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Abstract

Due to bundled energy routes, high voltage power systems (e.g. high voltage overhead power lines,
railway lines and cables) are often located near buried isolated metallic pipelines. A high inductive
interference from energy systems may cause hazardous AC pipeline voltages. High induced voltage
levels can lead to dangerously high touch voltages and AC material corrosion. Therefore, especially
in the planning stage, pipeline interference calculations are necessary. However, in practice, such
calculations often diverge significantly from real measurements conducted on pipelines. This thesis

aims to investigate this discrepancy in order to improve calculations.

To determine the impact of different formulas and their corresponding electric parameters on
calculations of pipeline interference voltages, this thesis uses a new calculation model. A simple

example is used to compare the results of these formulas and to identify important parameters.

In addition, this thesis focuses on the effect of different pylon types of overhead lines and their
conductor configuration on the calculations. Since, often, several parallel pipelines, high voltage
power systems and metallic structures are located near each other, simple as well as complex
examples are looked at. This is necessary to understand the interactions between different systems

and to improve calculations.

Field measurements of the electrical pipeline parameters and measurements of the pipeline voltages
were used to determine the validity of calculation formulas and for the correct interpretation of the

results.

Taking into account the findings of the previous parts of the thesis, calculations were compared to
measurements conducted at different pipeline locations. Different comparison methods were
developed to identify the various problems of the calculations for each measuring location. By
identifying parameters and surrounding effects, calculation results could be improved to better
match measurement data. Better calculations increase personnel safety and the durability of the
pipeline. With more accurate calculations, it is often possible to avoid additional earthing systems

or other countermeasures against high pipeline interference voltages, thus reducing costs.

Keywords: Pipelines, inductive interference, AC corrosion, calculation of pipeline parameters,
Interference of overhead lines, railways and cables, measurement of pipeline parameters,

comparison of calculation and measurement






Kurzfassung

Aufgrund der Biindelung von Verkehrs- und Energietrassen befinden sich Hochspannungsanlagen
wie z.B. Freileitungen, Bahnstrecken oder Erdkabeln oft im Nahbereich von in der Erde
vergrabenen metallischen Rohrleitungen. Dies kann aufgrund von induktiver Beeinflussung zu
hohen Wechselspannungen an Rohrleitungen (Rohrspannung) fithren, welche die
Personensicherheit gefihrden sowie die Wechselstromkorrosion fordern. Um dies zu verhindern
ist eine genaue Berechnung der Rohrspannungen, vor allem in der Planungsphase, notwendig. Diese
berechneten Rohrspannungen liegen in der Praxis jedoch oft hoher als die tatsdchlich gemessenen
Rohrspannungen. Das Ziel dieser Doktorarbeit ist es, diese Unterschiede herauszuarbeiten um die

Berechnungen der Rohrspannungen zu verbessern.

Ein neues Berechnungsmodel wurde entwickelt, um die Auswirkungen der verschiedenen
Berechnungsformeln und deren dazugehérigen elektrischen Parameter zu untersuchen. Dazu
wurde ein einfaches Beispiel generiert um die Ergebnisse dieser Formeln vergleichen zu kénnen

und um die wichtigsten elektrischen Parameter festzustellen.

Des Weiteren wurde in dieser Doktorarbeit der Einfluss der verschiedenen Masttypen und deren
Phasenleiterbelegungen sowie die Wirkung von Erdungsleitern von Freileitungen untersucht.
Aufgrund der bereits erwdhnten Biindelung von Energietrassen befinden sich Rohrleitungen,
Hochspannungsanlagen und andere metallische Strukturen wie z.B. fremde Erdungsanlagen haufig
nah beieinander, was zu komplexen Beeinflussungssituationen fiihrt. Verschiedene Beispiele in
dieser Arbeit betrachten unterschiedliche Kombinationen der verschiedenen metallischen
Einbauten, um die Wechselwirkung zu verstehen und die Berechnungen der Rohrspannung zu

verbessern.

Zusitzlich wurde in dieser Arbeit der generelle Ablauf der Messung an der Rohrleitung sowie die
Interpretation der Messdaten besprochen. Um die Berechnungsformeln auf ihre Giiltigkeit zu

iiberpriifen, wurden Praxismessungen an einer Rohrleitung durchgefiihrt.

Unter Beriicksichtigung der ersten Ergebnisse dieser Dissertation wurden die Berechnungen mit
Messungen an verschiedenen Punkten der Rohrleitung verglichen. Dazu wurden unterschiedliche
Methoden entwickelt, um die verschiedenen Berechnungsprobleme an den Messpunkten zu
erkennen. Dadurch konnten verschiedene Berechnungsparameter sowie Umgebungsparameter
gefunden werden, die einen signifikanten Einfluss auf die Berechnungen haben. Unter
Beriicksichtigung dieser Parameter kénnen die Berechnungen der Rohrspannungen verbessert
werden, damit diese niher an den Messungen liegen. Dies fithrt zu erhohter Personen- und

Materialsicherheit und haufig ist es moglich, kostenintensive Gegenmafinahmen zu vermeiden.

Schliisselworter: Rohrleitungen, induktive Beeinflussung, Wechselstromkorrosion, Berechnung der

elektrischen Kenndaten der Rohrleitung, Beeinflussung von Freileitungen, Messung der
elektrischen Kenndaten der Rohrleitung, Vergleich der Rohrspannung zwischen Berechnung und

Messung
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List of Abbreviations

List of Abbreviations

CC.oiininis abbr. for conductor configuration; the geometrical arrangement of the phase
conductors in relation to the structure of an overhead line

EC............ abbr. for earthing conductor

HVPS ......... abbr. for high voltage power system

OHL........... abbr. for overhead line

MI............. abbr. for mutual impedance

PIV ............ abbr. for pipeline interference voltage, which is the pipeline potential along the
pipeline

SC.is abbr. for screening conductor

SPCR .......... abbr. for specific pipeline coating resistance
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1 Introduction

1 Introduction

1.1 Overview

In the past decades, many operators in the energy sector have been forced to share the same
geographical corridors for their facilities. The reasons for this are mainly geographical, political and
social in nature. Projects have to fulfil an optimal cost management, strict environmental regulations

and have to consider the interests of citizens.

These bundled energy routes can create problems, especially when high voltage power systems
(HVPS), e.g. overhead lines (OHLs), are located near buried isolated metallic pipelines. Such
current-carrying power systems form electromagnetic fields following three mechanisms, namely

capacitive, conductive and inductive coupling.

Capacitive coupling does not play a key role in the case of a buried, active pipeline. Conductive
coupling, however, can appear when the buried pipeline’s isolation has a coating holiday and lies in
a potential gradient. There, with direct contact between metal and influenced soil, the pipeline is
influenced and a pipeline interference voltage (PIV) appears. Inductive coupling has the most
significant effect. Due to its typical behaviour, inductive coupling leads to high PIVs and therefore,

inductive coupling will be the focus of this thesis.

Calculating the PIV is crucial for operators with contiguous and/or long parallel routes of
influencing and influenced systems since high induced voltages and current levels may occur. High
induced voltages and currents are potentially dangerous for the operating personnel due to high
touch voltages, as well as for the pipeline equipment and the pipeline material due to alternating

current (AC) corrosion.

To implement the correct and appropriate countermeasures, accurate pipeline interference

calculations are necessary.

1.2 Motivation

During the completion of this thesis, a lot of projects for Austrian pipeline operators were handled.
Almost all of the pipelines in Austria were found to be influenced by high voltage power systems,
most of them over several kilometres and by more than one system. Thus, the traditionally
calculated alternating current pipeline interference voltages are very high in some areas. Also,
measurements conducted by operators showed deviating results. These measured PIVs were in some
cases equal to or higher than the standardized calculations, but mostly they were significantly lower.
This discrepancy has to be investigated to bring calculations and measurement data closer together
to avoid excessive measures which are often cost-intensive. Therefore, the motivation for this thesis
is to provide crucial new research into the different impact factors and their effect on PIV

calculations. This includes a focus on the effect of possible surroundings, such as other metallic
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1 Introduction

structures in the area, which can influence the PIV significantly. Due to the immense complexity
of calculating all these factors manually, this thesis provides a new mathematical model for

calculations.

1.3 Scope of Research

This thesis introduces a proposal for a computer program which integrates a new mathematical
model to calculate PIVs. It focuses on minimizing discrepancies between the standardized

calculations of PIVs and the real data collected during measurements in the field.

The following chapters will highlight the importance of identifying the main factors which
influence the inductive interference on buried metallic pipelines. This includes the screening factors

and their influence on PIVs.

During the course of this thesis, in cooperation with pipeline operators, measurements were
conducted which were then compared to the results of standardized calculation methods. The goal

was to investigate which factors lead to possible discrepancies.

1.4 Research Methods

A new program had to be developed to investigate the effects of the different formulas for
calculating the inductive pipeline interference voltage. This program was programmed in the
commercial software Matlab® and has the advantage that many steps of the calculation are done
automatically. In this way many different parameters of the formulas could be considered and at
the same time a new mathematical model could be inserted. With the help of the software
Simulink®, the newly developed program was verified by calculations with different samples and
thus it could be shown that the mathematical method worked correctly. In addition, various
different models of high voltage power systems and their effects on the pipeline interference voltage

could be investigated.

For verifying the calculation formulas, a complex measurement was done with the help of a pipeline
operator. Despite some problems during the measurement, it was possible to show that the formulas

are also valid in practice and can be used accordingly in the calculations.

Several pipeline operators have performed long-term measurements on their pipelines to analyse
the PIV along the pipeline. In addition, the PIV along the pipeline has been calculated. To analyse
these measurements and calculations, new analytical methods had to be developed to compare the
measurements and the calculations. As a result, various problems both in the calculation and in the
measurement could be analysed, which make the comparison between the measurement and the

calculation difficult.
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1 Introduction

1.5 Previous publications relevant to this thesis

The electrical description of pipelines by Carson [1] and Pollaczeck [2] stems from the beginning of
the 20th century and is still used today to calculate the longitudinal impedance of a pipeline. A more
detailed description of the electrical parameters of a pipeline was later added by Mikhailov and

Rasumov [3] which included the calculation of the shunt admittance of a pipeline.

Carlson and Pollaczeck also described the mutual impedance, using the mirror conductor theory
and a very complex formula. A later work of Dommel [4] extended this formula, making possible a
faster calculation. However, this formula is complex to program and shows a calculation error at a
certain distance between pipeline and influencing conductor. An easier alternative is offered by the
formula of Dubanton [5], which can be used over the whole distance of two conductors without

limitation.

In general, the calculation can be performed with the formulas mentioned above and with the nodal
admittance matrix [6]. The mathematical model used in this thesis takes a different approach,
however, using the model of Starr [7] and Clarke [8]. This model was actually invented to describe
transformers mathematically. On this basis it was possible to create a new calculation program for
pipeline inductive interference calculations in order to methodically investigate the various

parameters of calculating the pipeline interference voltage.

For a long time, the AC interference was of little importance because pipelines used a bitumen
coating which had a lower specific pipeline coating resistance and, therefore, lower pipeline
interference voltages (PIVs). With the use of polyethylene coatings, the PIVs increased
significantly, leading to various investigations into the topic. First standards ( [9], [10], [11]) were
developed and have been further developed over the years to the current valid standards in Austria
with OVE/ONORM EN 50443 [12], OVE/ONORM EN 15280 [13], ONORM EN ISO 18086 [14] and
TE 30 [15]. Most of them are also European standards with slightly different titles which means that

they are valid for a number of countries.

In Austria, it was Muckenhuber [16] who researched this topic and published several publications.
This led to the important doctoral thesis of Schmautzer [17], who provided a precise mathematical
description of the interference model and developed one of the first fully automatic programs for
calculating the influence. In the following years research on AC interference continued in German-
speaking countries, but it remained a marginal topic in science. A particularly large amount of
research in the field of AC corrosion was done by Biichler who investigated the chemical steps
involved in corrosion. He also investigated which soils particularly accelerate corrosion [18], the
effect of pipeline coating holiday geometry [19] and how high the value of AC voltage and AC
density on the holiday must be to cause severe corrosion [20]. Many of his research results were
adopted for current standards. Bette (for example: [21]) also describes AC interference and its
physical effects on pipelines. However, his particular area of expertise is DC interference on

pipelines, which can greatly impact the cathodic protection system of a pipeline [22].
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1 Introduction

Many pipeline interference calculations were done based of the previous publications of
Muckenhuber and Schmautzer. Braunstein [6] also wrote his doctoral thesis in this field. His thesis
deals with many aspects of pipeline interference. An important section is the investigation of the
size of coating holidays and the surrounding parameters. It has been shown that coating holidays
must be small enough to generate a high current density at this point on the metallic surface of the
pipeline and thus trigger AC corrosion. Other important parameters are the specific soil resistance
and especially the PIV in this location. In order to reduce AC corrosion, PIVs must be reduced and

some suggestions for mitigating measures were offered in his thesis.

It is shown that a screening conductor in the right place can reduce the PIV accordingly, but this is
only possible in specific cases. It is much more efficient to use isolation joints to separate strongly
influenced areas from weakly influenced areas. However, this is usually only possible during the
pipeline construction, as retrofitting is associated with enormous costs. His thesis shows that the

installation of earthing systems is in most cases much cheaper and easier to handle.

The placement of earthing systems and the calculation of the necessary earth electrode resistance
can often be difficult. The master thesis (Diplomarbeit) by Wahl [23] tests, with the help of different
algorithms, whether an automatic placement of earthing systems and calculation of their earth
electrode resistance is possible. It is shown that algorithms can help, but not always are the optimal
results achieved. In addition, the costs for the measures were very high or an unrealistic earth
electrode resistance for the earthing systems was calculated. However, an algorithm based on
human behaviour shows that up to a certain point, the optimisation of earthing systems can be done

by a program.

Based on the mathematical model of Starr [7] and Clarke [8], Steinkellner [24] described this model
in more detail and was able to program a first version to calculate other problems, such as the phase
conductor configuration of overhead lines. This basic programming was then later developed
further and is described in more detail in this thesis as well as in the master thesis by Roffmann [25]

and is the basis of the current calculation model.

The DC interference is not only to be found in Austria, but everywhere where pipelines and high-
voltage systems are placed closely together. Research has been carried out to optimise the
calculations (for example: [26], [27], [28]). The problem with the publications [26] and [27] is that a
comparison between calculation and measurement was only done for specific projects.
Unfortunately, no analysis of the influence of the different parameters in the calculations was
conducted. In addition, the calculation corresponds almost exactly to the measurements and this
must, unfortunately, be questioned. These publications do not explain how exactly the calculation
results were achieved. Some research was done to investigate the influence of parameters on the

calculations.
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1 Introduction

To investigate the influence of overhead lines on the PIV, Wahl [29] performed several calculations
with different expansion stages of the same overhead line. It was shown that not only the maximum
possible current has an effect, but especially the phase conductor configuration. It was found that
the type of pylon of the overhead line has an impact. Another publication [30] showed that the
impact of the specific soil resistivity and the specific pipeline coating resistance is very important.
If both parameters have a low value, then the calculations show that PIV also decreases and
therefore it is important to accurately determine the specific soil resistivity and the specific pipeline
coating resistance. This was one of the first publications that showed why previously the AC
interference was considered to be relatively unimportant. This could be attributed to the old

bitumen pipeline coatings, which are a poor insulator against the surrounding soil.

Most of these publications only deal with the influence on overhead lines. [25] deals mainly with
railway lines. Different possible configurations of railway lines such as several parallel railway rails,
additional amplifying conductors or return conductors are calculated to investigate the effects on
the PIV in more detail. It is shown that the usual reduction factors are basically correct for most

cases, but that there may be more significant deviations.

In [31] and [32], the problems of calculating the inductive interference due to surrounding factors
were examined in more detail. These factors exist particularly in surrounding metallic installations
such as external earthing systems, house foundation earth electrodes or other metallic pipes. These
factors were examined in detail and it could be shown by curve progressions of measured and

calculated PIVs that these are usually very difficult to determine and often can only be estimated.

Because of the problem that calculations and measurements show such different values, the
electrical description of the pipeline of [1], [2] and [3] has also been questioned. [33] did tests on a
real pipeline and could measure both the longitudinal impedance and the shunt admittance. It has

been shown that the electrical description including the corresponding formulas are valid.
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1.6 Scientific Contribution

The main contributions to science are

Finding the most suitable and effective formulas for calculating pipeline interference
voltages (PIVs) by analysing various parameters for longitudinal impedance, shunt

admittance and mutual impedance

Developing a new method and a program introducing a much more efficient mathematical

method for calculating PIV

The integration of a standardized example with an appealing graphical analysis to compare

the influence of different parameters on the PIV

Investigation into the degree of influence of different calculation parameters on the PIV
o Parameters which have a direct influence on the equivalent model of the pipeline
o Influence of the different types of pylons and system design of overhead lines
o The role of earthing conductors of overhead lines

o Calculation of the reduction and amplification factor on the PIV for multiple

configurations of overhead lines and metallic structures in the soil

Methods to enable a comparison between calculation and measurement so that the

calculations can be optimised

Identification of various problems in calculations and measurements, which complicate the

graphical and numerical analysis

Showing different approaches to the analysis of entire pipelines

1.7 Research Questions

The research questions were defined as follows:

Which calculation formula system should be used to achieve more accurate calculation
results for pipeline and conductor parameters?

o For discussion, see chapters 4.2 and 6.2.
Which parameter in the pipeline itself has the most significant impact on the calculation of
pipeline interference voltage?

o See chapters 2.3, 4.3 and 4.4.
How does the pylon type and the phase conductor configuration of influencing overhead
lines impact the pipeline interference voltage?

o See chapters 0 and 4.6.3
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e How large is the influence of earthing conductors of overhead lines on the pipeline

interference voltage?

O

See chapter 4.7.

e What happens to the pipeline interference voltage in cases of multiple configurations of

metallic structures?

O

O

@)

e Which

For the case of two parallel overhead lines next to a pipeline, see chapter 5.2.

For the case of an overhead line next to a pipeline and several metallic structures,
see chapter 5.3.

For the case of two parallel overhead lines next to a pipeline and several metallic
structures, see chapter 5.4.

For the case of an overhead line next to two parallel pipelines, see chapter 5.5.

factors should be considered when comparing calculations and measurements of

inductive pipeline interference voltage?

O

How can measurements be conducted and interpreted correctly?

= See chapter 6.1.
What are the different approaches to comparing data and what are the advantages
and disadvantages?

= See chapter 7.1.
What problems arise when comparing measurement and calculation and how can
discrepancies be interpreted?

= See chapters 7.2 and 7.3
What do such comparisons look like for entire sections of a pipeline?

= See chapter 7.4.

e How can conducted measurements improve the performance of calculations?

O

See chapters 7.2, 7.3 and 7.4.
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2 Pipeline interference voltage calculations

2 Pipeline interference voltage calculations

The first part of this chapter shows why such calculations are necessary. It provides an overview of
standards and regulations, including their limitations regarding induced pipeline interference
voltages (PIVs). Also, a survey of actions against hazardous AC PIVs is presented. The second part

outlines all necessary calculation steps for the computation of PIV.

2.1 Standards, Regulations and Limitations

For minimizing the risk of personal injuries (e.g. by touch voltages) and material damages (e.g.
system disturbances, AC corrosion), European and Austrian standards and guidelines (TE 30 [15],
OVE/ONORM EN 50443 [12], OVE/ONORM EN 15280 [13]) exist, which limit the maximum
voltage for long-term and short-term interference. These standards and guidelines are applied to
high voltage power lines (OHLs, buried isolated cables) with rated voltages equal to or higher than

110 kV as well as for railroad systems.

2.1.1 Touch voltages

The standards and guidelines [15] and [12] are to be applied to touch voltages. Despite their minor
differences in content, particularly concerning details with regards to interference distances, they
propose similar values for inadmissible high touch voltages in pipelines. The following Table 2-1

provides an outline of the limits for induced PIVs:

According to [15] and [12] the interference must be differentiated for the duration of the influence.
With this, it is possible to define long-term and short-term interferences. Simply put, long-term
interference describes interference over a longer period of time within high voltage power systems
in normal operational mode. Short-term interference describes interferences with durations < 0.5
seconds which can be found, for example, in short-circuit situations. In Austria, the time of failure
for short-circuit situations of high voltage power systems with voltages higher than 220 kV, as well
as railroad systems, is usually lower than 0.2 seconds. Therefore, based on Table 2-1 and Table 2-2,
the limit for hazardous voltages in normal operational mode is 60 Volt and 1500 Volt in short-circuit

situations.
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Long term interference

Limit for PIV

Measures against inadmissible high touch voltages

Ur<60V

None

Ur>60V

Reducing the pipeline potential under Ur < 60 Volt with the installation of
earthing systems or electrical disconnecting points (isolating joints)

Reducing the touchable voltage smaller than Ur < 60 Volt with potential

control and insulations of the local place, insulation of accessible pipeline

facilities and measures on pipeline stations

Short term interference

Limit for PIV

Measures against inadmissible high touch voltages

Ur < 1500 V

None

1500 V < Ur < 2000 V

Reducing the pipeline potential under Ur < 1500 Volt with the installation of
earthing systems or electrical disconnecting points (isolating joints)
Reducing the touchable voltage smaller than Ur < 1500 Volt with potential
control and insulations of the local place, insulation of accessible pipeline

facilities and measures on pipeline stations

Ur > 2000V

Usage of earthing systems for reducing the pipeline potential under
Ur < 1500 Volt or with above described additional measures for Ur between
1500 and < 2000 Volt

Table 2-1: Maximum PIV for long- and short term interference as well as necessary actions against to high PIVs,

according to [15]

Time of failure [s] Interference voltage (effective value) [V]

t<0,10 2000

0,10<t<0,20 1500

0,20 <t<0,35 1000

0,35<t<0,50 650

0,50 <t < 1,00 430

1,00 < t < 3,00 150
t> 3,00 60

Table 2-2: Maximum interference voltage for different time of failure, according to [12]
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2.1.2 Risk of AC corrosion

For AC corrosion to appear, two circumstances must occur: First, the isolation of the pipeline coating
must have an isolation defect, which is called a coating holiday, and second, the pipeline must be
highly influenced. The Ph.D. thesis [6] also shows that some environmental factors play a role, for
example soil resistivity and humidity as well as soil composition. To minimize the risk of AC
corrosion on steel surfaces, the induced PIVs should not exceed a certain limit. According to [13],
this limit is 15 Volt. Furthermore, this regulation also has other requirements which have to be

considered:

The compliance with the AC current density requirement should always be verified by
measurements and/or calculations. [6] describes the links between interference voltages, soil
resistivity and the size of a possible coating holiday: First, interference currents caused by high
induced voltages must exceed a certain limit. Second, in areas with a low soil resistivity, the induced
pipeline current will flow more easily into the soil and does not stay inside the pipeline (the

resistance ratio). Third, the coating holiday shape and size play a key role.

In theory, the size of the coating holiday must be large enough for the contact resistance between
the soil and the steel to be low enough and to enable a high current flow into the soil. This
assumption, however, is problematic because extensive coating holidays produce low current
densities and therefore highly influenced pipelines with a large coating holiday show no signs of
corrosion. Consequentially, a coating holiday needs to be the right size for AC corrosion to actually

occur [6].

With research and practical experience over the years, a standardized coupon has been invented
with a size of 1.5 cm? [13]. Coupons are buried in the ground next to pipelines suspected of having
a high risk of. The advantage of coupons is that, after a certain time has passed, they can be excavated

and checked for corrosion easily.
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2.2 Basics of calculating the pipeline interference voltage

2.2.1 General induced voltage calculation

I Induced pipeline

Inducing HVPS

Figure 2-1: General example for the calculation of the induced voltage in a pipeline

Figure 2-1 shows a simple example of inductive interference between two conductors. This example
describes an interfered pipeline and an interfering HVPS (high voltage power system). If the current
Iras well as the inductive coupling Z between pipeline and HVPS are known, the induced voltage
Ercan be calculated. The pipeline itself is a closed conductor loop with a ground return on one side
and an open side on the other end, where Eras voltage per unit length £is induced. The following

simple formula (2-1) describes this figure:

’

E =17 ¢ 1)
Ep: Electromotive force [Vm]

Ur: PIV [V]

I Inducing current from a current-carrying HVPS [A]

VA S Inductive coupling impedance between both systems (mutual impedance) per unit length [Q]

e: Distance of parallel route [m]

In reality, however, some problems may occur: In most cases, there is more than one current-
carrying interfering conductor. In fact, most HVPS have many of them as well as often one or more
than one EC (earthing conductor), which can reduce or amplify the interference voltage. These
additional currents have to be calculated, as shown in chapter 2.4. Another problem is that real
pipelines and ground conductors show not only longitudinal impedance — shunt admittances have

to be considered as well, as will be shown in chapter 2.3.1.2.
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2.2.2 Segmenting

Within a coupling between two conductors of a certain length, all parameters must be
(approximately) homogenous because otherwise calculation formulas cannot be applied. This means
that when a parameter changes, the section of this coupling has to be subdivided into smaller parts,
which is called segmenting. When the distance xi between two coupled conductors is not constant,

the distance should be divided up to improve accuracy.

The following Figure 2-2 shows a section with the length £. It can be seen that the coupling distance
X is varying. Using a mean value between Xz and xiz, the coupling impedance cannot be calculated
accurately because of a large deviation with regards to the real value. With segmenting, the length
£is subdivided into the segmenting lengths &s: to £ss and the mean value of the coupling distance is

split up. This leads to a smaller error and improves the results of the calculation.

Xik2

Interfering HVPS

Figure 2-2: Model for segmenting an increasing distance between pipeline and HVPS

One disadvantage of this method is that the effort for creating simulations using a graphical interface
(e.g. Matlab® Simulink) and calculations by hand is immense and at some point too extensive.
Preferably, numerical calculations methods increasing the accuracy of calculations should not put a
strain on human resources. Unfortunately, with the use of numerical methods to further improve
the results, more time is needed for calculations and the requirements for the hardware needed

increase.

Christian Wahl 12



2 Pipeline interference voltage calculations

2.2.3 Electric conductor equation

This chapter is mainly based on the works of Schmautzer [17], page 8 to 11 and Unger [34], but
additional information can be found in Oding [35], page 305 to 307 and Klein [36]. When all

parameters are homogenous within one segment, a general equation can be applied to electric

conductors and therefore can be used for interfered pipelines, interfering HVPSs and other non-

current-carrying conductors.

Iin Iout
oO—»— > O
Lw

Ui Y Uour

@

Z
R. L
P 1 - o
GQ [] —— CQ YQ
(b)

Figure 2-3: General model of a quadruple including the inner structure

Using a quadrupole and an inner structure, as shown in Figure 2-3 (a) and Figure 2-3 (b), an

equivalent circuit without an inductive interference can be created, as illustrated in Figure 2-4. This

model leads to the equations (2-2) and (2-3) for conductor voltages and conductor currents.

4
X dx
™ 1-(X) Le(x)+dl-(x)
- - > > I > >
Pipeline Zdx |Ic
x
c =< Ic T Ic
T Q < o 3
x < IUC
=

Figure 2-4: Equivalent circuit of a conductor segment without inductive interference

Up(x) = Up(x + dx) = [p(x) - Z,dx = 0 (2-2)
Ip(x) — Ip(x + dx) — Up(x) - Yodx = 0 (2-3)
Ur: Conductor voltage [V]
Ie: Conductor current [A]
Z' Specific longitudinal impedance [€2/m]
Yo Specific shunt admittance [S/m]
12 Length of the segment [m]
X Integration variable
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These two equations can be transformed into equations (2-4) and (2-5):

au ,
W g (2-4)
dl ,
2= Ul (2-5)

These equations are the differential equations for conductors in steady-state condition and form a
linear system of common first order differential equations. With reshaping and differentiation, the

following wave equations can be established:

U, .
—=(2Y) U= v Up 2-6)
) A
= (& Y) b=yl 2-7)
x —_—
y: Complex propagation coefficient withy = a + j§ = \/(& +jwL,) - (QQ +jw§é) = JZL XQ

Solving (2-6) and (2-7) leads to equations (2-8) and (2-9), where U: and Uz are arbitrary values and

are equal to integration constants.

Up=U e +U, e (2-8)
Z -¥x Yx 1 -Yx Yx
p= g (U e = Uy el) = (Uy e T Uy ) 2-9)
=) Lw
Ui, U2 Integration constants
Zw: Characteristic wave impedance with Z;, = M
G +jwC

Ui and Uz are determined with boundary conditions at the beginning or the end of the conductor.
The equations (2-10) and (2-11) can be formed by applying the conditions at the beginning of the

conductors. This leads to results for U7 and Uz as shown in equations (2-12) and (2-13):

Up(0) = Upy = U1 + Uy (2-10)
p(0) = Ip =Ziw-(gl—gz) (2-11)
U = % (2-12)
U= % (2-13)
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Equations (2-12) and (2-13) are then applied to the earlier equations (2-8) and (2-9). With the usage

of exponential functions, they can be summarized to form the known electric conductor equations:

et! +e7¥¢ etf —oY*
_y e te s _. T 2-14)
Up, = Upy > Ipy  Zy > Upy - coshyt —Ipy - Zy - sinhy? (
el e Uy e¥ —e¥f Upy .
[PZ=bl-f—g—w-f=b)1-coshZ{’—Z—W-smhzt’ (2-15)

The above equations (2-14) and (2-15) can be rewritten as quadrupole, where A represents the chain

matrix. With this chain matrix, it is possible to connect different quadrupoles.

coshy? Zy sinh yt
Ipy Z—sinh y¢  coshyt Ip, = Llp
“w - -

The induced voltage E(x)dx has to be taken into account in interfered areas, as shown in Figure 2-5
and, therefore, equation (2-4) has to be expanded to equation (2-17). Equations (2-6) and (2-7) can
be expanded to form equations (2-18) and (2-19).

Y4
X dx
E()dx
| lp(x) O_ﬂx)"'dlp(x) Ie
i i ~ i i
Pipeline Zdx |Ic
=
c = I= s Ic
. a = =3 3
X = Ic
=
RS S
Not Not
interfered Interfered area interfered
area area

Figure 2-5: Equivalent circuit of a conductor segment with inductive interference

du .
—— =l Z,~ E®)dx 2-17)
d?Up . dE(x) dE (x)

(7 . CASP N = 2-18
dx (ZL XQ) Ut dx 14 Up+ dx ( )
4Ly : 2 i 2-1
o =G Y) b —Yo E() = y* I~ Yo E(x) (2-19)

Solving equations (2-18) and (2-19) is very complex and would go beyond the scope of this thesis.
Two ways to handle these equations can be found in [17] and [37]. For more exact and less time

consuming calculations, numerical methods are preferable to calculate PIVs.
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2 Pipeline interference voltage calculations

The previous equations describe the general usage of this model. For calculating with discrete values,
a lattice equivalent network is needed (see Figure 2-6). Choosing a IT-equivalent network instead of

a T-network can be preferable because no inner node exists.

R. L
PR J_ | — - J_ oo
T Ty

Figure 2-6: II-equivalent network for the general conductor model

The equations are only valid for adequately short electrical conductors ( [34], page 104 to 106),
which is why segmenting is necessary: Every conductor is split into several shorter calculation
segments to be able to use the discrete formulas (2-20) and (2-21), which provide approximately
accurate results ( [34], page 104).

1
Q=Zwsinhl€zgw-1{’(1+g-12£2)z(R’+ij’)-{’ (2-20)
Y—Zt hl{) Z{)1 ! 2p2 G +jwC) ¢ (2-21)
Yo =7 tan 2~Zw( o Y= (G +jol)

With these formulas and the given IT-equivalent network, the initial Figure 2-1 can be extended to

the following Figure 2-7.

lE ZEPl
Ups 4/
Ep
h phase /
Upy
YRV, NN AN ZANZAN AN
Ep: Electromotive force [Vm]
Uri, Uri: PIV [V] on point 1 and 2
I Inducing current from a current-carrying HVPS [A]
Zep1: Inductive coupling impedance between both systems (mutual impedance) for given distance [Q]
Ls1: Distance of parallel route of a segment [m]
hiphase: Height of the inducing conductor [m]

Figure 2-7: General example for the calculation of the PIV taking into account the PIE-equivalent network
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2.2.4 General steps of calculating the pipeline interference voltage

Figure 2-8 shows the general method of calculating the pipeline interference voltage (PIV).

Geographical Pipeline HVPS
knowledge parameters parameters

Self impedances
and shunt
admittance

HVPS Current
and EC current

impedances

Induced
voltage

Pipeline

interference
voltage

Nodal

admittance
model

Figure 2-8: General steps of calculating the PIV

The first step is to calculate impedances and admittances. With knowledge of the geographical
specifics between a pipeline and high voltage power systems (HVPSs), the mutual impedances can
be calculated (red lines). The self-impedances as well as the shunt admittances are calculated taking
into account material parameters and other essential information of the affected systems (green

lines).

As a next step (blue lines), earthing conductor (EC) currents have to be calculated taking into
account HVPS currents. In combination with the before calculated mutual impedances, the induced

voltages can be determined.

As a final step, self-impedances, shunt admittances and induced voltages are combined with the
nodal admittance model to calculate the PIV (orange lines). More details on the calculation methods

will be presented in chapters 2 and 3.

Christian Wahl 17



2 Pipeline interference voltage calculations

2.3 Calculating impedances and admittances

2.3.1 Longitudinal impedance
2.3.1.1 Generally used formulas

As shown in Figures 2-3, 2-6 and 2-18, the longitudinal impedance is a part of the lattice equivalent
network. It represents the material properties of the system (e.g. pipelines, earth conductors) and is
strongly affected by variable parameters. These may be constituted by the system characteristics
such as material or diameter as well as various surrounding factors including soil resistivity or

interfering frequency. The longitudinal impedance is calculated using the following formula (2-22):

Zy, = (g +700) +j (X, + Xio) (2-22)
Z'u: Longitudinal impedance [Q/m]

rle: Earth resistivity [Q/m]

I'Lo: Pipeline resistivity [Q/m]

[
.

.
S

Self reactance of ground return [Q/m]

Inner reactance [Q/m)]

This formula shows an ohmic and a reactance part. The formulas in Schmautzer [17], CIGRE [37]
and Oding [35] are based on the initial publications by Carson [1] and Pollaczeck [2]. Additional
publications from Michailow and Rasumov [3] are more pipeline-specific and improve the formulas,
leading to more accurate results. Dubanton [5] uses his own derivation of the formula, which is
calculated differently. The version offered by CIGRE also constitutes the official formula to calculate

longitudinal values.

These formulas are often mentioned, calculated and compared in the following chapters and for

easier reading, the following abbreviations are used:

“Formula S”: Formula, which is described and used in the work of Schmautzer [17]
“Formula C”: Formula, which is described and used in the work of CIGRE [37]
“Formula O”: Formula, which is described and used in the book of Oding [35]

“Formula D”: Formula, which is described and used in the work of Dubanton [5]
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Table 2-3 lists all of the different formulas, taking into consideration the four parts of formula (2-22).

