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Abstract: Many catastrophes may occur due to the interference between the metallic pipeline and the high voltage overhead
transmission lines (HVOHTLs). These problems exist due to the neighbouring between the HVOHTLs and the other
infrastructures. Many types of research cover cathodic protection points, detailed description for the production of the AC
voltage, and preliminary mitigation ways. Mainly potassium hydroxide-polarisation cells (KOH-PCs) have been applied to
discharge this voltage to the soil. Based on the KOH-PCs electrical model introduced previously, this study investigates a novel
mitigation technique, where the discharged AC voltage converts to DC voltage that is proper for the cathodic protection for the
metallic pipelines. An integrated system consists of power electronic circuits and distributed intelligent controllers designed to
discharge the AC induced voltage and use in the cathodic protection for the pipelines. Different controllers such as the artificial
neural network, a fuzzy logic controller, and adaptive neuro-fuzzy inference system controllers have been implemented. Two key
performance indicators have been investigated to show the superiority of these controllers, where the total discharged energy

per annum (DEym) from the pipeline to the soil, and the total saved per year (SEyca.r)-

1 Introduction

The corrosion phenomenon represents the most important concerns
that affect the lifetime of buried pipelines. Besides, the corrosion
rate may accelerate if the electromagnetic interference between the
neighbouring transmission line and the pipeline exists [1]. Many
mechanisms illustrate the effect of the interference on the buried
pipeline outcomes that induced voltage on it. These mechanisms
rely upon the form of coupling (capacitive inductive and
conductive) among the pipeline and the transmission line [2].
Conductive coupling generates through the ground voltage rise
produced by discharging a very high amount of current into the soil
at power system constructions, particularly at the grounding
systems of high voltage overhead transmission lines. The
conductive coupling is one of the main interests during power
system faults, especially when the metallic pipelines are located
close to the high voltage transmission line [3]. Commonly,
inductive coupling is produced through magnetic fields. The
transmission line carrying a high level of current by their
conductors generates strong magnetic fields in the neighbouring
area. The generated magnetic field nearby the high voltage
transmission lines induces a voltage in the surrounding metallic
structures coupled with this magnetic field. This coupling is
influenced by different factors, such as the transmission line's
current, the parallelism length, and the distance between the
transmission line and metallic constructions [4]. Over the past
decades, various corrosion control methods for the buried pipeline
were applied as coating and cathodic protection (CP). Buried
pipelines are usually protected from corrosion by providing a good
coating with CP [5]. NACE approved the CP guidelines for the
buried pipeline is —0.85 V(related to Cu/CuSQOy4 electrode, CSE)

with AC density <20 A/m? [6, 7]. Almost, the AC interference
affects CP's effectiveness and deviates the DC-CP potential of the
buried pipeline from the desired value [8].

The artificial intelligence (AI) based techniques have been
identified as a preferred solution for the computation of AC
induced voltages. Among various Al-based techniques, an adaptive
neuro-fuzzy inference system (ANFIS) is the most broadly
employed method for modelling the induced voltages. In [9], a
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hybrid prediction system composed of an ANFIS and a
backtracking search algorithm (BSA) was formed to predict the
induced voltage on mitigated and unmitigated pipelines reliably. In
the ANFIS learning process, the BSA was considered one of the
newly developed metaheuristic optimisation algorithms for tuning
the membership functions to achieve a lower prediction error. An
adaptive neuro fuzzy-based model was designed to examine the
impact of the microstructural parameter variation on the pipeline's
pitting corrosion performance. The proposed model would be a
useful means to manage the metal's approval/refusal on a market
scale [10]. In [11], the pipeline coating defect effects on the
induced voltage were introduced. The induced AC voltages
mitigation was presented based on the least square method for
inserting the suitable number of polarisation cells along the
pipeline. A methodology was introduced to predict the buried
pipeline's external corrosion rate based on the combination of the
soil parameters. This method provided the inspection corrosion rate
data and also focused the efforts towards optimising the security
and the continuity of the service [12]. In [13], the impressed
current cathodic protection (ICCP) anode locations on ships were
selected based on minimising the underwater electric field. For
predicting positions of the ICCP anodes, multiple linear regression
analysis and artificial neural network (ANN) methods were
applied. The results showed that the ANN was more effective than
the multiple linear regression model to predict ICCP-anode and
underwater electric field position. Some researchers had attempted
to introduce the fuzzy mathematics concept into safety assessment
methods of process industries to effectively deal with uncertainty
(i.e. incomplete and imprecise data). An analytic model based on
the means of the type-2 fuzzy logic controller (T2-FLC) was
developed to estimate the corrosion failure likelihood for oil and
gas pipelines [14]. In [15], a methodology was proposed to predict
the buried pipes corrosion rates based on the combination of the
measurement of six soil parameters (moisture content, pH,
resistivity, redox potential, sulphate, and chloride concentrations)
to decrease the amount of examination corrosion rate data. The
technique was based on coupling a fuzzy logic expert system
(FLES) within-site investigation data that provides for tremendous
control of the pipe corrosion rate. The output of the FLES displays
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the level of soil corrosivity that may be non-destructive or extra
destructive. In [16], an analytic model for assessing corrosion
failure likelihood of oil and gas pipelines had been developed using
the fuzzy logic approach. Besides, the fuzzy logic system was used
to analyse corrosion thinning likelihood and corrosion cracking
likelihood. The proposed model was intended to examine the
pipeline failure probability by fuzzy fault tree analysis (FFTA) with
expert experience. The proposed FFTA structure was used to make
decisions related to oil and gas pipelines ‘risk management when
struck by multiple natural hazards [17]. A modern PLC-based
fuzzy proportional-integral-derivative (PID) controller is planned
to automatically regulate the petroleum product flow rate by
checking the various pressure signals range in the long transmitting
concrete pipes. The real-time data of pressure and flow are
monitored by a SCADA screen used to provide instantaneous
trends using data logging. Besides, implementing a PLC-based
fuzzy-PID controller was developed to increase the control valves
operation to avoid environmental interruptions like leakage or
damage/explosion in the pipeline transport system [18]. In [19], an
Al-based approach was implemented to examine the
electromagnetic interference problems between high voltage
overhead power lines and nearby buried metallic pipelines. In the
case of various geometries and multilayer soil structures, the
executed ANN technique assessed the inductive coupling form,
which represented the electromagnetic interference problem. Two-
hybrid risk assessment systems have been developed, combining
the FIS, ANNs, and expert risk assessment methodology to
accomplish risk assessment [20]. They concluded that the corrosion
growth rate increased when the metal loss was increased and
decreased when the pipeline's CP was carefully maintained.
Besides, the fuzzy logic model was used in the prediction of
pipeline failure [21]. In [22], the methodology was presented to
estimate the probability of pipeline failure of CO, transporting
pipeline based on the combination of fault tree analysis (FTA) with
fuzzy logic. The combination of FTA with fuzzy logic would help
in artificially generating the unavailable data. In [23], the author
established a new fuzzy inference system (FIS) for pipeline risk

