analyzed, where the elimination of anode zones ("lack of protection™) due to cathodic polarization is carried
out without operational consideration of environmental conditions, as a rule, with a margin in terms of protective
potential, which often leads to "overprotection”, resulting in increased power consumption, gas formation on
the metal surface, and detachment and wear insulation of pipelines. The aim of this research is to create a
method for optimal regulation of the operation modes of the main pipelines and an adaptive electrochemical
protection system that provides control and parameter management of cathodic protection stations, considering
changes in external conditions on individual linear sections of main pipelines. Tasks: to develop an adjustment
method for finding the effect of the CPS on the value of potentials at control points along the pipeline route; to
develop a multicriteria optimization model for regulating the operation modes of the CPS; and to provide an
example of testing the method of optimal regulation on the objects of the linear part of the existing main gas
pipeline. The following results were obtained. A method is proposed for determining the effect of CPS operating
modes on the value of potentials at control points in the mode of interrupting the protection current of other
stations. An optimization model was formed according to the criterion of uniformity of the distribution of the
protective potential "pipe-ground™ along the pipeline route and according to the criterion of the minimum total
protective current of all CPSs on a given section of the main pipeline. Conclusions. The scientific novelty of the
results obtained is associated with the development of an original optimization method that allows scientifically
determining the operation modes of the CPS to ensure the protection of the main pipeline both in time and length
with reduced operating costs and adaptability to changes in climatic, seasonal, and geological conditions at the
pipeline installation site. The effectiveness of the proposed approach is illustrated by the regulation of the pa-
rameters of the CPS based on the monitoring data of the section of the main gas pipeline of the oil and gas
complex of the Republic of Kazakhstan.

Keywords: electrochemical corrosion protection; main pipelines; cathodic protection stations; protective poten-
tial; multi-criteria optimization; remote monitoring.

When the potential shifts in the positive direction
relative to this interval ("lack of protection"), the effec-

Introduction

The effectiveness of corrosion protection of metal
underground structures and pipelines is one of the main
factors determining the reliability and durability of oil
and gas pipeline systems [1]. One of the main means of
protection against corrosion of underground pipelines is
electrochemical protection (EChP), which is based on the
use of cathodic protection stations (CPS) and the dis-
placement of the electrical potential of the protected pipe-
line to the negative region relative to the potential of the
soil [2].

The main criterion for protecting underground pipe-
lines from corrosion is the level of protective potential at
the facility, which should be within normalized limits.

tiveness of protection decreases. When it shifts in the
negative direction, the effect of "overprotection" occurs,
resulting in increased power consumption, gas formation
on the metal surface, peeling, and wear of pipeline insu-
lation [3]. This greatly increases the likelihood of acci-
dents and explosions in these areas. Accordingly, one of
the tasks of designing and operating electrochemical pro-
tection systems of underground pipelines and metal
structures is the choice of such parameters of the CPS op-
eration, at which the necessary protective potential will
be provided at all structures with minimal energy con-
sumption. Modern automated electrochemical protection
systems allow remote monitoring of changes in the
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magnitude of the protective potential and other parame-
ters of the EChP systems, as well as adjustment of the
output parameters of cathodic protection stations [4].

However, the presence of many factors affecting
corrosion processes and the spatial distribution of the
electric field of cathodic protection (operation modes of
cathodic protection stations, geometric and electrochem-
ical parameters of protected structures and applied anode
grounding, the condition of the insulation coating, the
presence of stray currents, resistivity, etc.) significantly
complicates the optimization and selection of effective
modes of operation of EChP facilities [5].

In addition, the dynamics of these factors should be
considered. For example, the specific electrical conduc-
tivity of the soil at each specific site depends on its type,
humidity, temperature, degree of waterlogging, salinity
of the soil, the presence and level of groundwater, and
may vary depending on the time of year, rainfall, etc. [6].
Therefore, the existing automated EChP system mainly
solves the task of monitoring the protective parameters of
the EChP system and their automatic support according
to preset settings without adapting in real time to changes
in climatic, seasonal, and geological conditions at the
pipeline installation site, the condition of the insulation
coating, and other factors.

In addition, remote monitoring of the protective po-
tential is usually performed only at the drainage point [7],
which does not allow the system to respond to changes in
protective parameters along the pipeline route.

Therefore, operating organizations with the power
of the EChP system try, as a rule, to move from the anode
zone ("lack of protection™) to the cathode zone with a
margin in terms of the protective potential, which pro-
vides protection along the length, which, as noted, is en-
ergy-consuming and leads to the development of nega-
tive processes. Currently, the choice of operating modes
of CPS institutions is carried out according to the recom-
mendations of regulated electrochemical diagnostic stud-
ies [8], and the required level of protective flow is deter-
mined subjectively.

This makes it relevant and important to develop new
and improve existing approaches and methods for mod-
eling and optimizing the protective parameters of CPS.

1. Analysis of the recent research
and publications

The review article [9] analyzes the mechanisms of
external corrosion and destruction of underground gas
and oil pipelines, as well as existing monitoring tools for
assessing external corrosion and models for preventing
and predicting corrosion. The authors note that to ensure
proper corrosion protection of underground metal struc-
tures, it is necessary to design and use cathodic protection
systems.

A significant number of publications are devoted to
the tasks of designing cathodic protection systems, since
its effectiveness initially depends on this. This requires
conducting electrochemical tests of metal [10], modeling
the distribution of the electric field of cathodic protection
systems in the ground [11], and designing the location
and design of the anode grounding.

Thus, in the study [12], electrochemical tests were
carried out to calculate the optimized cathodic protection
current, and the authors were able to obtain an empirical
equation for the current density in accordance with the
service life of the pipeline. The experiments were carried
out only to determine the corrosion properties of under-
ground steel pipelines and can be used conditionally in
the design of the EChP system for calculations to ensure
adequate polarization ability and maintain cathodic pro-
tection during the design service life.

This study [13] is devoted to the development of an
optimization algorithm for an auxiliary anode system of
a grounding grid based on an improved method of simu-
lated annealing. The boundary element method is widely
used for modeling cathodic protection systems of under-
ground and offshore structures. In the study [14], using
the analysis of boundary elements, the authors investi-
gated the influence of the horizontal distance between
parallel pipelines, the rate of damage to the insulation
coating, the conductivity of the soil, and the output cur-
rent of the anode on the interference of parallel pipelines.
In conclusion, at the design stage of the EChP system, by
changing the layout, it is necessary to ensure the overlap
of the protection zones of neighboring cathodic stations
and thereby reduce the output currents of cathodic pro-
tection stations in the system of intercity parallel pipe-
lines.