These four parts of the formula can be described as follows:

r'zo: The pipeline resistivity per unit length, based on the ohmic resistance of a full conductor with
skin effect. It is calculated using the formulas in Table 2-3, column 2. “Formula S” and “Formula
C” use different formulas whereas “Formula O” and “Formula D” offer no definition. In these
cases, “Formula O” is used because no significant difference between “Formula S” and “Formula

C” was found in the calculations in the following pages 21 and 22.

r'e: The earth resistivity per unit length is calculated in the same way as the Carson-based formula.
“Formula D” uses another method of calculation and therefore re, xz0 and xz are calculated in a

different way.

Xio: The inner reactance based again on the full ohmic conductor with/without skin effect. There

are some differences between the three formulas which are based on Carson.

x': The self-impedance with ground return is calculated using the basic formulas by Carson. A

mathematical conversion of “Formula C” leads to the result that all three formulas are equal.

As mentioned above, “Formula D” is different and can only be split into 7z and Zres, where the last

part is a complex value. Zzes describes the other three parts as Zzest = re + j(Xzo+ Xz).
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Table 2-3: Different formulas for calculating the longitudinal impedance of conductors
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2.3.1.2 Mathematical comparison of the above-described formulas

It is to be assumed that the results of the above-described formulas differ. Most parameters are
already given and therefore only a few may influence the results: frequency £, conductor radius rz,
respectively diameter D and the specific soil resistivity p. “Formula D” also uses the vertical height

h;, which is zero for this comparison and can be neglected.

An analysis of these parameters requires the use of two different graphs. First, the specific soil
resistivity is varied between 5 Q and 10,000 Q and is calculated for the most common frequencies,
16.7 Hz (railway lines) and 50 Hz (overhead lines and underground power cables). Figure 2-9 shows
the absolute values for a diameter of 100 mm according to the given four longitudinal calculation
methods. Two groups have similar results: “Formula S” and “Formula C” (group one) plus “Formula
O” and “Formula D” (group two). The common denominator in both groups is that with a rising soil
resistivity the longitudinal impedance rises as well. The difference in value between the results of

both groups remains more or less constant.
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Figure 2-9: Comparison of the different formulas for the longitudinal impedance with varying specific soil resistivity

In the curve progressions for 50 Hz, the absolute value for 100 Qm is 0.32 mQ/m for group one and
only 0.24 mQ/m for group two. Most of the difference stems from the imaginary part of the formulas
because the real part of the formulas is almost equal. Also, a frequency depending behaviour can be
observed. It is interesting to note that with lower frequency, soil resistivity becomes less of an
important factor. For a detailed analysis, the calculated real and imaginary parts can be seen in

Appendix A.1, where the complete calculations are presented in concise charts.
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The next parameter to consider is the conductor diameter, which varies between 4 and 1200 mm
and concerns pipelines as well as conductors of HVPSs. The group classification in chart 2-9 can
also be applied to the following chart 2-10. Correspondingly, the absolute values for the longitudinal
impedances are again calculated for a frequency of 16.7 and 50 Hz. This chart clearly points out that
the impedances decrease with a rising conductor diameter and conform to physical material

properties.

It appears that all formulas show equal results with diameters higher than 500 mm. However, the
research provided by this thesis does not concur with this statement. In chapter 4.2 an example
calculated with a diameter of 1000 mm with exactly the same specific soil resistivity of 100 Qm

shows different results.
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Figure 2-10: Comparison of the different formulas for the longitudinal impedance with varying conductor diameter

For a detailed analysis, the calculated real and imaginary parts can be seen in Appendix A.2, where

the full calculations are presented in concise charts.

To summarize, the impedance does not remain constant when conductor diameter, soil resistivity
and/or the frequency are varying parameters. The conductor diameter appears to be a more potent
influencing parameter, irrespective of the frequency. Lower frequencies lead to a better
conductance of a conductor and should lead to a better current distribution ability on the conductor
and therefore to lower interference voltages. The value of the soil resistivity should always be

carefully ascertained since otherwise, accurate calculations are not possible.
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2 Pipeline interference voltage calculations

The diameter of a conductor has a greater impact than the soil resistivity, irrespective of the
frequency, which also has to be considered for these calculations. But the question posed in this
chapter was about which formula should be used for an accurate calculation. Considering only the
diameter, every given formula would offer approximately the same result when used for diameters
bigger than 500 mm. When multiple parameters are taken into account, however, it still remains
unclear, which formula would provide the most accurate results. Therefore, chapter 4.2 will discuss
this further and show how different formulas calculate the PIV. By presenting a simple calculation
as an example, chapter 6.2 will then compare conducted measurements of pipeline parameters in

the field with their corresponding calculations.

2.3.2 Shunt admittance
2.3.2.1 Pipelines

2.3.2.1.1 Specific pipeline coating resistance (SPCR)

As shown in Figures 2-3, 2-6 and 2-18, the shunt admittance is a part of the lattice equivalent
network. As stated above, pipelines describe a closed conductor loop with a ground return.
Therefore, the pipeline coating has to be considered. Calculating the shunt admittance is more
problematic than calculating the longitudinal impedance because determining the value of the

specific pipeline coating resistance (SPCR) ru is very difficult due to coating holidays.

Pipeline manufacturers can only guarantee the value of the coating until the pipeline is dispatched.
After its installation, however, it is nearly impossible to have a perfect coating due to coating
holidays. Coating holidays occur because of material defects or disadvantageous environmental
conditions (e.g. sharp-edged stones, ground vibration). Manufactures can only supply the value for

a perfect coating. The real values have to be measured in the field or estimated based on experience.

In practice, a certain method is being used — based on information from various pipeline operators
and [38]. However, some knowledge in the field of cathodic corrosion protection is essential:
Cathodic corrosion protection systems only work with direct voltages. Pipelines are made of steel
and have a free corrosion potential of Ucsz #ee = -0.6 Volt. This potential can be accessed by coating
holidays and after several chemical processes, steel degrades at the relevant spots and material
corrosion occurs. To prevent this, the steel must have a more negative potential, which is created
by a cathodic protection system. Therefore, the protection potential of at least Ucsz on = -1.2 Volt is
used. However, this depends on how old the pipeline is, how long the pipeline is, which pipeline

coating material is used and which surrounding type of soil is present along the pipeline.

Ucsz on s set via the protective current Ip, since the remaining properties of the pipeline cannot be
influenced. The aim here is that the protective current /rand the protective voltage Ucsz on is applied

at every point of the pipeline and thus the pipeline is protected.
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2 Pipeline interference voltage calculations

In order to measure and calculate the correct DC-SPCR, the pipeline has to have been in operation
long enough so that the material of the pipeline is strongly negatively polarised and can hold the
negative potential for a specific period of time (usually a few hours), even when the power supply
of the cathodic protection system is switched off. In this case, the protection potential must remain

above the limit value of Ucse o= -0.85 volts for this duration.

Usually, it can be assumed that there is a voltage difference of at least 0.3 volts between Ucsz o#rand
Ucsz_on for pipelines which cannot hold the limit value of Uesz o= -0.85 volts for a longer period of
time. But when Ucsz o# remains above the limit both measured voltages Ucsz orrand Ucsz on can be
used because these values provide a better overview of the electrical condition of the pipeline. With
the knowledge of the required protective current Ir and the known surface of the pipeline, the

current density can be calculated.

However, the current is measured inside the cathodic protection system installations. As a result,
the current consumption by the anode field, the longitudinal impedance of the pipeline and parts
of the electronics are also measured. This results in a falsification of the measured values, which
becomes larger at lower protective currents /. This protective current is distributed over the entire

pipeline and thus an average protective current density can be calculated ( [38], page 95):

I
P (2-23)

Je =~

Je: Mean protective current density at any spot on the pipeline surface [A/m?]

Ie: Complete protective current [A]

A: Pipeline surface [m?]

With these variables, the SPCR rz can be calculated with the following formula ( [38], page 155):

r, = UCSE_off - UCSE_on (2_24)
Ip

Tu: Specific coating resistance at any spot along the pipeline [Qm?]

Ucse_om: Switched off protection potential for a longer protected pipeline [V]

Ucse_on: Switched on protection potential[V]

Je: Mean protective current density at any spot on the pipeline surface [A/m?]
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2 Pipeline interference voltage calculations

The following example shows a calculation example with real protection potentials:

e Characteristics of the pipeline: diameter = 100 mm; length = 10,000 m
e Ucseoff=-1 Volt, Ucse on = -2 Volt

e Irp=10mA
I, 0014 UA
Je A~ 3140 m? m2 225
UCSE off — UCSE on -1V - (_2 V)
= — — = = 314,000 Qm? 2-26
Jp 3.187‘;—/; (2-26)

In practice, for older bituminous coatings, values for the coating resistance lie between 10° and
105> Qm?; for newer polyethylene coatings between 10> and 107 Qm?2. However, these calculations
are based on direct current and it can be seen in chapter 6.2.3.2 that the SPCR behave differently

for alternating current.

2.3.2.1.2 Generally used formulas and formula comparison
Unfortunately, not only does the SPCR rz have a notable impact in the formula, but also, variable
parameters including the pipeline radius Rz, conductor wall thickness #, coating thickness &c and

the interfering frequency £

Only “Formula S” [17] and “Formula C” [37] describe formulas to calculate the shunt admittance

which is calculated using the following formula (2-27):

Yo = go +Jbg (2-27)
Yq' Shunt admittance [S/m]

gqQ: Galvanic conductance [S/m]

ba": Capacitive conductance[S/m]
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2 Pipeline interference voltage calculations

The galvanic conductance is predominantly affected by the material of the coating and the number
of coating holidays. Due to their frequent occurrence, they appear as a constant earthing system.
The following formulas (2-28) and (2-29) estimate the conductance. “Formula S” and “Formula C”

use the same formula with the main impact factor being the estimated value for the coating.

, 2 * RL T
gp="—"t" (2-28)
ru
, Z'RL'T[ Z'RL'T[ (229)
g — — =,
¢ pc6c Ty
gQ: Galvanic conductance [S/m]
Ri: Pipeline radius [m]
Tu: Specific coating resistance [Q2m?]
Pe: Pipeline coating electrical resistivity [Q2m]
8c: Thickness of the coating [m]

The capacitive conductance represents the capacity between the pipeline and the surrounding soil.

It can be calculated using the “Formula S” (2-30) as well as “Formula C” (2-31) which show some

minor differences.

2'T gy &
jby = w+——a T
Q R +1¢, (2-30)
=R

L

) T & & 2 R,

jby =@ —2T = L (2-31)
Se

ba': Capacitive conductance[S/m]

o: Singular frequency [1/s] withw =2 m- f

€0 Electrical permittivity in the air: 8,85432-10"'? [F/m]

er Relative permittivity of the pipeline coating: typically: 5

Ru: Pipeline radius [mm]

L Wall thickness of the metallic pipeline [mm] - typically between 5 and 15 mm

8c: Thickness of the coating [mm] — factory coating typically around between 1 to 5 mm

Calculating the shunt admittance shows that the real part go'in both formulas is the same and that
two parameters can be varied: These are the pipeline radius Rz and the specific coating resistance

ru. The radius is always known but, as stated before, the resistance value can be only estimated.

When comparing the two formulas for the imaginary part bo) only the radius Rz and the frequency
fappear to be a common variable. Both formulas include one pipeline parameter not taken into
account by the other formula: “Formula S” includes the wall thickness of the pipeline & and
“Formula C” the thickness of the coating &.. This fact makes comparing results between both
formulas difficult and therefore, for achieving comparable results, the wall thickness is set at a fixed

value of 5 mm and the coating thickness at 1 mm.

Christian Wahl 26



2 Pipeline interference voltage calculations

Figure 2-11 shows the shunt admittance yq'for a conductor diameter varying from 1 to 1000 mm
with a range of coating resistances. Irrespective of the coating resistance and the formula used, it
can be seen that with an increasing diameter, the value of the admittance increases steadily. This
matches the physical behaviour because the reciprocal value decreases with larger radii due to a

better contact with the soil.

1,0E-02

1,0E-03

1,0E-04

1,0E-05

Shunt admittance [S/m]

1,0E-06

1,0E-07

1,0E-08 ; ‘

1 10 100 1000
Conductor diameter [mm]
== FormulaS; 1kQm? Formula C; 1kQm? FormulaS; 10kQm? === Formula C; 10 kQm?
Formula S; 100 kQm? Formula C; 100 kQm? Formula S; 1000 kQm? Formula C; 1000 kQm?

Figure 2-11: Comparison of both formulas for the shunt admittance with varying conductor diameter for different

coating resistances

When comparing the lines for the different coating resistance values 1-10-100-1000 kQ2m?, two
facts become apparent: First, the shunt admittance decreases with rising resistance values. This
means that less contact to the soil increases isolation. Second, both formulas offer equal results for
lower resistance values only. When comparing the values for a resistance value of 1000 kQQm? and
a radius of 100 mm, “Formula S” has an admittance value of around 2 pS/m, while the result of

“Formula C” is four times higher with a value of 8,5 uS/m.
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2 Pipeline interference voltage calculations

The above described assumptions are valid for Figure 2-12 below. This figure utilizes the
“Formula S” and “Formula C” for specific pipeline diameters (10-50-100-250-500 mm) to show at
what point both formulas start offering diverging results. Both formulas are valid for a coating
resistance of up to 30 kQQm?, which is a common value for bitumen coated pipelines, independent
of the pipeline radius. A higher coating resistance leads to diverging admittance values because the
“Formula C” reaches the maximum admittance value for specific diameters earlier. When comparing
both formulas for a coating resistance of 1000 kQm?, the “Formula S” applied to a diameter of
500 mm offers the same admittance value as the “Formula C” for a diameter of 100 mm. The
meaning of this difference will be investigated in chapter 4.2, where the impact of the different

results from both formulas will be calculated.

1,0€-02

1,0E-03

1,0E-04

1,0E-05 +——

Shunt admittance [S/m]

1,0E-06

1,0E-07 T T
1 10 100 1000
Coating resistance [kQm?]

e==Formula S; 10 mm ===Formula C; 10 mm Formula S; 50 mm Formula C; 50 mm Formula S; 100 mm

Formula C; 100 mm Formula S; 250 mm Formula C; 250 mm Formula S; 500 mm Formula C; 500 mm

Figure 2-12: Comparison of both formulas for the shunt admittance with varying coating resistances for different

pipeline diameters

As stated above, both formulas have an independent variable which can significantly impact the
shunt admittance. Figure 2-13 (a) shows the results for the “Formula S” when varying the wall
thickness of the pipeline for a coating resistance of 1000 kQ2m?2. This figure shows a clear trend
because with rising wall thickness, the shunt admittance slowly reaches a fixed value. For example,
for a radius of 100 mm, the values vary from 3 uS/m (for 3 mm) to 0.9 uS/m (13 mm), which means
that only one third of the 3 mm wall thickness is left. When comparing 7 with 13 mm, the value
decreases from 1.3 pS/m to 0.9 pS/m, a much lower ratio. Converted into reciprocal value — which
describes the physical behaviour of the pipeline — it shows that with an increase in wall thickness,

the pipeline is better isolated against the surrounding soil.
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1,0E-04 + 1,0E-04 +
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1,0E-06 -

1,0E-06 -

1,0E-07 - 1,0E-07 +

Shunt admittance [S/m]
Shunt admittance [S/m]

1,0E-08 - 1,0E-08 -

1,0E-09

| | | 1,0E-09 | | |
1 10 100 1000 1 10 100 1000

Conductor radius [mm] Conductor radius [mm]
3 MM e—5 mm 7 mm Imm e===11mm =13 mm ] MM s—3 mm 5 mm 7 mm e——9mm =11 mm
(a) (b)

Figure 2-13: Impact of wall thickness (a) on the “formula S” and the coating thickness (b) on the “formula C”

Figure 2-13 (b) shows the calculation using the “Formula C” with a varying coating thickness. The
difference between very thin and thick coatings is larger than for the wall thickness. Therefore, this
parameter has a larger effect on the formula and has to be considered more closely. This case shows
that with a rising coating thickness, the shunt admittance increases, which means that, considering

the reciprocal value, the isolation against the surrounding soil is improving.

The figure also illustrates that with a rising coating thickness, an almost stable shunt admittance can
be reached. In real life, however, pipelines usually have no coating thicknesses higher than 5 mm.
In addition, with rising thickness, the possibility of coating holidays is reduced and the value of the

coating resistance rises.

In summary, the theoretical calculations of the shunt admittance show that the results of both
formulas are nearly equivalent when compared using the right parameters. When considering a
coating resistance of more than 30 kQQm?, the results diverge. The impact on the simple interference
calculation example has to be examined. Also, the parameters specific to each formula have an
impact on the calculations, and while the wall thickness is not as important, the coating thickness
has to be determined more carefully, especially for lower thicknesses. The effects of these

parameters will be shown in a simple calculation example in chapter 4.2.

2.3.2.2 TIsolated conductors in the soil

Isolated conductors in the soil can be e.g. high voltage cables, where both the phase conductors and,
if present, the shielding cable usually have no contact with the surrounding soil. Therefore, these

conductors can be calculated with the above given formulas.
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2 Pipeline interference voltage calculations

2.3.2.3 Blank conductors in the earth

Blank conductors are handled differently because an isolation layer does not exist. But the above
given formulas can be used for the specific coating resistance ru : the value of which represents the
contact resistance between the conductor and the soil. For these cases, the formula of CIGRE cannot
be used because there the coating thickness is zero. Alternatively, a coating resistance with the value

of 1 Q can be used for all formulas, as described above, and calculation errors can be minimized.

2.3.3 Mutual Impedance

The first efforts to calculate the mutual impedance used the infinite series of Pollaczek [2] and
Carson [1] in 1926. Their methods are very time-consuming and in the following years, simpler but
not exact calculation methods were developed. Figure 2-14 shows the mirror model of two

conductors with earth return on which all calculations for the mutual impedance are based.

conductor |

dy  conductork

! \ | awece X
] 4_ fg@
XA V7 N ™
V” |
p
&
a) b)

Upr1, Ut PIV [V] on point 1 and 2
Ie: Inducing current from a current-carrying HVPS [A]
Zix: Inductive coupling impedance between both systems (mutual impedance) for given distance [Q]
Ls: Distance of parallel route of a segment [m]
hi: Vertical height of inducing conductor [m]
hi: Vertical height/depth of induced conductor [m]
hi’: Mirrored conductor of the inducing conductor [m]
hi”: Mirrored conductor of the induced conductor [m]
Xik: Horizontal distance between coupled conductors [m]
dik: Distance between coupled conductors [m]
di’: Distance between induced and mirrored conductor [m]

Figure 2-14: a) Example of an inductive interference with the distances between the conductors; b) Model for

calculating the mutual impedance ( [35], modified)
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2 Pipeline interference voltage calculations

The geographical situation has to be constant between influencing and influenced system over the
calculation length and segmenting is necessary. Another requirement is that the soil resistivity has
to be homogeneous within a segment. The difference between the models of Pollazcek and Carson
is that the conductor’s height above the soil in Carson’s version can be neglected [17]. This makes

calculations easier, but heights are often included in the simplified methods.

The literature uses various simplified calculation methods such as the “expansion in series by
Carson” [1] and its enhancements by “Dommel” [4], “Carson-Clem” [37], [39], expression in

polynomial form [37] and “Complex Image Formula” by Dubanton [5], [40].

The enhanced “expansion in series by Carson” is used for calculations because of its implementation
in the program KABEIN [17] which was initially used for calculating mutual impedances. In this
thesis, all calculations use the faster and easier to implement formula “Complex Image Formula”
which is based on the simplifications of Dubanton [5]. At the end of this chapter, calculation
examples show that these calculation methods are very similar. All formulas consist of two parts:
the part with the self impedance Zi and the more important part, which includes the mutual

impedance Zi. Ziiis calculated in a similar way by different formulas (see chapter 2.3.1).
2.3.3.1 Carson-Dommel Formula

This chapter will first describe the series expansion. The general solution by Carson describes the
infinite series for different cases between two conductors in the soil and/or in the air. But these
formulas cannot be implemented for numerous calculations. Therefore, Carson describes his
formula as a series expansion, which is not very user-friendly because of implementation and

calculation time.

Later, Dommel enhanced this formula, making it applicable for a wider range of distances between
two conductors. However, it needs complicated programming implementation and the calculation
is not continuous over the whole range of distances [4]. Also the calculation time can be time

consuming, depending on how many parts of the series expansions are calculated.

The following series expansion was invented by Dommel:

- w-* d;
Zjy, = nﬂo Pyt i -l:to ' (ln <d_z> +2- Qik) (2-32)
Zix: Mutual impedance [Q/m]
o Singular frequency [1/s] withw =2 m- f
po: Magnetic field constant, 47107 [Vs/Am]
dik: dy = m ; Distance between coupled conductors [m]
di’: x%, + (h; + hy)? ; Distance between induced and mirrored conductor [m]
Xik: Horizontal distance between coupled conductors [m]
hi: Vertical height of inducing conductor [m]
hx: Vertical height of induced conductor [m]
Pik, Qix: Correction terms
p: Specific soil resistivity [QQm]
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The correction terms Pixand Qi are a series expansion. The first two elements are shown in formulas

(2-33) and (2-34). Using a numerical method for calculating these series is recommended.

p m
ik _g_
by x' cos10 + b, - [(c; —Inx) - x? - cos26 + x%-6-sin20] + b; - x3-cos360 — d,
~x*-cos46 — (2-33)
bs - x%-cos50 + bg * [(cg —Inx) - x° - cos60 + x° - 6-sin60] + b, - x7 - cos 70 — dg
~x8-cos80 —...
1 ek
Que =5 In—+
by - x'cos16 —d, -+x2-c0529+b3 ~x3:cos30 — b, [(cy —Inx) - x*-cos46 + x* - 8- sin46] (2-34)

bs - x5-cos50 —dg - x®cos66 + b, - x” - cos76 — bg
[(cg —Inx) - x%-cos860 + x8- 9 -sin8O] +...

1.85137 w -
x: x=d, =d, - Ho

ik o5y | G
h;+h
6: 0#0= arccos(Li,k)
dik

ek 1,85137
b b;=b;_,- iz"iz) with sign = +1 ifi=1 to 4, 9 to 12, otherwise -1 for 5 to 8, 13 to 16; The algebraic sign

. changes after four elements each.

i 1 1
o G2t

s
di: di = Z " bi
Startin,
8 =L b, =1 ¢, = 136593

values: 6 16

If ’% ~dj; > 6[17], then Pxand Qu are calculated using the following formulas:

cos @ cos26 cos 30 cos 560 cos76
= 2 + +3 — 45

' = (2-35)

x x2 x3 x5 x7

cosf@ cos30 cos 560 cos 76
- +3 — 45 (2-36)

the =" x3 x5 x7

Exact calculations show that a change of the correction term by a factor of 6 is too high. The best
calculation results can be reached when the correction term is changed by a factor of 3. Still, the
change of the correction term leads to a point of discontinuity, depending on frequency and soil

resistivity.
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2.3.3.2 Complex Image Formula

The next method describes the “Complex Image Formula” (2-37) by Dubanton [5]. This method is
much easier to implement in numerical calculations and can be applied over the complete frequency
spectrum as well as over the full coupling distance between two conductors without any limitations.
The formula is only applicable when the conductors lie above the ground. When conductors are
buried in low depths like in these calculation examples, the formula is applicable by considering a

small deviation in the calculation. [17].

(2-37)

" \/(hi +he+2:p)? +xf
2T n dik

1 ; 1 .
pzize_]'%. w‘uo

. —=01-)) : (2-38)
Jjw - @ W § 2:p
/TO / 5 0

Mutual impedance [Q/m]

N

Singular frequency [1/s]

Magnetic field constant, 47107 [Vs/Am]
Complex penetration depth in earth [m]
Specific soil resistivity [Qm]

dy = /x% + (h; — hy)? ; Distance between coupled conductors [m]

FERTE S

Horizontal distance between coupled conductors [m]

=3

Vertical height of inducing conductor [m]

g

Vertical height of induced conductor [m]
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2.3.3.3 Comparative calculation

The following chart shows the comparative calculation of both formulas for a frequency of 50 Hz, a
soil resistivity of 100 Qm, a vertical height of the inducing conductor of 20 m and a height of

-1 m for the induced conductor (pipeline).
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0,00035

0,0003 N

0,00025 \
0,0002 \

0,00015 \
0,0001 \

0,00005 e T

Mutual impedance [Q/m]

0

1 10 100
Distance between two conductors [m]

10000

--------- Carson-Dommel Real Part

Carson-Dommel Imaginary Part -« Complex Image Real Part Complex Image Imaginary Part

Figure 2-15: Comparison between both mutual impedance formulas under the same conditions (50 Hz, 100 Qm)

Only minor differences can be seen until the correction terms in the Carson-Dommel formula
change. Until this point, both formulas can be seen as fully valid. When, however, there is a greater

distance between inducing and induced conductors, the Complex Image formula should be applied.

The full charts can be found in Appendix A.3. Therein, it is shows that with the Carson-Dommel
formula, the point of discontinuity in most cases lies beyond 1000 m. The regulations in chapter 2.1
show that this covers most cases. Still, when using numerical methods, the Complex Image formula
should be preferred because of its continuity over the full distance, its easier implementation and

faster computation.

In addition, the chart shows why segmenting is necessary. The imaginary part changes very quickly
in close vicinity to coupled conductors. Segmenting also improves the accuracy of calculating the

mutual impedance.
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2.4 Inducing currents

This chapter discusses the last aspect of the initial formula (2-1): the inducing currents of current-
carrying conductors and systems. When giving an overview of all influencing systems, high voltage
overhead lines (OHLs) are often the main cause of pipeline interference voltages (PIVs). For the
most part, at normal operation, the inducing currents in such systems are symmetrical: every phase
conductor has the same current with a proper phase shift. Calculations for normal operational modes
include this assumption because asymmetrical currents cannot be known beforehand. For fault
operation of three-phase systems, one-phase conductor systems and railway lines, however, this

assumption is not valid.

Passive, non-current-carrying-conductors, e.g. earthing conductors (ECs) or return conductors,
have to be taken into account because active conductors, such as phase conductors, induce currents
into these passive conductors. Therefore, they will become current-carrying-conductors as well and
will induce an interference voltage into other metallic structures such as pipelines. Consequently,
any passive metallic structure located in a certain vicinity of a current-carrying-conductor plays an

active role.

This chapter will explain how the EC currents from overhead lines (OHLs) are calculated when the
mutual impedances have already been calculated and the phase conductor currents are known.
Figure 2-16 a) shows the OHL pylon of the given system with the related mutual impedances and

b) a distance between two pylons with corresponding self-impedances, voltages and currents.

uLl QLZ uLS

O O O

Ve
@ (b)

Figure 2-16: Calculating the EC current
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This leads to the following matrix (2-39):

' ZI ! ! !

AUj 4 Zi1r Ziaz Zras Ziig]rla

AU, | Zionn Ziziz Zias Zizg||Le (2-39)

AU; 4 Zizn Ziziz Zizz  Zizg||ls

0 _’QLl Z(’)Lz _bL3 Z(’)Q LQ

AU, AUL1, AUL1: Potential difference along the conductor [V]

Z1111, Z1212, Z1313, ZQQ: Longitudinal impedances [Q/m]

Rest of Zxx: Mutual impedances [Q/m]

In, Ir2, I1a: Given current from current-carrying conductors [A]

Ia: Current in the EC [A]

The EC current can be calculated using the last line of equation (2-39):
Zow e + Zo12 P + Zo13 I3

I=-=2 =0 = (2-40)

!
Zoo

Equation (2-40) describes a simplified but quick method to calculate Jo When more systems are on
an OHL, the formula is longer. For cases with more than one EC, there are two options: First, each
EC current is calculated separately with equation (2-40) or second, a more complicated formula is

used which is descripted in chapter 5.1.

With formula (2-40), the EC screening factor can be approximated. For this, only the zero-sequence-
components of the currents are used, formula (2-40) can be simplified with I;; = [;, = I;3 = Iy and

Zoi1 = Zo12 = Zg13 = Zgy, to form formula (2-41):

’ ’ ’ ’
!Q=_(ZQL1+ZZQ’L2+ZQL3)LO=_(EIQ;L)3_£O=_(1_I€)_3_!D (2-41)
=eQ =eQ
Zoa: Longitudinal impedances from the EC [(2/m]
Zau, Za12, Zais: Mutual impedances [Q/m]
Io: Given current without angel from current-carrying conductors [A]
I Current in the EC [A]
Te EC screening factor [1]

This means that the current (1 —1,) - 3 - I flows inside the EC while the rest flows inside the soil.
Transforming equation (2-41) enables the calculation of the EC screening factor. Equation (2-42) is
influenced by conductor configuration and therefore not exact. Consequently, the distance between

each phase conductor and the EC is not constant and the mutual impedance varies.

I
=2 1

n=34 (2-42)
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The following example represents a real pylon with one symmetrical system and one EC. The
conductor configuration (CC) as well as the dimensioning is the same as in Figure 2-17. To calculate
the impedances, the “Formula S” from chapter 2.3.1 and the “Complex Image Formula” from chapter
2.3.3 are used.

28 m L1
L2 25m

L3

20m

15m

Figure 2-17: Example for calculating the earthing screening factor

The symmetrical system has a current of 1000 A in each conductor with the angles of
L1 =0° L2 = 120° and L3 = 240°. The calculations are done for a length of 1000 m. The EC current
is calculated with formula (2-40):

I, = —(38.86 4+ i82.74) A = —94.14 - e~'64844
Bearing in mind formula (2-42), this leads to the screening factor:
., = 0.968

In this example, the EC consist of a cable with a small diameter (12 mm) and therefore, only a small
current flows through it. With better conductive cable material, the self-impedances would be

lower and the EC currents significantly higher.

The inducing currents of railway lines are known to pipeline operators, but passive conductor
currents from e.g. return conductors or rails are not known without calculations. Because different
structures, such as two rail tracks with overhead traction lines and return conductors, can be in
place, the screening factors are considered according to the standard OVE-B1/1976 [10] and are
included in the calculations. The calculations are done beforehand because railway lines have
several other active and passive conductors: an earthing conductor and a return conductor, a line
feeder and railway tracks, which have to be considered as one system. In addition, the master thesis

by Rofdmann [25] shows that the usual screening factors of [10] have a good correlation with the
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2 Pipeline interference voltage calculations

results of the detailed calculation models of different types of railway lines. However, it also states
that other factors such as the position of the pipeline, the number of metallic structures or the
earthing system of the rail tracks have a high impact. This makes calculating the passive conductor
currents more difficult. But they can be calculated in the conventional way, as will be shown in

chapter 5.1, or automatically by following the model in chapter 3.

2.5 Nodal admittance model and pipeline interference voltage

As stated above in chapter 2.2.2, segmenting is necessary. For each segment, an equivalent network
for the pipeline can be generated, which has to be separated into influenced and non-influenced

segments, as shown in Figure 2-18.

Z Z
RL L RL Lo Ep

C - « o >

1 ColY Yo/Co_1 A ColY Yo/Co_1_
2o |[+2% YT [lee oo |FEE YT [Jeco
e o o

Ep: Electromotive force [Vm] in the segment
Zi: Longitudinal impedance [Q]
Yo/2: Shunt admittance [1/Q]; Due to the model, half the value is used twice

Figure 2-18: Equivalent network, separated into non-influenced (left) and influenced (right) segments

The induced voltage Ep is usually calculated with formula (2-2). However, the situation is more
complex when different currents /with different coupling impedances Ze have to be calculated, as

shown in chapter 2.4 and illustrated in Figure 2-19.

—— Earthing conductor

Phase conductor
'Q/ZPQ / Induced pipeline

ZLlP,LZP,L3P

ZLlQ,L2Q,L3Q

Figure 2-19: Example for the calculation of the induced voltage with multiple conductors
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Therefore, formula (2-2) has to be extended to formula (2-43):

n

EP_segment = Z LiZy-t (2-43)
x=1
Er: Electromotive force [Vm] in the segment

Inducing current from a current-carrying conductor including calculated currents from e.g. ECs
Mutual impedance between conductor and pipeline

Length of the segment

BoS N
N

Number of current-carrying conductors in the segment

When all impedances and admittances as well as the inducing voltages are known, the pipeline can
be modelled as an equivalent network and the pipeline interference voltage (PIV) can be calculated.
A pipeline of two influenced and two non-influenced segments is shown in Figure 2-20 and consists

of five nodes with the corresponding PIVs Ur: to Uks.

ZLI ZLZ ) ;x ZL3 ZLA
Node 1 Re Lo Node 2 Re Lo % Node 3 R Lo fgf% Node 4 R Lo Node 5
—Hu— - U
Ury [ [ U [ = N T U [ =" N T T U [ Ues

CylY. YoilC Coly YolC Cly. YoilC CqlY. YoiC

‘ZGQD =3 SR Dzeq ‘2@0[] S =T DZGQ‘ ‘2GQD =35 SR DzeQ ‘ZGQ[] =35 BT
Erx: Electromotive force [Vm] in the segment
L: Inducing currents from a current-carrying conductor including calculated currents from e.g. ECs
Zx: Mutual impedances between conductors and pipeline

Figure 2-20: Equivalent network with four segments

As a next step, this example has to be converted into the nodal admittance model with a ¥'— matrix
(2-44), where the main diagonal consists of all elements connected to the node according to the

position within the matrix. The minor elements are the negative longitudinal admittances between

two nodes.
Z:
1Y, 1
— 2 - 0 0 0
Zy 2 AR
1 1 Y 1 Y 1
—— TR, - 0 0
Zin iy 2 Z, 2 Zi>
1 1 Y 1 Y, 1 }
- - oyfex, 1 fes - 0 (2-44)
AR Zi, 2 Ziz 2 Zi3
1 1 Y3 1 Y, 1
: o S e
ZL3 413 “14 ZL4
1 1 Y
0 0 0 —— —4 =2
L Zya Zis 2]
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2 Pipeline interference voltage calculations

The induced current matrix J (2-45) consists of the induced voltages Erz and Ers which have to be
. E E
converted into currents Igp, = Eﬁ and Igp; = Eﬂ because of the model used. On every node all
412 413
known currents have to be summed up, e.g. node 1 is zero because no induced current can flow and
on node 2, only the negative current of the first interfered segment is used.

0

I =\Igpy — Igp3 (2-45)

After all necessary parameters are determined, the PIV Urw along the pipeline is calculated using

the following equation (2-46):

Up=Y11 (2-46)

Figure 2-21 shows the voltage along pipeline Urw. Between the nodes two and four lies the
influenced area which shows rising PIVs. Outside of this area, the PIV is reduced, which is due to
the shunt admittance. The red line shows the interference voltage distribution along the pipeline.

The blue line shows the absolute value, which can be directly measured on the pipeline.
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Figure 2-21: PIV for the example in Figure 2-20
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3 Development of an efficient program

3 Development of an efficient program for calculating the
pipeline interference voltage

In the past, various specialised programs dealing with pipeline interference voltages were developed,
causing a situation where there is a step by step calculation with a different program being used for
each part of the calculation. In addition, the results have to be transferred manually between the
programs. When a parameter changes, this can be especially challenging and time consuming

because most of the calculation cycle has to be repeated.

