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Terms of Reference

Professor C. T. Gaunt of the University of Cape Town initiated and supervised the research
undertaken for the completion of this thesis. He requested that a novel, patentable, fault-tolerant
technology be tested in a medium voltage laboratory to determine its efficacy and viability.

The specific requirements were to:

¢ Develop the theory governing a fault-tolerant, series resonant network

¢ Design and implement an appropriate test protocol

e Test the effect of the technology on power arcs caused by transient earth faults

e Test the success of the technology under various load conditions

e Determine the stability of the proposed system

¢ Record and intérpret the results of the tests performed on the network

e Draw relevant conclusions

» Produce a dissertation based on the theoretical research and the tests carried out in the
medium voltage laboratory.



Synopsis

Faults on distribution lines are frequently caused by transient events such as lightning and
storms. A direct lightning strike to a line causes a flashover, which may result in a power arc,
leading to breaker intervention for protection purposes. This, in turn, increases the customer's
exposure to voltage variations and interruptions, resulting in poor quality of supply. The proposed
fault-tolerant technology aims to negate the sustainability of power arcs, thereby preventing the
need for interruption of supply, which will improve power quality. An arc will self-extinguish if the
magnitude of the fault current flowing through it is too small to support the large voltage gradient
required to ionise a gap of a specific length. The technology proposes to limit the short-circuit
current by means of a large series reactance in the phase conductor of the source transformer.
This large reactance causes a significant volt drop in the supply circuit, resulting in an
unacceptably low voltage across the circuit’s load. It is a “series resonant” concept because this
decreased load voltage is regulated by means of an active capacitive load-end compensator.

The active capacitive compensator is connected in parallel across the load and injects reactive
power into the circuit which replaces the reactive power required by the supply reactance, and
supplied by the source. Because less total current is therefore flowing through the supply
impedance, the volt drop across it is not as large and the load voltage is maintained at a level
equal to that of the open circuit supply voltage.

The theoretical response of the power arcs to the added reactance in the supply circuit was
tested in a medium voltage laboratory. The proposed testing circuit simulates a medium voltage
distribution line using a 32kVA £240/19000V step-up transformer. A large supply impedance is
created by means of reactors that are added to the supply circuit. Arcs are initiated on the MV
line and measurements of arc duration and arc current magnitude determine the effects of the
added impedance on the arcs. The voltage is stepped down by means of a 16kVA 18000/240V
fransformer. A load is connected to the LV side of the step-down transformer, and the effect of
the high source impedance on the load voltage is determined. The compensator is then
connected in parallel with the load and its efficacy is determined by means of comparing the
compensated load voltage with the source voltage. The effect of loads of varying magnitude and
power factor on the power arcs and compensator is then determined by connecting resistive,
complex and motor loads. The stability of the system is also tested by means of connecting an
uniloaded, inductive motor load.

The tests show the proposed technology to be successful in its attempts to reduce the magnitude
and duration of transient short-circuit currents. In steady-state conditions, the compensator is
able to maintain the load voliage at the required value so that no apparent volt-drop in the



network is evident. In fault conditions, the magnitude of the load voltage decreases while the
power arc is burning but increases rapidly, returning to its desired value within a few seconds.
The compensator is able to respond to changes in load. If a load of larger magnitude, or lagging
power factor is connected, the compensator switches in more capacitors so that the large volt
drop in the supply circuit is negated.



AC
ARC

DC
DSP

IDMT
IEEE
MAV
NERC
Ng
NRS

pf
pu

rms
SWER

Acronyms and Abbreviations

alternating current

auto re-closer

distance

direct current

Digital Signal Processing
electric field strength

Inverse Definite Minirmum Time
Institute of Electrical and Electronic Engineers
minimum arc voltage

North American Electric Reliability Council
ground flash density

National Regulatory Service
real power

power factor

per unit

reactive power

recovery arc voltage

root mean square

Single Wire Earth Return
change in

radian frequency

vi



Table of Contents

Acknowledgements i
Declaration i
Terms of Reference iii

Synopsis iv
Acronyms and Abbreviations vi
Chapter One 1
Chapter Two: Literature Survey 6
Chapter Three: The theoretical development of a “series resonant” fault-tolerant network 43
Chapter Four: The development of the laboratory protocol 58
Chapter Five: The laboratory tests and results 88
Chapter Six: A discussion of the results 117
Chapter Seven: Conclusions and recommendations 132
References 137
Appendix A 140
Appendix B 141
Appendix C 148

Appendix D 150



List of Figures

Figure 2.1: The static characteristic of an arc in air

Figure 2.2: An AC arc volt-ampere characteristic

Figure 2.3: the effect of arc length on the volt-ampere characteristic (/;</y</3)
Figure 2.4: Equivalent voltage source and test circuit

Figure 2.5 V-1 characteristic of full arcing phase

Figure 2.6 A stable arc: the traces of voltage vs time and current vs time
Figure 2.7 An unstable arc: traces of voltage vs time and current vs time
Figure 2.8 Arc current vs arc length in air and along a wood path

Figure 2.9 Probability of arc extinction vs. length in air and wood

Figure 2.10 Circuit showing power flow in power factor correction

Figure 2.11 Power triangle showing capacitive power factor correction
Figure 2.12 Simple transmission link

Figure 2.13 Phasor diagram for the transmission of power through a series impedance
Figure 2.14 Complex single-phase load and its current and voltage phasors
Figure 2.15 Three phase system with Petersen coil earthing

Figure 2.16 Proposed series compensated source

Figure 3.1 A line diagram of the proposed circuit

Figure 3.2 Single-phase Thevenin equivalent circuit of a supply system
Figure 3.3 Phasor representation of the supply system

Figure 3.4 Phasor diagram for the compensated system

Figure 3.5 A simplified circuit showing the proposed technology

Figure 3.6 The uncompensated circuit as simulated in Simulink

Figure 3.7 The compensated circuit as simulated in Simulink

Figure 3.8 A simplified circuit representing the uncompensated network
Figure 3.9 The phasor representation of the circuit in Figure 3.8

Figure 3.10 A phasor diagram showing the possible line volt drops for the circuit
Figure 3.11 The required locus of Z, on a phasor diagram

Figure 3.12 Phasor diagram showing the effect of the compensator on the circuit
Figure 3.13 A simplified circuit showing the proposed technology

Figure 4.1 The initial laboratory set-up

Figure 4.2 This photograph shows the two 48kVA transformers (T2 and T3)
Figure 4.3 Test circuit showing path of fault current to earth

Figure 4.4 This photograph shows the fuse link

Figure 4.5 This figure shows the fuse link in the normally open position
Figure 4.6 This photograph shows the capacitive divider

Figure 4.7 The connection between the fuse link and the capacitive divider

13
14
15
18
21
22
22
23
24
29
29
30
30
33
37
40
44
45
45
46

47

48
49
49
50
51
52
53
54
59
61
62
63
64
65
65



Figure 4.8 Simplified per-unit system 69
Figure 4.9 A representation of the set-up of the reactors and two 48kVA transformers 70

Figure 4.10 This photograph shows two of the added reactors 71
Figure 4.11 The simplified per-unit system 72
Figure 4.12 The uncompensated load voltage corresponding to various load angles 76
Figure 4.13 This photograph shows the compensator 77
Figure 4.14 8kW resistive load 80
Figure 4.15 The set-up of the complex load; p.f. = 0.87 82
Figure 4.16 The four inductors used in the complex load 83
Figure 4.17 The single-phase unloaded motor that was used during testing 84

Figure 4.18 This photograph shows the current LEM, the voltags Differential Probe, and the

power supply which powers both of them 86
Figure 4.19 The Agilent 100MHz oscilloscope 86
Figure 5.1 The laboratory sei-up for the no-load arc tests 87
Figure 5.2 The traces of a no-load arc test 88
Figure 5.3 The results of a no-load arc test 89

Figure 5.4 The circuit representing the 8kW system on which arc tests were performed 90
Figure 5.5 Uncompensated load voltage (upper trace) and arc current (lower trace) 91
Figure 5.6 Uncompensated load voltage (upper trace) and arc current (lower trace) 92
Figure 5.7 The resulting load voltage when a “passive compensator” is placed in parallel
with the 8kwW load 93
Figure 5.8 “Passively-compensated” load voltage (upper trace)} and arc current (lower frace)
before, during and after a 33cm arc; 8KW resistive load 94
Figure 5.9 Compensated load voltage (upper trace) and arc current (lower trace) before,
during and after a 33cm arc; 8kW pure resistive load 95
Figure 5.10 Compensated load voltage (upper trace) and arc current (lower trace) before,
during and after a 33cm arc; 8kW pure resistive load 96
Figure 5.11 Compensated load voltage (upper trace) and arc current (lower trace) before,
during and after a 45cm arc; BkW pure resistive load 97
Figure 5.12 The circuit representing the 4kW system on which arc tests were performed 98
Figure 5.13 Uncompensated load voltage {upper trace) and arc current (lower trace)

before, during and after a 45cm arc; 4kW pure resistive load 99
Figure 5.14 Uncompensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 33cm arc; 4kW pure resistive load 99
Figure 5.15 The steady-state load voltage when the active compensator is

connected in parallel with a 4kW resistive load 100
Figure 5.16 Compensated load voltage (upper trace) and arc current (lower trace) before,



during and after a 33cm arc; 4kW pure resistive load 101
Figure 5.17 The circuit representing the 8kVA system on which arc tests were performed 102
Figure 5.18 Uncompensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 33cm arc; 8kVA complex load pf = 0.87 102
Figure 5.19 The steady-state load voltage when the active compensator is connected

in parallel with an 8kVA complex load 103
Figure 5.20 Compensated load voltage {upper trace) and arc current (lower trace)

before, during and after a 45¢cm arc, 8kVA complex load pf = 0.87 104
Figure 5.21 Compensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 45cm arc; 8kVA complex load pf = 0.87 104
Figure 5.22 Compensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 33cm arc; 8kVA compilex load pf = 0.87 105
Figure 5.23 Compensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 45cm arc; 8kVA complex load pf = 0.87 106
Figure 5.24 The laboratory set-up 107
Figure 5.25 The characteristic motor voltage (upper trace) and current (lower trace) 107
Figure 5.26 The laboratory set-up 108
Figure 5.27 The compensated motor voltage (upper trace) and current (lower trace)

before and after the motor is switched in 109
Figure 5.28 The iaboratory set-up 110

Figure 5.29 The compensated load voltage (upper trace) and motor current (lower trace)
before and after the motor is switched in 111
Figure 5.30 The compensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 33cm arc; 750W single-phase unloaded motor 112
Figure 5.31 The compensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 33cm arc; 750W single-phase unloaded motor 113
Figure 5.32 The compensated load voltage (upper trace) and arc current (lower trace)

before, during and after a 33cm arc; 750W single-phase unloaded motor 113



List of Tables

Table 2.1: Typical magnitudes and durations of overvoltages 7
Table 2.2 Characterisation of depth and duration of voltage dips 26
Table 2.3 Summary of definitions of voltage behaviour 27
Table 6.1: Summary of no-load arc tests 115
Table 6.2: Summary of uncompensated 8kW arc tests 117
Table 6.3: Summary of compensated 8kW arc tests 118
Table 6.4: Summary of uncompensated 4kW arc tests 120
Table 6.5: Summary of uncompensated 4kW arc tests 121
Table 6.6: Summary of uncompensated 8kVA arc tests 122
Table 6.7: Summary of compensated 8kVA arc tests 123
Table 6.8: Summary of uncompensated motor-load arc tests 126
Table 6.9: Summary of compensated motor-load arc tests 127
Table 6.10: Summary of compensated motor-load arc tests 128
Table 6.11: A summary of gap length vs. arc duration 129

Table 6.12 Relationship between the uncompensated load voltage and
the load voltage recovery time 129



Chapter One

introduction

This thesis presents the development and testing of a fault-tolerant series resonant distribution
nefwork. The system was proposed by C. T. Gaunt of the University of Cape Town. The
objective of the scheme is the improvement of quality of supply because it aims to reduce the
number of interruptions on overhead distribution lines. Faults on distribution lines are frequently
caused by non-controllable, transient events such as lightning, storm winds and pollution
flashover.

When lightning strikes an overhead distribution line, it causes a significant overvoltage on that
line. This overvoltage may lead to flashover to ground which may, in turn, result in a power arc.
If the arc burns for long enough, the feeder's protection will see an earth fault on the system and
will respond by tripping the feeder breaker. This will cause a brief interruption for the customers
supplied by that distribution line (until the ARC has re-closed the breaker). These transient
interruptions are preventable if the duration of current flow in the power arc is sufficiently short
that the feeder protection does not respond.

The duration of arc-burning can be reduced significantly if the short-circuit current flowing through
the earth fault has insufficient magnitude 1o sustain the power flow through a gap of adequate
length. A limited arc current will be unable to support the voltage required to ionise the air in the
arc gap and the arc will self-extinguish rapidly. Earth faults that appear on a feeder or distribution
line are registered by the earth fault relay on the protection system. The earth fault relay sends a
message to the feeder breaker which causes it to trip. The earth fault relay functions according fo
an Inverse Definite Minimum Time (IDMT) curve. This curve essentially functions according to a
current magnitude-time function in which a smaller fault magnitude will cause the feeder breaker
to trip in a longer time. Thus, if the proposed technology can limit the earth fault current
sufficiently, the frip time of the breaker will be longer than the burning time of the earth fault
arc.[9]

The most effective means of limiting a fault-current is by adding a large impedance in the series
path of current flow. This increased impedance will, however, increase the volt drop in the supply
circuit, providing an unacceptably low load voltage at the on the LV system. This problem can be
solved by the inclusion of a load-end compensator which will regulate the load voltage in order to
maintain it at a required magnitude. The technology that is proposed by this thesis is novel and
viable because the load-end compensator is active; in other words it is able to respond
immediately to changes in load magnitude or power factor.



This chapter will introduce the topic in further detail by examining the background to the study. it
will state the objectives of the research and the questions that must be answered in order to
prove or disprove the central hypothesis of the thesis. The chapter will also present the scope
and limitations of the ressarch conducted for this thesis, and will describe the plan of
development for the rest of the thesis.

1.1 Background to the problem

The compensator's contribution to the proposed technology is based on the principle of
resonance. This principle states that at a certain frequency, the capacitive and inductive
reactances “cancel each other out” and this leaves only the resistive part of the total impedance
to limit the current in the circuit.

The concept of resonance in feeders is well-known. It is applied in Petersen coil earthing of
system neutrals to reduce disruption of supply by single-phase-to-earth faults [36]. The neutral
earthing reactor is selected to produce resonance with the feeder conductor capacitance. This
reduces the fault currents to very small values. Harmonics and unbalance between the phases of
three-phase systems do, however, modify the performance of Petersen coil earthing {36].

The concept has also been exploited in the "Captap” design which seeks to tap power from the
shield wires of HV lines. This concept is achieved through the insulation of shield wires from the
line towers of lines operating at 132-400kV, for distances of tens of kilometres. The shield wire is
then connected to earth through a capacitance, creating a high impedance capacitor divider. The
voltage regulation of this “source” is achieved by connecting an inductance into the circuit to
compensate for the capacitance. This circuit is sensitive to variations in power factor, such as
during motor starting [42].

These previously-researched technologies have advantages and disadvantages. The aim of the
research conducted for this thesis is the development of an effective, financially-viable technology
that will improve quality of supply of electricity. The benefits will be most evident on rural
networks, where customers often suffer the lowest quality of supply.

The technology that is described in this thesis can basically be summed up as follows:
¥ Areactance is placed in series in the supply circuit of a distribution network.
v The purpose of the reactance is to limit any short-circuit currents flowing in the
network due to transient faults on the MV overhead lines.
¥ This is done so that power arcs caused by faults are rapidly self-extinguished



v" This will reduce the number of interruptions of supply on that distribution network,
resulting in improved quality of supply.

v The now-large supply reactance will be compensated for by means of load-end
compensators that are rated at customer supply voltage.

v The compensator will be active (as opposed to passive and static) so that it can react
to changes in load current and power factor.

1.2 Hypothesis and objectives of the thesis

The central hypothesis on which the research presented in this thesis is based, is: “A resonant-
based distribution network with a large supply reactance and active capacitive load-end
compensator is tolerant o transient faults, and will improve the quality of supply of electricity by
reducing the number of interruptions on that distribution system.”

In order to prove or disprove this hypothesis, a number of research questions must be answered.
This will then lead to the development of the research objectives.

The first objective is to understand fully the concepts laid out in the hypothesis. Some questions
concerning these concepts are:

e Whatis a distribution network?

o Whatis a fault?

s  What is fault tolerance?

¢ Why should a network be fault tolerant?

e  What is resonance?

e What is significant about series resonance?

e How does series resonance result in fault tolerance?
These theorstical questions can be answered by means of a literature survey.

In order to prove or disprove the hypothesis, research and tests must be conducted in a
laboratory. These tests aim to answer the following questions:

¢ Does the technology cause rapid arc extinction when transient faults occur on an MV
distribution line?

¢ Does the compensator meet its requirements, in terms of compensating for the extra line
impedance, responding to changes in load, and maintaining a relatively constant voltage
across the load before, during and after a line fault, without instability?



In order to answer these research questions, the laboratory set-up and tests must achieve the

following objectives:

e Simulate an MV line

= Create arcs on the MV line

e Create a large supply impedance

e Test the effects of the impedance on the arcs in a variety of conditions

e Ensure that the compensator maintains a constant and desirable load voltage

¢ Test the efficacy of the compensator in a variety of conditions

e Measure the duration and magnitude of the arc current

¢ Measure the load voltage

e  Switch in a variety of loads to test their effects on the arc duration and compensator's
efficacy.

s Determine the stability of the system

1.3 Research scope and limitations

The research was conducted in a medium voltage laboratory. The MV line was created using a
step-up SWER transformer and the maximum obtainable voltage was 19.1kV. One load-end
compensator was available for the tests. It was rated at 32kVA at 460V and 8kVA at 230V. The
{oads were connected to the LV side of a 18kVA SWER transformer and were supplied at 230V.
The load-end compensator was connected in parallel with the load. The compensator was
designed and built by Clinton Slabbert and Professor Malangret of the University of Cape Town.

The tests aim to measure the duration of the power arcs initiated across the arc gap, and the
magnitude of the load voltage. These values were measured and observed. The tests were
conducted on a single-phase system, which means that it can be assumed that nothing is known
of the technology's behaviour on three-phase systems (although assumptions, based on the
results obtained from these tests, can be made).

The “various conditions” in which the technology was tested was the changing of the proposed
circuit's load. These loads were limited to:

o A resistive load

e A complex load with a lagging power factor of 0.87

¢ A singe-phase unloaded induction motor

The testing system included only one load supplied from a single step-down distribution
transformer. Further tests will confirm the behaviour of the technology when more step-down
transformers and loads are connected to the system.



The “various conditions” did not include changes in the environment of the laboratory or of an
adjoining distribution / transmission system. The tests were conducted in the ideal conditions of a
laboratory where there is no wind, moderate heat and light, and little humidity. The results
obtained from the tests cannot be assumed to reflect the behaviour of the technology in the field.

1.4 The structure of the thesis

Chapter two presents the literature survey. This chapter will explain the basic concepts
governing the proposed technology, and will examine relevant research already conducted on
these concepts.

Chapter three discusses the complex resonance and voltage regulation theory on which the
proposed technology is based. it explains why the proposed concept is able to achieve its goals
of fault current limiting, and load voltage reguiation.

Chapter four develops the laboratory protocol and demonstrates how the laboratory set-up
enables the required tests to be conducted. These required tests will attempt to answer the
central research question posed in section 1.2.

Chapter five presents in detail the tests conducted in the MV laboratory, and their results.

Chapter six puts forward a comprehensive discussion of the results that were presented in
chapter five.

Chapter seven draws conclusions and makes recommendations based on the findings presented
in chapter five.



Chapter Two: Literature Survey

This thesis will present an analysis and the laboratory testing of a load end compensator for a
series resonant fault tolerant network. Although these tests and their results are the main focus
of this work, a number of other topics need to be discussed and understood in order to
understand the context of the investigation. In chapter one, a number of questions relevant to the
thesis’ research were posed. They are:

e Whatis a distribution neftwork?

o Whatis a fault?

e  Whatis fault tolerance?

»  Why should a network be fault tolerant?

e  Whatis resonance?

s What is significant about series resonance?

¢ How does series resonance result in fault tolerance?

In this chapter, these questions will be answered. This will give the reader a greater
understanding of the relevance and general purpose of the research conducted in order o prove
or disprove the stated hypothesis.

2.1 The definition of a distribution network

The system of electricity supply is divided into three main categories: generation, transmission
and distribution. Essentially, these categories are defined in terms of the voltage levels with
which they are concerned. Distribution networks are generally defined at low voltage levels of
88kV and below and include “reticulation” systems which are responsible for reticulating power to
custoniers at 11kV and 400V. While generation is concerned with the creation of electrical
energy, transmission is responsible for the transmission of large quantities of power over great
distances and distribution is essentially responsible for the delivery of that power to customers.
Distribution networks, then, are the connection between step-down substations (considered to be
a supply at a particular voltage) and loads. The customer, in the form of domestic, commercial
and industrial loads, is the driving force behind all electricity creation and supply.

2.2 The definition and causes of transient faults

This section will answer the question: “What is a fault?” There are three types of faults in a power
system: permanent, persistent and transient faults. Because this thesis is concerned with the
prevention of (or the minimisation of the effects of) transient faults, these will be examined in
detail.



A “transient fault” is ‘quick’ and temporary, or momentary. In other words, although a fault occurs,
thereby establishing a need for circuit breaker action, the cause of this fault {or short circuit) is
temporary and does not have any long-term damaging effects on the distribution network, Most
faults on overhead lines are transient.[10]

Faults, or short circuits, typically occur when equipment insulation fails, due to

e system overvoltages - which in turn are caused by events such as lightning and switching,

e contamination of insulation

e other mechanical causes.

Faults are also caused by events such as fires, storm winds and small objects which may cause a
temporary path to ground.

Power frequency overvoltages are temporary overvoliages that are caused by events such as the
shedding of a large load. This will lead to voltage increases on the system as the resistive and
reactive volt drops disappear. The equipment on a power system should be able to cope with
these power frequency overvoltages. In table 2.1 the typical magnitudes and durations of various
overvoltages are given.[10]

Magnitude (p.u.) Duration
Temporary (50Hz) 1.5 50s
Switching overvoltage 4.0 10ms
Lightning overvoltage 6.5 100us

Table 2.1: Typical magnitudes and durations of overvoltages

A large overvoltage, such as that caused by lightning, will cause a flashover from the affected line
to ground or to another phase conductor. The result would be an arcing fault between 1 phase
and ground or between 2 or more phases with or without ground. This arcing fault (following
flashover) causes a short circuit on the network. This short circuit will cause an extremely large
short-circuit current which will cause protection to operate and remove the faulted line from the
system. This action will cause the arc to disappear. Any small object causing a temporary path
to ground (e.g. a small branch that has falien from a tree) will also cause a transient short circuit.
The object will either drop to the ground or evaporate due to the high current during the fault.
This would leave only an arc which, once again, will disappear as soon as protection
intervenas.[10]




in order to understand what causes a fault (and therefore how it could possibly be prevented), it is
important to study the physical characteristics of that fault. The main insulating material for
overhead outdoor power systems is air at ambient pressure and temperature. The gases of
which air consists, namely nitrogen and oxygen, are excellent insulators in “normal conditions”.
However, under certain conditions, notably a high electric field, the gases can become ionised
and therefore conducting. Electrical discharges develop in high field regions, leading to sparks
(low current discharges) or power arcs (high energy discharges).[11] In an overhead network, an
electric field will always exist between any live phase and ground, and between any two live
phases. The space between the live phase and ground is filled with gas atoms or molecules with
free space between them. There are always some free electrons in this space, caused by cosmic
radiation. If the existing electric field becomes strong enough, this initial free electron will
experience a large acceleration in the field away from the negatively charged part towards the
positively charged part. This accelerating electron may attain a high speed if the acceleration is
great enough. If this speed is high enough, the moving electron may collide with a molecule of
gas, transferring its kinetic energy to the molecule. If this energy exceeds the ionisation energy of
that particular molecule, one or more electrons will leave their orbits causing the molecule to
become a positive ion. This is ‘ionisation’.

The free electrons are, in turn, accelerated towards the positive electrode and may cause further
collisions. The number of electrons that are freed’ increases exponentially. This discharge of
electrons is called an ‘avalanche’. The fast moving, low-mass electrons are at the tip of the
‘avalanche’, moving towards the positive electrode. This process continues, aided by other
similar processes (such as photo ionisation and cathode bombardment by the resulting positive
ions) until the gas in the space between the ‘electrodes’ becomes so0 ionised that its conductivity
allows a discharge current to flow, and a flashover occurs.[11] Simply put, a flashover is the flow
of current through ionised air. This flashover can be caused by a large overvoltage on an
overhead distribution line because this large voltage causes the electric field between the line and
ground to become very large. The equation that describes an electric field is

where E is the electric field strength, V is the voltage across the gap, and d is the distance of that
gap.

In normal conditions, the electric field is low because the distance between a live overhead line
and ground is large enough relative to its rated voltage. If this voltage increases dramatically,
then E becomes such that ionisation of the air occurs, causing a breakdown of the gap, which in



turn causes a flashover to occur. Empirical values show that the flashover voltage (ie the
minimum voltage that will lead to a flashover) for a uniform 1cm gap is about 30kV.

As soon as a flashover has occurred, the resulting feature is an "arc”. An arc has a very high
current density (typically 10* — 10° A/cm?) and extensive thermal effects. An important property of
the arc is the “negative resistance” characteristic. In other words, the arc voltage decreases with
an increase in arc current.[11]

Looking again at transient faults, it can be seen that because the cause of the fault is temporary,
the overall resulting fault will also be temporary. The arc itself may or may not be temporary,
depending on the characteristics of the arc and the system in which it is burning. However, in
most cases the protection of the system operates so rapidly that it extinguishes the arc. In the
case of a transient fault, the supply will be restored by automatic devices, namely the ARC, or
auto-recloser. Because the initial cause of the fault is no longer present, the fault will not re-occur
and has, effectively, been temporary in nature. The interruption {or voltage dip, depending on the
definitions) caused by the temporary fault will thus also be temporary. In summary, if there is a
fault on a feeder, the feeder breaker will trip after a small time delay (the duration of which
depends on the magnitude of the fault current) and will close again after a “reclosing interval” or
“dead time” ranging from less than 1 second to up to several minutes. If the fault is in fact
permanent, the protection will again notice large overcurrent after reclosure leading to a second
trip.[10]

Although supply will often be automatically restored, these transient faults will cause voltage
depressions which will be experienced by all the consumers connected to that distribution point.
The severity of the voltage depression will depend on the system fault level, position and type of
fault in the network, and the fault impedance and is also a function of the particular protection.
These depressions may be considered “dips” or “interruptions” depending on the severity and
length of the depression and the definitions of these terms. The term “interruption” is defined
specifically as being of certain duration and as causing a specific decrease in the magnitude of
the supply voltage. This will be examined further in the section covering quality of supply of
electricity. Typical voltage depression durations are from 0.1 to 1.0 seconds but can be longer.[9]
Motor drives, computers and other electronic equipment are most susceptible to interference by
voltage depressions.