A significant amount of work has been devoted to
different methods of calculating the main parameters of
the EChP for various facilities and conditions for the
placement and operation of pipeline systems (PS). The
authors in this study [15] performed numerical modeling
using the method of boundary elements of anode ground-
ing of casing strings of deep wells. In the study [16], the
distribution of the electric field of the cathodic protection
system for structures with complex geometry was inves-
tigated using numerical modeling by the boundary ele-
ment method. The optimization scheme of the designed
the EChP system was developed by adjusting the ampli-
tude of the supplied current, as well as the location and
size of the area of the anode layer.

In the study [17], the problem of optimizing the cur-
rent regulation of cathodic protection stations for a pipe-
line in the Jingbian gas field was modeled using
COMSOL software. Unfortunately, this study is only a
demonstration of the results of solving a specific spatial
problem of modeling a cathodic protection system for
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three gas field stations. This work [18] is devoted to op-
timize the design of the cathodic protection system for a
specific district heating pipeline passing under the Khan
River.

The underground trunk pipelines are long, operate
under different natural and climatic conditions, and are
located in soils with different physicochemical properties
and corrosion activity. Therefore, in contrast to the ca-
thodic protection of local facilities, such as wells of oil
and gas fields, pumping stations, or underground storage
of petroleum products, it is difficult to determine and es-
tablish optimized values of the operating modes of the
CPS on extended facilities, such as oil and gas pipelines,
allowing maintenance of the necessary optimal values of
protective potentials along the entire route while consid-
ering various requirements for minimum and maximum
values of potentials, depending on the operating condi-
tions and hazardous factors affecting corrosion. There-
fore, there are very few publications devoted to the anal-
ysis and optimization of cathodic protection systems for
the main PS.

In the previous study [19], a simulation was carried
out to test and optimize the cathodic protection of insu-
lated pipelines, taking into account several environmen-
tal factors, such as temperature and the coefficient of
coating defects.

The study [20] presents a methodology for optimiz-
ing the collection of cathodic protection data in accord-
ance with a proactive approach to management. How-
ever, instead of collecting monitoring information from
each control and measuring point along the route, the au-
thors solve the problem of selecting and optimizing con-
trol points to check the protective parameters.

The previous study [21] considers the problem of
modeling and forecasting the operation of a cathode sta-
tion using historical data and machine learning methods.
By modeling linear regression coefficients, the authors
propose replacing the predicted values of the operating
parameters of cathodic protection stations, where there
are limitations in obtaining real-time data. Unfortunately,
only a section of the pipeline with one CPS is being con-
sidered.

This study [22] proposes a new distributed model
for the development of a cathodic protection system for
oil and gas pipelines. The main difference between the
proposed model and the traditional approach is the use of
measured soil resistance throughout the structure instead
of a fixed average value. However, the complexity of
practical implementation and the cost of such an ap-
proach are quite understandable.

The number of studies related to the use of machine
learning methods to predict the degree of corrosion and
the remaining service life of underground pipelines is in-
creasing [9, 23, 24]. As predictive analytics for assessing
the corrosion state of PS, this is a promising direction, but

these studies cannot be used directly for optimization
problems of the EChP system of underground structures
because it is a stochastic system.

The analysis has shown that sufficient mathematical
models and algorithms have been developed for calculat-
ing and optimizing the EChP parameters, which are use-
ful at the design stage of cathodic protection systems and
for analyzing "what-if" scenarios. However, they do not
solve the problem of complex optimization of the EChP
system of extended trunk pipelines.

In any case, to potentially optimize the protective
parameters (to have information about the distribution of
potential along the entire route of the main pipeline) and
to regulate the operating modes of EChP facilities in real
time, it is necessary to use automated remote monitoring
and control systems.

There are various telemechanical systems for mon-
itoring and controlling the EChP facilities based on re-
mote control controllers with built-in GSM/GPRS mo-
dems for mobile communications and other communica-
tion channels with an automated control room work-
place [25, 26].

Note that the integrated automation of the EChP
system fully complies with the concepts of Industry 4.0
and 5.0 [27], based on the availability of complete and
reliable digital data from "smart" devices, as well as new
possibilities for remote monitoring and processing in real
time and advanced analytics [28]. In addition, a distinc-
tive feature of Industry 5.0 is the use of big data analytics
using methods and tools such as artificial intelligence,
machine learning, data mining, and predictive analytics.

Usually, in automated EChP systems, only CPS are
covered by remote monitoring. In the study [29], the con-
struction of an automated the EChP system is considered,
where Internet of Things technologies are used, namely,
an energy-efficient LPWAN data transmission network,
which also covers control and measuring points. This
makes it possible to control the protective potential
through remote monitoring of control and measuring
points inside the pipeline between adjacent CPS, as well
as in all corrosion-hazardous areas where control and
measuring points are also installed. This gives a more
complete picture of the pipeline’s safety and allows us to
approach the problem of optimizing the operating modes
of the EChP facilities for trunk pipelines in conditions of
factors varying in time and length of the route.

Thus, there is a contradiction between the require-
ments for ensuring the effectiveness of electrochemical
corrosion protection of main pipelines, extending the life
and service life of PS and anticorrosive protection means,
and the imperfection of existing methods for optimal con-
trol of cathodic protection modes in conditions of time-
varying and length-varying factors. This requires the de-
velopment of methods and applied information technolo-
gies aimed at studying the protective parameters of the
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CPS, reducing operating costs, and increasing the relia-
bility of the EChP system.

The aim of this study is to create a method for reg-
ulating the optimal parameters of cathodic protection of
underground pipelines under conditions of seasonal and
climatic changes in the electrical properties of the soil,
ensuring that the influence of cathodic protection stations
on potentials at control points is found without discon-
necting cathodic protection stations and changing their
parameters. In accordance with the stated purpose of this
study, it is necessary to solve the following tasks:

1. To analyze the problems of existing EChP sys-
tems.

2. To develop an adjustment method for finding the
influence of cathodic protection stations on the value of
potentials at control points along the pipeline route.

3. To create a multicriteria optimization model for
regulating the operating modes of cathodic protection
stations.

4. To provide an example of the application of opti-
mal regulation methods at the facilities of the linear part
of the existing main gas pipeline.

2. The adjustment method for finding
the influence of cathodic protection stations
on the value of potentials at control points
along the pipeline route

To reduce the dimension of the task, as well as con-
sidering other factors (soil characteristics, corrosion-haz-
ardous zones, etc.), it is advisable to divide the entire area
of responsibility of linear production management of
trunk pipelines into sections or automation modules
(AM) with the number of CPS, for example, up to 15-20
units. For each AM, except for the CPS, control points
with remote control and measuring points (RCMP) with
telemechanics are selected, which are located close to the
middle between neighboring CPSs, in corrosion-hazard-
ous zones, in zones of stray currents, etc. This prepara-
tory stage for the implementation of the method is used
once when forming anew AM and is typical. At this stage
of the method, the AM is "adjusted" or tied to the corre-
sponding section of the main pipeline (MP) and the nec-
essary data, in particular: control points where the CPS
and CMP are installed; technical characteristics of the
CPS; soil characteristics; corrosion-hazardous zones;
seasonal operating conditions of the CPS; and limit val-
ues of the pipe-to-ground potential at control points, etc.

