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ABSTRACT

Connection of the potentially hazardous conducting parts of electric power plants with
ground is the cheapest and most reliable way of providing safe conditions for staff and
equipment of the power plant. The performance of the grounding mostly depends on the
soil structure and its characteristics such as temperature, salts and acids presence,
dampness etc. A grounding grid is buried in soil surface so that a visual inspection of its

condition is difficult.

One of the main goals for grounding is to provide a continuous path for currents that
may otherwise present hazard to the staff and equipment by dissipating the energy to the
soil. For some cases it is to provide equipotential distribution throughout the territory of
the power plant (substation). Both criteria can be met by only physically integrated
grounding device. In situations of damaged grounding, safety parameters may be
breached which may potentially result in electrocution of the staff and failure of the

equipment.

Nowadays standardized and scientific techniques allow us to investigate a wide range of
the grounding devices’ characteristics but unfortunately it is not enough for a compre-
hensive representation. Using technical data, it is only possible to estimate an area
where damaged elements can potentially be. But they do not provide the information

about exact location of the damaged element and its’ failure.

The proposed study sets up electric characteristics and features of the processes in
grounding for different regimes. One of the parts of the analysis is dedicated to the de-
termination and description of the processes with respect to a single horizontal element

of the grounding grid. It then describes the features of the current and magnetic field

XV



distribution for the integrated and damaged horizontal element of the grid. A novel fre-
guency response part of the analysis has also been carried out in order to establish a fu-
ture investigative method using frequency of a test signal. The final part combines the
parameters of the horizontal and vertical elements and their mutual coupling for the
purpose of safety parameters evaluation. This part also describes distinctive features of
the current and potential distribution in case of presence of the damaged horizontal ele-
ments. It includes not only mathematical but also a computer modelling of the process-
es. The exploration is intended to establish comparative performance of grounding with

and without damaged horizontal elements.

The experimental part of the work validates and justifies the afore-described mathemat-
ical theory and formulation. It is also aimed at determination of the most appropriate

parameters of the test signal for monitoring the health of the grounding devices.

This work also suggests a technical solution in terms of sequence of steps for the
grounding devices’ investigation and a device which is capable of location of the dam-

aged elements and position of failure.

Overall, this research is focused on creation of a new approach towards establishing
condition monitoring of grounding integrity. Considerable benefits such as time and la-
bour reduction for the grounding devices investigation with increase of accuracy of fail-

ures location can be achieved by using this proposed technique.

XVi



CHAPTER 1: INTRODUCTION

1.1 Introduction

The widespread use of electricity in all sectors of industry, transport, agriculture and
households has led to a significant increase of personnel associated with the operation
of electrical infrastructure. In this regard, issues of electrical safety when servicing elec-
trical equipment has acquired growing importance. The ways to improve electrical safe-
ty conditions are the establishment of new principles and methods of protection, taking

into account advances in science and practice of electrical safety.

Electric power plant itself is a complex system consisting of high voltage apparatus,
switchgear equipments, buildings and auxiliary units. It is necessary to provide normal
and safe operating condition for staff and equipment. One reason for increased risk dur-

ing a short circuit condition is due to ineffective integrity of the grounding devices.

A grounding device is one of the most important parts of electric power plants. It is not
only protection from electrocution of staff and equipment damages but also in some

cases a return circuit for load current.

The performance and reliability of grounding devices depends on its structural integrity.
If grounding conductors are damaged, it may malfunction protective relay operation and
therefore circuit breaker nuisance tripping. It also may result in failure of the grounding
device itself, secondary circuits’ cables and elements such as protection devices and etc.
The circuits may attain unacceptable values when short-circuit fault currents occur in

the network.



Since grounding grids are buried in the ground and their characteristics are influenced

by surroundings it is challenging to find damaged horizontal elements in them.

The main purpose of this work is to investigate, describe and understand grounding de-
vices’ behavior for a range of scenarios and develop a new way to carry out their condi-

tion monitoring.

The features of the current and potential distribution in the grounding grids with dam-
aged horizontal elements revealed within this research have never been described or in-

vestigated before.

The mathematical and computer modeling undertaken in this study explains new scenar-
ios and regimes of the damaged grounding grids and compares them with the regimes of
the grounding without damages. This analysis shows new distinctive patterns of the
electrical characteristics of the grids with and without damaged horizontal conductors.
It also enables safety parameters’ prognosis in case of damaged elements presence

which can significantly improve safety conditions at power plants.

Above mentioned features of the current and potential distribution in the grids with
damaged horizontal elements are used for the development of a new technique and a
device for the grounding investigation. Technical solutions described as sequence of
steps for the grounding investigation technique are unique as well as main functional
blocks of the device for such investigation. This new technique and the device can be
implemented in conjunction with existing tools for the grounding investigation with
significant improvement of accuracy for damages pinpointing and reduction of labor

and time for the monitoring.



1.2 Background

Undoubtedly earlier development in regards to electric safety appeared during the initial
days of electric power use in the 19" century. It was during those times when first
grounding systems were implemented in order to prevent people from electric shocks.
There have been a lot of changes, evolutions and choices of grounding systems but the
main principle of connecting frames with the ground to provide safety remains the

Same.

Along with the development and evolution of these systems different criteria for their
technical performance evaluation have been implemented. The main standardized pa-
rameters for such evaluation became: resistance of the grounding device; value of the
potential in the most dangerous points of electric power plant and in the grid of the
grounding device; testing the integrity of the ground grid (IEEE Guide for Measuring
Earth Resistivity, Ground Impedance, and Earth Surface Potentials of a Grounding
System, 2012; IEEE Guide for Safety in AC Substation Grounding, 2000; IEEE
Recommended Practice for Grounding of Industrial and Commercial Power Systems,
2007). Meanwhile there has been a substantial scientific research as well in the area of
the grounding devices integrity assessment (Jowett, 2008; Ma & Karady, 2009; Ma,
Karady, & Kucuksari, 2010; B. Zhang, Zhao, Cui, & Li, 2002). The main focus of the
research is to develop a condition monitoring technique that will provide the best solu-
tion for the grounding devices in terms of lowest time and labour needed and the highest
accuracy for failures detection. So it is very important and necessary to find new dis-
tinctive features of the grounding devices’ behavior in order to establish a new way of

their condition monitoring.



1.3 Rationale

Growth of power systems networks and increasing level of the power consumption has
resulted in increase of the short circuit power as well. Higher level of the short circuit
currents’ magnitude, in its turn, leads to higher voltage on the grounding and on the sur-
face of ground as well. Even though initially the grounding device complies to all
standard requirements, with passage of time due to influence of aggressive environment
and above-mentioned features there is a probability of failure of horizontal elements of
the grounding grids. In turn, it can result in safety parameters deterioration with hazard-

ous operating environment for the equipment and staff.

The research work presented in this thesis will apply a mathematical analysis, computer
modeling and experimental investigation to describe the processes in grounding grids
due to violation of the integrity of its’ horizontal elements compared with the scenario
without damaged horizontal elements. Revealed features will be identified as the basis
of a new technique and help developing a device to monitor the technical integrity of

grounding.

1.4 Significance

Several significant outputs have been identified through this research. Firstly it is a de-
velopment of fundamental understanding of the differences in processes of the current
and potential distribution in certain horizontal element when it is damaged or physically
integrated. Also it is a creation of the current and potential distribution “pattern” over
the whole grounding grid with or without damaged horizontal elements by means of
analysis calculation and computer modeling taking into account various system operat-

ing conditions. This will provide a possible prognosis of the safety parameters changes



at the territory of electric power plant due to presence of the damaged elements. Main
distinctive features of the above mentioned processes will benefit not only towards lo-
cating each damaged horizontal element but also a certain point of its failure. This will
help to increase the accuracy of the grounding investigation and reduce time and labour
needed for it compared with the existing methods and techniques. Also it will eliminate

any diggings and tripping to access buried grounding.

1.5 Structure of the thesis

This thesis comprises 7 chapters. The first introduction chapter which presents the
background of this research describes rationale and significance of the conducting this

work and finally, presents an overview of the structure of the thesis.

The second chapter is a literature overview that provides a summary of the historical
development and evolution of the grounding, its importance for providing safety and
parameters that are used for the safety conditions evaluation. The literature review con-
tinues with the possible issues in case of violation of connection between different parts
of the grounding grid compared with the normal operating regime. The overview is ex-
tended with the description of modern technical methods and techniques which are able
to investigate the grounding devices technical characteristics. This review comprises
both standards and scientific resources. Finally, this chapter explores potential ways of

improvement for the grounding devices monitoring methods.

Chapter 3 is dedicated to mathematical analysis of the processes of current and potential
distribution over a certain horizontal element when it is damaged compared with the
case of its normal integrity. This part of the chapter presents the methodology to model

a magnetic field distribution behavior as a function of current distribution in the conduc-



tor. The chapter also includes frequency response analysis of the grounding elements

and a comparison of its parameters with that using the fundamental one.

Chapter 4 deals with the safety parameters evaluation and a potential distribution “pat-
tern” over the grounding device as a whole with and without damaged horizontal con-
ductors. Both mathematical and computer modeling are used. The chapter concludes

with remarks on the characteristic features revealed during the analysis.

Chapter 5 presents the experimental study on the processes in the grounding grids. The
chapter begins with the investigation of the most suitable characteristics for a test signal
used for integrity monitoring. Then the research proceeds with the description of the
grounding device under test, experiments carried out and the equipment required for the
experiment. The chapter moves ahead with highlighting of the results of each experi-

mental part to be done and concludes with remarks on investigation conducted.

Chapter 6 starts by listing main principles and requirements that provide the basis of a
new technique and a device for the grounding monitoring. A possible structure of this
device and sequence of technical steps of the technique are described. The research con-
tinues with a detailed explanation of the device units’ design schemes and timing dia-
grams of its performance. The chapter concludes with an algorithm for the new tech-
nique’s procedure in order to provide a complete investigation of the grounding device

technical condition.

Chapter 7, the last chapter, briefly summarizes the research carried out and draws rele-
vant conclusions. Finally, the chapter proposes the recommendations for further re-

search and future work.



CHAPTER 2: GROUNDING DEVICES

The chapter reviews main aspects of the grounding devices’ performance, its role in
providing safety, historical evolution from early days when grounding was used in order
to provide safety and the main parameters that were utilized to estimate safety condition

at the electric power plants.

2.1 Importance and role in industrial area

According to world statistics, annually there are 3-10 fatal accidents per million inhabit-
ants in different countries per year. Deaths from electrocution in different countries vary
between 9%-10%, which is 10-15 times greater than from other injuries. Annually from
1,000 to 1,200 people die due to electrocution in the US and about 250,000 people
throughout the world. Electric shocks are 2%-2.5% among other injuries, 60% of all
electrical accidents occur as a result of safety violations, 40% are the result of slack in
safety aspects in designing power networks, equipment and installations (U.S.

Department of Health and Human Services, 2008).

One of the reasons of ineffective operation or failures in operation of relay protection
circuits or secondary commutation circuits in case of short circuits’ appearance is the

ineffective condition of grounding devices.

Because of an increasing penetration of modern microelectronic devices at electric
power plants, in industry, transport and communication the problem of their electro-
magnetic compatibility appeared (Haddad, Warne, & Institution of Electrical Engineers,
2004). The problem solution to address this is not possible without the correct operation

of the grounding devices.



And of course, the main function that the grounding provides is safety for people who
may be in contact with equipments of the power plant. Human operating safety is para-
mount and therefore keeping the grounding in order is vital (Cooper & Dolbey Jones,

1997).

A reliability of electric equipment operation and electric safety of a staff depends on the
technical condition of the grounding devices. A peculiarity of the grounding devices is
that their characteristics are changing constantly because of an influence of factors such
as soil structure, dampness, presence of salts and acids, electric corrosion, some separate
elements destruction because of freezing process etc. Meanwhile a visual assessment of
the grounding devices’ technical condition is not possible without actual digging. As a
result, in time, there is a possibility of rise of the grounding devices current spreading
resistance, horizontal elements ruptures that can lead to failures in operation of second-
ary commutation circuits in case of short circuits under abnormal operating conditions
and also to a high voltage appearing on electrical equipments’ frames, damages of insu-
lation, thermal and electrical injuries of people. There is even a possibility of events
when grounding devices meets the regulatory requirements but are often unsuitable for
use in terms of the electromagnetic compatibility - when faults can damage or lead to
malfunction of the secondary circuits’ cables and relay protection and automatic sys-

tems.
2.2 Historical development and evolution

Towards the end of 19" century following initial installations and use of electric energy
led to better understanding of high voltage (more than some dozens volts) use hazard
especially with respect to AC current. There were no standards that could provide ade-
quate information for people and fire protection (Bernard Lacroix & Calvas, 1998).
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In the early period of development of three-phase power systems, it was a common
practice to isolate neutral points and operate the system in an ungrounded state. In the
UK, the majority of the high voltage systems were operated this way until 1912, and in
Germany this was the case until 1917. However, as power systems grew in size, prob-
lems with this method of operation emerged because the magnitude of ground fault cur-
rent in an ungrounded system increases with the phase-to-ground capacitance of the
network. Above a certain current threshold, persistent intermittent arcing will occur dur-
ing the fault resulting in damage to equipment close to the arcing fault. Also, damage
can occur to the other parts of the network as a result of high magnitude overvoltages
that are developed. Therefore, the permanent single-phase-to-ground fault on such sys-
tems becomes unmanageable and fast fault detection and isolation, or alternatively

methods of suppressing the arc, are required.

The first requirements to ground equipment frames appeared in France in a “standard”
for electrical installation in 1923. The standard provided absolutely no information on
grounding conditions or on the value of ground connection resistance, and stipulated no
protection device. Meanwhile the requirement for a ground leakage trip operating at

30mA or less was introduced in the UK in 1930.

Subsequently with a wide spread and growth of power supply industry in many coun-

tries standardized requirements to grounding improved significantly.

Nowadays, some parts of high voltage networks still operate ungrounded because it can
be advantageous, under certain circumstances. However, the most commonly recom-
mended practice is to ground at list one neutral point of the network, and there are im-

portant advantages in operating the systems in this way. The main advantage is that the



power system is safer because ground faults are easier to detect, to clear and to locate

(Jones, Jones, & Mastrullo, 2011).

According to how the neutral is connected to ground, grounded systems are categorized
as either solidly grounded or impedance grounded. Impedance grounded systems can be

classified as resistance, reactance or resonant type.

The three grounding systems (TN, TT and IT) internationally standardized finally have
been adopted in many national standards. Each of these systems had its own advantages
and disadvantages but they all ensured safety of persons (Electrical Installations for

Buildings, 2005). All the three systems described above are defined as follows:

e The TN system: The transformer neutral is grounded. The frames of the electri-

cal loads are connected to the neutral.

e The TT system: The transformer neutral is grounded. The frames of the electri-

cal loads are also connected to the ground connection.

e The IT system: The transformer neutral is not grounded. The frames of the elec-

trical loads are connected to the ground.

2.3 Soil resistivity

The ground is a poor conductor and, therefore, when it carries high magnitude current, a
large potential gradient will result and the grounding system will exhibit a ground po-

tential rise (GPR).

Soil and rock resistivity may vary considerably from region to region, and it is rarely
constant either vertically or horizontally in the area of interest around an electrical in-
stallation. The magnitude of power frequency ground fault currents can range from a
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few kA up to 20-30 kA, and ground impedances of high voltage substations may lie in
the range from 0.05Q2 to over 1Q (IEEE Guide for Safety in AC Substation Grounding,

2000).

The following factors will affect the resistivity of the ground and, hence, the resistance

to ground of the electrodes:

1. Type of soil (e.g., sand, clay, rich soil, swamp).

2. Moisture content (e.g., after a rain or during a drought).

3. Salt content.

4. Temperature.

5. Frequency of injected signal and its waveshape (e.g., dc, 60 Hz, or transient signals).

6. Stratification (e.g., layer of top soil, followed by clay, followed by rock).

7. Density of soil (i.e., packing of the soil) and grain size (e.g., fine soil, large clumps).

8. Depth.

9. Season.

10. Nearby objects (e.g., metal pipes, concrete slabs, buried tanks, fences).

11. Surface topography.

Since water is conductive and electrolytic, it should not be surprising that the quantity
and type of water and salts in the ground will influence the ground's resistivity. When
the moisture content increases from nearly 0% up to about 14-18%, the resistivity de-

creases considerably. After this percentage, the rate of decrease is very slow. Usually,
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soil has moisture content above 40%. A large quantity of water does not imply that the
resistivity is low. Sand saturated with distilled water does not have the same low resis-
tivity as garden soil lightly watered with well water. Compared to metals, the conductiv-

ity of most soils is extremely poor.

The conductivity of the upper layer of the ground can be greater than the lower layers,
especially when the top layer is a rich top soil. In this case, generally the upper layer
will carry most of the current of an electrode (if not driven too deeply). Sand and bed-

rock near the surface usually imply a high resistivity (Yacobs, 1981).