2.2.1 Transient faults caused by lightning
Lightning is one of the most common causes of transient faults and is of particular concern in
South Africa where thunderstorms are frequent, and long overhead distribution lines are in



abundance. lts characteristics and its effects on power networks will thus now be discussed in
great detail.

Lightning is the greatest single cause of overhead transmission and distribution line
outages.[9] The electrical phenomena that occur within clouds leading to a lightning strike are
complex and not totally understood. Most theories agree that discharges within clouds initiate
downward negative ion movement which eventually establishes a channel o earth called a
leader. It reaches the earth in about 10ms.[11]

As the leader approaches the earth, positive charge is induced on the earth and a positive
lsader travels upwards from close-by, high, conducting, and often sharp, objects such as
masts and elecfricity lines. Once the distance between the downward leader and the objsct
reaches a certain value (the striking distancs, r), flashover takes place to the nearest object.
After the leaders make contact, a travelling wave moves upwards and is accompanied by
intense light. The flash lasts for approximately 50us and has a current of about 20 to 100
kA.[11] 50% of all strokes have a peak current that is greater than 45kA.[9]

The number of ground ﬂashes/kmzlyear is known as the ground flash density, Ng. The
average ground flash density at about 400 locations in South Africa has been recorded in an
11-year research project started in the 1970s by the CSIR. The ground flash density in South
Africa varies widely. Notably, the Southern Cape records less than 1 flash/km*/annum, while
most of the Drakensberg escarpment experiences density values of 8 flashes/km*/annum and
some parts of Mpumulanga have recorded density values of up to 14 flashes/km*/annum. The
ground flash density at any place is extremely variable and depends on the number and
severity of thunderstorms from year to year.[13]

Lightning can affect an overhead distribution line either by a direct strike or by an induced
voltage. The probability of a line receiving a direct stroke depends on the ground flash
density, the line length and height, and also on the unpredictable nature of flash incidence.

Analysis of data collected from 11kV lines in South Africa indicates that equations used to
predict the number of direct strikes to a line per year, although otherwise fairly accurate,
underestimate the large number of strikes that may be experienced by a distribution line in
completely open country.[13] The number of strikes to a line is, however, reduced in
proportion to the extent that the line is shielded by nearby tall structures such as buildings,
trees etc. In rural South Africa, shielding structures are virtually non-existent and can be
ignored.
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When lightning strikes a line directly, the voltage on that line rises very quickly because of the

characteristic fast rise of the lightning current. If, for example, a typical overhead distribution

line has a surge im

pedance of 4000 and a lightning current of peak value 50kA is injected into

it, an overvoltage of 10 MV peak will theoretically be produced. The voltage will, however

never actually reach this value because a flashover to ground (and thereby a discharge of

energy) will occur as soon as the voltage has built up to a value that causes breakdown of the

air {increased corona, followed by flashover) across the distribution line insulation. In fact, a

direct strike to an unshielded distribution line almost always causes flashover to earth of one

or more conductor1at the pole nearest the strike.[13] When lightning strikes a line, it normally

flashes over at the
cross arm and trav
ground, so the rate
magnitude which p

earest structure when the stroke follows over the insulating string and

sis down the pole to the ground. This route does not supply a good

of dissipation of energy is quite slow. This leaves a travelling wave of high
ropagates along the line and may flash over a number of successive

structures in both directions from the stroke point.[11,14,15]

Due to electromag

etic coupling, the voltages in the healthy phases of the line increase to a

level that can be agsessed using the conductor coupling factor. These induced voltages are,

however, not as hi
healthy phases wil

h as that for the line that was struck. Nonetheless, the insulators of the
be stressed and may be flashed over.[14,15]

Lightning flashes dlose to overhead lines are also able to induce voltages in it. This is due to
electromagnetic coupling.[13] Due to the fact that most lightning strikes are negatively
charged, the induged surges or overvoltages, are positive.. The number of induced

overvoltages that #xceed 100kV is about the same as the number of direct strokes to an
overhead line. If g line is shielded by tall structures, any induced surges will be of a higher

voltage.

Typically, on an upshielded overhead line 8-10 m high, the voltage induced by a nearby
lightning strike will sometimes exceed 200 kV and will have a maximum vaiue of about 250
kV.[10] Because the induced voltages have the same wave-shape and very similar
magnitudes on all of the phases of the line, one would not expect flashovers between phases;
but flashover to ground would be expected at structures which have an insulation strength that
is lower than the yalue of the induced voltage.[13]
The frequency of joccurrence and the magnitude of lightning overvoltages can be somewhat

controlied by the use of shield wires on bare overhead lines, surge arresters, and grounding
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with a low ground resistance which will allow for quick dissipation of the current injected into
the line by the lightning.

2.3 The characteristics of power arcs

The aim of the technology examined in this thesis is to reduce the effects of faults on distribution
systems. The physical manifestation of a fault is the power arc. In order to determine how the
arc can be controlled or prevented, it is important to understand its nature. A thorough
investigation into the dynamics and characteristics of power arcs has been performed by M.
Jojozi. His thesis looked extensively at the behaviour of arcs under various conditions which has
led to a more comprehensive understanding of the nature of power arcs in distribution systems.
The work was, however, restricted to arcs with high impedance in the supply. This section will
attermnpt to-give the reader a fundamental understanding of arcs by summarising his findings.

it should first be established that a flashover that results from a lightning strike to a distribution
line will not necessarily lead to power follow current, and therefore a sustained power arc.
Although the initial effect of a lightning strike will be the breakdown of the distribution line
insulation, leading to a flashover, this may or may not extinguish rapidly. if the flashover
extinguishes immediately, it has been self-extinguishing, and some characteristic has prevented it
from developing into a full power arc.[16] An arc will extinguish itself when the power frequency
current has a momentary magnitude of zero (in other words, when the alternating current
experiences a zero-crossing), if the circumstances are correct.  “Power follow” implies that the
current flowing in the arc channel is at power frequency and is large enough in magnitude to be
self-sustaining.

Power follow occurs when the instantaneous power frequency voltage exceeds the ‘minimum arc
voltage’. The ‘minimum arc voltage’ is the minimum voltage required to establish a power arc. If
a flashover results in a power arc, there will be an ‘arc discharge’ at the fault point. This arc
discharge has a very high current, high temperature and strong light emissions. itis able to
cause extensive damage at the fault point and also o electrical power equipment. ltis in every
way preferable to limit the effects of a power arc by ensuring that it extinguishes rapidly.[17] Arcs
are often caused by overvoltages but may also be caused by the separation of contacts.

The static volt-ampere characteristic of an arc has a negative slope and is shown in the figure
that follows.
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Figure 2.1: The static characteristic of an arc in air [19]

One of the consequences of the volt-amp characteristics is that an arc cannot be maintained in a
constant source circuit without the presence of a series resistance. in Figure 2.1 the solid straight
line has the following equation:

V=250 - 20/

This equation shows the voltage that is available at the terminals of the arc in a circuit that has a
250V source supply and a series resistance of 20Q. Stable arc conditions can only exist in this
particular circuit at points A and B where the arc voltage and the available terminal voltage are
equal. Lowering the series resistance would move the stable operating point A to the right which
would result in a higher arc current and a lower arc voltage. As the series resistance is
increased, the arc current would decrease and the upper limit for the circuit resistance at this
source volitage is shown by the dotted line tangent to the arc characteristic at C. As the
resistance is increased from 20Q to 360, the stable operating point A and the operating point B
approach each other until they meet at point C. At this stage, the conditions for stability no longer
exist. At this point, the arc would extinguish and the arc current would drop to zero. The terminal
arc voltage would return to the open circuit voltage value.. [19]

The above describes the basic characteristics of an arc in a DC circuit which gives a simplistic

explanation of the fundamental behaviour of arcs in general. The more complex volt-amp
characteristic of an AC arc is shown in Figure 2.2.
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Figure 2.2: An AC arc volt-ampere characteristic showing arcs at (1) low frequency; (2)

high frequency; {3) static {dc) [201[21][22]

The voltage across an arc is characterised by a re-ignition voltage V,, a relatively constant
burning voltage e and an extinguishing voltage V.. If the current flowing in the arc channel is
alternating, then it will experience two zero crossings every cycle. At each zero-crossing, the
current has an instantaneous magnitude of zero which allows for the de-ionisation of gas in the
arc channel and a cooling of the arc ‘electrodes’ so that a considerable re-ignition voltage may be
required to re-ignite the arc. After this period of de-ionisation and cooling, the burning voltage of
the arc during the period of increasing current will be greater than the static characteristic value.
After the maximum current has been reached, the ionisation of the air in the arc channel is in
excess of that required for low currents. Thus, when the arc current is decreasing, the burning
voltage is lower than the static characteristic value. Figure 2.3 shows the effect of increasing the
arc length on the volt-ampere characteristic, if the applied voltage and circuit resistance remain
the same.

14



Figure 2.3: the effect of arc length on the volt-ampere characteristic [21] {/,</,</y)

The precise modelling of the features of a power arc, and the various equations that describe

them, are not in the scope of this thesis. What is of more interest is the behaviour of AC arcs in

various conditions; more specifically their extinction and re-ignition properties.

2.5.1 The re-ignition and extinction of power arcs

As explained, the current waveform of an AC power arc will experience a zero crossing at
the end of each half cycle and there will be a momentary period during which the arc
current is zero. During this period, the arc technically does not exist or has briefly
“extinguished” and must be re-ignited. This is because when the arc current is zero, de-
ionisation of the gases in the arc column will take place, thereby reducing the conductivity
of the column. As the next half cycle begins, the conductivity that existed just before the
instant of zero current must be re-established if the arc is to continue “burning”. This
requires a large voltage (to allow for the re-ionising, or break down, of the air in the arc
column), especially if the de-ionisation was rapid. This voltage that is required to re-
ignite the arc will be considerably larger than the “steady-state” arc burning voltage and is
called the re-ignition voltage. The process of re-ignition is fundamentally a race between
the deionisation process in the arc gap and the increasing recovery, or re-ignition, voltage
which is determined largely by the external circuit. In the case of short arcs (<1000mm),
the behaviour at the “electrodes” of the arc consumes a considerable portion of the total
voltage (in other words, a large volt drop is experienced at the electrodes), which is
significant in the period of re-ignition.[20]
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The arc recovery and arc conducting characteristics play an important part in determining
the duration and probability of arc extinction. The extinction of an arc is dependent on
the rising time and magnitude of the recovery voltage and the magnitude of the fault
current.[20] If an arc does extinguish, it will do so at the zero-crossing of the arc current.
After this time, the arc gap recovers considerable strength immediately and will increase
further at a relatively slow rate.[20] If, however, a sufficient flashover voltage is not
obtained straight after the current zero-crossing, the arc will not re-ignite and will
extinguish fully. To allow the recovery voltage to reach a critical magnitude for arc
sustainability, the arc (or short-circuit) current must be appropriately large. If the fault
current is small, the voltage at the arc terminals will not be able to maintain an ionised
channel for the arc.

A number of network and external parameters affect the stability of a power arc and
therefore dictate whether or not it will self-extinguish. The exact effects of these
parameters in various conditions are not yet fully understood, but research has
established a number of findings. The arc will behave diversely due to the influences of
the type of gas surrounding the arc and its pressure, temperature and velocity (i.e. wind).
The atmosphere will affect not only the electric field of the arc but also the behaviour of
the arc column.[17] If all other parameters are constant, a higher source impedance in
the distribution network will reduce the magnitude of the fault current and may therefore
cause an arc to be unsustainable. If the power frequency current flowing in the arc is not
reduced, the arc may well not extinguish. The length of the arc is also of importance. A
longer arc path will often cause a flashover to self-extinguish very rapidily, thereby
preventing sustained power follow. The material of the arc path is relevant because
research shows that a wood path is more likely to lead to arc extinction than an air
path.[16]

it is important that the reasons as to why a flashover may or may not lead to a power arc,
and as to why that arc may or may not extinguish are fully understood. The nature of
arcs in these scenarios allows us to understand how the arc burning time can be reduced
significantly, which may in turn reduce the need for protection whenever a transient fault
occurs on a distribution line. On a typical overhead distribution line, the earth-fault
protection relays are set to operate instantaneously at a minimum current magnitude of
40 - 60 A (to prevent operation due to load imbalances). However, in reality, protection
schemes take a finite period of time, in the region of 5 — 20 cycles (or 100 — 400ms), to
operate.[9] If the burning time of the arc can be reduced fo below these values,
protection schemes will not need to operate.

16



Brookes et al [24] performed a number of air flashovers in the laboratory and in air, and
they found that the probability of power follow was small if the impulse flashover was
timed to occur near a power frequency voltage zero. Burgsdorf [25] found that the
probability of power follow after flashover was virtually zero if the voltage gradient was
less than 7kVv/m for air gaps and 10kV/m for paths involving wood. Armstrong et af [26]
found that the arc quenching phenomena were dependent on the magnitude of the
positive short circuit current. Significantly, it was determined that quenching was less
likely for larger currents. According to Daverniza [16] the probability of an outage
following a flashover of air or porcelain insulation is 0.85. This probability can, however,
be smaller for lines which use wood cross-arms and poles. 1t was also found that if the
operating voltage gradient is less than 14kV/m, there is little probability that a power arc
will develop following a lightning flashover. These findings were, however, valid only for
resistive sources, Little research has been conducted on systems with reactive sources.

It is clear that a lower voltage gradient across the arc path will dramatically reduce the
probability that the arc will be stable. The basic factors that influence the arc gap’s
electric field are the fault current value and the “transport property” in the atmosphere
around the arc (e.g. the electrical and thermal conductivity, weather conditions such as
rain or wind).[17] According to Daverniza, “the phenomena subsequent to breakdown of
insulation is directly influenced by test circuit parameters and the arc extinction
capabilities of the insulating media surrounding the arc channel.” He provides an
equivalent circuit, shown in Figure 2.4, which may represent a generalised voltage source
and test circuit.
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A = B To AorB

Voltage Source } External test current

Figure 2.4: Equivalent voltage source and test circuit. C; represents stored energy
which is available immediately from the test source to the external circuit e.g. the
transformer capacitance in an alternating voltage test set, a filter, or a storage
capacitance for a surge generator; Z,, is the external test circuit (protective) impedance;
C, is stray or test object capacitance. Rh and Ch form the spark heating circuit.

The following features would be observed for all types of test voltages:

a) If Z; and Zgq are large, a breakdown of the air in the gap
will result in the discharge of only the test object
capacitance, C,, and will thus not be sustained.

b) if only Z; is large, the breakdown, which will also be non-
sustained, will discharge the energy stored in both C,
and C,.

¢c) lfZ; and 2, are small, breakdown of the gap will result
in a sustained arc which will give rise to the flow of
current from the source, at least until the first natural
current zero.

2.3.2 Arc extinguishing techniques

Arcing faults are very damaging in nature, both o equipment, and to human safety. They
enable the flow of short circuit currents in a network, and therefore contribute to a large
number of the outages or voltage dips experienced by customers {due to breaker action).
It is thus imperative that arcs are extinguished as rapidly as possible. A number of
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techniques have been developed to fulfil that need. A few of these techniques are
discussed briefly:

e Compensated neutral grounding makes use of an inductive compensation coil
in parallel with a capacitive reactance which represents the phase to earth
capacitances of the system. If the two reactances are ‘tuned’, the earth fauit
current will have only a resistive component. This residual current will now
depend only on the resistances of the suppression coil and network lines,
together with the leakage resistances of the system. This reduced fault current
will be unable to sustain an arcing fault.[28] This concept can be further applied
in the Petersen coil which will be discussed in detail later in this chapter.

o High resistance grounding will reduce the short circuit current of earth faults in
distribution systems with little capacitive charging current (less than 10A).[29]

¢ A Magnetically Controllied Reactor (MCR) is a “device in which DC pulsing
through a part of the power winding or through a special control winding changes
the duration to period ratio of the magnetic core saturation, thereby changing the
inductance and inductive susceptance of the MCR as a whole.” [30][31] The
principle of their operation is based on the “generation and control of the direct
component of the magnetic flux in the MCR'’s two winding cores” and on the
“profound saturation of the two cores under rated conditions, when the saturation
magnetism generated by the direct component of the magnetic fiux is achieved
over about half or more of the grid frequency period.”

» A darverter {(arc-quenching device) exploits the ability of wood to extinguish a
large proportion of lightning flashovers, thereby preventing the development of
power arcs. The darverter makes optimum use of the wood’s insulating and arc-
guenching properties by the effective line design and correct co-ordination of
pole-tops.[16][31]

o Diverter gaps were proposed in the 1940s by Rorden as a means of preventing
power follow arcs. The function of the gap is to “divert lightning strokes that hit
the conductor so that they will be directed down the pole without flashing over the
insulators or cross-arm”. This achieved with the use of an arcing horn connected
to a steel wire running along a wood brace {0 the pole, terminating just below the
point of support of the brace on the pole. At the base of the H-frame type
structure on which the equipment sits, an 8 metre ground rod is driven in at each
pole, the function of which is to dissipate the energy of the lightning strike
rapidly.[15]

e Arrestors are used to protect distribution lines from direct lightning strikes. They
are installed at frequent intervals along the line and are spaced to limit the pole-
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top voltage at the unprotected structures to “a value less than the phase-io-
phase insulation level of the line, thus preventing flashover”.[31] Arresters are
applied to all the phases on the same structure and are connected to a common
ground so that a stroke of lightning that hits the line close to an arrester will be
“drained from the line”. [26][31]

2.3.3. The main experimental findings of M. Jojozi regarding the stability of short arcs

Tests were performed in a medium voltage laboratory which aimed to investigate the:

Effect of arc length, voltage and voltage gradient on arc stability
Volt-time and current-time characteristics of the material in question
Volt-current characteristics

Effect of arc paths in air and along a wood surface

Effect of changing the supply circuit impedance

Arc resistance

These tests were performed at voltages ranging from 10kV to 40kV and using air gaps

and wood lengths ranging from 100mm to 1000mm. Because there was no surge

generator, arcs were initiated using a fine thread of Eureka, a copper-nickel alloy with

high electrical resistance and low temperature co-efficient. Numerous arcs were initiated

in a variety of conditions. The main results and conclusions of interest will follow in brief.

If an arc is unstable, it will go through the following phases:

1. arc initiation

2. full arcing (which includes the processes of ionisation, arcing and de-
ionisation)

3. arc extinction

Stable arcs experience the following phases:

1. Pre-arcing. This is the period during which the arc voltage is building up
to allow full ionisation of the arc gap '

2. Initial arcing. This includes the burning and evaporation of the fuse wire,
coupled with the initiation of the arc

3. Fullarcing. This is illustrated in the V-1 characteristic shown in Figure
2.5.
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Figure 2.5 V-l characteristic of fult arcing phase [31].

4, Near extinction. This phase cceurs a5 the are attempts to self-extinguish
as the air in the gap de-ionises bug the minimum arc voltage (MAY) still

exceeds recovery voliage. Thus, arcing continues.

5. Conbnued arcing. Once the arc has recoverad. it is “stable” and will

continue burning uniil interrupted manually.

Figures 2. & and 2.7 show the voltage and current traces of a stable and an unstable arc.
The fraces depicting a siable arc clearly illusirate the attempts of the arc o self-
exfinguish before recovery and centinued arcing (the gap voliage rises slightly befare

Aropping in magnitude).
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Figure 2.6 A stable arc: the traces of voltage vs time and current vs time for an are
through air at 40kV, gap length of 300mm [31).
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Figure 2.7 An unstable arc: traces of voltage vs time and current vs time for an arc
through air at 20kV, gap length of 200mm [31].

Figure: 2.8 shows the graphing of a8 number of lines which regrasent are cument v arc
lesngth in a&ir and along a wood path, at vanaus voltages. These lines were ohtained by

reneating tests and measuring the maximum current for each gop lengti and type of anc



path. As the supply voltage increases. the resulting arc current Increases provided the
supply circuit impedance remains constant. At a speafic voltage, a larger arc gap
requires & current of greater magnitude to initiate an arc, Thus an arc burning across a
long gap {e.g. 500mm} will be characterized by a higher current, or it would not be

burning at all. This figure shows arc current to be directly propertional to arc length.

Arc Length vs Arc Current

3
ce 4 - - 2OKY inair
e —— 20KV (Wood)
g 2 —&— 2BKY in air
E - - ¥ - 3BkY (Wood)
o —#%—= 30KV in air
g 1 = 9 = 30kV (Wood)
05 G + 40k in air
" || 40V (Wood)
iy y 2 |

4 100 200 300 400 500 600

Arc Length[mmmm)

Figure 2.8 Are current vs arc length in air and along a wood path

Figure 2.9 presents & summary of the stability of arcs of varicus lengths ar different voltages

across a path of airwond by showing the probability of arc extinction vz length in air / wood,
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Figure 2.9 Probability of arc extinction vs. length in air and wood

Of particular interest is tha line depicting the probahility of are extinction va are length al

200 through air. Accarding o these results, if the are through air is initiated at a valtage

of 20k, an arc gap of 300mm will cause the are to be salf-gxtinguishing in 100 of

tases

Although Jojozi does nol actually demonstrate a direct link between the stability

of short arcs and the magnitude of the supply network impedance, the following

chservations are made:

At a particular voltage, a longer arc gap leads to a greater probability of arc
axtinction.

For a particular gap length, as the supply voltage increases, so the short cireuit
current magnitude increases, thereby reducing the instability of arcs,

If, at a particular voltage, that short-circutt current ware reduced, the likelihood of
are stability would be reduced.

At a particular voltaga. a longer arc gap and a limited circuif current would
tegether reduca the likelihood of arc stability extensivaly.

Thus if arn appropriate gap length and current-reducing component (impedance)
were pravided, arc ingtability could be guaranteed.

The average arc initiated at 20k across a 30cm gap burned for approximately
350ms.

2.4 Quality of supply of electricity

Trangient faults and their causes have been examined in detail in previaus sections. The next

guestions which should be asked are; "Why are thase faults undasirahle, and why shouglkd
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research be conducted in order to reduce their effects on a network?” These questions can be
answered by considering concept of quality of supply of electricity.

Historically, the definition of “quality of supply” has been vague and relatively evasive. While the
concept clearly refers to the customer’s perception of the quality of their electricity supply, it is
often difficult to quantify and adequately define ‘quality’. For some customers and providers,
‘quality’ may refer to the number and duration of outages experienced each year. For others, itis
desirable that the voltage and frequency of their supply remain within defined limits. in other
words, ‘quality’ is not only to be understood as the physical quality of the electricity delivered but
also as the experienced degree of agreement between the expectations of a product and the
product delivered.[1] If service dependability is poor, everything else a utility does will be viewed
as poor by customers.

It is, at present, widely accepted that a reliability index should be based on a probabilistic
approach and should include three fundamental attributes 2k

¢ Frequency of events

e Duration of events

» Severity of events

According to Eskom standards[44], an outage or event is defined by its duration being longer than
2 minutes. Any voltage dip of duration less than 2 minutes and more than 3 seconds is defined
as an interruption. It is therefore likely that transient faults will not iead to outages, only to
interruptions.

Generally, the following power quality parameters are defined (in EN 50160)[1]
o Voltage fluctuations: Cyclic variations of the voltage envelope, or a series of random voltage
changes less than 10% of the supply voltage
s  Supply voltage dips: Sudden reductions of the voltage with a magnitude between 10% and
100% followed by voltage recovery after a short period of a duration of 10ms to 1 minute
e  Supply interruptions, which can be
2. Prearranged (which, if longer than 2 minutes in duration, are outages or
events)
3. Accidental, shorl: less than 2 minute duration
4. Accidental, long: more than 2 minute duration (an outage, or event)
s Temporary overvoltage: Characterised as being an power frequency overvoltage of relatively
long duration, and which is undamped or weakly damped
e Transient overvoiltage: A short duration osciltatory or non-oscillatory overvoltage usually
highly damped and with a duration of a few milliseconds or less '
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These attributes can be summarised by the following table which defines several types of voltage
dips or interruptions based on their duration and severity and has been taken directly from the
NRS 048-2 guidelines. it is clear from this table that differentiating between a “dip” and an
“interruption” is not always an obvious task. However, the table also shows that some “dips”
{such as those defined as "Y") are preferable to others (such as those defined as “T"). The
shorter and less severe the dip or interruption, the better the quality of supply will be.

1 2 3 4 5
Range of dip Range of Duration
depth residual voltage t
V (expressed as | U (expressed as 20<t< 150 150 <t < 600 06<t<3
a %) a%) ms ms 3
1W0<V<1i5 80 >11>85 Y Y Y
15<V<20 85>U>80 Y Y Va4l
20<V <30 80>uU>70 Y S Z1
30<V<40 70>U>60 X1 S 22
40<V <60 60>U>40 X2 S Z2
60 <V <100 40>U>=0 T T 22

.Table 2.2 Characterisation of depth and duration of voltage dips

The IEEE Std 1159-1995 provides further definitions which distinguish specifically between
momentary, sustained and temporary interruptions.[10] A "momentary interruption” is defined as
being between 0.5 cycles and 3 seconds. A sustained interruption is fonger than 3 seconds and
a temporary interruption is between 3 seconds and 1 minute. All of the interruption definitions are
summarised in Table 2.3 for clarity.

Most faults on overhead lines are transient: they require operation of protection, but do not cause
permanent damage to the system. The moment a circuit breaker opens due to a short circuit
current, the faulted feeder and the load fed from it are removed from the system. The effect of
this is that the voltage drops to zero very fast. When the voltage is zero (even during a short
interruption), there is no supply of power at all {o equipment. The overall consequences of a
transient fault (an interruption followed by the auto-reclosing of a breaker) will last for only a few
seconds or less, but the overall effects can last much longer. Some effects include the slowing of
motors, momentary dimming of lights, disruption of production processes, the loss of compuier
memory contents, and even the evacuation of buildings due to fire alarms going off.[10]
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Term Definition Source
Voltage dip Sudden reduction of voltage with a magnitude | EN 50160
of between 10% and 100% followed by voltage
recovery
Qutage Reduction in voltage of magnitude 100% fora | Eskom Standard
duration greater then 2 minutes DISASACT3
Interruption Reduction in voltage of magnitude 100% fora | Eskom Standard
duration of between 3s and 2 min DISASACT3

Momentary interruption

Interruption lasting between 0.5 cycles and 3s

{EEE Std 11591995

Sustained interruption

Interruption lasting longer than 3 seconds

IEEE Std 1159-1885

Temporary interruption

Interruption lasting between 3s and 1 minute

IEEE Std 1159-1985

Transient interruption

An interruption causad by a transient or non-
permanent event. This type of fault may resuit
in an “interruption” or an “outage” depending
on its cause

Eskom Standard
DISASACTS3

Table 2.3 Summary of definitions of voitage behaviour

When defining quality of supply, the term ‘reliability’ may also be used as a ‘quality indicator’. The

North American Electric Reliability Council (NERC), the main custodian of reliability in North

America, defines reliability as “the degree to which the performance of the elements of the system

results in power being delivered to consumers within accepted standards and in the amounts

desired”.