Let us consider the description of the adjustment
technique.

Therefore, control points for measuring potential
are assigned on the pipeline section. The control points
include the points where the CPS and the CMP are in-
stalled, which are located close to the middle between

neighboring CPS, in corrosion-hazardous zones, in zones
of stray currents, etc. At each point of the pipeline, the
value of the pipe-ground potential is determined by a su-
perposition of potentials superimposed by all or at least
several neighboring CPS.

In automatic mode, with the use of remote corrosion
monitoring and control systems, the pipe-ground poten-
tial is measured at U; i control points.

The j" base CPS is selected, for which the current
values of the output current and output voltage are rec-
orded.

Remotely provide a mode for interrupting the pro-
tection currents of other CPSs (to the left and right of the
base with the selected step, that is, 1, 2, 3 neighboring
stations) and measure the potential "pipe-ground" at the
control points, which is a protective offset at the control
point caused by the j" CPS.

The scheme of the adjustment technique is shown
in Fig. 1.

Determine the coefficient of influence of this CPS
on each control point according to the following formula:

where AUj; is protective potential shift at the i*" control
point caused by the j" CPS, B; IJ- is the value of the cur-

rent strength of the base j'" CPS, A; j=1,2,...,n isnum-

ber of CPS; i=12,...,k is number of control points; k is
the quantity of control points (k =n+m); n is the quan-
tity of protection stations that affect the potential at the it"
control point; m is the quantity of CMPs.

Repeat the selection of the basic CPS and actions
(interrupt mode) for other CPS for this section of MP.

The coefficients of the influence of all CPS on the
protective potential of the "pipe-ground” at the control
points are determined by the formula (1).

The stationary potential for each control point is de-
termined by the following formula:

USTi =U| _Allll_A12|2_'"_Aij|j’ (2)

where Ugy; is stationary potential at the i control point,
V,i=12,..,k; U, ismeasured potential at the i*" control

point, V; Aj; is coefficients of influence of the j" protec-

tion station on the potential at the i control point, Ohm;
I; the value of the current at the output of the j"CPS, A,
j=12,..,n.

According to monitoring data (measurements of po-
tentials), attenuation coefficients are calculated (expo-
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nential distribution is used to distribute the potential dif-
ference along the pipeline) of the protective potential of
the CPS along the pipeline (left shoulder and right
shoulder) according to the following formulas:

oty 1 =[In[AU | Injau | /] - Ly @)
Ol jo = ‘In|AUj|—|n|AUj+1|

Ly =Ly,

where a,; ;_; is the attenuation coefficient of the protec-

N
tive potential of the left shoulder of the j" CPS; Qg IS
the attenuation coefficient of the protective potential of
the right shoulder of the j" CPS; AUJ- is the protective

potential shift at the j control point caused by the jt

Assignment of control points for
measuring the potential on the site

v

Remote measurement of the «pipe-
ground» potential at control points

v

CPS; AU j1 Is protective potential shift at the (j-1) con-
trol point caused by the j" CPS; AU j+1 Is protective po-

tential shift at the (j+1) control point caused by the j
CPS; LJ- is coordinate (km) of the placement point of the

j" CPS; L j-1 s coordinate (km) (j1) of the control point

to the left of the j* CPS; L;,; is the coordinate (km) (j+1)

of the control point to the right of the j" CPS.

In the absence of remote monitoring data at the con-
trol points of individual instrumentation, the coefficients
of the influence of the j'" CPS on this i" control point are
calculated by considering the calculated attenuation co-
efficients according to the following formula:

—oi|L—L;

CPs CPs CPs
RCMP i

cathodic protection stations
A 4
Choosing the next j-th cathodic
protection station

( The beginning of the cycle for \ -0.

The mode of i:terrupting the
protection currents of neighboring
stations to the left and right of the

base number determined by the step

is remotel¥ provided

Measurements of the «pipe-ground»
potential at the control points, which

is a protective offset at the i-th

control point, caused by the j-th
station

¥

Determination of the coefficient of
influence of this cathodic protection
station on each control point

End of the cycle for cathodic
protection stations /

v

Determination of the stationary
potential (without EChP) of each

control point

Calculation of attenuation
coefficients (exponential distribution
is used to distribute the potential
difference along the pipeline) of the
protective potential of the cathodic
protection station along the pipeline
(left shoulder and right shoulder)

Fig. 1. The scheme of the adjustment technique for finding the effect of CPS
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3. Optimization model for determining
the protective parameters of the CPS

The linear equations in the form of the following
constraints are compiled for the CPS

Al + Aty ++ Al 2 Ugry = Upgimin

®)

An1|1+An2|2 +"'+Ann|n 2 USTn - UPGnmin’

Al + Aty +o+ Ayl < Ugry = Upgmaxs

(6)

Anlll +An2|2 +“'+Ann|n < USTn _UPGnmax'

where | j absolute value of the protection current of the

j™ cathode station, j=1,2,...,n; Ug; is the difference of

potentials "pipe-ground™ without EChP (stationary po-
tential), is determined by formula (2); Upgjmin is the

minimum protective potential of the "pipe-ground" at the
control point of the j" CPS; Upgjmax is the maximum pro-

tective potential of the "pipe-ground" at the control point
of the j" CPS; Aj; is influence coefficient (input re-

sistance over "close ground") for the i" control point, pro-
vided that the current load is located only at the j control

point of the CPS, at i=12,..,n, j=12,..,n.
Note that Usn' is a potential difference "pipe-

ground" without EChP (stationary potential) and is deter-
mined (measured) when designing an EChP system. In
some cases, can be selected as a control point from the
tables of the project documentation.

The scheme of the methodology for optimizing the
protective parameters of the CPS is shown in Fig. 2.

It should be noted that, unlike most studies, when
determining optimal modes, the proposed approach con-
siders various corrosion factors and their totality in the
area under consideration.

For this purpose, an adaptive intelligent system is
used [30], for which appropriate knowledge models have
been developed, reflecting the laws, regulatory frame-
work, and experience in solving the corrosion protection
problems of metal underground pipelines and structures.
For example, there is a knowledge-oriented model for
finding the necessary protective total potential, which
takes into account the presence of water-soluble salts and
bacteria in the pipeline laying area, the presence of stray
currents, etc. The state of safety is determined on the ba-
sis of data on the maximum and minimum protective po-
tential obtained because of logical inference by the intel-
ligent system, as well as the current value of the potential
obtained because of remote monitoring.