For shallow grounding electrodes, the temperature is important. Generally, the resistivi-
ty decreases as the temperature increases. At low temperatures, the ground water can
freeze increasing the resistivity of the soil. This increase in the resistivity is (one reason)
why it is recommended that the tip of a grounding rod be placed at least below the frost
line. As the water is evaporated from the soil, the resistivity can also increase. The sta-
bility of the grounding system (i.e., variation of the resistance over time) is often en-

hanced by increasing the depth of the electrodes.

High levels of current can dry up the soil, increasing its resistivity. In some older power
systems, the neutrals may be connected via the earth ground. This can be a continuous

source of high level current (Kaiser, 2005)

Apart from satisfying electrical safety, the grounding system should also have sufficient
mechanical strength and be corrosion resistant, and the system should have adequate
thermal capability for carrying the maximum fault current. These aspects are dealt with

in detail in most standards about grounding (Short, 2003).
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2.4 Safety parameters

Grounding devices apart from providing safety and in some cases a return circuit for
load currents also provide an equipotential distribution of the voltage on the surface of

the ground at power plants (Natarajan, Imece, Popoff, Agarwal, & Meliopoulos, 2001).

As seen from Figure 2.1, when two parts of the grounding grid of AC transit substation
are bonded together with proper integrated conductors there will be no substantial po-
tential difference amongst the point of enclosures. But if one of the conductors is dam-
aged, it will increase the value of the current and the voltage in the other one. Such
overvoltage can create the situation when the second conductor will be damaged due to

overheating. Once this happens the integrity of the grounding is affected.
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Figure 2.1: High potential appearance in a transit substation
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The picture in Figure 2.1 is an example of the grounding device of AC substation when
switchyards of different voltages and parts of the power plant are connected together by

means of horizontal conductors or sheaths of cables.

The most important parameters of electric safety at power plants are touch voltage and
step voltage (Cooper & Dolbey Jones, 1997; IEEE Guide for Safety in AC Substation

Grounding, 2000) as shown in Figure 2.3.

As from (IEEE Guide for Safety in AC Substation Grounding, 2000):

Step voltage: The difference in surface potential experienced by a person
bridging a distance of 1 m with the feet without contacted any grounded ob-

ject.

Metal-to-metal touch voltage: The difference in potential between metallic
objects or structures within the substation site that may be bridged by direct

hand-to-hand or hand-to-feet contact.

Step voltages are normally less hazardous than touch voltages for two reasons:

(1) The human body can tolerate higher voltages across the foot-to-foot current path

(step) compared to the hand-to-feet path (touch);

(2) For any given position, the step voltage is lower than the prospective touch voltage.

According to the experimental data described in (IEEE Guide for Safety in AC
Substation Grounding, 2000), the resistance of the human body for hand-to-hand con-
tact is equal to 2330Q. The hand-to-feet resistance is equal to 1130Q. But in general for

the human body, it is suggested to use value of 1000L.
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It should be remembered that the choice of 1000Q resistance value relates
to paths such as those between the hand and one foot or both feet, where a
major part of the current flowing from one foot to the other is far less dan-
gerous. It is generally agreed current flowing from one foot to the other is

far less dangerous.

Usually the grounding grids’ construction for power plants is a grid buried into the soil
at approximately 1 meter depth. This grid contains horizontal elements bonded together
and connected to the equipment enclosures and other parts of the plant. The grid in-
cludes meshes of the horizontal elements located throughout the territory of the power
plant. In addition to the horizontal grid, sometimes vertical electrodes can be added to it.
The number of vertical electrodes, their length (several meters), diameter and location
are determined by the climate conditions, geometry of the power plant, resistivity of the
soil and some other reasons. The vertical electrodes are also bonded to the horizontal

grid.

The location of the worst-case step voltage is accepted by both UK and US standards to
be the potential difference across the ground surface one meter diagonally out from the
corner of the grid (IEEE Recommended Practice for Grounding of Industrial and

Commercial Power Systems, 2007).

While the grounding grid does not have damaged elements, the ground potential is not
uniform but it has rates of change that are sufficiently limited so that a step or touch po-
tential is not fatal as shown in Figure 2.2. When the vertical electrodes are close to each

other, the curve of the potential distribution will be close to an ideal horizontal line.
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Figure 2.2: A curve of potential distribution on the surface

This means that under both normal and abnormal operating conditions all the equipment
enclosures and staff will have no potential difference among the perimeter of a power

plant (Vstep and Viuena in the Figure 2.3).

In case of the presence of horizontal elements’ damages an uneven potential distribution
appears on the surface of the ground. The profile of the potential curve in Figure 2.3 in
such conditions will not have uniform distribution and this fact can lead to the substan-
tial step voltage appearance. Especially it can be dangerous on the surface above the
edge meshes of the grid. Value of the potential difference may exceed the breakdown
voltage of the secondary circuits’ cables insulation and in the worst situation may result
in the common-mode failure of relay protection and circuit breakers. Such situation can
result in the most dangerous consequences for staff and equipment (Viouchz in Figure

2.3).
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Figure 2.3: Touch and step voltage exposure

As it can be seen from Figure 2.3, if the grounding grid is integrated then the values of

step and touch voltages are small (Viouch1 and Veeps). If the grid has a damaged horizon-

tal element then the curve of the potential is not uniform anymore and thus, one can ex-

pect an increase of safety parameters values (Viouch2 and Vstepo).

Some of the main examples of the elements breakages are shown in Figure 2.4.
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Figure 2.4: Grounding device with damaged horizontal elements and grounding conductors

(pigtails).

17



The figure represents possible damages of the grounding elements. The damaged hori-
zontal elements are shown as 2 in the figure when 1 is a damaged grounding conductor

which connects the enclosure with ground.

2.5 Existing techniques and methods for the grounding devices’ inves-

tigation and calculation

Typically, approximately 80%-90% of the whole elements of a grounding device are
horizontal elements. It means that integrity of the whole grounding device depends on

the integrity of its horizontal elements.

The grounding device’s horizontal elements are to be more susceptible to deterioration
in a corrosive environment than the vertical ones. Being in a soil superficial stratum, the
horizontal elements are exposed to air oxygen more than vertical elements. As a result,

the horizontal elements are more prone to be corroded.

The existing technology of grounding devices is currently determined by measuring
their parameters as follows: (i) resistance of the grounding device to ground; (ii) value
of the potential in the most dangerous points of electric power plant and in the grid of
the grounding device; and (iii) testing the integrity of separate parts of the grounding
(IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface
Potentials of a Grounding System, 2012; IEEE Guide for Safety in AC Substation
Grounding, 2000; IEEE Recommended Practice for Grounding of Industrial and

Commercial Power Systems, 2007).

It means that all grounding devices associated with the processes of safe electric energy
generation, conversion, transformation, transmission, distribution and consumption and
also associated with the lightning protection must satisfy the basic rule of electric safe-
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ty. All available touch exposed conductive parts of grounding devices, adjacent conduc-
tive parts, grounding conductors and also conductive parts of the return circuits, includ-
ing rails, cable sheathing must be safe for direct contact with them under normal opera-
tion, in case of hazardous insulation damages and with an impact of the lightning cur-

rent as well (O'Riley, 2002).

Unfortunately, the above mentioned measurements do not show a complete picture of
the grounding devices state, because the actual configuration of the grids and character-
istics of its elements change within the period of operation and may do not meet the re-
quirements of normative documents. It may result in the outages of the grounding de-
vices main functions and growth of GPR, touch and step voltages, uneven potential dis-
tribution. And at the same time, even if the resistance of the grounding device is low
with a tendency of single-phase-to- ground current increasing the GPR can be substan-

tial and exceed limited values especially when some horizontal elements are damaged.

There are several existing publications highlighting proper design, use, maintenance and
monitoring of the grounding devices’ characteristics which provides information about
proper evaluation, installation and connection at the initial stage of the grounding devic-
es’ “life” (IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth
Surface Potentials of a Grounding System, 2012; IEEE Guide for Safety in AC
Substation Grounding, 2000; IEEE Recommended Practice for Grounding of Industrial

and Commercial Power Systems, 2007).

According to (IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and
Earth Surface Potentials of a Grounding System, 2012), the objective is to determine

whether the various parts of the ground grid are interconnected with low resistance cop-
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per. This copper is shunted by the surrounding ground, which usually has very low im-

pedance.

The ammeter-voltmeter method, using alternating current, cannot be used satisfactorily
for this test. The reactance of a large copper wire in this case is shunted by the surround-
ing ground, a path which may have slightly less reactance than the wire. Therefore, a
continuity test for buried wire would give indeterminate results if alternating current

was used.

The practical integrity test consists of passing about 5 A into the ground grid between
two points to be checked. The voltage drop across these points is measured with a milli-
voltmeter or portable potentiometer and the effective resistance is calculated from the

current and voltage readings.

This method is able to approximately identify the fact of integrity failure but cannot

identify the location or establish if all elements are fine.

Other methods discussed in literature are summarized as follows: (Dawalibi, 1986; Ma
et al., 2010) introduces the method when current with value about 150-200 A and fre-
quency not 60 Hz is injected in a grounding device between two points (pigtails) that
are located not far from each other. This method is different from (B. Zhang et al., 2002)
in that the injected current is required to be around 200 A and its frequency is not 60 Hz
or 60 Hz harmonic. Conclusion about the possibility of broken (corroded) element is

made when weak magnetic field is captured above the elements.

However, all experiments were conducted when a substation was under construction

and there was no power frequency magnetic field influence on the experimental setup.
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Another method is described in (Jowett, 2008) when broken conductors are identified
by substantial difference between the theoretical and simulated magnitudes of the leak-
age currents. In the method a high frequency current (up to 1 MHz) is injected into the
ground grid and potential values are measured over the surface of the grid. A similar
approach is highlighted in (Giannini & Dzapo, 2004) where faults are not precisely pin-
pointed, but by isolating a faulty current path, the work of excavation and repair is

markedly reduced.

A device introduced in (L. D. Grcev, 1996) is designed to perform all required voltage
measurements under conditions described in standards (IEEE Guide for Measuring
Earth Resistivity, Ground Impedance, and Earth Surface Potentials of a Grounding
System, 2012; IEEE Guide for Safety in AC Substation Grounding, 2000). It is based on
the heavy current method procedure in large substation grounding systems inspections
when the measuring current of the main frequency (50 Hz or 60 Hz) is injected into
grounding system, providing a source of induced surface potentials. The device consists
of two parts, (i) the IMD (intelligent measuring device) and (ii) the accompanying IPE

(integrated program environment) for a personal computer.

None of these methods determine a possible breakage indication, particularly the esti-

mated location of the horizontal element’s damage.

Details about the calculation of a grid resistance, effect of ground non-uniformity, the
highest possible short circuit current and determining the substation GPR (ground po-
tential rise) are available from (L. D. Grcev, 1996; Hickey, 2002; IEEE Standard for

Qualifying Permanent Connections Used in Substation Grounding, 2003).
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Most of the mathematical modeling for grounding devices is based on the circuit theory
or electromagnetic field theory. The common feature of the models is currents calcula-

tion and evaluation of the potentials across the grids conductors.

One of the computer models, based on electromagnetic field theory, for transient analy-
sis of a network of buried and above ground conductors is described in (Dzapo &
Giannini, 2003). In this analytical model, the current distribution is determined by the
sinusoidal approximating function when current is considered to be zero at the end
points of the segments and rises sinusoidally to a maximum at the junction point of the

segments.

Assumptions made include (i) the total current in the conductors is filamentary line cur-
rent in the conductors’ axis; (ii) the current on open end points is assumed to be zero;
(iii) the soil is modeled as linear and homogeneous half-space characterized by conduc-

tivity, permittivity and permeability constants; and (iv) neglect of the soil ionization.

Reference (Yang & Pan, 2008) focuses on the description of a program support com-
puter visualization model which helps a user to look at the whole ESP (ground surface
potentials) map of power substations. In fact, it comes down to work on the image pat-
tern of potential distribution on the surface of the ground with already pre-measured or

calculated potential magnitudes.

The work shown in (Li, Chen, Fan, & Lu, 2006) and (Huang & Kasten, 2001; Selby &
Dawalibi, 1994), introduces a mathematical model, based on the theory of electromag-
netism, combined with the moment method and electrical network model techniques.
The model for calculating of the magnetic source currents distribution of a grounding

system with or without floating metallic conductors in AC substations is presented. Both
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leakage currents and their mutual coupling influence are considered in the calculation.

The ground is considered as multilayer conductivity medium.

There is also a range of research papers regarding the problem of the grounding devices

corrosion and its influence on the safety conditions.

In (Otero, Cidras, & Alamo, 1999), the authors proposed a new method of corrosion di-
agnostics of the grounding devices’ elements with a similar approach to that of (Liu,

Xiao, & Tian, 2010).

Major engineering project companies and grounding equipment manufacturers now
have in-house computer programs to evaluate different substation grounding arrange-

ments (Hu et al., 2000).

As one can see mathematical studies presented in the above referred papers do not re-
veal the processes taking place in the grounding devices with damaged horizontal ele-

ments and do not provide possible changes to safety parameters in such cases.
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CHAPTER3: MATHEMATICAL ANALYSIS OF THE

PROCESSES IN ELEMENTS OF GROUNDING

Chapter represents several measures such as reviewing and investigating of the state-of-

the-art of grounding devices design as presented in the previous chapter.

The study presented in this chapter is a development of a mathematical apparatus in or-
der to clearly understand processes taken place in the grounding devices in different re-
gimes of its operation. Such an analysis is paramount for the future understanding and

detection of the processes’ distinctive features.

The analysis carried out in the chapter comprises three stages. The first stage will be
dedicated to a frequency response analysis of the grounding elements and a comparison
of its parameters with the one considering the fundamental frequency. Furthermore, the
results of this evaluation will be used to establish a test signal frequency for the moni-
toring of the grounding devices. The second stage will present the methodology to mod-
el a magnetic field distribution behaviour as a function of current distribution in a sepa-
rate conductor. This analysis represents features of the magnetic field behaviour over
the damaged element compared with that without failures. The final stage will present
an evaluation of the grounding elements impedances and their mutual influence on each

other.
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3.1 Frequency response on the grounding elements’ characteris-

tics

The basic function of the grounding devices is to create a parallel path for faults cur-
rents (short circuit currents, induced currents, lightning etc) and effectively disperse

them into ground without causing any hazard to people or damage to installation.

Grounding devices may be affected by currents of different frequencies due to a range
of processes at power plants. They can be influenced by low frequency currents during
normal operation and short circuits and they also may have high frequency influence

during lightning strokes.

Under low frequencies, grounding devices are supposed to behave like pure resistances
with very good and effective operation. But with the increase of the frequency factor
inductive and even capacitive characteristics of the grounding devices can manifest.
This may result in variation of the current and potential distribution along the grounding

device and deterioration of its efficiency.

Figure 3.1 represents an example of 60 (50) Hz current distribution through the ground-
ing grid. The current is distributed according to the resistance of the parts of the grid
with respect to the current injection point. The total current flowing to the right hand
side of the grid (see Figure 3.1) will have a higher percentage compared to the current
flowing to the other parts of the grid because it has more elements compared with the

other parts of the grid.

Taking into account the fact that elements of the grounding device can be evaluated as
pure resistances it is possible to calculate voltage distribution throughout a power plant
area. Please note that the curve represented in Figure 3.1 is an ideal case.
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Figure 3.1: Current and potential distribution under 50 (60) Hz

Another figure representing the parameters distribution in grounding may have appeared
when the frequency range differs from the fundamental one. In this case the impedances
of grids elements may have another features and values. With the increase of frequency
one can expect the increase of the reactive component and as a result a substantial influ-
ence of capacitance emerges. All of these can result in higher magnitudes of the hazard-

ous potentials on the grounding grids.

Such an evaluation is also important to obtain a test signal frequency which will not

change its pattern due to processes in the grids while monitoring.

The frequency-dependency of grounding systems have been addressed by means of dif-
ferent models that can be classified as: (a) models based on the quasi-static approxima-
tion and circuit models (e.g. (Olsen & Willis, 1996; Rudenberg, 1945)), (b) transmission
line models (e.g. (Mentre & Grcev, 1994; Papalexopoulos & Meliopoulos, 1987)) and

(c) full electromagnetic-models (e.g. (L. Grcev & Dawalibi, 1990)).
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Initially, mathematical models with regards to currents flow from the grounding device
into soil begun from R. Rudenberg and his work in this area (Rudenberg, 1945). He de-
scribed a fundamental behavior of grounding in the soil. A number of other authors
have dealt and worked on the same area as well (Bourg, Sacepe, & Debu, 1995; L.
Grcev & Popov, 2005; Llovera, Lliso, Fuster, & Quijano, 2008) and (L. Zhang, Pan,
Tan, & Wen, 2009). All of them have a common analysis approach of the impedance of
the grounding devices’ elements. They highlight three main components in the total im-
pedance of the element which are Resistance, Inductance and Capacitance as a function

of frequency (see Figure 3.2).
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Figure 3.2: Equivalent scheme of the element

Expressions for R, L and C of the vertical ground rod as one of the simplest and most
commonly used means for current dissipation have similar “nature” and consequently
give approximately the same results. As from (L. Grcev & Popov, 2005), the following

expressions are obtained.
P 4l
R=—9|]log— -1 3.1
Zzﬂ( J r J (3.1)

C= anrl[log%l—lj , (3.2)
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L :’u—rl(log#—l), (3.3)

According to (Bourg et al., 1995), general expressions for elements of the model are

_Po (14
R = 7 (In : 1], (3.4)
2r 1
C=— , (3.5)
erl 21
r Fl(T)

L =;‘—;(Fl['?j+!:j, (3.6)
Fl(x)zln(x+\/1+x2)+§— /1+Xi2_ (3.7)

As from (Llovera et al., 2008), equations are as follows

R = %{ln%’-l}, (3.8)
|
C =—18|gr 7 (3.9)
)
L — 2l In[%lj. (3.10)

As one can see all expressions are of similar “nature” and consequently give approxi-

mately the same results.