The following reliability levels have also been defined [4];

¢ Reliability up to 99.9%: This corresponds to one day of outage in every three years (or

about 8 hours of power interruption per year). This total outage may consist of both

“outages” and “interruptions” over a period of time. This has been the accepted reliability

level of transmission and distribution systems for more than a century.

¢ Reliability up to 99.9888%: This level of reliability is associated with high technology and

manufacturing processes that are very sensitive {o power interruptions. When industry

was built largely around incandescent bulbs and electric motors, a reliability level of

99.9% was more than adequate. But microprocessor-based controls, computer

networks, financial networks, flight control centres and other modern industries demand a

higher level of reliability. It amounts to no more than a minute of allowable outage (or

interruptions) a year.
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Higher levels of reliability are particularly necessary in the electronic and automated
manufacturing industries where the electricity-consuming equipment is much more
susceptible to power-quality problems and poor reliability than older equipment, such as
conventional lighting and motors [45]. According to Eto ef al, “the changing structure of the
U.8. economy, coupled with the proliferation of electronic equipment in all sectors, has
increased the economy’s vulnerability to electricity-reliability and power-quality problems.
Estimates of the annual costs of this vulnerability range consistently in the $10s of billions”
[45].

it is clear that many commercial and even residential customers are demanding “more
refiable” power supply with fewer interruptions per year. In most cases, the meeting of this

need provides “quality”.

Generally, there is a large growth in the use of electronic loads that are sensitive to low
power reliability. At the same time there is large growth in the use of power electronic
devices which produce power quality disturbances. Business and industry normal operations
are becoming increasingly dependent on the consistent and predictable performance of their
electric and electronic equipment.[4] But there are other factors that are increasing the focus
on power quality:

s Decentralised (or distributed) electricity-generating equipment such as wind-
turbines generate voltage transients and fluctuation; electronic motor control
units raise the general harmonics level; the growing number of computers in
offices and private homes adds to the dependence on a continuous supply of
high quality electricity.

s The changing structure of the electricity-providing industry (ie a movement
towards a competitive market) may also contribute o the interest in power
quality. In this case, the emphasis would be on the necessity of objectives,
general definitions and standards for quality levels.

Electrical and electronic equipment, in particular, are designed to operate from a “clean and
constant” source of supply of AC voltage. Large deviations from the nominal value or
continual voltage fluctuations cause overheating, halts in production, machining defects, loss
of data memory and programs, failures etc. Electricity providers cannot always prevent the
degradation of electrical energy along distribution lines, as they are subject to load variation
and interference. For this reason, voltage stabilisation and protection against electrical faults
are needed. Voltage regulation is a vital characteristic of a power system in order to limit

voltage deviations.[8]
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it is in an electricity provider's best interests to reduce the number of interruptions
experienced by customers, and to keep output voltages regulated. These are the two main
quality characteristics that are focused on in this thesis. The technology proposed in this
work aims {o improve power quality by increasing the fault tolerance of distribution networks.

2.5 The principle of resonance and its application in compensation techniques
This section will start with a review of some basic power system theory and willgoon to
expand this theory by applying it to various compensation techniques.

2.5.1 The fundamental concept of power factor correction
This section aims to introduce the concept of power factor correction. The theory behind
this concept is fundamental in the understanding of reactive compensation in general.

Let's assume that a load with a lagging power factor is absorbing P watts of real power
and Q vars of reactive power. If one wanted to decrease the number of vars absorbed
by the load, thereby reducing total complex power and increasing the source power
factor, one would connect a capacitor in parallel with the load. The capacitor will absorb
negative reactive power and will reduce the magnitude of the reactive power required
from the source (because it is delivering reactive power and reactive current o the
system). Thus, the capacitor is supplying some reactive power {0 the ioad in place of the
source. This will decrease the reactive power supplied by the source and increase the
source power factor. This will ultimately result in a decrease in total source current which
will in turn result in fower line losses and lower line-voltage drops. The improved power
factor will aid in the efficiency and voltage regulation of the circuit. This can be
summarised in Figures 2.10 and 2.11.

B Ps
—a [l Ila ta
1
R L c
source capacitor
R ——
load

Figure 2.10 Circuit showing power flow in power factor correction
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Figure 2.11 Power triangle showing capacitive power factor correction

This concept can also be viewed by means of the calculation of sending and received
voltages in terms of power and reactive power. This will now be examined so that a more
comprehensive understanding of reactive power flow and its effect on source power
factor can be gained.

Although the determination of voltages and currents in a power network can be achieved
by means of complex notation, usually in power systems, power (P) and reactive power
{Q) are specified, and the resistance of lines is often negligible compared with the
reactance. [32] For example, if R =0.1X, the error in neglecting R is 0.49%. Figure 2.12
shows a simple network and its phasor diagram is shown in Figure 2.13.

R+iX Pri@
o

E oo
'e TP

Figure 2.12 Simple transmission link [32]
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Figure 2.13 Phasor diagram for the transmission of powaer through a series impedance [32]

From the phasor diagram: E = (V+ AV + 5V

= (V + Ricosp + Xlsing)* + (Xicosg — Rising)®
therefore E: = (V +[RPYV + [XQYV) + ([(XPYV - [RQY V)

Hence AV = (RP + XQYV
And SV =(XP~-RQyV
If V=< V4 AV
E* = (V+[RP + XQYVY
and E-V={(RP+XQIV=AV [32]
Thersfore, the arithmetic difference between the voltages is approximately given by
RP+ X0
""?;"""
fR=0,
E-y =22
v

in other words, for networks where X>>R, i.e. most power circuits, AV is determined by
Q. If a scalar voltage difference exists across a largely reactive link, the reactive power
flows towards the node of lower voltage. In summary, if in a network, there is a

deficiency of reactive power at a point, it will have to be supplied from the connecting

31



lines, and the voltage at that point falls. On the other hand, if there is a surplus of
reactive power generated (e.g. by a capacitor bank), then the voltage will rise. [32]

2.5.2 Resonance theory

In this section, the guestion: "What is resonance?” is answered. The concept of
resonance is central o the thesis which aims io test the fault-tolerance of a series
resonant network.

Essentially, resonance theory is another manifestation of reactive power flow, and
capacitor voltage regulation. in the previous section, it was shown that a capacitor
connected in parallel to a load with a lagging power factor could “inject” reactive current
into the circult, thereby reducing line losses and raising the voltage across the ioad.[33]

In a series resonant circult, a resistor, inductor and capacitor are connected in series. At
low frequencies, the capacitive reactance is larger than the inductive reactance. There
will thus be a larger volt drop across the capacitor. This large capacitive reactance will
allow only a small current to flow in the circuit and it will lead the applied voltage by
almost 90°. At high frequencies, the opposite will be true. in this case, the large
inductive reactance will also limit the current in the circuit, but it will lag the applied
voltage by almost 80°. Between these two extremes, a frequency exists at which the
capacitive and inductive reactances are exactly equal. This will occur when
jwl = 1/jwC or
wl = 1/wC
Bolving for the frequency in the above relationship yields
w = 1N({LC) or
£ = (1/2wV(LC)) [30]
This is known as the resonant frequency. At this frequency, the capacitive and inductive
reactances “cancel each other out” and this leaves only the resistive part of the total
impedance to limit the current in the circuit. in this case,
‘RESONANT = VAPPL!ED/R {33]
This could also be described in the following way: at power frequency, any volt drop
experienced across the inductive reactance can be “undone” by adding a capacitor in
series with the inductor which has a reactance that, at power frequency, is equal to that
of the inductor. The reactance of the capacitor is seen by the circuit as being in the
“opposite” direction to the inductive reactance. Ina series circuit, the voltage across the
inductor would be:
Ve =jwld
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And the voltage across the capacitor would be:
Ve = (14w
= -j(1/wCi
If wh = 1/wC, then V| = -¥ and thus there is zero resultant volt drop across the reactive
components of the circuit because the voltage phasors are 180° out of phase.[33]

2.5.3 A review of load voltage compensation

The aim of the technology in this thesis is to increase the fault tolerance of a distribution
network by applying the concept of “resonance” to a load-end compensator. The main
objective of the load-end compensator is to reduce the system’s reactive power
requirement. While it is worth noting that load current and load power factor cannot be
altered, the source or system currents (power requirements) and power factor can be
changed with the use of a lpad compensator.

Load compensation is the management of reactive power to improve the quality of supply
in ac power systems.[34] In load compensation, the compensating equipment is usually
installed near to the load and its main objectives are power factor correction and
improvement of voliage regulaﬁon. Load balancing is a further benefit of load
compensation but is not relevant to this thesis.

As explained previously, power factor correction is the practice of generating reactive
power as close as possible to the load which requires it. Most industrial loads have
lagging power factors (in other words they absorb reactive power) and the total load
current is therefore larger than is required to supply only the real power component.[34]
Only real power is ultimately useful and the excess load current is a waste to the
customer, who has to pay the costs for its fransmission, and the utility, whose generators
and distribution networks cannot be used at full efficiency.[34]

Voltage regulation is a critical issue in the presence of loads which vary their demand for
reactive power. The variation in demand for reactive power causes variation in the
voltage at the supply point. This can interfere with the efficient operation of all plants
connected to that point. The utility is thus usually bound by statute to maintain supply
voltages within defined limits. The most practical and economic way to improve voltage
regulation is to “size the power system according to the maximum derand for real power
and to manage the reactive power by means of compensators.”[34]
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An ideal compensator is one that will correct the source power factor to unity. In
practice, this is not possible and there are a variety of factors that must be weighed up
against each other (especially cost) in developing the “optimum” compensator for a
specific context.[34] This section will attempt to explain the relationship between the
power source, the load and the compensator by looking again at reactive current and
power factor in single-phase.

y
Load=Y=G+jB
cd } T Ir= VG = lcosg

?

— g Pommm eSS
\' Ix= VB = Ising =

(a) (b)

Supply bus

Figure 2.14 Complex single-phase load and its current and voltage phasors [34]

Figure 2.14a is a Thevenin model. It shows a single-phase load with admittance, Y,
which is comprised of a conductance G and a susceptance B. This load is supplied with
a voltage, V and this results in |, the load current. [34]

Therefore,

I=V(G+B)=VG +]VB =g + Ik

Figure 2.14b is the phasor representation of 2.14a. The voltage, V, is the reference. The
current, I, is lagging the voltage. In other words, this load has an inductive susceptance
and a resistive conductance. The load current has been decomposed into two parts. Iz
is the active current (which is due to the conductance) and is in phase with the supply
voltage. lx is the reactive current (which is due to the susceptance) and is in quadrature
with the supply voltage. The angle between the supply voltage and load current is ¢. If S
is the total apparent power supplied by the voltage source, then

S=VI'=VG- VB =P +jQ[31]

Here, P is the real power {or physically useful) component of S and is Q is the reactive
power component. And the power factor is the ratio of P to S (or cosg).

As mentioned before, the concept of power factor correction is to find a substitute for the
reactive power that is being supplied by the voltage source. The source will then only
have to supply the useful real power, P. This is the task of the compensator. [34] If the
reactive part of the load is jB, then compensation is done by connecting, in parallel with



the load, a pure susceptance of an equal but opposite value, -jB. [34] The current
supplied by the system to the combined installation of load and compensator is now:
Is=1+1y

=V(G+B)-V([B)=VG =i
Ir is in phase with the supply voltage, making the system power factor unity. The supply
current Is now has the smallest value capable of supplying the full active power of the
load.[34]

Before a compensator can be developed, existing compensators and their theoretical
bases should be examined in an attempt to determine their advantages, disadvantages
and efficacy. In a power system, a number of compensation methods are used in an
attempt to reduce source reactive power contribution, thereby improving efficiency and
increasing voltage control. Various components in a power system have the ability to
generate and absorb reactive power. QObviously, inductors absorb reactive power and
capacitors generate reactive power. Synchronous generators can be used to generate or
absorb reactive power. Their ability to supply reactive power is determined by the short
circuit ratio. [32] Lines, when fully loaded, absorb reactive power (higher loads result in
larger currents leading to greater volt drops across the series line reactance). With a
current / amps for a line with X Q of reactance per phase, the vars absorbed are X per
phase. On long lines that are lightly loaded (low load current results in small reactive volt
drops), the shunt capacitances may become predominant and the lines may become
reactive power generators. Transformers always absorb reactive power. Cables
generate reactive power due to their high capacitance. Loads are generally reactive
power absorbers. If a load has a power factor of 0.95, this implies a reactive power
demand of 0.33 kVAr per kW of power.[32]

Volitage control can also be achieved by using autornatic voltage regulators. When there
are changes in load, this will result in automatic adjustment of the terminal voltage by an
automatic change in excitation of a synchronous generator, by tap-changing transformers
or by the injection of reactive power into the system. By changing the transformation
ratio on a transformer, the voltage in the secondary circuit is varied and voltage control is
obtained. This is a common method of voltage confrol in distribution systems. However,
this thesis will focus on the final method of voltage control mentioned: that of reactive
power injection.
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ltis evident from the equation discussed earlier:

_RP+XQ

= _.__I}___.

that the volt drop in a network is largely determined by the reactive power. [32] The

AV

resulting line currents are larger, leading to increased I’R losses. In general, three
methods of reactive power injection are available, involving the use of
« static shunt capacitors

« stalic series capacitors

Shunt capacitors can be used to deliver reactive power and increase transmission
voltages during heavy loading conditions. This leads to lagging power factor circuits.
When the system is lightly loaded, resulting in a leading power factor circuit, shunt
reactors may be used to absorb reactive power and reduce overvoltages. In both cases,
the effect is to supply the requisite reactive power to maintain the values of the voltage.
Capacitors are connected either directly to a busbar or to the tertiary winding of a main
transformer and are the disposed along the route to minimise voltage drops and
losses.[32] Unfortunately, as the voltage falls, the vars produced by a shunt capacitor
also falls. This means that their effectiveness wanes when they are most needed.

Series capacitors are sometimes used on long lines to increase their loadability. [6]
Capacitor banks are installed in series with each phase conductor at selected points
along the line. They have the effect of reducing the overall series impedance of the line.
This in turn reduces the line voltage drops, giving rise to a steadier load voltage
magnitude. A major disadvantage of series compensation is the high overvoltage
produced when a short-circuit fault current flows through the capacitor.[32] Thus,
autornatic protection devices must be installed to bypass high currents and to reinsert the
capagcitor banks after fault clearing. [9] Series compensation could also cause sub-
synchronous resonance which is a phenomenon that occurs when the series capacitors
excite low-frequency oscillations. These oscillations may damage turbine-generator
shafts.[6] With series capacitors, the reduction in line current is small. Thus if thermal
considerations limit the current, shunt compensation should be used. i, however,
voltage drop is the limiting factor, series capacitors are effective. They are also very
effective if the total line reactance is high and they may improve stability.[32]
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2.5.4 A review of distribution network methods which make use of the resonance
concept
This section will look in detail at methods that are used in distribution networks which
make use of the concept of resonance. The two methods that will be presented are:

e the Petersen coil

e Capacitor tapping (Captap)
Petersen coil
The Petersen coil is essentially an earthing method. One of the main and vital purposes
of an earthing system is the reduction of earth fault currents which occur when there is a
phase-{o-earth fault on a distribution network. in Petersen coil-earthed networks, arcs are
seif-extinguishing. This improves reliability of supply as there are fewer interruptions on
the system. Petersen coil earthing reduces the magnitude of short fault currents.[36]

A Petersen coil is sometimes called an arc-suppression coil, or a ground fault
neutraliser.[36] Figure 2.15 shows the connection of a Petersen coil.

e T Load 1
Neutral Load 2
NI Load 3
Petersen
coil
i1—;r— i2 iS—v_

Figure 2.15 Three phase system with Petersen coil earthing

The Petersen coil resembles a single-phase transformer. tis connected between the
neutrals of a transformer and earth.[36] When “normal” conditions prevail, there is no
voltage across the Petersen coll. However, when an earth fault occurs at any point in the
system, the phase neutral voltage of the system is applied across the coil. The reactance
of the Petersen coil is causes a lagging current to flow through the coil (or neutraliser)
and transformer to the fault and hence the ground. At the same time, the capacitive
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currents will be flowing from the healthy lines to ground. The reactance of the coil is
chosen such that the lagging current from the reactor and the leading current from the
line capacitors are virtually 180° out of phase (this is applying the concept of resonance).
The actual current flowing to the ground will therefore be the difference between the two
“opposing” currents.[40]

By properly tuning the reactor, the difference between the two currents can be equated to
zero. This results in a fault current of zero magnitude. If the fault current is reduced, any
arc that has resulted from the earth fault will not be sustained. During the arcing stage, a
parallel resonant circuit is established.[41]

If the earth fault is transient (which is most often the case), once the fault has been
suppressed, the system continues to function as normal without an interruption of supply.
If the fault is of a more permanent nature, the system may continue to operate with one
phase earthed at the fault. The voltage between the other phases and earth will,
however, increase from phase voltage to the line voltage of the system. In this case, a
fault current would continue to flow and the system protection would operate to
disconnect the faulty line from the supply. Petersen coils are often included in systems
that have overhead lines which are subject to transient faults due to lightning, birds,
falling tree branches and s0 on.[35]

The Petersen coil has many advantages, and new compensation technologies should
strive to offer similar benefits, some of which are presented below.[36, 41]
o Earth faults are reduced
e Arcs are self-extinguished
e There are no power supply interruptions on Petersen coil earthed systems
o The voltage increase after arc extinction is slow, thus reducing the risk of arc re-
ignition
e Power quality is continuous with Petersen coil earthing as there are fewer
interruptions to the system due to self-extinguishing arcs

¢ Negligible fault to ground currents

The Petersen coil has several disadvantages. These will not be discussed in detail, but it
should be noted that these disadvantages have prevented the Pstersen coil from being
used extensively in distribution networks. Existing compensation techniques do not fully
meet the needs of the electrical system and this has created an opportunity for further



research to be conducted in an attempt develop a usable and viable compensation
technique.

A few of the Petersen coil's disadvantages follow [36, 41}

¢ The reliability and sensitivity of relays are reduced in protection systems

s Petersen coil tuning is a problem in expanding networks

+ Difficulty in locating faults due to the fact that earth fault currents are reduced to
very low values

e With respect to lightning, ungrounded neutral service arrestors are applied at
sacrifice in cost and efficiency (i.e. the two lines are at full L-L. voltages when a
fault ocours)

¢ Feeders cannot be interconnected unless the interconnected system is resonant
grounded or isolating transformers are used.

+  Central co-ordination in neutraliser settings in interconnected systems is required
in order to determine the proper neufraliser tap.

e Taps on neutralisers must be changed when major system swilching is
performed, and difficulties may arise in interconnected systems.

e There may be a high total cost unless the arc-suppressing characteristic is relied
on to eliminate duplicate circuits.

Power tapping (Captap)

In countries which have large but sparsely-populated regions, such as South Africa,
many small rural communities do not have access to mains electricity. This is partly due
to the associated high costs. This is a difficult scenario and is particularly frustrating for
those people living close to high voltage transmission lines. The Ressarch institute of
Hydro Quebec (IREQ) in Canada developed a system that could tap small amounts of
power from high voltage transmission lines. These systems use the lightning shield wires
which, when insulated from the towers, have a capacitively induced voltage on them.
This capacitively-induced energy is then converted into usable electricity by means of
reactive compensation.[39] In 1994, L. Stubbs [42] investigated this concept and studied
its application in South Africa. This section summarises the findings reported in the

resulting dissertation.
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In order to achieve a suitable power supply from the insulated shield wire, a regulating
system must be developed that delivers a standard output voltage that is relatively
constant with varying load magnitudes and phase angles.

L. Stubbs proposed a control in the form of series reactive compensation. “This
technique uses a fixed inductive coil (reactor) in series with the shield wire source. The
value of the inductive impedance is chosen {o be equal in magnitude to the source
capacitive impedance at power frequency. This gives an output voltage which is
independent of load magnitude or power factor at steady state power frequency. This
method of voltage regulation relies on the ability to accurately determine the source
parameters, as the reactor has a fixed value and has to be specified up front.” [42]
Figure 2.16 summarises the concept.

The advantages of this passive compensation technique are:
s No need for electronic control of output voltage
¢ Few components and thus higher reliability

e Low cost

The disadvantages of this technique are:
e There is a need for accurate values for the equivalent source parameters
+ The reactor needs to be designed specifically for each system
e There can be no confrol of the system output voltage fluctuations dus to
transmission line conductor geometry variations
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Figure 2.18 Proposed series compensated source
In order to investigate the technique, a prototype power tap-off system was developed
using a 9.6km insulated section of one shield wire of the Kendal Minerva 400kV line. A
420kV source was applied to one end of the transmission line under steady state
conditions.

The results of tests performed on the prototype showed a voltage regulation of 1.3%
when the system was loaded to 17kVA which is satisfactory. When the systern was
loaded with a non-linear load, the output voltage was distorted almost to a square wave
shape because the non-linear load generates a large percentage of the harmonic
currents, and the source has a high impedance at frequencies other than series resonant
frequency. [42]

This general technique has also been used in capacitive coupling substations. The
substation hooks up directly to all three conductors of 115kV to 245KV transmission lines,
through a capacitor bank. It provides a three-phase power output of up to ZMVA at
voltages ranging from 11kV to 38kV. The substation is easy to install and maintain and is
a low cost, environmentally-friendly power supply. it may also provide compensation on
heavily loaded transmission lines wherse it is installed (because it is a capacitor bank).
The system includes components which work as a damping circuit to eliminate the risk of
sustained ferroresonance {which can occur when a capacitor divider is placed in series
with an inductor). The system has, however, been experiencing the effects of sub-~
synchronous resonance when it is loaded with non-linear, transient loads such as
unloaded inductive motors. [43]
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Although the above results are specific to the “captap” technology, they present the
possibility of instability in resonant systems which are loaded with non-linear or motor
loads. In the testing of the technology presented in this thesis, these loads were
specifically tested in order to determine its stability in various conditions. This will be
exarnined in more detail in chapter five.
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Chapter Three: The theoretical development of a “series resonant” fault-
tolerant network

As explained in Chapter two, a “series compensator” is a reactive component that is placed in
series with an “opposing” reactive component. In this way, their reactive impedances “cancel
each other out” and the effect of the initial reactive component becomes negligible. This concept
is often made use of on long lines which experience significant volt drops due to the line
inductance. By placing series capacitors in that line, the magnitude of the problematic inductance
is minimised and volt drops are decreased. This chapter discusses the complex resonance and
voltage regulation theory on which the proposed technology is based. These concepts are based
on mathematical principles and equations. The development of this theory paves the way for the
manifestation of this theory in a practical laboratory environment.

3.1 An introduction to the aims of the voltage regulation in the proposed technology

The compensative concept discussed in this thesis is described as “series resonant” because its
essential function is to compensate for added reactancs in the supply line, which limits any short-
circuit currents flowing in the network due to transient faults on the MV overhead lines. This extra
inductance naturally causes an unacceptable volt drop which must be negated in some way.

The load-end compensator must be able to react to changes in load power factor and magnitude.
A higher-rated load will draw a larger current which will lead to an increased volt drop across the
added supply inductance (and across the inherently-present line impedances). Aload with a
lower power factor will induce the need for load compensation {or power factor correction) in the
form of reactive current injection close to the load itself. Thus, the compensator is a load-
compensator and is, in fact, placed in parallel with the load. Thus, its main function is that of
reactive power (or current) injection. This reactive power will compensate both for the load (with
a non-unity power factor) and the added series inductance in the supply.

The ultimate aim of the compensator is voltage regulation. In other words, its function is to
maintain a defined voltage across the load even though the series inductance causes a large volt
drop, and the load has a variable magnitude and power factor. As explained, a load with a larger
magnitude (higher rating) will draw a larger current, causing volt drops on the line to increase. A
load with a lower power factor (but constant power rating) will draw a greatér total current
because it will have a greater apparent power need. The current drawn will increase because its
reactive component will rise in magnitude, which increases the magnitude of the resultant current.
This implies that a larger component of the current that the load draws is "unuseful” and, indeed,
wasteful. The reactive component of the total current supplied by the source can be replaced by
the reactive current injected by .the compensator at the load. This decreases the resuitant (or
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total) current drawn by the load from the source. This means that a current of smaller magnitude
will flow through the supply circuit, and the supply impedance (including the added reactance).
This, once again, reduces the volt drop experienced by the system. Thus, the compensator will
inject the amount of reactive current required to maintain a constant load voltage magnitude. #f
the load has a large magnitude and low power factor, the compensator will need to inject more
reactive power into the system, and vice versa.

This implies that the compensator should be able to respond almost instantaneously to changes
in the load. In other words, the compensator needs to be active, not static. In essence, it
constantly monitors the voltage across the load. If the voltage (or load) remains constant, at the
defined magnitude, then the compensator remains static. If the voltage magnitude goes below a
set value, the compensator must inject more reactive current {or power) into the system. The
compensator essentially consists of a number of capacitors in parallel which supply the reactive
power, power electronics (thyristors) which switch the capacitors in and out as more or less
reactive power is required, and a DSP (Digital Signal Processing) board which acls as the control
system and monitors the value of the load volitage magnitude. Thus, the thyristors will “switch
more capacitors in” when more reactive power is needed. |t will continue to switch capagitors in
untit the DSP board determines that the magnitude of the load voltage is within acceptable (or
pre-defined) limits, at which stage the thyristors will stop switching in capacitors.

Turning attention to the series inductance, its function, as explained, is to reduce the magnitude
of short circuit currents due to transient faults. If the inductive impedance is large enough, the
short-circuit current can be reduced significantly so that its magnitude is less than that required to
sustain a power arc caused by the fault. Thus, flashovers resulting from transient faults such as
lightning will always be rapidly self-extinguishing, possibly negating the need for protection
operation. This depends on the settings of the protection relay responding to the fault. Earth
fault relays function according to an IDMT curve which means that the smaller the fault current
magnitude, the longer the feeder breaker will take to trip.[9] A fault current magnitude of only two
times the full foad current of the system will have a relay response time of well over 1 second (the
exact response time depends on the design of the specific relay).[8] Thus, if the inductance can
both significantly limit the magnitude of the transient fault current, and reduce the duration of the
arc burning time, the earth fault relay will not respond at all, and its corresponding breaker will not
trip. Assuming the fault is transient, the system will then continue to operate as normal, with the
customer experiencing a “mild” and extremely short voltage dip when the arc is briefly burning. If
the fault is in fact of a more permanent nature, the arc will continue to re-ignite after it has
extinguished at each current zero. In this case, it will be known that the fault is permanent and
the feeder breaker will open to prevent any damage to the system.