Example of a knowledge base rule:

IF product T>40°C AND product T<=60°C AND (Possibility of mi-
crobiological corrosion OR Possibility of stray currents OR Soil
resistivity>=10 Ohm*m OR Water-soluble salts > 1g/1kg of soil)
THEN Min_protective potential = - 1.0

The linear equations are written in the following
form for the selected CMP:

Al + Al ++ Al 2 Ugry —Upgymin:

Y]

Amlll +Am2|2 +"'+Amn|n 2 USTm _UPGmmin*

where Aj; is coefficients that reflect the fusion of the j

cathode station of the pipeline section to the protective
parameters at the installation point of the i"" CMP, which
are calculated according to the formula (1) or, if there is
no monitoring data from the i"" CMP, then according to
formula (4).

In addition to these linear equations, the following
current limits are introduced for each CPS

where 1 is nominal (maximum) current of the j™ cath-

ode station.

In addition, there may be restrictions on the mini-
mum allowable value of the CPS current, since when op-
erating in minimum modes, a decrease in efficiency co-

efficient is possible.
The linear constraint equations (5) — (8) are added
to the objective function that needs to be minimized

F=1,+1,+..+1, > min. 9

In other words, optimal regulation is based on min-
imizing the output power of the CPS on the section of the
main pipeline, while simultaneously observing re-
strictions on the value of the protective potential at con-
trol points and additional restrictions on the CPS current.

Using the obtained system of equations of con-
straints (5) — (8) and the objective function (9) using the
simplex method (the method of sequential improvement
of the plan), the optimal values of the current strength at
the output of each CPS are determined, at which a pro-
tective potential is provided "pipe-ground"” correspond-

ing to the regulated values within Upgjmin and Upgjmax-

On the basis of the results of the solution, we build
a new schedule for the distribution of potential along the
pipeline. The plan should improve the current state of the
EChP.
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consideration
A4

Limit for each CPS (for example, 0.8
of the nominal value)

| + | + | | —> mi

Objective function, as minimization ClPS CZPS CPSS + C?’S m ‘

> of the total current of the cathodic 5 5 RCMP
protection station in the area under RCI:/IP i RCPAP ) RCIMP R RCPAP - X

b I’ E

v

Linear equations in the form of
restrictions on the minimum and
maximum protective potential of the
"pipe-ground" at the control point
are compiled for the CPS, taking into
account the influence coefficients
and stationary potentials obtained at
the adjustment stage

Linear equations are drawn up for
the CMP in the form of restrictions
on the minimum protective potential
"pipe-ground" at the control point,

taking into account the influence 25 ———@® ———————-
coefficients and stationary potentials
obtained at the adjustment stage

!

Building a simplex table and filling it
in

J31min

We determine the value of the
current at the output of each CPS, at
which the protective potential "pipe- "
ground" is provided in the rear limits I|.

Is the plan optimal?

Obtaining the current value matrix

+ “0.85—

ﬁ'%ﬁ -
Yes / \\
cPs cPs cPs CP

<]

the value within the set limits

No
v

—| Adjustment of the built plan |

for the cathodic protection station RCMP RCMP { RCMP i RCMP i RCMP
7 i i : ] L3
Issuing control commands to - [—‘ -1 F -1 F - F 1
cathodic protection stations | ‘ ] | ‘ | | ‘ J | ‘ I 1 ‘
‘ v v o o ‘
v OB~ ——————— —— — e —— — ————————— — — ——— — — —— L, km

Control of the values of the W.. .
protective parameters by monitoring N

Fig. 2. Scheme of the methodology for optimizing the protective parameters of the CPS

When using a remote monitoring and control sys- 4. Example of optimizing the protective
tem, the calculated values of the current strength at the parameters of the CPS and adaptive control

output of the corresponding CPS are set.

At the control points, remotely (or in some cases
manually), the correspondence of the measured values of
the "pipe-ground" potential to the regulated value is
checked. If necessary, the received plan is adjusted.

of the EChP system

The considered methods formed the basis for the
development of an adaptive system for monitoring and

controlling the protective parameters of the CPS, which
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can be used in automatic or automated mode by special-
ists of the EChP service [29].

The adaptive system for optimizing the modes of
operation of the CPS is multicriteria because the optimi-
zation is performed both by the criterion of optimality of
the distribution of the protective potential (the uniformity
of the distribution of the protective potential "pipe-
ground” along the pipeline) and by the criterion of the
minimum total protective current of all CPS at a given
site.

As an example, let us consider the solution of the
optimization problem in the adaptive control system and

the control of the parameters of the CPS for one of the
main gas pipelines of the Republic of Kazakhstan on a
section from 103 to 220 km.

Table 1 shows the initial data on CPS at the site,
EChP at the site is carried out by 10 CPS.

For each CPS we have the following data: location
meter; status (on/off); rated current; rated voltage; actual
current; actual voltage; minimum value of the potential
"pipe-ground™; maximum value of the potential "pipe-
ground"; current value of the potential "pipe-ground"; at-
tenuation coefficients of the left and right shoulder of the
CPS.

Table 1
Initial data on the CPS on the 103-220 km section
Name r}:;z-r Status I'Z Li;' I, A kj/ O}Em UP(\Bjmin ’ Up(ij/max ’ U\P/Gj oG | Gja

CPS-3.0 108 On 60 50 |36.4|40| 1.09 -1.0 -2.5 -2.0 | 0.00009 | 0.00013
CPS-1.2 130 On 25 48 12 | 15| 1.25 -1.0 -3.5 -1.8 | 0.00010 | 0.00014
CPS -3.0 137 On 60 50 20 | 25| 1.25 -1.0 -3.5 -2.0 | 0.00013 | 0.00013
CPS-1.2 148 On 25 48 15 | 25| 1.66 -1.0 -3.5 -1.7 | 0.00012 | 0.00013
CPS -3.0 157 On 60 50 21 | 25| 1.19 -1.0 -3.5 -1.5 | 0.00012 | 0.00013
CPS -3.0 165 On 60 50 19 (24| 1.26 -1.0 -3.5 -1.6 | 0.00012 | 0.00014
CPS-1.2 181 On 25 48 14 | 17| 1.21 -1.0 -35 -1.9 | 0.00013 | 0.00019
CPS -3.0 193 On 60 50 20 | 25| 1.25 -1.0 -3.5 -2.0 | 0.00013 | 0.00014
CPS -3.0 205 On 60 50 24 | 30| 1.25 -1.0 -2.5 -1.8 | 0.00013 | 0.00015
CPS -3.0 214 On 60 50 20 | 25| 1.25 -1.0 -2.5 -1.5 | 0.00013 | 0.00013
Sum: 165

Table 2 presents the initial data on the remote con-
trol and measuring stations (RCMP) at the site.