Finally, expressions of impedances calculation are as follows:

1 1
®-C 2z-f-C’

Xc (3.11)

XLp=w-L=27-f-L. (3.12)
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Recent studies show that it is also important to consider soil parameters, conductivity
and permittivity which are frequency dependent as it is described in (Pedrosa et al.,

2010) and (Visacro & Portela, 1987) (see Egns. (3.13) and (3.14)).

100
P=pP0| ——

f

0.072
j (3.13)

’

Within the calculation, it is assumed that a soil structure is homogeneous. Since the aim
of the study is getting the percentage of impedance changing as a function of frequency
it is acceptable to make such an assumption and by having the same value of the uni-

form soil resistivity one will get correct results.

In order to describe the grounding behaviour correctly, the calculation model performed
in this work is based on the theory described in (Llovera et al., 2008) with modifications
by taking into account as presented in (Pedrosa et al., 2010). Therefore, the final equa-

tions can be determined as a combination of above-described techniques.

The final equations for R and C parameters can be calculated as follows:

_ P (1p8_

R_ZM@nd @, (3.15)

C=—41L—-. (3.16)
18In(‘;|j

For the future study with respect to the experimental investigation and development of a

new technique it is vital to evaluate possible variations of the grounding elements char-
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acteristics when the injected current flows through the horizontal elements but not into

the ground. In this case one can determine a so called self-impedance of the elements.

The resistance of the current-carrying conductor for the fundamental frequency current

is expressed as follows (Bayliss, 1996):

Rs0(60) = pe-1/s, (3.17)

Inductive reactance of the conductor is expressed as

X50(60) = Xe I, (3.18)

The resistance of the copper conductor at high frequency can be described from

(Skilling, 1974) as

WK
R=83-10"0 T‘/_ (3.19)

At the same time inductive reactance of the element is changing significantly as de-

scribed in the following.

=Xeo50 K- (3.20)

3.2 Case study

For the purpose of numerical example to illustrate the mathematical models, the follow-

ing parameters are chosen. Let p;=100 Qm (under low frequency f=100 Hz), u=1, &
=11, 1=3 m, d=0.016 m, material of the conductor is copper, pe=0.0175 Q:mm?/m, x

=0.000175 ©/m.

By substituting the values in Egns. (3.13) and (3.14), for instance, for the frequency

100Hz one can have
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=100 Qm,

100

0.072
=100 (@j

e =2.34-100.10070-935.10070-597 _ 12 741 .

The results of calculations for frequencies up to 1.5 MHz are presented in Table 3.1 and
Table 3.2 respectively. The diapason of frequencies up to 1.5 MHz was chosen in order

to provide and compare the possible values of impedances for different regimes of the
grounding grids operation including lightning. During the lightning strike frequencies of
the currents flowing through the grounding grids are very high. They are considered to

be 1Mhz and higher.

31



Table 3.1: Soil Resistivity as function of frequency

f, Hz p, Qm
100 100
150 97.1
300 92.4
450 89.7
600 87.9
750 86.5
900 85.4
1050 84.4
1200 83.6
15-10° 69.7
150-10° 59.1
1.5-10° 50.0
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Table 3.2: Soil Permittivity as a function of frequency

f, Hz Er )
100 12.7
150 10.0
300 6.6
450 5.2
600 4.4
750 3.8
900 3.4
1050 3.1
1200 2.9
15-10° 0.6
150-10° 0.2
1.5-10° 0.04

Graphically the results of calculations are shown in Figure 3.3 and Figure 3.4 respec-

tively.
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Figure 3.3: Soil resistivity against frequency
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Figure 3.4: Soil permittivity against frequency
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As one can observe from Figure 3.3 and Figure 3.4 both soil resistivity and permittivity
decrease as frequency increases. It is because soil behaves as a brine or semiconductor.
As for resistivity the difference of the value for 100 Hz and 1200 Hz is 16.4% which is

quite small.
Meanwhile, for the frequency of 100 Hz one can obtain as follows:

L=2-3In 4-3
0.016

)10—7 —3.972 uH,

co_ 1273 1079 _pa nE.

18In 4-3
0.016

The results of the “C”” calculations for frequencies up to 1.5MHz are presented in Table

3.3. A curve of capacitance changes is shown in Figure 3.5.
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Table 3.3: Capacitance of the conductor as function of frequency

f, Hz C,nF
100 0.320
150 0.250
300 0.170
450 0.130
600 0.110
750 0.096
900 0.086
1050 0.079
1200 0.073
15-10° 0.016
150-10° 0.004
1.5-10° 0.001

36



C. A
nF

0.301

0.251

0.201 \
0.151 \

0.101
\

\

0.05¢ \
: \ >

1
0.1 1 10 100 1K 10K 100K 1M g f, Hz

Figure 3.5: Diagram of capacitance against frequency

Finally all three components of the grounding device’s element which are R, X¢ and X

can be calculated as follows

Xc = 1 = 4976.1 kQ,

27-100-0.32-10~9

X | =27-100-3.972-10° =2.5mQ,

R:
27 -3

100 (I 8-3

n—> _1|=335
0.016 j =

The results of calculations for all frequencies are presented in Table 3.4.
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Table 3.4: Resistance, inductive and capacitive reactance of the element as function of frequen-

cy
f, Hz R, Q X|_, Q Xc, Q Z,Q
100 33.5 0.0025 4976.1 33.5
150 325 0.0037 4246.3 325
300 30.9 0.0075 3122.3 30.9
450 30.0 0.0112 2701.2 30.0
600 29.5 0.0150 2412.7 29.5
750 29.0 0.0188 2211.6 29.0
900 28.6 0.0220 2057.3 28.6
1050 28.3 0.0260 1919.7 28.3
1200 28.0 0.0300 1817.8 28.0
15-10° 23.4 0.375 659.3 23.8
150-10° 19.8 3.750 260.8 23.6
1.5-10° 16.8 37.50 103.1 54.3

The results of calculations of the total impedance Z are presented in Table 3.4 as well.
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Graphically the results of impedances

evaluation are shown in Figure 3.6, Figure 3.7

and Figure 3.8.
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Figure 3.6: Diagrams of R and X, against frequency
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Figure 3.7: Diagram of X¢ against frequency
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Figure 3.8: Total impedance of the element against frequency
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Meanwhile according to the expressions described above the self-resistance of 3m cop-

per conductor can be obtained as follows:
R=0.0175-3/200=0.000262 .

And the self-inductive reactance is as follows

X =0.000175 - 3=0.000525 €.

With the increase of frequency the reactance of the conductor will increase proportion-

ally. Meanwhile, the value of the resistance will have almost the same value.

Figure 3.9 depicts these changes on the resistance and reactance as the frequency rises.

,5

Figure 3.9: Self-resistance and self-inductance against frequency
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3.3 Magnetic field distribution over the horizontal element

In order to conduct the analysis of the processes of the current and potential distribution
in the grounding grid as a whole it is necessary to explain and describe these processes
in a single element of the grid. Features revealed during such an analysis can be used in

creation of a new approach to monitor the grounding devices’ condition.

As the main base for evaluation, the Biot-Savart Law is used (Betts, 1981; Serway &
Jewett, 2004). In accordance to this law the magnitude of the magnetic field strength is
proportional to the current in the wire and varies as the inverse square of the distance

from the source (see Eqgn. (3.21) (Chikarov, Lie, & Nair, 2012)).

lo-sina
:e—dx

dH
47 D2 (3.21)

A horizontal element of the grounding device’s mesh can be presented as a conductor

with the initial current Iy and length | (see Figure 3.10).

From the principles of geometry (Audin, 2003)

sin oo = alD. (3.22)

Also, from the Figure 3.10

D=va?+x? (3.23)
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surface

Figure 3.10: Scheme for magnetic field evaluation

Substitution of Egs. (3.22) and (3.23) into Eq. (3.21) gives

dH = > ~% X 3 .
4z D 47[.|: 2 2:| (3.24)

But all these equations describe the magnitude of the field strength created by the cur-
rent in only a small length element dx of the conductor. To find the total magnetic field
strength H created at some point P by a current of finite value, the contributions of all
current elements | dx must be added up to make up the current. That is, H must be eval-

uated by integrating Eq. (3.24)

I I
le l-a dx
dH=J~ 3oa'dx= 4”I 3 (3.25)
047:{ a2+x2} 0{ a2+x2}

According to tables of indefinite integrals from (Poliyanin & Manzhirov, 2007)
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(3.26)

(<':12+x2)3 a? a2 + x2

J- dx X

Taking the integral (3.25) by using (3.26) one will get

B le _le-a dx
dH_j grasd=—t j 5 (3.27)
047;-{ a2+x2} 0{ a2+x2}
yole-a ' _le ! (3.28)

AT Q2 -\/a2 L2 4 a-\/a2 +12
With the assumptions that the current | in each element decreases uniformly because of
leakage currents into the soil one can have
le=1-@1-%1). (3.29)

The final expression is expressed as follows:

I-@-x/1) | I-(I-x)
H = . = . (3.30)
ar a-\/a2+l2 47z~a-\/a2+I2

This expression can be written in relative values where: a« = a/l, x~= = x/I, I~ = I/l

2
N P B (1 ) O Yy o S PR € 09 B

Profiles of magnetic field strength values H(x), evaluated in accordance with the last

expression for some values of a»when I« =1A, presented in Figure 3.11.
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Figure 3.11: Dependence of magnetic field intensity on the distance from conductor

If one assumes that I = 1A, a = 0.4m (depth of the horizontal element), I=5m, then when
the value of x is changing, in case when the horizontal element is integrated, one can
obtain the following results of the magnetic field strength calculation on the surface of

the ground (see Table 3.5).

Table 3.5: Calculation of the magnetic field strength value

Parameter Value
X, (m) 0 1 2 3 4 5
H (A/m) 0.198 0.159 0.119 0.079 0.040 0

Graphically, these changes are shown in Figure 3.12.
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Figure 3.12: Magnetic field strength value over the integrated horizontal element

If the horizontal element has a breakage (failure) as shown in Figure 3.13 it can be pre-

sented as two pieces with lengths I, and I, and initial currents 11 and 12 respectively.

P_ dH>

surface

Figure 3.13: Model of the damaged element

Both parts of the element can be described analogically with the above mentioned ex-

pression (3.25).
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l I,
e B ] [ (332)
4z > 2| 4z 2 2
0{ a2 1 x } 0{ 22+ x }

The solution on the integrals can be represented as

| |
M- W . oy, 2 (3.33)

4z aq/ 2+I12 4z a-y 2+I22

After substitution of Eqn. (3.29) for each current the final expressions will be

Hpot=x .oy 12(2-% (3.34)

] 2_ .
4r-a- a2+I12 47r-a-\¢a2+|22

For example, when 1; = 0.7A, I, = 0.3A, a = 0,4m (depth of the horizontal element),
I,=2m, 1,=3m and if directions of the currents in different parts of the damaged element
are different the curve of the magnetic field strength changes will be as shown in Figure

3.14

H, A/lm

Hi1=f(x) _H2=f(x)

0.1

0.05 \/

0 1 2 3 4 X

Figure 3.14: Magnetic field strength value over damaged horizontal element with opposite cur-

rents directions
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But if the directions of the currents before and after the point of breakage are the same,

the curve is shown in Figure 3.15.

H, A/lm
Hi=f(x) H2=f(x)
0.1
0.05
| |
0 1 2 3 4 X

Figure 3.15: Magnetic field strength over damaged horizontal element when currents directions

are the same

3.4 Impedance of the grid’s elements and their mutual coupling

In general, the process of spreading of the current from an energized enclosure of the

equipment to ground can be presented as shown in Figure 3.16.
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Figure 3.16: Horizontal and vertical elements in soil

Both, horizontal and vertical elements shown in Figure 3.16 represent not only self re-
sistance of conductors themselves (steel, copper, copper clad etc.) but also lumped re-
sistances to ground of the buried in soil conductors. The resistance of each conductor
consists of three parts: (i) a self resistance of the conductor material, (ii) contact re-
sistance between material of the element and soil and (iii) soil resistivity itself
(Chikarov, Lie, & Nair, 2013). Thus, the full resistance to the current which leaks from

the element to ground can be presented as

Rhor.(ver.) = Rme + Reont + Rsoil - (3.35)

Please note the first two elements (Rme and Reont) have very small values and often can

be neglected.
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Figure 3.17: Equivalent schemes of horizontal and vertical elements in soil

In accordance with standards (IEEE Guide for Measuring Earth Resistivity, Ground
Impedance, and Earth Surface Potentials of a Grounding System, 2012; IEEE Guide for
Safety in AC Substation Grounding, 2000; IEEE Recommended Practice for Grounding
of Industrial and Commercial Power Systems, 2007) and (Yacobs, 1981) the resistance
of the vertical and horizontal elements they have with respect to current flowing from

them into ground can be calculated as

Pey. 2-lyer, 4-lygr, +7-t
Ryer. = -(In +0,5:In . 3.36
27 -Iyer, dver. lyer, +7-t (3:30)
Pe.h Ihor 2
Rhor_ = — . In - . (3.37)

27 -lhor.  t-dhor.

When a vertical element crosses both layers of a two-layer soil, pe.. can be determined

as

_ Pl P2 |ver. (338)
(lver. =M +1)-p1 +( =) p2

Pe.v.
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The resistance of ground depends on the resistivity of its soil stratums (p1, p2, p3 etc.).
The number of layers (stratums) can differ from one area to another depending on the
soil structure. With an acceptable level of accuracy often multilayer structure of the
ground is substituted with its two-layer soil equivalent (1, p2). Eventually, the resistivi-
ty of the both layers (p1, p2) in the mathematical model is usually replaced with the re-
sistivity of so called “equivalent” ground or its analogue (depending on techniques). For
the purpose of modeling it is assumed that the structure of non-homogeneous ground is

a two-layer soil.

An example of a single conductor buried at a depth below the surface is shown in Fig-
ure 3.18 along with the current distribution. The current density is practically constant
for most of the conductor length and increases near the ends of the conductor
(Melipoulos, Feng, Joy, & Cokkinides, 1993). In a practical grounding system, the cur-
rent distribution is very complex. However, the picture shown in Figure 3.18 is applica-
ble to practical grounding systems. There are two ways of the conductor representation:

lumped or distributed equivalent circuits.

A
Y
A
Y

R mei

Rieak.2

Figure 3.18: Equivalent scheme of horizontal or vertical element in the soil

These two parts of Figure 3.18 are equal in terms of the total resistance of the element

so any scheme can be used for analysis of the processes in grounding grids. The only
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difference between these schemes is that the lumped resistance Rn,r comprises all re-

sistances as described in Eqgn. (3.35).

In Figure 3.18 a distributed parameter Ry IS a resistance of the part of the horizontal
element which represents the element’s resistance itself (the resistance of the metal) or
self resistance. Rieaxi represents the resistance that each part has to leakage currents that

flow from the element into soil. For the horizontal element

Rpor.= Rme + Reak - (3.39)

One should also take into account a mutual electromagnetic coupling among elements
due to influences of their electromagnetic fields on each other as a function of the dis-
tance among elements as shown in Figure 3.19. It results in artificial increase of the im-

pedance of each element of the grid.

Potential
distribution

Vertical
electrode

Mutual
coupling

Figure 3.19: Influence of elements on each other
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According to Sunde’s formulas (Sekioka, Sonoda, & Ametani, 2005; Sunde, 1949) the

mutual resistance can be evaluated by the following equations

Rm:pe-v-.[Faﬁb)—(“'l"z)*F"Z"”)—J(w)hoz+J<|1—|2)2+DZ] (3.40)
-l -1, 2

F)=1 .|n[“|2+DDZ+|] , (3.41)

When electrodes are arranged in parallel axis (see Figure 3.20A), the mutual inductance

can be assessed with the following equation.