One of the significant characteristics of the proposed technology is the magnitude of the fixed
series inductance. When an earth fault occurs in a system, the short-circuit current that flows
through the fault can be up to 10 times greater in magnitude than the expected load current that
the network is designed to carry [9]. For purposes of the laboratory and the investigation
presented in this thesis, it was decided to include an inductance with a magnitude that resulted in
a “fault current” of approximately two times the magnitude of that under rated conditions. If, for
example, the supply transformer is rated at 10A on the low voltage side, then the expected
current during fault conditions (with the added inductance) should be 20A. The value of the
inductor is calculated to fulfil this expectation. The current in fault conditions should be larger
than it is in steady-state conditions so that monitoring of the line currents will still give an
indication of a fault having had occurred. It should be realised that this “larger” current will flow
for only a short period of time, namely while the arc is burning.

Figure 3.1 gives a single-phase line diagram of the proposed circuit.

Transient
di ’Ef)v ; Series line fault
:strf ution inductance ‘
line I
r <\ . le v k=lg+ic
VL = lXL
* load R +jX

Step-down
distribution Load-end
transformer compensator

Figure 3.1 A line diagram of the proposed circuit

The diagram shows the added inductance (X, ) in the source supply circuit. Transient faults that
occur on the MV part of the distribution line will be extinguished rapidly. There willbe a
significant volt drop across the reactor. In fault conditions, { should be 21, In the circuit, i, the
current required by the load, is complex because the load has a lagging power factor. The
complex current is made up of a real part which is drawn by the active power demands of the
load, and an imaginary part which is drawn by the reactive component of the load's demand. If
the compensator is ideal, then all of the load’s reactive power will be supplied by the
compensator, and the voltage across the load will be fully regulated because the compensator
will compensate for the voltage drop experienced across the supply reactance. The concept of
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reactive current injection is relatively straight-forward. The voltage regulation that takes place in
the circuit is slightly more complicated. The next section looks in detail at the theory behind it.

3.2 Voltage regulation: general concepts, and its application to the circuit.

Although this has been discussed briefly in chapter two, a full explanation of the concept of
voltage regulation and its application in the proposed circuit will now be presented. Voltage
regulation can be defined as the proportional change in supply voltage magnitude associated with
a defined change in load current (e.g. from no load to full load). Itis caused by the voltage drop
in the supply impedance carrying the load current.[34] Consider a supply system, represented in
Figure 3.2 by a single-phase Thevenin equivalent circuit. Figure 3.3 shows the phasor diagram
for the supply system when it is uncompensated.[34]

S =P +jQ
[} > {
ls  Zg=Rs+jXs I Load
° s Y, =G +jB,
E A

Figure 3.2 Single-phase Thevenin equivalent circuit of a supply system [34]

Figure 3.3 Phasor representation of the supply system [34]

The supply voltage change caused by the load current §_is shown in Figure 3.3 as AV and can be
expressed as follows:

AV=E-V=2Z
The voltage change has a component AV in phase with V and a component AV in quadrature
with V. Both the magnitude and phase of V, relative to the supply voltage E, are functions of the
phase and magnitude of the load current. In other words, the voltage change depends on both

the real and reactive power of the load. [34]
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By adding a compensator in parallel with the load, it is possible to make [E| = [V]. Thisis
equivalent to maintaining the load voltage magnitude constant, at the value E, even with load
connected. This is shown in Figure 3.4 for a purely reactive compensator.

jXsls
AV

s Rsls

A 4

&

h

Figure 3.4 Phasor diagram for the compensated system (compensated for constant
voltage) [34]

The reactive power drawn by the load (Q,) is replaced by the sum Qg = Q_ + Q¢ where Q is the
reactive power provided by the compensator. Q¢ is "adjusted” in such a way as to rotate the
phasor AV until [E] = |V|. Figure 3.4 shows that the lagging current phasor drawn by the load is
“vector-added” to the purely reactive current injected into the system by the compensator (i¢).
The resultant phasor, s, is the actual system current, and its phase is such that the supply and
load voltage are equal in magnitude. The magnitude of the reactive current phasor can be
adjusted if the load current has a different magnitude and phase, so that the aim of voitage
regulation is always met.

The required value of Q¢ is found by solving the following equation for Qg with |E] = V; then Q¢ =
Qs - Q. The equation is obtained through various algebraic manipulations.[34]

2
|E|2=|:V+RSPL +XstJ2 +[XSPL “RSQSJ
14 14
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The most significant concept is that there is always a solution for Qs whatever the value of P.. In
other words, no matter what the real power requirements of the load may be, it is always possible
to determine the value of the reactive compensation needed to maintain a constant load voltage
{which is also equal in magnitude to the supply voltage). We can therefore draw the following
important conclusion: “A purely reactive compensator can eliminate supply-voltage variations
caused by changes in both the real and reactive power of the load.” [34] And if the reactive
power of that compensator can be conirolied smoothly, over a sufficient range, and at an
adequate rate, it can perform as an ideal voltage regulator.[34] It is, however, vital to note that
only the magnitude of the load voltage is controlled. its phase varies continuously with the load

current.

3.3 The voltage regulation of the proposed fault-tolerant network
This section will apply the voltage regulation concepts explained in the previous section to the
specific circuit proposed in this thesis.

3.3.1 The simplification of the proposed network for analysis

As shown in Figure 3.1, the proposed concept is “defined” over two different voltages: the
medium voitage of the distribution line and the jow voltage of the load reticulation. If,
however, we remove the transformer by "bringing the primary-side voltage and
impedances over to the sacondary side”, the circuit, at its most basic level, is shown in
Figure 3.5. Essentially, the circuit consists of a supply voltage, a series impedance with a
large X/R ratio and a capacitor in parallel with a load. For simplification, assume that the
series impedance is a pure inductance and that the load is purely resistive.

]UJL = IXL i lz
| SE—— B bl
P a—
' . U ;
¥, v, e HjwC = -X¢ R

Zoaraliel

Figure 3.5 A simplified circuit showing the proposed technology
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3.3.2 Simulations of voltage regulation in the proposed circuit

The reactive-compensation voltage regulation of this simplified circuit (and the voltage
regulation concept in general) is demonstrated using Matlab’s Simulink package. The
resulting circuits and waveforms are shown in the next few figures. The structure of the
simulated circuit is the same as that of the circuit in Figure 3.5 and the specific values of
the components are not relevant to the demonstration of a concept but were selected to
be sensible in the context of the theoretical development thus far.

The Simulink simulations were carried out using a complex series impedance (i.e. the
impedance consists of a resistance and inductance) and purely resistive load. The
supply voltage in the simulations was set at 230V which was also the desired magnitude
of the load voltage.

Figure 3.6 shows a simulated circuit without the load-end compensator. It shows that the
volt drop across the series impedance is significant and that the resulting magnitude of
the load voltage is unacceptably low.

Source impedance Load

it Outt [ Z=7]

source voltage
RMS caloulator display

source
voltmeter

'lf—-——ab

— Glound (inpuf)

foad voltmeter

rerereee et 01 Q@Y e 483.7V

load voltage display

RMSE caloulatort

Figure 3.6 The uncompensated circuit as simulated in Simulink

Figure 3.7 below shows the same simulation but with the load-end compensator included
in the circuit. This demonstrates that by adding a capagcitor in parallel with the resistive
load, it is possible to “raise” the load voltage up to 230V (magnitude). The actual output
voltage in the simulation is 232.3V. This is because the standard capacitors available in
the laboratory for testing had a capacitance of 50uF and the values used in the
simulations were thus multiples of 50. This limited the absolute accuracy of the regulator.
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Although this was a restriction in the testing for this thesis, it is not necessary to use
standard components if a wider range of capacitors of variable values is available.

L.oad and capacitive
source compensator el b1 Out f
impedance

W"ﬁf\_ source display
o v RMS caleulator
s
{Source)
source

B 230V

voltmeater

foad voltmeter

geiin1  Outt B 2323V

foad voltage display

RMS cateulatord

Figure 3.7 The compensated circuit as simulated in Simulink

3.3.3 An explanation of voltage regulation as applied in the proposed circuit

The resulis of the simulations shown in Figures 3.6 and 3.7 indicate that the load voltage
is being regulated by the load-end compensator. In other words, they show that the
concept of voltage regulation is being applied in the proposed circuit. The specific effect
of the compensator as a regulator in the proposed circuit will now be explained in further
detail. Consider the circuit in Figure 3.8 which represents the simplified uncompensated
network.

G Zs
I |
by 1 | ® e
\/
v
s 2,
!

o® ®

Figure 3.8 A simplified circuit representing the uncompensated network
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In the circuit diagram, Vg is the generator voltage, Zs is the line impedance and Z, is the
load impedance. When no load is connected, Vg = V.. When a load is connected, it
draws a current I,. This results in a line voltage drop Vs = I Zs. Therefore, V. = Vs - IL.Zs
or OG = QL +LG. This vector (phasor) relationship is shown in Figure 3.9.

Vi IZs

Ve

Figure 3.9 The phasor representation of the circuit in Figure 3.8

The magnitude and phase of £ are always constant. Therefore, if Z_ is a linear, constant
magnitude, complex load, it will draw a current, I, of constant magnitude, and the voit
drop across Zs will then also always be constant in magnitude. However, the phase
angle of the load may very and result in a corresponding phase angle change in the line
volt drop (due to a change in the phase of I, drawn by the load).

If it is, for the sake of example, assumed that §, = 8kVA (in other words, the rating of the
load is always 8kVA), then the power drawn by the load can range, theoretically, from
-8kVAr (in the case of a purely capacitive load), through 8kW (in the case of a purely
resistive load), to 8kVAr (in the case of a purely inductive load). it could have any phase
angle “in between” these extremes, but the magnitude of the apparent power drawn will
remain constant. This implies that the current drawn by the load can also vary in phase
in a similar manner. This will result in a corresponding change in the line voltage drop.
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Vi
WZs

Figure 3.10 A phasor diagram showing the possible line volt drops for the circuit

In Figure 3.10, the circle represents the locus of all possible values of line volt drops for
the full complex load range. (Note the magnitude is the same, only the phase angle
changes). As the volt drop follows its locus around the circle, it will "take on” a particular
value that will result in Vv equalling Vg (in magnitude). The circle thus also represents

the locus of V.

if the requirement is to maintain the following relationship: Vgl = [V} (but note that Vg #
V., otherwise no current would flow from the source to the load), then the allowable locus
of ¥ is shown in Figure 3.11 on the following page.
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Locus of | Zg

¥
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of Z,

Figure 3.11 The required locus of Z_ on a phasor diagram

This defined locus limits the permissible position of the phasor of the load voltage by
forcing it to have a specific magnitude. If the phasor of the load voltage does not lie on
the locus, it is possible to force it to do so by “adding another volt drop” to the circuit. The
following example illustrates this concept. Suppose the load current is such that the line
drop is as shown in Figure 3.12 on the following page.
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Figure 3.12 Phasor diagram showing the effect of the compensator on the circuit.

When an additional compensating component is connected across the load, it will “draw
more current” (with the correct phase angle) and cause a “further” (in an opposing
direction) volt drop, V¢ = loZs. This will result in a total line drop of Vs = Zg(ic + I.). This
is also illustrated in Figure 3.12.

it can be seen form Figure 3.12 that the current "drawn” or “injected” by the compensator
has the effect of altering the magnitude of the load voltage such that it becomes equal to
that of the supply voltage. In this example, the compensator current caused the load
voltage magnitude to decrease so that it lies on its required locus.

3.4 The Basic Equations governing the proposed fault-tolerant network

The following question may now be raised: “If the load resistance and inductor magnitude are
known, is it possible to theoretically determine the value of the capacitor magnitude required to
fulfil the purpose of the proposed technology?” If this value can be calculated theoretically, this
will lead to the manifestation of this theory in a practical circuit which can be tested in the
laboratory. The practical tests can then be used to determine the validity of the theoretical
development, and of the success of the technology itself. The equations that follow attempt to
answer the proposed question and can be used as a springboard for a more detailed
development of the proposed circuit.
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The simpiified circuit in Figure 3.5 (which is shown again as Figure 3.13) can be modelied with
the equations that follow:

qwl=iXe ), L
e Mmane = >
v
v, t Vv, | T=WwC=-Xc &~ R

S
Zparaltel

Figure 3.13 A simplified circuit showing the proposed technology.

7 =
total R"ch
J = 5 T(R”JXC)
' Zpw X, X+ JRX, - jRX.

. X, T*(R"J‘Xc)
V,=JjX, I, = ;

X, Xo+JRX, - jRX .

V,=V-V%,
V, —JVRX, 3.1

by substitution and algebraic manipulation

Assuming that Vi=ALDP=a+ jb
And that V,=BL0=c

Then A = B is the “forced condition”.

55



If a magnitude value of V, is pre-defined, then a number of further equations can be solved.
Setting the required magnifude of V; to 230V, gives:
A=B=230

\/iaz +b’ i= 230

Note that the phase angle of the load voltage has been “set” to 0. it is essential to find the
difference in phase between the supply and output voltage, thus one can set one of the phases

arbitrarily. Thus V, consists of a magnitude only, namely 230V (i.e ¢ = 230).

Substitute ¥, = a + jb into equation 3.1, gives:

v, =——J@tORXe 55, g
X, X, +jRX, ~ jRX,
~jaRX +BRX 0 o

*~ X, X, +/RX, - jRX,

Algebraic manipulation is then used to transform the above expression into a “c + jd” form (in
other words, the real and imaginary components are separated out). This gives the following:

_aR’X ' ~aR’X X, +bRX X' + jbR* X’ bR’ X X, —aRX, X ")

v,
2 X X7 +R X, -2R*X, X, +R*X ]

The real component can then be equated to 230 and the imaginary component can be equated to
0. This gives three final simultaneous equations, which can be solved only once the values of R
and L are known. These are the values of the load resistance and the inductive impedance,
which is calculated to reduce the short-circuit current to twice the rated load current. The
equations can be used to solve for the capacitive impedance which is needed to fulfil the
conditions they set out, and the phase angle of the supply voltage, V,. The equations are:

1. \/iaz +b? ’=23O

aR’X .’ —aR*X X, +bRX, X

=230
X X +RX-2R°X, X, +R* X

bR’X . -bR*X X, -aRX, X,
XX +RX,-2RPX, X +R* X’
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One can use these equations to solve for a, b, and X.. The equations can also be manipulated to
include a complex (known) load and a series impedance consisting of both a resistive and an
inductive part.

In summary, the theory of voltage regulation and its particular application to the proposed circuit
can be better understood by examining the simple equations that govern that circuit. The method
of solving simultaneous equations that is proposed in this section is, however, complex and time
consuming. Chapter Four examines a more practical means of calculating the required

capacitance.
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Chapter Four: The development of the laboratory protocol

The laboratory tests of the proposed series resonant fault-tolerant network had the aim of

answering two fundamental questions regarding the system:

e Does the technology cause rapid arc extinction when transient faults occur on the MV
distribution line?

« Does the compensator meet its requirements, in terms of compensating for the extra line
impedance, responding to changes in load, and maintaining a relatively constant voltage
across the load befare, during and after a line fault without instability?

It is these objectives that determined the laboratory set-up which needed to create an appropriate

means for testing them, and the nature of the tests that would be performed. Essentially, in order

to performs relevant tests, the laboratory set-up must be able to:

Simulate an MV line

Create arcs on the MV line

Create a large supply impedance

Test the effects of the impedance on the arcs in a variety of conditions

Determine how successfully the compensator maintains a constant load voltage

Test the efficacy of the compensator in a variety of conditions

Measure the duration and magnitude of the arc current

Measure the uncompensated and compensated load voltage

Switch in a variety of loads to test their effects on the arc duration and compensator's
sfficacy.

The last point is particularly important in determining the success of the proposed technology.

Under a variety of conditions, the behaviour of both the arc and the compensator must be

examined. The magnitude and power factor of a load determines the current drawn by that load,

and therefore the volt drop across the supply impedance. By altering the characteristics of the

load, the effects on the system can be observed and measured. Essentially, the laboratory set-

up must make it possible to perform all required tests, and those tests must attempt to answer the

following guestions:

What is the behaviour of the arc when there is added reactance in the supply circuit
compared with that when little impedance is present?
What are the magnitude and duration of the arc current under no-load conditions?

What is the behaviour of the arc under rated-load conditions?
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e What is the behaviour of the arc when the load magnitude increases or decreases?

+ What is the behaviour when the load's power factor changes?

+  What is the effect of the added supply inductance on the load voltage?

= What is the effect of the compensator on the arc and load voltage under rated conditions?

» What is the effect of changing the load magnitude and power factor on the compensator and
arc?

s What is the effect of a motor load on the efficacy of the compensator and the stability of the
systemn?

This chapter describes in detail the development of the laboratory protocol and the laboratory set-
up itself, which must create appropriate conditions for performing tests in order to answer the
questions above. The actual tests and their results are described in chapter five.

4.1 The initial laboratory set-up

Two of the main objectives of the laboratory set-up were to

¢« simulate a Medium Voltage distribution line so that faults could be initiated on it,

s create a “large” series inductance in the supply circuit (although the value of the actual value
of this inductance was not initialty known)

in deciding on the various constraints impacting the laboratory set-up, it was noted that the type

of system to which the proposed technology would often be applied is a single-phase network

found in rural areas where loads are sparse and overhead lines are very exposed o transient

faults caused by lightning.

Then, in order to mest the above objectives and develop an appropriate laboratory set-up, the

following decisions were made:

e The proposed concept was tested in a Medium Voltage laboratory.

e The tests were carried out using SWER (Single Wire Earth Return) transformers; in other
words, the concept was tested in a single-phase system.

The resulting initial laboratory set-up was as shown in the schematic circuit in Figure 4.1.
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Figure 4.1 The initial laboratory set-up

Each component, and its function, in the proposed circuit will now be described in detail.

G — This is the generator that supplied the circuit. It is located in the Machines
Laboratory. It has a rated voltage of 6.6kV and a rated power of 520kVA. It was decided
to supply the test circuit by means of a generator as opposed to mains because the
mains supply in UCT is prone to severe harmonics due to the large number of computer
loads. The generator provided a clean, constant supply which ensured that any results
obtained from tests were reflective of changes in relevant or known conditions, and not of
those which were uncontrollable or unknown. The use of the generator also prevented
extra loading on the mains supply which may have resulted in voltage dips on the
building supply.

T1 — The generator output is fed directly to this 300kVA, 6600/380V 3-phase transformer,
For the purposes of testing, only two of the three phases are used. This transformer
steps the voltage down to required level. The supply is then fed to the Medium Voltage
L.aboratory via a double cable of approximately 70m.

T2 and T3 - These transformers have two main functions: firstly, they add inductance to
the supply circuit, and secondly they are used to deliver, on their secondary sides, the
correct input supply for the SWER transformer (T4). These transformers are identical,
each being 3-phase, and rated at 48kVA, 380/425V. They are set-up quite unusually in
the sense that they are connected in parallel on the primary side, but are then connected
“in series” on their secondary sides. The primary sides are obviously fed with the same
supply, but two of the opposite output (secondary) phases are connected to each other
and then to earth. Thus at any one time, each of the other (non-earthed) secondary
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phases supplies a voltage of identical magnitude but opposite in phase (or 180" ouf of
phase). If the one supplies +230V, the other is supplying -230V. The total series supply
from the transformer is thus 460V. These transformers step the supply voltage up from
215V (which is supplied via the cable from the generator)

T4 - This is a 32kVA, £240/19100V SWER transformer. This transformer also
contributes to the supply series impedance, but its main function is to step the supply
voltage up to a distribution line medium-voltage level. It essentially creates the MV line
on which faults will be initiated. Although the HV side of this transformer is rated at
19.1kV, the actual voltage of the MV line during testing was approximately 18.3kV. This
is because the compensator is rated at 230V and is programmed {o maintain this voltage
across the load (the transformer is supplied with +-230V).

T5 - This is a 16kVA, 18100/240V SWER ftransformer. It no longer contributes to the
supply impedance that leads to arc extinction (because it is located after the MV line -
where faults occur) but does contribute to the overall series impedance that must be
compensated for in steady-state. This transformer's main function is to step the supply
voltage down to “reticulation” level so that a load can be supplied. Once again, because
this transformer is supplied with 18.3kV, its output voltage is 230V, not 240V.

C - This is the load-end compensator. This specific compensator is designed to maintain
the load voltage at 230V in the laboratory and 460V in the field. Whan it is used in the
field at double the voltage, the rating of the compensator is four times larger. The
compensator was initially designed to operate at a rating of 32kW at 460V (which is
matched to the 32kVA transformer, T4). Because only one 16kVA step-down transformer
was used, the load voltage is half of 460, or 230V. The compensator is therefore
operated (in the laboratory) at 230V, requiring half its capacitors, and has a rating of
8kW. The compensator's rated power factor was not specified.

L — This is the load that is supplied by the network. Tests were carried out on the system
using no load, rated load of 8kVA (this is now matched to the capabiiities of the load-end
compensator), and a number of other loads with varying ratings and power factors.
These loads will be described in detail later in this chapter,
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The following photegraph depicts some of the abowe apparatus:

Figure 4.2 This photograph shows the two 48KV A transformers (T2 and T3) to the left {the
two grey box-shaped transformers), the 32kMA SWER transformer (T4} to the back right,
and the 16kVA SWER transformer (T5) to the front right,

The main purpose of this proposead network is to limit a short-circuit current in the system by
means of 8 large inductansce in the supply circuit. This will ensure that any transient faults on the
systern are rapidly extinguished. For the propesed system, it was decided that the sepply
inductance shauld fimit the fault current ta two times the rated steady-state current. This current
magnitude will be unable ta sustain arcing faults but will still be noted as an abnormality on the
systemn. The method vsed to determing the actieal value of this supply impedance will be

presanted in the next section.

4.2 The equipment and method used to initiate faults on the MY line

In steady-state conditions, the MV line supplies the 16KWA SWER transfoermer. When a fault is
initiated on this MV line, it is necessary to “divert” the current flowing through it s¢ as to prevent
its flow to the load. This current needs to be diverted directly to ground in order to create a short-
circuit, or earth fault. The MY line thus supplies byo separate circuits: one which is supplied in

the steady state, and cne which is supplied in fault conditicns. This is shown in Figure 4.3
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Figure 4.3 Test circuit showing path of fault current to earth

The MV line is connected to a fuse link, which, in steady-state conditions, is “normally open” and
is in turn connected to a capacitive divider (used for measurement purposes; it will be discussed
in detail later) which features a horizontal electrode. This divider is placed on a table, and a metal
plate which is connected to earth is placed a distance beneath the electrode so as to create a gap
of specific length. The fuse, which is raised away from the link (to ensure the “normally-open
condition”) is attached fo a rope which is fed to the measuring area oufside the insulating cage via
a primitive pulley system. The rope is secured using a clip. When the clip is released, the rope
slides through the pulley, the fuse closes the link, and the voltage appears on the line connected
to the capagcitive divider and electrode. This initiates an arc across the gap between the electrode
and the earth piate. Because a surge generator is not used to initiate the arc, it is initiated with a
fine thread of Eureka, a copper-nickel alloy with high electrical resistance and low temperature
co-efficient. This wire is attached to the electrode so that it hangs down, its end lying just a few
millimetres above the earth plate (neutral electrode). This air in this very small gap ionises
rapidly. This initiates the aré, causing the thread (fuse wire) to burn and evaporate, resulting in a
full arc between the two electrodes.

The gap ie}ngths across which the arc burned were decided based on the findings by Jojozi (see
chapter 2). According to his research, at 20kV, 100% of arcs were self-extinguishing at 30cm.
The arc gap was therefore set at 33cm. (The differential is due to the practical limitations of
creating the arc gap using pre-cut pieces of wood on which the electrode rested). In order to
obtain comprehensive results, tests were also performed with an arc gap of 45cm. This decision
was based on the need to increase the range of results, to provide a comparative base for the
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resulls at 33cm. and also to determinge the impact that this gap length had on the arc duration. If
the increased gap length decreased the arc duralion extensively, then a cost-benedit analysis (for
implementation in the field) may show that the increased cost of insulation is viable it it
guarantees that any arc caused by transient events will net trip feeder breakers,

This set-up is depicted in the following photegraphs,

Figure 4.4 This photograph shows the fuse link which, for stability purposes, is mounted
on the 32kVA SWER transformer. The MV output is connected to the base of the fuse link.

The top of the link is connected via cable to the electrode (the cable is shown at the top of
the photograph}). The fuse has fallen, closing the link, resulting in a fault. The nylon rope

used to raise and drop the fuse is seen connected to the fuse,
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Figure 4.5 This figure shows the fuse link in the normally open pasition which ensures the

steady-state condition of the system.



Figure 4.6 This photograph shows the capacitive divider which features a horlzontal
electrode. The divider is connected to the fuse link. A distance beneath the slectrode is
the neutral elecirode {metal plate) which is connected to earth,

Figure 4.7 The connection between the fuse link and the capacilive divider
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4.3 Method used to evaluate the supply impedance of the proposed circuit

The calculations presented in this section are vital for the process of developing the laboratory
protocol.

The reasons for, and aims of, the calculations presented in this section are now summarised.
e The proposed circuit aims to reduce the magnitude of short-circuit currents.

»  This reduction in current magnitude aims to achieve rapid arc extinction.

o The reduction will be achieved by a large inductance in the supply circuit.

The following facts have been presented in chapter 2 and must also be taken into account when

considering the specific aims of this section:

s At 20kV, 100% of arcs across a 30cm gap are unsustainable (Jojozi's resulits)

s At 20KV, an arc across a 30cm (air) gap will last, on average, for 350ms (Jojozi's results)

s Protection systems take between 100 and 450ms to respond to earth faults

e The shorter the arc duration, the more successful the technology will be (by removing the
need for interruptions due to protection intervention)

e In Jojoii‘s tests, the arcs tests at any voltage (e.g. 20kV) may have actually been initiated at
a lower voltage due to the ionisation of the air in the gap before arc voltage built up to
expected value

* In the tests conducted for this thesis, the steady-state voltage will build up to the specified
value (x20kV) before the arc is initiated which might result in comparably longer durations of
arcs initiated across the proposed 33cm gap.

In order to achieve the aims of the proposed technology, the arc current must be limited as much

as possible to decrease arc duration; the objective will be 1o reduce the circuit’'s short-circuit

current to twice that of its rated steady-state current. To achieve this:

« The existing inductance of that supply must be determined.

< |t must be determined if inductance must be added / removed in order to reduce short-circuit
current magnitudes to the desired value.

e The value of the total inductance will enable calculations to be performed in order to
determine the required characteristics of the compensator which must compensate for the
large supply reactance.

This section discusses the process followed in determining the value of the supply impedance
required to achieve the desired current limiting characteristics of the proposed circuit.

In order to implement this process, the caiculations presented in this section need to be as
accurate as possible. Due to the large number of transformers present in the proposed circuit,
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the per-unit calculation method was used to determine the existing inductance. For these
caleulations, the rating and power factor of the load and the series impedances of all other
components must be known. This is because the load rating will determine the rated current in
the system. This, in turn will determine the value of the required fault current (2 times the rated
value). in these calculations, the load was assumed to be of rated magnitude (8kVA) and, for
simplicity, purely resistive, i.e. BkKW. (Note that an BkW load at 230V will draw a steady-state
current of 33.3A; the fault current then needs to be limited to 66.7A). The impedances of the
other components in the system were evaluated by means of short- and open-circuit tests that
were performed on each piece of equipment. The calculations and their resulls are now
presented briefly.