Table 1 Summary of the reviewed corrosion research
works and applications

References Tool Objective
Aghay et al. (2019) [6] ANFIS prediction of metallic conductor
voltage

Ahmed (2018) [7]
Roya and Bhardwaijb [10]

estimation of coating defects

estimation of the pitting
corrosion

predicting pipeline external
corrosion rate’

estimation of corrosion failure

Yuiji et al. (2002) [8] FLC

Roya and Bhardwajb (2018)
[10] and Ahmed (2018) [11]
Kim and Seok (2018) [13],
and Qi and Wei (2016) [16]
Victoria et al. (2018) [15]
Priyanka et al. [18]

pipeline risk assessment

estimation of failure probability
adjust the flow rate of the
petroleum products

Aghay et al. (2019) [9] ANN optimising anode location in an

ICCP system
Biezma and Agudo (2018) studying inductive coupling
[12] between overhead power lines

and nearby metallic pipelines
Dipak and Barnali (2017) they are predicting the
[14] condition of offshore oil and
gas pipelines.
studying the electromagnetic
interference

Pavanaditya et al. (2018)
[17], and Priyanka et al.
(2018) [18]

Levente et al. (2016) [19]
and Wu (2015) [20]
Xiaobin et al. [27]

prediction of voltages on
mitigated pipelines
estimation of the corrosion
defect depth
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assessment. Among various Al-based methods, ANNs were the
most broadly applied methods for calculating the induced voltages
and evaluating the magnetic vector potential for different
constructive geometries of a specific interference problem [24].
The multilayer perceptron (MLP) with the error backpropagation
training method as an effective feed-forward class ANN was
executed in [25] to predict the induced voltages on a buried
pipeline, placed in the electromagnetic field triggered by high
voltage transmission lines during the single-phase to ground fault
conditions. For this investigation, different parameters were
considered as inputs for ANN. These parameters involve the soil
resistivity, the distance between the transmission line and the
buried pipeline, the magnitude of the fault current, and the
connection of the mitigation unit along the pipeline. In [26], an
ANN design was approved to predict total voltage on mitigated
pipelines due to the impact of inductive and conductive AC
interference under fault conditions. Besides, the developed ANN
predicted the mitigated voltage of the pipeline under different
conditions such as soil resistivities, fault currents, and separation
distances. The historical operating parameters were used for
establishing the time-dependent corrosion defect depth growth of
corroded pipelines based on machine learning tools. The machine
learning relies on feed-forward subspace clustered neural network
(NN) and particle swarm optimisation in the evaluation of the
corrosion defect depth to estimate the integrity of the pipelines at
discrete localities [27]. Optimisation of an ANN modelling
methodology for the reliability evaluation of corroding natural gas
pipelines was introduced [28]. In [29], an improved flower
pollination algorithm was proposed by combining the global
iterative chaotic map with a comprehensive opposition learning
approach to efficiently optimise the backpropagation neural
network's initial weights and thresholds. This will promote
intelligent examination of natural gas pipelines defects as well as
recognise the state of pipeline normal state; pit defect, and scratch
defect. Table 1 summarises the recent works on corrosion control
applications in terms of controller type. This paper introduces the
implementation of many intelligent controllers to discharge the AC
induced voltage from the pipeline to the soil due to the interference
with the transmission lines. Additionally, this paper introduces a
design for a circuit to convert the AC voltage to DC voltage proper
for CP. The total delivered from the utility to CP is reduced due to
this conversion. Moreover, two novel key performance indicators
(KPIs) have been represented to compare between the applied
control algorithms; FLC, ANN, and ANFIS. The first one
demonstrates the total saved energy from the utility per year, while
the second describes the total discharged energy to the soil per
year. The rest of the paper is organised as follows: Section 2
introduces the problem statement with the basic structure for AC
corrosion control. Section 3 describes the proposed solution.
Furthermore, details of the proposed algorithms are introduced in
Section 4. The implementation of the proposed algorithms for the
main and distributed ICCP stations is introduced in Section 5.
Furthermore, the results of the proposed model and a comparative
performance evaluation for different controllers with various
models of potassium hydroxide (KOH), PC-25, and PC-50 are
introduced in Section 6. Finally, conclusions and possible future
work are given in Section 7.

2 Problem statement

This section provides a detailed description of induced AC voltage
causes on the pipeline due to transmission line interference.
Besides, the electrical modelling of the impressed current system
and the polarisation cell is illustrated.