Therefore, this process should to be optimised with the newly developed Matlab®-program “AiO”,
improving usability and efficiency. For this reason, a potent graphical and intuitive user-interface

was designed to address the following issues:

o User-Interface (front end):

o The geographical information can be easily inserted as well as all necessary
information about the pipeline, HVPSs and other metallic structures.

o Geographical information about existing digitalised systems can be changed e.g. the
routing can be modified and whole systems can be deleted.

o No knowledge about the different calculation steps is needed, offering an easy use of
calculation methods.

o Itis possible to change calculation parameters with the user interface e.g. segmenting

or interference strip size.
e Technical back end:

o Aninternal data management system is integrated; therefore it can be easily expanded

for other types of metallic structure

o Automatic detection if an interference source is located near the pipeline within the
user defined interference strip size. If this is the case, an automatic segmentation is

made according to the user's specifications.

o Using modern technologies ensures an efficient calculation program. However, big

projects with small segments still need longer to calculate and have a large RAM usage
e Automated technology for this thesis includes:

o A software-based implementation for varying two different parameters, for instance
pipeline diameter and earth conductor height to optimise the inductive interference.

o A direct Excel-export option for easy analysis of the impact of different parameters.

All these necessary requirements show that the nodal admittance matrix cannot be used anymore,
that a modified calculation model is essential and that the Clarke-and-Starr-calculation model fulfils

these requirements.
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3.1 Selection of the programming environment

When using a Simulink® -model to solve interference problems, two main challenges arise:

Calculating the impedances and admittances for parallel routing is easy but in cases, where
the distance between influencing and influenced system is not constant, the relevant
parameters have to be calculated for each segment. This can be done automatically and can
be imported into the Simulink® -model. However, the number of segments has to be
identical, which leads to problem number two.

Very simplified calculation problems can be implemented in a relatively short time but with
a more detailed segmenting or different metallic structures, the time needed to generate the
proper structure increases significantly because Simulink® is a visual programming language
(VPL). This means that for each segment, an equivalent quadrupole has to be added with
the necessary parameters. Every change in structure can be easily programmed but drawing

needs time and increases the risk of error.

Despite the disadvantages of Simulink®, the software can be used to verify the new Matlab® -based

model, as will be shown in two examples in chapter 3.4. These examples will also illustrate the

problems that arise with a fast-increasing number of elements.

3.2 Using the equivalent circuit by Clarke and Starr

As stated in chapter 2.5, the nodal admittance matrix can be used to calculate the PIV while the

induced voltage must be calculated beforehand. Alternatively, the currents and other geographical

information from high voltage power systems or other surrounding systems can be used instead of

the induced voltage. For this, an equivalent circuit simulates the mutual impedance between all

systems by simple impedance links. Frank M. Starr [7] and Edith Clarke [8] describe a method where

a two-winding transformer is used as the basic equivalent circuit which is then modified into the

following equivalent circuit:

Figure 3-1: Simple model of the equivalent circuit by Clarke and Starr

In the equivalent circuit, Zu and Z2 represent the self-impedances of each conductor and Zi2 and

Z12 the mutual impedances between two conductors. The values for Zi2 and Z12 must be equal.
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The advantage of this model is that it is a four-point network with voltage and current information.
The arrangement of the elements is simple because the self-impedance is independent from the
mutual impedance. Furthermore, it offers a mathematical description including a calculation of the
interference problem. Adding the voltages and currents for two coupled conductor-earth-loops

extends Figure 3-1 to Figure 3-2.

IN ouT
|1 Il
@ Z11 ——O0—
AN
IN q 3 out
U NI NI U
1 h h 1
IN ouT
|2 |2
O Z» 00—
IN ouT
U 2 U 2
\J Reference point \J

Zu: Self-impedance of the first conductor
Zx: Self-impedance of the second conductor
Z12/-Z11: Mutual impedance of the coupled conductors
ulN/ U™ Voltage at the beginning of this part of the first/second conductor
U10UT/ [,0UT; Voltage at the end of this part of the first/second conductor
LN/ M Current at the beginning of this part of the second conductor
L,0UT/ [,OUT: Current at the end of this part of the second conductor

Figure 3-2: Simple model of the equivalent circuit by Clarke and Starr; extended version

This model includes a system of equations:

UIN 7 7 IIN UOUT
?N] = [_11 _12] [ 111\1] + 1OUT (3-1)
Ul Ziy Zynlll U

This model is able to describe complex interference problems without knowing the value of the
impedances because they are calculated with the given formulas from chapter 2.3. However, the

equivalent circuit of Clarke and Starr only works correctly with a correct numbering of the nodes.

In Figure 3-1, the red number shows the best way to number the nodes.

When extending the problem to three conductors, the numbering of the nodes and branches has to
be adapted. This can be seen in Figure 3-3 when comparing the numbers inside the light blue
rectangle with the initial graphic (Figure 3-1; the number six is changed to seven). For an automatic

calculation program with auto detect, this numbering of conductors poses a challenge.
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End nodes

Starting nodes

Figure 3-3: Equivalent circuit of Clarke and Starr with three conductors

The correct numbering is even more complicated in cases where a conductor or a metallic structure
begins or ends, e.g. an influencing conductor stop its influence due to being outside of the

interference strip.

The following example in Figure 3-4 shows two segments: the first one has two conductors while

in the second one, a third conductor starts to interact with the other two conductors.

1 3 5 8 10
Zu,l Zu‘z
LS a7 L LS ¥ &
J i i i © &
N N r\'l N "L /\/7
Z i 11 o
£22,1 £22 \i
2 4 6 9 i
7 12
Zs32 é
_ Segment 1 Segment 2

-t
-t -t

Figure 3-4: Equivalent circuit of Clarke and Starr with two segments and a change from two to three conductors

This example shows how the numbering in these situations must be handled. It is crucial that the
nodes are numbered consecutively in ascending order at the beginning and end of a segment. This
is also the case when a conductor disappears. More conductors create a more complex situation. The
correct numbering is more difficult due to the different combinations: e.g. conductors 1,2,3,5 exist,
then in the next segment number 4 is added and a few segments later, number 2 and 3 disappear.
Also, these graphics show that complex computation models consist of more branches than nodes.

Figure 3-4 consists of two segments, therefore, it may be assumed that with segmenting into smaller
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parts, the complexity rises respectively and the handling of calculation resources is more challenging

due to larger matrices.

A lot of these ideas have been described in the master thesis of Steinkellner [24], including the

calculation of the increase of nodes as well as branches.

3.3 Calculation steps for the nodal analysis

The nodal analysis is used for complex electrical networks. Its significant advantage is that the
number of independent nodes is equal to the number of unsolved equations. To use this method,
preparations are required: the impedances must be changed to admittances and only current sources

are allowed.

Other methods are more calculative, e.g. Kirchhoff’s law. This chapter gives an overview of the

calculations, a more exact description can be found in the master thesis of Rofmann [25].

3.3.1 Branch-node incidence matrix

The branch-node incidence matrix C'is needed to uphold the structure of the interference example
and constitutes the basis for the nodal analysis. Within the matrix, branches are assigned to rows
and nodes to columns. When two nodes are connected, either a 1 or -1 are used; 1 designates an
outgoing node, -1 an incoming. Making a branch-node incidence matrix from Figure 3-1 leads to
Table 3-1.

Node 1 2 3 4 5 6 Branch
1 0 -1 0 0 0 K1
0 1 0 -1 0 0 K2
C- 0 0 1 -1 0 0 K3
0o 0 1 0 0 -1 K4
0 0 0 1 -1 0 K5
0 0 0 0 1 -1 K6

Table 3-1: Branch-node incidence matrix from Figure 3-1

Only a small example is being presented because larger examples lead to very large matrices C,

which would go beyond the scope of this chapter.

3.3.2 Incorporating external elements into the matrices

All elements, which are not longitudinal or mutual impedances, are external elements. Due to the
different metallic structures such as pipelines, overhead lines (OHLs) or earthing systems,
programming the auto-detection has to take into account which kind of structure is used and the

right parameters. The following list shows the different parameters of external elements:

e Buried metal structure: Due to the direct contact with the soil, the shunt admittance has to

be considered on every segment, even when the subdivisions are rather small.
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e Phase conductors: At the beginning and end of the interference, the transformer impedance
and the substation impedances have to be considered. Also, a current source parallel to the
transformer impedance must be included.

e EGCs above ground: At the beginning and end of the interference, the impedance of
substations has to be included.

e OHLs in general: Usually, the pylon earthing systems should be considered, but in this
thesis, they have been omitted. The main reasons for this are that it is difficult to get exact
information about the distance between two pylons and the effective earthing resistance
value of the pylons and it is not the goal of this thesis to simulate the exact current flow

situation in OHLs because the focus lies on the calculation of the PIV.

An extension of Figure 3-1, with the external elements of a pipeline and a phase conductor, is shown
in Figure 3-5. The pipeline uses the same shunt admittance while the phase conductor uses the
parallel transformer impedance at the beginning and the substation impedance at the end. The

reference node is needed as the remote earth or reference potential.

Reference node

Zu: Self-impedance of the first conductor

Z2: Self-impedance of the second conductor

Z12 [ -Za1: Mutual impedance of the coupled conductors

Yo/2: Shunt admittance; due to the used IT-equivalent network, only half of the value is used at the start

and end of a segment
Zps1: Transformer impedance and a substation impedance series

Zpsi: Substation impedance

Figure 3-5: Simple example with the external elements for a pipeline and a phase conductor
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With the external elements, the branch-node incidence matrix must be extended to update the

structure. Also, the branch-current source matrix I can now be generated. The new elements are

written in red.

Node 1 2 3 4 5 6 Branch
1 0 -1 0 0 07 K1
0 1 0 -1 0 O K2
0 0 1 -1 0 O K3
0 0 1 0 0 -1 K4
0o 0 o 1 -1 o K5 3.2
C-= 0 0 0 0 1 -1 K6 (3-2)
1 0 0 0 0 0 K7
0o 1 0 0 0 O K8
0 0 0 0 1 o0 K9
Lo o 0o o o 14 K10
— 0 -
0
0
0
0
I, = 0 (3-3)
1Q1
0
0
| 0 |

3.3.3 Branch-admittance matrix and nodal admittance matrix

The example in Figure 3-5 shows how to create the branch-admittance matrix ¥z This matrix is a
diagonal matrix and therefore only the main diagonal has incorporated elements while all other
parts equal zero. For this matrix, all elements must be admittances; therefore impedances have to be

converted. The elements in red designate external elements, the other elements correlate with the

longitudinal and mutual impedances.

Y11

Y,
Y, = - (3-4)
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The three matrices C, L and Y- form the basis for calculations of voltages and currents in the
interference example. First, the node-current source matrix Jand the nodal admittance matrix ¥

are generated:

I=~C"1 (3-5)
Y=CT-Y,-C (3-6)

With (3-5) and (3-6), a matrix with the nodal voltages Ucan be calculated:

U=y—"-1I 3-7)

Formula (3-7) does not directly calculate the pipeline interference voltage (PIV) along the pipeline,
because the voltages are calculated separately for every node. This means that a node filter is
necessary which can find the relevant nodes for the PIV. In the example in Figure 3-1, these are the

nodes 1 and 5 and in Figure 3-4 the nodes 1, 5 and 14.

In addition, this model can calculate the branch voltages Uzand branch currents Jzw. By using matrix
with the node voltages Uin Formula (3-7), a matrix with the branch voltages Uz can be calculated.

These values represent the voltage drop along the branches.

Uu,=Cc-U (3-8)

In the end, a matrix with the branch currents Jzw, which flow along the branches between the nodes,
can be calculated. For pipelines, this is the current which flows over the pipeline coating into the
soil and is responsible for the pipeline interference voltage reduction in areas, where no interference

exists.

Lw=L+Y"U; 3-9)

3.4 Model verification

The usage of the equivalent circuit in the Clarke and Starr matrix can be verified, by calculating the
impact of the conductor configuration (CC) on the zero-sequence-currents for cases with parallel
overhead lines [24]. Using this model to calculate the inductive coupling between pipelines and

metallic structures is a new approach and therefore needs to be verified.
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The conducted verification [24] shows that the Simulink®-model is useful and leads to correct
results. Two situations were chosen: First, the interference area runs along the whole length of the
pipeline (see chapter 3.4.1) and second, the interference area lies in the middle of the pipeline with
two non-interference areas of the same length added on the left and right side, as calculated in
chapter 3.4.2. The impedances and admittances were calculated beforehand by hand because the
main goal was to test the node connection system between the segments as well as the complex
branch-node matrices of the new calculation system. A one current-carrying phase conductor was

used for easier comparison which was placed at a distance of 100 meters to the pipeline.

Equivalent network

Ur@y: PIV [V] on point (n)

I Inducing current from a current-carrying HVPS [A]

Zikm): Inductive coupling impedance between both systems (mutual impedance) for a segment(n) [Q]
Lsm): Distance of parallel route of a segment (n) [m]

hiphase: Vertical height of inducing conductor [m]

Zuwn: Impedance of the transformer with the connected earthing system [Q]

Ruwz: Impedance of the earthing system of the second power station[m]

Figure 3-6: Four segments of the inductive coupling with the lattice equivalent network of the pipeline; each segment

consists of an equivalent network, as shown in this figure and in Figure 2-5

Figure 3-6 shows some segments of the first example, where the inducing phase conductor serve as
a current source with the transformer admittance and both earthing systems visible; it also shows

the inductive coupling on the pipeline, which is displayed as the known lattice equivalent network.
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3.4.1 Overall interference of the pipeline

As explained above, the first example shows interference over the whole pipeline length £. Figure
3-7 shows the parallel route between both systems over a length of 1000 m with a distance xi of
100 m. Also, the segmenting with a length of 50 m is added which is not necessary in this case due
to homogenous conditions. The result, however, can be displayed in a more detailed fashion when

segmenting is included.

Calculation direction

> HVPS

s
L
L
L
[y
|

Pipeline

A

Yy
T‘ Xik

Figure 3-7: Parallel route between pipeline and high voltage power system over the whole length of the pipeline with

segment lengths of 50 m

Figure 3-8 shows a part of the Simulink®-model with the Simulink®-built-in mutual impedances,
the current source J; and the shunt admittances, which are similar to Figure 3-6. The red line
represents the phase conductor; the blue line is the pipeline. The full model can be found in

Appendix B.

Mutual Mutual Mutual
Inductance0 Inductancel Inductance2

lq Pipeline
Ruwz2
A\~
L
Rig
Zyw1 RLCO RLC1 RLC2 RLC3
l a l a l a l a
Continuous n n ot nr
> > > >
T v v v v
powergui Voltage 0 Voltage 1 Voltage 2 Voltage 3

Figure 3-8: Simulink-model for the first verification example

When comparing the Simulink®-Model with “AiO”, the pipeline interference voltage (PIV) along

the pipeline has both the same curve progression and the maximum voltage value, as can be clearly
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seen in Figure 3-9. These results show a typical curve progression for cases where influenced and
influencing systems run exactly parallel to each other and where there is interference over the
whole influenced system. Theoretically, the PIV between the pipeline lengths of 500 to 1000 m is
negative due to inverted current flow but negative voltages cannot be measured and make it more
complicated to compare. Therefore, such shapes, which are ideal for comparing different

parameters, can only be seen in theoretical examples.

70 <\ /)

60\ i

20 \\ //

0 100 200 300 400 500 600 700 800 900 1000
Pipeline length [m]

=¢==U, - Clarke calculation model ——U, - Matlab® Simulink

Figure 3-9: PIV along the pipeline for the Clarke calculation model and the Simulink®-model for the first verification

model

The new program must have the same curve progression and values for the phase angle of the
voltage as the already verified Simulink® model. Figure 3-10 shows that this is the case except for
in the sector, where the voltage is zero. This small difference in the phase angle can occur due to
the different accuracy of calculations, but appears in an area with a PIV around zero and therefore
is not relevant. Another aspect is the nearly perfect 180 degree phase change in the middle of the

pipeline. This phase change appears due to inverted current flow.

80
60 /l
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Pipeline length [m]

Phase angle of U, [grad]

=¢=Phase angle - Clarke calculation model ——Phase angle - Matlab® Simulink

Figure 3-10: Phase angle of the PIV along the pipeline for both calculation models for the first verification model
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3.4.2 Partial interference of the pipeline

As stated in chapter 3.4, the second example shows a partial interference in the middle, as illustrated
in Figure 3-11. There is segmenting in the non-influenced segment which it is not displayed. The

second example aims to verify whether the PIV decreases in the non-influenced segments.

Calculation direction » HVPS

b
X
X
Pipeline
o0 3& L
Non-influenced Influenced Non-influenced
segment segment ES segment
e P e - 8

Figure 3-11: Parallel route between pipeline and HVPS in the middle segment of the pipeline with segments of 50 m

length; the two other segments are non-influenced

This leads to the Simulink®-model in Figure 3-12, a more detailed model can be found in Appendix
B:

Muual Muual Muual
Inductance0 Inductancel Inductance2

powergui

Z
2 2 2 2
g - l = > l =
Conn3 Conn4 Conn3 Conn4
Pipeline and
8 Connl Conn2 Connl Conn2 |B—
phase
conductor
% Conn3 Conn4 . Conn3 Conn4 B—
coupling area
Non- Non-
influenced influenced
area area
] ] ]
Voltge 1 Voltage 2 Voltage n-1 Voltage n
Figure 3-12: Simulink®-model for the second verification example
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Figure 3-13 and Figure 3-14 show that both models are equivalent. When comparing Figure 3-9 to
Figure 3-13, two important aspects can be seen: First, the peak PIV is lower in this example which
can be explained by the current flow distribution over a larger area of the pipeline. Second, outside
of the interference area, the PIV decreases slowly due to currents which can flow into the soil over
the shunt admittance. The speed of the PIV decreasing is depends on the value of the shunt
admittance: with e.g. lower specific pipeline coating resistances, the current can flow more easily

into the soil.
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Figure 3-13: PIV along the pipeline for the Clarke calculation model and the Simulink®-model for the second

verification model
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Figure 3-14: Phase angle of the PIV along the pipeline for both calculation models for the second verification model

In conclusion, these results prove that the newly developed Matlab®-program “AiO” can calculate
pipeline interferences with the necessary accuracy and provide correct results. All further
calculations in the next chapters are conducted with “AiO” and different aspects and factors of

influencing and influenced metallic structures are investigated.
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4 Investigation of the influence of different parameters on

the calculation of the inductive interference voltage

4.1 Calculation example for easier comparison

The following example is necessary to account for the many different parameters for active and
passive conductors. This makes comparing the results of varying parameters easier. In the following
chapter of this thesis, this example is designated as the “standardized example” and does not follow
any possible standardized examples from other publications, guidelines and norms. To keep it
simple, the interference example in Figure 3-7 from the verification process in chapter 3.4.1 is used
but instead assuming only one conductor for the high voltage power system (HVPS), an overhead
line (OHL) with two symmetrical systems and one earthing conductor (EC) is used. Both, the

interference example with the buried pipeline and the OHL pylon can be seen in Figure 4-1.

A Calculation direction
— e >

L1 HVPS

A
| I g
L2 3
{ 75m 3 x3
L2 A 4
Pipeline
55m -l E )
3 . c g » £ =1000 m with segment lenghts of 50 m »
]
3]

i PN
Ay ).
A ) surface

' > ~
D = 1000 mm @ ): ;Laymg depth=1m

26.2m

Soil

201 m

17

Figure 4-1: Geometrical parameters for the standardized calculation example

Figure 4-1 shows a “ton”-pylon as a double circuit line on the left side, which is very common in
Austria. The dimensions are for a voltage level of 220 kV. Also, the conductor configuration (CC)
can be read-out, which represents the best case. More information about the CC can be found in

chapter 4.6.2.
The following additional data is necessary:

e Pipeline data:
o Specific soil resistivity: 100 Qm
o Specific pipeline coating resistance: 1000 kQm? with a thickness of 3 mm

o Wall thickness: 10 mm
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e OHL data:

Phase conductor diameter: 27 mm

EC diameter: 18 mm

Sag for all conductors: 10.9 m

Material: Steel-aluminium

Frequency: 50 Hz

Inducing current: 1000 A with the proper phase shifts (L1 = 0°, L2 = 120°,
L3 =240° or -120°)

o External elements: At the beginning a combination of a transformer and a substation

o O O O O O

impedance with 0.2 +i177 € and at the end a substation impedance with 0.2 Q

e (Calculation formulas:

(@)

Self-impedances and shunt admittances: “Formula S” (see chapter 2.3.1.1)

o Mutual impedances: “Complex Image Formula” (see chapter 2.3.3.2)

(@)

Pipeline interference voltage (PIV) along the pipeline: Matlab®-based program “AiO”

With this data and calculation formulas, the absolute value of the PIV as well as the phase angle
along the pipeline is calculated. The result in Figure 4-2 (a) shows the typical curve progression for
cases where influenced and influencing systems are exactly parallel to each other and where there
is interference over the whole influenced system. Only for these special cases with very
homogenous parameters, such a curve progression with the exact same values at the beginning and
end of the pipeline can be calculated. Figure 4-2 (b) displays the phase angle of the PIV with a nearly
perfect 180 degree phase change in the middle of the pipeline.
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Figure 4-2: PIV and phase angle along the pipeline for the standardized example
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The graph on the left shows that the maximum PIV on both ends of the pipeline is still quite small
with a value of 0.88 V/km, despite a relative long and close vicinity of both systems. The reason for
this is that the pylon configuration as well as the CC are ideal. This can also be seen in chapter 4.6,
where the impact of different pylons and CCs on the absolute value of the PIV is investigated. The
phase angle of the PIV shows another 180 degree phase change in the middle of the pipeline.

The example given above assumes a fixed vertical distance x« of 100 m. By varying this parameter,
the mutual impedance changes and therefore, the induced voltage changes as well which leads to a
different PIV progression. The upper part in Figure 4-3 shows a calculation where the vertical
distance between the pipeline and OHL varies from -2000 to +2000 m. The original location of the
above calculation is indicated in this figure and shows that only the maximum PIV is used. The blue
curve shows the maximum PIV from each calculation; 4,001 calculations are conducted for this

chart.
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Figure 4-3: Maximum PIV for vertical distances from -2000 to 2000 m; the first graph shows the original calculation for
a distance of 100 m, the lower graph is an enlarged version of the above picture with a vertical distance range of

-200 to 200 m
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The lower graph is enlarged to give a better view of the close vicinity of the pipeline. This unusual
view of the PIV shows that when the pipeline is situated at a distance greater than 200 m from this
OHL, the values are much lower than the highest value in this chart. When comparing the original
calculation with a distance of 100 m to the lower graph with the outer distance of 200 m, the

maximum PIV is already halved. The maximum PIV appears at a distance of around 17 m.

In addition, this example shows two interesting effects, which can only be understood when the
magnetic flux density is taken into account. The first is that when the OHL runs directly above the
pipeline (distance = 0 m), the maximum PIV falls dramatically. The reasons for this are that due to
the symmetrical setup of the double circuit line, the magnetic fluxes of the single conductors mostly
cancel each other out and that the dominating factor for the magnetic flux is the EC. In other words,
when taking into account the mutual impedance formula, the three values for the three phase
conductors add up to around zero, while the most dominating factor is the mutual impedance of the
EC.

The second effect is that the maximum PIV value is not mirror-symmetrical over the entire vertical
distance between pipeline and OHL. The cause of this is the EC, which deforms the symmetrical
magnetic flux of the double circuit lines. Therefore, the magnetic field increases in some areas while
in other areas it is decreasing. This effect also depends on the rotation direction of the magnetic
flux. More details are discussed in [41], page 55, which gives a detailed analysis of the magnetic
fields for different kinds of OHLs and also investigates the effects of ECs on the magnetic flux
density.

4.2 Impact of the formula used for calculating conductor
parameters

Calculating the conductor parameters has already been discussed in theory as well as shown by the
parameter variation in chapter 2.3. It has been shown that for the longitudinal impedance, the four
formulas can be split up into two groups due to their similar results. There are only two formulas to
calculate the shunt admittance which differ under certain conditions such as a higher specific
pipeline coating resistance or wall/coating thickness. Therefore, all in all, eight formula

combinations have to be considered (see Table 4-1).

The impacts of these formulas will be described on the basis of the standardized example and a
distance xi of 100 m. Calculating the maximum PIV PIVmax for each of the eight combinations leads

to Figure 4-4, where, unfortunately, many of the curve progressions superimpose each other.
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Figure 4-4: PIV along the pipeline according to the eight formula combinations for calculating the conductor parameters

The reason for this can be seen in Table 4-1, where the maximum PIV PIVmax is listed. First of all,
comparing the two formulas for the shunt admittance shows no relevant difference and leads to the
first result: both formulas are equal. Also, calculations were conducted, varying the wall and coating
thickness. The outcome was that the impact of these two parameters is small and can be neglected.
In its implementation, the “Formula S” for shunt admittances is easier to use because the value of

the wall thickness is generally better known than the value of the coating thickness.

Shunt admittance formula
Formula S Formula C
Mmax [Volt/km]

= o Formula S 0.884 0.884

g 9 o Group one

= g E Formula C 0.899 0.899

& & 3 Formula D 1.075 1.075

& E “| Grouptwo

— Formula O 1.075 1.075

Table 4-1: Comparing the maximum values of the PIV for the eight formula combinations

When comparing the results of the four longitudinal impedance formulas, the two formula groups
“Formula S” — “Formula C” and “Formula D” — “Formula O” are again easy to spot due to similar or
equal results. Table 4-1 shows that the values of the second group are about 20 % higher with the
given parameters. When considering the results in light of the discussion in chapter 2.3.1, a part of
the difference appears to be due to the differences in higher conductor diameters (Figure 2-10).

Another significant part stems from the difference in calculating the specific soil resistivity (Figure
2-9).
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The phase angles of PIVmax in Figure 4-5 show a very similar progression with slightly different
values which have no effect on the PIV calculation. In the area where the voltage level equals zero,
the differences between all formulas become apparent. This happens due to the calculation
inaccuracy and disappears with smaller segments. Figure 4-5 is the last chart on phase angles because
phase angles cannot be compared to conducted measurements and are not relevant for comparing

the different parameters and other surrounding effects on the PIV.
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Figure 4-5: Comparing the phase angle of the PIV for the eight formula combinations

The standardized example includes only the influenced area and nothing else. The following
example looks similar to the example in chapter 3.4.2, where the influenced area is flanked by two
non-influenced areas. Both non-influenced areas are now 4000 m long, subdivided into 100 m
segments. When comparing Figure 3-13 with the newly calculated Figure 4-6, the curve shape is
very similar but the primary focus with this 9000 m long example is the effect of different formula

combinations on the non-influenced areas.

The chart clearly shows that nothing changes and that the 20 % difference between both formula
groups remains on the same level from one end to the other. Also, the shunt admittance has no

effect, even when varying the thicknesses.
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Figure 4-6: Comparing the maximum values of the PIV for the eight formula combinations for an example with one

influenced and two non-influenced segments for a 9000 m long pipeline

Two changes in the parameters of the same example are also considered: the pipeline diameter is
modified to 100 mm and the specific pipeline coating resistance is modified to 100 kQm?2. The
theoretical analysis in chapter 2.3.1.2 shows that the difference between both formula groups
increases with a decreasing diameter (see Figure 2-10). Figure 2-12 in chapter 2.3.2.1 also shows
that with smaller resistances, the gap between the values for the shunt admittance formulas
decreases. Both results prove that the effect of smaller diameters is stronger than the effect of a
lower admittance value. Therefore, the difference between both formula groups of the pipeline

voltages along the pipeline increases to a value of around 26 %, as shown in Figure 4-7.
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Figure 4-7: Comparing the maximum values of the PIV for the eight formula combinations for an example with one

influenced and two non-influenced segments for a 9000 m long pipeline with modified parameters
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When comparing Figure 4-6 to Figure 4-7, two additional effects can be seen. The maximum PIVemax
is lower in the second figure which can be explained by a lower conductivity due to the smaller
diameter of the pipeline. The second effect is how fast the PIV can be reduced in influenced areas
and especially in non-influenced areas. The last example demonstrates the result of a lower coating

resistance where the induced current can flow more easily into the surrounding soil.

In conclusion, it can be said that the formulas for the shunt admittance have no effect on the PIV
calculation. It is unclear, which formula should be used for the longitudinal impedance. In the best
case, the formulas of “Formula D” and “Formula O” reach nearly the same values when compared
to the formulas of “Formula S” and “Formula C”. In most other cases, the formulas of “Formula D”
and “Formula O” calculate higher PIVs. The initial statement in chapter 1 was that conducted
measurements show lower PIVs than calculations, therefore it is recommended to use either

“Formula S” or “Formula C” because both formulas give very similar results.

4.3 Specific pipeline coating resistance

In the chapter above, the effect of the specific pipeline coating resistance (SPCR) has already been
touched upon. The value of the SPCR has two effects: one is the decrease of the maximum PIV and
the other is the speed of reducing the PIV along the pipeline. Generally it can be said that the lower
the value of the SPCR resistance, the lower the PIV. Unfortunately, low resistances are not favoured
by pipeline operators. The reason behind this is the cathodic protection system, which prevents the
steel from corroding. When the coating is decreased, more cathodic protection current is needed
and an increase in feeding points might have to be considered. Both are unpopular since they cause
continuous costs for the protection current and create extra costs for construction and maintenance

of the feeding points.

As stated in chapter 2.3.2, pipeline manufacturers can only guarantee the value of the coating at
dispatch. The construction and operation of pipelines can change the coating resistance due to
coating holidays, which appear because of sharp-edged stones, other natural events or human
contact, e.g. chipping from excavators. These issues make the estimation of the coating resistance
values very difficult since perfect pipeline coatings do not exist. The influence of the coating
resistance has already been investigated in [30], where a practical example was examined for two
different conductor configurations. This publication compared different coating resistance values
with soil resistivity values. It was ascertained on page 10 that with rising coating values, the pipeline
interference voltage rises as well. The exact value of this increase, however, depends on the soil

resistivity.
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This thesis shows, with the standardized example in chapter 4.1, which additional parameters have
an impact on the PIV in addition to the pipeline coating. The assumption that with increasing

coating resistances, the PIV rises as well is confirmed by Figure 4-8.

An additional effect is that the curve progression for lower values of coating resistances is not
straight because a part of the induced voltage is already reduced. The induced voltages produce an
induced current on the pipeline and as mentioned above, with lower coating resistances the induced

current can flow more easily into the surrounding soil.
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Figure 4-8: PIV along the pipeline with varying coating resistances

The same effect influences the maximum PIV. For higher coating resistances, the induced current
is not able to flow into the soil, which is why there is an upper limit for the PIV. When comparing
1000 kQQm? and 10000 kQ2m?2, only a minor visual difference can be observed. It is close to around
1 %. The specific resistance value of 100 kQm? differs by about 10 % compared to the upper limit.

This indicates a slower increase of the maximum PIV for higher specific coating resistances.

This effect can be seen in Figure 4-9, where the maximum PIV PIVmaxis displayed for a range of 0.1
to 10000 kQm? for the coating resistance. Irrespective of the pipeline diameter and the frequency
from the interfering system, an upper limit is always reached and it is assumed that a lower limit
exists around zero. Inadequate and old pipeline coatings have values around 10 kQm? which can
lead to a significant difference in the PIV compared to better coatings. In the standardized example
(1000 mm, 50 Hz), PIVmax reaches only half the PIV for 10 kQm? when compared to a value of
1000 kQm?.
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Figure 4-9: Maximum PIV for different pipeline diameters and influencing frequencies for a wide range of SPCR

The conductor diameter has an effect on the range of around 1 to 100 kQ2m? which is especially
relevant in the case of poorly coated cables or pipelines. When comparing the values for 10 kQm?,
the difference between the diameters of 10 mm and 1000 mm is 0.17 V. Therefore, the values for
10 mm are 38 % higher than for 1000 mm. This leads to a first conclusion: metal structures have
mostly small diameters and thus, the conductor diameter can be neglected. In the case of pipelines

however, the diameter is can vary widely and therefore, the diameter has to be considered carefully.

A second conclusion is that the coating resistance shows an unexpected behaviour which can be
explained with the physical effects. It can be stated that pipelines with a poor coating have a much
lower maximum PIV and therefore, they are partially earthed. This conclusion leads back to the
initial statement of the chapter: ascertaining the correct value for the coating including coating

holidays is essential.

Figure 4-9 also shows the impact of the frequency. This is a theoretical scenario since 16.7 Hz will
never appear in the pylon configuration of the standardized example. It shows similar effects
compared to calculations with 50 Hz but on a much lower level. This difference can be returned to
the longitudinal impedances because they are frequency-dependent. Still, this figure shows an
impact of the coating resistance similar to a scenario with 50 Hz. Therefore, the argument for 50 Hz
is valid for 16.7 Hz.
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4.4 Specific soil resistivity

The specific soil resistivity is another important parameter for pipeline interference voltage (PIV)
calculations. The surrounding soil is relevant to the maximum PIV because with a higher value for
the soil resistivity, the induced current cannot flow into the soil. It is the same effect as described
for the SPCR. The exact determination of the value of the soil resistivity is absolutely crucial when

countermeasures against too high voltages are needed and earthing systems are put in place.

Earthing systems are defined locations, where the induced currents can flow into the soil and
thereby reduce the PIV along a pipeline. As has been described and calculated in [6], a good
conductivity for an efficient earthing system is needed. The conductivity depends on the type of
earthing system in place, the quantity of material which is used and the surrounding soil. The
calculation as well as the different types can be found in [23] and [42]. It can be seen in the formulas
that the soil resistivity is the most dominant factor. The soil resistivity depends on the type of soil
(see Table 4-2) as well as the soil humidity [43], [44].

Type of soil raI-lge of .varia.tic.)n. of the typica.l va11-1e of the specific
specific soil resistivity [Qm] soil resistivity [Qm]
marsh 5 to 40 30
garden soil (clay, brickearth, humus) 20 to 200 100
sand (moist) 200 to 2500 400
weathered rock 500 to 1000 750
sand (arid) 200 to 2500 1000
granite, granite 2000 to 3000 2500
rock 2000 to 30,000 10,000

Table 4-2: Resistivity values for different types of soils [43]

According to Table 4-2, a wide range of soil resistivities is possible and the determination of the
correct soil resistivity is a complex matter. Possible measuring techniques are described in [33] and

are expensive when conducted in a number of locations.

The pipeline interference voltage depends on the value of the soil resistivity as shown in Figure
4-10. Again, the standardized example is used for the calculations. The soil resistivity varies from 1

to 10,000 Qm. Also, specific pipeline diameters are used (10-100-1000 mm).
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Figure 4-10 leads to the conclusion that the pipeline diameter is independent from the soil resistivity
but is frequency selective. Figure 4-10 also shows that the PIV rises constantly with rising values of
the soil resistivity which is consistent with the results in [30] where a specific example with specific

soil resistivities was presented and the calculated results show a constant increase.
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Figure 4-10: Maximum PIV for different pipeline diameters and influencing frequencies for a wide range of soil

resistivities (50 Hz and 16.7 Hz)

In comparison to the standardized example, here the PIV can vary between +/- 50 % for a frequency
of 50 Hz. According to Table 4-2, the soil resistivity shows values mostly between 30 and 2.000 Qm.
Conducted measurements in the field, however, often give values between 50 and 300 Qm. By
considering these real values, the range of the PIVs gets smaller; however, it still has an impact on
the calculated results. Figure 4-10 shows that under the same conditions, the railroad-frequency of

16.7 Hz is low but still shows a constantly rising PIV.

[30] on page 10 also compared the values of the soil resistivity with the SPCR. The outcome is that
with rising soil resistivity and rising SPCR, the maximum PIV rises with limits for low and high

coating values.
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Figure 4-11 shows something similar with different curve progressions for specific coating
resistances. It can be clearly seen that the PIV rises when both parameters are increasing. The upper
limit for high coating values is reached and shows the same curve for 1000 kQQm? and 10000 kQQm?2.
When the pipeline coating is poor, the maximum PIV rises up to a certain level where it remains
almost steady. Figure 4-11 gives the same conclusion as the curve progressions in [30] and therefore,

both results have been confirmed by different calculation methods (chapter 2.5 versus chapter 3.3).
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Figure 4-11: Maximum PIV for the relationship between SPCR and soil resistivity

45 Load currents

When using the general formula (2-2) to calculate the PIV, the current of the interfering systems is
a direct proportionality factor. To calculate the worst-case scenarios for touch voltages, it is common
practice to use the maximum operational currents or, depending on the type of influencing system,

60 to 95 % of this maximum load current to calculate the risk of AC corrosion [45].