4.3.1 The resuits of the open- and short-circuit tests performed on circuit components
The open- and short-circuit tests were performed to evaluate the series and shunt
impedances of all components in the proposed test circuit. The series impedance of
some of the equipment used had previously been determined, namely that of the
generator and the first transformer of the network, located in the Machines Laboratory.
Open-circuit and short-circuit tests were carried out on the other components in the
circuit. For the purposes of this research, only the series impedances of the transformers
have been considered. The transformer shunt impedances (obtained in the open-circuit
tests) have been considered negligible. The cable’s impedance was determined using a
cable manual. All of these results are now presented.

Generator: %Z = 194; Zpu = j862

T1 (300kVA 6600/380V): % = 4 Zpu =j13.33

Cable: PVC insulated SWA, length = 140m;
Z=0.122 + j0.1730 (impedance referred to LV
side)

T2 {(48kVA 425/380V): Z = 0.144 + j0.128Q (impedance referred to LV
side)

T3 (48kVA 425/380V): Z = 0.148 + j0.124Q (impedance referred to LV
side)

T4 (32kVA +-240/19100V): Z=0.127 +j0.360 (impedance referred to LV
side)

T5 (16kVA 19100/240V): Z=512.73 + jB43.370) (impedance referred to
HV side)
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To calculate the total impedance of a circuit that includes several transformers, itis
necessary to convert the network to a per-unit system. This in effect, removes the
transformer windings from the circuit, leaving only their impedances to have any effect.
The per-unii calculations are presented briefly in the section that follows.

4.3.2 The per-unit calculations performed on the network

The per-unit method has been used in the development of the laboratory protocol for two

reasons:

¢ These calculations will determine the actual value of the series impedance in the
supply circuit.

o The calculated value of the supply impedance will enable a decision to be made as to
whether further reactance needs to be added to the supply circuit in order to reduce
the short-circuit current to twice that of the rated load current.

These calculations are fairly complex and lengthy but are essential for the purpose of the

laboratory set-up for testing, and they also ensure that one of the fundamental

hypotheses is tested. This can be summarised with the following question: “Will a

reduction in the magnitude of the short-circuit current ~ by the addition of inductors in the

supply circuit — result in rapid arc extinction?” The essential points and results are
presented here. Refer to Appendix B for the details.

The load was regarded as being purely resistive for the calculations and was designed
{and manufactured) with a rating of 8kW at 220V. This implies that the ohmic resistance
of the load is-8Q (this was considered constant, although the heating of the load did
cause the resistance o increase during testing). A base of S = 100MVA was used for all
the per-unit conversions. Then the following equation is used to convert Z{(actual) to

Z{pu)

7 =7 100

K e
U actual 2
z E

where E? = V,, inkv

Once the various voltage “zones” were established, the impedance values in that zone
were multiplied by a constant which was obtained by dividing 100 by the square of that
voltage to obtain the equivalent per-unit value.
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This data is used to obtain the simplified per-unit system shown in Figure 4.8:

) . LZ=911+ Z=154 +
25 =j9.288pu Zr = 13.33pu Z=1147 + 1173pu j913pu 2 j253pu

V=1 pu Z = 11340pu

Figure 4.8 Simplified per-unit system

Thus, the per-unit impedance up to the MV line is:

Z =2058+ j2109 = 2947.£45.7°

The aim is to ensure that this impedance is sufficient in magnitude so as o limit the short-
circuit current magnitude to twice that of the steady-state current. If one considers the
load “zone”, the base voltage is 230V and the base current (when the base apparent
power is 100MVA) is 416666.67A. For a 6Q load, the steady-state current is 38.3A.

Thus the desired short-circuit current is 76.7A.

f1=7674

And [, =434782.64

Then I, =0.000176pu is the desired per-unit current throughout the per-unit system.
The desired per-unit impedance which limits the short-circuit current is:

Zpu = 5668.6 pu

At present, (as shown previously), the impedance has a per-unit magnitude of 2947. This
impedance needs o be increased in magnitude (to limit the fault current) by the addition

of reactors in the supply circuit. It is now necessary to calculate the value of the required

reactance.

If the “final value” of the impedance magnitude is 5669 and the value of the resistance
remains the same, then the reactance can be calculated as follows:
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R = 2058 pu
Z = 5669 pu

o X =4/(5669% ~2058%) = 5282 pu

The current value of X is 2109pu. Therefore, the required reactance to be added has a

value of 3173pu. It was decided to place the reactors in the 205V "zone” of the ctwrluus
circuit. The most accessible paint in-thaws vuninection as shown in Figure 4.9,

L
L 48KVA
208V M tefrmr
Ls
L 48KVA /;7
trfrmnr

Figure 4.9 A reprasentation of the set-up of the reactors and two 48kVA transformers

Then, for each parallel-connected branch,
L= 8.5mH

For testing, four reactors are used in parallel (two reactors in paralle! with each other in
each parallel branch of the LV connection of the two 48kVA transformers). Each reactor
is rated at 20mH @ 15A. Thus in each parallel branch, the total reactance is 10mH @
30A {this reactive value is acceptably close to the required 8.5mH). The photograph that
follows shows the reactors.
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Figure 4.10 This photogragh shows two of the added reactors that are connected in

paraliel with each cther, and in series with ong of the 48kV A transformers.

It i= now nocessary 1o reconsider the per-unit system wath the reactars included. The
impetance provided by the reactors in each branch is 3.14{1. This implics a total added

impedance of 1.57(}. The equivalent per-unit value 1s:

Mo = 3736pU
This gives a total per-unit reactance up ko the MV line {which is the impedance that will

oppose the short-circuit current in the case of a faull] of 5846 pu.

Then:
ft = 205% pu
X =58dGpu

7 = 2058+ jS846pu = 61982706 pu

The added reactance results in the following fotal system impedance {which inciudes tha

16k A step-down transtormer after the MY linc) as follows:
H=2088pn+ | 54pn =221 pu

X —5846pa + 253 py = 06099 pu
S Z 22124 6099 pu = 6488270
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The circuit can now be represented by the following figure:

Z = 2212 +j609%pu

1
| I |

v = 1pu) R = 11340pu

Figure 4.11 The simplified per-unit system

For the purposes of calculations and simulations, it was decided to convert this per-unit
network to the equivalent system at 230V. In this system, the voltage source has a
supply value of 230V, the series impedance has a value of

Z =117+ j3.2Q2 = 3.4270 and the load has a resistance of 6Q.

There are advantages to using the per-unit concept to calculate the series impedance of
the proposed system. However, a disadvantage to using this method is that it is purely
theoretical and any number of external or unforeseen effects has not been taken into
account. All the equipment in the system is real and may have defects. For these
reasons, it was decided to determine the total series impedance of the network using
another method. Two different loads were connected to the circuit output, and the
resulting voltage across and current through these loads were measured. The first load
was a resistive load (in the form of heating bars) that has a rating of 8kW at 220V. When
it was connected, the voltage across it measured 183V and the current through it
measured 29.4A. The load was allowed to cool and was then reconnected. The voltage
and current measured 186V and 31A respectively. An average of these results was used
as the actual value. The second load was also a resistive load that has a rating of 4kW
at 220V. The first time it was connected to the circuit, the voltage across it measured
205V and the current through it measured 16A. It was also connected a second time
which resulted in a voltage and current of 208V and 17A. These values were used in
simultaneous equations to calculate the practical value of the series impedance of the
network. The calculations show the impedance to be the following:

Z=0.63+,3.07Q2=3.1L78°
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This value is applicable at 230V. A practical disadvantage of this method is the fact that
the inductance of the added reactors is non-linear. Therefore, as the load (and thereby
the current) varies, the reactance will also vary.

The calculated and measured impedance values are slightly different. However, the
similarity of the results confirms the approximate value of the series impedance.
Because the second, more practical, method took into account any inaccuracies or
unexpected behaviour of the components, its resulting value will be used in future
calculations.

in summary, this section has contributed the following information and resuits:

¢ The reactance contributed to the series supply circuit by the generator, line and
transformers was not sufficient to reduce fault currents flowing through it to twice the
steady-state current (when the load is 8kW)

» The magnitude of the required reactance to be added to the circuit in order to achieve
that objective was calculated

e The theoretical total inductance of the supply circuit was calculated. This value will
be used to determine the magnitude of the parallel capacitance required to
compensate for the large supply impedance.

4.4 The role of the compensator in determining the laboratory protocol

In previous sections, topics such as arc creation and the large supply inductance have been
discussed. The topic of this section is the compensator and the effect it has on the laboratory
protocol. Essentially, testing the efficacy of the compensator is simple: connect it in parallel with
the load and observe its effects on the load voltage. In these tests, the vital questions to be
asked are: “Does the active compensator maintain the load voltage at 230V when a variety of
loads are connected?” and "Does the compensator have any effect on the arcs that are created
on the MV line?”

4.4.1 Calculating the value of the compensator’'s capacitance

Before the compensator and its role in the circuit are examined, the required capacitance
of that compensator must be calculated. As will be further shown in this section, the
required value of the capacitance will change as the magnitude and power factor of the
connected load change. As mentioned at the beginning of this chapter, one of the main
objectives of the laboratory tests is to test the ability of the compensator to respond to
changes in load and to maintain a constant load voltage in a variety of conditions. The
calculations used to determine the required value of the capacitance in the circuit must
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take into account load magnitude and angle, and must also be able to respond to

changes in these values.

The calculations presented in this section are, in fact, “static” in the sense that they can
be applied only when a specific load is connected and must be re-done when there is a
change in load. The actual compensator is active because it is able to switch the correct
number of capacitors in as soon as the load (and steady-state current) change.
However, the theoretical calculations will give a broader understanding of the role of the
capacitance in the proposed circuit. Note that these calculations have initially been
performed using the “base” load of 8kW.

In chapter three, the equations which govern the simplified proposed circuit were
examined in order to determine the magnitude of the capacitance required to
compensate for a highly inductive supply. This method of calculation is complex and
laborious. It was found to be more beneficial, once the circuit was understood, to use
Microsoft Excel to model the circuit and find an appropriate capacitor value. The
spreadsheet and its associated equations can be found in Appendix A. The aim of the
spreadsheet is to determine an appropriate value for the parallel capacitor largely by trial
and error. Once the equations have been formulated and the various values of V;, L and
R have been chosen and calculated, by changing the value of the parallel-connected
capacitive impedance, the magnitude of the load voltage can also be altered. The
capacitive impedance can be manipulated by the user until the value of load voltage
magnitude is the same as that of the supply voltage. If a purely inductive series
impedance and purely resistive load (of 8kW) are still assumed, the following can be
obtained from the simple spreadsheet.

Firstly, the spreadsheet assumes that the supply voltage has zero phase angle. The
magnitude of the supply voltage has been “set” at 230V, which is then also the “desired”
value for the magnitude of the load voltage. The resistive load is assumed to have a
rating of 8kW at 220V, which gives a resistance of 6. (Obviously this value is not
constant and will increase slightly as the load heats up. It will be assumed constant for
the scope and purposes of this thesis). The rated load current magnitude is therefore | =
230/6 = 38.3A. Twice the rated current is therefore lgc = 2*°38.3 = 76.7A. This fault
current would flow through the inductor only, to ground. The required value of the
inductive impedance is thus: X, = 230/76.7 = 30). (Note that this required theoretical
impedance is close in magnitude to the “actual” value of 3.4() that was caiculated in the
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previous section) This gives a series impedance of Z = 3£0 = j3Q and a reactance of

L=95mH .

in brief, this particular calculation is applicable if:
s  The open-circuit voltage is 230V
e The series impedance is purely inductive and has a magnitude of 3Q

e The load is purely resistive and has a resistance of 6Q.

Then, if X¢ is manipulated to be 22Q (i.e. Z, = —j22 = 22— 90€2), making C = 144.7pF,

Z i = 584 -15Q

Z o = 5.6£1.5Q

I, =39.84-14.84
Vapveron = 119.4275.2V
Viow = 23052 —30V

where Zpaaue is the impedance of the load in parallel with the capacitor
ZroraL is the total impedance of the circuit which is Zparae added to the
impedance of the series reactor
14 is the current in the main series circuit
Vinpuctor I8 the voltage across the series reactor
Vioap is the voltage across the load

Thus, with the capacitor having a specific value (when a load of particular magnitude and
power factor is connected), the magnitude of the supply and load voltage are the same.

According to the spreadsheet, if the series impedance is equal to the “actual” circuit value
of 0.63 +j3.07Q), and the load remains a 6Q resistive load, then a capacitance of 300uF
in parallel with the load will result in a load voltage of 226V, and a capacitance of 350uF
will result in a load voltage of 234V. The spreadsheet can be used to calculate the value
of capacitance required to obtain a load voltage of desired value.

Until now, only a resistive load has been considered. The spreadsheet can, however,
also be used to show the effect of a complex load on the output voltage of the system. If
the load has an impedance magnitude of 6Q, then the angle of the load can be altered
from -90° (in the case of a purely capacitive load) through 0° (in the case of a resistive
load) to +30° (in the case of a purely inductive load). Thé magnitude of the
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uncompensated load voltage corresponding to various load angles is shawn in Figure
e

Load angle v Lncompensated load vollage risgnitude

S48

Sy 8 b

gl
=
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laad vaoltage magnitude (W}

—
i

90
75 3
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-45
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Figure 4.12 The uncompensated |oad voltage corresponding to various Inad angles

It is clear. from the graph, that an inductive load (in other words, 2 load with 2 lagging
nower factor) results in # lawer uncompensated load voltage than a resistive or capacitive
laad. This implies that wher a complex load with a lagging power factor is suppliee by
the proposed circuit, the compensatar will necd o ssitch in more capacitars in order to
compensale for the oreater voltage drop. The spreadsheat can be used tao calculate how
ruch more of less capacitanocs i reguirgd for any load that is connected to the circit.
The theoretical results presented in this section provide an urderstanding of whet is
axncciod of the compensator, and what characteristics the compensaton will nesd ik

arder to meet these axpeciations.

4.4.2 A detailed description of the practical compensator

The compensator iz essentially an actve capaciter, it tharefare consists of two
fundamertal pets: e power elecirorics which ensures that it is “active”, and the
citpereitors wihich ire swilched in and odt deperding on me load. The compeansistar
fadiures iflean S00F crpncitors wheh rg connacted in parallel. The resoation af the

compangitiar 15 thus 50y, mplying that the compensator will switch ir the number of
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capacitors that will take the load voltage ta a value as close ta 230V as possible, but it
will not he 100% accurate in its regulation. The power glectronics which monitors the
magnitude of the Inad yvoltage cansists mainly of thyristars and a DSP hoard. The
compensator ts connected in parallel with the load and is programrmed to maintain a load

voltage of 230V,

When the compensatar is used in the tield at double the voltage, the rating of the
compensator is four times larger. The compensator was initially designed to aperate at a
rating of 32kW at 4600 (which iz matched to the 32kVA transformer, T4). Because only
one 16kYA step-down tfrangtarmer was ugsed, the load voltage is half of 460, or 230V,

The compenszator is therefore operated (in the laboratory) at 2308, requiring half its

capacitors, and has a rating of SkW.

Figure 4.13 This photograph shows the compensator. The SO0pF capacitors can be seen an
the bottom two levels, while the power electranics can be seen on the top of the

compensator.
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Az explaingd at tho start of the chapter, one of the 2ims of the laboratary {esls was in
determing the performance of the compensalor with a varigly of loads connacted to the
systera, As previously explanod. when a corplex lnad with a lagoing power factor is
connected, the compensator has "maore to compensalo for” and it was imperative Lo

ascetain that the compensator could still b effective in this, and othor conditions

4.5 A description of the tests performed

I presvious sections, the proposed laboratory set-up has boen examined in datail. Each
cormponant has keen discussed and an atternpt has been made to mest the objectives of the
Izhoratory set-up, namely the:

s Simuaiion an MY ine

s« Crogtion of arcs on the MY line

« Creaiion of a large supply impedanas

+  Enzurance thai the compensatar which will mantzn @ constant inzd woltage

Tests now need to be developed which will determine the behaviour of the arc on the MY iine and
the compansatar undar various aonthiionsg. The most significant changing cordition will be the
ragnitude ard power factar of the cornected losd. Thus, the following aspects of the testing

profocol need to b addrossod:

1est the effects of the impedance on the arcs in a variaty of corditions
»  Testthe efficacy of the compensator in & variaty of conditions

»  [deasure the duration and magnitude of the arc currant

«  fdeasurs the load voltage

e Switch in a variely of inads to test their effects on the arc duration and compenzator's

afficacy.

Thess ohjectives are essentizliy achieved by aliering the circuit conditions (namely, the load},
igreling an arc on the MY line, ard measuring the response of the arc and compensatar. This
soction will surmimarise the fests that need o be pedformed in order to test the thesis' hypothesis.
and describe the fools and methods uzed for the measuremarts of components' responses, The

rasulls of the tests (interpreted from the measurements} will be deascrited in detail in chapter five.
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4.5.1 Asummary of the laboratory tests

initially, mres weres initisted on the MY line with ao load cennecied. These tesis were
camed vt fo ascarlain the current-limifing effect of the supply inductance before the
exlra reactance was added to the circuit. One of the disadvaniages of these tests is the
infowing. Wnen the confacker in the MV labis closed, the supply iz ted to the step-up
tramsianrnars which results in an immediate voitaos builc-up acioss the arc oap.
Althonsgh tne MY Ine voltage is set at 18.3k%, the air in the arc gap may break down at a
lower voltage as ifis building up. This implies that with these tests it is not possible o
quarantes the initiation of an arc "at 18,3k, or any other specific voltage. Nonethelass,
therser tests min to conliom Lhe arc-extinouishing progerties of the supsly circuit and
arovide bienchmark results with which to compare those trom tests conducted with the

added supply reactance.

Tests: weare then performed with the added reactance and a connected load. The first
fead o oe connected was the rated BkvY resistive load. The connected load contributed
positively to the tests in wo ways. Firstly it created the circuit property of “load veitage”
which, as @ vital criterion of the proposed technology, should remain virtuaily constant.
Second'y it allowed a steady-state condition to be achieved which enabled the MY line
valtage to build up to full voltage before the fault was mitiated {using the rope control,

pulley systern, and fuse link).

Theex bgss or rated load is rated at BAY at 2204 aad was in the form of eight 1k heating
bars connected in pardliel. The load alse featued a fan for cooling purposes. The
strdcture: of the [oad resulted in high flexibility Decause the Da s could be connected anag
disconnected at any tirme, and this, in effect, provided eight different resistive loads
ranging fom Tk up to kW {in steps of 1k This was could be used as an Bk
resistive load, a 4k -asistive load, and provided the resstive part of the complex ioad
tvat was testad. I should be rememoered that the load was rated at 2204 and that at
2300 the ratimgz are slightly higher  The "8kW" load actually draws about 8 8kKW at
230V, while the "4k load draws approximately 4.4k
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1kW heating
bars

Parallet
connections
between the bars

The CT that was
used to measure
the load current

Figure 4.14 8kW resistive load

In order to determine the efficacy of the compensator, arcs were infiated without the
compensatar connacted in the circyit, and then with it connected. This allowed a
comparson to be made between the two scenaries. 1t would also demoenstrate the fuli
axtent of the load voltage recovery due to compensation  Before the actual compensator
was connected, tests were performed using a "passive compensatar” in the form of
capacitors which were switched in manually, The purpose of these tests was to confirm
the thearetical calculations that were carried out to determine the number of capagcitors
required ta raise the load voltage to 230V, Previcusly, mention was made of the Excel
spreadsheet that was used for these calculations. Ascording to the spreadsheet, seven

or eight capacitors are required when an 8kW load s copnected o the system.

The requirements of the compensator will alter as the lead alters. Tests must therefore be
pertormed with a variety of loads being supplied by the proposed circuit. The tests would
determine the flexibility. robustness and efficacy of the compensatar, and ultimately, its
ability to perform as sxpected. They would alse canfiem the cantinued arc-extinguishing
property of the system in a variety of conditions.  As the magnitude of power drawn by
the load increases (with the load power factor remaining constant), so the current flow to

the load ingreaszes. This increased current will cause a greater volt drop across the
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series inductance, placing grester demancds on Lhe compengaior. Sirmbarly, as the
current drawn by the losd decreases, 5o ine number of capacitors swilanad i by the
compensator will decrease, Alternatively, as ine power lacior ol the load decreases, tne
campenzater will nave to comoenszate further for the lagging nasture of the syslam, and
will have o switcn in more capaci:ors. These scensnns were tested by tne conrection of
a kW lgad (created by discernecting four of the heating bars in the rated 8KM rezisiive
Icazd, leaving only four bars still connected in paraliel),a 16kW load {created by
carnecing two BkW heatirg loads ir parallel} and a complex load with a lagging power
factar. All of thesze tests were corducied without and then witn the compensator

cornested in the sysiem.

Tne comples [nad would also be rated at 8kVA (2o maten tne rating of the [nad-end
compensaior at 230%% and was developed fram the SkW resistive lnad. Becauze ine
resistive ioad was rated at 220% and would be used az a part of the complex inad, the
actual gnparant power o be drawn by the 8KVA complax 0ad was zet al 3. 744KVA
Initialiy, & zirgle heating bar was disconnected o create a rezistive lcad of TIW [at
2200 Thiz implies that the rezistarce of that Inad was 8.900. A 230V, Lhis resistive [nad
draws 7.87kW of power. This resistive load would ther be connectad in parzllel la an
inductive load to create a complex load with a lagaing power faclor, Because Lhe real
oower of the resistive lnad and the reactive powear of tne induclive laad are addad
together te acnieve the “set” apnarent power of & T44kVA the power tiangle can ke

used to calculated the reguired reactive power,

S = AT

From the power wriangle, it can be showr that 4 2k Ar of reactive power iz required.

Maw, ine fallowing parameters car be cbtained:



(= 4.24VAr
i

o= 230¥
=184
LA =12.600
o= A0}
pf =087

T achievs this, four industors wers usad. Two woro paacod in sorics with each other [to
incragsea the value of the inductance)] and were then placed in parallel with the other two
inductors which were alsn in series with 2ach ofhsr) o ensure 2 sufficient surrent rating.
The four inductars were not identical but were close enough in structurs and nature o be
used effectively as a group. This set of inducters was then placsd i parallsl with the
resistive load en which only seven keating bars were comnected. The set-up can be

regresented in the following figure:

Fezistive Inductive L, Lx

lead i loed

P=767kW G = 4.2kVAr L, Ll
r

Figure 4.15 The set-up of the complex load; pf. = 0.87
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Figure 4.16 The four inductors used in the complex load

Tests were also conducted with a 16kW resistive load. This load censisted of two of the
BkW resistive load connooted in parallcl. The am of this test was to determine the
behaviour of the compansator when a highly over-rated load is connected to the system.
The gquestion to be answered by this test is: “Will the compensator be able to copo with
the volt drop caused by a currenl magnitude rated al twice its own rating?” In other

words, this 1est aimed to determing the imits of the compensator.

Finally, tests were parfermed with a motor load. It was specifically tesirable to test the
gystem with an unloaded motor connected as a load. In this sifuation, wo scenarios
weare of infarast: the behawiour of the system and compensator when the motor was
switched in, and then the behaviour of the compensator and the moter i the usual Tauit
conditicn. The main purpose of these tests was to contirm the absence of

terroresonance in the system. Tha motor was also tested in parallel with a complex load.
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This placed further demands on the compansator which now had to compensate for the
supply industance [which had a graeater effect because the higher-rated total load was
drawing rmore cucrent than the motar alena), the inductive nature of the unlcaded motor,

and the reactive part of the complex load.

The mator that was used in tests 3 a single-phase inductive unloaded General Electric
Compraessor Pump with a rating of 750W. In one set of tests, the Ioad consisted of only
the motor. Inanother set of tests, the load comprized the motar in paralle) with the
camples [cad that was discussed above (except that the resistive pant of the load had
only six heating bars connected to create a resistive Ipad with a rating of 8kW at 2200,
Thizs was done so that when the motor was added in parallel to the complex load, the

total apparent power drawn by the load would remain close to BkKVA)

Figure 4.17 The single-phase unloaded motor that was used during testing.
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4.5.2 The equipment and methods used to take measurements
Ther three pasaneters that are of particular iate-est a-e the arc curreat, arc voltage and

Lhe vo'lags across the load.

Ther gra cur-ent flows hetweaen the twe siect-odes, and this curent iz measu-ed using a
curtent LER with & ratio of 120201, The ouipus voltage is measured across a k0 resistor
whizh resu'ts ina 101 ratio (e 1V = 1A [Fis cutput s measu-ed using a 150mtlz

Agilen: oacilloscope.

A capanitiver divider is nsed Tor the measurenant of tha are voltaga, The owtpul veltage

can be described by the following eguation:

= L]

HE g
¢ = 100pF

wihers )
' =13 a0F

This divider reduces the magaitude of the arc veitage by a facter of 138, This reducad
wvaltzge is then fed to a High Vo tage Differential Probe PS220 with a ratio of 1:1175, and
then the oscillescopa, Cffectivaly, this means that the magnitudes of all arz voitage
traces on the oacilloscope should be multiplied by 117% and thea by 138 e by 1.62 x
1,

The ioad yoltage was measurad using the sane veliage probe. Inothe- werds, the cable
frizen the capacilive divider is disconaectad and a cable conaecied across the load is fed
to the probe. In this sat-up. aithar the ars woitage or the load woitage can b meassurad,
When the icad voltage 1= neasured. because the capacitive divider is bypassoed. the

magnitude of the voltage trace oa tha osalloscope aead only be multiplied by 1175

Tre equipment described abowve is shawn i the folicwing phoiographs,
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Figure 4.18 This photograph shows the current LEM, the voltage Differential Probe, and
the power supply which powers both of them.

Figure 4.19 The Agilent 100MHz oscilloscope
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Chapter Five: The laboratory tests and results

This chapter will describe in detail all of the laboratory tests that were carried out for the purposes

of determining the efficacy of the added inductance in extinguishing power arcs, and the

compensator in regulating the load voltage. The results will be discussed in Chapter Six,

5.1 Arc tests on the no-load system

The following circuit diagram depicts the lab set-up for the no-load tests. Note that the tests were

performed on the system which features neither a load nor the 16kVA SWER step-down

transformer. The arc gap was set at 33cm.

T1

205V

T2

18.3kV L;

=

T1 - 6600/380 V, 300kVA transformer in the Machines Laboratory
T2 - 2* 380/425 V, 48kVA transformers in parallel, in series with a +-240/19200V, 32kVA SWER

transformer

Figure 5.1 The laboratory set-up for the no-load arc tests
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Figura 3.2 The traces of 2 no-load arc test. The top trace is the arc voltage whilo the

bottom trace is the arc current.