2.1 Mechanisms of induced AC voltage

As discussed in [30], three forms discuss the reasons for the
induced voltages produced on the pipeline. These forms can be
summarised, dependently on the type of the coupling between the
pipeline and transmission line, into capacitive, inductive, and
conductive. In this study, only the inductive form is introduced
because the pipeline is buried at depth in the soil. This form occurs
when AC flowing in the transmission line produces a magnetic
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Fig. 2 The model of impressed current cathodic protection (ICCP) system
(a) The layout of ICCP system, (b) Diagram of an impressed-current CP system for a
buried pipeline

field around the transmission lines, which induced voltages on the
nearby buried pipeline. The induced voltage produced on the
pipeline is dependent on the transmission line's current. This
voltage may be serious for the pipeline's CP performance due to
AC corrosion [30]. There are different techniques to calculate the
induced voltage on the pipeline [31]. This study presents the
chosen method [32, 33], which has high consistency in the
simulation results.

The AC flowing in the overhead transmission lines causes a
magnetic field, which induces the pipeline's voltage. The induced
voltage is calculated based on the lossy transmission line
modelling. In this model, the pipeline is divided into several
segments; each segment has the equivalent impedance and
admittance of the pipeline related to the earth. Besides, the induced
AC voltage at each section is calculated based on the driving
electric field (E;), the impedance, and admittance of the pipeline
related to the earth per unit length (Z and Y), respectively, and also
the uniform is grounding parameters such as the soil resistance and
pipeline coating resistance, which represents as (R;). Fig. 1 shows
the equivalent electrical circuit of the pipeline [32]. Usually, the
pipeline voltage at each segment can be calculated as (1) [33], and
the details of the parameters calculations are discussed in [34].

The induced AC voltage produced at each n-pipeline section is
estimated as follows:

E; Zy
14 ZA+ZCU

Zs
- - ey
Vi Yz zes M
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where 7 is an index that relates to each segment of the pipeline, E;
represents the driving electric field force per unit length (V/m), y
is the propagation constant that equals Z¥(m™), Zc is the
characteristic impedance, that equals \/Z/Y(Q), Z and Y are the
impedance and admittance of the pipeline to ground per unit
length, respectively, Z, and Zp are the equivalent impedance of
buried pipeline per unit length on the left and right sides,
respectively (2), L, is the length of each section (m), and x is a
variable distance (m).

2.2 AC corrosion control

The induced AC voltage is produced on the buried pipeline, which
may result from nearby transmission lines to the pipeline. This
voltage may result in AC on the pipeline, which causes pipeline
corrosion. This corrosion will occur if the corrosion current
exceeds the injected DC by the CP unit [35]. The rate of corrosion
is dependent on the AC density so that the increase of AC density
will be accelerated the corrosion rate. For solving this problem,
there are two methods applied to prevent pipeline corrosion,
namely coatings and CP. It is essential to combine coatings and CP
to reduce AC corrosion probability on the pipeline. The principle
of CP is to deliver an appropriate direct current to the pipeline to
increase the DC voltage of the protected pipeline until the
corrosion is mitigated [36]. The CP means on the pipeline can be
classified into two types; in the first type (ICCP), an external DC
power source is used as in Fig. 2. While in the second type, a
sacrificial anode cathodic protection (SACP) is used [37].
Generally, the ICCP method is the most effective way to protect the
long transmission pipelines, especially due to flexibility in voltage
and current adjustments to the pipeline [38]. In this method, the
impressed current depends on two mechanisms; the first one is the
variation of the external resistance of the CP circuit to keep the CP
potential at the desired limit. The other mechanism is the variation
of the output current from the impressed current unit. The amount
of DC injected into the pipeline to overcome the pipeline's
corrosion is dependent on several factors [35]. These factors are the
protected pipeline area, the electrolyte type between the pipeline
and ground anodes bed, the metal type of the anodes, and the type
of pipeline's coating. The selection of the coating materials very
significant to reduce the required DC significantly as it acts as an
insulation medium between the pipeline and the surrounding
environment. The most vital factor is the soil resistivity that
changes with weather or environmental conditions since the
injected DC is also varied with these conditions either increases or
decreases to achieve constant DC voltage along the pipeline. Either
manual or automatic adjustment achieves the required DC-CP
potential on the buried pipeline. The two mechanisms ‘overall
purpose is to maintain the DC voltage within the safe limits’ (—0.85
to— 1.5 V).

The conventional ICCP system is illustrated in detail as shown
in Fig. 2a, where the DC is delivered into the pipeline from an
external DC source (usually a power rectifier). The positive side of
this source is solidly connected to a group of graphite anodes.
These anodes deliver a DC through the soil to the pipeline, where
the negative side of the power rectifier is connected to the pipeline.
Fig. 2b shows the schematic diagram of an impressed system with
a single-phase controlled rectifier circuit. The negative terminal of
the fully controlled single-phase rectifier circuit is attached to the
pipeline. The positive end is linked to a series of anodes bed. Each
anode is defined by a dependent source of current, which depends
on the DC voltage output value. Each anode is connected in

parallel, and the total current is ZZ V,, which represents the sum of

the drawn current from each anode.

In this study, there are two ICCP stations at both ends of the
pipeline, where the transformer rectifier is used to step down the
AC input from a grid to normal voltage and then rectified this by
the controlled rectifier circuit. Hence, along the actual Fayoum gas
pipeline, there are two impressed current system units.
Additionally, this line has five potassium hydroxide-polarisation
cells (KOH-PCs) that installed the points of the AC voltage peak
points.
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Fig. 3 Schematic representation of the proposed model

(a) Equivalent circuit of the KOH-PCs'components, (b) Detailed scheme description
for the suggested model, (c) The complete configuration for the installed distributed
controller, main ICCP stations, and main controller for the pipeline, (d) Detailed
layout of the proposed model-based different controller applied to the system

The required DC for CP strongly depends on several factors
such as quality of coating materials, soil conductivity, the total
protected area of the pipeline, the variation of the DC-CP potential,
which can be illustrated by (2) [39]:

i] = —o0r"* V@] (2)

1080

where i is the soil current density (A/m?), ¢, is the conductivity of
the soil (S/m), and @, is the DC potential from the pipeline to
anode bed (Volt).