Due to load safety or reliability reasons such as the commonly agreed (n-1)-criteria which prevent
overhead line (OHL) overload situations in case of a failure of other coupled systems [45], or just
due to the load flow situations, these maximum operational currents rarely occur. Typically, load
currents are much lower than the maximum operational currents which simply reduce the PIVs. A
comparison between both currents is shown for an OHL in Figure 4-12 and for railroads in Figure
4-13 [31]. The curve progressions are quite different because changes in the current flow situation
in the OHL occur much slower and usually show a weekday/weekend as well as a day/night rhythm.
On railway lines the current flows when power cars are moving. There, currents are not only time-

dependent, they are also position-dependent due to the movement of the power car as well as e.g.
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the type of energy supply and the position of other power cars. Figure 4-13 also shows that the

currents have shape gradients which can be explained by the need for high currents for acceleration.
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Figure 4-12: Maximum operational currents versus load currents for an 380-kV-OHL [31]
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Figure 4-13: Maximum operational currents versus load currents for a 15-kV-railroad [31]

Furthermore, pipelines and other metallic structures are often interfered by several interfering
systems with different maximum operational currents. The current can flow in both directions. In
which direction depends on either on the OHL load flow situation or on the position of the power
cars on the railroad tracks. The necessary data has to be provided by the system operators, which
may cause further difficulties: While data about bygone load currents is provided, often no

additional information about the current directions is added for confidentiality reasons.
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Therefore, cases are challenging where multiple influences by different interfering systems occur,
since they hold different load currents at the same time. Figure 4-14 illustrates such a situation with
multiple influences, where two OHLs have different load currents due to their national importance

and because of two railroad lines with a different workload.

Based on this figure, a correlation with conducted measurements is possible. However, it is difficult
due to the time-dependent load currents without any knowledge about their direction as well as the

different weighting of the systems due to different mutual impedances and system characteristics.
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Figure 4-14: Different load currents for selected OHLs and railroads

Christian Wahl 68



4 Investigation of the influence of different parameters on the

calculation of the inductive interference voltage

4.6 Pylon type and conductor configuration of overhead lines

The pylon type and the conductor configuration (CC) as parameters for overhead lines (OHLs) have
a strong effect on each other and cannot be considered separately. The influence on the pipeline
interference voltages (PIVs) from different CCs as well as two types of pylons has already been
explored in [46], with a set distance between pipeline and OHL. The conclusion was that the CC
has considerable influence on the PIV and has to be considered in any case. Also, the pylon type has

a less significant impact on the PIV.

[46] analysed the difference between one and two earthing conductors (ECs) with the outcome, that
two ECs induce higher interference voltages into the pipeline. A different investigation was
described in [41] with magnetic fields, magnetic flux and magnetic flux density. It examined the

different parameters and showed that especially the CCs have a strong impact on the magnetic field.

No further research was conducted, however, on the consequences of interfering voltages on
metallic structures. This chapter combines both approaches and analyses the effect of both
parameters in different cases with the new mathematical model while varying the distance between

pipeline and OHL.

4.6.1 Overhead line pylon type

The OHL pylon type is determined by the number of circuits, the voltage level, the minimum height
and other surrounding factors. The minimum height is defined as the lowest conductor above earth
including the maximum sag. It ranges from about 8 m for 110 kV lines to 12 m for 380 kV lines.

These minimum heights are the ones predominantly used for comparing the different pylons.
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Figure 4-15 a) shows the difference between the minimum height (1), the sag (2) and the mounted
height of the conductor on the pylon (3).
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Figure 4-15: a) Definitions for the different heights between ground and conductors for an OHL pylon; b) Three pylon
type examples for double circuit lines [ [41], modified]

Pylons are categorised by conductor position. The conductor position depends on the number of
phase conductor levels on the pylon, the voltage level of 110 kV, 220 kV and 380 kV and the number
of circuits as well as the ECs. Figure 4-15 b) shows three examples of pylons and the corresponding
values for the minimum and maximum distances in meter between conductors for different voltage
levels, which can be found in Table 4-3. It should be noted that many more configurations of pylons
types exist. Further information can be found in [41], page 51 to 55. The conductor positions on the
pylons in Figure 4-15 and Figure 4-16 are referred to as P1, P2 and P3 and do not display the CC.
Associated conductor positions are highlighted with the same colour. It is necessary for complex

pylons with many circuits, to understand which conductor position belongs to each circuit.
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voltage level 110 kV 220 kV 380 kV

tower type (see Figure 4-15b) | level-3 | level-2 | level-1 | level-3 | level-2 | level-3 | level-2
min 64m | 52m | 57m | 11.0m | 100m | 13.8m | 14.0 m
: max 84m [ 68m | 64m |[120m | 148m | 190m | 152 m
min 64m |[124m | 129m | 140m | 204m | 188 m | 254 m

> max 112m | 144m | 146m | 16.0m | 254m | 240m | 272 m
min 44m | 88m |[200m | 100m | 154 m | 128 m | 14.0 m

‘ max 66m (104m |230m | 11.0m | 20.1m | 15.0m | 19.8 m
min 32m | 00m [ 00m [ 6lm | 00m | 72m | 0.0m

; max 65m | 00m [ O0m | 70m | 00m | 95m | 0.0m
min 32m | 40m [ 00m | 67m | 65m | 85m | 9.0m

‘ max 65m | 43m | 00m | 70m | 95m | 96m | 115m
min 3lm | 47m [ 50m | 55m | 65m | 65m | 8.6m

! max 56m | 69m | 84m | 93m | 137m | 123m | 135m

Table 4-3: Minimum and maximum dimensions for Austrian double circuit lines [41]

All over the world, OHL operators use widely different pylon types and therefore the different
impact of OHLs on pipelines can be shown only for a selection of pylon types, which are displayed
in Figure 4-16. The selection in this thesis focuses on widely used pylon types in Austria as well as
pylons with a completely different phase conductor structure. In Austria, mostly level-3-pylons are
used for all three voltage levels and, therefore, the chosen pylon type for the standardized example

in chapter 4.1 is the most common type in Austria which is called “ton”.

The pylons in Figure 4-16 are used for different voltage levels in the following chapters and are
designated with the abbreviation PY(x). The pylon dimensioning is different for every voltage level
and can be found in the pylon description in each sub-chapter. As described before, the “ton”-pylon
is predominantly used in Austria and, therefore, this type is used for 110 kV (PY7), 220 kV (PY1)
and 380 kV (PY5) -voltage-levels.

This type is also used to show the effect on the pipeline interference voltage (PIV) because of the
different pylon dimensions of PY1 and PY7. The “tan”-pylon is only used for 220 kV (PY2), the
“quadruple”-pylon only for 380 kV (PY6) and the “danube”-pylon for 110 kV (PY8) and 220 kV
(PY3). These types exist in Austria but are not often used. In contrast, the “single-circuit”-pylon is
often built for 110 kV (PY10) for weaker OHLs. It represents an asymmetrical pylon due to its
design.
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Figure 4-16: Different pylon types for comparing the effect on the PIV

All other types are typically not used within Austria but in other countries and, therefore, they
should be part of the comparison between the different pylon types. The “single-plane”-pylon is
used for 110 kV (PY9) and 220 kV (PY4). The “ton”-pylon with two earthing conductors (ECs)
(PY13) as well as the “tan”-pylon with two ECs (PY14) are used for a 220 kV voltage level and are
crucial for comparing the effect of an additional EC. PY15 (“ton”-pylon with no EC) and PY16

(“tan”-pylon with no EC) are not displayed in Figure 4-16 but are shown in chapter 4.7.1, where the
influence on the PIV by the number of ECs is analysed.
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4.6.2 Conductor configuration

The conductor configuration (CC) is simply the allocation of the electrical phases L1, L2 and L3 to
the conductor positions P1, P2 and P3. An optimal CC is necessary to avoid asymmetries in the
operational parameters of overhead lines (OHLs). OHLs are divided into nearly equal sections where
the phase arrangement is periodically changed. Therefore, the CC has to be carefully taken into

account in the vicinity of pipelines or other metallic structures due to its significant impact [41].

Theoretically, six CCs for one circuit and 36 combinations for two circuits are possible. This number
rises significantly for more circuits. An overview of two lines with all possible combinations can be
seen in Figure 4-17, as has been described in [41] and [47]. In this thesis it is not possible to analyse

all different CCs for each pylon type due to the enormous effort necessary for these calculations.
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Figure 4-17: All possible CCs for a double circuit line [41]

Especially in [41], a wide range of CCs were calculated to find out, which of them show the most
significant effect on the magnetic field. Inductive interference behaves similarly and therefore,
chosen CCs from Figure 4-17 have to be taken into account and analysed. The pylon from the
standardized example is used to show the difference between the various CCs when calculating

pipeline interference voltages.

In Figure 4-18, the results of these calculations show that No.l is the choice for worst-case-
calculations and No. 3 for best-case-calculations. As has been stated in chapter 4.1, the magnetic
field can have a positive (var.1) or negative rotation (var.4) and the maximum pipeline interference

voltage (PIV) can be lower on one side than on the other side.
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This effect can be seen when comparing Figure 4-3 to Figure 4-18. Looking at the conductor
configuration (CC) No.3, var.1 from Figure 4-18, the maximum PIV lies around 0.88 V/km, which
is equal to the distance of 100 m in Figure 4-3. With a distance of -100 m in Figure 4-3, a maximum
PIV of around 0.6 V/km is reached, which can be found in Figure 4-18 as the CC No.3, var.4.

PIV along the pipeline
e
N (o)}
[
\

0 100 200 300 400 500 600 700 800 900 1000
Pipeline length [m]

—4—No.1, var.1===No0.2, var.1 =&=No.3, var.1=>=No.4, var.1=#=No.5, var.1 =@=No.6, varl
—+=No.1, var.4=——No.2, var.4 No.3, var.4—=e—No.4, var.4=#-No.5, var.4 No.6, var.4

Figure 4-18: PIV along the pipeline by using the standardized example with different CCs
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Figure 4-19: Using the maximum PIV from two associated CCs

To compare the different pylons and CCs, the maximum PIV must be used. Consequently, the
maximum values from both rotation calculations must be combined. This can be shown in Figure
4-19 for the best case (No.3), where on the left side the distance between pipeline and OHL lies
between -2000 and 2000 m and the right side is enlarged. The blue line (No.3, var.1) shows the same
line as already displayed in Figure 4-3 and the red line (No.3, var.4) shows mirror-inverted values.

The green line combines the maximum value from No.3, var. 1 and 4.
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Due to the different pylon types, the best and worst CCs are not always the same. In the following
chapter 4.6.3, the best and worst CC for each pylon is determined beforehand and will be described

in the respective sub-chapters.

4.6.3 Comparison of different pylons of overhead lines in consideration of
the conductor configuration

As has been stated before, considering the conductor configuration (CC) is essential for comparing
the different pylon types for overhead lines (OHLs) because of their great impact on pipeline
interference voltages (PIVs). The comparability between the different types can be problematic
because the different voltage levels influence the dimension of a pylon. Therefore it is difficult to

compare the calculated PIV results of the selected pylon types.
4.6.3.1 “Ton” versus “tan” pylon for a voltage level of 220 kV

First, the two most used pylon types in Austria “ton” (PY1) and “tan” (PY2) for a voltage level of

220-k are compared. The dimensions as well as the corresponding CC are shown in Figure 4-20.
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Figure 4-20: Dimensions of pylon types "ton" (PY1) and "tan" (PY2) with the corresponding best and worst CC

How to conduct the comparative calculations for the standardized example has already been
described in chapter 4.1. The pipeline is fixed at 0 m and the respective OHL ranges between a
vertical distance xi of plus/minus 2000 m with a total of 4001 steps. For each step, the PIV along
the pipeline is calculated and the maximum PIV is recorded and plotted, which leads to Figure 4-21.
The examples are theoretical and therefore, the calculations are (mostly) symmetrical between -
2000 and 0 m and 0 m and 2000 m respectively. Thus, Figure 4-21 below is split into two curve
progressions. The left side shows an overview of the maximum PIV for vertical distances between -
2000 m and +250 m, while the right side of the chart shows an interesting section of the calculation

steps. In this figure, the enlarged section shows steps between -25 to +200 m which is very useful to
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illustrate the fast changes in the curve progression where there is a close proximity of OHL and

pipeline.

Figure 4-21 shows almost no difference in pipeline interference voltages (PIVs) between the worst
conductor configuration (CC) for PY1 and PY2 (both are designated in the key with “PYx — worst”)
but, as has been mentioned earlier, they are significantly higher than for the best CC. Much more
interesting are the curve progressions for the best CC because a significant difference between both
pylon types can be seen. This chart shows that the PIV from PY2 is almost always higher than the
PIV from PY1, except for the spot, where the OHL is directly on top of the pipeline (0 m). In the
case of the standardized example with a distance of 100 m, PY2 (with a value of 2.43 V/km) shows
a nearly three-times higher value than PY1 with 0.88 V/km.
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The PIV from both pylon types can be compared more easily when PY1 is fixed at a reference value
of 1 over the whole distance and the PIV values for PY2 are calculated as the ratio between both
pylon types. This is illustrated in Figure 4-22, where it can be clearly seen that the PIV from PY2 is
almost always two times higher than from PY1, with a maximum of around 2.8 times at a distance
of around 125 m. This leads to the conclusion that, for the two most common pylon types in Austria,

in case of pipeline interference, the “ton”-pylon is recommended.
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4.6.3.2 Several pylon types for a voltage level of 220 kV

As has been stated in chapter 4.6.1, not only the most common pylons are included in this analysis,
also unusual pylons are considered to find out which one has the best characteristics for pipeline
interference and produces low pipeline interference voltages (PIVs). Figure 4-23 shows different
kinds of pylon types, which have been explained above. Again, for each pylon type, the best and

worst conductor configuration (CC) is identified and can be read out from the figure below.
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Figure 4-23: Dimensions of pylon types "ton" (PY1), "tan" (PY2), “Danube” (PY3) and “single-plane” (PY4) with the

corresponding best and worst CC

Chapter 4.6.3.1 describes in detail, how the following figures in this chapter can be interpreted and,
therefore, this chapter focuses solely on the results. The curve progressions for the worst CCs in
Figure 4-24 show interesting results because the values for PY3 and PY4 are very different than the
results from PY1 and PY2, especially in close proximity to the pipeline. Also, the worst CC for PY4
shows a PIV which is not much higher than for the other pylons for the best CC and not much
higher than for the best CC for the same pylon. This means that for PY4, the CC is not very relevant.
PY3 lies between PY1 and PY4 and is advantageous when compact pylon dimensions are needed.
All pylons with the worst CC show results which are quite close together for distances over 100 m.
When comparing the data for the best CC, PY1 is almost always the best choice, especially for
distances with high influence (0 to 200 m). A closer look at the right side of Figure 4-24 shows that
PY1 is outperformed by PY4 on close approach (5 to 45 m).
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Figure 4-24: Maximum PIV for the pylons PY1, PY2, PY3 and PY4 with the best and worst CC

The very good performance of PY1 over the whole distance can be best seen by the ratio in Figure
4-25. The ratio of PY1 is again fixed to 1 and all other pylons are compared to this type of pylon.
The ratio often shows higher values than for the other pylon types. This leads to the conclusion that
in case of pipeline interference, PY1 should be used. Surprisingly, PY3 shows also an overall good

performance with relatively low PIVs.
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Figure 4-25: Ratio between PY1, PY2, PY3 and PY4 for the best CC; Ratio is related to the PIV values of PY1

In this figure, PY4 shows another interesting effect: The ratio has a kink at a distance of almost
500 meters which stems from always using the maximum PIV, as shown in chapter 4.6.2 with Figure
4-19. This means that for a close approach of pipeline and overhead line (OHL), on the right side of
the graph, for distances between zero and 2000 m, the conductor configuration (CC) on the right-
hand side has higher values than the same but mirror-inverted left CC. For distances over around
500 m, the opposite is the case and the left CC has higher values than the right CC. For the left side
of the graph, for distances between zero and -2000 m, exactly the same happens but right and left
CGCs are reversed. This shows that the influence of CCs is a complex issue and must be determined

in a precise manner.
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4.6.3.3 “Ton” versus four quadruple circuit pylon for a voltage level of 380 kV

It is generally assumed that overhead lines (OHLs) with multiple circuit lines have a stronger
electromagnetic field with a higher inductive coupling which should lead to higher pipeline
interference voltages (PIVs). This chapter shows that this assumption is not always true. Figure 4-26

shows the pylons PY5 and PY6 to compare the maximum PIVs at a voltage level of 380 kV.
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Figure 4-26: Dimensions of pylon types "ton" (PY5) and "quadruple” (PY6) with the corresponding best and worst CC

Chapter 4.6.3.1 describes in detail, how the figures in this chapter can be read out and therefore,
this chapter focuses on the results. Figure 4-27 shows interesting results because the assumption
that a “heavy” OHL leads to higher PIVs is only valid for the worst conductor configuration (CC).
The worst CC also shows that when the pipeline is directly underneath the OHL, even a “heavy”
OHL can produce a lower PIV. On the other hand, the best CC for double and quadruple circuit
OHL:s shows, they can induce similar voltages into a pipeline and lead to similar PIVs. This result is
only valid because for both OHLs, the same phase conductor current of 1000 A is used. In reality,

however, "heavy" OHLs have higher maximum currents and load currents, which results in a higher
PIV, than OHLs with voltage levels of 110 kV or 220 kV.
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On close approach with high induced voltages, PY6 surprisingly shows a lower PIV, which will be

explained below.
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Figure 4-27: Maximum PIV for the pylon PY5 and PY6 with the best and worst CC

Figure 4-28 shows the ratio between PY5 and PY6 for the best CC. The PIV of PY6 lies almost
always around 1, which means that both pylons have the same interference on the pipeline. An
exception lies in the very close approach, where the induced voltages of PY6 cancel each other out
and the earthing conductors (ECs) have a lesser effect on the PIV. Figure 4-27 shows an
asymmetrical PIV along the distance between pipeline and OHL for PY6. Finding the symmetrical
optimal curve progressions, as described in chapter 4.6.2, is very extensive because for a quadruple
circuit OHL, 1296 CCs are possible. This leads to an early conclusion, that finding the optimal

solution is extensive, especially in more complicated situations with many other conductors.
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Figure 4-28: Ratio between PY5 and PY6 for the best CC; Ratio is related to the PIV values of PY5
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4.6.3.4 “Ton” pylon 220 kV version versus “ton” pylon 110 kV version

In this chapter, PY1 and PY7 are compared because they are of the same pylon type with different
dimensions due to different voltage levels. In Figure 4-29, PY1 and PY7 are displayed with their

corresponding dimensions.
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Figure 4-29: Dimensions of pylon types "ton" (PY1, 220 kV) and "ton" (PY7, 110 kV) with the corresponding best and

worst CC

Figure 4-30 shows that especially for the worst conductor configuration (CC), the pipeline
interference voltage (PIV) differs. This stems mostly from the fact that PY7 is smaller and lower.
Two effects appear: One is that the mutual coupling to the earthing conductor (EC) is higher and
the phase conductor can induce a higher voltage. The other effect is that the EC lies closer to the
pipeline due to lower dimensions which leads to higher PIVs. Again, this result is only valid for
equal currents, but in practice, higher currents flow in OHLs with a voltage level of 220 kV and this
normally leads to much higher PIVs. For the best CC, the PIV from both pylons shows similar values
in Figure 4-30 but, at closer look, Figure 4-31 shows significant differences.
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When comparing the values as a ratio between PY1 and PY7 in Figure 4-31, the PIV of PY7 doubles
for distances greater than 1000 m. For closer distances, the difference decreases slowly and in the
case of a close approach between overhead line (OHL) and pipeline, both pylons show comparable
results. The difference between PY1 and PY7 for the best CC is caused by the higher current in the
EC for PY7, which has a higher impact on greater distances.
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Figure 4-31: Ratio between PY1 and PY7 for the best CC; Ratio is related to the PIV values of PY1

4.6.3.5 Several pylon types for a voltage level of 110 kV

In Austria, for transmission OHLs, the most used voltage level is 110 kV. Therefore, a comparison
is crucial between PY7 and PY10, which have the right dimensions. PY3 and PY4 are used for
220 kV lines and with the help of Table 4-3, the dimensions are converted to fit the requirements
of the 110 kV voltage level. These pylons are designated PY8 and PY9. The dimensions of the pylons

used in this comparison are shown in Figure 4-32.

It can be assumed that the results for the pylons PY7, PY8 and PY9 are similar to the results from
chapter 4.6.3.2. This assumption is however only partially correct because the changed dimensions

have an effect on the induced voltage of the pylon types.

Comparing Figure 4-24 to Figure 4-33 shows different results: PY7 has already been compared to
PY1 and shows higher values for the worst CC. Comparing PY3 (220 kV) with PY8 (110 kV) shows
a reduction of 30% of the PIV for PY8. However, PY9 shows an increase of between 20 and 30 %
of the maximum PIV, when compared to PY4. This discrepancy is the reason why converting the

pylon dimensions to match the regarding voltage level is crucial.
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Figure 4-32: Dimensions of pylon types "ton" (PY7), “Danube” (PY8) and “single-plane” (PY9) with the corresponding

best and worst CC as well as “single-circuit” (PY10) with the used CC

Comparing the results in Figure 4-33 shows that the “ton”-pylon (PY7) has much higher values for
the worst CC, but mostly the best results for the best CC. For the voltage level of 110 kV, PY8 and
PY9 have almost always comparable results, especially for the best CC. PY10 is the perfect example
for a single circuit overhead line (OHL) and shows that also a “light” system with only a single
circuit line has a significant inductive coupling because the CC of the OHL is not symmetrical.
Therefore, the curve progression for the PIV in Figure 4-33 is significantly higher than for all other
pylon types with the best CC. In the case of the worst CG, it lies in the middle of the observed pylon
types.
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When the ratios between the reference value of PY7 and the other pylons in Figure 4-34 are
considered, it can be seen that PY7 has the best values for highly influenced areas between 30 and
500 meters. In the other areas, PY8 and PY9 are the better choices but have their weak points too,
e.g. PY8 in the close approach and PY9, which is only the best pylon for a very narrow range. PY10

shows a bad ratio in this chart and should not be used, also in cases with low load currents.
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4.6.3.6 Conclusion of the pylon comparison

Under the assumption that best practice is always using the best conductor configuration (CC), the
following summarized Figure 4-35 can be generated. This chart shows the most relevant range with
the highest induced voltage for distances between -200 and +500 meters. In Table 4-4, for selected
distances between overhead line (OHL) and pipeline, the maximum pipeline interference voltage
(PIV) is listed for all above described pylon types. Generally it can be said that Austria’s most used
pylon type “ton” is the best choice in almost every case when using the best conductor configuration
(CC). This is also shown in Table 4-4, where this pylon type, which has a green background colour,

shows an overall good performance.

This chapter described that the number of circuits can be an amplifying factor for the PIV (see
PY10) but also showed that with a good CC, “heavy” OHLs (PY6) can have the same influence on
the pipeline as OHLs with double circuit lines.

The voltage level is very important for the dimensioning of pylons and has a direct impact on the
PIV. This is shown by a direct comparison in Figure 4-35 and Table 4-4, where the same pylon types
(in Table 4-4 marked with the same non-white background colour) can have a completely different
impact on the results. In some cases, the PIV increases with smaller pylons, in other cases, the PIV
is reduced. All of the charts presented can be used to estimate the expected impact of OHLs on the

PIV in consideration of the CC, pylon type and the distance between both metallic structures.
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Figure 4-35: Maximum PIV for all above described pylon types with the best CC
Pylon type
PY1 | PY2 | PY3 | PY4 | PY5 | PY6 | PY7 | PY8 | PY9 | PYI0
PlVomax [V/km]
Om | 1.16 | 0.41 | 5.61 | 486 | 2.72 | 564 | 242 | 474 | 571 | 12.19
(]
é g 100m | 088 | 243 | 219 | 140 | 1.23 | 134 | 1.26 | 1.73 | 1.88 | 355
g 200m | 047 | 1.26 | 1.14 | 093 | 058 | 065 | 0.78 | 098 | 1.29 | 1.89
500m | 0.21 | 050 | 0.38 | 049 | 0.25 | 0.26 | 0.40 | 0.40 | 0.68 | 0.70

Table 4-4: Maximum PIV from selected distances for all above described pylon types; bold face indicates the best PIV

for the relative distance of 0, 100, 200 and 500 meters; same non-white colour indicates the same pylon type
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4.7 Influence of the earthing conductor of overhead lines

4.7.1 Number of earthing conductors

The number of earthing conductors (ECs) has an influence on the pipeline interference voltage
(PIV) and has to be investigated. For this purpose, the two most used pylon types “ton” (PY1) and
“tan” (PY2) are looked at with either zero, one or two ECs and are analysed for the best and worst
conductor configuration (CC). First, the “ton”-pylon (PY1) is compared to PY13 (“ton” without EC)
and PY11 (“ton” with two ECs). Figure 4-36 below shows the geometry of these pylons. The
conductor positions P1, P2 and P3 are relevant for the best and worst CC (see chapter 4.6.3, PY1

and PY2).

33.0m
33.0m
41'm

26.2m
26.2m

Pylon number 13 (PY13) Pylon number one (PY1) Pylon number eleven (PY11)

Figure 4-36: "Ton"-pylon with zero, one and two ECs to compare the effect on the PIV
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Figure 4-37 shows the results of the calculation for the best case and points out that ECs are an
important factor in the case of PIV calculations. The only location where the ECs reduce the

maximum PIV is where the overhead lines (OHLs) are directly above or in the direct vicinity of the

pipeline.
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Figure 4-37: Maximum PIV for the "ton"-pylon with the best CC and zero, one and two ECs

In Figure 4-38 shows that the calculations have similar results, also in case of the worst CC. A small
change can be noticed for distances over 500 meters, where the three calculations slowly converge.
The reason lies therein, that the EC has a smaller impact on the PIV for farther distances in the case

of asymmetrical CCs.
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The second example is the “tan” pylon (PY2), as shown below in Figure 4-39. Again, zero (PY14),
one (PY2) and two (PY12) ECs are used with the best and worst CCs, as has already been shown in
chapter 4.6.2.
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Figure 4-39: "Tan"-pylon with zero, one and two ECs to compare the effect on the PIV

Figure 4-40 shows a rising PIV for the best CC with increasing ECs. However, the difference

between the calculations is smaller than for the “ton”-pylon.
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With the worst CC, the results in Figure 4-41 for the “tan” pylons are very similar to the calculations
for the “ton”-pylons in Figure 4-38. This leads to the conclusion that for standardized pylon types,
the EC increases the PIVs and, therefore, widely used EC reduction factors for normal operation

modes of overhead lines (OHLs) should be questioned when calculating the PIVs.
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Figure 4-41: Maximum PIV for the "tan"-pylon with the worst CC and zero, one and two ECs

4.7.2 Height of earthing conductors

The chapter above showed that the influence of earthing conductors (ECs) must always be
considered. Unfortunately, not only is the number of ECs important, also the height above the
surface and the relative distance to the phase conductors has an influence on the pipeline
interference voltage (PIV). In addition, the impact of an EC on the PIV depends on the pylon type

and the arrangement of the conductors on the pylon.

In this chapter, these effects are looked at in order to be able to assess their influence on PIVs. The
calculations are similar to the calculations in chapters 4.1 and 4.6.3, which means that a 1000 meter
parallel route between pipeline and overhead line (OHL) is used. For a calculation cycle, the distance
between both systems is again varied between -2000 and +2000 meters. Additionally, for each cycle,
the height of the EC is varied with specific values between -2 and 65 m and the maximum PIV is

recorded for each calculation.

Adding in the calculation cycle without an EC, a total of 25 values for the height are taken into
account. This means that approximately 100,000 calculations were performed for each diagram. The
values for the height of the EC can be found in the key below the curve and are usually the same

for each calculation.
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This thesis includes calculations for the following pylon types:

e “Ton”-pylon 220 kV (PY1) in chapter 4.7.2.1

e “Tan”-pylon 220 kV (PY2) in chapter 4.7.2.2

¢ “Danube”-pylon 220 kV (PY3) in Appendix C.4 and C.5

e “Single-plane”-pylon 220 kV (PY4) in Appendix C.6 and C.7

¢ “Quadruple”-pylon 380 kV (PY6) in Appendix C.8 and C.9

e “Single-Circuit”-pylon 110 kV (PY10) in Appendix C.10

e “Ton”-pylon with two earthing conductors 220 kV (PY11) in Appendix C.11and
C.12

e “Tan”-pylon with two earthing conductors 220 kV (PY12) in Appendix C.13 and
C.14

47.2.1 “Ton” pylon 220 kV (PY1)

4.7.2.1.1 Best conductor configuration (CC)

First, the standardized example with the “ton”-pylon (PY1) and the best conductor configuration
(CC) is considered. Usually, a height of 41 m is used for the EC, resulting in a maximum PIV of
0.88 Volt/km for a distance of 100 m between both systems. Figure 4-42 below shows that the height
of the EC of 41 m is not the best choice for this pylon configuration due to high PIVs (green line).
For a distance of 100 m between both systems, the best case is without an EC (red line) with a PIV
of 0.45 Volt/km, but this case is not possible due to safety regulations. Because of the large number
of calculations, it is not possible to spot any details in this figure. Therefore, as an enlarged view of

Figure 4-42, Figure 4-43 shows distances between -500 and +500 m.
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Figure 4-42: Maximum PIVs for the “ton”-pylon with the best CC at different heights of ECs

Figure 4-43 provides better insights for distances between +/-50 m, where pipeline and OHL lie
quite close together. In addition, the chart also gives a better overview of the other closer distances
within +/- 500 m. The red line, which illustrates the case without an EC, again shows the best overall
performance except for distances around 0 m. However, the graph also shows that it is possible to
achieve almost the same results with an EC. To get a more detailed understanding of the impact of

the different heights of the EC, a different graphic analysis is necessary.
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Figure 4-43: Maximum PIVs for the “ton”-pylon with the best CC at different heights of EC; enlarged view
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It is preferable to create a vertical profile for specific distances between pipeline and OHL. For this,
Figure 4-42 and Figure 4-43 show vertical profiles for distances of 0-25-50-100-200-500-1000
meters between pipeline and OHL to cover the most relevant areas. For each distance, the PIVs for
the different values of the EC as well as without an EC are read out to form one single line in the
chart. Repeating this process for all seven specific distances leads to Figure 4-44. The values for the
height above soil can be seen on the x-axis and the specific distances can be found in the key below

the chart.
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Figure 4-44: Maximum PIVs for the “ton”-pylon at different heights of EC for specific distances (m)

Basically, with an increasing distance between pipeline and overhead line (OHL), the maximum
pipeline interference voltage (PIV) decreases, except where both systems are directly on top of each
other (distance between both systems = 0 m). This pylon configuration shows that the impact of the
height of the earthing conductor (EC) for all distances is not very significant except for the distance
of 0 m.

Peak values are always reached when the EC is at the same height as a phasing conductor. Outside
of this height range, the impact of the EC on the PIV decreases due to less induced voltage in the
EC. All discussed distances show that the PIV is generally lower when the EC lies between the
pipeline and the phase conductor. Nevertheless, the PIV with an EC is always higher than without
an EC.

As already indicated, the behaviour is completely different when the OHL is directly above the
pipeline (distance = 0 m). The highest PIVs exist for EC heights between the lowest and the highest

phase conductor and are much more pronounced than at other distances.

On the other hand, a reduction factor of the EC can also be clearly seen when the EC is located
directly above or below the phase conductors. This means that, in this case, the EC is a screening

conductor and an EC reduction factor can be used. However, this case will hardly be relevant in
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practice, since a certain distance is prescribed between the pipeline and OHL in the case of parallel

running.

The different PIVs for varying distances with and without an EC can be best seen by looking at the
ratio between them. For this, the maximum PIV is taken from the case without an EC and is set to
a fixed ratio of 1 which is then used as the reference value. All other heights are then calculated as
a ratio between the value of the PIV from the respective height and the value of the PIV in the case
without an EC.

When the ratio is higher than 1, the pylon with a specific height of the EC influences the pipeline
more than without an EC. This step is then repeated for all heights of the EC for each set distance
and is repeated again for all distances between the pipeline and the OHL. With this calculation
method it is possible to compare the impact of different heights of the EC on the PIV. In addition,
it shows how the ratio changes over the different distances between pipeline and OHL. The

calculation of all ratios is shown in Figure 4-45.
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Figure 4-45: Ratio for the “ton”-pylon with the best CC for different heights of the EC for specific distances, where the

reference value (value = 1) means using no EC for these specific distances

It can be seen that the influence of the height of the EC increases with an increasing distance
between pipeline and OHL. In close vicinity, however, the height of the EC plays a rather
subordinate role and is not as relevant as expected. Since the influence is at its maximum within the
first 100 meters, these distances are the most relevant. When the distance increases, the impact of
the height of the EC is greater, but the basic interference on the PIV and therefore the PIV is lower
due to the larger distance. For this pylon type with the given CC, the height of the EC has a minor
impact on the PIV.

Further calculations with the same pylon type and the same CC but two ECs can be found in

Appendix C.11 and show similar results.
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4.7.2.1.2 Worst conductor configuration (CC)
The voltage curves in Figure C- 1 and Figure C- 2 in Appendix C.1 serve as a starting point for the
voltages in Figure 4-46 and the ratios in Figure 4-47. For this purpose, the calculation method from

chapter 4.7.2.1.1 for the vertical profile is used.
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Figure 4-46: Maximum PIVs for the “ton”-pylon at different heights of EC for certain distances (m)
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Figure 4-47: Ratio for the “ton”-pylon with the worst CC for different heights of the EC for specific distances (m), where

the reference value (value = 1) means using no EC for specific distances

The case of the “ton”-pylon with the worst CC shows that the height of the EC is only relevant for
distances greater than 100 m between pipeline and OHL. In areas with higher influence and
therefore higher PIV, there is only an increased PIV in cases where the EC lies above the middle

level of the phase conductor.