The above oscilloscope lracas are typical results of the no-load arc testz. In this ligure lhe voltage
scale is 100mdision, the currenl seale is Satdivision (as explained in Chapler Four, 1% = 1A)
and the time scale s 200msidivision. [l should be rermaembered that the voltage magnitudes need
b e multiplied by 138 and then by 1175 {in olher words, by 162 1500 As an examole, al lhe
veny end ol lhe voltage lrace, the vallage brace has a magnitude of 014, Whan multiplisd by
162 150, this Gives a peak vallage of 22 7V which in turn, giviss an rms voltage of 168k, The
fraces are triggered on aurrsnl — in alher words, the oscillescope starts to disolay both wavetorms
only when an inout frorm conneclion 28 delected. Mote that these troces were recorded before
the reactars were added Lo lhe circuil, In the next figure, the time soale has decreazed and the

byo traces have bean paced on lop of ane another.
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Figure 5.3 The results of a na-load arc test. The current magnitude is decreasing, while

the voltage magnituds 15 increasing.

This particular arc burnt for aparaximately 450ms. Eight tests of this nature were gerformead to
gain ancugh dala o draw arobabilistic conclusions about the resuits. The ares in al the tests
were sell-extinglishing. The longest are duration was 750ms. The -esuits of these tesls are
prasented in Aopendiz D

When the no-load tests were complete, the reactoms were added to the system. Arc ests were

thizn aonducted with a conneates loaz.

5.2 Arc tests on a system with an BkW load
These: tests we e conducted

= without the lnad-end compensatar.

» with static compensatng capacitors, and
» with the load-end comosnsator.

The folow ng figure depicts the cireuit an which the ars tests were canducted.
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2OSY L B3k L 230V

|
T1 T T3 | sl

T1 — GEO0M3ED W, 300WA transformer in the Machines Laboratary

T2 4720mH £ 1 8A reactors in paralle!, 2* 2500425 V. A8kVA transformers in parallel. in series
Wwith g +-2A0192000, 2PRVA BWER tracslormier

T3 —19100/240 W, 18kVA SWER transfarmar

L 2KW lead

O — load-cad compoensato- (eariable aclive capacitaise)

Figure 5.4 The circuit represcenting the BkW sy=tem on which arc tests were performed

The step-duwn SWER transformer and SKW |cad were connaected to the system and aros wire
initialed on the MY line. !Mitially, the compensater was a0t connected, The gre gap was st to
23am and ther 450, as discussed in chapter 4, secticn 4.2,

The foiioecing trases ars the resuits of ar ars test carried cut when the arc gap was set at 23cm

21




t“”“llq N ai;i
AR fywb SRR
Y ¢ "“ﬂ”;—g i

I '...
'\H‘HWJ‘J‘JH’?

Figure 5 ncnmpansatnd load voltage (upper trace) and arc current (lower trace} before,
during and after a 33cm arc; BkW pure resistive load

The voltage szale in the pravious figure is 200m\idivision, she curren: scale is “Aldivision and the
time scalc is 100ms/division. Before the arc is mitialed, the lcad voltage (rms value | is, according
to the trace, approximately 180V, This is the resull of the volt drop across the large series
imoedance. When the luse link closas, thoar is initated and the resulting earth faull causes the
load veltage to sollapse for the duraton of the are. When the arc extinguishas, the load voltage is
quickly restored la its pre-arcing value which is sUl well balow the expoctad valuo of 230V, The
arc has a duraticen of |ust less than 200ms. The added seres inductanco has rosulted in a caaidly
self-extinguishing powe arc.

The following traces are the results of an ac test cardied out when the arc gap was sel at 45cm.
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Figure 5.6 Uncompensated load voltage (upper trace) and arc current (lower trace) before,
during and after a 45cm arc; BkW pure resistive load

kor the tesi wiich deliverad the above result, the arc gap was increased from 33cm to 45cm. L
is expected thal lhe arc across this gap would be self-extinguishing bacausa the 33cm gap is the
“worst-case scanaria” in the sense that a shorter gap s maore likely to support the buming o a
powsar arc. In this particular test, the arc burnt for approximately 150ms. Tan arc teats were
perfarmed and in all of the tests the arcs wera rapidly self-exdinguishing, These msults of these
tests can be found in Appendix D,

Tests were then carried out on the syst=m with a8 “passive compensator According to the
calculations. a capacitance {in a 50pF resoluton) of 350uF would be sufficient to raise the lkad
voltage up to a leval close o that of Iha raquired 230V, Seven 50uF capacitors were connacled
in parallzl and the connected s=t was than connectad in paratial with the 8kW load. When the
system was powerad, all of the capaciters wera effectvely "switchad-in® immediately. The

following trace shows the resulting 'nad voltage.
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Figure 5.7 The resulting load vaoltage when a “passive compensator” is placed in parallel
with the BkW load

I he abowve figure shows that the 'cad veltage rises to approximately 232 almost
instantaneously. [his test confirms the caloulaticns used to predict the value of capacitance
required for compersation. which were performed in chapter four, section 4.4.7. An arc was then

initiated or thus particular system. The resulting traces Tollow.
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Figure 5.8 “Passively-compensated” |cad vollage {upper trace) and arc currgnt {lower

trace} before, during and after a 33cm are; 8kW resistive load

Wihen Lhe are has extinguished, the oad vollage onze again rses o its required level almost

instartancously. The power ars has a duration of approximately 150ms,

The compensator was then sconnecied to the system in parallel with the KW load. When the
contactor in the MY laboratory was closed, the sieady-state system was powered by the
generatar. The imitiai load volilage was appraximately 180%. The compensator switched in seven
S0uF capacitors until it "ebsorecd” that the load voltagoe was as close to 2300 as the limited
resaluton would allow. The compengator woudld then siop switsching in capaciors and the load
voltage would remair at a value that 15 well within the accepted margin of +-10%. When the load
voltage was steady, the arc would te ‘nitiated. Once again, tests were perfarmed on the systermn

with an are gap of 33cm and then with ar arc gap of $ham.

The folowing traces show the results of two tests performed with an arc gap of 33cm.
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Figure 5.9 Compensated load voltage (upper trace} and arc current (lower trace) before,

during and after a 33cm arc; 8kW pure resistive load
In the above figure, the voeliage scale is 200mMdivision, the curreal scale is 1AMivision and the

tme scale is 200msidivsion. The arc currenl flowsd for approxmately 200ms befare it self-

extinguished.
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Figue 510 Compensated load voltage (upper trace) and arc current (lower trace) before,
during and after a 33em arc; 8kW pure resistive load

The abowve result also shaws an arc tast performod an the system with a 33cm arg gap. The arc
initiated in this test burnt for a total of 400ms. Whoen the arc axtinguished. the bad voltage again
buili up to approximately 233 as lhe compensalor switchad in its capacitors,

Thee lrages that follow show the resuite of a test porfarreed with an arc gap of 45cm,
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Figure 5.11 Compensated load voltage (upper trace) and arc current {lower trace} befaore,

during and after a 45cm arc; SkW pure resistive [gad

In the above figure, the voltage scale is 200mY division, the current scale is 1AMivisicn and the
time scale is 200ms/division.  In this particular test, the comaensator switched in sevan casacitors
and the load voltage stabilised at 229V bafore the arc was initiated. The arc lasted for just cver
200ms. The initial spike 15 once again evident in the arc current. Further results of these tests are

oresented in Appendix O

5.3 Arc tests on a system with a 4kW load

Tests were performed on the system with & 46V oure resistive load connected. The effect of this
change would be the halving of the sieady-state current drawn by the systam. This weould, in
thezery, reduce the demands placad on thae compensalor due to the reducaed ve!t drop across the
sarins imaedance. Tasts were perfurmed on the system with an arc gap length of 33%cm and then
of 4hcm and wers performed first wilhout and then wish the compensator connected. The

Frllowing figure depicts the circuil on which the {ests were performed,
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T1 = 8600380V, 300xNA fransformer in the Machines Labaratory

T2 —4720mH & 1545 reactors 1 paralled, 2 38004205 W dRkVA transformers in parallel. in series
with g +-24019200, 32x0a BWER transfarmear

T3 - 19100240 %, 18kWA SWER transfarrses

L — 4ki baad

L — kyad-end compensator (variable active capacitance)

Figure 5.12 The circuit representing the 4kWW systerm on which arc tests were performed
The following trooes show the results oF the arg tests performed o thoe system withoot thes

compernsator, Thae first test was porformod on the system featuning & 450m arc gap length while

the: second test wes caried out on tho system when & 23cm arc gap had been created.
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Figure 5.13 Uncompensated {oad voltage (upper trace) and arc current (lower trace)

hefore, during and after a 45cm arc; 4kW pure resistive lead

In the sbove figare, the voltage scals is 200myidivizion, the curront scale is TAMivision and the
time scale is 200msidivision. Before the arc is initatec, the uncompenzated oad waltage has
magnitude of approximately 2068Y. The vollage magnitads is not as low as Lhal of the

uncompensated lead voltage whea the kW load was connecled. The arc bas g duralion of just

less than 400ms.

Figure 5.14 Uncompensated load voltage (upper trace) and arc current [lower trace)

before, during and after a 33cm arc; 4kW pure resistive load
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In thes prewious figure the ueoompersated logd vollage has a magnilude of approxmately 2004,
The: poweer are burnes for abol 200ms before self eainguishing. Inoall the sees 9t ooth 320m and
Ao, the power arcs wesre: rapidly self exdinguisnirg dus o the sdded series impedance i the

supaly circuit

The comapensator was ther conrected ir parallel with the <k lzad. The followirg trace shows
tne load voliaoe as it builds upownen the: [oad s swilched in for she steady-staie operaticn of the
aystem (ir other words before the arc s initiated), |- tnis test. tne compersator switched ir three

capaciters and tne voltage boilt up to a steady value of 2264,

Figure 515 The steady-state load voltage when the active compensator is connected in

parallel with a 4kW resistive load.

The load it does qot Builc o b ils reguired walue insmntaneoysly oecause the
compersater iz programimed to switch i cne capaciter at a time while continucusly moriioring
the magnide of the vo'iage. The ouild up is, however. fairly rapid oecause orly three capaciters

[or 1506F) are switched i,

The following trace shows the resulls of an are tes| concucted or the systens with both the AW

lzad arc compersator cornecied, and witn an ars gap lenagth of 230,
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Figure 5.16 Compensated load voltage [upper trace] and arc current {lower trace) beforg,

during and after a 33cm arc; 4kW pure resistive load

In the above fgure, the voltage =cale is 200m\idivision, the current scale is 1AMivision and the:

time acale is 200ms/division. [urther results can ke found in Appendiz .

5.4 Arc tests on a system with an BkVA compiex load

The lechnical details of the: laboratory sel-up for these tests hawve been described in the previous
chapter, Insummary, inductors swwere placed in parallel with @ resistive load to create a comples
[oad with a rating of 8.8kVWA and a lagging power factor of about 087, Onoe again, these tests
were parried ous on the proposed system with and then without the compensator connected. For
each soenaria, Lhe arcs woere nitiated acrmss g gap of both 33cm and 45cm. A select on of these
resulls will now b presecled. The following figure depicls 1he circuil onowhicn the tests were

carricd out
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T1 — 860058 W, G0000A ransformer in the Machines Laboratary

T2 —4720mH & 154 reactors in parallel, 2 3800425 %, 48kVA transfonmers in narallel, in series
with f =240 9200V, 320VA SWER transforeaer

15— 1912020 % 16k SWER transformer

L. — &8kWA load; pf. = 0BT

G — |load-cnd compernsator Svaniablo active capaoitanee

i i ! ‘ .
4 . s : T T3 SN 1
f S

Figure 5.17 The circuit representing the BkVA system on which arc tests were performed

The following traces are the result of a non-componsated are test across a 33em arc gao.

- Agilent Technologies

Figure 518 Uncompensated load voltage {upper trace) and arc current {|ower trace)

before, during and after a 33cm arc; 8kVA complex load pf = 0.87



I the previous figure, the tog trace depicts the load votage: and the batom tfrace reprasents the
arsosurrent. The woltage scale s 200midivision, the current scale s 1AM vision and the tirms
suale is 280mardivision. In this particular test, the arc pu nt for apout 200ms Comaonslrating, ones

again, the effective arc-axtinguishing nature of the system.

Tne compensator was then connocied in garallel with the BkVA complex lnad. The fallowing
trace shaws the load valtage as it builds up when the load is switcned in fo- the steacy-state
opearation of tie systam {in otver words before the arc is inihated). |0 this test, the compsnsator
swilched in thirtesn capasilors and the voltage bailt up toa steady value of 232V, Tae lime scale
usad in the figurs s 530msidvision. This large scale results in a faily uncea images but allows
ricires of the wawvetorm to ke obsenved, thus enadling the complets loac vollags build-up o be
vieward The total time taken for the load voltage to reach its maxirum leval = approximalely 3

seconds.

Agitent Technologies
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Figure 5.19 The stcady-state lgad voltage when the active compensator is connected in

parallel with an 8kVA complex lpad.

Tne fol owing tracss show the <esuits of an arc test carried out on the syster across a 45cm gap
with the compensator connacled to the system. The first figure shows the results on a time scals
of BOGmaidivision so thal [ne entire scenaric can ke observed and the second figure shows the

zame test on a time scale of 200msa'divis'on s that mare detail can be oosenved.
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Figure 520 Compensated load voltage {upper trace) and are current {lower trace) before,

during and after a 45cm arc; BkVA complex lcad pf = (.87

s Aqilent Techinologies

Figur 5.21 Cpensated load voltage (upper trace) and arc current (lower trace} before,

during and after a 45cm arc; 8kVA complex load pf = 0.87
The above figures show, onoo againg the ransient mature of the ars — il burnt [ee less han 200ms.

Bofore the arg iz initiawed, the load voliage has a slable macnilude of approximalealy 2340 aller

bwvolve capazilors (or S00pF have switched ino Aler the arc bhas exlingdished, the compensator
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sradts o swilch in capacitors one at a time until all bvelve are once again connected. At ths
stage, the load voltage once agan has a magnitude of 234, This "switcning-ir arocedure” takes
just under 2 secands. e other wards, the mare capacitors that the compensator has to switch in
iir other words, the lowsr the uncomoensated valtage). te longer it will take for the load voltage
to build up o the required value. In this test tne load current measured 384 (this was meszured
usirg a ST aad ammeater in series wit the load) which imalies a total load rating of 8 892kWA
Tha real sower absorbed by the load was 7.96W. Thiz implies an actual power factar of 088,
Thea power factor did lend to charge sightly as the testing oernod urfolded because the
resiztance of the rasistive oadt of the complex load would begin 50 increase in valle as the

hoatirg bars ircreasad in temperalure.

The following traces show the results of an arc test carmed out on the system across A4 33cm gap
with the compensator connected ta the system. Only the result with the time scaie of

s00msidivision is preserted. This allows the entire "event” to he abserved.

- Agilent Techno 'gie
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Figure 522 Compensated load voltage [upper trace] and arc current [lower trace) before,
during and after a 33cm arc; 8kVA complex load pf = .87
The above figure depiats 2 very similar ~asult to the previous test This rasull also features a vory

trenmieat arg. 10 this fest the compensator alzo switched in hwalva capacitors o raise the load

voltage ud o 2344 |n this paticular test {conducted after the orevious test] the fotal current
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absorbed oy tha load had increased to 4045 while the total rea: power aosorbed by the load had

ircrzascd to Sk,

The folowing rosuit shows a particular resu't of o tes: peformed across a2 452m ars gap.

-2~ Agitent Technologies

Figure 5.23 Compensated load voltage (upper trace) and are current (lower trace) before,

during and after a 45cm arc; BkVA complex load pf = 0.87

In this parliculas lest, the ara is extramely lransiznt and extinguishes almost immediately. The
load voltage coilapses rapidly and then does not recover to itz original compenzated valua of
234N This unusual, and unekpectad behaviour, is discussad in chapter s Further results can be

found in Appendix D.

5.5 Arc tests on a system with a single-phase unloaded motor load

Aovariety of tests weare pesformead on the gystem while o single phass unloaded TS0W motor load
was nonnecled. Thase lests aim 1o detaermine the bahaviour of the matar and the compensator
during two distinct ransient events: switching and arcing dua o a transient fault, Initialy, the
motor was connacted as a load ard a swiching meachanism was connected in serizs with it The
systam was powerad and the motor load was then switched in. This tesl was performed so that
the characteristios of the motor could 0e determined. The Mollowing arauit diagram depicts the

set-up for 1he test.
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T1 - BBU0380 Y, 300kVA transformer in the Machines Laboratory

T2 - 4*20mH & 15A reactors in parallel, 2* 3807425 v, 48kVA ransfarmers in parallel, in series
with g +-24019200%, 32kVA SWER transformer

T3 = 191000240 W, 168:A SWER transformer

M. Single-phase unloaded THOW mowor

Figure 5.24 The laboratory set-up

The following fiepres show the results of this test.

Agilent Technologies

Figurc 5.25 The characterizstic motor voltage {upper trace) and current {lower trace)

In the arevious figqure, the top trace rcpresents the matar voltage and the battom trsce reprosents
the motor current. When the motor is switched in, & large start-up surrent is observed [the tip of
the waveform is cut off due to the measuring charmotenstios of the ourrent LEMY, 1fis then ciear
that the steady-state motor current has a disiorlad waveform. This is & sharacleristic of this

oarticular motor. 1t may be due lo the capacitor which is connestad across single-phase motors
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whict terds to "amplity” any 1asmonics presant in the voltage produced by ihe gans-ator. Tae
lzad voltage 235 a magnitude of sppreximately 210%. The veltags is higher than praviaous tests
becauss e motar aas a rating of only 750W and therefore draws a relafivaly smaller current,

resading in A smalise valt drap acress the sarias mpedance in the supply circuit.

The: mezxt bevst Mat was carmiad out was that o switching in e imatcr whoen e compensator is
already connecied (acrass 3 no-load”). When the malar is swilched in) the cormpensator is able

‘o respond effectively to the currenl that is drawn by tha load, I switches inhree capacitors and

boer lma voltacgs slabilises At 233V, The following diagram depicts the set-up for the test

| REEE R
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Hlc

205Y 18.3KV _ zs-w/ i

i T1 Tz

T - GROOAIZCS N, J0CKVA ransfarrmar in iba Mashinges Laboralory

T2 —4*20ml | @ 154 reacters in parallel, 2* 3800425 W, 48kVA transformers in parailel, in sarigs
with a +-240M22000 32KWA SWER transformisr

T3 — 48100240 % 16k A SWER trapsformor

M — single-phase unlcaded TEOW mcter

o —aclive lsad-end compensatar

Figure 5.26 The laboratary set-up

The next figure shows the results of switching in the metor when the compensator is already
zannested. In ardar o view t92 full staft-up carrsnt magnituds. the 1k resistor across the
surrant EEM was replaced with a 5000 resistar, THis egsults in A carrent ratiz of 1.2 (in alhoer

worcs, all values of carrent magnitude shculd bs maltiplied by 2, instead of 1)
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Figure 5.27 The compensated motor voltage (upper trace) and current {lower trace) befare

and after the motor is switched in.

tn the above figure, the voltage scale s S00mA divizion, the current scale s SAMdivisian and the

time scals is 20ms/divisian.

In tha naxt tast, tha mator was switched in when the compensator and camplax nad were alraady
connectad, The complex load that was used in previous tests was altered by reducing the
resistive "part” frorm kW ta B (by the disconnection of one heating bar) in arder to "make
room’” far the motars 7A0W in powar. This ensured that the tatal apparent power drawn by the
load ramained approxenately SkVA The inductive "part” of the complex lnad remained the same
as that for previous tests. Tha complex load was tested on itz own and was found o draw a
current of 31.44 (at 233V, This implies that it draws a tota apparent power of 7.3KVA. The tatal
real powear absarbed by this complax load was found to be § 7KW This particular complex load

tharatare has a power factor of 0.8, The circuit diagram depicting this test is shown in the figure
tha: follows:
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205V ] 1Bk ggw/ switch

. o 1]

T1 — BEOSEES W, 30CKVA transformer in the Machines Laboratory

T2 - 4*20mH @ 15A reactors in parallel, 2* 3800425 Y, 4BKVA transformers in parallal, in =crics
with & F-240092000, 32kVA SWER transformer

T3 — 181007240 %, 18KVA SWER transforrer

M — Single-phase unloaced THOW motar

C — Actve load-ond compensataor

L — Comalex lzad, pf - 0.9

A

S

Figure 528 The laboratory set-up

Befare the motor is switched in. the compsnsator s connectec across the complex lnad, The
loac draws sufficient current for the compensator to resaonc to and the resulting loac waveform is
sinusoidal.  The compensator switches in & capacitors at this stage and the load voltage
stabilizes at 233%. Af this stage, the motor s switched in. The following figure depicls the rasults
of this test.

111




AYATAVAVAVAVAVAAVAVAYAVAVAVAVAVAVAVAAVAVAVATA

" '
I I avnasnasnaana
'J

|
|
|

iy

Figure 5.22 The compensated load voltage (upper trace) and motor current (lower trace)

before and after the mator 15 switched in.

The final 2re lests cared out on tho system @amed lo delarmine the behaviour of the motor and
compensator in the event of & transicnt lault. In the first test the compensator and niotor wore
connected in parallel across the terminals of tho 16kVA SWER transformer and an arc wis
initiated on the MV distribulion line. The arcwas initigted icross both a 23em and a 45cm gap

In the scoond tost, the arcs were initiated on tho MV line with the compensaltor, motor and
cormplex load connecled to the systern. A sample ol the sesuis will now be presented but further
results san be found In Appendix D, Becuuse the rasulls show the are current {as opposed to tho
motor surrent), the 5004 resistor across the surrent LEM was replaced with the original 1kQ
registor  This implies that the current rato is onoe agan 1:1.

The following figure dapicts the results of a 33zm art test performed on the system with only the
compensator and molor connected.
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Figure 5.30 The compensated load voltage {upper trace) and arc current {fower trace)

before, during and after a 33cm arc; 750¥Y single-phase unloaded motor

In ther ahowve figure, the vollage scale is 200mYdivision, the surrent soale is 1Adivision and the
time scate is 100ms/division. The arc was initatod across 2 33om gap. As before, the load
woitago dips in magnitude for the duration of the power arc, which iz cxtromaly shart
faparoxirmatoy 200ms) due o the current-limiting naturs of the systam. When the arc has self-
cxtinguished, the ioad vaitago rosovers to ks unoormpensated value (in this case approxmately
21000 after which the compansator immediately boging switching in capacitors for the purposes
of furlher valiage recovery. The compensamr swithes in three capacitars (or 120uF) and the
load voltage again stabilizes ab 232Y. 0 this oaze, the vollage resovery prosess takes just under
Hd0rms,

Ther foilowing figures show the resuits of an ars test cardied qut on the systam jacrmss 3 33am
gaap) with the compansater, moere and (alered) complex [oad connectad {in other words, as
Boxfore, ther tofad rating of the ioad was just ander BEVA, with & power facmr. The first figure
shows the resuits on a dme scale of S00ma/division se that he ful voltage-recowvany event can be
vieewed, Thie second Faure shows the same reswts on A dme scaie of 100msidivision so that

rmiare detail can ba obhasarvad.
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Figure 5.31 The compensated |oad voltage (upper trace) and arc current {lower trace)
before, during and after a 33cm arc; 750W single-phase unloaded mator and complex load

=7~ Agilent Technologies

Figure %.32 The compensated load voltage (upper trace) and arc current {lower trace)

before, during and after a 33cm arc; 750W single-phase unloaded motor and complex load
with pf = 0.9
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Chapter Six: A discussion of the results

A sample of the results obtained from the laboratory tests were presented in Chapter Five. A full
set of results can be observed in Appendix D. In this chapter, the results will be discussed so that
conclusions can be drawn in Chapter Seven.

6.1 The no-load arc tests

The results of the no-load tests were presented in section 5.1. The results show how the voltage
across the arc gap collapses as soon as the arc is initiated and the arc current begins to flow from
the positive to the neutral electrode. The arc voltage does not have a sinusoidal waveform, but
instead a distorted rectangular waveform. As the arc current decreases in magnitude, so the
voltage across the arc gap increases, signalling the imminent extinction of the arc. The limiting of
the fauit current prevents the continued burning of the arc, and its actual extinction is signalled by
the disappearance of the arc current. The voltage across the arc gap then continues its steady
increase (with a sinusoidal waveform) until its maximum value is attained (in the laboratory,
another arc would not initiate because the trace wire would not have been placed between the
electrodes).

Table 6.1 provides a summary of the results obtained from the no-load tests.

Arc gap % Self- Arc duration (ms) Max arc current
{cm) extinguishing (A)
Min | Max | Avg
33 100 420 | 700 | 540 5.8

Table 6.1: Summary of no-load arc tests

These no-load arc tests were performed before the added reactance was placed in the supply
circuit. Although 100% of the arcs that were initiated were self-extinguishing, the arc current was
larger than twice the steady-state load current. (Note that the current is measured at the MV line,
i.e. at 19.1kV.) Because the arc current is close to seven times the full load current, the response
time of the feeder breaker (according to a general IDMT curve [9]) will be just under 300ms.The
average duration of arc burning is thus longer than desired. If a fault was registered by a
protection system for this length of time, the feeder breaker would trip.

6.2 The arc tests with an BkW resistive load
_ This section discusses the results obtained from the uncompensated and compensated arc tests
with the 8kW resistive load connected.
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6.2.1 The uncompensated 8kW arc tests

Before these arcs are initiated, the uncompensated load voltage (rms value) is, on
average, approximately 180V. This is the result of the volt drop across the large series
impedance. When the fuse link closes, the arc is initiated and the resulting earth fauit
causes the load voltage to collapse for the duration of the arc. When the arc
extinguishes, the load voltage is quickly restored to its pre-arcing value which is still well
below the expected value of 230V. The added series inductance has resulted in a rapidly
self-extinguishing power arc,

The initial spike that is present in most of the arc current traces is likely to be due to the
inductive nature of the circuit. Inductors inherently oppose sudden and large changes in
current and try to maintain a constant current through their windings. When the fault is
initiated, it immediately causes a larger current to flow through the series R-L supply
circuit. This results in a transient response, which causes the current spike that is
observed.

Apart frorn the initial spike, the RMS value of the short-circuit current is, on average,
approximately 1.2A. This is the value of the current in the 18.3kV “zone”. This implies
that the magnitude of the circuit impedance (up to the MV line) in the 18.3kV “zone” is 15
2500. According to the measurements described in Chapter Four, the magnitude of the
total supply impedance in the 230V “zone” is 3.1Q. When transferred to the 18.3kV
“zone”, this impedance becomes 19 8000. This value is significantly higher than the 15
2500 that was obtained from the current trace.

This could be due to a number of factors. Firstly, the measured impedance (of 18 6000)
includes the impedance of the 16kVA SWER step-down transformer (which does not
actually contribute to the limiting of the short-circuit current). The per-unit calculations
can be used to determine the supply impedance up to the MV line (and according to
these calculations, the arc current in the 18.3kV “zone” should be approximately 0.9A
which is lower than the actual 1.2A). However, while the per-unit calculations show the
total supply impedance to have a magnitude of 3.4Q, the measured supply impedance
magnitude is 3.1. This implies that the calculated impedance is higher than the actual
impedance and that the expected fault current of 0.9A should be lower than the actual
current, and is a fairly inaccurate “benchmark” for the comparison of expected and actual
current values.
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Another possible reason for the difference in "expected impedance” and “actual
impedance” is the likely saturation of the four reactors that were added to the supply
circuit. In Chapter Four, the non-linearity of these reactors was demonstrated. In the
steady state, the contributing impedance of the reactors is as expected. However, when
the fault condition is initiated, a large current flows suddenly through the reactors causing
them to saturate, thereby reducing the magnitude of their effective reactance. This
causes the actual impedance of the system to be lower than expected (measured and
calculated).