The default insulation limit for all buried pipeline boundaries is
defined as:

V.i=0. 3)

3 Proposed solution

As described in the above sections, the pipeline of Fayoum Gas
Company has mainly two ICCP units and five KOH-PCs.
Moreover, the electrical circuits of ICCP and KOH-PC are shown
in Figs. 3a and b, respectively [34]. An additional controlled AC
switch (thyristor) has been installed between the pipeline and the
KOH-PC. In parallel with each cell, a distributed controlled
rectifier circuit (DCRC) is installed. The positive side of this circuit
is connected to a small group of graphite anodes, while the
negative side of it is connected to the pipeline's local point, as
shown in Fig. 3b. Fig. 3¢ shows that the complete configuration for
the installed distributed controller, main ICCP stations, and central
controller for the pipeline. A comprehensive monitoring system has
been applied, where both AC and DC voltages of the selected five
points are received. These signals are then processed through a
master controller, where this controller delivers the fire angle
pulses to the thyristors of central ICCP units, KOH-PC AC switch,
and the parallel control rectifier circuit, as in Fig. 3d.
Simultaneously, the flowchart is presented in Fig. 4, which
summarises the implementation process to enhance the CP
performance and mitigate the induced AC voltage along the
pipeline for protecting the pipeline against corrosion. Firstly, the
pipeline and transmission line data are collected, then the
measurement of the soil resistivity is carried out. The induced AC
and DC voltages along the pipeline is measured or calculated. This
voltage is compared with the voltage limit value of 15V for AC
voltage and between —0.85 and —1.5 V for DC voltage. If both AC
and DC voltages are within threshold limits, no action will be
achieved by the control system. If both AC and DC voltages at any
point are more than the limit value, some procedures are
recommended to reach these voltages to limit set. These procedures
incorporate the decrease of the KOH-PC's firing angle, which
means dissipating the induced AC voltage into the soil is increased.
On the other hand, the firing angle of the controlled rectifier is
increased, which means the distributed ICCP will be out of service,
in addition to the main ICCP until the CP potential and induced AC
voltage reaches the desired limit. If the AC voltage is greater than
the threshold value and DC voltages at any point are less than the
limit value. Inserting a KOH-PC should be carried out to reduce
the induced voltage as well as both distributed, and the main ICCP
should inject to increase the CP potential. If the AC voltage is less
than the threshold value and DC voltages at any point are more
than the limit value. In this case, there is no need to connect any
KOH-PC, in addition to the injected current from main ICCP
stations is reduced. Furthermore, there is no need to connect any
distributed impressed current. If the AC and DC voltages at any
point are less than the limit value, some procedures are
recommended to increase the DC voltage to the limit value. In this
case, the increase of the KOH-PC's firing angle is carried out to
decrease the dissipating of the induced AC voltage to the soil and
increase its utilisation in the process of rectification. Besides, the
controlled rectifier's firing angle decreases to raise the injected
current on the pipeline from the distributed ICCP. The impressed
current from the main ICCP increases by decreasing the central
controller rectifier circuit's firing angle.

4 Proposed algorithms

In this study, ANN, FLC, and ANFIS are applied to control either
the discharging energy into the soil or the injected energy on the
pipeline. The annual saving energy (SEyc.) is selected as a KPI
that represents either the discharged energy from the pipeline into
the soil or the converted energy to the pipeline in DC CP voltage
form. This KPI shows that the delivered energy from the external
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Fig. 4 Control algorithm of eliminating the AC induced voltage
maximising the DC-CP voltage of the pipeline

CP stations to the pipeline should be minimised, and also the
discharged energy from the pipeline should be maximised. The
following sections describe the applied control algorithms to
achieve the highest SEyc,,.

4.1 Fuzzy logic controller

FLC mimics human decision making, where it allows for analysis
of complicated system structures in which linguistic expressions
are used instead of numerical variables for modelling the system. It
has increasingly been used in various fields such as economics,
image processing, power engineering, systems engineering,
optimisation, industrial automation, and varied purpose robotics
[40-42]. Fuzzy modelling is basically a rule-based method, which
is also described as a fuzzy inference framework. A typical fuzzy
logic system consists of four major parts, as illustrated in Fig. 5a,
fuzzification, fuzzy rule base, fuzzy inference, and defuzzification.
Firstly, the variables for input and output are determined, then
fuzzy sets are defined for these variables. Membership functions
have been built to show the relationship between the inputs and the
outputs. There are various types of membership functions,
including triangular, Gaussian, trapezoidal, and so on. Since
membership type functions impact the FLC architecture, it is
necessary to choose carefully. The fuzzy IF-THEN rules are
generated to relate variables for input and output. Fifth, the
mechanism of inference is set. The two most popular forms of
fuzzy interface system (FIS) are the Mamdani, and the Sugeno,
where Sugeno's output is linear or constant, but Mamdani's output
consists of membership functions that might be trapezoidal,
triangular etc. Sugeno is also trained using the data set, but
Mamdani does not need a data set and relies on expert knowledge.
In this study, using expert expertise is preferred for the Mamdani-
type fuzzy inference method in the rule-based fuzzy logic model.
The type Mamdani consists of the following processes. The input
variables are fuzzified to establish over membership functions to fit
each of the fuzzy sets. Next, it uses a fuzzy ‘AND’ or ‘OR’
operator to combine the inputs to provide a single number. Next,
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the weight of the rule is set before the consequence for every rule
that is being applied. It combines and evaluates all the fuzzy rules.
The outputs are aggregated by methods of aggregation, including
maximum, probabilistic, and sum (simply the sum of the output set
for each rule). Therefore, each rule's outputs are combined into a
fuzzy collection that needs defuzzification [42]. The last step is
defuzzification, which converts the fuzzy results to crisp output
values. Some of the defuzzification methods are maximum mean
(MM), centroid, maximum smallest (MS), and maximum largest
(ML).