More calculations with the same pylon type and the same CC but two ECs can be found in Appendix

C.12 and show similar results.
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4.7.2.2 “Tan” pylon 220 kV (PY2)

4.7.2.2.1 Best conductor configuration (CC)

The voltage curves in Figure C- 3 and Figure C- 4 in Appendix C.2 serve as a starting point for the
voltages in Figure 4-48 and the ratios in Figure 4-49. For this purpose, the calculation method from
chapter 4.7.2.1.1 for the vertical profile is used.
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Figure 4-48: Maximum PIVs for the “tan”-pylon at different heights of ECs for specific distances (m)
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Figure 4-49: Ratio for the “tan”-pylon with the best CC for different heights of the EC for specific distances, where the

reference value (value = 1) means using no EC for specific distances (m)

Surprisingly, the pipeline interference voltage (PIV) on the “tan”-pylon with the best CC does not
change very much when the height of the earthing conductor (EC) is varied. This means that the
PIV between a pipeline and this configuration of the pylon depends only on the distance between
both systems and the length of the influenced area because of the electrical symmetry of the phase

arrangement.

More calculations with the same pylon type and the same CC but two ECs can be found in Appendix

C.13 and show similar results.
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4.7.2.2.2 Worst conductor configuration (CC)
The voltage curves in Figure C- 5 and Figure C- 6 in Appendix C.3 serve as a starting point for the
voltages in Figure 4-50 and the ratios in Figure 4-51. For this purpose, the calculation method from

chapter 4.7.2.1.1 for the vertical profile is used.
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Figure 4-50: Maximum PIVs for the “tan”-pylon at different heights of EC for specific distances
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Figure 4-51: Ratio for the “tan”-pylon with the worst CC for different heights of the EC for specific distances, where the

reference value (value = 1) means using no EC for specific distances

The case of the “tan” pylon with the worst CC is very similar to the “ton”-pylon with the worst CC.
This similarity has already been shown in the comparison of the PIV in chapter 4.6.3.1 and therefore
this result is not very surprising. Both examples thus show that the height of the EC in this CC can
be neglected, while the configuration of the CC has a significant influence on both pylon types.
More calculations with the same pylon type and the same CC but two ECs can be found in Appendix

C.14 and show similar results.

4.7.3 Conductor diameter of earthing conductors

Another aspect which should be looked at is the conductivity of earthing conductors (ECs). This
value depends on the material used and the diameter of the conductor. This chapter considers the

second parameter, the diameter of the EC.
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Again, the standardized example from chapter 4.1 is used, which is the “ton” pylon with the best
conductor configuration (CC). The impact of different diameters for the EC is shown in Figure 4-52,
where six different diameters from 5 mm to 30 mm are compared. It can be clearly seen that the
maximum pipeline interference voltage (PIV) rises with an increasing diameter of the EC. The

reason for this is the increased conductivity of the EC due to an increased diameter.

Because of this, the phasing conductor can induce a current into the EC more easily. As already
mentioned above, currents in an EC deform the symmetrical magnetic flux and therefore, higher

currents in the EC have a stronger impact on the magnetic flux which leads to a higher PIV.

Various calculations on other pylon types and CC configurations show that a rising conductivity

always leads to the same result and therefore further examples are not shown in this thesis.
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Figure 4-52: Maximum PIVs for the “ton”-pylon with the best CC for different conductor diameters of the EC

Another question is whether there is a linear interrelationship between an increasing diameter of
the EC and a rising PIV. This question is answered in Figure 4-53, with vertical profiles for specific
distances. The calculation of the vertical profiles is identical to the one described in chapter 4.7.2,
on page 93. This figure uses the same specific distances. Apart from the distance of 0 m, all other
distances show an almost perfectly increasing straight correlation. This suggests that poor
conductivity is desirable for ECs in the case of pipeline interference since it reduces the PIV.
However, a high conductivity of the EC is important for other aspects of the OHL (e.g. in the case
of a lightning strike or in the event of a fault), as it increases the reliability of the OHL. However, a

slightly different aspect is shown at a distance of 0 m, where the correlation shows a decreasing

Christian Wahl 98



4 Investigation of the influence of different parameters on the

calculation of the inductive interference voltage

value. This shows that under ideal conditions, an enlarged diameter can lead to a reduction of the
PIV.
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Figure 4-53: Maximum PIVs for the “ton”-pylon at different conductor diameters of ECs for specific distances

There is also a complex interrelationship between an increasing diameter of the EC, the percentage
change of the PIV and the distance between the pylon and the pipeline. This is shown in Figure
4-54, where the maximum PIV for a diameter of 5 mm is set as the ratio of 1 for each specific
distance. All other EC diameters are calculated as the ratio to the diameter of 5 mm, which means
that except for at a distance of 0 m, the ratio is always greater than one because of the above
mentioned increasing characteristic of the PIV. The most notable part of this figure is that with an

increasing diameter and distance, the influence of the EC on the PIV rises.

Ratio between the different diameters of the EC

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Diameter of the earthing conductor [mm]

=—0 —#-25 =A=50 =100 =#200 =-500 1000

Figure 4-54: Ratio for the “ton”-pylon for the best CC for different conductor diameters of the EC for specific distances,

where the reference value (value = 1) is 5 mm for the conductor diameters for specific distances (m)
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5 Impact of multiple configurations of metallic structures

There often exist several influencing systems within a pipeline section which may influence each
other. In addition, there are always passive metallic structures in the vicinity, which also can have

an influence on the pipeline interference voltage (PIV) with increasing or decreasing effects.

Basically, these interactions can be calculated according to chapter 5.1, however, the manual

calculations of the screening factor help illustrate its complexity.

Unfortunately, there are countless possible combinations of metallic structures and therefore, only
some specific combinations can be examined in this chapter. The purpose of this chapter is to use

these combinations to show how the structures interact and how they influence the PIV.

5.1 The screening factor

5.1.1 General calculation of the screening factor

A simplified case for calculating earthing conductor (EC) currents and screening factors was already
a topic in chapter 2.4. The general calculation of screening factors and their impacts needs
significantly more effort, particularly for cases with more than one screening conductor. Therefore,
two examples are chosen to illustrate the rapidly increasing complexity with the rising number of

conductors.

5.1.2 Single screening conductor

The first example in Figure 5-1 describes a current-carrying-conductor with a parallel pipeline and

a parallel double-sided earthed screening conductor.

Screening conductor

7 Induced pip
L 7
Zr] ]
1
ZEP > - >

eline

1,

> 4 > _ S 4 > > >

Figure 5-1: Example with a single screening conductor, to calculate the induced voltage into the pipeline
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When the self impedance and mutual impedances (MI)s are known, the equations for the induced

and screening conductors are the following:

EP ZZEP.IE+ZQP 'IQ (5_1)
Ep: Electromotive force [Vm]

Ur: PIV [V]

Za Self-impedances from the EC [Q/m]

Zrp, ZrQ, Zap: MIs respectively [Q/m]

IE: Inducing current [A]

Iq; Current in the EC [A]

With formula (5-2), the screening conductor current equals:

Inserting formula (5-4) into formula (5-1) leads to:

ZEQ ' ZQP
Ep=ZppIp-|1- 2L "¢ 5-4
P ep " 1E ( Zer Zq (5-4)
When no screening conductor exists (see Figure 2-1), the induced voltage equals:
Ep=Zgp-Ig (5-5)
The screening factor k equals:
E ZgoZ
k = _’,’ =1 2EQ 0P (5-6)
EP ZEP " ZQ

Formula (5-6) shows that the screening (or also reduction) factor can be calculated easily for simple
cases. A requirement is that all parameters are homogenous within a segment. This means that in
cases with non-parallel-arrangements, segmenting is necessary which increases the effort needed

for calculations.
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5.1.3 Two screening conductors

To illustrate how fast the effort needed for these calculations rises with increasing screening

conductors, the second example in Figure 5-2 includes an extra screening conductor.

Screening conductor 2
Screening conductor 1

Induced pipeline
/!Jl_

Figure 5-2: Example with two screening conductors to calculate the induced voltage into the pipeline

The calculation procedure is the same is in chapter 5.1.2 above. Thus, the equations (5-1) and (5-2)

have to be extended with a second screening conductor equation:

Ep =Zgp - Ig + Zg1p " Ig1 + Zg2p “ Ig2 (5-7)
0 = ZEQI 'IE +ZQ1 'IQ]_ +ZQ1Q2 'IQZ (5'8)
0= ZEQZ " IE + ZQlaz " 101 + ZQ2 * 1Q2 (5'9)
Ep: Electromotive force [Vm]

Ur: PIV [V]

Za, Z Self-impedances from the EC [Q2/m]

Other Zxx: MIs respectively [Q/m]

IE: Inducing current [A]

Iy, Ie: Current in the EC [A]

With formulas (5-8) and (5-9), the screening conductor currents Joz and Joz equal:

_ ZEQZ 'ZQ1Q2 - ZQZ 'ZEQ1 .

o1 Ig (5-10)

2
ZQ2 'ZQ1 - ZQ1Q2
ZEQl 'ZQ1Q2 - ZQ1 'ZEQZ .

IQZ = IE (5-11)

2
ZQZ ' ZQ1 - ZQ1Q2
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Inserting formulas (5-10) and (5-11) into equation (5-7) and summarizing leads to:

Ep
=ZgpIg (5-12)
. (1 _ ZQlP ' (ZQZ 'ZEQ1 - ZEQZ 'ZQ1Q2) + ZQZP ' (ZQl 'ZEQZ - ZEQl 'ZQ1Q2))

Zgp * (Zo2 " Zo1 — Zg102")

Using again:

Ep =Zgp I (5-13)

The screening factor kis equals:

E
k = E—"
(2o Zeos — 2o 7 Zovn - (Zor - Zrow — Zios - Z (5-14)
— (1 _ Q1P ) ( Q2 EQ1 - EQ2 Q1Q2) + Q2P ( Q1 EQ2 - EQ1 QlQZ))
Zep  (Zgz " Zo1 — Zg102%)

Formula (5-14) shows that the effort needed for these calculations rises rapidly with an increasing

number of screening conductors.

Thus, simplifications or other calculation methods are necessary when calculating more than two

earthing conductors:

e Screening conductor currents and factors can be calculated beforehand and act as active

current-carrying-conductors. This applies mainly to ECs from OHLs but not exclusively.

e Different screening conductors can be merged into a single conductor; the distance to
influencing and influenced conductors can be averaged and the conductors are handled as a
single, bigger conductor. Unfortunately, this can lead to a significant deviation in calculation

results.

e When screening conductors can be attributed directly to the inducing and/or induced
conductors, impedances can be equated, e.g. Zz» with Zz@2if screening conductor 2 lies directly

next to the pipeline. Other examples can be found in [39].
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e Using the conductance addition method [48]. The single reduction factors can be converted
into conductance values and added. The summarized conductance value is then changed to a

single reduction factor.

1-k?
k'(U'LL

o Converting a known reduction factor 4z into G G; =
o Summarizing different G’s: G; = G; + G,

o . . 1
o Changing into a single reduction factor: k; = ———
’(w'LL)Z'Gf;

There are other ways to do this, but they have restrictions, e.g. the single reduction factor

should not exceed 0.3 for the reciprocal addition method.

If these methods are not applicable, numeric analysis are recommended because calculations with
the above given formulas are quite complex, time-consuming and error-prone due to calculation
errors. For this reason, the numerical method from chapter 3 is used and the screening factor is no

longer calculated separately.

5.2 Two parallel overhead lines next to one pipeline

This chapter examines the case where two overhead lines (OHLs) and one pipeline are located next
to each other. Figure 5-3 shows an example with two OHLs with a “ton”- pylon and a “tan”-pylon
and their phase conductor currents /7 and Iz as well as their earth conductor currents Joz and Jgz
Two coupling impedances Zozr and Zozr lie between the pipeline and both OHLs, which induce a

voltage into the pipeline.

With the earlier mentioned pipeline equivalent network, this leads to the current Jrin the pipeline.
In addition, there is a mutual coupling with the impedance Zoioz between the two OHLs, which

means that the two OHLs also influence each other.

In this figure, OHL1 and OHL2 have a full parallel route, which does not occur very often. Usually
OHLs and pipelines are in the same energy corridor and intersect or at least do not have a complete

parallel route, as shown in the figure by the route of the pipeline.
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/ —
// Earthing [/ ,Wl

/ —
Earthing | _current o,
current lo; / 7 Current l.
Current I

Pipeline
current Ip

/7 g7 / /

OHL1/OHL2: Overhead lines; setup and material the same as in chapter 4.1 but different pylon types are used

/12 Phase conductor currents in OHL1 and OHL2
Ia1/I2: Earth conductor currents in OHL1 and OHL2
Ip: Induced current flowing along the pipeline
Zow: MI between pipeline and OHL1

Zoae: MI between pipeline and OHL2

Zo1o2: MI between OHL1 and OHL2

Figure 5-3: Two parallel OHLs with a "ton"-pylon next to one not parallel pipeline

Calculation direction

- OHL2

X Tk A
Xim =
var
Pipeline Y Xm=
¥ ¥ A variable
Xik =
100 m
b % A Y
OHL1
. € = 1000 m with segment lenghts of 50 m _

P4

Vz DOy W’ Sail

WA /A surface
D= 10% Laying depth=1m

Xik: Distance between pipeline and OHLI; this distance is fixed
Xim! Distance between pipeline and OHL2; this distance is variable
Xkm? Distance between OHL1 and OHL2; this distance is variable

Figure 5-4: Geometrical parameters for examples with two OHLs and one pipeline
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To simplify the case in the following example, all three systems are assumed to be fully parallel to
each other, as shown in Figure 5-4. Also, the materials used in chapter 4.1 for the standardized
example are reused, but the pylon type is varied according to the case. In addition, the phase current
direction 2from OHL2 is reversed in some cases. The distance xi« from the standardized example
for the pipeline and OHL1 with 100 m is used, but the distance xim of OHL2 varies between -2000
and +2000 m to investigate the influence of parallel OHLs on the PIV.

For the first example, two “ton”-pylons with the best conductor configuration (CC) are used for
OHL1 and OHL2. They are identical to the “ton”-pylon in chapter 4.6.3.1 (“PY1-best”). Calculating
the maximum pipeline interference voltage (PIV) for the distance range of -2000 to +2000 meters

leads to Figure 5-5:

The blue line shows the value, when only OHL1 influences the pipeline at a distance of 100 m and
the value of the PIV is the same as in the standardized example. For the green curve, both OHLs are
calculated separately without the mutual impedance (MI) between both OHLs. The maximum PIV
of both calculations is summarized, which is indicated in the legend with “... without MI”. The
phasing current direction in this example is the same for both systems, which is indicated in the key
with a plus sign (“+”) between both pylon type descriptions. The red curve shows the dependence
of the two parallel OHLs. The phasing currents flow in the same direction (“+”) and the MI between
both OHLs is indicated in the key with “... with MI”.
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Figure 5-5: Maximum PIVs for the combination of PY1-best and PY1-best for the same current direction

Figure 5-5 shows the calculation of two parallel OHLs next to a pipeline. The calculation of the case
with mutual impedances (“with MI”) shows lower maximum PIVs than the calculation without
consideration of the coupling (“without MI”). Since the maximum PIV varies strongly in the close

approach of pipeline and OHL2, an enlarged view of the distances of +/- 300 m is necessary.

This range is shown in Figure 5-6 including a gap between 75 and 125 m because of the presence of

OHLI in this area. When taking into account the MI, the maximum PIV is overall slightly lower
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than without the MI. This can be attributed to a more homogenous field with the combination of
both OHLs because the influences of each phase conductor partially cancel each other out. For the
combination of the “ton”-pylon (PY1) with the best conductor configuration (CC) it is best if there
is an OHL on the left and right side of the pipeline because the influence cancels each other out

more, e.g. for OHL2 it is at a distance xi of -50 m.
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Figure 5-6: Maximum PIVs for the combination of PY1-best with PY1-best for the same current direction; enlarged

view

Figure 5-7 shows the PIV for distances of +/- 500 m, when the phase current direction of OHL2 is

« «

reversed. This case is indicated in the legend with a minus sign (“-*) between both pylon type

descriptions. The full chart can be found in Appendix D.1, Figure D-1.

48

r Pipeline —_— OHL1

44 -+ P

= a4
@32 - \/
]
S 2,8
>
@24
227 Y
216 |

L S—
% L
S08 f

F \ I

04 | ‘ \ //——___—
0 | |
-500 -450 -400 -350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400 450 500
Distance between overhead line and pipeline [m]
——PY1-best ——PY1-best + PY1-best with Ml ——PY1-best - PY1-best with Ml PY1-best - PY1-best without M|

Figure 5-7: Maximum PIVs for the combination of PY1-best with PY1-best for the reversed current direction

As expected, the maximum pipeline interference voltage (PIV) for the reversed current direction of
OHL2 is mostly lower because the influences partially cancel each other out. However, the focus in

this graph lies in the comparison between not taking into account (“without MI”) and taking into
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account (“with MI”) the inductive coupling between both OHLs. On the one hand, there is almost
no cancelling each other out between both OHLs when OHL2 is near or to the right of OHL1. On
the other hand, when OHL2 lies left of both other systems (distances smaller than -50 m), the added
rotating fields of both OHLs are advantageous (violet line).

Figure 5-7 also shows the difficulty of the comparison between measurements in the field and
calculations. Calculations have to always consider the worst-case scenario and therefore, the red
line in this graph must always be calculated. For measurements, however, the actual phase current
directions can be used, depending on the flow situation in two OHLs, which leads to either the red
line or the violet line. For long-term-measurements both options are valid due to time-dependent

current flow situations.

Assuming that OHLI is +100 m and OHL2 is +50 m away from the pipeline, the maximum PIV can
be calculated to either 2.6 Volt/km for the same current direction or 0.9 Volt/km for the reversed
current direction. This case illustrates why PIV calculations can be three times higher than
conducted measurements. At farther distances from OHL2, the difference between these two PIVs
decreases but the maximum PIV also decreases due to lower interference. Therefore, the difference
in the PIV due to the current direction is more important when OHLs and pipeline are situated in

close proximity to each other.

Calculating the worst conductor configuration (CC) leads to completely different results than the
calculation for the best CC above. Figure 5-8 shows the calculation for the worst CC for distances
between +/-500 m, the full chart can be found in Appendix D.1, Figure D-2. Surprisingly,
independent from the current direction of OHL2, both OHLs have no significant influence on each

other because the curve progressions for “with MI” and “without MI” are almost identical.
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It is also interesting, how a “heavy” four-circuit-system affects an interference situation of an OHL
with a “ton”-pylon and a parallel pipeline. For this case, pylon type PY6 is used for OHL2. The result

of this calculation can be seen in Figure 5-9.

Such a high number of conductors and systems create a complex interference situation, which is
best seen by looking at the red line which varies stronger in the close approach of OHL1 and OHL2.
If both current directions of both OHLs are equal, taking into account the mutual coupling (“with
MTI”), the maximum PIV is reduced compared to the case “without MI”. This reduction is relatively

constant but not very high. Nevertheless, a reduction effect is noticeable.

Reversing the current for OHL2 leads to a reduced PIV for all distances between OHL2 and the
pipeline. Unfortunately, taking into account the mutual coupling (MI) leads to a higher PIV than
without MI. Generally it can be said that both OHLs influence each other but to a lesser extent than

could be expected.
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Figure 5-9: Maximum PIVs for the combination of PY1-best with PY6-best for the same and the reversed current

direction

As mentioned above, there are countless possible combinations of parallel OHLs next to a pipeline

and therefore very few can be described in this thesis. Additional examples in Appendix D.1 show

that the PIVs are usually quite similar for different pylon types.

In summary, surprisingly, taking into account the mutual coupling with the MIs between OHLs
leads to equal or marginally lower PIVs. Depending on the pylon type and phase current direction,
the difference between with and without MI can be very large for the maximum PIV and can be a

main reason, why it is so difficult to compare measurements in the field to calculations.
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5.3 One overhead line next to one pipeline and several metallic
structures

This chapter discusses the case in which one overhead line (OHL), one pipeline and metallic
structures are located next to each other. Countless possibilities of combinations are possible and
thus, only some typical combinations can be reviewed in this chapter. In these calculation examples,
the buried metallic structures consist of steel but in reality, several other metals are possible. Figure
5-10 shows an example with one OHL in the “ton”-pylon configuration next to a non-parallel
pipeline and a complex buried metallic structure. Again, all structures are coupled together with the

mutual couplings Zer.

The buried metallic structures are called screening conductors (SCs) because they can have a good
or bad screening factor and can amplify or reduce pipeline interference voltages (PIVs). When such
a buried metallic structure is large enough, it is named as a global earthing system, as is the case in
(sub-)urban areas. In this thesis, such large metallic structures cannot be investigated methodically
because they have different shapes, dimensions, materials, metallic structure density and so on and

therefore, simplifications are needed.

>/ ieine |

Earthing Induced /[ Partofthe SC
current loa current Ip current Isc

Current |,

Foundation electrode
from a house in 0.1 m
depth

a’
OHL: Overhead line; setup and material the same as in chapter 4.1 but different pylon types are used
SC: Screening conductors are secondary metallic structures which influence the PIV
L Phase conductor currents in the OHL
Ia: Earth conductor current in the OHL
Ip: Induced current which flows along the pipeline
Isc: Induced current which flows along the screening conductor
Zor: MI between pipeline and OHL
Zpsc: MI between pipeline and screening conductor
Zosc: MI between OHL and screening conductor

Figure 5-10: One parallel OHL with a "ton"-pylon next to one non-parallel pipeline and a metallic structure in the soil
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5 Impact of multiple configurations of metallic structures

For easier comparison of the impact of different sized metallic structures, it is necessary that all
systems are parallel to each other, as shown in Figure 5-11. The OHL and pipeline configuration
from the standardized example in chapter 4.1 are used, which means that the distance xi is again

fixed to 100 m and the pylon type PY1 with the best CC is used.

The additional screening conductors (SCs) consist of steel and are buried in a depth of 0.1 m and
each conductor has a diameter Dsc of 50 mm. In order to analyse the influence of the dimensions of
the SCs on the PIV, both the length £sc and width Xsc must be varied. The width of SCs can be
simulated by placing several conductors parallel to each other with a distance dsc of 2 m between
them. The figure below, for example, includes four conductors plotted which leads to a SC with a
width of 6 m.

Calculation direction

— : Xse =
= variabl SC
-t €sc ariable » variable
g g A A
s¢ Xin =
variable
Pipeline ¥ Xin=
% ¥ Avariable
Xik =
100 m
% % \ 4 Y
OHL1
. £=1000 m with segment lenghts of 50 m -
\ \/
AN/ AN /AN RNYZRAN/AN/ANY S ol /l Sail
AN )OI oy Surface LT SIANIAN A7 surface
i = OO
Dp = 1000 mm Laying depth=1m Dsc =50 mm a_ﬁﬁ— Laying depth =0.1 m

Distance between
two SCs:dsc=2 m

Distance between pipeline and OHL; this distance is fixed

Distance between pipeline and screening conductor; the distance is variable
Distance between OHL and screening conductor; this distance is variable
‘Width of the screening conductor; the width is variable

Length of the screening conductor; the length is variable

Distance between two single screening conductors

Figure 5-11: Geometrical parameters for examples with OHL, pipeline and screening conductor

Calculating the maximum PIV for this combination with a varying SC length &sc between 10 and
1000 m leads to Figure 5-12. The different calculated SC lengths are displayed in the key. In addition,
a case without the SC is considered. It can be clearly seen that the influence of a screening conductor
is mostly limited to distances xxm of approximately +/- 500 m. Therefore, it makes sense to give an

enlarged view of this area.

Christian Wahl 111



5 Impact of multiple configurations of metallic structures

1,8 1 ‘ Pipeline L —4—| OHL1 ‘ ‘
16 +
2 -1 e
g 1,4 - A
= i
@12 K
4] Kt
‘_; L2 :::: L2
E — — L3 §§ L1
< 0,8 - l 55
2 I K
£ 06 &
g
3 K
£ £
= 0,4 - ‘ g
(i} PY1 - best
=
0,2 - ‘
o L L L L L L L L 1 L L L L L L 1 L 1 L
-2000 -1750 -1500 -1250 -1000 -750 -500  -250 0 250 500 750 1000 1250 1500 1750 2000
Distance between overhead line and screening conductor [m]
——None —28=10m —28,=50m —2&,=100m ——2& =250m €5 =500 m €5 =1000 m

Figure 5-12: Maximum PIVs for the combination of OHL (PY1-best) and a SC with a width of 6 m (4 conductors) for
different SC lengths Zsc

Figure 5-13 shows the same calculation for distances of +/- 500 m and now, more details can be seen.
The length of the screening conductor has a direct influence on the PIV which increases with a
rising length. In order to obtain a relatively high influence, the SC length must have a certain size

which in this example is longer than 100 m.

When a SC with a width of 6 m lies directly above the pipeline (distance = 0 m) and has a length of
1000 m, then the PIV is massively reduced from 0.88 Volt to 0.23 Volt. Near the OHL, the SC can
either amplify (distance = 110 m) or reduce (distance = 70 m) the PIV. Therefore, the best solution
is to bury the SC near the pipeline at a distance of between +70 and -200 meters. In some cases, it is
possible to bury screening conductors next to a pipeline during the construction phase because a
later installation is too cost-intensive. In most cases, however, this is not possible because screening
conductors belong to buildings and other structures and hence, their locations are fixed. These

"unwanted" SCs must therefore still be considered regardless of their position and size.
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Figure 5-13: Maximum PIVs for the combination of OHL (PY1-best) and a SC with a width of 6 m (4 conductors) for

different SC lengths; enlarged view for distances between +/- 500 m
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5 Impact of multiple configurations of metallic structures

The length of the screening conductor is not the only key parameter. Figure 5-14 shows that a better
reduction effect can be achieved, in particular in the area of the pipeline, with a larger width of the
SC. Unfortunately, this is not fully correct because, as the figure shows, a SC with a width of 58 m

(30 conductors) does not further reduce the PIV with a rising number of conductors.

Such a larger screening conductor simulates a smaller village with a global earthing system, which
can often be found in practice. The reason is quite simple. Each SC is influenced by the OHL and
thus, a SC becomes to a current-carrying-conductor which is also an active conductor, similar to an
OHL. As a result, the SC influences the pipeline in return. When more parallel conductors are
placed, increasing the width of the SC, as a consequence, more conductors influence the pipeline

with the outcome of a possibly higher PIV.

This effect can be seen in the curve shape of the SC with the width of 58 m, which is different to
the other calculation examples. In general, however, even such big screening conductors mostly
reduce the PIV, except in especially unfavourable distance configurations, such as distances of

around 105 m.
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Figure 5-14: Maximum PIVs for the combination of OHL (PY1-best) and a SC with a length of 1000 m for different SC

widths

The pylon type PY1 with the worst CC with a SC shows surprising results. Figure 5-15 shows that
the SC can always greatly reduce the PIV, with one exception. If the length of the SC is long enough
and lies next to the OHL, then an amplifying effect appears. A possible reason is the ratio of the size

of the metal surface between the pipeline and the SC.

When the size of the surface of the SC compared to the surface of the pipeline is large enough when
the SC lies at the right distance to the OHL, the SC is influenced stronger. This may lead to a higher
PIV than without the SC. This figure shows that even the smallest metal structures nearby can

influence the PIV in the case of unfavourable CCs.
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Figure 5-15: Maximum PIVs for the combination of OHL (PY1-worst) and a SC with a width of 6 m (4 conductors) for

different SC lengths; enlarged view for distances between +/- 500 m

When the width of the SC is varied for the pylon PY1-worst, the results resemble the results for
PY1-best. Figure 5-16 shows differences only in the close vicinity of the OHL and for larger widths
of the SC (dsc= 58 m) with a higher amplifying factor on the PIV of the pipeline.

This distinct difference shows the effect on the PIV due to the ratio between the size of the surfaces
of the pipeline and the SC because especially the large SC has a greatly enlarged surface. However,
in principle, this result shows that the reduction or amplifying factor of a SC is nearly independent

of the conductor configuration (CC) of this pylon.
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Figure 5-16: Maximum PIVs for the combination of OHL (PY1-worst) and a SC with a length of 1000 m for different SC
widths
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5 Impact of multiple configurations of metallic structures

5.4 Two overhead lines next to one pipeline and several metallic
structures

This chapter will discuss complex interference situations, a combination of chapters 5.2 and 5.3. The
crucial problem for this thesis is that unlimited combinations of pylon types, current direction,
conductor configurations, pipeline parameters, metallic structure dimensions and a variety of other

parameters are possible.

Especially when considering the many coupling impedances, it becomes clear that the complexity
and thus also the computational effort increases sharply. Therefore, this chapter will narrow down
the possibilities to show the impact of to the different parameters on the pipeline interference
voltage (PIV). Figure 5-17 shows a combined example, where a pipeline is situated next two
overhead lines (OHLs) with “ton”-pylons and a buried metallic structure, which is used as a
screening conductor (SC). All the symbols (currents, mutual coupling impedances) used in the
previous two chapters remain the same. Because all mutual interferences (MIs) between all systems

are considered and calculated, the figure shows a strongly increasing number of couplings.

| OHL1 | | OHL2 |
— »
p // Earthing _Pipeline |
Earthin current lo, Screenin :
g ; Current I; | n9
current lo; [/ conductor (SC)
Current |1 /]

_/ﬁ‘/ "
Zonon Screening
T
m depth current lp IsC |}

S|/ T ] 2 7 Y7 7 7 77 7

OHL1/OHL2: Overhead lines; setup and material the same as in chapter 4.1 but different pylon types are used

SC: Screening conductors are secondary metallic structures which influence the PIV

I/ Phase conductor currents in the OHL1/OHL2

Ia/Tq2: Earth conductor currents in the OHL/OHL2

Ip: Induced current which flows along the pipeline

Isc: Induced current which flows along the screening conductor

Zowr: MI between pipeline and OHL1

Zoop: MI between pipeline and OHL2

Zpsc: MI between pipeline and screening conductor

Zoiox: MI between OHL1 and OHL2

Zoisc: MI between OHLI1 and screening conductor

Zoasc: MI between OHL2 and screening conductor

Figure 5-17: Two parallel OHLs next to one non-parallel pipeline and a metallic structure in the soil
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5.4.1 Variable distance for the secondary overhead line

To compare the impact of the complex interference situation, all systems are considered to be
parallel to each other. This standardized example from chapter 4.1 assumes that the distance xu
between the pipeline and OHLI is fixed to 100 m and that the pylon type PY1 (“ton”-pylon) is used.
Additionally, a second OHL2 with a full parallel route is used and the distance to pipeline (Xim),
OHL1 (xxm) and SC (xmar) is varied in this example.

The last element is the same SC from chapter 5.3 with a length of 1000 m. The distance xi to the
pipeline is fixed to 2.5 m and thus, the distance to the OHLI is also fixed. The width Xsc of the SC
can be simulated by placing several conductors parallel to each other with a distance dscof 2 m each.
For example, the figure below shows four conductors which results in a SC with a width of 6 m.

The width of the SC is calculated for 1 conductor (Xsc=0.05 m) and 4 conductors (Xsc=2 m).
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Figure 5-18: Geometrical parameters for an example with two OHLs, a pipeline and a screening conductor when varying

the distance of OHL2

For the first example, two “ton”-pylons with the best conductor configuration (CC) are used for
OHL1 and OHL2 and are identical to the pylon in chapter 4.6.3.1 (“PY1-best”). As usual, the
maximum PIV is calculated for a distance of -2000 to +2000 m between OHL2 and pipeline.
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Figure 5-19 only shows the interesting part of this calculation: The blue line (“PY1-best”) shows the
value, when only OHL1 influences the pipeline in a distance of 100 m and the value of the PIV is
identical to the standardized example of chapter 4.1. The red line (“PY1-best + PY1-best) is the same
red line (PY1-best + PY1-best with MI”) as in Figure 5-6 because it is the same calculation.

The more interesting curve progression of the PIV takes into consideration the screening
conductors. Comparing the red (none SC), green (1 SC) and yellow line (4 SC), the PIV is reduced
constantly by using more and more SCs over the entire calculation range. This means that the
selected distance of the SC of 2.5 m distance to the pipeline is very well chosen because the PIV is

almost always reduced regardless of the distance from OHL2 to the pipeline.

The calculations also show that the increasing effect on the PIVs from OHL2 takes place within 300
meters and slowly decreases to constant values. These constant values are the same as calculated in
chapter 5.3 for Figure 5-14 for the distance of 2.5 m between pipeline and a SC length dscof 0.05 m

(red curve) and 2 m (green curve).
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Figure 5-19: Maximum PIVs for the combination of two OHLs with the pylon-type PY1-best and with or without
differently sized SC when the distance to OHL2 is varied

Figure 5-20 shows a similar example but for the worst CC of PY1 (“PY1-worst”). This has already
been described in detail in chapter 4.6.3.1: The blue line shows the maximum PIV for the OHL in
in a distance of 100 m to the pipeline. The red line (“PY1-worst + PY1-worst”) is the same red line
(“PY1-worst + PY1-worst with MI”) as in Figure 5-8. Again, the position of the SC is chosen well
because the PIV decreases with an increasing number of SCs (none — one — four). Furthermore, both
curves with SC (green and orange lines) reach a constant value at a distance of more than 300 m,

which is the same as in Figure 5-16 for the distance of 2.5 m between pipeline and the corresponding
SC length.
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Figure 5-20: Maximum PIVs for the combination of two OHLs with the pylon-type PY1-worst and with or without

differently sized SC when the distance of OHL2 is varied

It seems that the ratio of the PIV when using none, one, and four SCs remains roughly the same
over the entire calculation range and individual results from these calculations confirm the results
of other chapters. These finding mean that it may be possible to split the calculations into two halves
according to the following method: One calculation can be used to find the amplifying or reducing
screening factor of the SC on the PIV. This result can be used for the second calculation of the
combination of PIV and OHLs. The screening factor can be integrated later. This reduces the

calculation effort.

To verify this, taking a ratio for all above discussed curve progressions from Figure 5-19 and Figure
5-20 is crucial. According to the following formula (5-15), each distance step between pipeline and
OHL2 is calculated, which leads to Figure 5-21.

Ratiol = "PY1 — best + PY1 — best + 15C" Ratio? = "PY1— best + PY1 — best + 4SC"
attot = "PY1 — best + PY1— best + none SC" attoz= "PY1 — best + PY1— best + none SC"
(5-15)
. "PY1—worst + PY1—worst + 1SC" . "PY1—worst + PY1—worst + 4 SC"
Ratio3 = 5 - Ratio4 = 5 -
PY1—worst + PY1—worst + none SC PY1 —worst + PY1— worst + none SC

The result shows that for a rough calculation, this simple way is possible. It cannot, however, be
recommended for exact calculations because the ratio is not constant over the full calculation range.
Regardless of whether two parallel OHLs with PY1-best or PY-worst influence the pipeline, the
ratio is always lower than 1 except for one short range when using SCs on the correct position. It
also shows that regardless of the conductor configuration in the same pylon type, the reduction

effect is roughly similar with the same number of SCs.