Table 6.2 provides a summary of the uncompensated arc tests with an 8kW resistive
load.

Arc gap % self- Arc duration (ms) | Max. arc current | Avg uncompensated
{cm) extinguishing {A) load voltage (V)
‘ Min | Max | Avg
100 130§ 180 | 150 1.4 180
100 160 | 520 | 250 1.4 180

Table 6.2: Summary of uncompensated 8kW arc tests

The table shows that 100% of the arcs initiated in these tests were self-extinguishing.
This, in itself, is not particularly noteworthy. However, the duration of arc-buming is
significantly shorter than in the previous tests. As well as this, the magnitude of the arc
current is also lower. These values indicate that the added series reactance is limiting
the arc (or short-circuit) current severely which impedes the sustainability of the arc. For
this reason, the arc duration is impressively short. On average (for both arc gap length),
the arc duration is less than that required for breaker intervention.

interestingly, the tests performed with the longer arc gap (45cm) provided the result with
the longest arc duration. One would assume a longer arc gap to result in an even shorter
arc duration. it appears, though, that in this case, the longer arc gap has not resulted in
the expected or predicted behaviour. This is possibly because the sample size is smaller
than required to show statistical consistency.

However, this also illustrates the somewhat unpredictable behaviour of power arcs.

There are no “guarantees” in these tests. In fact, the longest arc duration is longer than
desired. This illustrates the fact that the proposed technology may not be effective in
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100% of cases in preventing an interruption, even if the fault current has been sufficiently
limited and the insulation length adequately designed (for the particular voltage at which
the fault may occur).

Another notable result is the unacceptably low load voltage, which has been discussed
briefly. The load voltage has, on average, a value of 180V. This is 22% below the
required voltage of 230V, which would, of course, imply extremely poor quality of supply.
This low voltage is the result of the large voit drop across the supply impedance. Thus,
although these results show the technology (thus far implemented) to be successful in
limiting the fault current, they also show the negative effect that this current-limiting
characteristic has on the system (specifically the voltage delivered to the customer). The
section that follows discusses the results when the compensator is connected in parallel
with the load.

6.2.2 The compensated 8kW arc tests

In these tests, the initial uncompensated voltage was also, on average, 180V. When it
measured a low voltage, the compensator would swilch in capacitors until it load voltage
was as close to 230V as the limited resolution would allow. The compensator would then
stop switching in capacitors and the load voltage would remain at a value that is well
within the accepted margin of +-10%. In these tests, the compensator switched in a total
of either seven or eight capacitors (350uF or 400uF). If seven capacitors were switched
in, the load voltage stabilised at 229V, I eight capacitors were swilched in, the load
voltage would stabilise at 234V. This differential may be due to a slightly different initial
voltage supply from the generator. 1t should be noted that the generator was turned on at
the start and off at the end of each period of testing. The generator voltage was
displayed on an analogue volimeter and thus, despite best efforts, the actual generator
voltage output may have differed slightly from one testing period to another.

While the arc is burning, the load voltage collapses rapidly before increasing steadily in
magnitude. When the arc has extinguished, the load voltage once again builds up to a
level close to the desired value of 230V as the compensator switches in either seven or
eight capacitors.

From the results, it can be seen that each power arc burns for a different length of time
(and this applies for all arcs at all voltages and all gap lengths). This is due mainiy to the
stochastic and unpredictable nature of power arcs. In each test, the conditions are

slightly different. The generator voltage may be set to a slightly higher or lower value, the -
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trace wire between the electrodes may hang slightly lower or higher thereby causing the
very initial arc gap to be slightly longer or shorter. Each arc is initiated at a different point
in the arc voltage waveform, causing each arc voltage to have an initial magnitude that is
slightly larger or smaller (this is known as the “point of wave theory”). All of these factors
influence the characteristics of the power arc and will result in various arc durations. This
does, however, simulate the variety and unpredictability of conditions that would be
experienced in the “real world”. Lightning may strike an MV distribution line at any time
and therefore at any point in the line-voltage waveform.

Table 6.3 shows a summary of the results of the compensated arc tests with an 8kW

load.
Arc % self- Arc duration (ms) Avg Max Avg time to Avg
gap | extinguishing uncompensated current | recover load | compensated
{cm) voltage (V) {A) voltage (s) voltage (V)
Min | Max | Avg
33 100 200 1 480 | 330 | 180 1.48 1.67 231
45 100 120 | 320 | 207 | 180 1.45 1.66 292

Table 6.3: Summary of compensated 8kW arc tests

Once again, as shown by the results, 100% of the arcs are self-extinguishing. These
results show very clearly the double benefits of the proposed fault-tolerant technology.

As with the previous results, the arc durations are generally low, as are the maximum arc
currents (at each gap length). Once again, this result is due to the large inductance in
the supply circuit. However, the load voltage, which, left uncompensated, is, on average,
180V, rises to approximately 230V when the compensator is connected in parallel with
the load. Thus the negative effect of that reactance is negated by the compensator which
manages, very effectively, and without fail, to maintain the load voltage at the desired
valus of 230V.

The other value of interest is the time taken for the load voltage to recover. Once the arc
has self-extinguished, the load voltage takes a finite amount of time to rise back to 230V.
The compensator is left without power momentarily when the arc is burning, but as soon
as the arc extinguishes, it turns back on (with no capacitors switched in), registers the
post-arc low load voltage, and switches in capacitors until it reaches an acceptable value.
This process takes, on average 1.46 seconds. Thus, although a full interruption may not
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result from these very short transient faults, a voltage dip will be experienced while the

load voltage is reduced by the arc, and recovering afterwards. This type of voltage dip

will be acceptable for many households, but will be defrimental to factories and sensitive

electronic equipment.

Note again that the arc durations are not 100% consistent and that occasionally, an arc

burns for an unexpectedly long time. Once again, this does not appear to be directly

related to the arc gap length.

6.3 The arc tests with a 4kW resistive load

This section discusses the results obtained from the uncompensated and compensated arc tests

with the 4kW resistive load connected. These tests were conducted to observe the effects of

connecting a load to the system which is rated at half the rating of the compensator.

6.3.1 Thg uncompensated 4kW arc tests

The compensator is rated at 8kVA. The tests conducted with an 8kW load are within the
rated limits of the system. The current drawn by the 4kW load is half of that drawn by the
8kW load. The relevant question is: “Will the lightly-loaded system have any significant
impact on the technology?”

Before the arc is initiated, the uncompensated load voltage has, on average, a magnitude
of approximately 206V. This uncompensated voltage magnitude is not as low as that of
the uncompensated load voltage when the 8kW load was connected. This is because
the circuit current, and therefors, the volt drop across the supply reactance, is not as
large. This system behaviour was predicted.

Table 6.4 presents a summary of the results of the 4kW uncompensated arc tests.

Arc gap % self- Arc duration (ms) | Max. arc current | Avg uncompensated
{cm) extinguishing {A) load voltage (V)
Min | Max | Avg
100 200 | 440 | 320 1.3 206
100 200 | 400 | 300 1.3 206

Table 6.4: Summary of uncompensated 4kW arc tests
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As expected, the main effect of the under-rated load is the fact that the uncompensated

voltage magnitude is not as low. 100% of the arcs are self-extinguishing and the arc

durations and arc current magnitudes continue to be low.

6.3.2 The compensated 4kW arc tests
When the compensator is connected in parallel with the 4kW resistive load, it registers

that the load voltage is unacceptably low, and switches in enough capacitors to increase

that voltage to approximately 230V. In most cases, the compensator swifched in 4

capacitors which resulted in a compensated voltage of 232V. In a few cases, the

compensator switched in only 3 capacitors which raised the voltage to 228V.

When the arc is initiated, the load voltage dips rapidly and remains unacceptably low for

the duration for the duration of the arc. When the arc has extinguished, the compensator

switches in three or four capacitors again and the voltage build up to a value close to

230V. In all of the tests (performed with an arc gap of both 33cm and 45¢m), the arc was

rapidly self-extinguishing.

Table 6.5 presents a summary of the results obtained from the 4kW compensated arc

tests.
Arc % self- Arc duration (ms) Avg Max Avg time to Avg
gap | extinguishing uncompensated current | recover load | compensated
{cm) voltage (V) (&) voltage (s) voltage (V)
Min | Max | Avg
33 100 360 | 600 | 500 | 206 1.4 1.36 231
45 100 180 | 450 | 294 | 206 1.36 1.48 231

Table 6.5: Summary of compensated 4kW arc tests

The most noticeable result here is the fact that the arc durations at 33cm are generally

somewhat longer than those at 45cm.

Otherwise, all results are as predicted: 100% of arcs are self-extinguishing, the arc

current is acceptably small, and the compensated arc voltage is always close to 230V.

6.4 The arc tests with an 8kVA complex load
This section discusses the results obtained from the uncompensated and compensated arc {ests

with the 8kVA complex load connected. As explained, this load has a power factor of 0.87. The
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objective of these tests was to determine the behaviour of the compensator and arcs when a

more demanding load was connected. One can expect the uncompensated load voltage to be

lower then 280V (the voltage when the 8kW load was connected). One can also expect the

compensator to switch in more capacitors in order to compensate for the extra volt drop across

the supply impedance.

6.4.1 The uncompensated 8kVA arc tests

With an 8kVA complex load of lagging power factor 0.87 connected to the system, the

uncompensated load voltage sits at a level of approximately 156V. The lagging nature of

the load contributes to the lower load voltage together with the large supply impedance.

Table 6.6 provides a summary of the results obtained from the uncompensated arc tests
with the 8kVA load.

Arc gap % self- Arc duration {(ms} | Max. arc current | Avg uncompensated
{cm) extinguishing {A) load voltage (V)
Min | Max | Avg
33 100 2001 520 | 380 1.1 156
45 100 170 | 180 | 175 1.156 156

Table 6.6: Summary of uncompensated BkVA arc tests

As with the other uncompensated arc tests, it can be seen that although 100% of the arcs

are self-extinguishing, and the arc duration and arc current are small, the load voltage is

low. In this case, the load voltage is lower than it has been in previous tests. This test

results in the largest volt drop across the supply reactance. The maximum arc current is

similar to the values in other tests. This indicates that the Joad does not affect the arc

current, which behaves independently of the load side of the circuit. The current

magnitude is dependent on the current limiting capabilities of the components in its path.

The arc duration is, once again, longer when the gap is shorter. The pattern of longer arc

gap length resulting in shorter arc duration is becoming more consistent as more results

are examined.

6.4.2 The compensated 8kVA arc tests

As shown, the uncompensated load voltage is 156V. The compensator, when

connected, switches in twelve capacitors which increases the voltage to 234V. The
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compensator switched in 12 capacitors (or 600uF) in all the 8kVA tests that were
conducted.

When the arc has extinguished, the compensator begins switching in capacitors.
Because more capacitors need to be switched in, the load voltage recovery time is longer
than in previous tests.

Of some significance are the tests which resulted in a transient arc (in other words of
extremely short duration) and no further response from the compensator. When the arc
is extremely transient in nature, the power supply to the compensator is suddenly
removed. The compensator is occasionally unable to cope with this rapid removal of
power supply and extinction of the arc and appears to be electro-magnetically
incompatible. The power to the compensator is never re-instated and the compensator
essentially turns off. It is then unable to switch in any capacitors, and the load voltage
remains at its uncompensated value. The extreme transience of the arc is likely to be
caused by its initiation at a specific point in the voltage waveform. This type of test (on a
complex load) was carried out approximately 40 times and this particular event occurred
approximately 10% of the time.

Table 6.7 provides a summary of the compensated arc tests with an 8kVA complex load.

Arc % self- Arc duration {(ms) Avg Max Avg time Avg % non-
gap extinguishing uncompensated | current | to recover | compensated | recovering
{cm) voltage (V) {(A) load voltage (V)
voltage (s)
Min | Max | Avg
33 100 190 | 500 | 318 | 156 1.44 2.7 234 10
45 100 120 | 290 | 184 | 156 1.42 2.48 234 10

Table 6.7: Summary of compensated 8kVA arc tests

in these results, 100% of arcs are self-extinguishing. As the pattern now confirms, the
shorter arc gap length results in the longer arc duration. Once again, the maximum arc
currents are virtually unchanged from the previous resuits (but still lower than the open-
circuit results, due to the added supply reactance). The load voltage recovefy times are
almost double those of the 4kW arc tests and about one and a half times those of the
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BkW arc tests. This shows clearly the fact that if the compensator needs to switch in
more capacitors, it will take longer to do so.

6.5 The start-up tests with an unloaded single-phase induction motor

These tests did not include the initiation of arcs. Their results depict the response of the
compensator to switching (another transient event). They also indicate the stability of the
compensator during these conditions.

6.5.1 Switching in the motor only

This test illustrates the characteristics of the motor. When the motor is swilched in as the
load of the system, the load voltage has a magnitude of approximately 210V, The
uncompensated load voltage is higher than in previous tests because the motor has a
rating of only 750W and therefore draws & relatively smaller current, resulting in a smaller
volt drop across the series impedance in the supply circuit.

6.5.2 Switching in the motor with the compensator already connected

This test was conducted to determine the stability of the compensator. It was expected
that the compensator and system would be stable when the motor was switched in. An
unexpected benefit of the test was an indication of the behaviour of the compensator
when a load with a rating well below 8kVA is connected to the systern.

Before the motor is switched in, the compensator is connected across the 16kVA
transformer on its own and there is no load present to draw a current. This creates an
unusual situation for the compensator to respond to because it is unable to monitor the
level of reactive current flowing into the load. In an attempt at a response, the
compensator vacillates rapidly between switching in two and three capacitors. This
behaviour takes the no-load voltage up to 247V. This is unusual, because when there is
no load, there is no current being drawn by the system, and therefore no volt drop across
the series impedance in the supply circuit. Nonetheless, this is the measured response
of the compensator in the "no-load” condition and it results is an extremely distorted
voltage waveform.

When the motor is switched in, the compensator switches in 3 capacitors 100% of the
time. This consistently results in a load voltage of 233V. As soon as the motor is
switched in, a very large load current (the start-up current) is drawn. The compensator
‘understands” that a load has been connected, is able to monitor the reactive current
absorbed by the load and responds by switching in the capacitors required to deliver

125



reactive current. During the motor start up, the load current is very large and the
compensator is able to deliver a sinusoidal load voltage. The steady-state motor current
has a much smaller magnitude and while the compensator is able to monitor and respond
o this current, the resulting load voltage is slightly distorted. Once again, this is due to
the fact that the load has a rating that is well below that which is "expected” by the
compensator. Although the voltage is slightly distorted, it is acceptable in comparison to
that which is the result of the no-load condition. The steady-state motor current is also
highly distorted but this is a characteristic of this particular motor (as explained
previously). An important observation is that when the unloaded motor is switched in,
there is no subsynchronous resonance experienced by the characteristically resonant
system (due to the series inductance and shunt capacitance). The system is completely
stable throughout this transient switching event. The compensator was stable and
responsive 100% of the time.

6.5.3 Switching in the motor with the compensator and complex load already
connected

in these tests, the motor is switched in once the compensator has already been
connected in parallel with the complex load. Before the motor is switched in, the
compensator switches in eight capacitors, ensuring a voltage of 233V across the complex
load. This response occurred 100% of the time.

While the motor is drawing its large start-up current, the load voltage drops slightly. This
condition lasts for, on average, approximately 150ms. When the motor is drawing a
steady-state current, the compensator responds by switching in another capacitor
implying that a total of nine capacitors (or 450F) are required for the compensation of
the motor and complex load. The load voltage stabilises at 230V. This response also
occurred in 100% of the tests.

Once the motor has been switched in, the load voltage continues to feature a sinusoidal
waveform because the connecled loads draw a total apparent power that is very close to
the value expected by the compensator. In other words, the rating of the motor and
compiex load together ensures that a large current flows through the system and the
compensator. The compensator is able to respond more predictably to this situation than
that where the rating of the load is well under that of the compensator itself (in this case
8kVA),

in these tests, the compensator was stable 100% of the time.
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6.6 The arc tests with a single-phase, unicaded motor

This section discusses the results of the uncompensated and compensated arc tests with a motor

load.
6.6.1 The uncompensated motor-load arc tests
Because the motor is rated at 750W, it draws a very light current. For this reason, the
volt drop across the supply reactance was not very significant. The uncompensated load
voltage was approximately 210V.
Table 6.8 gives a summary of the uncompensated motor-load arc tests.
Arc gap % self- Arc duration (ms) | Max. arc current | Avg uncompensated
{cm) extinguishing (A} load voltage (V)
Min | Max | Avg
33 100 250} 350 | 300 1.4 210
45 100 200 320 | 260 1.3 210

Table 6.8: Summary of uncompensated motor-load arc tests

These results continue to give evidence to the fact that arcs initiated across shorter gaps
are of shorter duration. In this case, the difference between the average durations at the
two lengths is not significant. This indicates, once again, the fact that it would not be
possible to conclude with certainty that every arc initiated across a 45cm gap will have a
shorter duration than those initiated across a 33cm gap.

6.6.2 The compensated motor-load arc tests

When the compensator was connected in parallel with the motor load, it regulated the
steady-state load voltage by switching in 3 capacitors. This maintained a load voltage of
232V. The compensator behaved in this manner in all of the tests conducted in the
laboratory.

As with other tests, the arcs were rapidly self-extinguishing due to the low arc currents.
When the arcs extinguished, the capacitor, once again, switched in the three capacitors
to regulate the load voltage. The load voltage recovery (after arc extinguishing) took, on
average, 1s.
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Table 6.9 provides a summary of the results obtained from these tests.

Arc % self- Arc duration {ms) Avg Max Avg time Avg

gap | extinguishing uncompensated | current | to recover | compensated

{cm) voltage (V) {A) load voltage (V)
voltage (s)

Min | Max | Avg

33 100 220 | 500 380 210 1.38 0.95 232

45 100 200 210 205 | 210 1.5 1.08 232

Table 6.9: Summary of compensated motor-load arc tests

In 100% of these tests, the arcs were self-extinguishing. in all tests, the load-end
compensator ensures that the load voltage recovers rapidly after each transient event
and maintains the load voltage at 232V. The compensator and entire system were stable
in every arc test. The fact that the load was a non-passive motor did not have any affect
on the arc or the compensator, which both behaved as they would with any other load.
The only feature of the test to have any notable impact was the low rating of the motor
{(load).

6.6.3 The compensated motor and complex load arc tests

Before the arc is initiated, the compensator is connected in parallel with the unloaded
motor and the complex load. In all of these tests, the compensator switches in nine
capacitors and the voltage across the total load stabilises at 230V (the sinusoidal nature
of the load voltage waveform, due to the higher load rating, can be observed both before
and after the arc). .

Onice the arc has been extinguished, the compensator begins switching in the nine
capacitors one by one, while continuously monitoring the magnitude of the load voltage.
When the voltage reaches a value of 230V, the compensator stops the switching-in
process and the load voltage stabilises. Once again, it can be noted that the transient
nature of the event did not induce any subsynchronous resonance even though an
unloaded motor is connected as a load to a “resonant” system.

Table 6.10 gives a summary of the results obtained from these tests.
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Arc % self- Arc duration (ms) Avg Max Avg time Avg

gap extinguishing uncompensated | current | to recover | compensated
{cm) voltage (V) {A) load voltage (V)
voltage (s)

Min | Max | Avg

33 100 180 | 200 | 193 | 171 1.6 2.6 230

45 100 170 { 240 | 202 | 171 1.3 24 230

Table 6.10: Summary of compensated motor-load arc tests

Because the load consists of 6kW of resistive load, approximately 1kVAr of inductive
load, and 750W of motor load, the total rating of the load is close to 8kVA, but is lagging
in nature. This draws a greater current than the 8kW resistive load but less than the
8kVA inductive load (without motor). Thus, the volt drop across the supply impedance
results in an uncompensated load voltage of 271V. As mentioned, 9 capacitors were
required to regulate this voltage to a level of 230V. The load voltage recovery time is
fairly long because of the large number of capacitors to be switched in.

interestingly, in these tests, the average arc duration across the 33cm gap is slightly
shorter than that across the 45cm gap. The results disturb the consistency of the gap
length vs. arc duration pattern thus far. Atthe end of this chapter, an overall view of this
pattern will be presented.

6.7 The compensation of the voltage across a 16kW load

in this test, the compensator switched in all of its capacitors in an attempt to increase the voltage
fo 230V. However, the 16kW load was too over-rated for the system, and the compensator was
able to maintain a load voltage of only 159V. In this case, the volt drop across the supply
impedance due to the sizeable current drawn by the load, was too large for the capabilities of the
compensator as it was rated, designed and manufactured. The compensator was designed to
have a rating of 8kVA at 230V. The supplier did not specify the rated power factor of the
compensator. The tests conducted for this thesis confirm that although the compensator is able
to regulate the voltage across an 8kVA load with a power factor of 0.87, it is unable to regulate
the voltage across a 16kVA load with a power factor of 1.

8.8 General analysis of the resuits

In this section, some of the overall characteristics of the tests conducted for this thesis will be
examined. The first feature to be discussed is the effect of arc gap length on arc duration. Table
6.11 provides an overall summary of these results.
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Gap length

Min duration (ms)

Max duration (ms)

Average duration {(ms)

33

130

600

315

45

120

520

230

Table 6.11: A summary of gap length vs. arc duration

This table indicates that overall, arcs initiated across a 33cm gap have a longer duration than

those initiated across a 45cm gap.

Another relationship that is of interest is that between the load and the load voltage recovery time.
A load with a high rating or low power factor will result in a greater volt drop across the supply

impedance. This, in turn, will result in a lower uncompensated load voltage. The compensator

will therefore need to switch in many capacitors, leading to a long voltage recovery time. Table
6.12 illustrates this.

Uncompensated load No. of caps to be switched Time taken for load voltage
voltage (V) in to recover (s)
156 12 2.6
171 9 2.5
180 7 1.67
206 3 1.4
210 3 1.4

Table 6.12 Relationship between the uncompensated load voltage and the load voltage

recovery time,

As indicated, this table illustrates the fact that the lower the uncompensated voltage, the longer

the time taken for load voltage recovery. 1t also shows that the relationship is not linear. The
compensator takes, on average, 2.5s to switch in both 9 and 12 capacitors.

Another point of interest is the limits of the load-end capacitor. As has been discussed
previously, the compensator has a rating of 8kVA at 230V. The tests do indicate, however, that
the compensator's limits are “flexible”. When a load of 8kVA with a power factor of 0.87 is
connected, the compensator switches in 12 of its 15 capacitors. Although tests were not

conducted on a load with a lower power factor, the results create the expectation that at 8kVA a
power factor of lower than approximately 0.84 would be beyond the specifications of the

compensator. Tests also confirmed that the compensator could regulate the load voltage across
an 11kW load, but not a 12kW load. This, then, appears to be the limit of the compensator. This
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was not analysed extensively because within its specified limits, the compensator behaved as
was predicted by regulating the voltage at 230V.

Finally, the overall arc durations will be examined. In chapter 3, it was mentioned that a feeder
breaker takes over 1 second to respond to an earth fault with a current magnitude of
approximately 2 times the full load current. The following data provides a summary of the all the
arc durations which resulted from the tests conducted once the extra reactors had been added to
the supply circuit.

e Overall, 78% of arcs lasted for less than 400ms.

¢ Overall, 68% or arcs lasted for less than 300ms.

e Overall, 33% of arcs lasted for less than 200ms

e 45% of arcs across a 45cm gap lasted for less than 200ms.

o 24% of all arcs across a 33cm gap lasted for less than 200ms.

The no-load tests indicate that the arc durations are significantly longer without the inclusion of
the added supply reactance. The following statements can be made concerning the no-load
tests:

e 87.5% of arcs lasted for less than 700ms

e 62.5% of arcs lasted for less than 600ms

e 37.5% of arcs lasted for less than 500ms

e 0% of arcs lasted for less than 400ms.
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Chapter Seven: Conclusions and recommendations

The conclusions and recommendations presented in this chapter are based on the results and
the discussion based on them.

7.1 Conclusions
« The system that was set up in the laboratory was an effective testing station. This is because
it successfully facilitated the tests that were required to determine the behaviour of the
proposed technology. The laboratory set-up:
o Simulated a MV distribution line and a “reticulation network” with connected load.
o Allowed faults to be initiated at a voltage that had built up to a specific steady-state
value.
Created arcs on an MV line
Created a large supply impedance
Tested the effects of the impedance on the arcs in a variety of conditions
Determined how successfully the compensator maintained a constant load voltage
Tested the efficacy of the compensator in a variety of conditions
Measured the duration and magnitude of the arc current
Measured the uncompensated and compensated load voltage

O 0 ¢ 0 O o o O

Switched in a variety of loads to test their effects on the arc duration and
compensator's efficacy.

e The large series impedance in the supply circuit of the system was generally effective in its
current-limiting and arc-extinguishing abilities. 100% of all arcs initiated in the tests wers self-
extinguishing. All the arcs had a duration of under 520ms, (when the extra reactance was
added), which means that the supply impedance results in desirably low arc durations (which
will prevent feeder breakers from tripping) 100% of the time. This is true because the series
impedance also reduces the magnitude of the fault currents to approximately two times the
full load current which, in turn, results in a response time from the earth fault relay and feeder
breaker of over 1 second (according to the IDMT curves). As shown in chapter six, 78% of all
the arcs lasted for less then 400ms which is well below the expected relay response time of
over 1 second. In comparison to the results of those tests conducted without the added
reactance (the no-load tests conducted for this thesis), both the fault current magnitudes and
the arc durations are, on average, low. In the no-load tests, none of the arcs lasted for less
than 400ms, and 37.5% of the arcs lasted for less than 500ms. As well as this, the average
fault current magnitudes of the no-load tests were seven times the rated load current of the
system. ’
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The technology is effective in improving the quality of supply of the supply to the connected
load (or customers). The load sees fewer full voltage interruptions in its supply because the
proposed technology prevents the relevant feeder breaker from tripping in response to every
transient fault. Because the customers experience fewer full supply interruptions, their
effective quality of supply in this regard will be improved. The technology will not, however,
prevent the brief voltage dips that will be experienced while the arc is burning. These voltage
dips will have a negative impact on the quality of supply in terms of dips and depressions.
Because the dips will be brief (approximately 400ms), their effect on the domaestic and
commercial customers’ perception of quality will be limited. However, these brief dips would
still have a negative impact on major industrial plants. It thus seems apparent that the
proposed technology should only be used in rural or domestic networks (as initially proposed)

As shown in Chapter Six, the arc duration is dependent on the arc gap length. In other
words, in general, a longer arc gap will, on average, result in an arc with a shorter duration.