Table 2
Initial data on the RCMP on the 103-220 km section
Name Kilo- UPGj: Vv UPGjmin ) UPGjmax )
meter \V \V

5-RCMP 103 -1.0 -1.0 -2.5
7-RCMP 113 -1.0 -1.0 -2.5
9-RCMP 124 -1.0 -1.0 -3.5
11-RCMP 134 -1.0 -1.0 -3.5
13-RCMP 141 -1.0 -1.0 -3.5
16-RCMP 153 -1.0 -1.0 -3.5
18-RCMP 161 -1.0 -1.0 -3.5
20-RCMP 172 -1.0 -1.0 -3.5
22-RCMP 187 -1.0 -1.0 -3.5
27-RCMP 200 -1.0 -1.0 -2.5
29-RCMP 210 -1.0 -1.0 -2.5
31-RCMP 220 -1.0 -1.0 -2.5

For each RCMP we have the following data: the kil-
ometer of the location; the current value of the "pipe-
ground" potential; the minimum value of the "pipe-
ground" potential; the maximum value of the "pipe-
ground" potential. Therefore, first, a sequential selection
of base stations is carried out without changing their ca-
thodic protection parameters, relative to which the values
of the "pipe-ground" potential are measured at control
points, including the base station and dedicated control
and measuring points, in the mode of interrupting the pro-
tection currents of other stations, determining the coeffi-
cients of influence of each station on the potential "pipe-
ground". Fig. 3 shows a matrix of attenuation coefficients
in the adjustment mode, calculated in the adaptive control
and control system of the protective parameters of the
CPS. After forming the coefficients of the equations, the
optimization problem is solved. Figure 4 shows a plan for
the intermediate distribution of the total potential over the
considered section at the first iteration with the minimi-
zation of the total current of all CPS. Table 3 shows the
value of the CPS current after minimizing the total cur-
rent. The total value of the CPS current decreased from
the initial value by 17.23 A.
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Table 3

Protective current of CPS after the first iteration

Name

Kilometer

I, A

CPS-3.0

108

37.83

CPS-1.2

130

15.41

CPS-3.0

137

4.89

CPS-1.2

148

9.23

CPS-3.0

157

5.02

CPS-3.0

165

11.99

CPS-1.2

181

14.35

CPS-3.0

193

5.09

CPS-3.0

205

9.98

CPS-3.0

214

33.98

Fig. 5 shows the results of modeling and optimiza-
tion of the protective parameters of the CPS. The second
iteration of optimization is an attempt to remove reserves
in terms of the maximum (modulo) protective potential
at the lower limit at the control points of the CPS instal-
lation, which will lead to a certain decrease (modulo) of
the protective potential and, consequently, a reduction in
the risks of the development of processes leading to hy-
drogen embrittlement of pipeline metal.

We see a new plan for the distribution of the total
potential across the site with a correction above and be-

and U

Indeed, the value of the protective potential has de-
creased modulo compliance with the corresponding re-

low for UT3jmin T3jmax *

sum: 14r.77 strictions at the control points.

- (CPS-2.0) [10-1EPs1.2) [12-1cPs-2.0) [14-1EPs1.2) [17-1cPs-20) [13-(cPs-20) [21-(cPs-1.2) [23-(cPs-20) [28-(cPs-20) [20-(cPs-20) |
5 (RCHF) 0397888436165163  D.0244774344363668  0.0122579126362113 | 0.00263703404200228 D.0D072856007267512 (.0003083247267116. . 5.61175666335297E-5 1 47696333730996E 6 3 02075538838629E-6 7796346 10615603E 7
6-CPS-2.0) 0725 0.0446007934727413 | 0.0223353729967445 00047921 0455719652 | 0.0013275230056425  0.0005616042848107... 0.0001058971107959.. 269484810459919E-5  5.50417518450146E-6  1.42059668143782E-6
7-RCMF 0.397896436166165 | D.0G12679442900162  D.0406977030547459 | 000862245667 177468 0.00241890462653212 0.00102367414949369 00001929571 164882, 4.9103333955069E 5 1.00292610844680E- 5 2.50647E06425599E 6
3 [ACHP) 0108290047544504  0304220159974962  0152348651620554  0.0322774885296269  0.00905497928851553 (0.00383204359456400  0.0007223197947567.. 0.0001836144700251. . 37543750341 7309E-5  9.68976412030867E 6
10-[CP51.2) 0.0517369204283799 0,625 0.312990129486093  0.0663119445968859  (L.0186026501720189  0.0078726778307508  0.00149385777505371 0.0003776345519166.. 7.71311275541747E 6 9.66GVE412030667E 6
11 - [REHP) 00320130471042773 | 0366739519076838  O505G15336401497  0107IG5036222661  D.0300635896706293 (.0127228331169878  0.00239016617413342 (.0006102855325744. . 0000 245496408525 3.21711435331556E 5
12 [CPS20] 0.0223353729967445 | 0.269819077143175 0,725 0.153602798530364  0.0430910278124709  0.0162960109459977 _ 0.00343739076507195 _ 0,0008747402051195... 0.00017866399674838  4.61118553560899E 5
13- [RCHP) 0.0138207576614184 | 0.1GG353563726656  0448617959053452 | 0248233550971721  0.0BI533070119163  0.0294707604879202 | 0.00555507925808852  0.00141364525406271 | 0.0002887343117385... 7.45201850785381E 5
14-[CP51.2) 0.00596656661053952 | 0.0720782006487891  0.193673093325242 0575 01E1307874681346  0.0GE2E50732111736  0.0128676021468379  0.00327452118333418 0.000B6BE146247747... 0.0001725161050851...
16 - [RCHP) 0.00327452118339418 | 00395573552247754  0106290047544504  0.315566630754065  0233322111107917  0124367073306114  D0234452997676905 (.00596666651053952 0.0D12186597017782  (.0003145270503258
17 [CP520) 0.00202621932440171 | 0.0244774344369659  DOBS7705161248241  0.19526742724584 D475 0201016765136934  0.0378909649120403  .00964241556627172 0.00196344474902778  0.0005082991148286..
13- [RCHF) 0.00125373098609644 | 0.0151452293036669  0.040B977030547469 | 012082824094044  0233322111107917  0324361280896224  D0B12346134703534  0.0155828609761902  0.0D318276324543659 (0.0008214431881321
13- [CP5-3.0] 0.0007758249647387. . 0.00937223551279867 0.0251930627349955 | 0.0747665067550943  01B1674120836178 0525 0.0939596994379963  0.0251830627349355  0.00514359190563752 0.0013275230056425
20-RCHF) 0.0003349318016166... 0.00404509269893088 0L.010ETI7431948453  0.0322774806296269  D.07BG169719052536  0.206643024000267  0.229206G73910334  0.058333214053411  D.0119144464320673  0.00307503045115747
21 [CP51.2) 0.0001137413412252... 0.00137403457630168  0.00369201232470591 | 0.0109812907176767 | D.02666401234621395  0.0769688551164338 D675 0.171772625044598  0.0350842267713335  0.00905457928851553
22 - [RCHP) 55353854437293E-5 | 0.000GEB5145247747... 0.00179709632808311 | 0.00533543298506222 0120767616246  0.0374646665171027 D328557772772981 (. 352895385570973  D.0720782006487831  0.0166028501720189
23 [CP520] 269464010459919E 5 | 0.0003255470274281... 0.000E747402051195... 0.00259703404200228 000531 744468266079 0.0182360109459677  0.159926237110432 0,725 0.148079849176326  0.0382183132060279
27 - [REHF) 1.18333428573536E-5 | 0.00014054207761178  0.0003776345515166... 0.00112118692563534  0.00272730736088575 (.0074726778307508  DOB3D418395329878  (0.312990123486083 0 343007272558767  (L0BE527E385167197
2. [CPS-3.0) 53846432141 1449E-6 | 771311275541 747E6 0.0002072502362281. .| 0.0005153094547327... 0.00149577300926111  0.00432061720073551 0.0378909649130403  0171772625044538 0625 0.151307674681346
23- [RCHP) 3 BD407G25054202E 6 | 4. 23304B03067637E5 | 0.0001137413412252. .| 0.0003376669665889. . 0.0008214431861321.. 0.00237120439487165 0.020795002447107  0.0942708153868688  0.343007272566767  0.283922111107917
30 [CP53.0) 216826418745779E 6 | 2.61933858053468E 6 7.03612529119267E 5 | 0,0002089563377346... 0.0005082991148208.., 0.00146726226939434 D.0128676021468379  0.056333214893411  0.212247203628087 0475
31 - [REHP) 1.05540748476227E-6 | 1 27436835319625E 5 3.42562336321696E-5 | 0.0001017099667894... 0.0002474157408453. . 0.0007141332197126... 0.0062633343737607  0.0263038239467656  0103311605138492  0.231207321560987
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Fig. 5. A new plan for the distribution of the total potential,
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Considering the minimum value of the protective
potential "pipe-ground" is necessary to prevent "failures"
during optimization at points that are not necessarily lo-
cated strictly in the middle between neighboring CPS be-
cause there are different attenuation coefficients on the
left and right and other conditions.