4.2 Artificial neural network

The NN can be described as a computational method whose
processing is close to the behaviour of biological neurons. Also, it
can be defined as a mathematical proof of the neural architecture of
the individuals [43]. It is trained by the use of data, so restrictive
assumptions are not mandatory in the model design process. It
detects complex non-linear structures between variables depending
on an independent [44]. It can be extended to the problems where
the input—output relationship is ambiguous or unknown. MLP,
whose general structure is shown in Fig. 5h, uses feed-forward
architecture on multiple layers and is the most widely used
network. An MLP is composed of three layers of input, hidden, and
output. The input layer receives input data features and distributes
them to the hidden layer. The hidden layer contains neurons and
transforms the input into the form that can be interpreted by the
output layer. The output layer also contains neurons and yields the
final outputs. The optimal NN structure is usually established after
trial and errors [45]. After training and testing using the data set,
the model structure that provides the smallest error is selected. It is
retrained until the expected level of precision has been achieved.
The NNs as supervised and unsupervised networks are split into
two classes, competitive layers and self-organising maps, which are
trained to allow the network to continually adjust the new inputs.
At the same time, the supervised networks are trained by using data
to generate required input outputs. After training and testing using
the data set, the model structure that provides the smallest error is
selected. It is retrained until the expected level of precision has
been achieved.

The NNs as supervised and unsupervised networks are split into
two classes, competitive layers and self-organising maps, which are
trained to allow the network to continually adjust the new inputs.
At the same time, the supervised networks are trained by using data
to generate required input outputs. These networks are the feed-
forward networks (feed-forward-backpropagation cascade-forward
backpropagation, perceptron etc.), radial base networks
(generalised regression and probabilistic NNs), and dynamic
networks (Elman, Hop field, non-linear self-regressive, etc.).
Elman is using feed-forward backpropagation and cascade-forward
backpropagation networks. Levenberg—Marquardt is one of the
quickest and most effective training methods and is ideal for small
and medium-sized networks training [46].

4.3 Adaptive neuro-fuzzy inference system

ANFIS combines NN and FISs ‘advantages. Therefore, it has rapid
learning ability, the ability to seize a process's non-linear structure,
the ability to adapt, and does not require expert knowledge. The
ANFIS has been successfully implemented in a variety of fields to
a wide range of problems [47]. Besides, ANFIS can effectively
solve any type of complex and non-linear problems by
incorporating the advantages of NN and fuzzy logic. By using
fuzzy methods, it blends numerical and linguistic information. This
also uses the data classification capability and pattern recognition
capabilities of the ANN. Furthermore, the ANFIS causes fewer
memorisation errors and is more observable to the user than the
ANN. ANFIS is essentially the fuzzy modelling based on rules.
Fuzzy rules are established over the process of training [48]. The
training is carried out with the use of a data set. The ANFIS
designs an FIS, and the membership function parameters are
formed based on the training data. The Sugeno-type FIS is used in
the ANFIS model as the data set is used, and the ANFIS
architecture is shown in Fig. 5c¢, where x and y as inputs. The
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model with two inputs, one output, and two rules

ANFIS architecture consists of five layers; the first layer or
fuzzifying layer; each neuron is an adaptive node consisting of
premise parameters. Neurons indicate the product of inputs as in
the second layer, known as the implication layer. While in the third
layer or normalising layer, each neuron is fixed. In the fourth layer
(de-fuzzifying layer), each neuron is also an adaptive one
consisting of consequence parameters. Finally, the combing layer
contains a single neuron that adds up all the inputs. The following
section shows the implementation of the proposed algorithms. In
general, estimating the calculation procedures requires the accurate
data of AC and DC voltages along the pipeline. These data are
generally derived from field measurements or simulations results.
In practice, the AC and DC voltages is changing with time since it
is affected by the changes of the soil constituents, operating
temperature, and line currents. To overcome these variations, the
proposed control system is developed to construct the relationship
between AC and DC voltages under different conditions and then
take suitable action. However, the influencing factors on AC and
DC voltages are complex; forming the relationship between AC
and DC voltages is still challenging. This work attempts to develop
a suitable control system to compensate the DC voltage or mitigate
the AC voltage.

5 Implementation of the proposed algorithms

Generally, the promotion of the efficacy of the CP system along the
pipeline represents the challenge due to the DC CP potentials
depend on several various factors such as soil properties, operating
temperature, and weather conditions. This study attempts to
overcome these factors to predict accuracy CP performance.
Therefore, the rules of the controller are the most vital to present
the relationship between variations input and outputs. This section
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describes the different controllers of the local control system,
which distributes at five points on the pipeline. Various controllers
are then implemented to preserve the CP potential within
reasonable limits, to reduce the induced voltage to a minimal value.
Firstly, each controller requires to construct the relationship
between the induced AC and DC voltages and then calculate its
response to adjustments in the operating conditions of the pipeline.
The model takes the variable parameters (i.e. induced AC and DC
voltage) as input to the controller. For improving the CP
performance, dual-input and a triple-output system have been
established. The input variables are Vac and Vpc, and the outputs
are agoH, Acr, and Dg. In this study, the expected value of Vac

ranges between 0 and 100V, which denotes the value of the
induced AC voltage. Vpc denotes the effectiveness of the CP
potential. For the FLC, V¢ is classified into four ranges: low (L),
medium (M), high (H), and very high (VH). V'pc is classified into
five ranges: very low (VL), low (L), medium (M), high (H), and
very high (VH) (see Fig. 6a). Moreover, the value of axon, ranges
from 0° to 180°, which denotes the firing angle to KOH-PC's
thyristor. Also, the value of acg, ranges from 0° to 180°, which