In summary, it can be said that a screening conductor in the right position always reduces the PIV
but the reduction effect is not constant when a secondary OHL influences the pipeline. It is thus
shown that the result of the calculation can no longer be exactly predicted in more complex

situations.
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Figure 5-21: Ratio for the PY1-best and PY1-worst between none, one and four SCs

5.4.2 Variable distance for the screening conductor

For these calculations, the second overhead line (OHL) is now fixed to a distance of xx =100 m to
OHLI and xi + xx= = 200 m to the pipeline. All other distances are variable because the distance xin
of the SC to the pipeline is varied. Both OHLs are type PY1 (“ton”-pylon) and all other parameters
of the pipeline and the screening conductor (SC) remain unchanged. Again, in this calculation, the
width of the SC is 1 conductor (Xsc= 0.05 m) and 4 conductors (Xsc=2 m).
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Figure 5-22: Geometrical parameters for an example with two OHLs, a pipeline and a screening conductor when varying

the distance of the screening conductor

For the calculation with the above defined parameters, the best conductor configuration (CC) for
the “ton”-pylon (“PY1-best”) is used first. This leads to Figure 5-23 where the maximum pipeline
interference voltages (PIVs) for the varying distance between pipeline and screening conductor (SC)

of -100 m to 300 m are shown.

As usual, calculations are done for distances of +/- 2000 m but this figure shows an enlarged view of
the most interesting results. The blue line is the reference value when calculating the maximum
PIV without SC and gives same result as the red curve in Figure 5-6 for a distance of 200 m between
pipeline and overhead line (OHL). The red and green lines in the figure below approach this value

at a distance of around +/- 750 m.

When comparing these curves to Figure 5-14, it turns out that despite the second OHL, there is
little change in the voltage curve except for near OHL2. Therefore, it can be concluded that in this
example, the SCs have a similar reduction effect on the PIV except for in the vicinity of the OHLs
despite the increasing number of OHLs. This opens up the possibility of performing the calculations
separately. However, the additional influence of OHL2 must still be taken into account and thus it

is less difficult to calculate all conductors in one go than performing separate calculations.
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Figure 5-23: Maximum PIV for the combination of two OHLSs (PY1-best) on the same side of the pipeline and a SC for
different SC widths

Moving the second OHL (OHL2) to the other side of the pipeline, at a distance of 100 m, the overall
reduction effect of the SC does not change significantly, except for near OHL2. This can be seen

when comparing Figure 5-23 and Figure 5-24, especially in the vicinity of the pipeline but also

across the full range of the calculation.

Both figures also show that increasing the number of SCs and thus, adding bigger metallic structures,
generally leads to a stronger reduction effect on the PIV. It can also have a stronger amplifying

effect if the metal structures are close the OHLs.
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Figure 5-24: Maximum PIV for the combination of two OHLSs (PY1-best) on each side of the pipeline and a SC for
different SC widths

Using the initial calculation model from Figure 5-22 with two overhead lines (OHLs) on the same
side but including the worst conductor configuration (CC) of the “ton”-pylon (“PY1-worst”), leads

to Figure 5-25. The blue line indicates the pipeline interference voltage (PIV) when no screening
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conductor (SC) is nearby. This offers the same result as the red curve in Figure 5-8 for a distance of
200 m between pipeline and OHL. Again, the calculated red and green line in the figure approach

this value in a distance of around +/- 750 m.

When comparing these voltage curves to those of Figure 5-16, it turns out that despite the second
OHL, there is little change in the voltage curve except for in the vicinity of OHL2. A minor
difference can be seen next to the pipeline because in Figure 5-16, when using 4 conductors
(Xsc=2 m), the PIV decreases while in Figure 5-25, the PIV is shaped like a dome.

This result corresponds to the calculation in Figure 5-16 when more conductors (Xsc = 6 m and
more) are used. This can be explained by the fact that more current flows in the SC due to the higher
interference and thus the additional influence of the SC is higher than the reduction effect of the
SC. To completely cancel out the reduction effect, an even greater interference of high voltage
power systems (HVPSs) is necessary. It turns out that it may be possible that an SC near a pipeline

increases the PIV.
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Figure 5-25: Maximum PIV for the combination of two OHLs (PY1-worst) on the same side of the pipeline and a SC for
different SC widths

In summary, moving the SC nearer to the pipeline has a stronger effect on the pipeline than the
position or the number of OHLs, as can be seen in chapter 5.3 and this chapter. It has been shown
that the surrounding metallic structures have a significant effect on the PIV and that they can be an
underlying reason why calculations are higher than measurements. Often, SCs reduce the PIV
especially when the SC lies near the pipeline. However, under certain conditions, SCs can also have
an amplifying effect, especially when SCs are located near an OHL. This conclusion is completely
independent of the number of influencing sources. Unfortunately, it is very difficult to determine
the geography and structure of the metallic structures and to insert them in the calculations. It has
also been shown that it is theoretically possible to split the calculations up for many parallel

conductors, but the effort is much less to calculate them in one go.
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5 Impact of multiple configurations of metallic structures

5.5 One overhead line next to two pipelines

This small subchapter is necessary because energy routes have already been bundled in the past for
various reasons and this bundling of energy routes is about to be intensified in the present and
future. As a result, it often happens that several pipelines are buried parallel to each other. This has
its advantages, but, with regard to the electrical characteristics of a pipeline, it can lead to
disadvantages. One of these disadvantages is the dependence on each other in case of inductive

interference. This effect has never been considered or scientifically studied.

As the previous chapters show with the calculation of the influence of SCs on the PIV, similar
dependencies can occur with pipelines. This chapter looks at two pipelines that are located next to
an overhead line (OHL), as shown in Figure 5-26. Overall, the calculations are the same as in the
chapters above and therefore all mutual couplings zux can again be used. In contrast to the directly
grounded metallic structures in the previous chapters, the second pipeline has a pipeline coating
and therefore the pipeline is isolated from the soil. In addition, pipelines usually have larger

diameters and rarely more than two of them are located parallel to each other.

OHL }'/// [ Pipeline 1 || Pipeline 2 |
/.

Earthing
current lo1
Induced
current lp2
2 %ﬁ Induced

— current Ip1

Im

@/ depth e de \‘
Sa/= 7 oF 77 7 7 7

OHL: Overhead line; setup and material the same as in chapter 4.1; different pylon types are used
L Phase conductor currents in the OHL
Ia: Earth conductor current in the OHL
Ip1/ Tp2: Induced current which flows along pipeline 1 and pipeline 2
Zor1: MI between pipeline 1 and OHL
Zop2: MI between pipeline 2 and OHL
Zripz: MI between pipeline 1 and pipeline 2

Figure 5-26: One parallel OHL with a "ton"-pylon next to two non-parallel pipelines
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5 Impact of multiple configurations of metallic structures

All systems have to be parallel to each other for easier comparison. This leads to Figure 5-27, where
the distance xi# between pipeline 1 and the OHL is set at 100 m and the second distance xx= between

both pipelines is variable.

For this case, the standardized example with the pylon type PY1 with the best conductor
configuration is used. Only this pylon is calculated in detail due to varying parameters of both
pipelines.

The second pipeline is made of steel. All other parameters are noted in Figure 5-27. At the

beginning, the pipeline diameter Dprzand the specific pipeline coating resistance zuz from the second

pipeline are varied.

Calculation direction -
- Pipeline 2

bl X A A

Xim =
variable
Pipeline 1 Y Xqm=

¥ ¥ A variable
Xik =
100 m

bt % \4 A

OHL
> €= 1000 m with segment lenghts of 50 m .
\ \

% R S & R
AN OV A4 A N A,
< )z, ) surface g )z,
Der = 1000 mm(ﬁQ Laying depth =1m  p_, - variable ﬁ‘ Laying depth = 1 m
ry1 = 1000 kQm?2 ry2 = variable
Xik: Distance between pipeline 1 and OHL; this distance is fixed
Xim! Distance between pipeline 1 and pipeline 2; this distance is variable
Xkm? Distance between pipeline 2 and OHL; this distance is variable

Figure 5-27: Geometrical parameters for examples with an OHL and two pipelines

In the first calculation example, the coating resistance of the second pipeline is fixed to 0.1 kQm?
and the pipeline diameter is varied between 10 and 1000 mm. When varying the distance between
both pipelines, Figure 5-28 shows that the diameter of pipeline 2 has a significant influence on the
maximum pipeline interference voltage (PIV) from pipeline 1. Smaller diameters of up to 100 mm
lead mostly to a reduction of the PIV of pipeline 1 and have a similar curve characteristic to a narrow
screening conductor with widths of 2 m. Because the pipeline coating has a certain resistance against
ground, pipelines have a smaller reduction effect than comparable directly grounded screening

conductors.
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Figure 5-28: Maximum PIVs for the combination of OHL (PY1-best) and a second pipeline with a ru2 = 0.1 kQ for

different diameters Dp2

Larger diameters show a completely different behaviour because they amplify the pipeline
interference voltage (PIV) from pipeline 1 over a wider range, especially when pipeline 2 is in the
vicinity of pipeline 1 or the overhead line (OHL). This is due to a complex reaction between
pipeline 2 and the earthing conductor of the OHL and the ratio between their surface sizes, similar
to the effect of large screening conductors. This means that an increased diameter of pipeline 2 leads

to higher induced currents and a higher impact on the PIV of pipeline 1.

Increasing the coating resistance of the second pipeline to a fixed value of 10 kQ2m? leads to a similar

result, but the influence of the second pipeline is lower.
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Figure 5-29: Maximum PIVs for the combination of OHL (PY1-best) and a second pipeline with a r« = 10 kQ for

different diameters Dp2
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Figure 5-30 shows that further increasing the coating resistance to a value of 1000 kQ2m? leads to a
much smaller impact on the PIV of pipeline 1. The small enlarged area shows the influence of the

different pipeline diameters. In general, pipelines with high coating resistances do not affect other

pipelines.
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Figure 5-30: Maximum PIVs for the combination of OHL (PY1-best) and a second pipeline with a r«2 = 1000 kQ for

different diameters Dr2

Based on these calculations, it can be shown that the influence of pipeline 2 on the PIV of pipeline
1 depends on both, the diameter, the coating resistance and the distance between both pipelines.

These two parameters can reduce or amplify the PIV of pipeline 1.

To investigate this, further calculations are needed in which it is necessary to set a fixed distance
between all affected pipelines and OHL. In general, both pipelines are buried in the same corridor
and therefore, the distance between both pipelines is fixed to a small value of 10 m, which means
that pipeline 2 lies between pipeline 1 and the influencing OHL. In order to investigate the influence

of the parameters of pipeline 1 on the calculation, the diameter and coating resistance are varied.
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Figure 5-31: Maximum PIVs for the combination of OHL (PY1-best) and a second pipeline for varying parameters of
both pipelines for a fixed distance of 10 m between both pipelines

Figure 5-31 shows that with a very high coating resistance of pipeline 2, the diameter of pipeline 2
has almost no influence on the maximum pipeline interference voltage (PIV) of pipeline 1. This
result does not depend on the diameter and coating resistance of pipeline 1 and can be seen in the
curves 2, 4, 6 and 8 for different parameters of pipeline 1. Therefore, this calculation coincides with

the results shown in Figure 5-30.

The curve progression for the curves 1, 3, 5 and 7 shows the case where the coating resistance of
pipeline 2 is very low. When the diameter of pipeline 2 is lower than around 200 mm, a reduction

effect of the PIV of pipeline 1 can be seen.

Further increasing the diameter of pipeline 2 leads to a higher PIV. This effect is much stronger for
a small diameter of pipeline 1, which clearly shows that the ratio between the surface sizes of
conductors can be a key parameter. This coincides with the results in this chapter and is also the

case for the size of the screening conductor in chapter 5.3.

Distributed conductor systems such as global earthing systems, as already discussed with large
screening conductors in chapter 5.3, have a similar but weaker effect because they distribute the

interference over a larger area.
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6 Measurements on pipelines

6.1 Measurement of pipeline interference voltages

6.1.1 Measurement equipment

Basically, measurement of the AC pipeline interference voltage (PIV) is nothing else than a simple
voltage measurement. Measurements of the AC PIVs are conducted by pipeline operators daily and,
mostly, the values are below the limit of the standardisation and technical specifications (see chapter
2.1). In these cases, operators may tend to ignore them because they may assume that the measured

values do not harm the pipeline, their personnel or other people.

However, in fact, measurements are only a snap shot, especially when they are conducted over only
a short period of time. Longer measurements are unfortunately only conducted when the quick
measurements show a high value or when someone conducting calculations instructs the operator

to do so.

In Central Europe, these longer measurements are often conducted with the measurement device
“Minilog2”, produced by the company “Weilekes Elektronik GmbH” [49] (see Figure 6-1). With this
measurement device, long measurements of the PIV up to one-week can be conducted directly on

the pipeline until the internal memory is full or the storage battery is empty.

Figure 6-1: Weilekes Minilog2 device [49]

The following graph shows the subsequent reporting of the measurement results after copying the

measurement results from the device to a computer.
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Figure 6-2: Software with PIV measurement results from the measurement device "Minilog2"

If a very long measurement with real-time data view is required, a remote-control system is very

useful since measurements are done automatically, stored safely and a live view from any computer

is possible. Such systems are available e.g. from the company “TPA KKS GmbH” [50] and an example

of their user interface with real time data is shown in Figure 6-3.
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Figure 6-3: Real-time data from a measurement station
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6.1.2 Interpretation of measurements

No matter which system is used, the interpretation of the results is important. It can, for example,
determine the source of an influence, whether there are any abnormal states on the source of the
influence or if the measured voltages can be harmful to people and equipment in unfavourable
situations. The following two examples show fully analysed measurements of the influence of an

overhead line (OHL) and a railroad on the pipeline interference voltage (PIV).

Figure 6-4 shows a measurement which was conducted for a measurement period of 168 hours
(1 week) at a specific pipeline location. The figure shows that the measured PIV is mainly influenced
by an overhead line (OHL). For a better understanding, the load current of the OHL with the highest
influence, which is very similar to the measured PIV, has also been added to this graph. This
example shows that there must be other influencing high voltage power systems (HVPSs), as the
curves differ in some areas. Both curves show a typical curve progression of an OHL, because the
values of both curves do not change abruptly and because it shows a weekday/weekend as well as a

day/night rhythm. The same effect has been described for the load currents in chapter 4.5.

Unfortunately, these rhythms do not always appear because of the production of renewable energy.
This energy must be transported to other locations or countries, where it is needed or where it can
be stored (e.g. in pumped storage hydro power stations). Then, the shape of the load current and

also the PIV looks very different.
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Figure 6-4: Measured PIV at a specific location over a period of time; main influencer is an overhead line

Figure 6-5 shows a scatter plot which investigates the correlation between the PIV and the load
current of the OHL. It turns out that the PIV is strongly dependent on the load current of the

considered OHL because all data points show a low scattering and lie near the rising trend line.
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Figure 6-5: Scatter plot of Figure 6-4

Another picture of a one-week-measurement is shown in Figure 6-6, where the PIV barely shows
any patterns. A light day / night rhythm can sometimes be detected, but basically the PIV jumps
between higher and lower values. In this case, the main source for the interference is clearly a
railroad. To illustrate this, the curve progression of the railroad load current has been added to the
figure. Here, it is obvious that both curves are very similar and that there are no other strong sources
of influence. The reason for the strong fluctuation in the curve progression is that an electric
locomotive needs a high current for acceleration and, in addition, the current flow direction can be
reversed because during braking, the kinetic energy is recuperated into a current. Also, the currents
and therefore the interference is not only time-dependent, it is also position-dependent due to the

movement of the car. The same effect has already described for load currents in Figure 4-13 in
chapter 4.5.
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Figure 6-6: Measured PIV on a specific location over a period of time; main influencer is a railroad

Figure 6-7 shows another scatter plot where it is obvious that the data points scatter more widely

than in the previous scatter plot. This is, on the one hand, due to the above mentioned characteristics
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of the current flow in railroads. On the other hand, it is caused by the fact that both, the
measurement at the pipeline and the measurement at the operator of the railway line, do not always
measure the exact same strongly changing values. Nevertheless, a strong correlation can be seen

between the influence of the railroad and the PIV.
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Figure 6-7: Scatter plot of Figure 6-6

There are many cases where more than one source of high voltage power systems (HVPS) influences
the pipeline interference voltage (PIV). In the previous chapter 5.4 the case of two parallel overhead
lines (OHLs) was discussed and in fact such cases occur frequently. Due to focussed energy routes,
there are often several OHLs in the vicinity of pipelines and often also railway lines. This last case

is displayed in Figure 6-8, where a one-week-measurement was conducted.

Without knowing the load currents of the influencing HVPSs, the PIV (red line) in Figure 6-8 looks
like a combination of the two figures 6-4 and 6-6, as both day / night and weekday / weekend
rhythms are visible and also, the value of the PIV shows sudden changes. For such cases, it can be
challenging to determine the influence factor of the OHL and the railway lines on the PIV and to
find the correct ratio between them. The complexity increases when trying to determine how many
sources of HVPS actually have a relevant impact on the PIV at this location over the time of the

measurement.

The problem becomes particularly apparent when the load currents of the influencing HVPSs are
added to Figure 6-8. Several sources must now be taken into account, which have different load
current characteristics. In an accurate comparison of the PIV and the load currents, it can be seen
that the railroad has a significant influence on the PIV. However, this is no longer true for the three

influencing OHLs, as a correlation is difficult to detect.

The scatter plot in Figure 6-9 shows a similar picture. It can be seen from the trend line (blue line),
for the correlation between PIV and railroad, that there is a strong correlation. Furthermore, the
violet and green trend lines also show a correlation between PIV and the respective load currents,

but these correlations are much weaker. This example shows that in complex influencing situations,

Christian Wahl 132



6 Measurements on pipelines

without in-depth analysis, it becomes relatively difficult to identify the main influencing source for

the PIV.
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4.5

Therefore, accompanying calculations of the inductive influence are recommended, as only with

this combination of measures, the correct conclusions can be drawn.

Christian Wahl

133




6 Measurements on pipelines

6.1.3 Influence of external ohmic potential gradients in measurements

Another aspect that may be overlooked in praxis during measurements is the interference by an
ohmic potential gradient in the earth. For pipeline measuring locations, it is often the case that the
(permanent) reference electrode of the measurement is close to the pipeline as can be seen in Figure
6-10. It is assumed that this reference point has a potential value similar to the ground. This is

usually the case, except for when the reference point lies in an external ohmic AC potential gradient.

Measuring
location

Metallic pipeline

Close distance to
. the pipeline
< Reference electrode

Figure 6-10: Measuring locations with their reference electrode as the reference point

An ohmic potential gradient appears when a current flows into the soil from the earthing system or
a bigger pipeline coating holiday. If the reference electrode of this measurement is in this gradient,
the reference electrode is no longer the reference ground but a measuring location with a specific

value. Due to this fact, the measured voltage value is false. Figure 6-11 shows this example.

The current Lars flows from a pylon, a substation or another earthing system over their underground
earthing system into the soil. This leads to the ohmic potential gradient (EPS, earth potential rise)
with a maximum value Ueartmer. When the underground earthing system ends, the potential
decreases with distance. After a certain distance, the value reaches a value around zero and thus, it

is equal to the reference ground.

In this figure, the pipeline lies at a distance x» from the underground earthing system. Next to the
pipeline is an underground constant reference electrode, which is normally used for measuring the
PIV and/or the cathodic protection potential. The reference electrode has the distance xrer to the
external earthing system. A conducted measurement between pipeline and reference electrode is
supposed to be correct and should show the PIV Ur. Unfortunately, in this case, the reference
electrode lies in the external ohmic potential gradient and is therefore not connected to the

reference ground.
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Figure 6-11: Example of the impact of an external ohmic potential gradient on a measurement by using the reference

electrode inside the external ohmic potential gradient

The outcome of this is a measurement of only the PIV U res which is measured too low. The
potential difference between Urand Up o rer is Urerto gnd Which is the potential difference of the

reference electrode to the reference ground and therefore, the measuring error.

This measuring error can be removed either by deactivating the source of the external AC ohmic
potential gradient or, if this is not possible, by moving the measuring location out of the gradient.
In order to verify the correctness of the assumption of the external potential gradient, a temporary
measuring location can be set up, as shown in Figure 6-12. The distance xump of the temporary
measuring location is now far enough from the potential gradient so that its residual voltage
Uemp_o gna corresponds to that of the reference ground. The result of this is that the measured PIV

Up_to_emp corresponds exactly to the real PIV Up.
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Figure 6-12: Example of the impact of an external ohmic potential gradient on a measurement — temporary measuring

point

The problem is depicted in the following numeric example: The conducted measurement of the
pipeline interference voltage (PIV) Up w rerresults in a value of 40 volt and thus it is assumed that
there is no danger at this location. However, the external ohmic potential gradient Uemp to gnd in this
location already has a value of 35 volts which means that the real PIV has a value of 75 volt. This
correctly measured value Up « mp can be measured using a temporary earthing system at the location
Xemp, Which would immediately indicate that the touch voltage limit has been exceeded. In addition
to this problem, longer measurements can be false when the reference electrode is within the ohmic
potential gradient. These incorrect measurements make it difficult to interpret the PIV profile along

the pipeline, as well as comparing PIV measurements to calculations.

6.2 Measurement of pipeline parameters

Over the years, many calculations have led to doubts about whether the calculation formulas from
chapter 2.3 are correct. Also, the value of the specific pipeline coating resistance has been questioned

because known resistance values were given from measurements with DC currents by pipeline
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manufactures or operators. However, there are assumptions about a frequency depending behaviour
of the coating resistance or, in this case, the coating impedance. All these questions and assumptions
were investigated in a master thesis [33]. This thesis gives a summary of the measurement setup as

well as the results.

6.2.1 Experimental measurement on a test pipeline

In a first step, measurements were conducted under controlled laboratory conditions.
Measurements were done on a 2-meter-long pipeline with a pipeline coating (see Figure 6-13 a)) to
observe the dependence from interference current and interference frequency. As a result, the
longitudinal impedance was measured to obtain the information as to whether the theoretical
results are comparable with the measured results in the laboratory. A part of the experimental setup
is shown in Figure 6-13 b). In addition, it provided an outlook on possible results for the

measurement on an active buried pipeline.

a) b)

Figure 6-13: a) Pipeline for the measurement in the laboratory [33]; b) Experimental setup for the measurement of

the pipeline parameters [33]

The measurement of the longitudinal impedance shows interesting behaviour because with rising
pipeline currents, the impedances rise. Figure 6-14 shows this behaviour for an interference
frequency of 50 Hz. In addition, the phase angle slowly decreases. This can be explained by the
experimental setup: On every step, a current was flowing into the pipeline for a limited time. After
a short break, another higher current was used. Each time, electrical work was also inserted into
the pipeline, which caused the metal to heat up. Heated iron has the property that the impedance

increases with rising temperature.
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Figure 6-14: The dependence of the longitudinal impedance and the phase angle of the test pipeline from an

interference current by an interference frequency of 50 Hz

Another measurement shows the dependence of the interference frequency when using a constant

pipeline current of 100 A. As is already known, the longitudinal impedance rises with a rising

frequency.
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Figure 6-15: The dependence of the longitudinal impedance and the phase angle of the test pipeline from an

interference frequency by an interference current of 100 A

Calculations were also done in the master thesis ([33], chapter 4). In ([33], chapter 4.4), the
theoretical formulas are used to calculate the test pipeline. ([33], chapter 4.4.1) shows the parameters
used for calculating the parameters of the test pipeline and the results are shown in ([33], chapter

4.4.5, page 41). Table 6-1 shows the summarized results:
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Type of result | Formula used / Pipeline current ?..ongitudinal
impedance
Calculation ([33], chapter 4.4.2), AFK3 (this work: “Formula C”) 1,27 mQ
Calculation ([33], chapter 4.4.3), Theorie Vollleiter (this work: “Formula S”) 2,03 mQ
Calculation ([33], chapter 4.4.4), Theorie Hohlleiter (this work: no equivalent) 0,90 mQ
Measurement ([33], figure 5-16), Pipeline current: 100 A 2,22 mQ
Measurement ([33], figure 5-16), Pipeline current: 50 A 1,75 mQ

Table 6-1: Comparison of the calculated and measurement results of the test pipeline

It can be seen from this table that the “Formula S” fits best on the test pipeline. However, this does
not necessarily mean that this result is still valid for the measurement on a real pipeline. In addition,
there is the problem that the shunt admittance could not be measured on this laboratory model.
This is clearly possible only if the pipeline is buried. In short, further measurements on a real buried

pipeline are necessary.

6.2.2 Measurement on a real buried pipeline

The next step was to conduct the measurement on a real buried pipeline. In addition, some
requirements were absolutely necessary, otherwise the measurement would have become too
complex or the measurement would have been influenced by external sources. This means, that the
pipeline should not be too long, should have no electrical connections to other pipelines and it
should not be affected by interference currents from HVPSs. Fulfilling these requirements, with the
support of a pipeline operator, a small transmission pipeline with a length of 606 m was found. All
other specifications are described in [33] in chapter 4.5.1, page 42. Figure 6-16 shows the
geographical overview of the measurement, where the feeding point of the interference current,
the pipeline itself and the return cable are shown. More details about the measurement itself, the

measurement setup, used equipment and other specifics are discussed in [33], chapter 6.
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Feedig point

Figure 6-16: Geographical overview of the measurement

6.2.2.1 Measurement of the longitudinal impedance

The first measurement determined the longitudinal impedance. The measurement setup is described
in [33] in chapter 6.5.1, figure 6-14. For this, different interference frequencies and a current of 1 A
([33], chapter 6.5.2, table 6-5), respectively the maximum power generator current of 14 A, were
used because the power generator was limited. Table 6-2 shows a summary of ([33], chapter 6.5.2,

table 6-6).

Frequency Current ZLimeas
15 14.23 191 Q | 13.49°
30 14.70 2.09Q|22.91°
50 14.75 2.36 Q| 32.30°
100 14.77 3.16 Q| 47.37°
200 9.78 5.00 Q | 60.69°
400 3.94 8.93 Q| 69.55°
Zmeas: Measured longitudinal impedance of the complete measurement distance (pipeline plus return cable)
from Figure 6-16 [Q]
Frequency: Simulated interference frequency, fed directly into the pipeline [Hz]
Current: Maximum interference current from the power generator [A]

Table 6-2: Results for the longitudinal impedance for different interference frequencies with the maximum power

generator current of 14 A or less
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The results show that the longitudinal impedance of the pipeline rises with higher frequencies - the
same result as the test pipeline in the laboratory. This same result is also shown by the phase angle,
when comparing the results for 10 or 20 A in ([33], table 5-1 and table 5-2). The higher simulated
interference current in ([33], table 6-6) was compared to ([33], table 6-5) and is preferable for the

real-world-measurement because it shows more reliable measurement results.

6.2.2.2 Measurement of the shunt admittance

The second measurement determines the shunt admittance which can only be measured on a buried
pipeline. The measurement setup is described in [33] in chapter 6.6.3, figure 6-19. The main
difference between this measurement setup and the longitudinal impedance setup is that the return
cable is no longer used because the current of the power generator has to find a different way back
to the power generator. The measurement showed that the correct shunt admittance is difficult to
determine. A problem arose because, at the end of the pipeline, a metallic safety valve had been
installed (see Figure 6-16) which unfortunately had a slight connection to the ground. Therefore,
this factor had to be taken into account in the evaluation. The following Table 6-3 shows a summary
of ([33], table 6-9):

Frequency Current Zmeas
15 329 749.0 Q| -1.15°
30 550 719.0 Q | -4.40°
50 771 7049 Q| -7.70°
100 882 670.0 Q| -12.5°
200 868 599.0 Q| -21.0°
400 764 460.3 Q | -26.4°
Zmeas: Measured impedance of the complete measurement distance (pipeline plus return cable) from Figure
6-16 [Q]
Frequency: Simulated interference frequency, fed directly into the pipeline [Hz]
Current: Maximum interference current from the power generator [mA]

Table 6-3: Results of the measurement of the shunt admittance for different frequencies

The result shows that, because of the missing return cable, the pipeline now has a much higher
measured impedance because the simulated current must flow back through the soil and the pipeline

coating.

6.2.3 Evaluation of the measurements
6.2.3.1 Longitudinal impedance

To get correct pipeline parameter results of real-world-measurements, certain additional elements
have to also be considered. For the measurement and calculation of the correct longitudinal

impedance, these elements are the return cable and the contact resistance of all the cable
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connections. For a simulated interference frequency of 50 Hz, the following results were measured

and calculated:

Zmeas | Rumeas | Ruwire | Reonn | Rpipe | Rtheo | Rask

239Q3190° | 203Q | 121Q | 04Q | 042Q | 044Q | 043Q

Zmeas: Measured longitudinal impedance of the complete measurement distance from Figure 6-16 for 50 Hz

Rumeas: Ohmic part of the longitudinal impedance (Rmeas = Zmeas - cos(¢p))

Ruwire: Ohmic resistance of the return cable (measured in the laboratory)

Reonn: Contact resistance between all cable connections (measured in the laboratory)

Ropipe: Correct ohmic part of the longitudinal impedance for the pipeline (Rpipe = Rmeas-Rwire~Rconn)

Reheo: Calculated ohmic part of the resistance (this thesis: “Formula S”; [33]: Theorie Vollleiter

Rt Calculated ohmic part of the resistance (this thesis: “Formula C”; [33]: AFK3

Table 6-4: Measurement and calculation of the ohmic part of the longitudinal impedance of the pipeline

Zmeas | Kmeas | Kiwire | Xconn | Xpipe | Xtheo | Xaﬂ(

2390(31.90° | 126Q@ | 046Q | 0Q | 080Q | 0850 | 058Q

ZLmeas: Measured longitudinal impedance of the complete measurement distance from Figure 6-16 for 50 Hz

Xomeas: Inductive part of the longitudinal impedance (Xmeas = Zmess + sin(@))

Kwire: Inductive resistance of the return cable (measured in the laboratory)

Xconn: Inductive resistance between all cable connections (measured in the laboratory)

Xbpipe: Inductive part of the longitudinal impedance for the pipeline (Xpipe = Xmeas—Xwire~Xconn)

Xiheot Inductive part of the resistance (this thesis: “Formula S”; [33]: Theorie Vollleiter

Xan: Inductive part of the resistance (this thesis: “Formula C”; [33]: AFK3

Table 6-5: Measurement and calculation of the indutice part of the longitudinal impedance of the pipeline

After measurements and calculations were conducted on a buried pipeline, the longitudinal
impedance shows that theory and praxis lie quite close together. Only the inductive part Xaa for the
AFK3-formula ([33], chapter 4.3.1), which in this work corresponds to the CIGRE-formula (chapter
2.3.1), points to a slightly increased difference between calculation and measurement. But the
mathematical comparison of the “Formula S” and “Formula C” in chapter 2.3.1.2 and 4.2 shows that
both formulas have similar results. Such small differences can stem from different presuppositions

on the material constants, because material constants have a certain range of valid values.

This conclusion is also valid for a wide range of interference frequencies, as can be seen in Figure

6-17 for the ohmic part and in Figure 6-18 for the inductive part of the longitudinal impedance.
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Figure 6-17: Results for the ohmic part of the comparison for different interference frequencies
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Figure 6-18: Results for the inductive part of the comparison for different interference frequencies

6.2.3.2 Shunt admittance and the specific pipeline coating resistance

To get correct pipeline parameter results of real-world-measurements, certain additional elements
must be considered. For the measurement and calculation of the correct shunt admittance, this is
the above mentioned metallic safety valve which was slightly connected to the ground. For a range

of simulated interference frequencies, the following results were measurement and calculated:
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Interference
Zmeas ZCOI’I‘ Zq Rq
frequency
15 749.00 Q| -1.15° 463.43 -j 9.30 Q 1915.3-j163.3 Q 1915.3 Q
30 719.00 Q | -4.40° 450.49 -j 34.66 Q 1613.2-j486.2 Q 1613.2 Q
50 704.90 Q | -7.70° 426.73 -j 57.70 Q 1232.8-j582.4 Q 1232.8 Q
100 670.00 Q | -12.50° 412.88 -j 91.53 Q 937.1-j720.4 Q 937.1Q
200 599.00 Q | -21.04° 322.58 -j 124.09 Q 477.6-j486.7 Q 477.6 Q
Zmeas: Measured shunt admittance for the complete measurement for 50 Hz
Zcor: Correct impedance without considering the simulated earthing system for the power supply; calculated with
the supplied current from the power generator into the pipeline and the measured voltage between reference
ground and the impedance equivalent network of the pipeline, safety valve and return cable (see [33], page
77 to 79)
Zg: Calculated Shunt admittance (Z, = Zeorr (Zpipe*Rsafety "’““’e)) with Rsafery_vatve = 610 Q and Zpipe = 0.42+j0.80 Q
a (Zpipe"‘Rsafety_valve)_chrr
Riafery_valve: Earthing resistance of the safety valve
Ra: Resistive part of the shunt admittance

Table 6-6: Measurement and calculation of the shunt admittance of the pipeline

Details about the calculation steps and the equivalent circuit used can be found in ([33], pages 77 to
85). Apparently, the resistive part of the shunt admittance decreases while the capacitive part of the
admittance rises. More interesting, however, is the next step, where the galvanic conductance gq'is

calculated. With the galvanic conductance, the specific pipeline coating resistance can be calculated.

Interference
Rq gQ| chalc' Tu
frequency

15 19153 Q 0,00086 mS/m 218,840 Qm?
30 1613.2 Q 0,00102 mS/m 184,300 Qm?
50 1232.8Q 0,00134 mS/m 0,00189 mS/m 140,842 Qm?
100 937.1 Q 0,00176 mS/m 107,059 Qm?
200 477.6 Q 0,00345 mS/m 54,563 Qm?

Rq: Resistive part of the shunt admittance [Q]

ga': Galvanic conductance per meter (go = = ) [mS/m]

q''pipeline
gQealc: Calculated galvanic conductance per meter ( [33], page 46; this thesis: both used formula of chapter
23.2.1)
Tu: Specific pipeline coating resistance (1, = ‘;;,”) [Qm?]
[

Table 6-7: Measurement and calculation of the galvanic conductance and coating resistance

The measurements and the final calculations of the galvanic conductance and the specific pipeline
coating resistance show very interesting results: First of all, the calculations which are made with

the formula from chapter 2.3.2.1 of this thesis and also used in [33] on page 46 show similar results
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as the measurement. This is particularly important because the measurement was challenging due
to the circumstances and there are natural factors that cannot be considered in the calculations.
Both results can be found in bold in Table 6-7.

In short, calculations with the “Formula S” and the “Formula C” are correct and can be used despite
some minor differences in the theoretic calculations in chapter 2.3.1.2 which have no effect on

calculating the pipeline interference voltage (PIV) in chapter 4.2.

The second result was the confirmation of a hypothesis. At the beginning of this chapter, it is stated
that one of the goals of the master thesis was to find out, whether the assumption about the
frequency depending behaviour of the coating resistance is correct. After measurements and

calculations, a strong correlation could be found, which can best be shown in the following Figure
6-19.

The reason for this behaviour is still unclear. Possible explanations are that the coating material
itself has a capacitive element or that an interaction between the coating and the surrounding soil
exists which is not taken into account in the formulas. It is also possible that this measurement setup
is simply not suitable for measuring the SPCR or that other reasons apply. In this case, this means
that further research is required, especially since manufacturers of coating material also have no

information about the frequency dependence and continue to specify only the DC resistance.
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Figure 6-19: The frequency depending behaviour of the specific coating resistance
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7 Comparison of measurements and calculations on the
pipeline interference voltage in specific locations

In the following chapter it must be noted that only selected anonymised data and calculations are
shown and only a few important geographical circumstances can be included in the discussion for

reasons of protection of the companies' data.