If there are many dips, the introduction of optimiza-
tion constraints for each of them significantly compli-
cates the calculations. It is advisable to limit ourselves to
one equation for the CMP located in the middle of the
section between neighboring CPS.

Table 4 shows the values of the CPS current after
optimization according to the distribution of the protec-
tive potential. The total value of the CPS current has
slightly increased from the one obtained at the previous
optimization stage and is 151.64, which is less than the
initial 13.36 A.

The results of the approbation of the proposed ap-
proach to determine the optimal modes of operation of
the CPS on the real object of the main gas pipeline were
to ensure: protection over the entire length of the studied
section; reduction of the total power of the CPS; reduc-
tion of the effect on the properties of metal and insulation
coatings of increased current density; reduction of cur-
rent strength will also lead to a decrease in the rate of
dissolution of the anode grounding, which will increase
its resource.

Table 4
Protective current of the CPS after optimization
according to the criterion of distribution
of the protective potential

Name Kilometer I, A
CPS-3.0 108 42.42
CPS-1.2 130 13.64
CPS-3.0 137 4.90
CPS-1.2 148 9.23
CPS-3.0 157 6.05
CPS-3.0 165 11.53
CPS-1.2 181 14.37
CPS-3.0 193 8.73
CPS-3.0 205 5.62
CPS-3.0 214 35.15
Sum: 151.64

5. Discussion of the results

The proposed method can be implemented in auto-
matic and automated modes more efficiently using sys-
tems of remote corrosion monitoring and control of pro-
tection parameters and CPS. This method of regulating
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the optimal parameters of cathodic protection of under-
ground pipelines can be implemented without means of
remote control on individual instrumentation, consider-
ing them fictitious (without telemechanics or absent). At
the same time, it is important that a linear equation for
limiting the minimum value of the protective potential
has already been compiled for this "fictitious" control
point, which will be considered when solving the prob-
lem of optimizing the protection currents of all CPSs and
the distribution of potential along the pipeline. To do this,
the coefficients of influence on these control points of in-
stallation of CMP are calculated automatically according
to formulas (3) and (4).

We will analyze the possible results of the optimi-
zation problem. These typical cases are possible.

1. When optimizing the objective function, 1;=0
was obtained for individual CPS. This indicates that the

CPS data are redundant at the given potential limits. This
allows you to increase the resource of the reserved CPS.

In practice, with other constraints |; #0 the mathe-

matical model provides restrictionson 1;>0 and I; <ly

, reducing the objective function to a minimum. If you
unload the neighboring CPS slightly, that is, use the data
disabled or redundant CPS, you need to set other re-
strictions, namely, for example, I; 21,...,Iy. Then the
value of the objective function will increase somewhat (it
may be within Ampere units). At the same time, there

will no longer be a situation in the plan where Ij =0, that

is, all CPS will be included.
It is also possible to remove situations Ij =0 by in-

creasing the minimum constraints for the CPS equations
sequentially, for example, by AUij =0.05B, but not

=1.2B.

On the other hand, in the optimal plan, there should
be no CPS with 1;=0, otherwise, with further calcula-

more than Urg;i,

tions, a case of "division by 0" may occur, which is un-
acceptable.
If it is necessary to determine the CPS that can be

disabled, then we put restrictions I; > 0. Then, having re-

ceived a plan for the CPS with I; =0, you can simply

turn them off. CPS data will no longer participate in op-
timization. If all CPS should participate in optimization,

it is necessary to introduce restrictions 1; =21 .

2. The case when there is no solution under the
given constraints (not received). It is necessary to choose
the CPS that has the maximum (greatest) potential. Next,
the maximum limit is adjusted for this CPS and for the

control and measuring points on the left RCMPi-1 and on
the right RCMPi+1, if necessary) until a solution is ob-

tained (for example, on AUj; =0.05B ). If there is no so-

lution, you need to choose another CPS that has the max-
imum potential. Next, it is necessary to similarly repeat
the adjustment of the maximum limit for the CPS and for
neighboring RCMP. Therefore, we consistently "release”
the restrictions from below for all CPS and RCMP.