. a . g . 14 . o 2 2 2 2
a-asinh| — |- B-asinh| = |-y -asinh| - |+ ¢ -asinh| — [-va“ +d d
M 240 (dj / (dj 7 (d)+ (dj Ve eo? g o s

v +\/72+d2 —\/52+d2

(3.42)

wherey =m+¢5, a=m+n+35, f=n+4.

o
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A) | | n |
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<« —— >,
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Figure 3.20: Different positions of electrodes

In case of elements arranged on the same axis (see Figure 3.20B) Eqn. (3.42) is no

longer valid. The mutual coupling can be evaluated as follows:
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M =0.23-(a-loga+d-logs—y-logy — £ -log ), uH . (3.43)

A mutual influence of vertical conductors is shown in Figure 3.21. In order to avoid
overloading of the picture, only few samples of M connections are shown but all of

them are considered during the calculations.

T ol
_ el >
s
9 6

Figure 3.21: Mutual influence between vertical electrodes

As well as for vertical electrodes there is mutual coupling of the horizontal elements on
each other as shown in Figure 3.22. Again not all the influences between elements are

shown on the picture but all of them are included in the calculation.

8 6 14 7 9

DN

]
:

1-15

3

A s

12 <« 10 11 13

Figure 3.22: Mutual coupling of horizontal conductors

Numbering of the horizontal and vertical elements of the grid as shown in Figure 3.21 and
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Figure 3.22 is chosen randomly. If the number of elements in the grid is large then such a
numbering can be arranged in a specific way to simplify the representation and calcula-

tion of the shown values.

Of course not all the elements will have the same increment of their resistances since
they are located in different places of the grid. One can expect that elements located in
the middle meshes of the grid will have a maximum value of their resistances when el-

ements in corner meshes will have the minimum ones.

Each pair of the vertical elements has impedance the same as for the parallel elements

M

¥~ N

Z1 ZZ|:

|

Figure 3.23: Total impedance of two conductors

The total impedance of these two conductors with mutual impedance is

2
s M A | (3.44)
21+29 =27\
If ZM:0
Z,-Z
Zny =1 =2,
0= 7 (3.45)
3.5 Case study

For the purpose of modeling it is assumed that the structure of non-homogeneous

ground is a two-layer soil. The length of the vertical elements is 3m with a diameter
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16mm. The length of the horizontal elements is 5m. Horizontal elements are located in
the upper layer of the ground p;, while vertical elements cross both layers p; and p,. Re-
sistivity of the soil stratums are p;=250Qm and p,=30Qm respectively. The thickness of

the upper layer (h;) is 2m. The thickness of the lower layer (h,) is .

For the horizontal elements, pe, can be determined from (Yacobs, 1981).

Table 3.6: Equivalent resistance pen. /p» Of two-layer soil model for detection of the horizontal

elements resistance

Value pen/p2 when the length of

/ hi, m t, m
pire 1 the horizontal elements lno=5m.
0.5 1 0.8 0.63
1 - 0.8 1.00
1 1.65
2 0.8
3 1.89
1 0.8 3.03
5
3 452
1 0.8 6.02
10
3 9.45
1 0.8 11.40
20
3 18.10

Substituting the values, one can define
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Py 250

p2 30

=8.33:

From Table 3.6, one can obtain

Pr_g33; hp=2m; pe-f/ ~6.412,
P2 P2

peh. = (Pe-%zj - p2 =6.412-30=192.345 Qm.

Substitute the values into Eqn.(3.37), one can have

2
hor. = 192345 |5 =45.048Q
2-3.14.5  0.8-0.02
Similarly, for vertical rods
250-30-5
Pev. = =77.160 Qm.

(3-2+0.8)-250+(2-0.8)-30

Then, from Egn.(3.36), one can obtain

77.160 (In 2.3 +05.|n4~3+7-0.8

Ver-=5.314.3 | 0016 347-08

j =25.741€).

After substitution all values in Eqn.(3.40) one can have R, = 2.2Q when the distance

between elements is 5m, Ry, = 1.6Q when the distance between elements is 7.5m and

Rm=1.2Q when the distance between elements is 10m.

The resistance of either horizontal or vertical element as a conductor is very low (ap-

proximately 0.01Q). Thus, one can obtain the following equation for the horizontal el-

ement from Eqn.(3.39).

Rleak. = 45.048 — 0.01=45.038 Q.
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With regards to the second part of Figure 3.18 if one assumes that the element is repre-

sented by 3 sections the resistance of each section is as follows:

R 0.01
me _ — = 0.00330 Rigqjj = 45.038 - 4=180.1520)

Rme.i =

A mutual inductance and capacitance at low frequencies have very small contribution to
the total impedance of the elements. According to (Celli, Ghiani, & Pilo, 2012) and

(Terman, 1943) for perpendicular elements the mutual inductance is null.

Since vertical electrodes are straight in parallel to each other and a represents a total

length of two vertical elements in parallel
y=9m,a=5m, f=5m.

When g5 = 4r-107, m=n=3m, d=5m, & =0 m one can have

47107 | 5-5sin 3(2]—5-55in 3@)—5~55in 3(:)+0-53in 3(:]—\/52 +52 +4/52 452 +

T

+4/52 +52 — /02 + 52

When g5 = 4r-107, m=n=3m, d=7.07m, & =0 m one can have

. 5 . 5 . 5 . 5 2 2
-7 |5-5s5in3 —— |-5-5s5in3 —— |-5-55in3 —— |+0-5sin3 —— |—+/5° +7.07° +
4r-10" [7.07) (7.07) (7.07) (7.07)

T

Mg =

=0.07uH

+4/52 +7.072 +4/52 +7.07% =402 +7.072

In the study presented in this thesis, the processes in the grounding grids have frequency
lower than 1 kHz. The maximum frequency taken into consideration is the 8-th harmon-
ic frequency which is 400Hz or 480Hz depending on the fundamental frequency of the

country (50/60Hz).
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A self-inductance X, of the rod as it is shown in Table 3.4 at 450Hz is 0.0112Q. Mutual

inductances between for instance elements 1-3 and 1-9 are

XM1-3=27-f-M =2-7-450-0.08=226.11

XM1-9=27-f-M =2.7-450-0.07 =197.8Q

As one can see, the values of the mutual inductance are much smaller compared with

the self-inductance of the element.

If one considers a pair of elements 1 and 3, their total inductance taking into account

their mutual influence will be

0.0112 - 0.0112 — 0.0002262

X _ =0.00571Q,
2(1-3M 00112 + 0.0112 - 2- 0.000226
Without M
X313 - 0.0112.00112 _ o ooy

0.0112 + 0.0112

3.6 Concluding remarks

The resistance R of the conductor in soil has decrease at all times when the frequency
increases. Since R is a direct function of soil resistivity it behaves in the same manner.
Meanwhile, the higher frequency the lower value of R and as one can see it is not a line-
ar graph (see Figure 3.6). The difference between R under 100Hz and 1.2kHz is (-

16.5)% as shown in Table 3.4 and in Figure 3.6.

The inductive reactance of the conductor is quite small under low frequencies and in-

creases substantially with the frequency up to 1MHz (see Figure 3.6).
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Total impedance of the element decreases as frequency increases up to the value of 150
kHz. After that due to high reactance of the conductor, the total impedance of the con-
ductor, Z, increases substantially (+62.1%). As one can notice within the frequency
range between 100 Hz and 1.2 kHz, the total impedance variation is -16.5% compared
with the initial value. At the same time, the difference of the impedance value within the

frequency range between 100 Hz and 450 Hz is just (-10.4)%.

One can see that at low frequencies (up to some dozens kHz), a major part of the con-
ductor’s impedance is resistance, R. But for frequencies close to 1MHz and higher, the
conductor behaves more like inductance rather than pure resistance. At low frequencies
the effect of soil resistivity and permittivity is small and can be neglected. However, it
should be taken into account if the frequencies are greater than 10 kHz. Similar features

of frequency response are also inherent to the horizontal elements of the grounding.

With respect to self-impedances, reactive component increases much faster compared
with the resistance. Both parts increase with the rise of frequency. Under high frequency

R can be neglected.

After analysis of the magnetic field distribution data and some calculations one can
conclude that: a) the further the point of magnetic field measuring from the current-
carrying conductor the lower value of the magnetic field strength is; b) with the assump-
tion that the current in the integrated element has a linear decrease from its maximum
value down to zero, due to leakage into soil, the magnetic field strength distribution
over the element will have the same pattern. In a real life the current in the element sub-
sides down not to a zero value since the element is paralleled by other elements; c) if the
horizontal element is damaged, there will be two parts of the linear decrease (increase)

of magnetic field strength over them depending on the direction of currents in those
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parts; d) due to some impedance (resistance) of the breakage (soil) and leakage currents,
the magnitude of the magnetic field strength in different parts of the damaged elements
will not have the same initial values (as shown in Figure 3.14 and Figure 3.15).

As one can notice from the impedances analysis, the additional inductive reactance due
to mutual inductance is only 1.9%. From Figure 3.21, an influence from element #9 on
the same element #1 is only 1.7%. If one sums up together all additional mutual induct-
ances on the element #1, the answer will be 14.4% (0.0016Q2). It means that instead of
the value X, =0.0112Q taking into account mutual electromagnetic coupling one can

have

As one can conclude the total inductive reactance of the vertical element even with tak-
ing into account mutual coupling has a very small value compared with the element re-

sistance (30Q2) and thus during the low frequencies analysis it can be neglected.

As for the horizontal elements (as from Figure 3.22), conducting the calculations in the
same manner, their mutual inductance will result in 66% increase of the total inductive
reactance for each element but again the total inductive reactance will be much smaller
than resistance of the element. Moreover, the resistance of the horizontal elements is

even bigger than the vertical ones.

As it can be seen from Table 3.4 the resistance has a huge value compared with the val-
ue of inductance. Xc of the element is much bigger but connected in parallel to the con-
ductor and almost does not change the total impedance either. In this case even if one
has tens of elements spread meters apart which can influence on each other due to their

small inductance, value of their mutual inductance will be even smaller than their own.
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CHAPTER 4: NETWORK MODEL AND ITS ANALYSIS

A realistic mathematical model of the grounding device will allow us to predict and ex-
plain the current and voltage distribution differences at the electric power plant due to
the elements’ failure. By means of such an analysis it will be possible to predict changes
of the parameters’ values which determine the main safety conditions at the power

plants.

This chapter will describe overall characteristics of the potential and current distribu-
tions in the grounding grid with and without damaged horizontal elements. As the result
of this part, a possible fluctuation of the main safety parameters will be evaluated. Fea-
tures and new principles revealed in this study will be used for the establishment of a

new monitoring technique for the grounding grids

There are a number of mathematical models with regards to the grounding devices’ el-
ements. All these theories use different approaches: Maxwell equations solutions (elec-
tromagnetic theory) (L. Grecev & Popov, 2005; Nekhoul et al., 1996), transmission line
model (Bourg et al., 1995), antenna (full-wave) model (Cavka & Poljak, 2011), circuit
theory (Llovera et al., 2008; Pedrosa et al., 2010; Visacro & Portela, 1987) and (Jambak
& Ahmad, 2000). There are also some works with experimental data (Bourg et al.,
1995; L. Grcev, 2007). While the circuit approximation can be considered to be simple
but accurate enough, the transmission line model has advantage of relatively low com-
putation compared with the other techniques. The main disadvantage of the model is
limitation to a certain upper frequency, depending on the electrical properties of the
ground and configuration of particular grounding system. On the other hand, the rigor-
ous electromagnetic models based on antenna theory are the most accurate but more
complicated in calculations. Most existing methods use circuit or electromagnetic field
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representation of the processes. The common approach of these models is to firstly cal-
culate currents following which an evaluation of the potentials above the grounding
grids conductors can be made.

The applicability of these models is essentially driven by the ratio between the ground-
ing system size and the minimum wavelength of the electromagnetic phenomenon in-
volved in the study. These models state that for a typical grounding device a quasi-static
theory can be used for frequencies below the megahertz range. Models determine that
the grounding element’s size in this case must be less than 1/10 of a wavelength in the
ground. In (Olsen & Willis, 1996) the comparison of the authors’ “exact calculations”
with the quasi-static theory shows very small difference of the results’ values up to
some mega Hz frequency. In (L. Grcev & Dawalibi, 1990) the authors represent a com-
bination of different theories and techniques in order to describe the grounding behav-
iour. They suggest that the ratio of the conductor length and its radius should be more

than 1. In general, the ratio of about 10 is satisfactory.

The aim of this study is to model the current and potential distribution due to the hori-
zontal elements’ failures. Since the processes described in the study take place in
grounding devices of not huge dimensions (not in the scale of kilometres) and the fre-
guency range is lower than 1 MHz, the circuit theory and a quasi-static model can be

utilized as a base of such an analysis.

The velocity of electromagnetic field propagation is determined by the electric and
magnetic properties of the material through which it is propagating. Electrical and mag-
netic properties are described by complex quantities, in which the real part describes
storage and the imaginary part describes loss. In free space vacuum, the imaginary part
is zero. In all other materials, the real part is greater than that of free space (yielding a

slower velocity of propagation than free space), and the imaginary part is non-zero, re-
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sulting in frequency dependent properties. Frequency dependence is a consequence of
the finite velocities of charge motion by diffusion and scattering. At any change in ma-
terial properties, some propagating energy is scattered. With the assumption that varia-

tion of the state variables, A and V, along the wire conductor is not fast the authors re-

mark that there is no propagation for the frequencies lower 1MHz (Olhoeft, 2003)

As a result a quasi-static model used in this study will be limited to frequencies in the
dozens of kHz range for non-negligible size of the grounding device in case of large
ground permittivity and poor conductivity since in this case the propagation speed of the

electromagnetic field can be much lower than the speed of light in free space.

Thus, regardless the fact that there has been a lot of work done in the area of the
grounding devices’ behaviour there are still no specifics that have place in the ground-
ing grids in case of the horizontal elements damages. This study represents methodolo-
gy of the grounding parameters’ calculation in different regimes of the power plant. The
analysis and modelling reveal main features of the mentioned processes in the grids
with damaged horizontal elements compared with that without such failures in them. It
also allows forecasting of possible hazard potentials which can appear on a human be-

ing body in case of the damaged elements presence in grids.

4.1 Current and potential distribution in grid

The main purpose of this study is to develop a mathematical explanation which helps to
understand the processes of current and voltage distribution in the grounding devices for
integrated and damaged conditions of its horizontal elements. The correct mathematical
model of the grounding device will allow one to analyze and present the scenario when
hazardous potentials (GPR — ground potential rise) can arise in the grounding grids and
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on the surface of ground due to failures of its horizontal elements. The information pre-
sented describes the worst case scenario of the potential distribution on the surface of

ground in most hazardous regions of the grounding grid.

As it has already been described there are a number of mathematical models which can
evaluate grounding performance parameters such as current distribution, potentials and
touch and step voltages at various parts of a power plant. However there are no specifics
about possible changes of the surface potentials in case of breakages or damages to the

bonding of the horizontal elements in these theories.

A mathematical model of the current and potential distribution in the grounding grids is
developed based on the graphs theory and matrix algebra (Skiling, 1967; Skilling,
1974). These are a versatile combination of tools for electric networks calculations and
can be used for the grounding grids as well. As the final result of this part of the study
possible values of safety parameters in case of damaged horizontal elements presence
will be calculated. These values will be compared with that when the grounding grid
does not contain damaged elements in a commode mode regime. Safety parameters in
terms of step and touch voltages are the main factors that used in order to evaluate the

performance of power plants.

The grounding device’s grid is a complex system of parallel connected horizontal ele-
ments and joined vertical elements at the nodes. An example of the grounding grid that
comprises not only horizontal but also vertical elements as a universal case of the
grounding devices’ structure is shown in Figure 4.1. The number of elements and mesh-
es in grounding grids is depending on the specifics of certain power plant and can vary

significantly.
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Figure 4.1: Grounding grid

As indicated in (IEEE Guide for Safety in AC Substation Grounding, 2000) and
(Grigsby, 2001) the corner mesh voltage is higher than in the centre mesh and it is con-
sidered to be the worst-case scenario. The corner mesh voltage is higher in comparison
with the centre mesh due to the fact that the current is dispersed through a number of
paths. From Figure 4.1, it is very clear that the central part of the grid has more ele-
ments connected in parallel. As a result, the total resistance is low. As for the corner
mesh, there are only three elements with a path to the ground. This is the main reason

the point of the current injection was chosen at node “a” as shown in Figure 4.1.

A reference node “d” is so called remote ground where the potential is considered to be

oVv.

The results of computer modelling provided in the case study bellow show that it is
enough to take into consideration for future analysis only a part of the grounding grid
that dissipates the major part of the injected current. Almost all current that flows
through the grounding into ground is in the vicinity of 6 meshes from the point of injec-

tion.
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The example of six meshes grounding device for analysis and its equivalent circuit are
presented in Figure 4.2. A diagram of the grid’s graph for analysis is shown in Figure

4.3. This number of meshes has been chosen as an optimal number for calculation due

to the above-described features of the current and potential distribution.