7.1 Methods for handling the data and the calculation

Calculations are based on the worst-case scenario, therefore the maximum possible current of a high
voltage power system (HVPS) is used to assess whether the personal safety can always be guaranteed.
To estimate the level of risk for AC corrosion, a sufficiently large current is used, e.g. a 24-hour
average current, the maximum allowed continuous current according to the (n-1)-criterion or the
95 % quantile of the continuous load current. For an analysis of the measured PIV, it is necessary to
set the calculation in the context of the already performed measurement. Since the calculations and
the measurements are based on different current levels of HVPSs (see chapter 4.5), the load currents
of HVPSs during the measurement period must be considered in the calculations. The calculations
can then be adjusted and a correct correlation between calculation and measurement can be
established.

7.1.1 Top-down method

The top-down method is based on the standardized method for calculating the PIV with subsequent
measurement. Subsequently, the next step is the consolidation of the measured data. For this
purpose, the load currents are queried, and the calculations of the PIV made to include modified
and plausible current data. In the last step, these adapted calculations are compared to the measured
data. Figure 7-1 shows the sequence of steps. The conventional calculation path for determining the
pipe tension is surrounded by a red frame. A detailed description of the individual steps can be found

below the figure.

Based on the worst-case calculations, the calculations are modified with the load currents of HVPSs
to compare the modified results with the measurement to determine whether the worst-case

calculations are plausible or not.
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Figure 7-1: Top-down method for analysing the PIV

(1) Collecting the data

The data of pipelines and HVPSs are collected and checked for correctness and

completeness.
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(2) Calculating the PIV of each system

The PIV is calculated according to the current technical calculation methods. As mentioned
above, on page 146, the calculations must always be assumed to be a worst-case scenario. If
several HVPSs influence a pipeline, the currents of the different HVPSs are assumed to flow
in the same direction (worst-case). The gain or reduction effect of metallic installations
(underground metallic structures, parallel HVPSs and so on) may also be considered.
Especially size, structure and/or material of metallic structures are mostly unknown and the
effects of parallel HVPSs have to been sufficiently investigated previous to this thesis and
therefore, the effects of these components on the PIV can only be estimated based on

experience.

(3) Calculation of the summarised PIV along the pipeline

The calculations lead to the PIV Up max along the pipeline. Depending on a standard or
guideline, either the peak value method or a summation method must be used. In the first
method, the highest influenced PIV of a HVPS is used on a specific location along the
pipeline, regardless of how many HVPS influence a location. This must be done for each
location along a pipeline. In the second method, a summation of the PIV along the pipeline
must be done when more than one HVPS influences the pipeline. This summation of the
influencing potential Urnves fmax for each HVPS is done by RMS-value addition (see formula

(7-1)) of the individual PIVs and leads to a total PIV along the pipeline.

n
2
Up_Imax = z |UMHPVS_1max(k)| (7-1)
k=1

(4) Measurements

At selected locations with a high calculated (summarized) PIV Up max, measurements Umneas

are conducted which last at least one day, ideally one week or longer.

(5) Requesting the actual load currents of HVPSs

On each selected location, each HVPS with a high influencing potential Uaves max must be
identified because these power systems have a higher impact on the summarized PIV Up_zma.
This can be very different for each selected measurement location and requires a thorough
analysis. Subsequently, the load currents for the relevant HVPSs must be requested for the

measurement period.
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(6) Evaluation of the PIVs with the actual load currents

The influencing potential Ugvps max of each HVPS is always calculated separately with their
maximum current Jmax. These calculations must be adapted with the actual load current Jiad
over the whole duration of a measurement and lead to a newly calculated influencing

potential Unvps ioad:

I

oad

Unvps_iioaa = Unvps_imax T (7-2)
max

Therefore, the adapted influencing potential Usaves mad of each HVPS is calculated and
visualised over the whole measurement period. This potential Unvrs noad is lower because of
using the lower load currents and not the rated currents, and fluctuates with the load

currents over the duration of the measurement.

In the case of a single interference, the new PIV Up 1madis the same as the adapted influencing

potential Unves med. In the case of a multiple interference, each influencing potential

Unves moad is calculated to a summarized PIV Up moad. For this, a simple summation can be used
p

(see formula (7-3)) or again the RMS-value addition (see formula (7-4)).

n
Up_1ioaa = Z Unpvs_iioad k) (7-3)
=1
n
2
Up 1ioaa = |UMHPVS_Iload(k) (7-4)
=1

With both methods, an evaluation of the PIV at the respective measurement location and
measurement period can be executed. As will be shown later in chapter 7.2, the RMS-value
summation shows better results because it takes into account the simultaneity of the

different influencing HVPSs and is therefore state of the art.

(7) Comparison of the PIVs

In the last step, the originally calculated PIV Up imax, the adapted calculated PIV Up tiad and
the measurement PIV Umes along the pipeline are compared. It makes sense to draw the
measured and adjusted PIV of each measurement location in a graph on the correct pipeline

path kilometre. For this, two different methods of comparison can be used.

With the first method, the time-comparison-method, it is possible to make a comparison of
the PIVs Up imax, Upnoad and Umess for each measurement location over the complete
measurement period. This method shows the chronological sequence of calculations as well

as the measurement and can be also compared to the load current of high influencing
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HVPSs. With time synchronising, also Up imax, Up tiead and/or Unmeas of different measurement
locations can be compared to get a long snapshot of how high influencing potential of HVPSs
is distributed along the pipeline. This means, the time-comparison-method is a useful tool
to get detailed information about specific locations, but it is not very useful do get a clear

information about the comparison of Up fmax, Up_ntead and Umess along the pipeline.

The second method is the peak-value-comparison-method. For this purpose, the maximum
PIV over the entire duration of the measurement is determined for each measuring location
and then the 95 % of the maximum value or the 95 %-quantile is formed to filter any
measuring errors or other individual phenomena at the newly PIV Uness max. In addition, the
peak value of Up maxand Up miead for the duration of measurement must also be calculated for
each measurement location. In the next step, the beforehand calculated PIV along the
pipeline is drawn in a graph with the pipeline path kilometre. Finally, all the peak values
for each measurement location are inserted into the graph at the corresponding pipeline

path kilometre and then, a comparison of all values is possible.

7.1.2 Down-top method

The basic idea behind the down-top method is to avoid calculations and work only with conducted
measurements. Since measurement data are absolutely necessary, this method can only be used for
an already built pipeline. An estimation of the maximum expected PIV is calculated with the help
of the load current(s) of HVPS(s) or with additional measurements of the rotating magnetic field of
HVPS(s) [41] to get the induced voltage Er (see chapter 2.2). This direct method is feasible for simple
problems but it is only a punctual method because the estimation is based on only a few
measurement locations. This method is not very useful in most cases and therefore, this method has
to be extended. With additional calculations, the method is similar to the Top-down method but
the calculation of the results is different and also leads to different results because conducted
measurements on the pipeline are done before calculations and afterwards, a comparison of the
result and the estimation of the maximum expected PIV is made. Figure 7-2 shows the sequence of

steps. A detailed description of the individual steps can be found below the figure.

Based on measurements and the load currents of HVPSs, finding the worst-case scenario of the PIV
should be possible by extrapolating the measurement results with a comparison between the

maximum allowed currents and the load currents of HVPSs.
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The PIVs at the selected measurement locations are revalued
as the ratio between the current used for the calculation and
the actual load current

At each measurement locations, a percentage assessment of
the influence of HVPSs has to be made in order to take into
account the varying degrees of influence

Calculating the PIV as a worst-case scenario with maximum
allowable currents (for personnel safety and/or AC corrosion)
of the HVPSs without considering the load current direction

Collecting the data for pipelines and HVPSs

Request the load current for each influencing HVPS for the
measurement period

At selected locations, a conducted measurement is performed
over a specific period of time

Figure 7-2: Down-top method for analysing the PIV

(1) Measurements

It is similar to the top-down method, point (4). The difference lies in the fact that without
calculations, measurement locations must be estimated taking into account the interference
situation or previous measurements on specific locations that already showed higher PIVs.

Due to the situation that no precise data are available, the data collection becomes much

more complex as much more measurements are needed.
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(2) Requesting the actual load currents of HVPSs

This point is the same as in the top-down method, point (5).

(3) Collecting the data

This point is the same as in the top-down method, point (1).

(4) Calculating the summarised PIV along the pipeline

As mentioned before, in complex interference situations it is necessary to calculate the PIV
Up imax along the pipeline. An estimation of the maximum expected PIV with only
measurements is not possible or too inaccurate. In addition, for each measurement location,
the induced potential Usves max for each HVPS is required. In the other aspects, the

calculation corresponds to the top-down method, points (2) and (3).

(5) Evaluation of the influence

After calculations corresponding to point (4), the PIV Up imex and the induced potential
Ukives max for each measuring location is noted and can be used to weigh the influence for
each HVPS on the PIV on each measuring location. For this, all interference potentials of

all HVPSs are summarized which leads to a temporary PIV Up_temp, which has a rating of
100 %.

n
Up_temp = z UHPVS_Imax(k) (7-5)
k=1

After that, the weighting of each HVPS on the PIV Up temp is determined, e.g. a HVPS has
an interference potential of 5 V on the summarized Up cemp of 20 V, which means that the

HVPS has a percentage rating of 25 % of the calculated PIV Up._zemp.

U
rating in % = —Aves Imax (7-6)
p_temp

This rating can be mirrored to the beforehand calculated Up max and is also valid for the
measured PIV Unes because a similar ratio can be assumed. Another segmentation of the

influence of different HVPSs on the measured PIV is not possible.

(6) Evaluation of the PIVs with the used load currents

With the calculated rating of each HVPS on the measured PIV Uness, the adapted influencing
potential Unves moad can be calculated. In contrast to the top-down method, point (6), the
measured PIV Umes is the product of the inductive coupling with the actual load currents

Jiad that appear over the whole duration of a measurement. However, in order to obtain the
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maximum PIV, the load currents have to be extrapolated to the maximum current Jmax. The

combination of all factors leads to formula (7-7).

rating in % Lnax
UHVPS_Imax_recalculated = 100 " Umeas

(7-7)

[load

This also means that the adapted influencing potential Uaves fmax recalcuiatea must be calculated
for as long as the measurement lasts. In addition, the rating varies for each measuring
location and thus, the Unves imax recaiculzted must be determined anew for each location. After
this, the summarized PIV Up fmax recaiculated for each measuring location can be calculated and
is of course higher than the Umess because of using the maximum currents Imax instead of the
load currents Jiea. The rest of the calculation of Up imax recaicutatea is already specified as the

calculation of the Up tiad in the top-down method, point (6).

The comparison as well as the evaluation of the different PIVs has already been described
in the top-down method, point (7). The usage of the 95 % of the maximum value or the

95 %-quantile of the influencing rated currents of the power lines should be noted.

7.1.3 Top-down-top method

The final method is an enhancement of the top-down method with an additional feedback loop, as
shown in Figure 7-3. Calculating and looking through the comparison between the PIVs Up imax,
Up 1t0ad and Umeas for a specific measuring location or the complete pipeline length may lead to
satisfying results. However, if this is not the case, further investigations and a feedback loop are
necessary. This includes an analysis of the calculation parameter, measurement errors, a detailed
analysis of the comparison and furthermore, considering other effects such as surrounding
parameters. All of these topics have already been described in this thesis. It must also be mentioned

that this method can only be applied to existing pipelines, as exact measurement data are required.

The top-down-top method is the most exact method of calculating the PIV but it takes a lot of time
to take into account all of these factors. After are all factors are considered, further calculations lead
to a new comparison as well as the feedback loop until the results between calculation and
measurement are comparable. Of course, this method only considers individual locations on a
pipeline. The calculation can be adjusted, however, so that the results roughly correspond to the
real PIV even outside the measuring locations. Figure 7-3 shows the sequence of steps. A detailed

description of the individual steps can be found below the figure.

Based on the worst-case calculations and conducted measurements on the pipeline, the calculations
are modified with the load currents of HVPSs to compare the modified results with the
measurement. This shows whether the worst-case calculations are practicable or not. If not, the

calculations are repeated, by modifying parameters, to find a reasonable worst-case scenario.
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Standardised calculation of the

PIV

Collecting the
data

Calculating the
PIV of each
system

Calculation the
summarised PIV
along the pipeline

Collecting the data for pipelines and HVPSs

Calculating the PIV as a worst-case scenario with maximum
allowable currents (for personnel safety and/or AC corrosion)
of the HVPSs without considering the load current direction

PIVs of each HVPS are calculated for a summarised PIV curve
along the pipeline

Requesting the
actual load currents
of HVPSs

Evaluation of the
PIVs with the actual
load currents

Comparison of the
PIVs

Result is

satisfactory

Calculation
complete

At selected locations with high calculated PIVs, a conducted
measurement is performed over a specific period of time

Request the load current for each influencing HVPS for the
measurement period

The PIVs at the selected measurement locations are revalued
as the ratio between the current used for the calculation and
the actual load current

Comparison of the PIVs on the measurement locations
between the measured PIV and the calculated PIV and draw
conclusions

Refining the
calculation
model

(D

Consider
surrounding factors

Exclude sources of

error

Analysis of the
comparison

Refining the calculation model by numerical analysis of the
No comparison of PIVs. Among other things, wrong entries or
wrong system parameters can be excluded. After that, other

influencing factors can be added or changed.

Calculation of the PIVs is done when calculation and
measurement show similar results at selected measurement
locations

Figure 7-3: Top-down-top method for analysing the PIV

(1) Collecting the data

See top-down method, point (1).

(2) Calculating the PIV of each system

See top-down method, point (2).
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(3) Calculation of the summarised PIV along the pipeline

See top-down method, point (3).

(4) Measurements

See top-down method, point (4).

(5) Requesting the actual load currents of HVPSs

See top-down method, point (5).

(6) Evaluation of the PIVs with the actual load currents

See top-down method, point (6).

(7) Comparison of the PIVs

See top-down method, point (7). Calculating and looking through the comparison between
the PIVS Up tmax, Up tload and Umess for a specific measuring location or the complete pipeline
length may lead to satisfying results. However, if this is not the case, further investigations

and a feedback loop are necessary.

(8) Analysis of the comparison

Further investigations begin with a more exact analysis of each comparison of measuring
locations and of the calculations over the full pipeline length. For this purpose, it must first
be examined which HVPS is the main source of interference. This can be done for each
measuring location by analysing and overlapping the load currents of each overhead line
and railway line with the measured PIV. It is also necessary to estimate whether the pipeline
parameters and soil resistance have been correctly selected or correctly specified by the
operator by considering how the influencing potential of each HVPS develops along the
pipeline.

(9) Exclude sources of error

Calculation parameters can be wrongly selected or specified by the operators of pipelines
and HVPSs. Chapters 4.2, 4.3, 0 and 6.2 already showed that the calculation model is correct
with the proper parameters. The formula of the inductive coupling was also verified in
chapters 2.3.3, 0 and 4.1 as well as in the thesis [24].With wrong parameters given by
operators, incorrect PIVs can be calculated. Furthermore, correct information about
overhead lines (OHL) is necessary, as shown in chapters 4.6 and 4.7, otherwise the wrong
interference potential of the OHLs is considered. As shown by [25], the same is true for

railroads.
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(10) Consider surrounding factors

When all calculation parameters are correct, then surrounding factors such as the soil
resistivity (layer model, unsteady values) and other metallic structures can play a key role,
as shown in various examples in chapters 0 and 5. Getting detailed information about these
factors is difficult and sometimes very time-consuming; therefore, an estimation of the

reduction or amplifying factors is required.

The factors must be estimated to a somewhat realistic and not exaggerated value for the
specific measuring locations. The surrounding factors, however, can influence the PIV
outside of these locations as well. Outside of these measuring locations, estimations are
possible but the factors must be properly estimated, which is difficult. This illustrates the

limitations of the calculation model.

(11) Refining the calculation model

At this point, all pipeline and HVPS parameters should be correctly considered and now
surrounding factors like soil resistivity or surrounding metallic structures can be optimized
in each calculation step. Adding other metallic structures in the calculation model of chapter
3 is quite simple but as already mentioned there, more structures in the model lead to a
higher calculation complexity and the computing time as well as the memory usage rises

exponentially.

(12) Calculation completed

After all factors and parameters are considered and verified and the calculation results are
similar to the data from specific measuring locations, the top-down-top method is
completed. If this is not the case, it is possible to extend the calculation model to the full

pipeline to get more realistic results for the worst-case scenarios.
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7.2 Comparison on selected measuring locations for analysing the
calculated and measured pipeline interference voltage

This chapter discusses the main idea of this thesis. As already stated, calculations usually consider
worst-case scenarios but conducted measurements show much lower values than the calculations
suggest. To get comparable results, the top-down method was created. The research into the
literature showed that such comparisons are very rare ( [26], [27]) and they are only for a specific
project. There, surprisingly, the differences between calculations and measurements are almost very
small. Also, these works do not discuss formulas, the calculation method or other elements, chapter
5 showed that there exist many surrounding effects which cannot all be considered in calculations,

leading to calculation errors.

7.2.1 Overview

For research and also for customer orders, a variety of different locations on some pipelines have
been calculated, including comparisons of calculated and measured PIVs. The following selected
examples show different results of comparisons on specific measuring locations. It must be said that
the illustrations for the measurement locations do not correspond to specific existing locations and
show only exemplarily the problem of the comparison between measurement and calculation. These
figures also show the calculation with the maximum allowed current of the HVPSs. The calculations
were done beforehand and because it is the worst-case scenario, the value of the PIV remains
constant over the complete measurement duration, as can be seen in the figures as a straight line.
The calculated worst-case PIV is labelled “calculation”. In these examples, the conducted

measurements are labelled “measurement”.

For analysing the examples, the top-down method is used with both calculation formulas. Method 1
describes the RMS-value addition (see formula (7-4)), method 2 the simple summarising
(see formula (7-3)). As mentioned above, it can be said in advance that the RMS-value method
shows better results than the simple summarising because it takes into account the simultaneity of
the different influencing HVPSs. Therefore, the following examples show that it is state of the art
and that the RMS-value method is a good choice for comparisons between measurement and
calculation. This method is also described in the OVE/ONORM EN 50443 [12] as well as in the
OVE/ONORM EN 15280 [13] / ONORM EN ISO 18086 [14].
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The following seven examples show different problems that can occur when comparing calculation

and measurement. The first example shows a simple problem. The complexity then increases in the

other examples, where more factors have to be taken into account, which make a comparison

increasingly difficult. The following table lists the influencing factors that are relevant for the

respective example:

The legend of the table is described as follows:

Example Simple Mixed Surrounding | Wrong calculation | Measurement
number influence influence effects parameter problem

1; page 159 v

2; page 160 v v

3; page 161 v v

4; page 162 v v

5; page 162 v v v

6; page 164 v v

7; page 166 v v v

Table 7-1: Influencing factors for the respective examples

Simple influence: Describes a simple influence between pipeline and HVPS. In this case, a

single HVPS at the measurement location is largely responsible for the PIV.

Mixed influence: Describes multiple influences of HVPSs on the pipeline. Without a more

detailed analysis, it is not immediately clear, which HVPS is the main cause of the PIV.

Surrounding effects: Describes whether surrounding factors such as metallic structures have a

significant influence on the calculation of the PIV.

Wrong calculation parameters: Describes whether parameters such as soil resistivity were

incorrectly taken into account in the calculations, which then led to incorrect results in the

calculation of the PIV.

Measurement problem: Describes the occurrence of an error in the measurements of the PIV.
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7.2.2 First example: Influence of an overhead line with a similar result of
measurement and calculation

Figure 7-4 shows the first simple example with an overhead line next to a pipeline and the

measurement location.

Measurement Iocation]

\/

Figure 7-4: Measurement location of the first example

Figure 7-5 shows the first example of this comparison method. At this measuring location, only a
low PIV is calculated. Interestingly, the calculated worst-case value with around 1.7 Volt is correct.
This finding is shown after adding the load currents, because the red and green calculated and the
blue measured voltage curve have an almost identical progression and the voltage values of the

calculation are around the same level as the measured values.

In addition, the curve progression clearly shows that an overhead line (OHL) with their day/night
and weekday/weekend rhythm influences the pipeline due to the shape of the graph, as already
illustrated in chapter 6.1.2.
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Figure 7-5: Top-down method; similar results of calculation and measurement, example with only an OHL
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7.2.3 Second example: Influence of two railroad systems with a similar result
of measurement and calculation

The interference of railroads on the PIV is very different than from OHLs, as already explained in
chapter 6.1.2. Figure 7-6 shows the measurement location next to a pipeline mostly influenced by

two railroads.

Railway 1

[ OHL 3 | [Measurement location |

~

Earthing system
e

[OHL1 |

Railway 2

[ Metallic structure |

Figure 7-6: Measurement location of the second example

Figure 7-7 shows that the correct calculation of the influence is possible despite the sometimes
complex electrical systems of railway lines. The figure shows that the calculated worst-case scenario
is only a little too high because, after applying the top-down method 1, the voltage curve is almost
identical to the curve of the measurement, but the voltage value is somewhat too high. A possible

reason might be a too high specific pipeline coating resistance (SPCR).
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Figure 7-7: Top-down method; similar results of calculation and measurement for method 1
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Here, the positive impact of taking into account the simultaneity of two or more sources of influence
comes into effect and clearly shows that the RMS-value addition is well-suited for the calculation
of the PIV. From this it can be concluded that the top-down method 2 calculates a voltage level

which is too high, as shown in the figure below.

7.2.4 Third example: Mixed influence of overhead line and railroad system
with a similar result of measurement and calculation

Figure 7-8 illustrates the measurement location next to a mixed influence of an OHL and a railroad

system.

Raitway 1 Ciegy

oy
,'

Metallic structure

Measurement location

]

Railway 2

[ Metallic structure |

Figure 7-8: Measurement location of the third example

Figure 7-9 shows a similar result with some bigger differences. First of all, the measured voltage
curve still shows a day/night and weekday/weekend rhythm but after taking a closer look, the curve
appears more jagged and has some strong upturn movements. As explained in chapter 6.1.2, it is
clear that an OHL as well a railroad system must influence the pipeline but the OHL has a bigger
impact. Also, the top-down method 1 (RMS-value addition, see formula (7-4)) yields a much better
result than the simple summarising method (top-down method 2). This finding is important because
all other examples in this thesis (as well as not shown examples) show the same result. Since this
method is also described in the OVE/ONORM EN 50443 [12] as well as in the OVE/ONORM EN
15280 [13]/ONORM EN ISO 18086 [14], it must be assumed that this is correct.

In addition to these two main findings, the figure shows a certain decoupling between measurement
and calculation in between the measurement time of 50 and 70 hours. In the period of 50 to
60 hours, the measurement values are higher than the calculated ones. This is caused by the railroad

system which means that it induced more into the pipeline than calculated.

There can be two assumptions: First, the specific pipeline coating resistance (SPCR) was better than
estimated and the influence has spread further, or second, other secondary railroad systems like

amplification conductors also influence the pipeline [25].
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For the period of 60 to 70 hours, the OHL and railroad may induce their interference currents into
the pipeline in different directions which leads to the result that a part of the interference current

of both systems is cancelled out, creating a lower PIV.
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Figure 7-9: Top-down method; similar results of calculation and measurement, example with a combination of OHL and

railroad system

7.2.5 Fourth example: Influence of multiple influencing systems with
surrounding effects

Without taking into account surrounding effects, such as metallic structures, worst-case calculations

as well as adapted calculations cannot be correct.

Figure 7-10 shows the measurement location next to multiple influencing systems as well as

unknown metallic structures.

Railway 1

, Anode field

Metallic structure

A —

Ea Systen [OHL1 | [ Metallic structure | Railway 2

Figure 7-10: Measurement location of the fourth example
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Figure 7-11 simply shows that the top-down method 1 with the adapted calculation is too high. It
is obvious that the voltage curve of method 1 (and 2) and the measurement are very similar and also
have no zero point shift. Possible influencing factors are mainly metallic structures that are located

in the vicinity and have a strong influence on the PIV.
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Figure 7-11: Top-down method; results of calculation and measurement are very different because of surrounding

effects

7.2.6 Fifth example: Influence of multiple influencing systems with wrong
calculation parameters

Figure 7-12 shows a measurement location next to multiple influencing systems. It represents an

interesting example and illustrates the problems that often occur.

Railway 1

R

Earthing system
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[oHL1 | [ Metallic structure |

Railway 2

Figure 7-12: Measurement location of the fifth example
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Figure 7-13 shows that the red line with the calculated worst-case scenario is considerably higher
than the measurement. This indicates that one or more parameters are wrong. The voltage level of
the top-down method is too high because surrounding effects like other metallic structures reduce
the induced potential from the HVPSs. Another problem can be that an essential parameter for the
calculation was assumed wrong or a wrong value was given by the operator. This parameter can be
either a too low soil resistivity (see chapter 4.3) or a too low SPCR (see chapter 4.4) because the

mean of the top-down method 1 shows a zero point shift compared to the mean of the measurement.
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Figure 7-13: Top-down method; results of calculation and measurement with wrong calculation parameters

7.2.7 Sixth example: Measurement problems make comparisons difficult

The Figure 7-14 shows a measurement location with multiple influencing systems but focuses on an

additional problem in which calculation and measurement do not match.

Railway 1

~
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Figure 7-14: Measurement location of the sixth example
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Figure 7-15 depicts a frequent problem of missing data or measurement errors. The second half of
the voltage curve shows a very good example of how measurement and adapted calculation with
the top-down method 1 should look. Conversely, this also means that the worst-case calculation
(red line) is correct. However, the first half of the graph shows that the measuring results cannot be

correct.

The operators of the pipeline cannot explain why the measurement was wrong in the first half of
the measurement period. Possible reasons can be e.g. the reference potential of the measurement
does not have good ground contact or the measuring device is poorly connected. However, this
measurement is crucial, because the conducted measurement is suddenly correct starting from the
middle of the measurement period. Further investigations showed that a temporary reference
potential was used for the measurement. It started to rain in the middle of the measurement and

thus, the reference potential had a good connection to the ground.
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Figure 7-15: Top-down method; results of calculation and measurement; the problem of measurement errors
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7.2.8 Seventh example: Influence of an overhead line without curve

correlation

The last Figure 7-16 shows a measurement location in which calculation and measurement do not

match.

Measurement location

A

Earthing system

Railway 1
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Figure 7-16: Measurement location of the seventh example
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The results of the last example of this chapter are shown in Figure 7-17. It shows that in addition to

the problem with excessive voltages, another interesting detail can be seen: The exact comparison

of the curve shape of the top-down method 1 and the measurement leads to the result that no

correlation between the two curves can be found. In the next chapter 7.3, the solution will show a

surprising result. This and other comparable cases show that an explanation is difficult to find.
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Figure 7-17: Top-down method; results of calculation and measurement shows no curve correlation
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7.2.9 Summary

In summary, considering the load currents after the worst-case calculations is a good idea because
it can show that the calculations are correct in some cases. For other measuring locations, the worst-
case calculations are too high and thus, further analysis is needed to find out which parameter is
causing a problem. This method also shows fundamental measurement errors and therefore, the
accuracy of measurements can be improved by giving feedback to the pipeline operators about

wrong measuring results.

7.3 Considering calculation parameters and surrounding effects for
the comparison on measuring locations

7.3.1 Overview

This chapter is based on the previous chapter 7.2 but here the top-down-top method is also used.
As described in chapter 7.1.3, a feedback loop is activated in calculations, which takes into account
all calculated parameters of chapters 4.2 to 4.7 and all surrounding metallic structures of chapter 5.
Considering the surrounding structures leads to a screening factor which can increase or decrease
the pipeline interference voltage (PIV), as described in chapter 5. After all calculated parameters
have been verified and possibly corrected, the screening conductor (SC) has to be considered. For

privacy reasons, selected analysis but no geographical data can be discussed.

Most examples from the chapter before are recalculated considering the feedback loop with the
additional SC and the adapted calculation parameters. New interesting examples from other
locations are also included. These figures show the calculation with the maximum allowed current
of the HVPSs which is now labelled “Worst-case scenario”. Again, conducted measurements are
labelled “measurement”. For the analysis, the top-down method as well as the top-down-top method
with the RMS-value addition (see formula (7-4)) is used to achieve better results. These calculations
are also indicated in the graphic and show the difference between non-consideration and
consideration of the feedback loop. Taking this loop into account, the worst-case scenario, labelled
“Adapted worst-case scenario”, is recalculated with the help of the calculated reduction factor (or

screening factor).
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Similar to chapter 7.2, this chapter deals with various problems that may arise when comparing

calculation and measurement. It starts with a simple problem and then shows a higher complexity

of the comparison. This chapter also in part continues the analyses of the examples discussed in

chapter 7.2. The following table lists the influencing factors that are relevant for the respective

example:

Example Based on Simple Mixed Wrong | Surrounding | Time stamp | Earthing
number example | influence | influence | calc. para. effects problem system

1; page 169 2;p. 160 v v

2; page 170 4;p.162 v v

3; page 171 5;p. 163 v v v

4; page 172 none v v

5; page 173 7; p. 166 v v v

6; page 175 none v v v

Table 7-2: Influencing factors for the respective examples

The legend of the table is described as follows:

Based on example: Shows whether the selected example has already been discussed in chapter

7.2. If this is the case, then the example and page number are given.

Simple influence: Describes a simple influence between pipeline and HVPS. In this case, a

single HVPS at the measurement location is largely responsible for the PIV.

Mixed influence: Describes multiple influences of HVPSs on the pipeline. Without a more

detailed analysis, it is not immediately clear, which HVPS is the main cause of the PIV.

Wrong calc. para. (wrong calculation parameters): Describes whether pipeline parameters such
as soil resistivity or the specific pipeline coating resistance, or parameters from the influencing
systems (HVPSs) were incorrectly taken into account in the calculations, which then led to

incorrect results for the calculation of the PIV.

Surrounding effects: Describes whether surrounding factors such as metallic structures have a

significant influence on the calculation of the PIV.

Time stamp problem: In the respective example, the problem of incorrect time stamps in

measurements as well as in load current data is discussed.

Earthing systems: Based on measurements, we describe the problem of unknown earthing
systems that have not been taken into account in the calculations. In addition, it is shown how
the earthing systems were correctly implemented in the calculations based on the

measurements.
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7.3.2 First example: Minor optimisation of the PIV

Again, the measurement location from chapter 7.2.3 is used and shown in Figure 7-18.

Railway 1

, Anode fefd '

Metallic structure

[ OHL 3 | [Measurement location |

R e

Earthing system
y TP,

[oHL1 | [ Metallic structure |

Railway 2

Figure 7-18: Measurement location of the first example

Figure 7-19 is the result of recalculating Figure 7-7 in chapter 7.2.3. There it is mentioned that the
result of the top-down method is a little too high but acceptable. Even though the PIV curve was
recalculated, the result below shows that optimising is still possible. The curve shape of the
measurement and the top-down-top method are quasi identical which means that the adapted

worst-case scenario has a lower voltage level (orange line around 2.25 Volt).
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Figure 7-19: Top-down-top method; recalculating Figure 7-7

This example is not significantly affected by surrounding structures and the basic calculation
parameters were also by and large correct. However, it turned out that after the SPCR was changed,
almost the same results could be achieved. This illustrates how difficult it is to have calculation

results that are similar to the measurements, even when considering all parameters carefully,
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because some measurable pipeline parameters still differ from the theoretical ones. In short, it shows
the limitations of how similar calculation results can be to the real values when there is no exact

knowledge of all pipeline parameters.

7.3.3 Second example: Considering larger suburban areas

Again, the measurement location from chapter 7.2.5 is used and shown in Figure 7-20.

Railway 1

, Anode field

Measurement
= location
Metallic structure
Earthing systent [OHL1 | [ Metallic structure | Railway 2

Figure 7-20: Measurement location of the second example

Figure 7-21 shows the recalculated example of Figure 7-11 in chapter 7.2.5. The description of
Figure 7-11 is short because it simply shows the calculation of a PIV that is too high. This

characterisation is still valid for this figure when using the top-down-top method.
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Figure 7-21: Top-down-top method; recalculating Figure 7-11
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After recalculating with this method and taking into account larger suburban areas with their
metallic structures as screening conductors (SCs), the result shows almost identical voltage curves.
Such examples can be frequently found which makes the comparison between calculation and
measurement a little easier. It is notable that such examples often occur in simple interference

situations and/or in the close vicinity of OHLs.

7.3.4 Third example: Suburban areas and an incorrect specific soil resistivity

Again, the measurement location from chapter 7.2.5 is used and shown in Figure 7-22.

OHL 3
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EV

Railway 1
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Figure 7-22: Measurement location of the third example

Recalculating Figure 7-13 of chapter 7.2.5 leads to the next Figure 7-23. As already described in
Figure 7-13, the top-down method calculated a voltage curve higher than the measurement due to

a too high worst-case calculation.
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Figure 7-23: Top-down-top method; recalculating Figure 7-13
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After recalculating with the top-down-top method and under consideration of the suburban areas
with their metallic structures in the vicinity, a very good and realistic result was achieved. However,
as previously stated with regards to Figure 7-13, a negative zero-point shift was also found. Further
investigations showed that the SPCR was correct but the specific soil resistivity was higher than

estimated.

Chapter 4.4 on page 64 shows a theoretical calculation where a higher soil resistivity leads to a
higher PIV especially when the SPCR is high. This calculation and measurement was conducted on
a well-wrapped pipeline and thus, the SPCR is high enough. The soil resistivity had a strong
influence on the voltage curve and because the value of the soil resistivity was estimated at a too
low value, there was the negative zero-point shift. Increasing the soil resistivity eliminates the zero-
point shift and leads to a good result. After considering all parameters, the values of the adapted

worst-case scenario are only half as high as the values suggested by the original worst-case scenario.

7.3.5 Fourth example: Anode field as an earthing system

Figure 7-24 shows a measurement location that lies directly at the feeding point of the cathodic

protection system of the pipeline. Such a system always includes an anode field.

Railway 1 ' OHL3

Earthing system Railway 2

[OHL1 | [ Metallic structure ]

Figure 7-24: Measurement location of the fourth example

Figure 7-25 shows a big voltage difference between the worst-case and the adapted worst-case
scenario. Simply put, in the initial calculations no earthing system was included but in reality, an
earthing system exists at exactly this position. This earthing system was not built to reduce the PIV
but is part of the cathodic protection system of the pipeline. This earthing system is called the anode
field and is the negative pole of the supply system for the cathodic protection system and thus, the
anode field is not directly connected to the pipeline. Until these measurements, it was unknown
that such an anode field is also an effective earthing system for the PIV. After this discovery, anode

fields were considered to be earthing systems in the calculations.
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Figure 7-25: Top-down-top method; recalculating of a measurement point with an earthing system

7.3.6 Fifth example: Wrong time stamp and a not properly integrated
earthing system

Again, the measurement location from chapter 7.2.8 is used and shown in Figure 7-26.
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Figure 7-26: Measurement location of the fifth example

As already mentioned in chapter 7.2.8, the voltage curves in Figure 7-17 do not match at all. A closer
analysis has shown that there is a time difference between the two curves. In Figure 7-27 this time
offset of 12 hours is solved with the top-down-top method and brought into the right context.
Examining the time stamp of the load currents and the measurement data was necessary and with
the help of other measurement data it quickly became clear that the time stamp in the measuring

device at the measuring location was wrong. These measurement devices normally have a GPS
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signal for synchronising the time stamp but sometimes the device is set up too quickly in the

measuring room and thus, it cannot synchronise.