denotes the firing angle to the controlled rectifier. Dy denotes the

status of the CP potential on the pipeline, and the value is an
integer which ranges from 0 to 1. Besides, akop, is classified into

three ranges: low firing (LF), medium firing (MF), and high firing
(HF). acg, is classified into five ranges: very low firing (VLF), low

firing (LF), medium firing (MF), high firing (HF), and very high
firing (VHF). Dy is classified into three ranges: low (L), medium
(M), and high (H) (see Fig. 6b). For compensating the CP potential
along the overall pipeline, five-input and a single-output fuzzy
logic system have been established. The input variables are DC
voltage state from each local FLC (Dg), and the output is the firing

angles to two ICCP stations at the pipeline's terminals (aMCR/.). For

simplicity, the membership functions represent single input from
five-inputs, in addition to a single-output. Dy denotes the status of
the CP potential on the pipeline, as shown in Fig. 6¢. Besides, an
approach using an ANN is proposed to control the induced voltage
produced on the pipeline and use it as an alternative source for
improving the CP performance. The multilayer feed-forward ANN
with the error backpropagation training method is employed. The
input to the local ANN controller is the induced AC voltage and
DC voltage as well as the output is the firing angle to KOH-PC's
thyristor, the firing angle to the controlled rectifier, and the status
of the CP potential on the pipeline. Besides, the input to the central
ANN controller is the DC voltage status from each local ANN
controller as well as the output of the central ANN controller is the
firing angles to the main ICCP station. After experimenting with
different training functions, the most appropriate training function
is chosen for the problem. The number of hidden layers and
neurons is determined through trial and error.

The proposed NN is feed-forward backpropagation, the number
of the inputs to the local controller is 2 with 20 neurons, and the
training algorithm is Levenberg—Marquardt. Besides, the number
of inputs to the main controller is 5 with 20 neurons. The ANFIS
developed in this study is an approximate fuzzy model with
Sugeno-type based on Matlab. The subtractive clustering is used in
the ANFIS models to produce FIS because the accuracy of the
prediction obtained is higher than the grid partitioning. For induced
AC voltage and CP against DC voltage, three membership
functions are formed for each input variable. The hybrid method of
optimisation is used for FIS training. Thus, for accurate tests, the
number of epochs, which are 1000, is set. The parameters and
features of the ANFIS models for subtractive clustering are given
in Table 1. Besides, Table 2 shows the parameters for DC voltage
state from each local ANFIS, and the output is the firing angles to
two ICCP stations at the pipeline's terminals (ayicr;)-

6 Results and discussions

Basically, the studied pipeline is considered an extension of the
previous research paper, which was discussed in [34]. This pipeline
is owned by Fayoum Gas Company, Egypt. In this paper, a
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fuzzy logic system

complementary analysis of either the induced AC voltage produced
on the pipeline or the CP performance with a mitigation unit is
introduced. A real case study of the Fayoum gas pipeline is studied.
This pipeline has a 72 km length, which is parallel or crossing the
three transmission lines (El-Kurimate-Cairo TL, Samaloute-Cairo
TL, and Dimo-6th of October TL), as shown in Fig. 7a. Two of
them carry a voltage of 500 kV and the last carries voltage of 220

kV. The towers of 500 kV TL have three-phase power circuits with
two earth cable, in addition to the tower of 220 kV has two three-
phase power circuits with one earth cable. Besides, the El-
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Table 2 Properties of the proposed ANFIS models

Parameter Description/value
Firing angle of Main ICCP
KOH and stations
controlled rectifier

fuzzy inference system Sugeno Sugeno

structure

optimisation method for subtractive subtractive

training FIS clustering clustering

range of influence 0.87 0.87

squash factor 1.1 1.1

accept ratio 0.5 0.5

reject ratio 0.1 0.1

input number 2 5

output number 1 1

number of input 3,3 3,3,3,3,3

membership functions

optimisation methods hybrid hybrid

training epoch numbers 1000 1000
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Fig. 7 Illlustration of the study layout and induced voltage measurement

(a) Fayoum gas co. pipeline- three power lines layout, (b)) Experimental procedure to
measure of induced AC voltage, (¢) A comparison between the measured and the

calculated induced AC voltage

Kurimate-Cairo transmission line has a length of 124 km with 575
MVA rated power, as well as the Samaloute-Cairo transmission
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line, which has 1000 MVA rated power with 209 km. The last line
is the Dimo-6th of October transmission line, while each circuit
carries 158 MVA rated power.The specification data of these
transmission lines, illustrated in Table 3, are taken from [49].
Besides, the study pipeline has a diameter of 0.4064 m, which
coats by high-density polyethylene, where the thickness of the
coating layer is 4 mm with resistance 10° Q/m’. Also, it is buried at
a depth of 1.5 m with the soil resistivity varies from 2500 to 100 Q
m along with the pipeline layout.

In this study, the measurements of induced AC voltage is
performed using a digital AC voltmeter, which is inserted between
the pipeline and Cu—CuSO4 portable electrode, as shown in
Fig. 7b. The equivalent circuit of the pipeline is presented as shown
in Fig. 1. The parameters of this circuit are calculated by MATLAB
code, then the obtained results for the induced AC voltage are
conducted to SIMULINK/MATLAB software. To validate the
accuracy of the pipeline model, the calculated results are compared
with real measurements. It is observed that a good agreement
between the measured and calculated results is achieved. However,
there are small divergences between them due to the complexity in
measuring the accurate data of operating conditions of the
transmission line and the surrounding environment of the pipeline
as shown in Fig. 7c.