Figure 4.3: Graph of the grid for analysis

The numbering shown in the pictures is done arbitrarily (see Figures 4.3 and 4.4) since
it does not have any impacts on the calculated results. Graph theory is a versatile tool
that can be used to describe any electrical network, regardless of the number of branch-

es and nodes of the network. According to this theory, any electrical system can be re-
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placed by a graph with the same number of branches and nodes. Matrix analysis is im-
plemented in order to simplify the calculation process because of the large number of

the branches and nodes of the scheme.

By using created graph of the grounding device and Kirchhoff’s and Ohm’s Laws as a
first step matrices “M”” and “N”” must be formed. “M”" is the matrix of branches joints at

the nodes. “N” is the matrix of branches joints in the independent loops.

The next step is to develop matrix of impedances “Zn” or admittances “Y,,” of the hori-

zontal and vertical elements joined at the nodes of the grounding device.

Setting the value of the short circuit current injected in the grid ‘I’ current distribution

of individual elements and voltage at the grid nodes can be determined.

There are two possible ways to calculate the current and voltage distributions through

the elements of the grounding device. The first one is, at first, to determine “v,” and

after that, inverse matrix “v,~1”.

Thanks to above-mentioned matrices one can define the voltage drop from each of the

grounding device’s nodes to the reference node “d”.

Va=Yy 11, (4.1)

After determination of the matrix’s “VA ” components, it is necessary to define *z,~1”

— inverse diagonal matrix of the elements’ impedances. So that the final equation for the

current distribution calculation will be
ip =Zp L Mt Vp, (4.2)
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where “M;” — is a transposed matrix of “M”.

The second way of the currents determination is as follows: to multiply matrices “N”

and * z,” and after that to create a combine matrix “A”

"l -

The last step is to calculate current in the elements

ih=A"L.1. (4.4)

By using both of these methods one can have the same results of the current and voltage

distribution.

Along with mathematical calculation in order to verify the main aspects of the current
and potential distribution in grounding grids a computer modelling is conducted. The
results of both mathematics and computer simulation are supposed to be the same.
Computer simulation study is conducted using a well established MULTISIM software
package (Berube, 2004). This software also will be used further in order to proceed with

the processes in grounding with damaged horizontal elements.
4.2 Case study

The values of main parameters for calculations are as provided in the previous Chapter.
Moreover in addition it is assumed that elements are made of copper-clad steel. The ma-
terial of the grid elements is different and it depends on a country where the grounding
is used. The copper-clad steel is the most common material being used in many coun-

tries. However, the choice of the conductors’ material does not change the calculations
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results since they are depending on the resistivity of soil.

calculations is 0.5m. The diameter of the horizontal element is 0.02m.

The grounding grid depth for

A computer model in MULTISIM for the scheme shown in Figure 4.1 is as bellow.
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Figure 4.4: Equivalent circuit for Multisim software simulation

All the resistances shown in the Figure 4.4 have values calculated earlier in Chapter 3

Section 5 for vertical and horizontal elements of the grid.

In order to obtain the results of current and potential distribution in the scheme shown in

Figure 4.2 matrices “M” and “N” must be determined.

The number of rows in matrix “M” equals the number of nodes in the scheme except
the reference node. The number of columns in the matrix determines by the number of

branches in the circuit.
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12 3 45 6 78 9 10111213 - 2526 27 28 29 30 31

11 1 000O0O0O0OOOOO-0O0O0OTGOTGOOGO]a
-10 0 11100O0UO0O0O0OO0- 0O0O0OTG0OT O0O0GO0|D
0o0-1 00O0OO0OCOO0OO0ODOO0OI1II1I- 0O0O0OTU O0OUOO0OOQO|c
00 0-1001110O0UO00- 0O0O0O0 O0O0TQ 0]|e

-/ 00 O O0OO0O-1 00OOO0-10- 0O0WO0OTG0O0GO0OTQO|Tf
00 0 0O0O0OO0OOO0O-1O0OO0OO0O- 0O0WOO0OTUO0OO0®OMmM
00 0 000O0OOO0OOOO0OO0OS--1010 0O00O0|n
00 0 0O000OOOOOOO- 000-1 0-11o0

The number of rows in matrix “N” is the same as the number of loops in the scheme
(see Figure 4.3). The number of columns in the matrix determines by the number of

branches in the circuit.

1 2 3 4 5 6 7 8 9 10 11 12 13 - 25 26 27 28 29 30 31
(11 0 010000 00O00- 0000 000]I1
000 1-100100000- 002020 00O/l
000 000 1-100100- 00200 00 0/l
00 0 00 00O0O0OTU1-100- 0020000 O0]IV
00 0 000O0O0OO0OGOOOO-00U0T 0O00O0TO0]|V
- - - oo oo oo 0 - - - - - - - - -
N=1o0o 0 0000000000 - 000 0 1-10]|XVI
00 0 0000DO0O0OUOGO-11- 00-11 10 0l|xvH
00 0 000000 O0O0OO- 100 0 00 0I[XVI
10 1 00-10000010- 000 0 00 0]|xXIX
00 0-10 1 00-1 00O00- 0020 0 00 0|XX
00 0000-101-1000- 1000 0 00 0]XXI

The next step is to develop impedances “Z,” or admittances “Y,”” matrices of the hori-

zontal and vertical elements joined at the nodes of the grounding device.

The matrix of admittances “Y,” of the horizontal and vertical elements joined at the

nodes of the grounding device is as follows:
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[ Y1+Y2+ ]
+Y3 Y -Y3 0 0 - 0 0 0 a
Y1+Y4+
Y1 yerve O -Y4 -Ys - 0 0 0 b
Y3+Y12+
R R - 0 0 0 c
Y3 0 +Y13+Y14 0 Y12
Ya+Y7+ e
0 Y4 0 rygryg YU ) 0 0 0
0 Y6 .Yz -yn | YetYi+ - 0 0 0 f
Yn= +Y15+Y16+Y17
0 0 0 0 0 _ Y10+Y18+ 0 0 m
+Y21
0 0 0 0 0 ) 0 Y19+Y25+ 0 n
+Y27
0 0 0 0 0 - 0 0  Y2BHY30+ |,
B +Y31 |

Diagonal elements of the matrix are admittances of all branches connected to this par-
ticular node. The rest of the matrix represents impedances of horizontal elements be-

tween each pair of nodes. All elements in the matrix include mutual coupling .

A certain value of a fault current injected in the grounding grid (as from (IEEE Guide
for Safety in AC Substation Grounding, 2000)) depends on the certain scheme of partic-
ular power plant, its capacity, type of a fault, grounding resistance etc. Many different
faults may occur in the system. For the calculations a fault current is usually a single-
phase-to ground or two-phase-to ground fault current. So a certain value of a fault cur-
rent can vary significantly. For this particular study as an example of a possible short
circuit current that can appear for instance in the typical 20 kV substation the value of
1700A is taken. Undoubtedly, fault currents’ values might be different as well as num-
ber of meshes of the grounding grid but in general, the certain current value is a linear

function that influence on the grounding voltage to be calculated.
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Not all the currents flow through the grounding as shown in Figure 4.5. Some of the
currents flow through other elements of the power plant such as cables sheaths, metal
constructions and etc into the soil. The impedance of these elements can be different
depending on the specifics and features of the power plant. This impedance is shown as
Zp in Figure 4.5. So, a current division factor S¢ between Zp and Zg must be taken in

the calculations.

Zs zs
| T

O s P 4.

(GPR)

|||—&

L

Figure 4.5: A part of fault current flowing through the grounding

Impedance “Zs” shown on the picture represents the total impedance of all elements of
the system before the point of connection with grounding (fault point). In this particular

example Zs=8Q.

Thus, taking into account S; = 0.36 the value of the current that flows through the

grounding from (IEEE Guide for Safety in AC Substation Grounding, 2000)

| =1¢-Sf =1700-0.36 = 610 A,

After detection of the fault current value matrix of current injected in the grounding grid

can be shown as
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Substituting these values in Eqns. (4.1) and (4.2) thanks to Microsoft Office Excel and

matrix analysis (Jordan, 2012; Vautier, Consulting, & New Zealand Institute of

610

1 O o O

Chartered, 2008) one can have
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A computer model of the same grounding device is presented bellow

Figure 4.6: Computer model of the grounding grid

Measurements of the voltages and currents are made by means of voltmeters and amme-
ters as shown on the picture. The results of modelling of the potential and current dis-

tribution in the grid are presented in Table 4.1 and Table 4.2 respectively.
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Table 4.1: Voltage distribution at nodes of the grounding device

Node Potential, V Node Potential, V
a 807.8 [ 803.2
b 804.8 J 803.2
c 804.8 k 802.9
e 803.5 m 802.8
f 803.8 n 802.9
g 803.5 0 802.8
h 802.9 - -
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Table 4.2: Current distribution through the grounding elements

Branch Number Current, A Branch Number Current, A
1 279 16 72
2 52 17 44
3 279 18 36
4 135 19 22
5 50 20 44
6 94 21 44
7 S7 22 30
8 48 23 57
9 30 24 48

10 8 25 22
11 49 26 44
12 94 27 44
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13 135 28 8

14 50 29 49
15 72 30 36
; - 31 44

As one can see, both, mathematical results and results of the computer modelling are the
same and further for the more complicated processes’ analysis a computer modelling is

used.

The potential distribution graph (GPR) is shown in Figure 4.7.

If there is a damaged element in the mesh of the grid it will result in a different potential
distribution since soil resistance in the gap can be substantially higher than the re-
sistance of the integrated element. The results below provide information about the po-
tential distribution in the grounding in case of the failure of the horizontal element pres-
ence. By “failure” one can mean breakage or rupture of the horizontal element due to

mechanical, freezing, corrosion or other causes.

As an example of the worst-case scenario, horizontal elements 1 and 12 from Figure 4.7
are chosen as damaged elements. These elements are the closest elements to the current
injection point that result in the highest potentials. Table 4.3 shows the results of the
potential distribution in the grid for the case with two 4cm gaps with resistance of
0.624kQ each. It is the resistance of the gap in the damaged element due to corrosion.

The value of the gap’s resistance is obtained thanks to the experiments. The experi-
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mental part conducted and its results are described in the next chapter. For the purpose
of modelling gap’s resistance is added to the resistance of above-mentioned horizontal
elements in Figure 4.6 in series. The values in the Table 4.3 show nodes voltages and

voltage fluctuation in percents compared with the scenario in Table 4.1 without failures.

400]. ,
0} ) y

200|k // /

Figure 4.7: Grounding device’s voltage distribution
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Table 4.3: Voltage distribution with two damaged elements, V

Node Vg V AVy, % Node Vg V AV, %

a 819.8 +15 i 800.8 -0.3
b 800.6 -0.5 j 803.3 0.0
c 811.7 +0.9 Kk 806.0 +0.4
e 800.3 -0.4 m 800.2 -0.3
f 801.3 -0.3 n 801.8 -0.1
g 806.5 +0.3 0 803.9 +0.1
h 800.0 -0.3 - ] ]

The equivalent circuit and a curve of the potential distribution are shown in Figure 4.8.
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4001 /

200 /

Figure 4.8: Potential distribution with damaged elements

In order to obtain more specific characteristics of the current and potential distribu-
tion the grounding circuit was narrowed down to 4 meshes (section A) as shown in Fig-
ure 4.9. It is possible to do like this since the process of current dissipation is similar in
all meshes: current flows from the source through the elements into ground. The model-

ing circuit as it is shown in Figure 4.10.

81



o

i i

Figure 4.9: Four meshes section for analysis

T T
P- %;
Qe %0152 Jeo.1s2 Jsois2 80152 & 2 Q0152 Jso1s2  Jsoas2 380152 Vg,
g< \
0.00333 0.00333 0.00333 0.00333 0.00333 0.00333
Ricaic 180.152 180.152
W W W
< < <
Rmes & $.00333 $.00333
% Reas 180.152 180.152 3
W W] wW—}
Rme2 S Hii | I 2.00333 I I $.00333
Rieak.2 180.152 180.152
W W W
Rme.1 S p: p:
* 2 Rews 180.152 $0-00333 180.152 3000333
AA AV vy,
(e 0.00333 0.00333 0.00333 0.00333 0.00333 0.00333
WV WV WV W WV WV
&‘9\7 2180152 Qso.as2  Js0.152 280.152,9% 3180152 Q0152 280152 280.152,9%
7‘2 (: - < - < - < - g?n (, : S . < - (’ . g?n
= = =
180052 180152 180,152
< <
0.0033g 2.00333 2.00333
< 180152 180.152 180.152
VW W W
< <
0.00338 ,_||| | | |||- $.00333 |V |||- $.00333
$ 180.152 180.152 180.152
WV W W
000338 200333 2.00333
00332 180,152 180452 ¢ 180452 ¢
0.00333 0.00333 0.00333
'Av‘v v‘v‘v v‘v‘v 'Av‘v v‘v‘v v‘v‘v
ro, 3 ] y g 3 3 3 3 g 260 1523
% 3180152 dsoisz  deoisz  480.152 53 S1e0.152 Jeo.152 280152 2801530
- -

Figure 4.10: Four meshes section for simulation

Simulation studies are carried out not only for the case when all horizontal elements of
the grid are physically integrated but also when there is a failure of the element. For

such a purpose a gap between two parts of the damaged horizontal element is shown as
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an additional resistance in the circuit. The value of the failure varied depending on “na-

ture” of the failure.

A modified scheme for the computer modelling is shown in Figure 4.11. The horizontal
element between meshes | and 1l is chosen as a damaged one. To observe a current dis-
tribution in the element ammeters and oscilloscopes are installed in the circuit. The re-
sistance of the middle element is recalculated taking into account possible failure’s re-
sistance. Figure 4.11 shows first two meshes of the grid but takes into account all the
above-described elements. The values of the elements Ryejand Rieai are the same as

shown in the other parts of the scheme.
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Figure 4.11: Simulation with integrated horizontal element (R=0€2)
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Figure 4.12 represents the regime when the horizontal element in the middle of the

mesh is damaged. The resistance of the gap can be change in a wide range depending on

the solil resistivity.
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Graphically the results of the current processes’ simulation can be presented as shown

Figure 4.12: Simulation with damaged element (R=1.5Q2)

_L_

in Figure 4.13 and Figure 4.14 respectively.
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Figure 4.13: Current distribution along conductor without damages
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Figure 4.14: Current distribution along damaged conductor

In addition to the above-presented schemes, two more scenarios were analysed. The cir-
cuits were exactly the same as shown in Figure 4.11 and Figure 4.12 except a square-
wave form with a test current of 1.5 A and a frequency of 400Hz was applied. The re-

sults from the above scenarios will be used to verify the experimental results which will
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be described in the later Section.
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Figure 4.15: Simulation with integrated horizontal element (R=0Q) and 400Hz generator
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Figure 4.16: In phase direction of currents in element without failure
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Figure 4.17: Simulation with damaged horizontal element and 400Hz generator
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Figure 4.18: Out of phase direction of currents in element with failure
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4.3 Safety parameters evaluation

The main parameters that usually taken for consideration in order to describe safety at
the power plant are touch and step voltage. According to (IEEE Guide for Safety in AC
Substation Grounding, 2000), the way of step and touch voltage determination is when
one, setting the value of tolerable amount of electric shock energy for an average person
(Sg), can calculate tolerable currents for a 50kg or 70kg human being. After that, per-
missible values of step and touch voltages can be calculated. The only variables that can
influence upon the current through a body Ig, afore mentioned voltages Esep and Eioucn

are time, weight of a person and apparent soil resistivity.

The existing way described in the standard is good enough for the grounding devices at
a stage of their projects’ creation, for example, when one can determine the value of a
tolerable Esep, Ewoucn and find the best design for the future grounding device. But after
some period of time due to possible increase of a spreading resistance, damaged ele-
ments’ appearance and not the same curve of the potential distribution Ep, Esep depend
on voltage on the grounding device. With the same resistance of the person, increase of
the grounding grid voltage will result in higher current through the body which of

course is more hazardous.

According to (IEEE Guide for Safety in AC Substation Grounding, 2000) the maximum

limit of touch voltage is:

For a body weight 50kg

0.116
E — (1000+15- p)- _
touch50 \/E (4.5)

For a body weight 70kg
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0.157

\/g . (4.6)

Etouch70 = (1000+1.5- p)-

In general, the maximum touch voltage may have several hundred volts value with a

minimum clearance time (0.1s or less). The maximum limit of step voltage is:

For a body weight 50kg

0.116
Esteps0 = (1000 +6- p)- : (4.7)
Jis

For a body weight 70kg

0.157
Estep70 = (1000+6- p)- ) 4.8
Jis “9

where p - apparent resistivity of soil in Qm, t; — duration of shock current in seconds

(0.5s).