In addition, the surrounding metallic installations must be taken into account again, which reduce
the PIV accordingly. There is also a further reduction effect on the PIV, which has led to the
calculation method being improved. Calculations with known earthing systems properly reduced
the PIV, but the calculations were inaccurate near these earthing systems. This was due to the fact
that the formulas included the earthing systems to a lesser extent than necessary and therefore did
not take into account the correct earthing system resistance. This led to a relatively high PIV at
these locations. Based on comparisons, the programming could be improved so that the earthing

systems are now correctly integrated and the PIV is calculated correctly.
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Figure 7-27: Top-down-top method; recalculating Figure 7-17
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7.3.7 Sixth example: Wrong time stamp and amplifying conductors of a
railway line

The interference of railroads on the PIV is very different than the interference from OHLs, as
already explained in chapter 6.1.2. The last example in this chapter, illustrated in Figure 7-28 shows
the measurement location next to the routes of a pipeline and a railway line, which run close to

each other.

Measurement Railway 1
location
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ot \/
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Figure 7-28: Measurement location of the sixth example

The last example in this chapter is shown in Figure 7-29 with another time shift problem, again 12

hours, but in the opposite direction.
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Figure 7-29: Top-down-top method; another wrong time stamp

Another interesting observation is that the calculation of the adapted worst-case scenario is higher
than the original calculation of the worst-case scenario. This is caused by the influencing railway

line which had some amplifying and reduction conductors. These conductors can have an
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amplifying or reducing impact on the PIV but are sometimes difficult to implement in the
calculations because the load currents are often unknown and these conductors are used to supply

trains farther away.

7.3.8 Summary

In summary, extending the top-down method with the feedback loop to the top-down-top method
brings the same advantages, as have already been mentioned in the top-down method. This shown
method extends the calculations and more data analysis is needed to get better results which are
comparable with the conducted measurements. In addition, with this method, one is forced to take
a closer look at the calculations and to question whether they are correct or whether something is
missing in the calculation. As shown in the examples, with the top-down-top method it is possible
to do adapted worst-case calculations. This increases the reliability of calculations as well as

personnel and equipment safety.
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7.4 Comparison of the pipeline interference voltage along a
complete pipeline

7.4.1 Overview

This part of the chapter represents the core goal of this thesis. These calculations were done over

the last years. All investigations and recalculations in this thesis conclude in this chapter.

Sometimes a pipeline operator conducts measurements and determines that the measured values are
high and a further investigation should be performed. If these measured values are greater than
approximately 30 volts peak or 10 volts average, additional calculations should be done. In the
following subchapters, the results of three pipelines will be further examined and analysed in more

detail.

7.4.2 Measurement conducted before the calculation

Figure 7-30 shows an example in which the pipeline operator first conducted measurements on his
pipeline. The results were evaluated and some of the PIVs were so high, that further analysis was
needed. The measurement locations with their measured maximum PIV are shown in the figure as
green dots and are connected. Unfortunately, the pipeline operator did not disclose the detailed
voltage curve from the measurement, so only the maximum and the average values were known.
This also meant that further investigations such as using the top-down-top method were simply not

possible due to missing data.

Only a standardized calculation was possible, which is labelled “Calculated without earthing
systems”. At the beginning of the calculation, it was not known whether earthing systems were
required. However, after finishing the calculation it was clear that they would be needed because
the calculated PIV was higher than the maximum permissible voltage for the touch voltage (60 Volt
in Austria). In particular, the high level of interference as well as the high specific pipeline coating
resistance (SPCR) leads to a high PIV along the pipeline and could hardly be reduced via the shunt
admittance (AC earthing systems along the pipeline) see chapters 2.3.1.2 and 4.3). After placing
proper earthing systems on the calculated locations, it was possible to reduce the PIV to values
below the limit voltage of 60 Volt. This curve progression is labelled “Calculated with earthing

systems”.
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Figure 7-30: Comparison between two calculations and the measurement of a pipeline with a high specific pipeline

coating resistance

First, calculations were done without earthing systems and the results show that the PIV exceeds
the limits of the standards used. Based on this, further calculations were done to reduce PIV with
earthing systems. Both voltage curves are shown in Figure 7-30. However, the measurements on the
pipeline were conducted prior to the installation of the earthing systems. This makes the comparison
between the measurement and the calculation before the installation of the earthing systems much

more interesting.

The principal voltage curve of both curve progressions in Figure 7-30 is similar and the voltage level
differences can be explained by the different currents (load current versus maximum current, see
chapter 4.5) used. But it also shows that measurements can only represent a very small part of the
voltage curve along the pipeline and therefore calculations make sense. Another interesting detail
was found when comparing measurement and calculation. At the beginning of the pipeline, the
measurements showed a very small value (marked in the figure as a blue circle), but the calculation
a high one. It was then discussed with the pipeline operator, whether there was an anode field or
something similar at this location. This was soon ruled out, but there is a station of another pipeline
right next to the measuring location. It turns out that this foreign station influenced the reference
point of the measurement, as described in chapter 6.1.3. After further measurements at this
measuring location, it was discovered that measurements had been incorrect over the course of
several years and that the calculations were correct. This example shows that calculations can help
improve the measurement quality by finding unknown sources of error or influence on pipeline

interference voltage.
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7.4.3 Calculation and measurements on a long pipeline

Figure 7-31 shows a pipeline with calculation, evaluation and measurements. However, in the
special case of this pipeline, the calculations had been done a few years ago and therefore also before
the start of this thesis. At that time, an older calculation method was used and the interaction
between the PIV and the parameters of the pipeline and HVPSs and the surrounding factors, such
as foreign metallic conductors, had not yet been investigated. At that time the calculation was made
according to the state of the art. It is too high according to today’s knowledge. Measurements and
evaluation were done a few years later to verify the calculation results. All data can be found in the

following figure.

The green dots show the maximum measuring results as well as the measuring locations. The
appropriate evaluations have been done for all the measuring locations and are marked as differently
coloured dots. The dots are connected in order to clarify the basic PIV along the pipeline and to
make the dots more visible. The “Top-down method” corresponds to the top-down method 1 in
chapter 7.1.1 with RMS-value addition (see formula (7-4)). The RMS-value addition is also used for
the method “Top-down-top method” from chapter 7.1.3 and the method “Down-top method” from
chapter 7.1.2. The calculations were recalculated with the top-down-top method which leads to a
new worst-case scenario, labelled “Adapted worst-case scenario” (which is also described and used

in chapter 7.3).

What is particularly interesting here is that the results of the “Adapted worst-case scenario” and the
“Down-top method” are similar in some parts, despite the fact that, as stated in chapter 7.2, the
“Down-top method” does not produce satisfactory results. The results of this method would still
roughly correspond to the expected values in some areas of the pipeline which is actually the reason

why this method was included in this thesis.

There are possible reasons why both methods show similar results. One of them is that the originally
calculated PIV is very high, which means that the “Adapted worst-case scenario” is extrapolated
particularly strong despite using the reduction factors from the “Top-down-top method”. Another
factor is that none of the influencing sources at a measurement location has more than 50%
influence on the entire PIV. This distribution helps the “Down-top method” in particular. However,
it can be seen in the figure that the “Down-top method” has much stronger outliers than the “Top-
down-top method” or the “Top-down method”. These outliers make this method not very reliable

and therefore the “Down-top method” should only be used if there is no alternative.

The alternative to this is the “Top-down-top method” with recalculating the worst-case scenario,
which shows very good results in this calculation. This method is more complex and also costly but
can verify points that show a high calculated PIV. Furthermore, the calculations can be refined to
optimise the costs for measures to reduce the risk of AC corrosion or dangerous touch voltages.
Especially the second hazard is significantly more important because of the lower probability of its

appearance. Long term touch voltages can be measured but long-duration measuring periods are
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needed. When a high PIV is measured this could be highly risky. Especially problematic are short-
term touch voltages, as it is almost impossible to measure them, but they can occur. With the help
of the “Top-down-top method”, short-term interference calculations can also be optimised and

increase personnel safety.
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Figure 7-31: Comparison between calculation, evaluation and measurement of a pipeline when calculation results are

clearly too high

Figure 7-31 also shows that the measurements are relatively evenly distributed over the entire
pipeline. However, it is again evident that a higher number of conducted measurements increase
the quality of the PIV calculation and thus, the worst-case calculation can be refined. Such an
extension of the measurement would make a lot of sense for pipeline km 130, where a high
calculated PIV exists but no measurements were conducted. Overall, it can be seen that a
comparison between measurement and calculation is considerably more difficult when only a few

measurements are conducted on the pipeline.
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7.4.4 Calculation and measurements on a pipeline with an isolation joint and
installed earthing systems

The final example in Figure 7-32 shows a newer and better calculation. It has the same legend as
Figure 7-31. This pipeline is divided electrically into two parts with an isolation joint at km 30. Such
joints are normally used to have better control over the flowing currents in the pipeline cathodic
protection system but can also be used for splitting up the PIV, which is not the main reason in this
case. Splitting the pipeline into parts can reduce or also amplify the PIV. Also some parts of a
pipeline without or with less interference can be isolated [6]. In this example it is interesting that
the “Down-top method” shows extremely inconstant results which are often even higher than the
results of the initial calculation (“Calculated”). This underscores the conclusion that the “Down-top

method” provides calculation results that are too unreliable.

In this example, measurement and initial calculation have a similar curve progression which means
that the initial calculations go in the right direction but the results are too high. Using the “Top-
down method” (russet line) leads to the same result and a better comparison with the measurement.
After using the “Top-down-top method” (lime green line), the difference between the russet and

line green line becomes obvious and shows that the initial calculation is mostly too high.

As has been stated in chapters 7.2 and 7.3, surrounding factors such as foreign earthing systems (see
chapter 5) can influence and strongly reduce the PIV. This is often the case but not always.
Sometimes, the soil resistivity can be estimated wrong or given by the pipeline operator at a wrong
value because this value varies a lot along a pipeline and can neither be measured so accurately nor
taken into account in the calculations, and therefore an average value for a longer section of a
pipeline is presumed (see Figure 7-23). Also, the pipeline operator may not give the exact
information about the used earthing systems or anode fields (see Figure 7-25). In some cases, where
all the given information is correct and no foreign metallic structure is nearby, measurement and

calculation such as in Figure 7-32 are similar (see km 50) or equal (see km 0).

The “adapted worst-case scenario” is usually smaller than the initial calculation because of the
factors listed above and increases the safety of personnel and pipeline, as stated in the description

to Figure 7-31.

Measuring locations cannot cover the whole pipeline which is illustrated in this example, where
calculation peak values on km 34 and km 44 are not part of the measurements. Especially km 34 is
critical because measurements were done nearby but always on locations with a much lower
calculated PIV. This means that either the measurement must be expanded by a new, cost-intensive
evaluation or the calculated worst-case scenario must be used as a prerequisite for possible measures

to increase pipeline security.

Christian Wahl 181



7 Comparison of measurements and calculations on the

pipeline interference voltage in specific locations

34 —

Isolation joint

32

30 -

28

22 -+

20 -

18 -

Pipeline interference voltage U, [V]

-

:
/

Y {
/ 4
\
y S8
Y \| 77 !»
'\ 1/ S 4 ‘ =
I i i f
0 10 20 30 40 50 60 70
Pipeline length [km]
—e—Calculated ——Measurement —#—Top-down method Top-down-top method —¢—Adapted worst-case scenario —#—Down-top method

Figure 7-32: Comparison between calculation, evaluation and measurement of a pipeline with acceptable calculation

results

7.4.5 Summary

Shortly summarized, this chapter shows impressively how measurement, calculation and
evaluations can be meaningfully complement each other and how safety for personnel and material
can be increased. It also shows that calculations will always be necessary because worst-case
scenarios cannot be covered with measurements. In addition, measurements cannot be performed
at many locations along the pipeline because of no access or it being too costly. However,
measurements do make sense, since they can improve calculations using the “top-down-top
method” with all the advantages (much more accurate) and disadvantages (costs time and money).
But this method shows satisfied results and can be used in future for further research. It has also
been shown that the “down-top method” is an interesting approach, but, unfortunately, not reliable

enough. This method might be improved and become more precise with further research.
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8.1 Conclusion

The main focus of thesis is the comparison between calculation and measurement of pipeline
interference voltage (PIV) with the goal that the calculations achieve results which better fit the
measurements. It presents a program with an efficient mathematical analysis to improve the known
calculation model. This is the key element of this thesis, because a “fresh” program can calculate
faster, the results are more accurate and it can do more automatic calculations and visualisations
without user intervention. With this, a standardized model is created to better evaluate and compare

the influence of different parameters on the PIV.

The first part of this thesis reviews the relevant pipeline interference parameters: The equivalent
network used for the pipeline consists of longitudinal impedances and shunt admittances. The
longitudinal impedances are determined by the diameter of a conductor or pipeline and the soil
resistivity, where the conductor diameter is a more potent influencing parameter. In addition, the
frequency of the source of influence (high voltage power system) must be taken into account, as
higher frequencies lead to a reduced conductivity of the material. In general, the longitudinal

impedance can be calculated relatively easily.

The opposite is true for the shunt admittance, since the shunt admittance depends on the known
conductor diameter, the varying soil resistivity along the pipeline as well as on the difficult to
estimate specific pipeline coating resistance (SPCR). This is crucial because the PIV is highly
dependent on shunt admittance. The problem is that manufacturers of pipeline coating only
guarantee the resistance value for DC currents under laboratory conditions or on delivery. In
practice, however, pipelines lie buried in soil where coating holidays can occur frequently which
may reduce the SPCR. In addition, AC currents can lower the value of the SPCR. These unknown
variables make it very difficult to determine a realistic value. This poses a significant problem
because the value of the SPCR determines how the soil resistivity affects the PIV. To summarize, it

can be said that the SPCR is the key parameter.

Another part of this thesis discusses and compares the different calculation formulas for the
longitudinal impedance and shunt admittance. It is shown that "formula S" and "formula C" are
equivalent and calculate lower maximum PIVs compared to the other formulas. Lower values are

preferable because calculations usually show higher values than measurements in the field.

This thesis focuses on interference by overhead lines (OHLs) and not by railway lines or
underground cables. OHLs can be built with different pylon types and phase conductor
configurations and often also have earthing conductors. As shown by the calculations in this thesis,
it is very important that the phase conductor configuration is configured correctly, because

otherwise a much higher PIV can be expected.
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Calculations show that the specific pylon types cause different levels of interference on pipelines
and, therefore, different PIVs under the same technical specifications. Basically, the calculations
show that the "ton"-pylon with two circuits gives the best calculation results for the PIV. There are
also other pylon types with only slightly worse results. Surprisingly, the results show that also the
"quadruple" pylon with four circuits (it could be assumed that more phase conductors lead to a
higher interference) with an optimal phase conductor configuration does not significantly increase
the PIV. In contrast, asymmetric phase conductor configuration increases the PIV considerably (the
"single-circuit" pylon shows a much higher PIV than the "ton"-pylon despite a smaller number of

phase conductors).

Another vital parameter in the calculations are earthing conductors (ECs) of overhead lines (OHLs).
Calculations with none, one and two ECs show a notable influence on the PIV with the result that
OHLs without ECs can have a lower interference on pipelines in normal operation. The height of
ECs for OHLs is normally fixed for the respective pylon types. The calculations in this thesis show,
however, that the height of the ECs can be optimised for each pylon type with regards to pipeline
interference. This finding could be used in the planning of future OHL construction projects, but
due to design and safety reasons e.g. lightning protection, only a few alternative mounting heights

are possible.

This thesis shows that EC cables with bigger diameters or highly conductive materials have a lower
self-impedance and, therefore, a higher EC current can flow, which leads to a higher PIV. This

finding is essential because as OHLs are equipped with better and better ECs, PIVs are increasing.

When several metallic structures influence the PIV, calculations become more complex. There are
countless possible combinations of pipelines, OHLs, railway lines and other metallic structures and
therefore analytical calculations are complex and can only cover a fraction of them. However, these
examples help to understand the complex interaction of the different conductors and to adapt and

refine the PIV calculations.

The consideration of other metallic structures is difficult because size and material are unknown in
the majority of cases. Whether the pipeline is affected by one or two or more OHLs, when metallic
structures are nearby, this can either increase or (often) reduce the PIV. It depends on the position,
the geographical expansion and also the material used in the metallic structure. This thesis shows
that the often used general reduction factors for the environment are not correct. Instead, many
variables have to be considered. In summary it can be said that complex interference situations are
difficult to calculate and especially unknown metallic structures are difficult to estimate. This is the

underlying reason, why often the results of calculations are higher than measurements.

This thesis indirectly also takes into account screening conductors as reduction conductors, which
are usually located directly next to or above a pipeline. It is shown that these have a reducing effect,
but they are rarely installed during pipeline construction and almost never at a later point due to

high costs or because the pipeline is inaccessible.
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In this thesis, combinations of two parallel OHLs are considered. When the currents in both OHLs
flow in the same direction, the PIV often remains the same or decreases, when taking into account
the mutual impedance (MI) as well as when the OHLs are considered individually without MI.
When the currents in the two OHLs flow in different directions then, as expected, the PIV is
basically lower then when the currents in both OHLs flow in the same direction. However,
considering the MI leads to a higher PIV than without MI. The consideration of the current
directions also shows that PIV is strongly dependent on them. Reversed current directions cannot
be taken into account in the calculations because calculations must always cover the worst-case
scenario. In addition, the difference in the PIV due to the current direction is more important when

OHL:s and pipeline are situated in close proximity to each other.

It is shown that in the case of two parallel pipelines, a high specific pipeline coating resistance
(SPCR) of both pipelines does not lead to a noticeable mutual influence. However, if one pipeline
has a low SPCR, then there is mutual influence, which depends on the distance and the diameter.

This means that information on SPCR must be obtained from nearby pipelines.

In general, measurements on the pipeline are not particularly difficult if certain factors, such as an
external ohmic potential gradient caused by earthing systems are taken into account. Only for the
comparison between measurement and calculation is it important to interpret measurements to
determine the main source of the influence on the PIV. This is not always easy because there may

be multiple sources of interference at a specific measurement location.

Experimental measurements to verify the formulas for the lattice network model of the pipeline are
very interesting. It turns out that the formulas discussed in chapters 2 and 4 are correct and can be
used without restrictions. An essential aspect is the behaviour of the SPCR and the frequency
depending behaviour of the coating resistance which decreases with a rising interference frequency,
reducing the PIV.

The central chapter of this thesis looks at the comparison between calculation and measurement of
pipeline interference voltage (PIV), using different methods. Analysing different measurement

locations over a measurement period shows that considering the load currents is a precondition.

At most measurement locations, the results of worst-case calculations are too high and therefore, a
“top-down method” is introduced to analyse the adapted calculation results and the measurements.
The “down-top method” includes measurements and calculations, but does not produce good
estimations of the worst-case scenarios. Therefore, this method may only be applicable in simple

influencing cases.

Adding a feedback loop to form the “top-down-top method” brings some advantages. This method
extends the calculation by a data analysis to include the surrounding unknown metallic structures.
Adapted worst-case calculations can then be performed which increases the reliability of

calculations, especially with regards to personnel safety.
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These methods are then used to compare and evaluate calculation and measurement at different
measurement locations. Various examples describe problems that can occur. These can be, for
example, a not adequate soil resistivity or SPCR, but also incorrect measurement data or unknown
grounding systems. Once these problems have been analysed and compensated for, these often
complex interference situations can be analysed to estimate the reduction factors. The examples
show impressively how overall safety can be increased by a combination of measurements,

calculations and evaluations.

It becomes clear that calculations are always necessary because worst-case scenarios, which are
necessary for the assessment of the risks caused by interference cannot be covered with
measurements alone (also, not all locations along a pipeline might be accessible for measurements).
But measurements are crucial to improve the calculations by using the “top-down-top method”.
This method shows satisfying results and can be the subject of further research in the future. Better
calculations increase personnel safety and the durability of the pipeline. In many cases, because of
more accurate calculations, it is possible to avoid additional earthing systems or other
countermeasures against high pipeline interference voltages, thus reducing costs. These costs
include, on the one hand, the construction as well as decades of maintenance and renewal of the
necessary measures and can affect both the operators of the pipeline and the operators of the high

voltage power system.
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8.2 Outlook

This thesis extensively discusses the comparison between calculation and measurement of pipeline
interference voltage (PIV) and a many calculation factors. With the improved calculation program
based on a detailed analysis of different important factors, many questions could be answered.
However, some questions remain open and further experiments or comparative calculations are

required.

The focus of this thesis is to determine the factors that influence PIV calculations and not their
optimisation. For example, the pylon type of overhead lines (OHLs) as well as the exact phase
conductor configuration can be chosen taking into consideration PIVs. But based on this and other
publications, the influence on the PIV can also be optimised by the geographical position of the
pylon conductors or by the position and size of earthing conductors. This thesis considered the
influence of OHLs only during normal operation. Therefore, it would be useful to look at the fault
operation as well to find out which pylon type causes a stronger influence and how big the influence
of the EC is on the PIV.

Furthermore, more combinations of pipeline types, OHL types and other metallic structures can be
reviewed to find out if and how the calculations can be optimised. Another interesting topic is the
usage of reduction conductors next to a pipeline. This is an interesting and challenging subject
because many elements, such as active and passive conductors, can be used (an analysis should

include diameter and placement).

All these factors can be included in the calculation and the comparison of the PIV along a pipeline
or at specific measurement locations. The methods used in this thesis for the comparison can also
be optimised, especially calculation methods of the worst-case scenario which include measurement
data. In addition, more comparisons between measurement and calculation on different pipelines

would be beneficial to offer additional data for further research.

More experimental measurements are needed. It should be examined, what effect an external ohmic
potential gradient has on the pipeline when a coating holiday occurs within the ohmic potential
gradient. Here the question is how large such a holiday must be so that enough energy can be
transferred to the pipeline and a correspondingly large current flow can occur on the pipeline which

can then lead to a dangerous electrical potential between pipeline and soil at greater distances.

And more measurements on pipelines for confirming the value of the longitudinal impedance and
shunt admittance are needed, even if the first results are promising. The open question for these
parameters is how the value of the SPCR changes with the frequency of the interference and
whether environmental parameters also play a role because the SPCR is the most important pipeline

parameter.
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A Additional charts of chapter 2

A.1 Longitudinal impedance with varying specific soil resistivity
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Figure A-1: Comparison of the different formulas for the longitudinal impedance with varying specific soil resistivity for

16.7 Hz, divided up into real and imaginary part
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A.2 Longitudinal impedance with varying conductor diameter
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A.3 Full chart for the formulas for calculating the mutual impedances
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Punctured line: Real part of mutual impedance
Straight line: Imaginary part of mutual impedance
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C Additional voltage curves of chapter 4.7.2
C.1 “Ton” pylon 220 kV (PY1) — worst CC
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Figure C- 1: Maximum PIVs for the “ton”-pylon with the worst CC at different heights of EC
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Christian Wahl

C-IX




10 Appendix

C.2 “Tan” pylon 220 kV (PY2) — best CC
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Figure C- 3: Maximum PIVs for the “tan”-pylon with the best CC at different heights of EC
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Figure C- 4: Maximum PIVs for the “tan”-pylon with the best CC at different heights of EC; zoomed variant
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C.3 “Tan” pylon 220 kV (PY2) — worst CC

w
o

N
0o

N
o

N
B

N

N N
o
T

[
0o

=
o

=
B

[
N

[
o

0o

Maximum pipeline voltage U, [V]

o

4
2

0 — — m— —
-2000 -1750 -1500 -1250 -1000 -750 -500 -250 0 250 500 750 1000 1250 1500 1750 2000
Distance between overhead line and pipeline [m]

—-2m —0m —2m —5m —8m —1lm—14m—17m—20m —23m —26m —29m —32m

—35m —38m-—41m—44m —47m —50m ——53m 56m ——59m ——62m 65 m ==—None

Figure C- 5: Maximum PIVs for the “tan”-pylon with the worst CC at different heights of EC
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Figure C- 6: Maximum PIVs for the “tan”-pylon with the worst CC at different heights of EC; zoomed variant
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C.4 “Danube” pylon 220 kV (PY3) — best CC

The voltage curves in Figure C- 9 and Figure C- 10 serve as a starting point for the voltages in Figure
C- 7 and the ratios in Figure C- 8. For this purpose, the calculation method from chapter 4.7.2.1.1

for the vertical profile is used.
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Figure C- 7: Maximum PIVs for the “danube”-pylon at different heights of EC for specific distances
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Figure C- 8: Ratio for the “danube”-pylon with the best CC for different heights of the EC for specific distances, where

the reference value (value = 1) means using no EC for specific distances
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Figure C- 9: Maximum PIVs for the “danube”-pylon with the best CC at different heights of EC
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Figure C- 10: Maximum PIVs for the “danube”-pylon with the best CC at different heights of EC; zoomed variant
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C.5 “Danube” pylon 220 kV (PY3) — worst CC

The voltage curves in Figure C- 11 and Figure C- 12 serve as a starting point for the voltages in
Figure C- 13 and the ratios in Figure C- 14. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 11: Maximum PIVs for the “danube”-pylon at different heights of EC for specific distances
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Figure C- 12: Ratio for the “danube”-pylon with the worst CC for different heights of the EC for specific distances,

where the reference value (value = 1) means using no EC for specific distances
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Figure C- 13: Maximum PIVs for the “danube”-pylon with the worst CC at different heights of EC
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Figure C- 14: Maximum PIVs for the “danube”-pylon with the worst CC at different heights of EC; zoomed variant
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C.6 “Single-plane” pylon 220 kV (PY4) — best CC

The voltage curves in Figure C- 15 and Figure C- 16 serve as a starting point for the voltages in

Figure C- 17 and the ratios in Figure C- 18. For this purpose, the calculation method from chapter

4.7.2.1.1 for the vertical profile is used.
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Figure C- 15: Maximum PIVs for the “single-plain”-pylon at different heights of EC for specific distances
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Figure C- 17: Maximum PIVs for the “single-plane”-pylon with the best CC at different heights of EC
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Figure C- 18: Maximum PIVs for the “single-plane”-pylon with the best CC at different heights of EC; zoomed variant
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C.7 “Single-plane” pylon 220 kV (PY4) — worst CC

The voltage curves in Figure C- 19 and Figure C- 20 serve as a starting point for the voltages in
Figure C- 21 and the ratios in Figure C- 22. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 19: Maximum PIVs for the “single-plain”-pylon at different heights of EC for specific distances
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Figure C- 20: Ratio for the “single-plain”-pylon with the worst CC for different heights of the EC for specific distances,

where the reference value (value = 1) means using no EC for specific distances

Christian Wahl C-XVIII



10 Appendix

w » v ()] ~N
I I I I I
t t t t t

Maximum pipeline voltage U, [V]

N
}

3 e NS

0 I L L L L L L L L L L I
2000 -1750 -1500 -1250 -1000 -750  -500  -250 0 250 500 750 1000 1250 1500 1750 2000
Distance between overhead line and pipeline [m]
—-2m —0m —2m —5m —8m —1lm—14m—17m—20m —23m —26m ——29m —32m
—35m 38m 41m —44m 47 m 50 m ——53m 56 m ——59m 62 m 65 m ===None
Figure C- 21: Maximum PIVs for the “single-plane”-pylon with the worst CC at different heights of EC
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Figure C- 22: Maximum PIVs for the “single-plane”-pylon with the worst CC at different heights of EC; zoomed variant
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C.8 “Quadruple” pylon 380 kV (PY6) — best CC

The voltage curves in Figure C- 23 and Figure C- 24 serve as a starting point for the voltages in

Figure C- 25 and the ratios in Figure C- 26. For this purpose, the calculation method from chapter

4.7.2.1.1 for the vertical profile is used.
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Figure C- 23: Maximum PIVs for the “quadruple”-pylon at different heights of EC for specific distances

18 4
16 -
14 -
12

o N B O ®
P T T

-2 0 2 5 8 11 14 17 20 23 26 29 32 35 38 41 44 47 50
Height of the earthing conductor [m]

Ratio between no EC and given heights
of an EC

=0 =25 =A—50 =100 =#200 =®-500 —1000

53 56 59 62 65

Figure C- 24: Ratio for the “quadruple”-pylon with the best CC for different heights of the EC
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Figure C- 25: Maximum PIVs for the “quadruple”-pylon with the best CC at different heights of EC
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Figure C- 26: Maximum PIVs for the “quadruple”-pylon with the best CC at different heights of EC; zoomed variant
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C.9 “Quadruple” pylon 380 kV (PY6) — worst CC

The voltage curves in Figure C- 27 and Figure C- 28 serve as a starting point for the voltages in
Figure C- 29 and the ratios in Figure C- 30. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 27: Maximum PIVs for the “quadruple”-pylon at different heights of EC for specific distances
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Figure C- 28: Ratio for the “quadruple”-pylon with the worst CC for different heights of the EC for specific distances,

where the reference value (value = 1) means using no EC for specific distances
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Figure C- 29: Maximum PIVs for the “quadruple”-pylon with the worst CC at different heights of EC
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Figure C- 30: Maximum PIVs for the “quadruple”-pylon with the worst CC at different heights of EC; zoomed variant
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C.10“Single-Circuit” pylon 110 kV (PY10)

The voltage curves in Figure C- 31 and Figure C- 32 serve as a starting point for the voltages in
Figure C- 33 and the ratios in Figure C- 34. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 31: Maximum PIVs for the “single-circuit”-pylon at different heights of EC for specific distances
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Figure C- 32: Ratio for the “single-circuit”-pylon for different heights of the EC for specific distances, where the

reference value (value = 1) means using no EC for specific distances
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Figure C- 33: Maximum PIVs for the “single-circuit”-pylon with the used CC at different heights of EC
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Figure C- 34: Maximum PIVs for the “single-circuit”-pylon with the used CC at different heights of EC; zoomed variant
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C.11 “Ton” pylon with two ECs 220 kV (PY11) — best CC

The voltage curves in Figure C- 35 and Figure C- 36 serve as a starting point for the voltages in

Figure C- 37 and the ratios in Figure C- 38. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 35: Maximum PIVs for the “ton”-pylon with two ECs at different heights of EC for certain distances
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Figure C- 36: Ratio for the “ton”-pylon with two ECs and the best CC for different heights of the EC for certain

distances, where the reference value (value = 1) is always the case of using no EC for certain distances
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Figure C- 37: Maximum PIVs for the “ton”-pylon with two ECs and the best CC at different heights of EC
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Figure C- 38: Maximum PIVs for the “ton”-pylon with two ECs and the best CC at different heights of EC; zoomed

variant
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C.12“Ton” pylon with two ECs 220 kV (PY11) — worst CC

The voltage curves in Figure C- 39 and Figure C- 40 serve as a starting point for the voltages in
Figure C- 41 and the ratios in Figure C- 42. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 39: Maximum PIVs for the “ton”-pylon with two ECs at different heights of EC for certain distances
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Figure C- 40: Ratio for the “ton”-pylon with two ECs and the worst CC for different heights of the EC for certain

distances, where the reference value (value = 1) is always the case of using no EC for certain distances
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Figure C- 41: Maximum PIVs for the “ton”-pylon with two ECs and the worst CC at different heights of EC
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Figure C- 42: Maximum PIVs for the “ton”-pylon with two ECs and the worst CC at different heights of EC; zoomed

variant
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C.13 “Tan” pylon with two ECs 220 kV (PY12) — best CC

The voltage curves in Figure C- 43 and Figure C- 44 serve as a starting point for the voltages in
Figure C- 45 and the ratios in Figure C- 46. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.
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Figure C- 43: Maximum PIVs for the “tan”-pylon with two ECs at different heights of EC for certain distances
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Figure C- 44: Ratio for the “tan”-pylon with two ECs and the best CC for different heights of the EC for certain

distances, where the reference value (value = 1) is always the case of using no EC for certain distances
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Figure C- 45: Maximum PIVs for the “tan”-pylon with two ECs and the best CC at different heights of EC
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Figure C- 46: Maximum PIVs for the “tan”-pylon with two ECs and the best CC at different heights of EC; zoomed

variant
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C.14 “Tan” pylon with two ECs 220 kV (PY12) — worst CC

The voltage curves in Figure C- 47 and Figure C- 48 serve as a starting point for the voltages in
Figure C- 49 and the ratios in Figure C- 50. For this purpose, the calculation method from chapter
4.7.2.1.1 for the vertical profile is used.

—_ E1 E2
=36

£32

?n' 28 i
s

S 20
216 -
812 - e
s 2
%0 e e i
2 2 0 2 5 8 11 14 17 20 23 26 29 32 35 38 41 44 47 50 53 56 59 62 65 None
Height of the earthing conductor [m] v

~4—0 ~@-25 —A-50 =100 -%#-200 -®-500 -+-1000

Pylon number twelve (PY12)

Figure C- 47: Maximum PIVs for the “tan”-pylon with two EC2 at different heights of EC for certain distances
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Figure C- 48: Ratio for the “tan”-pylon with two ECs and the worst CC for different heights of the EC for certain

distances, where the reference value (value = 1) is always the case of using no EC for certain distances

Christian Wahl C-XXXII



10 Appendix

w
o

w
N

N
-]

N
B

N
o

[y
a

-
N

Maximum pipeline voltage U, [V]

N
/

4
0 o L T T % T L T L T % T L B L o
-2000 -1750 -1500 -1250 -1000 -750 -500 -250 0 250 500 750 1000 1250 1500 1750 2000
Distance between overhead line and pipeline [m]
—-2m —0m —2m —5m —8m —I1lm—14m—17m—20m —23m —26m —29m —32m
—35m —38m——41m —44m ——47m —50m ——53 m 56m ——59m ——62m 65 m ===None
Figure C- 49: Maximum PIVs for the “tan”-pylon with two ECs and the worst CC at different heights of EC
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Figure C- 50: Maximum PIVs for the “tan”-pylon with two ECs and the worst CC at different heights of EC; zoomed

variant
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D Additional voltage curves of chapter 5

D.1 Two parallel overhead lines next to one pipeline
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Figure D-1: Maximum PIVs for the combination of PY1-best with PY1-best for the same and the reversed current

direction for distances of +/- 2000 m
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Figure D-2: Maximum PIVs for the combination of PY1-worst with PY1-worst for the same and the reversed current

direction for distances of +/- 2000 m
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Figure D-4: Maximum PIVs for the combination of PY1-worst with PY2-worst for the same and the reversed current
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Figure D-6: Maximum PIVs for the combination of PY1-worst with PY3-worst for the same and the reversed current

direction for distances of +/- 2000 m

Christian Wahl D-XXXVI




10 Appendix

L

%

%

3

X

R

5%
o

e
R

%a%

IXTXZ
fetetetes

oo
R

PY1 - best PY6 - best

Maximum pipeline voltage U, [V]

N\

=
-

— ‘

ol LN M |
-2000 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Distance between overhead line and pipeline [m]

——PY1-best ——PY1-best + PY6-best with Ml ——PY1-best - PY6-best with Ml
——PY1-best + PY6-best without Ml PY1-best - PY6-best without MI

Figure D-7: Maximum PIVs for the combination of PY1-best with PY6-best for the same and the reversed current

direction for distances of +/- 2000 m
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direction for distances of +/- 2000 m

Christian Wahl D-XXXVII