Fig. 8a depicts the profile of the induced AC voltage with and
without KOH-PCs. It is observed that the induced voltage has a
maximum value at some points. These points are 12.75, 18, 39.7,
44.8, and 58 km, which have 20.43, 17, 43.12, 49.79, and 35.93 V,
respectively, as in Table 4. This indicates that the possibility of
pipeline corrosion increases. Therefore, the induced voltage must
be reduced to a safe limit (15 V) to avoid AC corrosion. This can
be achieved by inserting KOH-PCs along the pipeline at the lowest
separation distance between the transmission line and pipeline.
After placing the different models of KOH-PCs on the pipeline, it
can be noted that the AC induced voltage is reduced below the
threshold value (15 V). After installing the KOH-PCs at the high
voltage points, it is noticed that at point 54 km along the length of
the pipeline, the induced voltages have maximum values that equal
1432 and 145V in case of using the PC-25 and PC-50,
respectively.

On the other hand, after inserting the KOH-PCs for the pipeline,
the DC voltage of CP is slightly decreased along the pipeline
length. Consequently, the DC voltage may be significantly
influenced, especially by installing the PC-50, which introduces an
easier bridge to the soil for the current. Fig. 85 shows the DC CP

Table 3 Technical details of transmission lines [49]

voltage along the pipeline without and with KOH-PCs under
different KOH plates. it is noticed that the minimum DC voltage
occurs in the middle of the pipeline due to the longest distance
from the main ICCP stations. The calculated values of the DC
voltage at the middle pipeline are —0.767, —1.374, and —1.445V
for PC-50, PC-25, and without mitigation units, respectively. These
values represent the minimum DC voltage along the pipeline. From
this figure, it is noted that the discharging of the direct current to
the soil will gradually increase if the KOH-PC plate's numbers are
increased. Consequently, the DC voltage in the case of using PC-50
is the most critical compared to PC-25 due to the increase of the
plate number in polarisation cells, which causes the increase of the
electrical paths to the soil.

Therefore, it is necessary to implement different controllers
system to control both the AC and DC voltages. As a result, the
proposed model is based on the utilisation of the dissipated induced
voltage into the soil to guarantee better CP performance. This
proposed model is based on maintaining the DC voltage within
allowable limits with saving in the energy demand from both the
main ICCP at both pipeline's terminals. Therefore, the different
controllers are used to tune and utilise the induced AC voltage in
improving the DC voltage after inserting the mitigation units.
Firstly, the performance of the proposed model is assessed by two
criteria. Two criteria are used to judge the different controllers
against each other, which are the annual saving energy (SEyear) and

annual discharged energy (DEyear). Subsequently, the performance
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Table 4 Induced AC voltage calculations using different KOH-PCs with different controllers
Point, km PC-25 PC-50
ANN FLC ANFIS ANN FLC ANFIS
12.75 2.83 1.761 1.233 1.33 0.793 0.52
18.00 2.98 1.695 1.186 1.32 0.965 0.63
39.70 3.29 2.54 1.778 1.539 1.178 0.767
44.80 4.02 1.544 1.15 2.35 0.944 0.611
58.00 5.82 3.027 212 5.54 2.641 1.716
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Fig. 9 Induced AC voltage and DC CP voltage along the pipeline in case
of PC-25 with different controllers
(a) Calculated pipeline induced voltage, (b) Calculated DC voltage

of the ANN and fuzzy controllers, as well as the performance of
the ANFIS controller to achieve complete CP under the same
system conditions are recorded. Figs. 9a and b show the profile of
the induced AC voltage and DC voltage in case of using PC-25
with different controllers, respectively.

As shown in two figures, an ANN controller gives reasonable
results in which the mitigated induced voltage is significantly
decreased from 14.32 to 12.68 V at 55 km, as well as the DC
voltage improves from —1.374 to —1.406 V at 39.7 km. From these
figures, it is noted that the performance of the model using the
ANFIS controller is more effective than the performance
accomplished using the FLC system, in which the mitigated AC
voltage calculated values are 8.3664 and 11.952V at 54 km,
respectively compared to 14.32 V without the controller. Moreover,
the DC voltage improves from —1.374 to —1.411 V and —1.424 V in
the case of FLC and ANFIS, respectively, at 39.7 km.

Therefore, we can conclude that the response of the ANFIS
controller to compensate DC voltage and mitigate the induced
voltage is faster compared to the others controllers. Therefore, the
ANFIS controller is the most efficient control method between the
three suggested controller, where it achieves sufficient mitigation
and reasonably CP performance under different KOH-PCs ‘models.
Figs. 10a and b show the induced AC voltage using the PC-50 is
more than that of the PC-25. At the same time, the DC CP
performance is better than that without a controller. This means
that the proposed controller constitutes an important role in the
reduction of the induced voltage and the improvement of CP
performance in the pipeline. As shown in two figures, the ANN
controller improves the DC voltage from —0.767 to—0.87 V at
PC-50. Besides, the improvement of the CP performance is
evaluated during using FLC, and ANFIS, which improves the DC
voltage from —0.767 to—0.956V, and—1.096 V, respectively.
Also, the mitigated induced AC voltage with ANN, FLC, and
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Fig. 10 Induced AC voltage and DC CP voltage along the pipeline in case
of PC-50 with different controllers
(a) Calculated pipeline induced voltage, (b) Calculated DC voltage

ANFIS are 13.044, 12.31, and 8.0015V. The above analysis
indicates that the performance of CP is greatly improved by
implementing the ANFIS controller. Moreover, the ability of
ANFIS in achieving two criteria is better than those of FLC and
ANN. Therefore, it can also be used ANFIS Controller to solve the
problem of AC interference. From the previous figures, it is
concluded that the mitigation of the induced voltage with the
ANFIS controller is more than that of other controllers in different
KOH-PC models, in addition to the overall performance of CP
along the pipeline will improve. The proposed model results prove
that the ANFIS controller gives the best performance in achieving
two purposes; the first aim is the mitigation of the induced voltage,
and the second aim is the improvement of DC potential.