Apparent soil resistivity may be calculated as follows

. PL- P2 -lver,
1 (yer, +t=hp)+p2 - (hy -1)’

(4.9)

The actual mesh voltage E, (maximum touch voltage) (IEEE Guide for Safety in AC
Substation Grounding, 2000) can be evaluated as
_ P Km-Kj-l

Em ) (4.10)

Lm

The geometrical factor Ky, as from (IEEE Guide for Safety in AC Substation Grounding,

2000):
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1 D2 (D+2-h)%  h | Kj 8
Km = -IIn + - + -In , (4.11)
2.7 | |16-h-d  8D-d 4-d| Ky |#z2-n-1)

For grids with ground rods along the perimeter, or for grids with ground rods in the grid

corners, as well as both along the perimeter and throughout the grid area,

Kii =1 (4.12)

’

Kp= 1+— (4.13)

where hy = 1m (grid reference depth).

The effective number of parallel conductors in a given grid, n, can be made applicable
to both rectangular and irregularly shaped grids that represent the number of parallel

conductors of an equivalent rectangular grid:

N=Ng-Np-N¢c-Ng, (4.14)
where
_, Lc
Ng = Z-G, (4.15)

and n, = 1 for square grids; n. = 1 for square and rectangular grids; ng = 1 for square,

rectangular, and L-shape grids.

Otherwise,
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p
n, = (4.16)
4.-NA
0.7-A
e :(LXALyJLX'Ly' (4.17)
Dm

nd =

The irregularity factor, Kj, used in conjunction with the above defined n is:

K, =0.644+0.148n, (4.19)

For grids with ground rods in the corners, as well as along the perimeter and throughout

the grid, the effective buried length, Ly, is:

Lm =Lc + {1.55 +1.22['V¢ﬂ LR~ (4.20)

Ly? + Ly?

The maximum Step Voltage values are obtained as the product of the soil resistivity (p),
the geometrical factor K, the corrective/irregularity factor K;, and the average current

per unit of buried length of grounding system conductor (I/Ls):

_p-Ks-Kj-l

E
s Ls

, (4.21)

For the usual burial depth of 0.25m < h < 2.5m, then
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1[1 1 1 n—2
Kg == — —(@1-05
S ﬂ{2~h+D+h+D( )}' (4.22)

For grids with or without ground rods, the effective buried conductor length, Ls, is writ-

ten as follows:

Lg =0.75-Lc +0.85- LR, (4.23)

4.4 Case study

For the considered grounding device by substituting values in Egns. (4.5)-(4.8) one can

have

Etouchs0 = (1000 +1.5-54) 0116 =1773V,

Jo5

0.15

~

Etouch70 = (1000 +1.5-54) _ 240V,

2

o

116

Esteps0 = (1000 + 6-54) =217.2V,

a\

Estep70 = (L000 + 6-54) NPTV

a

Eqgn. (4.9) gives

B 250-30-3 B
250 (3+0.5—2) + 30 (2—0.5)

o 54 O

As from Eqn. (4.20)

3

V152 +152

Ly =90+ l.55+l.22[ J -39 =157.2m
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Since the shape of the grounding device example for calculation is not square

60 11

nHh = .
b =14 V150 ’

0.7-150

N = 15-15) 1515 _19
¢ 150

21.2

nd e
V152 +152

n=3-11.12-1=4,

1

Kj=0.644+0.148-4=1.2,

52 (5+2.05°2 05
In + - +
16-05-002 8-5.002 4-0.02

2:314 | o
I —————
12 (314(2-4-1)

Mesh voltage value is:

=07

610-0.7-1.2
Eq = —— =% 54176
m 157.2 V.

By substituting values in Eqns. (4.21) - (4.23) one can obtain

Lg =0.75-90+0.85-39 =100.65 m,
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Kg=— |t 1 1o 05%2)|_042,
314 |2.05 5+05 5

~610-042-1.2

-54 =165
100.65 v

4.5 Discussion

The results of mathematical and computer modelling in this chapter shows that in case
of the damaged elements presence in the grounding grid increase of the ground potential
rise can be 1.5% higher than that without damaged horizontal elements in the grid. It
may result in a higher value of E,, and Es. As it may be seen from Table 4.3 in case
when some of the horizontal elements of the grid are damaged the maximum grounding
device’s voltage (GPR) will be at the point of the current injection. Of course, dimen-
sions and design of the grounding and values of fault currents may vary but under the
worst case scenario the grounding performance in terms of providing safety can be haz-

ardous.

The higher voltage levels at points of the grid will result in higher levels of the mesh
voltage. The bigger difference between potential values of nodes and steeper curves be-
tween nodes of the grid the higher values of touch and step voltage one can expect and

the more unsafe conditions are at the power plant for personnel will be.

As shown in the last case study the value of mesh voltage is 176V which is just under
the tolerable touch voltage Esepso=177.3V. As for the step voltage value (165V) it is

lower than a permissible level of 217.2V.

But even if initially the grounding device was made according to all safety criteria and
values of mesh and step voltages were permissible, in some period of time after the
grounding creation, due to elements destruction GPR may increase. It will result in the
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increase of Em and Es as well and hazardous situation for personnel at the power plant.
Moreover, with increase of the voltages at some nodes of the grid (i.e. node “a” and
“c”) potentials of the others drop significantly. It will result in steeper curve of the po-
tential distribution and bigger difference between two points on the surface of ground.
The situation will be even worse with increase of the fault currents values at the higher
voltage range power plants. With increase of the fault currents’ values, the GPR value

also increases which will result in higher mesh and step voltages on the surface.

Graphically all these can be explained as shown in Figure 4.19 and Figure 4.20.

Figure 4.19 represents situation when there is a metallic connection between all the el-
ements of the grid. In this case, the curves of their potential distribution graphically su-
perimpose on each other. If one node has a bigger value of the potential in regards to the

other nodes, it results in increase of touch voltage as shown in Figure 4.19(Vtouchl).

Vtouchl

)

earth

Figure 4.19: Potential distribution without damaged elements
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Vtouch2

e

Pl | ® ® ® )

earth

Figure 4.20: Potential distribution with a damaged element

The worst case scenario will be when elements of the grounding grid don’t have an
electrical connection (for instance due to physical damage of one of the horizontal ele-
ments (Figure 4.20). Their potential curves do not superimpose anymore. Each vertical
element has its own curve. If this node is the same current injection point as from the
previous example due to increase of the total grid resistance the voltage value will be
even higher. Meanwhile nodes away from the injection node will have smaller values of
potentials. All this will result in higher and more dangerous value of the total touch

voltage (Vtouch2) as shown in Figure 4.20.

Thus, it can be seen that it is necessary to know not only the resistance of the grounding,
soil resistivity etc. but also obtain the information about the integrity of the grounding
grid and its horizontal elements. Existing methods and techniques are able to find out
only whether or not different parts of the grounding grid are connected but not able to

pinpoint the exact location of the damaged element.
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Meanwhile, from Figure 4.11 and Figure 4.13 one can observe that the current value in
the physically integrated element (R=0€) is almost the same with a slight drop of the

current magnitude along the element with increase of the distance from the source.

Moreover, one can note that directions of the current along the element (except leakage
currents) are the same. Sine waves of both oscilloscopes have the same phase with a

small difference in peak-to-peak value.

On the contrary if the element is damaged and R more than a few Ohms (which is much
smaller than obtained in the next chapter for the experimental part) one can determine
that the current distribution along the element is uneven. There is a huge drop of the
current and voltage magnitude at the point of failure with the substantial rise at the ends

of the conductor (see Figure 4.12 and Figure 4.14).

As for the directions of the current in the element one can note that they are opposite to
each other which represented by out of phase signals of the oscilloscopes. It means once
the resistance of the failure (breakage) of the element achieves the value higher than the
resistance of the rest of the circuit, the current distribution in the element is changing.
The current chooses the direction with smaller resistance which is the resistance of the
horizontal elements parallel to the damaged one. Due to draining of a portion of the cur-
rent from each part of the damaged conductor into soil, current in both parts of the con-
ductor flows from its ends to the point of failure which shown as out of phase currents

in Figure 4.12 and Figure 4.18.

From the results, one can distinctly observe if there is a breakage in the horizontal ele-

ments.
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4.6 Concluding remarks

Thus, according to the analysis provided, some features of the processes in the ground-

ing with and without damaged elements were revealed, such as:

1)

2)

Over the physically integrated horizontal element of the grid values of sensors
potentials are close to each other at all points of the element. Slight difference in
these values is only a function of the leakage currents but taking into account
soil resistivity which usually is much bigger than self-resistance of the element it
will not result in a substantial influence on the potential distribution along the
element. On the other hand when the element is damaged the curve of the po-
tential distribution is not even with a minimum value at the place of failure

(breakage).

In an undamaged horizontal element of the grid direction of currents along the
element is the same. Once the element has a breakage with a gap filled with soil
the direction of currents in the element before and after the location of the gap

will be opposite to each other.
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CHAPTERS: EXPERIMENTAL STUDY OF THE PROCESSES

IN GROUNDING

In order to verify and justify the results of the mathematics and computer modelling de-
scribed in Chapter 3 and Chapter 4, experimental work on the grounding has been pro-

posed, conducted and described in this chapter.

The chapter includes three main parts regarding the experimental research: a) investiga-
tion of the failure’s impedance between parts of the damaged horizontal element, b) ex-
perimental evaluation of the most suitable characteristics and parameters of the current
that will be used for the monitoring of the grounding grids and c) field study of the cur-

rent and potential distribution processes in the grounding device under the test.

The chapter moves ahead with highlighting of the main results of each experimental

part to be done and concludes with conclusions on investigations conducted.

5.1 Impedance of the element’s failure

During the experimental assessment with respect to the elements failure’s resistance, the
current source S was connected to two small horizontal steel elements (bolts) buried in
soil at 50cm — the horizontal grid’s depth, as shown in Figure 5.1. As the source in setup
shown in Figure 5.1, both AC and DC supply were used. Ends of both electrodes had a
good contact with the soil. Water was added in those areas between two electrodes
(bolts) where they had contact with the soil in order to provide good contact between

metal and ground.

The soil structure had sandy loam top stratum (30cm) with the resistivity 250Qm and

clay as the bottom one with the resistance 30Q2m. The resistance of the connecting wires
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can be neglected since it was only 0.9Q. The approximate temperature was 70 degrees F
or 21 degree C, atmospheric pressure was approximately 99.750kPa or 750mmHg
(torr). A diameter of the electrodes was 10mm. A distance between electrodes was var-

ied in a range from 1 to 3cm.

These distances were chosen as possible value of a gap between two electrodes.
Smaller values refer to such factors as corrosion and freezing processes in the soil when
the gap between electrodes may have some centimetres value. Larger values (some doz-
ens centimetres) may be caused by possible mechanical accidents during construction

works.

(s)
N

electrode 50 ¢m
‘I- v

Figure 5.1: Experimental setup for measurement of failure’s impedance

The experimental results of this study are shown in Table 5.1.
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Table 5.1: Impedance of failure

Distance between electrodes, cm R, kQ
1 0.226
2 0.445
6 0.120
26 1.100
60 4.260

As one can see from Table 5.1, the impedance of the gap filled with soil regardless
the gap’s length is much bigger than the impedance of the element itself. It happens be-
cause the area of the gap with soil between two parts of a damaged conductor is much
smaller in comparison with the area that is involved in the current dissipation process

for the element without damages.

Also, as it can be seen from Table 5.1, the impedance value of the gap in the dam-
aged horizontal element increases nonlinearly with the increase of the distance between
electrodes. The results of the breakage impedance from this experimental part were used

for the mathematical and computer modelling in Chapter 4.
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5.2 Determination of waveform parameters used for grounding

monitoring

For analysis of the current and potential distribution processes and characteristics of the
grounding it is necessary to employ a current of the certain waveform and frequency. It
is much better to have a diagnostic or a test current which will have above mentioned
characteristics different from the original current with fundamental frequency (50 or 60
Hz). By means of such a current it will be possible to eliminate any noise influence dur-
ing investigation of the grounding device. Moreover, the use of such a test current will

allow elimination of the power plant’s tripping and forced outages to the load.

Experimental studies were conducted to determine the influence of the test current of
different forms injected in the conductor on the signal that was picked up by an elec-
tromagnetic field coil (sensor) at some distance from the conductor. The results were
evaluated by means of a double-beam oscilloscope. During the experiments, the sensor

was located in the vicinity of the conductor connected to a signal generator.

Different forms of signals were taken into account (rectangular, sinusoidal, triangular,
sawtooth waveforms). These experiments were conducted in one of the laboratories in
the School of Engineering, Auckland University of Technology (AUT), Auckland, New

Zealand. The experimental setup is shown in Figure 5.2.
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Generator Oscilloscope

Current conductor Sensor

Figure 5.2: Setup to observe different form signals

During the experiment the output current from the signal generator flowed through the
conductor connected to it. The sensor was located just above the current-carrying con-
ductor. The output terminals of the sensor were connected to the first channel of the os-
cilloscope. The second channel of the oscilloscope was connected to the generator for

its signal representation.

The output generator signal had 20V peak-to-peak value and 0.18A current. Examples
of signals captured by the sensor are shown in Figure 5.4 to Figure 5.6. A yellow curve

represents the signal picked up by the sensor. A blue curve is for the generator signal.
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Figure 5.4: 400 Hz square waveform generator signal
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Figure 5.6: 400 Hz sawtooth waveform generator signal

During the experiments, the captured signals were observed, and preference was given
to a rectangular (square) waveform because it was the most convenient waveform to
detect on the surface of ground above the grounding grid. In comparison with the other

waveforms, a square waveform signal had steep fronts that resulted in a higher value of
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electromotive force in sensors and a higher magnitude of the output sensor’s voltage. It
can be easily captured by an inductive coil used as a sensor. The steeper the signal front

was the easier it was to identify and process it.

5.3 Field study on the grounding

In order to verify the results of the mathematics and computer modelling described in
Chapter 3 and Chapter 4, experimental work on the grounding was set up and conduct-
ed. The grounding device consisted of two meshes of steel horizontal elements bonded
to each other by means of bolt connection (see Figure 5.7). The horizontal element’s
(E2) integrity and failure were imitated by the switch position (S) located in the middle
of the element. Open position of the switch S meant damaged element condition. Closed

position of the switch meant that the element was integrated.

All elements of the experimental grounding device were buried into soil to a depth of
30-40 cm. The soil structure had sandy loam top stratum (15 cm) and clay as the bottom

one. The diameter of round cross section conductors was 10 mm.

The grounding device area was approximately 16 sq. m.

A snapshot of the experimental setup is shown in Figure 5.8. A horizontal element in
the centre of the grounding had a switch to imitate a physically integrated or damaged

element.
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Figure 5.7: Experimental grounding device grid

Figure 5.8: Experimental grid (top view)

Impulses of square waveform injected in the grid were used since the signal had steep
fronts that can be easily detected by inductive coils which were used as sensors above

the elements.

In order not to create forced outages of power supply and eliminate noise of the funda-
mental frequency, a frequency of an even number harmonic was adopted for the test

current injected into the grounding grid.

The sensors used in the experimental part to capture the test signal were solenoids with
8mm diameter core made from ferrite with the magnetic permeability much higher than

of steel. Over the core, there were 3 layers of coil 127 turns each. The copper wire with
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0.2mm radius was used to make the coil for each layer. The sensitivity of sensors was
detected through the experimental way by adding layers of the coil. The setup (see Fig-
ure 5.2) consisted of a current-carrying conductor with 1A in it. The sensor was located
1m away of the wire in perpendicular direction to it. The layers of the coil were added
until enough to be detected on the screen of the oscilloscope potential was captured. The
electromotive force value or the sensor’s potential value induced in sensors and its

phase was under investigation within the experimental part.

During the experiment AC source was connected in different ways so there were a number

of circuits for analysis.

In the first part of the experiment the generator was connected between two points of
the grid at a maximum distance from each other. The sensors were moving along A-B

line in the vicinity of the surface as shown in Figure 5.9.

Magnitudes of sensors’ potentials detected by the oscilloscope were measured at points
1-11. Measurements were made at both positions of the switch (S): switched on (imita-
tion of the horizontal element integrity) and switched off (damaged element). The

source current was maintained constant (1.5 A), but at different frequencies.

Figure 5.9: Grounding device under test
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The results of the experiments are presented in Table 5.2and Figure 5.10 respectively.

In Figure 5.10, the curves (magnitudes in volts) with different frequencies are presented.
Curve 1 represents potential distribution when Element 2 (E,) is integrated (S is in the
“ON” position). It means that current flows through all three horizontal elements almost
equally. That is why there are peaks at points 2, 6 and 10 over the horizontal elements.
Profile 3 is shown for the case when Element 2 (E,) is damaged (S is switched off) that
is why the potential at point 6 has the lowest value and almost the same as at points 5
and 7 where there is no any current-carrying conductor. At points 2 and 10 one can ob-
serve the increase of the sensors’ potentials in comparison to the value at point 6. Again,

that increase takes place above the integrated conductors with current.

Higher values of potentials detected on the surface of the ground were registered at the
frequency of 1000 Hz. Indeed, as one can see from Figure 5.10 curves 2 and 4, poten-

tials at all points are higher compared with the frequency 400 Hz.