The load-end compensator is successful as a load voltage regulator and is able to switch in
capacitors quickly to maintain a constant load voltage of 230V. The compensator's success
is limited to those scenarios where the current drawn by the load is within the rated limits of
the compensator {both in terms of magnitude and phasor angle). The compensator is rated
at 8kVA at 230V. When the system’s load is within the compensator’s specified limits, it
regulates the voltage to a level well within 10% of 230V in 100% of the tests.

The compensator behaves predictably in both steady-state and transient (switching-in and
fault) conditions. It was predicted that the compensator would successfully regulate the load
voltage and would be stable during and after all transient events.

The compensator does not have an effect on the magnitude of the load voltage during the
power arcs because one of the effects of the arc is that the voltage across the compensator
is reduced suddenly and significantly, which effectively turns the compensator off. The short
circuit caused by the fault results in the rapid and short-lived collapse of the load voltage
which cannot be prevented or improved by the compensator.

The compensator has no effect on the arc duration or the magnitude of the arc current. The
arcs burned for similar periods of time (at a certain length) during both the uncompensated
and the compensated arc tests. In other words, the arc behaves independently of the
compensator. Although it was not expected that the compensator would affect the behaviour
of the arcs, tests confirm this assumption. ‘
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The time taken for complete voltage compensation depends on the magnitude and power
factor of the load. The voltage across a load with a high apparent power rating or low power
factor will be low in magnitude (due to an increased volt drop) and will require more
compensation. The compensator will need to switch in more capacitors and because the
compensator switches in one capacitor at a time, the more capacitors that need to be
switched in, the longer this process will take.

The compensator has operational limits specified by its design. The compensator is rated at
8kVA, ltis therefore expected that any load with an apparent power rating above this (in
other words, with a magnitude greater than 8kW if the power factor equals one, or with a
power factor below one if the load’s magnitude is 8kW) will result in a system that cannot be
regulated by the compensator. However, its operational limits are of a wider range than this.
Although the compensator's rated power factor was not confirmed, it can be concluded that at
8kVA, a power factor of 0.87 is within the compensator's limits. According to tests, it can also
be concluded that when the load's power factor is equal to one, the compensator is unable to
regulate the load voltage for a load magnitude of greater ihan 11kW. If the load’s magnitude
is greater then this, or if the power factor of the load is below a certain (unspecified) level, the
compensator will try to restore the load voltage to 230V by switching in the maxdmum number
of capacitors that it features, but will be unable to raise the voltage sufficiently. The
compensator is bound within the limits created by the physical number of capacitors that it
features.

The compensated voltage magnitude is not dependent on the arc gap, the arc duration, or
the uncompensated arc voltage. The compensator acts independently of all of these
conditions. The compensator only monitors the load voltage and will switc'h in capacitors until
that voltage is within acceptable limits. If the required voltage is set at 230V, this is the
voltage that the compensator will work to achieve, regardiess of the voltage’s starting point,
or any event that has occurred (e.g. an arc).

The compensator appears to be electro-magnetically incompatible in very few cases. This
occurs specifically when the load is complex in nature with a lagging power factor.

There is no subsynchronous resonance evident in the system. The system is stable when an
unloaded motor is switched in, even though the system is “resonant” in nature. The
conclusion to be drawn is that the system and compensator were never unstable, regardless
of the load type or the nature of the transient event.
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o The load-end compensator delivers a distorted load voltage waveform when there is no load

or a load that is rated below the level expected by the compensator.

7.2 Recommendations

¢ ltis recommended that the following further tests be carried out in the laboratory:

1.

The concept should be tested on a system to which more than one step-down
transformer is connected a (two transformers would be a viable and manageable number
for a laboratory). Each transformer should, in turn supply more than one load, each one
being of a different type (e.g. one resistive and one motor et¢). This should be carried
out in conjunction with the variation of the number and position of compensators in the
system. This should determine whether or not each load needs it own dedicated
compensator for its voltage regulation. It will also determine the interactive behaviour of
numerous components (including the compensators) in the system.

The concept should be tested on a three-phase system, if required. The technology as
developed from the tests featured in this thesis could be successfully applied to SWER
systerns. The results in this thesis can not, however, be assumed to be a reflection of the
behaviour of the technology in a three-phase system. The technology may be beneficial
for three-phase overhead systems in rural or peri-urban areas which are regularly struck
by lightning. The compensator would have to be developed into a three-phase
compensator and may have to extend its functions so as to include load balancing as well
as voltage regulation.

The proposed technology would achieve its fault-tolerant characteristics if:

e The arc duration is reduced to less than 200ms

» The load voltage recovery time after a transient event is less than 1 second.
To achieve these objectives (and develop a viable technology), research should be
continued in order to improve the current-limiting properties of the supply circuit, and to
increase the speed with which the compensator switches in capacitors (which can be
researched by power electronic or DSP specialists). Research should include tests in
which the series impedance is increased such that the fault current is limited further
{possibly to one and a half times the steady-state current magnitude), and the arc gap is
increased further (possibly to 50cm and then 55cm). The results of these tesis will allow
a cost-benefit analysis to be done. A question that could be raised is: “If all arcs bumn for
less than 200ms when the arc gap is increased to 55cm, will the cost savings resulting
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from the consequent decrease in power interruptions outweigh the costs of the increased
insulator lengths, the compensator and the added supply reactance?”

4. The response of the compensator to a continuously-changing load should be determined.
in the “real-world” loads are constantly changing in magnitude and power factor in “real
time”. The response time of the compensator to the continuous changes would need to
be examined. A rapidly changing load will require the compensator to have switching
speeds similar to the speed of load change. A quick response time will result in a more
constant and steadier load voltage. This could be achieved in the laboratory by
connecting several loads in parallel, each one connected to the system via a switch that
can be operated from outside the live chamber. The tester can then open and close load
switches rapidly to determine the compensator's behaviour. This switching can be
interspersed with faults that would be in initiated on the MV line. A system of this nature
would determine comprehensively the response of the compensator to a complex and
continuously-changing system.

5. Further investigation should take place into the apparent electro-magnetic incompatibility
of the cdmpensator when a complex oad is connected to the system. The possible
causes of this incompatibility should be researched further in order to determine what
changes need to be mads to the system to prevent this incompatibility from occurring.

When points 1, 3 and 4 have been researched in the laboratory,‘a prototype should be
developed and tested in the field on a SWER system. Specific decisions should be made
regarding the required magnitude, structure and position of the supply inductance that would
be added to a real supply system. The compensator's rating should be altered for field
performance and it should be re-programmed to ensure that its voltage regulation is more
rapid and that its “voitage level” is correct for its application. The field tests would expose the
technology to a greater variety of conditions. The impact on the system of wind, humidity and
cold weather can be determined. Obviously, the laboratory is an “ideal” environment and the
behaviour of the technology in other conditions could be predicted, but will not be known.
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Appendix A: The spreadsheet used to calculate the required compensating
capacitance

Note that “a” and "b” indicate the values used in complex figures in the formofa + jb
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Source Inductance capacitance load series R | load | load load
Voltage
Volts ohms ohms magnitude ohms angle | a b
230 3.07 1.06E+01 6 0.63 0 ] 0
omaga inductance capacitance
314.1593 henrys farads
0.00977211 3.00E-04
For parallel cap and load:
2122 Z4+Z22
Magnitude 63.6619772 Magnitude 12.1893a 8
Angle -90 Angle -60.5124/b -1.06E+01
Z parallel
Magnitude 5.222774459|a 4.546229
Angle -29.487581lb -2.57083
£ series
A 0.63|Magnitude 3.133975
B 3.07\Angle 78.40323
£ total {with series resistance)
a 5.17622884 Magnitude 5.200242
b 0.49816816/Angle 5.508269
Current
Magnitude 44,2287133ja 44.02448
Angle -5.5082693|b -4.24549
VYoltage across series impedance
Magnitude 138.611687|a 40.76907
|Angle 72.8949631|b 132.4805
Woltage across the load
Magnitude 230.996594 a 189.2309
Angle -34,99585/b -132.48




Appendix B: Detailed per-unit calculations used to determine the series
impedance of the proposed circuit (refer to section 4.2)

The per-unit method has been used in the development of the laboratory protocol for two

reasons:

+ These calculations will determine the actual value of the series impedance in the supply
circuit.

s The calculated value of the supply impedance will enable a decision to be made as to
whether further reactance needs to be added to the supply circuit in order to reduce the short-
circuit current to twice that of the rated load current.

These calculations are fairly complex and lengthy but are essential for the purpose of the

laboratory set-up for testing, and they also ensure that one of the fundamental hypotheses is

tested. This can be summarised with the following question: “Will a reduction in the magnitude of
the short-circuit current — by the addition of inductors in the supply circuit — result in rapid arc
extinction?”

The main obstacle in the per-unit conversion was the two 48kVA transformers which are
connected in parallel at the source end and in series at the end which supplies the 32kVA SWER
transformer. The transformers were each used to step a voltage of 205V up to 230V. It was
decided that the easiest method of calculating the per-unit impedances of these particular
transformers would be to halve each transformer’s actual impedance, placing one half of each in
parallel with each other (representing the LV connection) and the other half of each in series with
each other (representing the HV connection).

(0.5)Z52 = 0.72 + j0.640Q
(0.5)Z13 = 0.73 + 0.62Q

So, the two transformers can now be “separated” into two parts: the LV connection is represented
by an impedance of 0.36 + j0.320Q (obtained by placing 0.72 + j0.64Q in parallel with 0.73 +
j0.62Q) and the HV connection is represented (on the LV side) by an impedance of 1.45 + j1.26Q
(obtained by placing 0.72 + j0.64Q in series with 0.73 + j0.620Q). Transferred to the HV side, this
impedance becomes 1.8 + j1.570. The load was regarded as being purely resistive for the
calculations and was designed (and manufactured) with a rating of 8kW at 220V. This implies
that the ohmic resistance of the load is 8Q (this was considered constant, although the heating of
the load did cause the resistance to increase during testing). A base of S = 100MVA was used
for all the per-unit conversions. Then the following equation is used to convert Z(actual) to Z(pu):
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7 =7 100

3 e
u actual
p E 2

where E> =V, inkV

Once the various voltage “zones” were established, the impedance values in that zone were
multiplied by a constant which was obtained by dividing 100 by the square of that voltage. For
example, in the 205V “zone”, the impedance values were multiplied by 100/(0.2052), or by the

constant 2380.

T1 steps the voltage down from 3560V to 205V (which is supplied to the 48kVA transformers via
the cable), thus the generator has a voltage ontput of 3560V which is 1p.u. Figure B1 gives a
summary of the voltage “zones” and the impedances.

Vzones =

Zeate = Zyayra = Zraema = Zyy= 7 = 0.23kV
0.122 + 0.36 + 1.8+ 0.127 + 512734+ Constant=

Zs Zyq _j01730 jo.320 . (1.57Q j0.36Q _ j843.370 1%90

V. = Vzonez = 0.205kV Wzones = 0.46kV Vzoned = 18.3K) 2 -

Oe NESE
' Constant = 2380 Constant = 473 COTE)S;%M = Q
- - o L
T1 (ideal; T2and T3 T4 (ideal: T5 (ideal;
winding only) (ideal; winding winding only)
winding only) only)

Figure B1 The voltage zones, multiplication constants and impedances used for per-unit
calculations

This data is used to obtain the simplified per-unit system shown in Figure B2;
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o = Iy = Z= 1147 + 7Z=011+ Z=154 +
i9 288nn i13 R3nn 1173pu i913pu j253pu

— " " F— L |

() V=1 pu Z = 11340pu

Figure B2 Simplified per-unit system

Thus, the per-unit impedance up to the MV line is:
Z =2058+ j2109 = 2947.£45.7°

The aim is to ensure that this impedance is sufficient in magnitude so as to limit the short-Circuit
current magnitude to twice that of the steady-state current. If one considers the load “zone”, the
base voltage is 230V and the base current (when the base apparent power is 100MVA) is
416666.67A. For a 6() load, the steady-state current is 38.3A. Thus the desired short-circuit
current is 76.7A.

I I =764
And I, = 434782.64

Then I, =0.000176pu throughout the per-unit system.

In the case of a fault on the MV line, only the impedances up to that fault will have a limiting effect
on the fault current. Thus, one can consider these impedances to form a simple series circuit
{together with the voltage source). If the voltage and current in that circuit are known, one need
simply apply ohm'’s law to obtain the impedance. In this case, the voltage is 1pu and the current

is 0.000176pu.
So
Zpu o= .I_/ﬂ
Ipu
1
FDUY = e
P = 0.000176

Zpu = 5668.6 pu
This is the required per-unit magnitude of the total impedance up to the MV line. At present, (as
shown previously), the impedance has a per-unit magnitude of 2947. This impedance needs to

143



be increased in magnitude (to limit the fault current) by the addition of reactors in the supply
circuit. It is now necessary to calculate the value of the required reactance.

If the “final value” of the impedance magnitude is 5669 and the value of the resistance is
remaining the same, then the reactance can be calculated as follows:

R = 2058 pu
Z = 5669 pu

5 X =4J(5669% —2058%) = 5282 pu

The current value of X is 2109pu. Therefore, the required reactance to be added has a value of
3173pu. it was decided to place the reactors in the 205V “zone” of the supply circuit. The most
accessible point in the circuit was immediately before (or on the LV side of) the two 48kVA
transformers. Because these transformers are connected in parallel on their LV side, the
reactors, too, would be connected in parallel to each other. In the 205V voltage “zone”, the
constant that was used to convert actual impedance to per-unit impedance was 2380. This
constant can now be used to obtain the actual reactance form the per-unit reactance.

X = 3173 1.33Q2
2380

For each parallel-connected branch,
Z =2x1.33=2.6602

Z = ol =2.66
2265 g smp
o 314

For testing, four reactors are used in parallel (two reactors in parallel with each other in each
parallel branch of the LV connection of the two 48kVA transformers). Each reactor is rated at
20mH @ 15A. Thus in each paraliel branch, the total reactance is 10mH @ 30A (this reactive
value is acceptably close fo the required 8.5mH). it should be remembered, though, that the
magnitude of the reactance is dependant on the magnitude of the current. The resistive load that
was used for testing has an approximate resistance of 6(0. At 230V, this load has a rating of:

Looking back at the two 48kVA transformers, the LV parallel connections are each drawing a load
of approximately 4.4kW. The voltage supplied fo each transformer is approximately 205V.
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Therefore, the current flowing into each transformer is approximately 21A. This current will also
flow through the reactors that are connected in series with each transformer (but parallel to each
other). The following figure shows a simplified representation of the connection:

Ly
Lo 48KVA
205V m trrmr
Ls
Le 48kVA /:]’7
trfrmr

Figure B3 A representation of the set-up of the reactors and two 48kVA transformers

Each pair of parallel-connected reactors is rated at 10mH @ 30A. However, as shown, when the
load is rated at approximately 8.8kVA, only 21A will flow through the reactors. The reactors were
tested to determine their dependence on the magnitude of the current. These tests show the
reactors to be non-linear in nature in the sense that as the current through them increases, the
magnitude of their impedance values decreases. (Refer to the test details in Appendix C).
However, at 21A, the impedance of each parallel pair of reactors is 10.2mH, which is acceptable.

it is now necessary to reconsider the per-unit system with the reactors included. This will assist
in providing a complete and succinct representation of the entire complex system. As mentioned,
while the required inductance in each parallef branch is 8.5mH, the actual inductance is 10mH (or
20mH per reactor). Therefore, the impedance provide by the reactors in each branch is 3.140.
This implies a total added impedance of 1.57Q. Once again, the constant used in the 205V
“zone” is 2380. This can be used to convert the actual value of the reactance to a per-unit
equivalent.

X =157Q
X, =1.57%x2380=3736pu
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The total resistance of the system remains constant; in other words R = 2058pu. The added
reactance is 3736pu which can be added to the original reactance of the system (2109pu). This
results in a total per-unit reactance (up to the MV line) of 5846pu.

R =2058pu
X =5846pu
= Z =2058+ j5846 pu = 6198.L70.6 pu

The magnitude of the resulting impedance is 6198pu as opposed to the required value of 5669pu.
in the case of a fault, this impedance would limit the fault current, and the expected per-unit
magnitude of this current would be:

Ipu = _Vpu
Zpu
1
Ipu = = (,000161
P4 = 6198 Py

This value is slightly lower than the “required” fault current magnitude of 0.000176pu. The fault-
current magnitude can be converted to the actual expected value in any of the voltage “zones”.
For example, in the 18.3kV “zone”, the expected value of the short-circuit current is 0.9A.

The impedance of the final 16kVA transformer in the system (located affer the MV line) can now
be added to the impedance up to the MV line to obtain the total supply impedance of the network.

R =2058pu+154pu =2212pu
X = 5846 pu + 253 pu = 6099 pu
o Z =2212+ j6099 pu = 648870

The circuit can now be represented by the following figure:

Z = 2212 + j6098pu

|
| I

(V= 1pU) R= 11340pu

Figure B4 The simplified per-unit system
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For the purposes of calculations and simulations, it was decided to convert this per-unit network
to the equivalent systern at 230V. In this system, the voltage source has a supply value of 230V,

the series impedance has a value of Z =1.17 + j3.2Q = 3.4£70 and the load has a resistance

of 6Q.

There are advantages to using the per-unit concept to calculate the series impedance of the
proposed system. However, a disadvantage to using this method is that it is purely theorstical
and any number of external or unforeseen effects has not been taken into account. All the
equipment in the system is real and may have defects. For these reasons, it was decided to
determine the total series impedance of the network using another method. Firstly, the open
circuit (no load) voltage was measured and found to be 225V. Then, two different loads were
connected to the circuit output, and the resulting voltage across and current through these loads
were measured. The first load was a resistive load (in the form of heating bars) that has a rating
of 8kW at 220V. When it was connected, the voltage across it measured 183V and the current
through it measured 29.4A. The load was allowed to cool and was then reconnected. The
voltage and current measured 186V and 31A respectively. The second load was also a resistive
load that has a rating of 4kW at 220V. The first time it was connected to the circuit, the voltage
across it measured 205V and the current through it measured 16A. It was also connected a
second time which resulted in a voltage and current of 209V and 17A. These values were used
in simultaneous equations to calculate the practical value of the series impedance of the network.
The calculations show the impedance to be the following:

Z =0.63+ j3.07Q2=3.1£78°

This value is applicable at 230V. A practlical disadvantage of this method is the fact that the
inductance of the added reactors is non-linear. Therefore, as the load (and thereby the current)
varies, the reactance will also vary.
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Appendix C: The results of the tests performed to determine the
dependence of the impedance of the added reactors on the current they

draw

To obtain the required supply impedance in the proposed circuit, four reactors are added in
parallel (two reactors in parallel with each other in each paralle! branch of the LV connection of
the two 48kVA transformers). Each reactor is rated at 20mH @ 15A. Thus in each paralle!
branch, the total reactance is 10mH @ 30A (this reactive value is acceptably close to the required
8.5mH). It should be remembered, though, that the magnitude of the reactance is dependant on
the magnitude of the current. The resistive load that was used for testing has an approximate
resistance of 60. At 230V, this load has a rating of:

Looking back at the two 48kVA transformers, the LV parallel connections are sach drawing a load
of approximately 4.4kW. The voltage supplied to each transformer is approximately 205V.
Therefore, the current flowing into each transformer is approximately 21A. This current will also
flow through the reactors that are connected in series with each transformer (but parallel to each
other). The following figure shows a simplified representation of the connection:

Ly
La ¢ 48KVA
205V tefrmr
Ly
Le 48KVA 7)7
trfrmr

Figure C1 A representation of the set-up of the reactors and two 48kVA transformers

Each pair of parallel-connected reactors is rated at 10mH @ 30A. However, as shown, when the
load is rated at approximately 8.8kVA, only 21A will flow through the reactors. The reactors were
tested to determine their dependence on the magnitude of the current. These tests show the
reactors to be non-linear in nature in the sense that as the current through them increases, the
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magnitude of their impedance values decreases. The following table shows the average results of
the tests performed on the reactors. The table shows the values obtained when a voltage source
is applied to a single reactor and the voltage is increased from 10V to 140V. The voltage and
current values were recorded; the impedance and inductor values were calculated using these.

vV V) T (A) Z(Q) L (mH)
10 0.99 10.1 32
20 2.6 7.7 25
30 42 7.1 22.6
40 5.96 6.7 213
50 7.7 6.5 20.7
60 9.4 6.4 20.4
70 11.11 6.3 20
80 12.93 6.2 19.7
90 14.9 6 19.1
100 16.5 6.1 19.4
110 18.3 6 19.1
120 20.2 59 18.8
130 222 5.8 18.5
140 25.2 55 175

Table C1 Results of tests performed on the reactors; each is rated at 10mH @ 15A

The results show that there is a fairly linear range between approximately 6A and 20A. The
inductance can be regarded as 20mH for these values of current. Therefore, when 21A is flowing
through each parallel pair, 10A will flow through each reactor (the.reactors are assumed to be
identical in nature). At this value of current, the reactor provides the ‘expected’ inductance.
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Appendix D. Resuits of all tests conducted in the laboratory
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Figg 2: Arc current trace of test 1
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Fig 13: Arc wvoltage (upper trace) and arc curfent (lower trace) of test B

[ Arc with BlW load, encompensated (added reactors were connected), tests 1 - 5 ac

gap of 23nm,; tests 8 — 100 are gap 45cm
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Fig 14: Load voltage [Lpper trace} and arc cumrent (lower race) of test 1; gap of 32cm
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Fig 15 Load valtage (upper trace) and arc current (lowsr trace) of test 2; gap of 33cm
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Fig +6: Load voltage (upser trace) and arc cutrent (lower tracel of test 3 gap of 33um
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Fig 17 Lond voltage (upper trace) and are current {lower trace) of test 4; gap of 33cm
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Fig 23 Load voltage {upper trace) and arc current (wer trace) ol test 10, gap of 450m

D3: Arc tests with BkW load, compensated,
tests 1 — 5: arc gap of 33cm; tests 6 — 9: arc gap of 43cm
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Fig 24: Load votage {upper trace) and arc current (lower traces) of test 1, gap
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Fig 30 Lead voltage {upper race) and ars cunrerd (lower troco) of lest 7, gap of 45cm
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Fig 37 Load vultage [upper tracel and arc current (luwer tracei of test & gap of 45cm



D4: Arc tests with 4kW load, uncompensated, added reactors connected in, tests 1 & 2:
arc gap of 3%cm; tests 3 & 4: arc gap of 45cm
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Fig 34 Loud voltage iupper trace} and arc current {lower trace) of test 2; gap of 33cm
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Fig 35 Luad vaoltage (upper trace) and arc current (lower trace ) of test 3; gap of 45cm
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Fiz 38 Load voltage (upper trace) and arc current {lower trace) of test 4, gap of 45cm




5: Arc tests with 4kW |oad, compensated, tests 1 - 4; arc gap of 33cm; tests 5 - 9: are gap
of 45cin
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Fig 38: Load vaitage {uppor trace) and arc current (leseer trace) of lest 2; gap of 33cm
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Fig 39: Load woltngs {upper trace) and arc current i'ewar trace) of tesl 3 gap of 33cm
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Fig 40' Load voltage [upper trace| and arc cumrent (kywer trace) of test 4; gap of 33cm

169



s .
ey Agilent Technolonies

HH }%{

il l'l"lsggl;mnu' |

Fig 41: Load voltage {upper trace) and arc current {lower trace} of lesl 5; gap of 45cm

Fig 42: Load voltage (upper trace) and arc cutrent (lower raue) of test 6, gap of 45um
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Fig 43: Load voltage (upper trace) and arc surren: [lower trace) of test 7, gap of 45cm
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Fig 44: Load voltage (upper trace) and oo current {lower trace] of test 8, gap of 45cm
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Fig 45 Load veltage (upper trace! and arc current (lower trace) of test 8 gap of 45cm

D6:; Arc tests with BkVA load, pf = 0.87, uncompensated; tests 1 - 2: arc gap of 33cm; tests
3 - 4: arc gap of 45cm
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Fig 46. Load voltage [upper frace) and a-c current ilower traca) of tast 1, gap of 33cm
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Fig 48; Load vo'tage (upper trace) and are current (lower trace) of test 3; gap of 45cm
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DT: Arc tests with 8kVA lead, pf = 0.87, compensated; tests 1 - 5: arc gap of 33em; tests 6 -
10: arc gap of 45cm; test 11 - 12: transient arc current spike

kg 50 | nac vallage (upper trace) and arc current (lower frace| of test 1, gap of 33cm
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Fig 53 Load vol:age (upper trace) and arc current (lower tracoe) of test 4, gap of 33um
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Fig 54: Load veliage {upper trage) and arc curren: {lowar race) of lest & gap of 33em
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Fig 61; Luad voltage (upper lrace) and anc current (lower Irace) of test 12, gap of 45cm
D8&: Single-phasc unloaded induction moter-start up voltage and current
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Fig 62 Mn!ﬂr VOLEIQF- {upper traco) and motor curren’ lloweor trace) of test 1
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D9: Single-phase unloaded induction motor start-up voltage and current; compensator

switched in before motor is started up
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Fr; 65 Homr valtage {upper trace) and motor current {lower trace) of test 3

010: Single-phase unloaded induction motor-start up voltage and current; compensator
and complex load switched in before motor is started up
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Fig 68: | osd volage (ugper trace) and motar current (lower trace] of test 1
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Fig 67: Load veltage /upper trace’ and motor current (lower trace) of test 2

D11: Are tests with unleaded motor load, uncompensated; test 1: arg gap of 33em; tests 2
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Fig B3: voad voltage (upper trace) and ara car-ent {lower trace] of test 1, gap of 33cm
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Fig 89: Load vultage: (upaer trace) and are currcnt {lower trace) of test 2 gap of 45em
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Fig 70: Load volage (uoper lrace) and arc current (lower trace) of test 3 gap of 45cm
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D12: Arc tests with unloaded motor load, compensated; tests 1 - 20 arc gap of 33cm; tests
3.4 are gap of 45cm

'M1| N
|l|l| if' UJL*”"”’“'WN b
W i

“;sﬁ‘[ﬁ*i;‘

H“”[' nlf
Il ?5'4 i




% Agilent Technologies

il

: lﬁ | MM W%liﬂ hi !IJ | ’l NIL H

Fig 73. Load voltage (Upper trace] and arc current (lower trace ) of test 3, gap of 45cm
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Fig /4 Load vollage (upper lrace) snd are curent (ower trace) of test 4; gap of 45cm
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DA3: Are tests with unloaded motor load and inductive load, compensated; tests 1- 3 arc

gap of 33cm; tests 4 - 7@ arc gap of 43cm
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Fig 75 Load voltage {upper trace) and arc currant (iower trace) of test 2: gap of 33am
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Fig 78 Load voliage (upper lace) and ara curaent fower troce) of test 4, gap of 450m
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Fig 79: Load voltage {upper tracej and arc cument [lower trave) of ‘est 5; gap of 45cm
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g Bl Load woliage (upper Insce} and are cument (lower trace) of test 6; gap of 45cin
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Fig 81: Load voltage (upper trace) @nd arc current {lower irace) of test 7; gap of 45cm
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