3. If one or more CPSs are excluded from the EChP sys-
tem for various reasons, such as power outage (about
which a message was received), converter failure or load
circuit break (a message was received), stolen, etc., it is
necessary to consider a new model of the EChP system
in this section. Then, the initial matrices of the influence
coefficients are adjusted without additional work and cal-
culations. In this case, it is necessary to exclude the data
from the optimization CPS and include a new (“ficti-
tious™) CMP instead. Its potential can be calculated using
the known extinction coefficients of the remaining CPS.
Thus, it is possible to introduce a completely new control
point (fictitious CMP) without performing the calcula-
tions given in the method. It is only necessary to add a
linear equation corresponding to this control point to the
system of equations, considering the limitation of the
minimum value of the protective potential. Then, using
the simplex method, a new optimal plan of protective cur-
rents of the remaining neighboring CPS will be obtained,
which will compensate for the "dips" of potentials
through the CPS that have a failure (or are absent), with-
out going beyond the permissible minimum potential
value. The developed system allows to simulate this sit-
uation. Fig. 6 shows the graph of the potential distribu-
tion while maintaining the protective parameters on the
site, but when the station is switched off at 165 km. We
see that this will lead to a "failure" of the protective po-
tential, which at some point becomes less than the lower
limit according to regulatory documentation in -0.85 B.
After the first optimization step according to the criterion
of minimizing the total current, the CPS received a new
plan, as shown in Fig. 7. The current values at the neigh-
boring stations increased by 157 and 181 km to ensure
the necessary level and distribution of the pipe-ground
potential (Table 5). At the same time, it should be noted
that the potential at the drainage point of the station at
181 km is almost on the verge of reaching a maximum
value of -2.5 B. Therefore, in the next step, we perform
optimization according to the criterion of the distribution
of the protective potential (Fig. 8). On the site, the maxi-
mum value of the "pipe-ground" potential is now no
lower than -1.6B, which means that we no longer have
problems with the reserve in terms of the protective po-
tential and the negative consequences of "overprotec-
tion".
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Table 5

The protective current of the stations after the exclusion
of CPS and optimization by the criterion
of minimizing the total current

Name Kilometer AN
CPS-3.0 108 37.83
CPS-1.2 130 15.71
CPS-3.0 137 4,90
CPS-1.2 148 2.68
CPS-3.0 157 24.13
CPS-1.2 181 28.12
CPS-3.0 193 4,90
CPS-3.0 205 5.25
CPS-3.0 214 35.25
Sum: 158.77

Of course, this required changing the modes of op-
eration of the CPS. We see that the current value of the
station at 157 km increased to 38.37 A, but it has a power
of 3 kW, and the current of the station at 181 km de-
creased from the preset value of 28.12 A (which ex-
ceeded the nominal value for a station with a power of
1.2 kW) to 17.75 A, which corresponds to 70% of the
nominal current at this CPS. At the same time, the total
value of the current of all CPS on the site increased

slightly from that obtained at the previous optimization
stage and was 165.64 (Table 6).

Table 6
Protective current of stations after the exclusion of CPS
and optimization according to the criteria
of the potential distribution

Name Kilometer I, A
CPS-3.0 108 37.79
CPS-1.2 130 15.71
CPS-3.0 137 4.90
CPS-1.2 148 2.68
CPS-3.0 157 38.37
CPS-1.2 181 17.75
CPS-3.0 193 7.73
CPS-3.0 205 5.62
CPS-3.0 214 35.15
Sum: 165.70

4. During operation, when external conditions (pre-
cipitation, temperature, etc.) and if the signal "lack of
protection™ or "overprotection" from the CPS or RCMP
is received, the monitoring results are analyzed and the
corresponding correction and calculation or selection of
appropriate cases of the necessary ready-made data for
standard conditions are performed. At the same time, a
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new optimization problem is solved in the proposed way.
The current propagation coefficients of the left and right
protection arms were calculated. Furthermore, based on
the results of the solution, a new schedule for the distri-
bution of the pipe-to-ground potential along the pipeline
is constructed. The plan should improve the current state
of the EChP. For example, in the "rain" state, "overpro-
tection™ takes place, and in the "parched" state, "under
protection™ is possible in the middle sections of the pipe-
line between the CPS.

Note that the same EChP states can occur in the
zones of stray currents. For example, they are fixed dur-
ing measurements on any RCMP. When such zones are
detected, for example, when a message is received from
the RCMP for a potential deviation, it is necessary to in-
troduce an amendment to the limitations in the controls
for this RCMP.

Conclusions

A study has been conducted related to the creation
of a method for regulating the optimal parameters of ca-
thodic protection of underground pipelines in seasonal,
seasonal and climatic changes in the electrical properties
of the soil.

1. The analysis of the problems of existing EChP
systems of main pipelines has shown that the existing
systems do not solve the main task — optimization and
maintenance of protective parameters depending on the
dynamics of external conditions, the condition of struc-
tures, etc.

2. An adjustment method was developed to deter-
mine the influence of cathodic protection stations on the
value of potentials at control points along the pipeline
route. This makes it possible to remotely build a model
of potential distribution along the main pipeline route,
without significant time and resources, and without dis-
connecting the CPS for a long time. This method also
considers the action of other extraneous current sources
affecting the pipeline.

3. A multicriteria optimization model for regulating
the modes of CPS operation has been developed. Optimi-
zation is performed both by the criterion of optimality of
the distribution of the protective potential (uniformity of
the distribution of the protective potential "pipe-ground"
along the length of the pipeline) and by the criterion of
the minimum total protective current of all CPSs on a
given section of the main pipeline. At the same time,
when determining the optimal modes, the proposed ap-
proach considers various corrosion factors and their ag-
gregates at the site under consideration. For this purpose,
an adaptive intelligent system is used, for which appro-
priate knowledge models have been developed, reflecting

the laws, regulatory framework, and experience in solv-
ing the corrosion protection problems of metal under-
ground pipelines and structures.

4. An example of the application of optimal regula-
tion methods at the facilities of the linear part of the ex-
isting main gas pipeline of the Republic of Kazakhstan is
given. The results of the implementation were as follows:
reduction of the time of regulation of the optimal param-
eters of the operating modes of cathodic protection sta-
tions; improvement of the efficiency of cathodic protec-
tion of pipelines in conditions of changing electrical
properties of the soil; reduction of operating costs by op-
timizing (minimizing) the total protection current of all
cathodic protection stations on a given section of the
pipeline; constant support of potentials in regulated
ranges, through the use of remote control systems corro-
sion monitoring and remote control of CPS parameters
and modes; reduction of measurement time to determine
the coefficients of influence of cathodic protection sta-
tions on the potential at control points and determination
of optimal values of CPS currents using the claimed
method; reduction of operating costs; reduction of influ-
ence on the properties of metal and insulation coatings of
increased current density; reduction of the speed of anode
grounding by reducing the current strength of CPS.

Mathematical methods and models used: system
analysis; simplex optimization method (method of se-
quential improvement of the plan).

Due to the proposed approach, it becomes possible
to maintain the EChP process at an optimal level between
the zones of "lack of protection” and "overprotection™
and thereby reduce the harmful consequences caused by
modern EChP systems. Consequently, as estimates show,
the technical resources of the pipeline can be extended to
a minimum of 5-10 years and reduce their accident rate
due to corrosion.