When Element 2 (E;) is integrated (S is “ON”) for the point 2 for example at the fre-
guency 400 Hz (see curve 1) the value of potential is 1.6 V. At the same time at fre-
quency of 1000 Hz the potential of the same point is 3.0 V (see curve 2) which is almost

2 times higher.
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Table 5.2: Sensors’ potentials over grounding grid

Position of S
Point Number
ON OFF
F=400 Hz Curvel Curve 3
1 0.7 12
2 (E1) 16 2.2
3 0.8 11
4 0.4 0.7
5 0.9 0.3
6(E2) 15 0.1
7 0.9 0.2
8 0.5 0.4
9 0.7 0.9
10(E3) 1.2 1.4
11 0.5 0.7
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F=1000 Hz Curve 2 Curve 4

1 1.2 2.1
2 (E1) 3.0 4.1
3 1.6 2.3
4 1.0 1.2
5 14 0.6
6(E2) 2.7 0.4
7 1.3 0.4
8 0.9 11
9 14 1.7
10(E3) 2.1 2.6
11 1.0 15
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1 (0.4kHz) (0.4kHz) 3

Figure 5.10: Potentials on surface of soil

Thus, to register signals on the surface of the ground by means of electromagnetic sen-
sors (solenoids), which detect the induced potentials, it is more preferable to use a high-

frequency signal.

But the higher the frequency of the injected signal is, the greater the difference in im-
pedances’ (resistance and reactance) magnitudes of the elements compared with the
fundamental frequency 50 or 60 Hz one can have and as a result the greater the discrep-

ancy of the signal distribution pattern compared with the common mode will be.

As a final choice with regards to the experimental investigation of the grounding grids
it was decided to use a 400 Hz signal since it was the 8th harmonic and unlikely to be
close to the fundamental frequency. Moreover, it is noted that the chosen frequency
does not substantially change the characteristics of the elements in comparison with the

fundamental one.

In order to determine a pattern of current distribution through the grounding grid’s ele-
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ments, two schemes of the generator connection were used.

The first scheme is similar to the circuit in Figure 5.9 but sensors potentials’ values and
currents’ directions were analyzing not across the elements but along them. The genera-
tor was connected with its two leads to the grounding device’s grid. The circuit is pre-

sented in Figure 5.11.

Figure 5.11: Current and potential distribution

While moving along the horizontal elements on the surface of the ground, signals of 400
Hz were observed on the screen of the oscilloscope. The results of the sensors potential
measurements are presented in Table 5.3. Figure 5.12 depicts the results of the potential

distribution along Element 2 (E,) with length L.
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Table 5.3: Sensors’ potential distribution along elements

Point Number

Positionof S  Element

1 2 3 4 5 6

E1 1.7 1.6 1.6 - - -

ON E> 1.6 15 15 15 1.6 1.6
Es 14 14 13 - - -

E1 2.0 2.2 2.2 - - -

OFF E> 1.2 0.4 0.1 0.1 0.2 0.9
Es 1.7 15 1.6 - - -
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Figure 5.12: Potential distribution along element

1 — undamaged element, 2 — damaged element

As can be seen from the Figure 5.12 when the element is without damages, values of the
sensors potentials over the conductor on the surface are almost the same at all points of
the element. On the other hand, when the element is damaged the curve has a minimum

between points 3 and 4 which is the point of failure.

The results of this experimental part prove the results of mathematical and computer
modelling from Chapter 3 and Chapter 4 since according to Bio-Savart law, values of

magnetic field strength vary linearly with the conductor current.

One more scheme was used to detect the current direction in elements of the grounding
device. The circuit is shown in Figure 5.13. The generator was connected with one of its
lead to the grounding device and with the other one to a vertical element of 2m length
located outside of the grounding device. The vertical element had a round cross-section

of approximately 10mm diameter. This element was buried in soil to depth of 1m. The
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location of the vertical electrode represents a remote ground so it should be at least sev-

eral meters away from the grounding grid.

During the experiment when the switch was in the “ON” position, the directions of cur-
rents in different parts of the conductor were the same (see Figure 5.14 and Figure
5.15).. On the contrary, when the switch was “OFF”, the currents before and after the
point of failure flowed against each other or in other words, they had opposite directions

(see Figure 5.16 and Figure 5.17).

This effect could be caused by the higher resistance of the failure in comparison with
the resistance of the rest of the circuit. In such a case, the current will flow through the

smaller resistance which is the metal elements in parallel to E;.

Figure 5.13: Current distribution
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Figure 5.14: Setup with integrated element
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Figure 5.15: In phase direction of currents in integrated element
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Figure 5.16: Setup with damaged element
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Figure 5.17: Out of phase direction of currents in damaged element

The equivalent circuit of such a scenario can be presented as in Figure 5.18.
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Figure 5.18: Equivalent circuit

R¢ in Figure 5.18 is the resistance of the failure or the resistance of the soil between two
metal parts of the damaged horizontal conductor. R is to represent a part of the current
which flows from the current-carrying element into the soil. It is so called leakage cur-
rent. All elements are shown as equal parts with distributed parameters. Such presenta-
tion can show currents that flow not only in the element itself but also currents flow in

to the soil.

As it can be observed from Figure 5.18, when R¢has a big value (S is “OFF”) which imi-
tates failure of the element, the current distribution is as shown Figure 5.18. In this case,
the currents in the damaged element E, flow from the ends of the damaged element to
the place of failure and to the soil which is the return circuit for them through elements
RL. Since the impedance of the failure is substantially higher than the resistance of rest
of the circuit, the current do not flow through R¢and almost all the current distributes
between R, elements of the circuit. That is why the direction of the current in different
parts of the conductor is opposite to each other and signals captured by sensors are out

of phase as shown in Figure 5.17.

119



On the contrary, when S is “ON”, the resistance of Rs is close to zero and can be ne-
glected. In this case, due to a very small resistance of all cascaded parts of the metal
conductor, the current will have the same direction at all points. It happens because the
resistance of metal current-carrying element is much smaller than the resistivity of soil

around it. One can see in phase signals captured by the sensors in Figure 5.15.

5.4 Concluding remarks

During the work of the horizontal elements failures’ detection it is necessary that the
effect of electromagnetic fields generated by the equipment of the power plant (noise)

and currents flowing through its grounding device was kept at a minimum value.

This requirement can be satisfied if the level of a measured signal is much higher than
the magnitude of noise. It is possible when heavy duty source of signals is used. The
other way is to use signal of frequency different from the fundamental one (50 or 60

Hz).

It is preferably to use the second option because a captured signal on the surface of
ground in this case can be processed and point of failure can be detected without trip-

ping of the electric power plan.

During the grounding devices’ monitoring the most suitable waveform of the test cur-
rent is a square (rectangular) waveform of impulses. Such a type of signal has steep

fronts that can be easily detected by means of electromagnetic sensors on the surface.

The higher the frequency of the test signal injected into the grounding device, the more
substantial signal can be detected on the surface of ground. At the same time, the cur-
rent distribution in the grounding devices at high frequencies can differ from the com-

mon mode distribution.
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It is well known that symmetrical signals (including sine waveform) have only odd
spectrum of harmonics in them. It means that frequencies presented with respect to elec-
tric power plants are frequencies of 1st, 3%, 5™ 7™ and etc harmonics. Thus, the fre-
quencies that likely to be detected at the territory of 50 Hz electric power plants are: 50
Hz, 150 Hz, 300 Hz, 450 Hz and etc respectively. In order to eliminate noise’s influence
for the investigated grounding devices, it is better to use the test signal of even frequen-
cy that is far from the fundamental one. As one of the best options is 400 Hz control
frequency signal. It is 8th harmonic which is pretty far from the fundamental one and do

not substantially change the elements’ impedances.

During the experiment, the pattern of the potential distribution over the grounding de-
vice was investigated. It was shown that one can detect the maximum value of the po-
tential in sensors over the current-carrying conductors crossed by perpendicularly (see
Figure 5.9 and Figure 5.10). This value subsides with increase of distance from the con-
ductor. The higher frequency of the signal injected was the higher level of the detected

signal could be detected.

If the horizontal element did not have failures the pattern of the potential distribution is
almost even without substantial differences of the value along the element. On the other
hand, if the element is damaged there is a substantial drop of voltage at the point of fail-
ure with increase of the potential to the ends of the element. The same features of the
even distribution of the current and as a result potential distribution over the element
were revealed in Chapter 3.3, Figure 3.13 and Figure 3.14 and also in Chapter 4.2, Fig-

ure 4.11 and Figure 4.12.

The experimental studies showed and proved the validity of provisions obtained from

the mathematical and computer modelling. As one can see from Figure 5.12, if the hori-
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zontal element in the grounding grid does not have any failures, the distribution of the
potential through its length and electromagnetic field over it will have even character
without steep drops. On the contrary, if the element is damaged, there will be a drop at
the point of failure since the resistance of ground in the gap is much bigger than the re-

sistance of the element itself.

One can see that the pattern of the current distribution in Figure 4.13 for the integrated

and in Figure 4.14 for the damaged element is the same as shown in Figure 5.12

When the generator is connected with one lead to the grounding device and with the
other one to the separate vertical electrode, the directions of currents before and after
the point of possible failure depends on the condition of the element. If it is physically
solid, the currents will have the same directions. When the element is damaged, the cur-
rents will have opposite directions. This feature is caused by a higher soil resistance

compared with resistance of the metal elements (see Figure 5.13 and Figure 5.18).

The results of the current potential distribution over the integrated conductor shown in
Figure 4.16 are the same as in Figure 5.15. When the element is damaged one can see
out of phase distribution in Figure 4.18, during modelling and the same out of phase

captured signal during the experimental part in Figure 5.17.

Described features of the current and potential distribution in the damaged and physical-
ly integrated elements can be used for establishment of a new technique for the horizon-
tal elements’ monitoring. After the injection of the test current into the grid, signals
captured on the surface of the ground above the grid can be processed and the damaged

horizontal element and the location of its failure can be pinpointed.
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CHAPTER6: IMPLEMENTATION OF THE PROPOSED

TECHNIQUE TO GROUNDING DEVICES’ INVESTIGATION

To summarize the results obtained from the mathematical analysis, computer modelling
and experimental justification of the processes in the grounding grids, there are two

main features that should be emphasized:

1. The current and potential distribution along the damaged horizontal element has

uneven distribution in comparison with the element without failure.

2. The directions of currents in the damaged element are different. They have the
opposite direction compared with the element without failures where the current

direction is the same along the entire length of the element.

These features may be used as a base for the technical device to monitor the grounding

grids elements’ physical integrity.

In order not to create forced outages to the power supply of the load, the main require-

ments for the proposed technique used for the grounding investigation are as follows:

1. The technique must be an universal tool for the grounding devices of the whole

variety of power plants;

2. The power plant must be at a normal operation regime (common mode);

3. The “noise” of the power plant created due to appearance of the current of nor-
mal operation and faults must be canceled (eliminated) and must not have any

influence on the test current injected into the grounding grid;
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4. The proposed technique must provide opportunity for the monitoring of all the

horizontal elements of the grid,;

5. The proposed new device for the monitoring must be portable and easy to use.

In accordance with all these requirements, it is suggested the impulse square wave form
with frequency 400 Hz signal from a separate source (generator), which is connected to
the grounding grid be utilized. After the injection of this impulse current into the grid
and detecting it on the surface of the ground above the grid by means of two electro-
magnetic sensors, captured signals from sensors are processed in the proposed device.

The results can be seen on the front panel of the device as LEDs illumination.

6.1 Development of device’s functional scheme

The proposed technical device consists of two main parts: an impulse square wave form
generator which is connected to the grounding and a processing unit carried by an oper-

ator.

A circuit of the impulse generator is presented in Figure 6.1.

DD1.1 DD12 DD13

~ 240V &
V"V I\

SN

Figure 6.1: Circuit of pulse generator

The generator in Figure 6.1 consists of a tiny square wave form impulse multivibrator

made on elements DD1.1 -DD1.6 and two bipolar transistors to form the output current
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signal (Schuler, 2003). The scheme has a resistor Rs to vary impulses’ frequency. As an

example, the CD4049 microchip was used for the initial pulses generation.

A snapshot of the Generator is presented in Figure 6.2.

Figure 6.2: View of pulse generator

A snapshot of sensors is presented in Figure 6.3. To ease the investigation of the
grounding devices’ condition, the sensors are located on an auxiliary measuring rod
made of insulated material (wood and plastic) as shown on in the same figure Figure

6.3.

Oscilloscope
input

|

Measuring rod

Electromagnetic field
Sensors

Figure 6.3: View of sensors and measuring rod
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In line with all the above requirements the functional diagram of the processing unit can

be presented as shown in Figure 6.4.

In order to obtain a magnitude of the captured sensors’ signals enough to process, the
future device should have not only the logical part but also a part to amplify the cap-
tured signals. As a base of such amplification, operational amplifiers (OpAmps) can be

used (Predko, 2002).

After amplification the signal from each sensor is sent to a processing unit and the re-
sults are indicated on the screen of the device or can be heard by means of a small

speaker. The functional diagram schematically can be presented as shown in Figure 6.4.
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As one can see from the scheme (see Figure 6.4) the captured signals from each sensor
above the horizontal element arrive to the input of the amplifier units (A; and A). The

main goal of the amplifier units is to increase a peak to peak value of the captured sig-

Figure 6.4: Functional diagram of device

nals for the further processing.

After that, the amplified signals of required frequency are peaking out by means of fil-
ters (Fy and F»). The rest of the sensors’ signals are noise which doesn’t proceed beyond

filters and they are not processed.

Further, the amplified and filtered signals are applied to inputs of a logical part of the
device, so called phase comparison and indication unit (PCIU). This part provides a log-

ical processing of the captured signals. It compares phases of the captured signals above
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the horizontal element and sends a signal to trigger the signal indicator (SI) if a dam-
aged horizontal element of grounding is detected. The module also indicates a level of

the captured signal above the horizontal element in order to find where it is located.

The signal indicator has two parts: (i) yellow LEDs to visualize the current direction in
the horizontal elements and level of the captured signal above the element; (ii) a red
LED plus a speaker as the failure detector in order to locate the point where the horizon-
tal element is damaged. During the investigation of the grounding by observing the
changes of the current directions and hearing the sound of the speaker (or by observing
the active red LED), one can detect the damaged element and to locate the point of fail-

ure itself.

Figure 6.5 represents an internal structure of the A1 and A2 units. Each part of the unit
consists of a chain with two operational amplifiers. Despite operational amplifiers theo-
retically have a huge gain; in practice it is useful to have two chains of amplifiers. It will

ease the process of amplification and reduce the signal distortions.

As one can see from Figure 6.5, there are 3 resistors connected to the input of the first
amplifier in each chain. They provide a step change of the gain value depending on the
soil resistivity thereby providing sensitivity of the device. Different values of apparent
soil resistance correspond to different values of gain. Each time during the grounding
investigation, the gain can be adjusted up to the most suitable value. It can be done by
arranging the sensors above the current-carrying conductor for instance, above one of

the impulse generator’s leads.
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Figure 6.5: Amplification units of device

As an example, HJA740C or 741, LM324, TL084, LM358 or TL082 operational amplifi-
ers can be used. Chip pinout shown in Figure 6.5 is for pA740C or 741. Gain of the first
OpAmp in each chain is 120 (but depends on the buttons position). The second OpAmp

gain is 180 but it is also adjustable.

Each operational amplifier in Figure 6.5 has a non-inverting circuit with negative feed-
back which keeps the same original form of the sensors’ signals. A capacitance C; and
resistance Rg in Figure 6.5 is a preliminary low pass filter and is needed to eliminate a

DC offset and noise that can take place in the grounding.

Units F; and F, show in Figure 6.4 contain the active filter as a base for getting the peak
out of the control signal. Different types of filter designs achieve different types of fre-

guency responses, which are typically characterized by having a particularly flat pass-
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band frequency response (Butterworth filters) or by a very rapid transition between
passband and stopband (Chebyshev filters, and Cauer, or elliptical, filters), or by some
other characteristics, such as a linear phase response (Bessel filters). Achieving each of
these properties usually involves tradeoffs; for example, a very flat passband response
will usually result in a relatively slow transition from passband to stopband (Winder,

1997).

In addition to selecting a filter from a certain family, it is possible to select the order of
the filter. In general, the higher the order, the faster the transition from passband to

stopband but it will be at the cost of greater phase shifts and amplitude distortion.

All above-described types of filters perform well with a sinusoidal signal but have some

distortion of the output signals when the input is a square-wave.

One of the possible circuits for the band-pass filters of certain frequency is shown in

Figure 6.6. The same type OpAmps as shown in Figure 6.5 can be used.

The circuit shown in Figure 6.6 is a combination of a low pass filter (R,, C) and a high

pass filter (Ry, Cy).