Table 4 shows the comprehensive comparisons for the highest
induced AC voltage points under different controllers.
Furthermore, to evaluate the precision of the proposed model, its
results are developed with various controllers. As shown in
Table 4, the obtained results indicate higher accuracy of the ANFIS
controller over other controllers. It is observed that the ANFIS
controller with PC-50 gives the promise results in the reduction of
the induced voltage compared to other controllers. The reduction in
induced voltage with PC-50 is more than that with PC-25. To sum
up, the proposed model using ANFIS successfully achieves the
global reduction of the induced voltage in different KOH-PCs
‘models compared to other controllers’. From the author's point of
view, it can be noted from the above-mentioned results that the
ANFIS controller is a considerable control method, which provides
a highly efficient saving in power energy extracted from ICCP's
stations. Also, as seen in Table 5, one can note that the ANFIS
controller achieved the best CP performance, whereas the other
controller gives a reasonable result. Besides, the results indicate
that the proposed model achieves superior CP performance. The
compensation in DC voltage obtained by the ANFIS controller is
more than that obtained using ANN and FLC controllers. As seen
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Table 5 DC voltage calculations using PC-25 with different
controllers

Point, km PC-25

Without controller ANN FLC ANFIS
12.75 -1.427 -1.459 -1.465 -1.482
18.00 -1.418 -145 -1458 -1.472
39.70 -1.374 -1.406 -1.411 -1.424
44.80 -1.38 -1412 -1421 -1.43
58.00 -1.44 -1.472 -1477 -1.485

Table 6 DC voltage calculations using PC-50 with different
controllers

Point, km PC-50

Without controller ANN FLC ANFIS
12.75 -1.073 -1.176 -1.241 -1.372
18.00 -0.945 -1.048 -1.142 -1.281
39.70 -0.767 -0.87 -0.956 -1.096
44.80 -0.816 -0.919 -1.005 -1.145
58.00 -1.133 -1.236 -1.281 -1.394

Table 7 Annual saving and dissipating energy with different
controllers

Controller PC-25 PC-50
SEyearv DEyean SEyear: DEyean
MWh MWh MWh MWh
ANN 3.804 07.623 2.124 13.690
FLC 4.212 07.215 3.897 11.917
ANFIS 4.487 06.940 6.783 09.031

in Table 6, one can note that the PC-50 is no longer risky for CP
performance. The CP voltage values along the pipeline will exceed
the minimum allowable limit of CP voltage (-0.85 VDC) is
defined by the NACE standard.

Table 7 shows the comparative analysis of the three controllers
in terms of energy-saving and discharging per year to demonstrate
the performance of the proposed model. The delivered energy per
annum from the main ICCP units to the pipeline is about 30 MWh.
While, the total discharged energy per year is 11.427 and 15.814
MWh using PC-25 and PC-50, respectively. The saved energy in
the case of ANFIS is greater than that obtained using the other
controllers. From these tables, it is noticed that the response of the
different controllers to compensate for the DC voltage reduction is
reasonable. Besides, in the analysis of the results, one can note a
significant improvement in overall CP performance in three
controllers. Consequently, the AC interference problem associated
with the effect of the mitigation unit on the CP performance is
eliminated.

To sum up, the proposed model using ANFIS successfully
achieves the global purpose, which includes the improvement of
CP DC voltage and the reduction of the induced AC voltage along
the pipeline to protect the pipeline against AC corrosion. Also, in
comparison to the different controller's results, the proposed model
scheme is more effective in the improvement of DC voltage and
the utilisation of the induced AC voltage on the pipeline. From the
simulation results, it is confirmed that the proposed ANFIS is
efficient in accurately improving the DC CP potential and also
mitigating the induced voltage on pipelines.

7 Conclusion and extensions

This paper discusses the interference between the transmission
lines and neighbouring metallic pipelines, as well as describes the
mechanisms that cause the inducing of the AC voltage on these
pipes. In normal conditions, the AC induced voltage is studied due
to the inductive coupling between the power lines and pipelines. A
complete Simulink model has been represented for the pipeline and
the coupling mechanism. Comprehensive comparisons have been
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introduced between the calculated and the measured values of the
AC induced voltage. Besides, this comparison shows the
approximated identity between the calculated and the measured.
This step should follow to validate the accuracy of the Simulink
model. Then the discharging of the AC induced voltage has been
studied based on the electrical model of the different types of
KOH-PCs. In parallel with these cells, controlled rectifier circuits
have been installed. The main purpose of these circuits is to
convert the AC voltage, which causes pipeline corrosion, to a
suitable DC voltage. An electronic switch will install between the
pipeline and the KOH-PC, which connects in parallel with a
controlled rectifier circuit. Three intelligent controllers are
implemented to control either the discharged energy to the soil or
the injected current into the pipeline. These controllers are ANN,
FLC, and ANFIS, which are introduced in this paper. To
discriminate the performance of these controllers, KPIs are used.
Both SEy¢,r and DEy, are considered the main KPIs that should be
optimally satisfied to reduce the delivered energy from the utility
grid and maximise the discharged energy to the soil. SEye,
represents the delivered energy from the distributed KOH-PCs to
the pipeline or the saved energy that should deliver from the main
ICCP units to the pipelines. In other words, if SEye,, increases, the
delivered energy from KOH-PCs will increase, and also the saved
energy from the main ICCP units will increase. Therefore, this KPI
is selected to judge which controller has the best performance. It is
found that ANFIS gives the highest SEyc,, so it is considered the
most intelligent controller to achieve the main objective to protect
the pipeline. Therefore, it is essential to improve the proposed
model in the future by widely applying this model under different
fault conditions of the transmission line as well as with different
seasons. Besides, the proposed model will be extended in the future
using an optimised metaheuristic-based controller to utilise for
preventing the AC corrosion.this paper states the base for advanced
future work, where the KOH-PC may replace by the solid-state
polarisation cells. Additionally, the communication between the
different controllers should be studied to determine the most proper
communication and its generation; 4G or 5G.
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