The system monitors and continuously ensures the
EChP process both in time and duration, controlling the
protective potential through remote monitoring of the in-
strumentation and control systems in the middle of the
pipeline between neighboring CPS, as well as in all cor-
rosion-hazardous areas, where control and measuring
points are also installed. This gives a more complete pic-
ture of the pipeline’s safety, which means that it increases
the real protection of the pipeline from corrosion by
about 20...30 %

Funding. The results of a study conducted within
the framework of the grant project of the Ministry of Ed-
ucation and Science of the Republic of Kazakhstan
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mation and analytical system for monitoring and control-
ling electrochemical protection against corrosion of
main pipelines” are presented.
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OIITUMIBAIISA CUCTEMHA KATOJHOI'O 3AXUCTY MATICTPAJIBHUX TPYBOITPOBOJIB

Onexkcandp Ilpoxopos, Banepiii Ilpoxopos, Aniwep Xycanos, Kaxonzup Xycanoas,
bomaczo3z Kanouoacsa, /lingyza Typoubexosa

Hocnioxcyemovca bazamoxpumepianbhe 3a80AHHA ONMUMI3AYIT pesHCUMi6 poOOmU cmaHyill KamoOHO20 3aXUCTy
(CK3) 3 ypaxyBaHHSIM JaHUX MOHITOPHHTY, T€OJOTIYHAX YMOB y MiCIli MPOKJIaJaHHS TPYOOIIPOBOTY, KIIMATHIHIX
M CE30HHHX 3MIH Ta IHIIUX (HAKTOPIB. AKTYAIBHICTD JIOCII[PKEHHS OB’ s3aHA 3 KOMIUIEKCHUM PIIICHHSIM Ipo0IeMu
T IBUIIEHHS TOBTOBIYHOCTI Ta EKCIUTyaTaIlifHOI HaAIHHOCTI MariCTpabHIX TPYOOIIPOBOAIB 3 METOIO 3HIDKEHHSI aBa-
pifiHOCTI Ha iX 00'€KTax 3a paXyHOK 3a0e3mnedeHHs e(peKTHBHOCTI POOOTH CHCTEM eneKTpoxiMigHoro 3axucty (EX3).
[IpoanamnizoBani mpobnemu icHyrouux cucteMm EX3, e yCyHeHHST aHOIHUX 30H («HEJ03aXUCT») 33 paXyHOK KaTOTHOL
TOJIsIpU3alii 3MIHCHIOETECS 0e3 OnepaTHBHOTO OOJIIKY YMOB 30BHIIIHBOTO CEPEIOBHINA, K MPABUIIO, i3 3aI1acOM 3a
BEJIMYMHOIO 3aXHCHOT'0 MOTEHIIi ATy, 10 9aCTO MPU3BOAUTH JI0 IIEPE3AXUCTY», HACIIAKOM YOTO € TiIBUILIEHA BUTpaTa
€IIEKTPOCHEPTii, Ta30yTBOPEHHS Ha MOBEPXHI METaly, BiAIapyBaHHs Ta 3HOC 130J1s1ii TpyOomnpoBoais. MeToro 1oc-
JPKEHHS € CTBOPEHHS METOAY ONTUMAIIFHOTO PETYNIOBaHHA pekuMiB podotn CK3 MaricTpansHUX TpyOOIpOBOIiB
Ta amantuBHOI cuctemMu EX3, mo 3abe3medye KOHTPOIs Ta KEPYBaHHS IMapaMeTpaMy CTaHIIH KaTOIXHOTO 3aXHUCTY 3
ypaxyBaHHSIM 3MiHM 30BHIIIHIX YMOB Ha OKPEMHUX JIHIHHUX IUITHKAX MAariCTpalIbHUX TPyOONpOBOiB. 3aBIaHHA:
pO3pOOHTH METO[ IOCTYBaHHS Ui 3Haxo/MkeHHs BIUmBY CK3 Ha 3HaueHHS MOTEHIIaliB Y KOHTPOIBHUX TOYKAX
BIIPOAOBXK TpPacH TPyOOIPOBOAY; PO3POOHUTH OaraToKpuTepiadbHy ONTHMI3aIliifHy MOIENb PEeTyITIOBAHHS PEKUMIB
po6oru CK3; HaBecTH mpUKIag anmpodallii MeToy ONTUMAIIEHOTO PEryIIFOBaHHS Ha 00'€KTaxX JiHIHHOI YaCTHHU Jif0-
YOro MaricTpaibHOro ra3omnpoBony. OTpuMaHi Taki pe3yabTaTH. 3allpPOIIOHOBAHO METO]] 3HAXOKEHHS BILTUBY pe-
xuMiB podotn CK3 Ha 3HAUEHHS MOTEHIIIAMiB Y KOHTPOIBHUX TOYKAX B PEXKHUMI IEPEPUBAHHS CTPYMY 3aXHUCTY 1HIINX
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cranniit. CopMoBaHO ONTHUMI3AIiIHY MOZIENb 32 KPUTEPIEM PIBHOMIPHOCTI PO3MOALITY 3aXHCHOT'O CYMapHOTO IT0Te-
HIliaJly BIIPOJIOBX TPacH TPYOOIPOBOAY 1 32 KPUTEPiEM MiHIMAJILHOTO CyMapHOIo 3axucHoro crpymy Beix CK3 Ha
3aJaHiil AUISHII MaricTpanbHoro Tpyobornposoxny. BucHoBku. HaykoBa HOBH3HA OTpUMaHMX PE3YNbTATIB MOB’I3aHA
3 pO3pOOKOI0 OPUTTHAIBHOTO ONTUMI3ALIHHOTO METOY, SIKMH JI03BOJISIE HAYKOBO-00IPYHTOBAHO BU3HAYUTH PEXIMHU
poborn CK3 s 3abe3neueHHs 3aXUIIEHOCTI MaricTpalbHOrO TPYOOIPOBOAY SIK Y 4aci, Tak i 3a MPOTHKHICTIO 13
CKOPOYEHHSIM eKCILTyaTalliiHUX BUTPAT Ta aJalTHBHICTIO 0 3MiHHU KIIIMaTUYHHX, CE30HHUX Ta T€OJIOTTYHUX YMOB Y
MiCIIi IpOKNIaganHs TpyoorpoBoay. EdexTuBHICTE 3aIIporoHOBaHOTO MiIX0Y MPOLTIOCTPOBAHO HAa TPHUKIIA/IL peTy-
moBaHHs napamerpamu CK3 Ha OCHOBI JaHMX MOHITOPHHTY AIJSIHKHA MaricTpajbHOrO Ta30MpoBOAY Ha(TOra3oBoro
komrIutekcy Pecriyomiku Kazaxcran.

Koaro4ogi ciioBa: enexTpoxiMiyHMI 3aXUCT Bif KOPO3ii; MaricTpaiibHi TPyOOIIPOBOM; CTAHIIIi KaTOAHOTO 3aXH-
CTY; 3aXUCHHI MOTEHIIiaJ]; OaraToKpUTepianbHa ONTHMI3allis], JUCTAHIIHHIA MOHITOPHHT.

Ipoxopos Ounexcanap BanepiiioBuu — 1-p TexH. Hayk, mpod., npod. Kad. KOMITFOTEPHHX HaYK
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«XapKiBChKUi aBialiiHU{ IHCTUTYT», XapKiB, YKpaiHa.
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