If C;=C,=C and R;= R,=R (Williams & Taylor, 2006) a cutoff frequency of such a fil-

ter can be obtained as

fo-— =
0 27-C-R° 6.1)
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Figure 6.6: Filters unit of device

Setting the value of capacitance for the certain frequency one can find

1

R=——
2r-fg-C~ 6.2)

For the filter with 400 Hz resonant frequency, setting the value of gain Ho= 1 in order
to have equal magnitudes of input and output signals and the value of the capacitor

C=0.33pF, one can obtain:
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Computer modeling of the above-described processes was fulfilled in MICRO-CAP
software program with calculated parameters of filters (Micro-Cap 10. Electronic
circuit analysis program. User's guide, 2010). In order to evaluate performance of the
filter in circumstances close to the reality, the model comprises not only a filter itself
and 10V peak to peak, 400 Hz source but also 3V peak to peak, 50 Hz noise source. The

initial source has square-wave pulse signals. The results are shown in Figure 6.7.

R2

1206

Micro-Cap 10 Evaluation Version
20.00 Band Pass Filter with Sine MNoise.CIR

0.00m 10.00m 20.00m 20.00m 40.00m S0.00m

T (Secs)

o 0.00m 10.00m 20.00m 20.00m 40.00m £0.00m
V(1) (V)

T (Secs)

Figure 6.7: Filter modelling with sine noise
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A frequency response and a phase shift of such type of filters for both types of noise
made in MICRO-CAP AC ANALYSIS is depicted in Figure 6.8. The range of frequen-

cies for the analysis was chosen from 10 Hz up to 1.5 MHz.

Micro-Cap 10 Evaluation Version
Band Pass Filter with Sine Noise. CIR

100K m 1.5M

-75.00

-150.00

-225.00

-300.00

-375.00

10
ph(v(1)) (Degrees)

F(H2)

Figure 6.8: Frequency response of filters unit

6.2 Logical processing based on microchips

The main logical part of the device is PCIU. This unit provides logical processing of the
captured signals. The PCIU compares phases of the signals and gives a digital output to
trigger the signal indicator if the horizontal element of grounding is damaged. The unit
also shows the directions of the current in the horizontal element and the level of the

captured signal. The circuit is presented in Figure 6.9.
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Figure 6.9: Logical part of device

The input signals from units F; and F, go to non inverting inputs of comparators DD1,

DD2, DD3. The comparators convert the input signals into the digital “1” and “0” sig-

nals depending on levels.
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A part of the scheme consisted of monostable multivibrators F;-F3 and a logical element
“OR” number 1 is dedicated to the current direction control in the horizontal element.
Depending on direction of current in the current-carrying conductor the operator will

see the illuminated LED either from F, or F3 multivibrators.

If one of the horizontal elements is damaged, one more part of the scheme will be acti-
vated. This part comprises another monostable multivibrator F, second logical element

“OR” and element “AND”. In this case the operator will see the active “failure” LED.

The Indication Module (IM) of the scheme is needed in order to evaluate the level of the
detected signal above the horizontal elements. This unit has a band of LEDs made as

display to visualize signal’s level.

A full principal diagram of the logical part is shown in Figure 6.10.

The element DD1 on the scheme is LM 2901 microchip. This device consists of four
independent precision voltage comparators. The supply voltage Vcc can have a wide
range from £18 V for a single supply source to 36 V of a dual one. The microchip has

TTL, DTL, ECL, MOS, CMOS compatible outputs.

Each pair of DD2.1, DD2.2 or DD3.1, DD3.2 elements is CD4098B microchip. It is a
dual monostable multivibrator that provides resettable/retriggerable one-shot operation
for any fixed-voltage timing application. An external resistor R, — Rg and an external
capacitor C; — C3 control the timing for the circuit. S; and S, are the leading-edge-
triggering and trailing-edge-triggering inputs of the microchip. The maximum voltage

of the supply source is 18 V.

DD4 shown in Figure 6.10 is CMOS NAND microchip CD4011B. It is a quad 2 input

NAND microchip that can have a DC supply source up to 20 V.
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The value of the resistor R; depends on the type of LED chosen for indication but in

general should be in the order of kQ or higher.

The LED Driver for Light Band Displays — DD5 is based on UAA180 microchip. This
integrated circuit is made for driving 12 light emitting diodes. Corresponding to the in-
put, the voltage LEDs forming a light band are controlled similar to a thermometer
scale. Scale display by means of a growing light band is very suitable for the measuring
of approximate signal level above the horizontal element. Pin 2 serves to determine the
diode current which results in different light intensity. By using an appropriate circuitry,
the light passage between two adjacent LEDs can be set between “smooth” and “ab-

rupt”.

The timing diagrams of the signals processing throughout the element and components

of the circuit are shown in Figure 6.11 and Figure 6.12.

From Figure 6.11, it can be seen step by step processing of the Sensor 1 captured signal.
The example shown in Figure 6.11 implies a failure of the horizontal element. In this
case two digital signals from comparators K; and K, launch DD2.2 comparator and one
of the DD2.1 and DD3.1 comparators depending on the current direction. According to
the result of such a processing, an operator will see one of the indicating LEDs glow.
Thus, this part of the PCIU circuit indicates only differences in current directions and

did not show the failure’s position.

Processing of the signal for the horizontal element failure’s indication is shown in Fig-
ure 6.12. As one can see, the “failure” LED flashing happens only if signals from both
sensors are not overlapped as it is shown on the DD3.2 (pin 11) axes. In turn, signals do

not overlap if they have different directions. Otherwise, if there is no failure and the cur-
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rent direction in the element is the same there will be no indication since a logical ele-

ment DD4 does not have activated inputs.
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Figure 6.10: Principle diagram of device

138



Comparators
Thresholds

Currents Direction in the Element

Generator
Sensor 1

wt

139

Figure 6.11: Timing diagram for currents direction indication
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Figure 6.12: Timing diagram for failure indication
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6.3 Logical processing based on microcontrollers (PLCs)

Despite an option of using microchips as a base for the future technical device as ex-
plained in the previous subsection, another way how to create such a device using pro-

grammable logic controller (PLC) can be developed.

A PLC is a digital computer used in many areas especially for automation and control of
the processes in industry. A PLC is an example of a real time system since output re-
sults must be produced in response to input conditions within a limited time. PLCs are
very convenient not only for industrial needs but also in such areas as relay control, mo-
tion control, process control, distributed control systems and networking. The data han-
dling, storage, processing power and communication capabilities of some modern PLCs
are approximately equivalent to desktop computers. The PLCs are well adapted to a
range of automation tasks. These are typically industrial processes in manufacturing
where the cost of developing and maintaining the automation system is high relative to
the total cost of the automation, and where changes to the system would be expected

during its operational life.

As an example, Programmable Logic Relay (PLR) Zelio Logic SR2 E121BD of
Schneider Electric was used (see Figure 6.13) (Smart relays Zelio Logics catalogue,
2008). This family of PLRs includes a wide range of devices with different voltages of
supply source and numbers of inputs and outputs (1/0). The supply source voltage can
be up to 24 DC or 240 AC volts. The maximum number of 1/O is 26 but can be easily
extended by applying a needed number of extension blocks. This certain PLR contains 4

discrete inputs, 4 analogue inputs and 4 relay outputs.
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This PLR can be programmed by using either Ladder Diagrams (LD) or Functional
Block Diagrams (FBD) language. For a technical description of the programming, FBD
way was chosen as more visual representation of the afore-described schemes and tim-
ing diagrams. Elements contained in FBD programming are close to those described

earlier in a microchip base part of this work.

ISP

SR2 ET2180D

Figure 6.13: Programmable logic relay SR2 E121BD
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Figure 6.14: PCIU programming in Zelio Logic software

The result of PCIU programming in Zelio Logic software is shown in Figure 6.14.

Signals to be processed arrive from analogue inputs IB and IC to three comparators
shown in the left-hand side of the Figure 6.14. Blocks NUM determine adjustable
thresholds of comparators. In two comparators connected to the input 1B both parts
(positive and negative) of the processed signal are converting into digital signals corre-
sponding to signal’s polarity. The comparator connected to IC input digitizes only posi-

tive part of the captured signal since only this part is using for the future processing.

After that, the digital signals from first two comparators are used for the currents direc-
tion evaluation. This part is similar to three elements DD2.1, DD2.2 and DD3.1 of Fig-
ure 6.10. The main idea of the part is the same, first of two impulses launches a middle
timer and the second one determines lighting of one of the green LEDs at the outputs

O1 or O3 depending upon the current phase or direction.

143



A bottom part of the circuit has also the same principle of signal processing as in Figure
6.10. It compares phases of two signals from both sensors of the device. If signals phas-

es are different, it will result in red LED activation at output O2.

A complete setup of the PLC and a laptop in order to download PCIU scheme is shown

in Figure 6.15.

i
WA

8\

Figure 6.15: PC and laptop connection

Another example of PLC for the logical part can be SIEMENS LOGO series of control-
lers. This family of PLCs is similar to Zelio with a wide range of supply voltage

(Siemence Logo catalogue, 2008).

A possible solution for the logical part of device can be presented as in Figure 6.16.
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All the elements in Figure 6.16 have the same logical processing goal as explained ear-

lier.

Figure 6.16: PCIU programming in SIEMENS LOGO software

6.4 Method of testing the horizontal elements integrity

Based on the features of the current and potential distribution in the grounding that have
been revealed and explained earlier, in order to monitor the technical condition of the
grids, detect damaged horizontal elements and their failures’ positions, it is suggested to
use a technique (sequence of steps) of the grounding devices investigation as described
below. This number and content of steps in the procedure will allow full investigation of

the horizontal elements’ trace in the grids along with the damaged elements detection.

The monitoring technique comprises two main parts to be fulfilled.
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During the first step of investigation, an impulse signal generator is connected with its
both ends to the most remote points (enclosures’ pigtails) at the territory of electric
power plant. By means of such a connection, this scheme provides current flow through
all elements of the grounding grid as shown in Figure 6.17. The current value is adjust-

ed to be high enough for the detection on the surface of ground.
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Figure 6.17: Grounding device investigation. Step 1.

While moving above the grounding grid, an operator is able to see the maximum read-
ings of the Indication Module of the device above the horizontal elements. Thus, the
operator determines the trace (location) of the grounding elements. It is important since
within years the real position of the elements may change due to variations in the

grounding scheme which is not always noted in the documentation.

At the same time while moving along the horizontal elements, the operator notices areas

and elements with a substantial drop of the captured signal potential values. At this
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point, this sign may indicate a fact of the damaged horizontal element location. Hori-

zontal elements without failures will not have such a noticeable potential drop.

The second step implies another circuit when one terminal of the generator is connected
to any enclosures’ pigtail and the other one to the remote probe (vertical electrode). The
length of the vertical probe should be at least 2m to provide a good contact with soil.
The location of the probe should be at least several meters away from the grounding
grid. In this case, the scheme provides current from the horizontal elements of the

grounding grid into the soil structure and then to the probe as shown in Figure 6.18.
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Figure 6.18: Grounding device investigation. Step 2.

At this stage, the operator moves along the “suspicious” horizontal elements detected at

the previous step of the grounding investigation procedure. The Indication Module of
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the device shows the location of failure when the operator is moving over it by means of

sound or light signal.

In general, regardless of the grounding device type, the algorithm of the described tech-

nique can be presented as shown in Figure 6.19.

1
Generator connection to two most remote grounding conductors (pigtails) at the
territory of power plant. Control signal of enough value injection

v

Trace of the horizontal elements detection
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Figure 6.19: Algorithm of grounding investigation
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The shape of the grounding grid and meshes configuration does not change the way of in-
vestigation or the device’s performance. The only parameters that matter are the direction
and character of the current in the horizontal elements or potential distribution over them.
But with decrease of the length in one of the parts (bits) of the damaged horizontal conduc-
tor, the sensitivity of the device is not good enough to detect the current due to its small val-

ue.

6.5 Concluding remarks

There are two main aspects presented in this chapter; (i) a full description of the proposed
device for the grounding monitoring and the damaged elements’ detection and (ii) a se-

guence of actions for a complete examination of the horizontal grid.

It is described that as a base of the proposed device either microchips or programmable log-
ical controllers (PLCs) can be used. Both ways of the device development have pros and
cons. The main characteristics of the PLCs are: reliability, versatility, affordable and intui-
tive interface, the ability of reprogramming for needed operation along with a higher cost in
comparison to the microchips. At the same time, not all the functions of analogue pro-
cessing of the captured signals can be made by the available types of PLCs. Meanwhile, the
integrated circuit base is more affordable but, at the same time, is more difficult to set it up

and tune and it is not easy to reprogram.

The processing of the captured on the surface of ground test signal in the proposed device is
explained in the chapter. The operation of all the units of the device along with the main

timing diagrams is also described.

Finally, the algorithm of the grounding monitoring technique is presented in this chapter.
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CHAPTER 7: CONCLUSIONS AND FUTURE

RECOMMENDATIONS

7.1 Summary and conclusions

The main result of the study is the development of a new approach to the grounding de-
vices’” monitoring technique along with analysis of the fundamental processes in
grounding grids with and/or without damaged horizontal elements. Considerable bene-
fits such as time and labour reduction for the grounding devices’ investigation with in-
crease of accuracy of failures location can be obtained by using the proposed methods
described in the thesis. Meanwhile, the main safety criteria prognosis can be made in
case of damaged horizontal elements and this is due to the analysis suggested in this

work.

Several evaluations were conducted in the study, i.e. the current and potential distribu-
tion in a separate conductor and in the grounding grid as whole, features of these pro-
cesses in damaged elements, safety parameters evaluation in case of damaged elements
presence, frequency response on grounding elements etc. These investigations required
different analytical methods. The thesis presented step by step approach for each analy-
sis. The methodology comprised mathematical, computer modelling and experimental

studies of the processes in the grounding.

A mathematical analysis was carried out to set out frequency dependent characteristics
of the grounding elements in grids. The results presented showed that elements’ imped-
ance could be substituted by its resistance for a low range frequencies analysis. But with

a high frequency (megahertz) scenario, the conductor behaved more like the inductance
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rather than a pure resistance. It was also shown that the effect of frequency that has in-

fluence on the soil resistivity and permittivity must be taken into account.

During the magnetic field analysis over the horizontal element, the curves of patterns of
the magnetic field and potential distribution along the horizontal element were shown to
be quite different for integrated and damaged elements. The study demonstrated that
there was a significant drop of the field and potential values at the point of the element’s
failure. Meanwhile, the curve of distribution was quite even over the elements without

failures.

A mathematical model of the elements with lumped and distributed impedances and
their interchange ability enabled the estimation of the processes for different scenarios
of the grounding operation. The effect of the elements mutual coupling was also dis-
cussed and the mathematical analysis also provided. The findings from this research had
led to further investigation of the processes in grids with or without damaged elements

as a whole.

A network model and its analysis based on graphs theory and matrix analysis is present-
ed in Chapter 4. It showed features of the current and potential distribution in the grid as

a whole. A graph theory and a matrix analysis were very useful for the study.

A computer model of the grounding grid was presented to simulate the processes with
damaged horizontal elements. The calculations and modelling results provided showed
that even if the grounding devices initially had been made in accordance to all standard-
ized permissible safety parameters, due to the horizontal elements destruction, hazard-

ous potentials for personnel could appear. The study also revealed the main features of
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the current and potential distribution processes in the grids with damaged horizontal el-

ements.

Experimental investigation of the processes in grounding was carried out to validate and
justify the main outcomes of the theoretical part. The analysis presented showed that it
IS more convenient to use an impulse current for the grounding investigation with the
frequency different from the fundamental one. This will benefit in reduction of the pow-
er plant noise influence on this impulse current. It will also allow of any digging, trip-

ping and forced outage elimination at the plant.

Analysis carried out during the experimental part revealed the same principals and fea-
tures of the current and potential distribution in grids as that discussed in the theoretical

analysis of the thesis.

A new technical device’s structure for the grounding monitoring was described in Chap-
ter 6. Principal diagrams and schemes of the main units and blocks of the device along
with timing diagrams of its operation were shown in the chapter. At the same time, a

sequence of steps of a new grounding monitoring technique was presented.

7.2 Suggestions for future work

The findings of the experimental part with respect to the horizontal elements failure im-
pedance can establish further investigation of this phenomenon in different scenarios of
the grounding grids operation. It is necessary to derive empirical description, expression
or formula to calculate such failure impedance as a function of distance, soil resistivity,
form and shape of electrodes etc. It will be interesting to provide an evaluation of possi-

ble variations of this gap impedance for different types of horizontal elements as a func-
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tion of the gap’s distance. In addition, it can be useful to carry out the study for impulse

impedance behaviour evaluation of the “failure” for different types of soil.

It was shown in the study that in case of the damaged element’s presence in the grid, the
currents before and after the point of failure had opposite directions. Moreover, the
magnitudes of the potential and magnetic field strength at this point were significantly
lower compared with the rest along of the element. It will be beneficial to explore the
edge conditions of the failure position in the horizontal element since the closer the
point of the failure to the end of the conductor the more substantial the influence from

the adjacent elements on the processes will be.

Moreover, it would be very useful to evaluate the possibility of combining the function-
al capabilities of the device with the existing equipment for the grounding devices in-

vestigation.
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